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Abstract 
Heme is a key regulator of several biological processes. It acts both as a prosthetic 

group, for protein complexes requiring oxygen- and electron- binding capability, and 

as cell-differentiation regulator, in those cells handling large quantities of it. At the same 

time, labile heme is highly cytotoxic as it promotes inflammation, and it contributes to 

the activation of cell death programs. As such, organisms must tightly control the labile 

heme pool via its scavenging, degradation and compartmentalization.  

Though heme metabolism has been extensively studied, the mechanisms regulating 

its transport and the underlying regulated processes are still largely unknown. To 

identify novel genes involved in heme transport, we performed a loss-of-function, 

CRISPR-based genetic screening using heme as cytotoxic selective pressure. 

Deletion of SLC20A1 conferred the starkest resistance to heme-induced cell death, 

independently of its appointed phosphate transport function. In-vivo, conditional 

Slc20a1 deletion caused a non-resolving anemia characterized by impaired 

erythroblast differentiation and failed expansion of the red pulp macrophages (RPM) 

pool. To dissect Slc20a1’s specific cellular contributions, we conditionally deleted the 

gene either in the erythroid or myeloid lineages. Erythroid-specific Slc20a1 deletion 

caused a block in terminal erythropoiesis at pro-erythroblast stage and it led to 

embryonic lethality around E12.5. Thus, indicating that Slc20a1 is essential for terminal 

erythroid differentiation. To clarify the processes altered by Slc20a1 deletion, we 

analyzed the transcriptome of Slc20a1-deleted pro-erythroblasts and observed 

activation of heme-deficiency response programs. Myeloid-specific Slc20a1 deletion 

did not affect the RPM pool at steady state. However, upon anemia challenge, 

Slc20a1-deletion hampered the expansion of the RPM pool by dysregulating the 

expression of Spic, the heme-inducible master regulator of RPM differentiation. Taken 

together, our data highlighted a link between Slc20a1 heme import. Thus, to test our 

hypothesis, we challenged SLC20A1-deleted cells with heme and observed reduced 

uptake of the molecule and reduced induction of its degrading enzyme HMOX1. 

Altogether, our data demonstrate for the first time that SLC20A1 facilitates heme 

transport and that this function is essential to support erythroblasts and RPM 

differentiation.  
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Kurzfassung 
Häm ist ein Schlüsselregulator für mehrere biologische Prozesse. Es fungiert sowohl 

als prosthetische Gruppe für Proteinkomplexe, die Sauerstoff- und 

Elektronenbindungsfähigkeit benötigen, als auch als Regulator der Zelldifferenzierung 

in den Zellen, die große Mengen davon aufnehmen. Gleichzeitig ist labiles Häm 

hochgradig zytotoxisch, da es Entzündungen fördert, und es trägt zur Aktivierung von 

Zelltodprogrammen bei. Aus diesem Grund müssen Organismen den Pool an labilem 

Häm durch dessen Abbau und Kompartimentierung genauestens kontrollieren. 

Obwohl der Häm-Stoffwechsel ausgiebig erforscht wurde, sind die Mechanismen, die 

seinen Transport regulieren, und die zugrunde liegenden regulierten Prozesse noch 

weitgehend unbekannt. Um neue Gene zu identifizieren, die am Häm-Transport 

beteiligt sind, haben wir ein CRISPR-basiertes genetisches Screening durchgeführt, 

das Häm als zytotoxischen Selektionsdruck nutzt. Die Deletion von SLC20A1 bewirkte 

die stärkste Resistenz gegen den Häm-induzierten Zelltod, unabhängig von seiner 

Funktion als Phosphattransporteur. In-vivo verursachte die konditionale Deletion von 

Slc20a1 eine sich nicht auflösende Anämie, die durch eine beeinträchtigte 

Erythroblasten-Differenzierung und eine fehlende Expansion des Pools der roten 

Pulpa-Makrophagen (RPM) gekennzeichnet war. Um die spezifischen zellulären 

Beiträge von Slc20a1 zu entschlüsseln, haben wir das Gen entweder in den 

erythroiden oder myeloischen Linien konditional deletiert. Erythroide-spezifische 

Slc20a1-Deletion verursachte eine Blockade der terminalen Erythropoese im Pro-

Erythroblasten-Stadium und führte zu embryonaler Letalität um E12,5. Dies deutet 

darauf hin, dass Slc20a1 für die terminale erythroide Differenzierung essentiell ist. Um 

die durch Slc20a1-Deletion veränderten Prozesse zu klären, analysierten wir das 

Transkriptom von Slc20a1-deletierten Pro-Erythroblasten und beobachteten die 

Aktivierung von Häm-Mangel-Reaktionsprogrammen. Die myeloidspezifische 

Slc20a1-Deletion hatte keinen Einfluss auf den RPM-Pool im Steady-State. Bei einer 

Anämie-Herausforderung behinderte die Slc20a1-Deletion jedoch die Expansion des 

RPM-Pools durch Dysregulation der Expression von Spic, dem häm-induzierbaren 

Master-Regulator der RPM-Differenzierung. Zusammengenommen zeigten unsere 

Daten einen Zusammenhang zwischen Slc20a1 und dem Häm-Import. Um unsere 

Hypothese zu testen, haben wir SLC20A1-deletierte Zellen mit Häm herausgefordert 

und eine reduzierte Aufnahme des Moleküls und eine reduzierte Induktion seines 

abbauenden Enzyms HMOX1 beobachtet. Insgesamt zeigen unsere Daten zum ersten 
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Mal, dass SLC20A1 den Häm-Transport erleichtert und dass diese Funktion essentiell 

ist, um Erythroblasten und die RPM-Differenzierung zu unterstützen.  
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lasting interactions whenever heme serves a prosthetic group, or, short-lived 

interactions when heme serves as signaling molecule4. 

 

Heme as prosthetic group 

Heme is an optimal prosthetic group for those protein complexes which require oxygen 

(e.g. hemoglobin, myoglobin, peroxidases) or electrons as reaction substrates (e.g. 

cytochromes) as it is capable to coordinate them4. When heme is employed as 

prosthetic group in protein complexes, it often binds to motifs located within deep 

pockets, characterized by low solvent accessibility9. In these interactions, heme’s 

mobility is restricted9 and its potential to act as a ROS catalyst is dampened, as the 

catalytically active iron ion is hindered10.  

 

Heme as signaling molecule  

Heme’s interaction with proteins can induce conformational changes, thereby leading 

to the activation of diverse downstream pathways6. When the interactors are 

transcriptional or translational factors, heme can regulate their activity and, 

consequently, it can influence cell differentiation11,12. Such heme-mediated regulation 

of cell-differentiation is particularly marked in those cell types handling large quantities 

of heme as erythrocytes11,13 and the splenic iron-recycling macrophages (Red Pulp 

Macrophages, RPM)12. In these cells, numerous key master regulators of cell 

differentiation are modulated by heme. Between these BACH112, Spi-C12, GATA111, 

and EIF2AK113 are of particular interest for the understanding of the presented work. 

 

BACH1 
The BTB and CNC homology (BACH) family consists of the transcriptional repressors 

BACH1 and BACH2. Both form heterodimeric complexes with the small MAF 

transcription factors and bind to specific DNA sequences named MAF Recognition 

Elements (MARE) (Figure 2)14 (Figure 2A). Heme binding to BACH1’s HBM, induces 

a conformational change to BACH1 inhibiting its binding to MAF, the exposure of its 

nuclear export signal (NES) and its consequent ubiquitination and degradation14 

(Figure 2B). Degradation of BACH1 de-represses the MARE sequences and allows 

binding of antagonist transcription factors, as the Nuclear Factor Erythroid Related 2 
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(NRF2) 14 (Figure 2B). NRF2 sustains the expression of several antioxidant response 

genes, among which heme oxygenase 1 (HMOX1)14 (Figure 2B).   

 

 
Figure 2 - Heme regulation of BACH1 activity and Spi-C transcription.  

 

 

 

 

Spi-C  
Spi-C is a transcription factor, member of the Ets family together with Ets-1, Elf-1, PU.1 

(Spi-1) and Spi-B. Spi-C expression is regulated by heme-mediated BACH1 

degradation (Figure 2B). As such, Spi-C is highly expressed in cells handling large 

quantities of intracellular labile heme, such as RPMs15. Here, Spi-C sustains the 

expression of several genes involved in iron and heme metabolism like the heme 

scavenger receptor CD163, HMOX1 and the iron exporter ferroportin (SLC40A1)15. In 

RPMs, Spi-C is essential to allow for their differentiation and erythrophagocytosis. 

Murine strains where Spi-C expression is depleted by gene knockout15 or dysregulated 

heme import16, exhibit a severely reduced RPM pool and suffer from splenic iron 

overload15,16. 

 

A) When intracellular labile heme concentration is low, BACH1 complexes with MAF. The 
complex binds to specific sequences (e.g. MARE in the promoter of HMOX1, unknown in the 
promoter of SPI-C) and represses gene expression (HMOX1, SPI-C). (B) When intracellular labile 
heme concentration is elevated, heme binding to BACH1 leads to its disassembly from the 
complex, its export from the nucleus (NES signal exposed), its ubiquitination (Ub) by HOIL and 
its proteasomal degradation 
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GATA1 
GATA1 is a transcription factor regulating cell differentiation programs in numerous cell 

types such as: erythrocytes, megakaryocytes, dendritic cells (DCs), mast cells, 

eosinophils and basophils17. Within these different lineages, modulation of GATA1-

driven transcription is multi-layered17 depending on its interaction with alternative 

partners18,19, on activated pathways19,20 21, and on interacting molecules such as 

heme21. In erythrocytes, GATA1 enhances the expression of enzymes involved in 

heme synthesis such as ALAS211. In turn, labile heme enhances GATA1 function11. 

The molecular mechanisms underlying such regulation are yet unknown. It is 

hypothesized that such mechanism can be BACH1-dependent or that heme could 

directly bind to heme regulated motifs (HERM) DNA sequences, thereby altering 

transcription 22.  

 

EIF2AK1 
EIF2AK1, also known as Heme Regulated Inhibitor (HRI)23, is a protein kinase serving 

as regulator of the integrated stress response (ISR) together with PERK, GCN2 and 

PKR24. These kinases sense and respond to various stress-inducing stimuli such as: 

heme deficiency (EIF2AK1, HRI), endoplasmic reticulum stress (PERK), amino acid 

starvation (GCN2) or viral double stranded RNA (PKR)24. In normal or high intracellular 

heme conditions (Figure 3B), heme binds to EIF2AK1’s HBM and inhibits its catalytic 

activity13 (Figure 3B). In conditions of heme deficiency, EIF2AK1 remains active and 

phosphorylates eIF2a, thereby halting general protein translation and enhancing the 

selective translation of the transcription factor ATF413 (Figure 3A). In turn, ATF4 

induces the expression of GADD34 (also known as PPP1R15A), which, together with 

PP1, can de-phosphorylate eIF2a25, thereby breaking the feedback loop (Figure 3A). 
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Figure 3 - Heme-associated regulation of EIF2AK1 activity. 

 

 
 
 
 
 
 

1.1.2 The pathological roles of heme  

While heme is an essential molecule for core physiological processes, it can also be 

very deleterious. It has been demonstrated that heme can catalyze the synthesis of 

ROS and free radicals by reacting with H2O2, with low reactive organic peroxides or by 

sustaining NADH oxidase activation26. As such, heme causes unfettered protein, lipid 

and DNA damages5. Furthermore, the interaction of labile heme with specific targets 

can result in the activation or inhibition of specific signaling pathways, possibly leading 

to cytotoxic (Figure 4) or non-cytotoxic consequences5 (Figure 5).  

 

(A) When intracellular labile heme concentration is low, EIF2AK1’s HBMs are not bound by heme, 
allowing the kinase to auto-phosphorylate and phosphorylate eIF2a, thereby inhibiting general 
protein synthesis while sustaining selective translation of the transcription factor ATF4. In turn, 
ATF4 sustains the expression of genes such as GADD34 and SLC20A1. (B) When intracellular 
labile heme concentration is high, EIF2AK1’s HBMs are completely bound by heme, which inhibits 
its auto-phosphorylation and activation.  
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Figure 4 - Heme activates pro-inflammatory and programmed cell death pathways.  
 
 
 
 
 
 
Targeted, cytotoxic consequences of heme 

Heme triggers pro-inflammatory responses via direct interaction with immune 

receptors and kinases (Figure 4). By binding to the pattern recognition receptor Toll-

like receptor 4 (TLR4), heme activates the NF-kB signaling pathway and ultimately 

induces TNFa synthesis27, NLRP3 and proIL-1b. Moreover, heme-mediated activation 

of the tyrosine-kinase Syk induces the assembly of the inflammasome and the 

activation of caspase1, leading to IL-1b maturation28 and/or gasdermin-D cleavage 

(Figure 4). Finally, gasdermin-D cleavage causes the activation of the inflammatory 

programmed cell death program called pyroptosis29 (Figure 4).  

 

Targeted, non-cytotoxic consequences of heme  

Not all heme-induced damages arise from its cytotoxic potential. In a previous 

investigation, our lab identified that the guanine nucleotide exchange factor DOCK8 

By binding to TLR4, heme induces the activation of the NF-kB pathway, thereby sustaining 
TNFa synthesis.  Autocrine TNFa signaling and TLR4 activation induce the synthesis of key 
components of the inflammasome complex. Heme import causes the activation of the SYK 
kinase, thereby inducing inflammasome assembly, IL-1b secretion and activation of cell death 
programs.  
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can be bound by heme30 (Figure 5). Upon heme binding, DOCK8 activates its target, 

the GTP-binding Rho family protein Cdc42 causing an alteration of actin cytoskeleton 

polymerization and remodeling30 (Figure 5). Such dysregulation of actin cytoskeleton 

dynamics strongly impairs the capability of a broad range of innate immune cells to 

phagocytose and migrate30 (Figure 5). Hence, in a model of Gram-negative sepsis, 

mice experiencing an increase of free serum heme have an impaired bacterial 

clearance and reduced survival30.  

 
Figure 5 - Heme impairs leukocyte phagocytosis and chemotaxis. 

 

 

 
  

Heme binding to DOCK8 causes the hyper-activation of the GEF. Next, DOCK8 activates 
CDC42, resulting in constant activation of mDIA2, and ultimately inhibits phagocytosis and 
chemotaxis (adapted from Martins et al., 2018)1. 
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1.2 Regulation of heme metabolism 
Organisms developed refined systems to exploit heme while minimizing its detrimental 

effects by controlling heme synthesis (as described in paragraph “1.2.1 Heme 

synthesis”), trafficking and compartmentalization (as described in paragraph “1.2.2 

Heme trafficking”) and degradation (as described in paragraph“1.2.3 Heme scavenging 

and degradation”) (Figure 6).  

 
Figure 6 – Heme metabolism overview.  
 
 
 

 
 

 

 

 

Heme is synthetized through a series of enzymatic reactions transforming the building blocks 
glycine and succinyl-CoA in protoporphyrin (PP). Addition of an iron ion to the PP ring finally 
generates heme,  which is then exported to the cytosol through FLVCR1b. Heme import across 
the cytosolic membrane is initiated with the endocytosis of hemoglobin-loaded haptoglobin or 
heme-loaded hemopexin, respectively, and the membrane receptors CD91 and CD163. Upon 
acidification of the endocytic vesicle, heme is released and is directly imported by HRG1 and 
FLVCR2 into the cytosol. The low-confidence heme transporters ABCG2 and HCP1 might also 
participate in the heme import across the plasma membrane. Unbound intracellular heme forms 
the intracellular labile heme pool, which is further degraded via HMOX1.  
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1.2.1 Heme synthesis 
In eukaryotes, heme synthesis occurs through multiple reaction steps occurring in 

mitochondria and the cytoplasm, which requires a controlled flux and 

compartmentalization of reaction intermediates (Figure 6). The first reaction step 

occurs in the mitochondrial matrix, where glycine and succinyl-CoA, a Krebs cycle 

reaction intermediate, are condensed into 5-aminolevulinic acid (ALA) in the presence 

of pyridoxal phosphate31. The reaction is catalyzed by ALA synthase (ALAS), an 

enzyme encoded in mammals by two genes with alternative expression: ALAS1 is 

ubiquitously expressed, while ALAS2 is uniquely expressed by erythroid cells. Next, 

ALA is exported to the cytosol and here two ALA molecules are converted into 

porphobilinogen (PBG) by PBG synthase (PBGS). Then, four PBG molecules are 

transformed into hydroxymethylbilane (HMB) by HMB synthase (HMBS). HBM is then 

inverted and cyclized into uroporphobilinogen (URO) by URO synthase (UROS) and, 

finally, decarboxylated by URO decarboxylase (UROD) into coproporphyrinogen 

(CPG-III). CPG-III is then transported by the putative transporter ABCB6 into the inner 

mitochondrial space, where it is converted by the coproporphyrinogen oxidase (CPOX) 

into protophorphyrogen III (PPG-III), and then in protoporphyrin (PP) by PP oxidase 

(PPOX). In the last step, the enzyme ferrochelatase (FECH) inserts an ion of iron into 

the PP ring and generates heme. The newly synthesized heme can then be exported 

from the mitochondria into the cytosol by FLVCR1b32 (Figure 6).  

 

1.2.2 Heme trafficking 
The transporters of heme and its metabolic intermediates are not entirely known. Given 

the amphiphilic nature of heme, it has been speculated for a long time that heme might 

passively diffuse through cell membranes33. However, given the pro-oxidant and 

cytotoxic potential of heme, it would be surprising if organisms would have not evolved 

mechanisms to transport heme via controlled mechanisms to prevent potential 

oxidation-mediated membrane damages. Though we cannot exclude that heme might 

passively diffuse through membranes, novel evidence highlighted the involvement of 

Solute Carrier Protein (SLC) and the ATP-binding cassette (ABC) transporters in heme 

import34. Among those, HRG1 (SLC48A1)35 and FLVCR236 are involved in the import 

of heme from the extracellular compartment into the cytosol through endocytic 

vesicles34 (Figure 6). The interaction of heme-loaded scavenger complexes with 

receptors, as CD91 or CD163, induces the formation of endocytic vesicles6 (Figure 6). 
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Upon acidification of such vesicles, the heme-complexes are disassembled, and heme 

is released and can be imported into the cytoplasm via HRG135 and FLVCR236. In 

addition to these transporters, ABCG237 and HCP1 (SLC46A1)38,39 have also been 

attributed the role of heme importers, however the findings supporting such 

hypotheses are controversial. Finally, FLVCR1a (SLC49A1a)32 and FLVCR1b 

(SLC49A1b)32 export heme, respectively, from the cytosol and mitochondria(Figure 6). 

The expression of heme transporters varies across tissues, cell-types and activation 

states, highlighting a specific functional role for each one of the transporters.  

 

HRG1 
Heme Regulated Gene 1, HRG1, localizes in the plasma membranes and in endocytic 

vesicles. HRG-1 was originally identified as a putative heme importer by screening of 

heme-regulated genes in the heme auxotroph organism C.elegans40. In-vivo HRG1 is 

expressed by those cell types handling high concentrations of heme as RPMs35 and 

erythroblasts40. Mice lacking Hrg1 (Hrg1-/-) have a reduced and functionally impaired 

pool of RPMs.  Hrg1-/- RPMs cannot uptake heme from endocytic vesicles, therefore 

the heme accumulates and precipitates forming hemozoin. Moreover, Hrg1 deletion 

impairs erythropoiesis on a yet undefined basis16,40.  

 

FLVCR2 
Feline leukemia virus C receptor 2 (FLVCR2, i.e. SLC49A2) is a putative heme 

importer36. Since it is a paralogue of the known heme exporter FLVCR1, it was 

hypothesized that it could also be involved in heme transport. However, differently from 

FLVCR1, its expression is specific to the endothelium and pericytes of the central 

nervous system41. Deletion of FLVCR2 causes perinatal lethality as a consequence of 

dysregulated cerebral angiogenesis 41.  

 

FLVCR1 
The Feline leukemia virus C receptor 1 (FLVCR1, aka SLC49A1) gene encodes for 

two functionally distinct exporter isoforms, FLVCR1a and FLVCR1b, which differ in 

their sub-cellular localization. FLVCR1a is localized in the plasma membrane and 

mediates the export of heme from the cytosol to the extracellular space. FLVCR1b is 

localized in the mitochondrial outer membrane and exports heme from the 
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mitochondrial matrix to the cytosol42. The gene is expressed in many different cell types 

and tissues, therefore, it is believed to have housekeeping functions. The first 

indication for a role in heme transport came from the observation that it is highly 

expressed by cell lines having large intracellular heme pools43. In-vivo, mice lacking 

both exporter isoforms (Flvcr1-/-) die during embryonic development around E12.543. 

The lethality is a result of severe anemia, caused by a block during terminal erythroid 

differentiation at the pro-erythroblast stage. Furthermore, fetuses are characterized by 

skeletal and limb malformations. When only Flvcr1a is specifically deleted (Flvcr1a-/-), 

mice succumb between E14.5 and birth as a consequence of severe vascularization 

defects32. Compared to Flvcr1-/-, Flvcr1a-/- mice show skeletal malformations but do not 

have erythropoietic alterations42.  

 

ABCG2 
ABCG2 is a multi-drug resistance gene which allows the transport of multiple 

substrates across the plasma membrane, including heme37. The link of the transporter 

to heme metabolism is clear in mice lacking the transporter. In-vivo Abcg2 deficiency 

results in protoporphyria characterized by elevated phototoxicity and accumulation of 

unconjugated bilirubin (an intermediate of heme degradation)37.  

 

HCP1 
Heme carrier protein 1 (HCP1) was identified as putative heme transporter by 

differential gene expression analysis of intestinal mucosa specialized in heme import 

(duodenal) and intestinal mucosa not transporting heme (ileal)38. However, further 

studies demonstrated that the transporter has a 10-fold higher affinity to folate and that 

patients lacking HCP1 suffer from folate malabsorption38.Therefore, while it might be 

possible that the transporter can transport heme, its main cargo is folate.  

 

1.2.3 Heme scavenging and degradation 
To limit the cytotoxic potential of heme, organisms evolved numerous mechanisms 

aiming at scavenging heme. Such mechanisms range from molecule binding, to its 

compartmentalization and degradation and can be broadly classified in extracellular 

and intracellular (Figure 6). 
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Extracellular scavenging 

The majority of heme present in our body runs in the peripheral blood, packed in red 

blood cells (RBCs) which contain up to 0.15 mM heme each44. During hemolysis 

hemoglobin is released in the bloodstream and, upon its oxidation, heme is released. 

In the plasma numerous heme- and hemoglobin- binding proteins are present, such as 

hemopexin, haptoglobin, albumin, low density lipoprotein (LDL) and high density 

lipoprotein (HDL)6.   

 

Hemopexin 
Hemopexin is the plasma protein with the highest binding affinity to heme31.  

Hemopexin is an acute-phase protein synthetized in the liver upon inflammation and 

regulated by several cytokines as IL-6, IL-1b and TNF-a 31. Upon heme binding, the 

complex binds to the CD91 (i.e. LRP1) receptor and is endocytosed.  

 

Haptoglobin 
Haptoglobin is a plasma glycoprotein, capable of binding to hemoglobin. Haptoglobin-

hemoglobin complexes bind to the myeloid-cell expressed CD163 receptor and get 

endocytosed. The clearance of haptoglobin-hemoglobin complexes is rapid: in murine 

models its half life is less then 50 minutes45.  
 

Albumin, LDL and HDL 
Other plasma proteins, such as albumin and lipoproteins, including the low-density 

lipoprotein (LDL), or high density lipoprotein (HDL) can bind to heme. Though their 

affinity to hemoglobin or heme is lower than haptoglobin or hemopexin, given their 

steady and high abundance in the plasma, they are believed assist in heme scavenging 

during hemolytic crises, once the hemopexin capacity is exhausted46.   

 

Intracellular scavenging 

When the intracellular labile heme levels are in a tolerable range for the cell, the 

molecule can be employed into hemeproteins or it can serve regulatory functions47. 

However, when the intracellular labile heme pool increases and becomes dangerous, 

the cell can remove it or degrade it to dampen its cytotoxic potential(Figure 6). Heme 

export is mediated by FLVCR1a as described in the previous paragraph. Heme 
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degradation (i.e. heme catabolism) is a multi-step process consisting of two 

complementary pathways, one dedicated to the degradation of the porphyrin and one 

to recycle iron6. The first reaction step is catalyzed by the heme oxygenase, which 

cleaves the α-methene bridge of the protoporphyrin causing the release of the iron 

atom and the production of biliverdin and carbon monoxide (CO). Biliverdin is then 

converted into bilirubin by biliverdin reductase (BVR). In mammals, bilirubin is finally 

secreted in the bloodstream and delivered to hepatocytes where it is converted in bile 

pigments and secreted in the small intestine. The iron ion, liberated during the first 

reaction step of heme degradation, can either become part of the labile iron pool or it 

can be stored in ferritin.   
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1.3 Erythropoiesis 
Erythropoiesis is a multi-step process that allows a population of committed self-

renewing stem cells to provide continuous replenishment of mature red blood cells 

(RBCs) (Figure 7). The process happens in different specific tissues, which vary in 

different developmental stages (as described in “1.3.1 Erythropoiesis across 

development”).  Erythropoiesis can be divided into two main parts: an initial phase, 

when stem cells proliferate and commit to the erythroid lineage giving rise to 

erythroblasts (as described in “1.3.2 Stem cell expansion and commitment to the 

erythroid lineage”), and a second phase, named “terminal erythroid differentiation” (as 

described in “1.3.3 Terminal erythroid differentiation”), when the erythroid progenitors 

complete the differentiation into mature RBCs by producing hemoglobin (i.e. 

hemoglobinization, as described in “1.3.4 Regulation of hemoglobinization”). Terminal 

erythroid differentiation happens in a highly specialized niche, named the erythroblastic 

island (as described in “1.3.5 The erythroblastic island”) (Figure 7). 

 
Figure 7 - Erythropoiesis overview. 
 
 
 

Erythropoiesis can be divided into two phases, an initial phase when stem cells commit to the 
erythroid lineage and a second phase, the terminal erythroid differentiation. This second phase 
happens in the erythroblastic island, where a central nursing macrophage supports the 
differentiation of erythroid precursors. Upon completion of differentiation, reticulocytes mature into 
RBCs. Senescent RBCs can return to the splenic erythroblastic islands where they are engulfed 
by red pulp macrophages, which recycles heme and provide iron necessary to sustain the 
developing erythroblasts.  
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1.3.1 Erythropoiesis across development 
In mammals, the organs where erythropoiesis takes place (i.e. erythropoietic organs) 

vary across development2 (Figure 8). During intrauterine life, the first wave of 

erythropoiesis, known as primitive erythropoiesis, originates in the yolk sac (murine 

embryonic day E7.5, human embryonic day d17) and it is followed by the fetal definitive 

erythropoiesis48-50. Definitive erythroid progenitors emerge in the yolk sac or in the 

aortic gonad mesonephros (AGM, murine E10.5, human d27) and seed in the fetal liver 

(murine E11.5, human d30)2,48. Lastly, the erythroid progenitors transition and seed to 

their definitive location, the bone marrow (murine E16.5, human week 10)2,48. After 

birth, in humans, steady-state erythropoiesis occurs exclusively in the bone marrow, 

whereas during pathological states requiring an increase of erythrocyte production (i.e. 

stress erythropoiesis), erythropoiesis might occur additionally in the spleen. Differently 

from humans, in mice steady-state erythropoiesis happens in the bone marrow and, 

marginally, in the spleen2,48,50. Upon stress erythropoiesis, the spatial constraints of 

the bone marrow cumber the expansion of the erythroid progenitors, which, thereby, 

migrate and differentiate in secondary extramedullary organs such as the spleen and 

liver 51.  

 
Figure 8 - Erythropoiesis across development 

Figure 8 – Erythropoiesis across development.  
 The erythropoietic organs change throughout  murine (A) and human (B) embryogenesis, fetal 
development and adulthood (from Baron et al., 2012)2.  
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1.3.2 Stem cell expansion and commitment to the erythroid lineage 
In the initial phase of erythropoiesis, hematopoietic stem cells (HSC) proliferate and 

get progressively committed towards the erythroid lineage. In this paragraph, the path 

and modalities of stem cell commitment towards the erythroid lineage will be described.  

 

The path from stem cell to committed progenitors 

Differentiation trees summarize the commitment trajectory and differentiation pseudo-

time of hematopoietic cells. An accurate definition of the differentiation tree is still a 

matter of debate52. According to the classical model, a cell would proceed step-wise in 

its differentiation, choosing at each step of the way between two alternative fates53 

(Figure 9A). The more choices the cell makes, the more it would commit to a certain 

lineage and the less it would be capable to transdifferentiate into a different lineage. 

According to this model, the erythroid progenitors arise from the megakaryocyte-

erythroid progenitor (MEP), which is downstream the common myeloid progenitor 

(CMP), the short-term HSC (ST-HSC) and the long-term HSC (LT-HSC)50. Novel 

findings coming from single cell RNA sequencing (scRNAseq) challenge this model. It 

is now understood that cell differentiation does not follow defined stages, but it rather 

differentiates as a continuum of stages. Such continuum is observable only using high-

throughput analysis such as scRNAseq and, until today, no new antigenic markers 

have been identified to discriminate every stage. Furthermore, the differentiation 

roadmaps have also been challenged. The two most prominent models argue in favor 

of a flat-hierarchy (Dick model)54 or in favor of a conventional hierarchy (Socolovsksy 

model)55. According to the Dick model54, during fetal development the MEP originate 

directly from the ST-HSC or from the oligopotent intermediate CMP. Whereas, during 

adulthood, the oligopotent intermediates (CMP) are absent and, thus, terminal 

differentiation arises uniquely from unipotent cells.  According to the Socolovsky 

model55, a multipotent progenitor diverges between the myeloid/lymphoid fate or the 

erythroid/megakaryocyte/basophil/mast-cell fate55. Approaching terminal erythroid 

differentiation, the unipotent erythroid progenitors proliferate, giving rise to the earliest 

erythroid colonies (i.e. burst-forming units, BFU-E) and then to late-stage erythroid 

colonies (CFU-E) and finally to erythroblasts, which will undergo terminal erythroid 

differentiation55.   
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Figure 9 - Stem cells differentiation trees 

 

 

 

 
 
Transcriptional regulation of erythroid commitment 

Progressive cell specification depends on the balance between transcription factors, 

which promote alternative differentiation programs. GATA1 and KLF1 are the core 

transcription factors regulating erythropoiesis17 56,57. Mice lacking any of these genes 

die during embryonic development because of severe anemia58,59. The springboard to 

erythroid specification is the GATA-switching phenomenon, whereby GATA2 is 

downregulated and GATA1 is upregulated. GATA2 is an important transcription factor 

for stem-ness17. GATA1 enhances the expression of genes required for the erythroid 

specification, while repressing the expression of those genes driving alternative 

differentiations as PU.1, a key transcriptional factor of myeloid program17. As 

previously described, GATA1 enhances heme synthesis, which, in turn, positively 

regulates GATA111. Similarly, KLF1 regulates genes required for hemoglobinization, 

however, it carries out its function at a later pseudotime-point than GATA160.   

 

1.3.3 Terminal erythroid differentiation 
Terminal erythroid differentiation consists of all those processes leading the committed 

erythroid progenitors to complete their differentiation into enucleated mature 

erythrocytes61. During this process, erythroblasts proliferate and progressively produce 

large quantities of hemoglobin62 in response to a local milieu of hormones (as 

erythropoietin, Epo), cytokines (as TNF-a, INF-g and TGF-b), and nutrients (as iron). 

At each cell division, the erythroblasts reduce their size, condense and, finally, expel 

Differentiation trajectories according to the classical (A), the Dick (B) and the Socolovsky (C) 
models. List of abbreviations used: HSC: hematopoietic stem cell, MPP: multipotent progenitor, 
CMP: common myeloid progenitor, CLP: common lymphoid progenitor, MEP: megakaryocyte-
erythroid progenitor, GMP: granulocyte-myeloid progenitor, Erys: erythroid lineage, Meg: 
megakaryocyte lineage, GN: granulocyte-neutrophil lineage, MF: myeloid lineage, Lym: lymphoid 
lineage, Baso: basophil lineage, DCs: dendritic cell lineage. 
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their nucleus63. Furthermore, hemoglobin accumulation changes the histological 

coloring of erythroblasts cytoplasm, transitioning from a more basophilic coloring of the 

immature forms to a more acidophilic color of the mature ones. Therefore, the 

terminally differentiating erythroblasts can be morphologically distinguished into six 

subsets: (1) pro-erythroblasts, (2) basophilic erythroblasts, (3) polychromatic 

erythroblasts, (4) orthochromic erythroblasts, (5) reticulocytes and (6) mature 

erythrocytes. Similarly, differential expression of membrane epitopes allows distinction 

of the stages 63,64. The transition between stem-cell expansion phase and the terminal 

erythroid differentiation is characterized by the loss of expression of c-Kit and the 

induction of the erythropoietin receptor (EpoR) and Ter-119 (mouse) or GypA 

(humans) expression 64. Only upon the acquisition of EpoR do the cells become 

sensitive to Epo. Meanwhile, terminally differentiating erythroblasts progressively lose 

the membrane expression of the transferrin receptor CD71 and CD4463,64.  

 

1.3.4 Hemoglobinization 
Hemoglobin production is the core event driving terminal erythroid differentiation. For 

this purpose, the erythroblasts expand their protein synthesis capability by expanding 

the ribosome compartment65, as well as their intracellular labile iron pool by its 

extracellular uptake. In this paragraph a brief description of the protein complex and 

the regulation of its synthesis will be provided.  

 

Hemoglobin 

Hemoglobin is the main functional protein complex of the erythrocyte, consisting of two 

sets of a-globin chains, two b-globin chains and four heme molecules. The type of 

a and b chains produced vary across organism development thus generating different 

forms of hemoglobin. During intrauterine development, the first hemoglobin types to 

be synthetized are the embryonic (HbE), followed by the fetal (HbF)66 type. These 

hemoglobin types are characterized by higher oxygen affinity, allowing the binding of 

oxygen even in tissues characterized by low relative O2 pressure (pO2) as the 

placenta67. Right before birth, the organism starts producing the adult hemoglobin (Hb), 

characterized by an oxygen affinity tailored for the binding of O2 in tissues 

characterized by higher pO2 as the lungs 67. The exchange between the different globin 
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genes expressed throughout development (i.e. globin switching) is regulated at the 

epigenetic level66.  

 

Regulation of hemoglobin synthesis 

To assemble a functional hemoglobin, the cell has to produce stochiometric quantities 

of globin chains and heme68, as the unbalanced production of either of the two is 

cytotoxic69. As we described previously, an increase of intracellular free heme can 

cause oxidative damage or disrupt cellular pathways69.  Whereas excessive globin 

chain synthesis results in the precipitation of unbound globins, thereby causing 

cytotoxicity70. For this reason, hemoglobinization must be tightly regulated. The cell 

senses the labile heme as a quality-control parameter of hemoglobinization: its 

expansion or reduction can indicate that heme and globin chain synthesis is 

unmatched23. Upon expansion of the labile heme pool, BACH1 is degraded and, 

consequently, its targets are induced, between those HMOX114. HMOX1 degrades free 

heme and, thereby, it reduces the labile heme pool. Furthermore, increased 

intracellular heme upregulates ribosomal genes expression via non-clarified means65. 

Conversely, the reduction of labile heme pool de-represses HRI, which phosphorylates 

eiF2a ultimately inhibiting globin chain synthesis23, as previously described.  

 

1.3.5 The erythroblastic island 
The erythroblastic islands (EBI) are the anatomical functional units of definitive, 

homeostatic and stress terminal erythroid differentiation71. The EBIs locate in both 

medullary and extramedullary erythropoietic organs71. According to current 

understanding, EBIs are formed by a central nursing macrophage surrounded by 

differentiating erythroblasts. The central macrophages are characterized by high 

phagocytic activity and absence of respiratory burst72. Morphologically these 

macrophages are very large (with a diameter > 15 µm) and elaborately branched, 

probably to cradle erythroblasts. Adhesion molecules guarantee the reciprocal binding 

of the EBI components. The a4b1 integrin (i.e. Very Late Antigen 4, VLA-4), the 

erythroid macrophage protein (Emp) and the intracellular adhesion molecule 4 

(ICAM4) on the erythroblast side, respectively, interact with the vascular adhesion 

molecule 1 (VCAM-1), Emp and aV integrin on the central macrophage side73. 

Moreover, indirect interactions are established within the EBI by secretion of cytokines 

and soluble factors 74.  Overall, the interactions within the EBI aim at regulating terminal 
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erythroid differentiation mostly by providing signals promoting or restricting terminal 

differentiation, by phagocytosing and digesting the expelled nuclei and by regulating 

heme and iron recycling72.  

 

Central macrophages sustain erythroblast proliferation and survival 

In-vitro reconstruction of EBIs highlighted that macrophages enhance erythroblast 

proliferation75, survival76 and expansion77. The direct interaction of the macrophages 

induces a shortening of the G0/G1 phase of the cell cycle75, which is required to switch 

from CFU-E self-renewal to terminal erythroid differentiation55,75. Moreover, the central 

macrophages produce the insulin-like growth factor 1 (IGF1) and bone morphogenic 

factor 4 (BMP4), further sustaining the expansion of committed erythroid 

progenitors78,79.   

 

Central macrophages induce erythroblasts apoptosis 

In response to environmental stimuli, central macrophages can synthetize and release 

cytokines as TNF-a, INF-g and TGF-b. Such cytokines inhibit erythroblast proliferation 

and differentiation, while sustaining the induction of pro-apoptotic pathways73. TNF-a 

induces the cleavage of the master erythroid transcription factor GATA1, resulting in 

decreased proliferation and activation of pro-apoptotic pathways80. Likewise, INF-g 

stimulation induces TRAIL synthesis in both erythroblasts and central macrophages 

thereby leading to an inhibition of differentiation81. TGF- b, instead, has a double 

feature of promoting terminal erythroid differentiation while inhibiting cell proliferation82. 

 

Central macrophages supply iron to developing erythroblasts  

In addition to paracrine signaling, central macrophages serve as an iron source for the 

developing erythroblast62. It was initially believed that the majority of iron employed by 

the erythroblasts to synthetize heme would come from plasma di-ferric transferrin83. 

However, transferrin cannot be the sole iron source given that patients and mice 

lacking transferrin can still produce mature RBCs, though microcytic and 

hypochromic84. Therefore, this evidence indicated that iron could be supplied through 

yet undiscovered pathways83. Given that the central macrophage is equipped with iron 

and heme-handling proteins85-87, it was speculated that macrophages might directly 

deliver iron to the developing erythroblasts. In-vitro models showed that the central 
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macrophages can synthetize and export iron-loaded ferritin to the erythroblasts, 

thereby equipping them with the means to sustain hemoglobinization88. Furthermore, 

given the expression of heme transporters on the membrane of both components of 

the EBI, there is the possibility that also heme could be delivered from the central 

macrophage to the developing erythroblast83. This would be particularly evident in the 

red pulp macrophages of the spleen, which serve both as erythrophagocytes and as 

central nurse cell during stress erythropoiesis12,89.  

 
Figure 10 - Interactions in the erythroblastic island.  

 

 

 

The adhesion is mediated via the expression of the macrophage adhesion molecules aV, Emp, 
VCAM1 and the erythroid adhesion molecules ICAM4, Emp and a4b1. The macrophage 
promotes erythroid proliferation by producing IGF1 and BMP4, and erythroid differentiation by 
delivering iron or iron loaded ferritin derived from heme recycling. The macrophage can also block 
erythroid differentiation by promoting erythroid apoptosis via TNF-a, INF-g and TGF-b signaling.  
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1.4 Stress erythropoiesis 
The term “stress erythropoiesis” defines all those processes allowing for an increased 

production of mature RBCs in response to diverse (patho)physiological states, such as 

development or anemia. The cellular and molecular mechanisms underlying stress 

erythropoiesis are different from steady state erythropoiesis90. While in homeostasis 

RBCs are constantly produced as a flux, during stress erythropoiesis, RBCs are 

produced as a bolus51. For this purpose 1) the erythropoietic pool (as described in 

“1.4.2 Terminal stress erythropoiesis”) and 2) the central nursing macrophage pool (as 

described in “1.4.2 Expansion of the central nursing macrophages”) expand to multiply 

the available erythroblastic islands, thereby guaranteeing increased RBCs production.  

 

1.4.1 Expansion of the erythropoietic pool 
Anemias have several different etiologies spanning from acute blood loss, 

intravascular hemolysis to inflammation. The reduction of peripheral blood oxygenation 

activates and stabilizes the Hypoxia Inducible Transcription factors, which in turn, 

activate a compensatory response to increase RBCs production. The set of all the 

activated process to increase RBCs production is defined stress erythropoiesis. During 

stress erythropoiesis, the erythroblasts proliferate and differentiate under the 

stimulation of differentiation signals, which are not employed for steady-state 

erythropoiesis. Upon initiation of stress erythropoiesis response, HSC produce BMP4, 

which acts on immature progenitor cells and drive their differentiation into Epo-

responsive stress erythroid progenitors (10.1182/blood-2004-02-0703). Moreover, 

nursing-macrophage derived signaling factors, such as GDF1591, and prostaglandins 

sustain the extra-medullary proliferation of Epo-responsive stress erythroid 

progenitors92. Upon anemia, the hypoxic stimulus drives an increase of Epo synthesis 

which, in turn, induces the Epo-responsive stress erythroid progenitor to initiate 

hemoglobin synthesis. To meet the massive hemoglobinization demand, the iron pool 

available for hemoglobinization has to be expanded. For this purpose, stress 

erythroblasts synthetize the hormone erythroferrone (ERFE), to induce hepatocytes, 

the main iron reservoirs in mammals, to release iron93. This regulation is achieved by 

ERFE-mediated suppression of hepcidin (HAMP)62. HAMP is a hormone which, by 

inhibiting the activity of the iron exporter SLC40A1 (ferroportin)94, impedes iron export. 

As such, ERFE sustains the mobilization of iron from the reservoirs and renders it 

available to the developing erythroblasts93.  
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1.4.2 Expansion of the central macrophages 
The erythroblastic island are crucial to support terminal erythroid differentiation during 

stress erythropoiesis89,95. The expansion of erythroid progenitors needs to be matched 

with the expansion of the myeloid counterpart for efficient terminal erythroid 

differentiation12,96 . Mice lacking central nursing macrophages, or those incapable to 

generate novel EBIs, cannot efficiently recover from anemia89,95. The expansion of EBI 

macrophages depends on monocyte recruitment to extramedullary erythropoietic 

organs, such as the spleen12,96.  In anemic mice, monocytes are recruited via a CCL2 

gradient into the spleen. Here, monocytes start to engulf senescent red blood cells96. 

The erythrophagocytosis-dependent increase of the intracellular heme pool causes the 

degradation of BACH1 and subsequent de-repression of Spi-C, the master 

transcriptional factor regulating RPM development12. Spi-C induces the expression of 

genes necessary to handle iron (transferrin receptor, CD71 and ferritin-H, FTH) and to 

bind to the developing erythroblasts (VCAM1, CD11b)12. This transition is marked, at 

first, by the downregulation of Ly-6C (pre-RPMs) and, finally, by the induction of F4-80 

and the downregulation of CD11b (RPMs)12, 96. As previously mentioned, if Spi-C is 

not expressed, either because of genetic deletion or altered heme import, RPMs 

cannot differentiate12,16.   
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1.5 SLC20A1 
SLC20A1 is a membrane transporter of the Solute Carrier Class (SLC) 97. Together 

with its paralogue SLC20A2, it forms the SLC20 family97. In both human and mice, 

SLC20A1 is expressed in a broad range of tissues and cell-types. The gene was 

originally discovered together with FLVCR198 as the entry receptor for the Feline 

Leukemia Virus-B (FeLV-B)99,100, a virus causing multilineage hematopoietic failure 

and erythroblastopenia101 and for the Gibbon Ape Leukemia Virus (GaLV)102. Later 

studies led to the classification of SLC20A1 as a sodium-phosphate 

cotransporter103,104. The first evidence suggesting the involvement of SLC20A1 in 

phosphate transport came from the observation of 25% amino acid similarity with the 

phosphate permease of neurospora crassa105. Later, confirmatory in-vitro studies 

highlighted a possible involvement of SLC20A1 in phosphate transport106. 

Unexpectedly, when mice lacking Slc20a1 (Slc20a1-/-) were generated, it was 

observed that such mice shared no phenotype trait with any other murine strains 

lacking known phosphate transporters107-109. Slc20a1-/- had no alteration in plasma 

phosphate, bone mineralization, trabeculae formation or calcifications110-112. Instead, 

Slc20a1 deletion caused liver failure and severe anemia leading to in-utero lethality at 

embryonic day E12.5110,112. The anemia was characterized by a terminal erythroid 

differentiation blockage at the pro-erythroblast stage112,113, and it phenocopied mice 

lacking Flvcr1, Gata1 and Klf1.  

The discovery of the Slc20a1-/- phenotype called for a reevaluation of SLC20A1 

functionality114 and the search for novel interactors of SLC20A1 to clarify the biological 

function of this transporter115-117 
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1.6 Thesis aims 
In this introductory chapter it described how heme regulates cellular metabolism and 

specification by interacting with different partners. Despite its central role in cellular 

biology of almost every existing organism, surprisingly few heme interactors are 

known. In particular, the mechanisms of heme transport across the cell remain to be 

better explained. Identification of heme partners would grant 1) a better understanding 

of basic heme biology and of the grounds of heme-related pathologies, and 2) the 

opening of novel diagnostic and therapeutic avenues. Up to date, the identification of 

interaction partners has been achieved by reverse genetics approaches. In reverse 

genetics, the description of the phenotype of a cell or organism bearing a known 

genetic mutation is used to infer the functionality of such gene. A major drawback of 

such approach is the requirement of prior knowledge, which often biases 

conclusions118. In recent years the availability of sequence-specific programmable 

nucleases, as the CRISPR/Cas9 system, has permitted to identify novel interaction 

partners by forward genetics approach119. The forward genetics approach aims at 

identifying the underlying, phenotype causative, unknown genetic mutation given a 

certain phenotype. Such approach allows to correlate unbiased the phenotype to 

certain mutations and overcomes the bias limitation of the reverse genetics 

approach120. In my doctoral investigation, we aimed at identifying novel genes involved 

in heme transport and understanding the in-vivo biological relevance. We 

accomplished this by a combination of in-vitro forward-genetics based, loss of function 

phenotypic genetic screens as well as cell-biologic approaches, and in-vivo studies in 

conditional knockout mice.  
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2. Results  
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Key points  
• SLC20A1 sustains erythropoiesis by regulating RPM and erythroblast 
differentiation. 

• SLC20A1 affects heme import.  
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Abstract 
Heme is an essential molecule that, when associated with hemoglobin, enables to 

carry oxygen. However, labile heme is a potent pro-oxidant molecule and exerts 

cytotoxic effects. For this reason, intracellular concentrations and trafficking of heme 

need to be tightly regulated. To identify proteins involved in heme trafficking, we 

performed a CRISPR-based loss-of-function screen focused on the solute carrier 

(SLC) class of transporters using heme as a selective pressure agent. Deletion of 

SLC20A1 conferred a pronounced protection from heme-induced cytotoxicity. In-vivo, 

erythroid-specific Slc20a1 deletion resulted in embryonic lethality around E12.5 due to 

severe anemia based on a block of erythroid differentiation at the pro-erythroblast 

stage. Transcriptional profiling of pro-erythroblasts indicated signs of heme deficiency. 

Conditional deletion of Slc20a1 led to the rapid development of anemia, splenomegaly 

and the initiation of stress erythropoiesis. We found that inducible Slc20a1 deletion led 

to impaired expansion of red pulp macrophages (RPM). This is in agreement with 

previous data showing that RPM act as nursing macrophages in stress erythropoiesis 

and that heme is central for Spi-C induction and RPM differentiation. Furthermore, 

using myeloid-specific Slc20a1 deletion, we verified in-vivo that Slc20a1 is required for 

the differentiation of RPMs. Functionally, we show that the absence of SLC20A1 

impairs heme uptake, as well as the induction of the heme-detoxifying enzyme 

HMOX1. Our results reveal that SLC20A1 contributes to heme import and demonstrate 

its key role in the differentiation of erythroblasts and RPMs. 
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Introduction 
To sustain the body’s demand for oxygen, mammals rely on red blood cells (RBCs) to 

transport oxygen from the lungs to peripheral tissues1. While erythropoiesis takes place 

in the fetal liver during embryonic development, the bone marrow (BM) is the major 

erythropoietic organ in adult mammals1. The continuous differentiation of RBC 

progenitors maintains homeostatic levels of RBCs and is called steady-state 

erythropoiesis2,3. In mice, whenever the capacity of steady-state erythropoiesis is 

overwhelmed due to an increased demand like upon infection, hemorrhage or 

hemolysis, compensatory extramedullary erythropoiesis is initiated in organs such as 

the spleen and liver4. Extramedullary stress erythropoiesis supplies a bolus of RBC 

progenitors, which differentiate to reestablish homeostasis2. RBCs convey oxygen to 

peripheral tissues via its binding to hemoglobin (Hb), a protein complex composed of 

a- and b- globin chains and heme, which is stored in large quantities within RBCs.  Hb 

production occurs during the terminal stages of erythroid differentiation within a 

specialized niche named erythroblastic island (EBI)5. At steady state, the EBI is 

composed of a central “nursing” macrophage, or, under stress erythropoiesis in the 

spleen of red pulp macrophages (RPMs), surrounded by developing erythroblasts3. 

Both, nursing macrophages and RPMs, support erythroid differentiation as well as 

heme and globin chain synthesis in erythroblasts by providing iron, nutrients and 

specific differentiation signals5. To sustain the massive expansion and differentiation 

of RBCs during stress erythropoiesis, novel EBIs are generated in the spleen via the 

recruitment of erythroid progenitors and the expansion of the RPM compartment. RPM 

differentiation from recruited peripheral blood monocytes requires the heme-

dependent expression of Spic, the master regulator of RPM cell identity6,7. Monocytes 

can increase their intracellular heme concentration by engulfing and metabolizing 

senescent erythrocytes via erythrophagocytosis8. In addition, the solute carrier 

transporters HRG-1 (SLC48A1) and FLVCR1 (SLC49A1) have been identified as 

heme transporters in macrophages and erythroid progenitors9-11. However, it remains 

poorly understood if and how different transporters of heme itself, or components 

involved in intracellular heme metabolism, impact cellular differentiation within the 

erythropoietic niche. In our study, using forward-genetics, we identified SLC20A1 to 

contribute to heme transport. Using cell-type-specific gene deletion strategies in mice, 

we discovered that Slc20a1 expression in erythroid-cells is essential for fetal, as well 

as steady-state erythropoiesis. Furthermore, we found that Slc20a1 expression in 
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myeloid cells is required for the heme-induced Spic expression and subsequent 

differentiation of RPMs under conditions leading to stress erythropoiesis.  

 

Material and Methods  
Cell culture 

HAP1 cells and BMM were grown in IMDM supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin (PS). HAP1 SLC20A1-/- clones were obtained 

from Haplogen Genomics. For BMM differentiation cells were supplemented with 20 

ng/ml GM-CSF6 and deletion of Slc20a1 was induced by adding 1 µM 4-OH tamoxifen. 

After 6 days cells were stimulated with 30 µM heme (Hemin, in DMSO, Sigma-Aldrich) 

or its vehicle for 48h6.  Viability of HAP1 cells upon increasing heme concentrations 

(16h) in serum-free IMDM+1%PS was measured using CellTiter-Glo.  

 

CRISPR Screen 

A loss-of-function screen focused on the SLC-class of transporters in HAP1 cells was 

done by delivering the lentiviral CRISPR-Cas9 library targeting 388 SLC-class 

members and pseudogenes13 at 0.3 multiplicity of infection. A pool of KO cells at 1000x 

coverage was obtained 7d after puromycin selection, and a sample was collected for 

initial sgRNA representation. To identify sensitivity to heme, cells were treated for 16h 

with 40 µM heme or vehicle, and repeated after 5d. Genomic DNA of surviving cells 

was isolated using the DNAeasy kit, the sgRNA-containing cassette was amplified 

using Q5 polymerase, and PCR products were sequenced and analyzed using 

MAGeCK12.  

 

Mouse strains and treatments 

Sex- and age-matched 8–10-week-old mice were used and kept in SPF conditions, 

12h light/dark cycle and access to food and water ad-libitum. All in-vivo experiments 

were approved by the Austrian Ministry of Science according to Austrian legislation 

(66.009/0362-WF/V/3b/2017). Tamoxifen-inducible Slc20a1 knockout mice 

(Slc20a1iKo) were obtained by crossing Slc20a1fl/fl 13 with Rosa26ERT2Cre/eYFP-StopFlox 

mice14,15, erythroid-targeted deletion (Slc20a1DEpoR) by crossing Slc20a1fl/fl with 

EpoRGFP-Cre/+ mice16, and macrophage/myeloid-cell-targeted deletion by crossing 

Slc20a1fl/fl with CD169Cre/+Rosa26eYFP-StopFlox/+17,18 (Slc20a1DCD169) or LysMCre/+ 

Rosa26eYFP-StopFlox/+mice19 (Slc20a1DLysM), respectively. Genotyping primers are 
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provided in supplemental Table 1. To induce deletion of Slc20a1, Slc20a1iKo and 

Slc20a1fl/fl mice were intraperitoneally (i.p.) injected with tamoxifen (75 mg/kg) or 

vehicle (oil) daily over 4 days. To induce hemolytic anemia, Slc20a1DLysM mice and 

Slc20a1fl/fl littermates were treated i.p. with phenylhydrazine (PHZ, 40 mg/kg) for two 

consecutive days. The health status of mice was checked daily and weekly blood 

sampling (30 µl) via retro-orbital phlebotomy after anesthesia was done. EDTA blood 

analyses were performed on the VetABC. Mice appearing sick or experiencing a 

decline of the hematocrit to 20% were euthanized for ethical reasons.  

 

Tissue preparation for flow cytometry  

Femurs, spleens and fetal livers were mechanically disrupted and strained (70 µm 

filter). Analysis of non-erythroid cells was performed after RBC lysis and subsequent 

passage through a 40 µm cell strainer. Staining was performed in the presence of anti-

mouse Fc-receptor blocking antibody (CD16/32) and a viability dye. Used antibodies 

are listed in supplemental Table 2. Samples were analyzed with a LSR-Fortessa (BD), 

sorting of cells was performed with a FACSAria (BD).  

 

Histology, immunoblot and qPCR 

Details are provided in the Supplemental data file. 

 

RNA sequencing and data analysis 

Details on RNASeq are provided in the Supplemental data file. Differential expression 

analysis was performed using DESeq220.Volcano plots were generated using 

ggplot221. Gene lists of interest were retrieved from Molecular Signature Database22,23 

(Stable ID: M5923, M10214, access: 2021.02.21), Reactome24 (Stable ID: R-HSA-

9648895, access: 2021.02.21), Gene Ontology25,26 (GO:0006783, access: 

2021.02.21) and from published dataset27 (SRX2682727).  

 

Heme uptake assay 

HAP1 cells were stimulated with heme for 30min in serum-free IMDM+1% PS, washed 

twice with ice-cold PBS, lysed in oxalic acid and boiled at 120° for 1h, and fluorescence 

was immediately read (excitation 420nm, emission 660nm)28. HAP1 cells were 

stimulated with ZnMP (Santa-Cruz Biotechnology) for 30min at 37°C or 4°C in heme 

uptake buffer (50 mM HEPES, 130 mM NaCl, 10 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 
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pH 7.4)29. Next, cells were washed with heme uptake buffer + 5% BSA(Sigma-Aldrich) 

and acquired at LSR-Fortessa. The uptake index was calculated as (MFI × % positive 

cells at 37 °C) minus (MFI × % positive cells at 4 °C). 

 

Data sharing statement 

DNA and RNA sequencing data will be deposited at GEO.  
 
Results 
A CRISPR-screen identifies SLC20A1 as a novel driver of heme-cytotoxicity  
While heme is an essential component of various hemoproteins, labile heme exerts 

cytotoxic effects due to its oxidative properties that promote the formation of oxygen 

radicals. A cell’s sensitivity to heme-induced cell death depends on its capacity to 

regulate intracellular heme concentrations by balancing heme uptake and biosynthesis 

with degradation30. Thus, sensitivity to the cytotoxic effects of heme can be used as a 

readout to identify genes involved in cellular heme metabolism and trafficking. To 

identify factors involved in heme trafficking, we performed a CRISPR-Cas9 based loss-

of-function genetic screen focused on the solute carrier (SLC)-class of transporters in 

the haploid human fibroblast cell line HAP131. After titrating heme cytotoxicity 

(supplemental Figure 1A), we used 40 µM heme to apply selective pressure to cells 

transduced with the CRISPR-Cas9-SLC library31, followed by sequencing of the 

surviving cell clones to monitor the relative abundance of sgRNAs (Figure 1A). 

Enriched sgRNAs indicated genes that promoted heme toxicity (Figure 1B), while 

depleted sgRNAs were indicative of gene products that prevented heme-induced cell 

death (supplemental Figure 1B). We found that cells lacking transporters of 

glutathione-precursors such as SLC7A11/SLC3A2 and SLC7A5/SLC3A2 

(cystine/glutamate transport)32 and transporters of iron-scavenging substrates like 

SLC25A1 (citrate transport)33 were more sensitive to heme-induced cell death 

(supplemental Figure 1B), supporting their importance in maintaining intracellular 

redox balance. Conversely, a reduction of intracellular heme levels might explain 

increased heme-resistance of cells lacking transporters of precursors or intermediates 

of heme biosynthesis such as SLC25A28 (iron import)34, SLC25A11 (2-oxoglutarate 

transport)35 and SLC52A2 (riboflavin transport)36 (Figure 1B). Strikingly, the strongest 

protection against heme-induced cell death was conferred by deletion of SLC20A1 

(Figure 1B), a gene which has not been associated with intracellular heme metabolism 
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so far. To verify the results from the screen, we treated SLC20A1 deficient (SLC20A1-

/-) HAP1 cells with increasing heme doses and confirmed enhanced resistance to 

heme-induced cell death, when compared to WT control cells (Figure 1C). SLC20A1 

has been classified earlier as a sodium-phosphate cotransporter37. However, and in 

line with previous studies13,38, SLC20A1-/- HAP1 cells did not show alterations of 

intracellular phosphate concentrations at steady state or upon phosphate substitution, 

and phosphate supplementation did not impact on heme-induced cytotoxicity 

(supplemental Figures 1C-1E). Thus, we identified SLC20A1 as a novel and 

fundamental driver of heme-associated cytotoxicity and suggest that SLC20A1 

promoted heme-induced cell death independently of its reported role in phosphate 

transport. 

 
SLC20A1 sustains steady-state erythropoiesis 
To investigate the biological function of SLC20A1, we first assessed its role at steady 

state. Since Slc20a1-/- mice were reported to die on day E12.5 during embryonic 

development due to defective liver development and severe anemia13,38,39, we 

generated tamoxifen-inducible Slc20a1 knockout mice with an eYFP reporter system 

(Rosa26ERCre/Stop-eYFP Slc20a1fl/fl, further referred to as Slc20a1iKo). In this model, 

tamoxifen induces the nuclear translocation of a Cre-estrogen receptor fusion protein14 

and subsequent deletion of Slc20a1 with the simultaneous induction of eYFP 

expression15, allowing the detection of successfully Slc20a1 deleted cells (eYFP+). 

Tamoxifen administration in adult Slc20a1iKo mice (Figure 2A) resulted in a partial 

chimerism, with approximately 15-20% of viable BM and spleen cells, respectively, 

showing successful deletion of Slc20a1 (eYFP+) 28 days post tamoxifen treatment 

(Figure 2B). Slc20a1iKo mice displayed severe anemia, with a substantial and 

progressive decline of RBC counts, Hb levels and hematocrit over the observation 

period of 28 days, while Slc20a1fl/fl littermate controls did not react to tamoxifen 

treatment (Figure 2C, D, supplemental Figure 2A). We did not observe signs of 

anisocytosis and white blood cell (WBC) counts did not change upon tamoxifen 

(supplemental Figure 2B-C). Similarly, when we treated Slc20a1iKo mice with tamoxifen 

or vehicle to control for potential leakiness in Cre activity, we only observed a drop of 

RBC and Hb in tamoxifen-treated animals (supplemental Figure 2D-E). Considering 

that embryonic lethality of Slc20a1-/- mice had been attributed to defective liver 

development and hepatocyte apoptosis13, we evaluated plasma liver transaminase 
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levels and the cell death marker LDH (supplemental Figure 2F-H), but did not observe 

any alterations, indicating that mice did not experience hepatocyte damage. Within 14 

days from induction of Slc20a1 deletion, we discovered signs of extramedullary stress-

erythropoiesis and progressive splenomegaly (Figure 2E). Histological evaluation of 

spleens highlighted a drastic change of the splenic micro-architecture, including an 

enlargement of the red-pulp area and a complete loss of the white pulp area in 

Slc20a1iKo mice (Figure 2F). Enlarged spleens of Slc20a1iKo mice showed a substantial 

increase in the abundance of erythroblasts (Figure 2G-H), megakaryocyte-erythrocyte 

progenitors (MEP) (Figure 2I, supplemental Figure 2I) and RPMs (Figure 2J-K, 

supplemental Figure 2J). RPMs were further characterized by CD169 and VCAM1 

expression (supplemental Figure 2K). Taken together, our data show that SLC20A1 is 

essential to sustain steady-state erythropoiesis and that even the partial deletion of 

Slc20a1 caused severe anemia and compensatory extramedullary stress 

hematopoiesis. 

 

Erythroid SLC20A1 is essential for terminal erythrocyte differentiation 
We next asked in which cell compartment during erythropoiesis SLC20A1 needs to 

function to maintain erythrocyte homeostasis. Upon tamoxifen administration, 

Slc20a1iKo mice displayed an accumulation of differentiating erythroblasts in the spleen 

and BM (Figure 3A-B). Analyzing the stages of erythroblast differentiation, we identified 

a shift toward the pro-erythroblast stage (stage I), with a reduced abundance of 

orthochromatic-erythroblasts (stage IV) in both the spleen (Figure 3B-C) and BM 

(Figure 3D) of Slc20a1iKo mice. To test the cell-intrinsic impact of Slc20a1 deletion on 

erythroblast differentiation in the chimeric, tamoxifen-treated Slc20a1iKo mice, we 

separately analyzed Slc20a1 deleted eYFP+ (Slc20a1iKo/eYFP+) and undeleted eYFP- 

(Slc20a1iKo/eYFP-) cells (Supplemental Figure 3A). Doing so, we noticed a less severe, 

yet still visible shift in erythroblast differentiation in spleen (Figure 3E) and BM (Figure 

3F). To assess in which cell compartment functional Slc20a1 was essential for terminal 

erythroid cell differentiation, we generated erythroid-specific Slc20a1-deficient mice by 

crossing erythropoietin receptor Cre animals16 with Slc20afl/fl mice (EpoRGFP-Cre/+ 

Slc20afl/fl further referred to as Slc20a1DEpoR). By setting up a breeding scheme that 

should lead to 25% Slc20a1DEpoR offspring, we noticed that those mice were not viable 

(no Slc20a1DEpoR mice born out of 53 pups), while E11.5 embryos showed the expected 

Mendelian ratio (Figure 3G). Slc20a1DEpoR fetuses phenocopied the full-body Slc20a1 
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deletion13,38 and died in-utero after E11.5, while displaying a pale, bloodless 

appearance (Figure 3H). Analysis of E11.5 fetal livers confirmed the absence of 

Ter119+ cells in Slc20a1DEpoR mice (supplemental Figure 3B). By analyzing the 

differentiation stages of fetal liver erythroblasts, we discovered that erythroid-specific 

Slc20a1 deletion resulted in a complete block at the pro-erythroblast stage (stage I) 

(Figure 3I). Transcriptome analysis of FACS-sorted pro-erythroblasts from fetal (E11.5) 

tissues of Slc20a1DEpoR and littermate control Slc20a1fl/fl mice revealed that pro-

erythroblasts clustered separately, depending on the genotype, in a principal 

component analysis (supplemental Figure 3C). A total of 1134 genes were found up-, 

and 2116 genes down-regulated. Slc20a1 deletion was associated with the expression 

of genes involved in TGF-b and PI3K-Akt signaling pathways, heme deficiency 

signaling (Eif2ak1) and the related integrated-stress response pathway (Atf4, 

Ppp1r15a, Cebpg) (supplemental Figure 3D). Conversely, Slc20a1 deletion strongly 

downregulated the expression of genes involved in ribosome biogenesis 

(supplemental Figure 3D). Collectively, our data support the importance of Slc20a1 in 

the erythroid compartment and show that erythroid-specific deletion of Slc20a1 stalled 

terminal RBC differentiation. However, considering the modest deletion efficiency in 

tamoxifen treated, chimeric Slc20a1iKo mice (15-20%, Figure 2B), the severity of the 

resulting anemia (Figure 2C-D) seemed unexpected in these mice. This finding led us 

to question why tamoxifen-treated Slc20a1iKo mice could not compensate for the 

modest defect in differentiation, and we hypothesized that other cellular players 

involved in erythropoiesis, in addition to RBC precursors, might be affected by the 

deletion of Slc20a1. 

 

SLC20A1 is essential for RPM differentiation in stress erythropoiesis 
Stress-erythropoiesis is induced upon anemia and entails the de novo formation of 

erythropoietic niches, which occurs in extramedullary sites such as the spleen in mice7. 

Thereby, erythropoietic progenitors expand and differentiate in the presence of, and 

supported by, nursing macrophages within EBIs7,40. In these situations, nursing 

macrophages are derived from peripheral blood monocytes that migrate to the spleen, 

where they differentiate into preRPMs and mature RPMs6,7. In keeping with this notion, 

we first asked whether Slc20a1 deletion might affect the abundance of RPMs in stress 

erythropoiesis. To this end, we analyzed the spleens of Slc20a1iKo mice and separately 

studied Slc20a1 deleted eYFP+ (Slc20a1iKo/eYFP+) and undeleted eYFP- (Sl20a1iKo/eYFP-
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) spleen cells (supplemental Figure 4A). We discovered a substantial reduction in 

mature RPMs among the Slc20a1-deleted eYFP+ cells (Figure 4A, C), suggesting that 

the development and maturation of monocyte-derived RPMs requires Slc20a1. To 

assess whether Slc20a1 is also required for the maintenance of RPMs at steady state, 

i.e. in the absence of stress erythropoiesis, we evaluated RPM numbers in 

CD169Cre/+Rosa26Stop-eYFP/+Slc20a1fl/fl mice17 (further referred to as Slc20a1DCD169). 

Slc20a1DCD169 mice were born at a Mendelian ratio (data not shown) and did not show 

altered Hb, RBC or WBC counts (supplemental Figure 4B-D). Analysis of the cellular 

composition of the spleen at steady-state revealed that both Slc20a1DCD169 and control 

littermates had similar percentages of RPMs (supplemental Figure 4E), indicating no 

contribution of Slc20a1 to RPM abundance at steady state. Given the prominent role of 

monocytes in sustaining the stress erythropoiesis-associated RPM expansion7, we 

hypothesized that impaired monocyte differentiation might account for the reduced 

pool of mature RPMs in tamoxifen-treated Slc20a1iKo mice. Taking advantage of the 

chimerism of these mice, we tracked differentiating monocytes in spleens and 

observed no obvious difference in the distribution of RPM precursors (Figure 4B). To 

test if Slc20a1 deletion altered the capability of preRPMs to modulate gene expression 

required for RPM development, we performed transcriptome analyses of sorted 

Slc20a1iKo/eYFP- preRPMs and RPMs as well as Slc20a1iKo/eYFP+ preRPMs (but no 

Slc20a1iKo/eYFP+ RPMs due to low cell numbers). Principal component analysis of 

transcriptome profiles revealed differential clustering of Slc20a1iKo/eYFP- preRPMs and 

RPMs (Figure 4D), whereas preRPM of Slc20a1iKo/eYFP+ and Slc20a1iKo/eYFP- showed 

high similarity of sorted populations (Figure 4E). Comparison of induced transcripts 

from Slc20a1iKo/eYFP- preRPM and RPM displayed expression of monocyte-signature 

genes (Itgam, Stat3) in preRPM and an induction of genes regulating RPM-

differentiation such as the RPM master transcription factor Spic among RPMs (Figure 

4F)6. Spic expression is driven by the, often erythrophagocytosis-mediated, increase 

of intracellular labile heme6. To analyze if SLC20A1 is involved in heme-induced Spic 

expression, we made use of tamoxifen-treated Slc20a1iKo and Slc20a1fl/fl BMDMs. We 

detected that heme strongly induced the expression of Spic in Slc20a1fl/fl cells, 

whereas the induction was markedly reduced in Slc20a1iKo cells (Figure 4G), 

suggesting that Slc20a1 is indeed required for the heme mediated induction of Spic. 

Taken together, our findings suggest that SLC20A1 is not required for monocyte-to-
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preRPM development, but importantly contributes to the final differentiation steps to 

mature RPMs, presumably by promoting heme-dependent Spic expression. 

 

SLC20A1 sustains anemia-induced RPM differentiation by contributing to heme 
import  
Given that SLC20A1 deletion conferred pronounced resistance to heme-induced cell 

death in HAP1 cells (Figure 1B, C) and that Slc20a1 deficient preRPMs failed to 

differentiate into mature RPMs during stress erythropoiesis in-vivo (Figure 4C), likely 

because of failed heme-mediated Spic induction (Figure 4G), we hypothesized that 

SLC20A1 might facilitate heme import into cells. To test this hypothesis, we performed 

heme uptake assays by incubating HAP1 cells lacking SLC20A1 with heme or its 

fluorescent analog zinc mesoporphyrin (ZnMP). We observed a reduced uptake of both 

heme (Figure 5A) and ZnMP (Figure 5B-C) in SLC20A1-/- HAP1 cells, as compared to 

WT control cells. Furthermore, while WT cells robustly induced the expression of heme 

oxygenase-1 (HMOX1) in response to heme incubation, SLC20A1-/- cells exhibited 

reduced HMOX1 induction at transcript (Figure 5D) and protein level (Figure 5E), 

further supporting the notion that the absence of SLC20A1 prevented heme from 

entering the cell. Given that Slc20a1DCD169 mice showed normal RPM ratios and 

considering that heme must be sensed in monocytes/preRPMs to induce Spic and 

subsequent RPM differentiation, we hypothesized that SLC20A1 might be instrumental 

at the monocyte stage (instead of the mature, CD169+ RPM stage) to impact RPM 

development. To test this idea, we generated mice in which Slc20a1 is deleted at the 

monocyte stage, using lysozyme-driven Cre CD169Cre/+Rosa26Stop-eYFP/+Slc20a1fl/f, 

referred to as Slc20a1DLysM)19. Mice were born at Mendelian ratios, and exhibited 

normal RBC counts at steady state (supplemental Figure 5A-B). To evaluate the impact 

of Slc20a1 on stress erythropoiesis-induced RPM expansion, we induced hemolysis in 

Slc20a1DLysM mice and littermate controls with phenylhydrazine (PHZ) (Figure 5F). PHZ 

treatment induced hemolytic anemia in mice, indicated by declining RBC counts in both 

Slc20a1DLysM and littermate controls (Figure 5G), paralleled by the induction of 

extramedullary stress erythropoiesis, as indicated by the expansion of the splenic 

erythroblast pool (supplemental Figure 5C). Analysis of spleens from Slc20a1DLysM 

mice on d5 revealed that, while monocytes and preRPMs were invading and initiating 

their differentiation in the spleen (supplemental Figure 5D), RPMs were significantly 
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reduced (Figure 5H), thus supporting our hypothesis that SLC20A1 in the myeloid 

compartment is required to sustain RPM differentiation. Strikingly, analysis of terminal 

erythroid differentiation in the spleen highlighted that Slc20a1DLysM mice displayed a 

shift toward the pro-erythroblast stage (stage I) and a concomitant reduction of 

orthochromatic-erythroblasts (stage IV) in the spleen (Figure 5I), similarly to what we 

observed in Slc20a1iKo animals upon tamoxifen treatment (Figure 3C). The overall 

recovery from anemia was modestly delayed in Slc20a1DLysM mice (supplemental 

Figure 5E). Taken together, our data demonstrate that myeloid-cell expressed Slc20a1 

regulates terminal erythroblast differentiation during stress erythropoiesis, as Slc20a1 

was required for stress erythropoiesis associated RPM expansion and differentiation. 

Collectively, our data indicate that we have identified a novel player facilitating heme 

import, and that Slc20a1 is essential in driving hemolysis-induced RPM differentiation. 

 

Discussion 
Hemoglobinization occurs during terminal erythroid differentiation within the EBI and is 

the critical step during steady state and stress erythropoiesis. Heme has emerged as 

critical signaling molecule within the splenic EBI6,41,42, however due to its cytotoxic and 

inflammatory properties, heme metabolism and transport have to be tightly regulated30. 

In this study, we identified the solute carrier SLC20A1 as a novel contributor to heme 

transport and examined its role in the differentiation of erythroblasts and RPMs. We 

discovered that SLC20A1 is an essential factor required for the differentiation and 

maturation of erythroblasts at steady state, as well as the expansion and maturation of 

RPMs during stress erythropoiesis. It has been reported earlier that mice lacking 

Slc20a1 (Slc20a1-/-) were not viable, due to severe anemia resulting from a block of 

erythroid differentiation at the pro-erythroblast stage I13,38,39. We could replicate 

embryonic lethality in mice lacking Slc20a1 specifically in the EpoR expressing cell 

compartment16, showing that erythroid-expressed Slc20a1 is essential during fetal 

erythropoiesis. Though EpoR was found expressed on a fraction of fetal liver nursing 

macrophages43, the regular development of both Slc20a1DLysM and Slc20a1DCD169 

strains supports the significance of erythroid cell-intrinsic Slc20a1. Beside its vital role 

in embryogenesis, we found that tamoxifen-induced Slc20a1 deletion in adult mice 

resulted in severe anemia. Surprisingly though, i) the anemia occurred in spite of a 

rather low chimerism rate, with 15-20% of tested cells lacking Slc20a1, and ii) mice 

failed to recover even four weeks post tamoxifen administration. Interestingly, it was 
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reported earlier that post-natal deletion of Slc20a1 using type-I IFN-induced Cre (i.e. 

Mx Cre) resulted in a 30% reduction of RBC counts at three months of age, supporting 

our finding that even an incomplete deletion of Slc20a1 impaired steady state and 

stress RBC development38,39. Taking advantage of an eYFP reporter system15 we 

found that Slc20a1-deficient cells exhibited an early block at stage I/II of terminal 

erythroblast differentiation, resulting in the accumulation of undifferentiated erythroid 

precursors and the disruption of the erythropoietic niche. It appears that Slc20a1 was 

most important in the early stages of erythroblast differentiation, i.e. the phase when 

hemoglobinization is initiated3. At this delicate stage, developing RBCs need to tightly 

balance heme abundance and globin chain synthesis via the intricate interplay of 

selected transcriptional and translational factors, which, in turn are regulated by the 

integration of intra- and extracellular stimuli42,44. Considering the notably protective 

effect of SLC20A1 deficiency from heme-mediated cytotoxicity we observed in the 

CRISPR screen, we hypothesized that the putative phosphate transporter SLC20A145 

might participate in the transport of heme, thus fine-tuning intracellular heme levels. In 

support of this idea, the phenotype of Slc20a1 deficient mice is not shared with any 

other murine strains lacking known phosphate transporters46-48. In contrast, whole 

body and erythroid specific Slc20a1 deficiency13,38 phenocopies mice lacking both 

isoforms of the known heme transporter Flvcr110,11. Just like Slc20a1 deficiency, Flvcr1 

deletion results in embryonic lethality because of an early block in terminal erythroid 

differentiation10,11.  

The cytosolic heme pool is emerging as a key regulator of transcription and translation 

factors driving terminal erythrocyte differentiation41,49. In erythroblasts, heme mediates 

the degradation of the transcriptional repressor BACH1, thereby inducing globin chain 

synthesis50 and GATA1 expression, a key driver of erythroblast differentiation41. 

Conversely, heme deficiency activates EIF2AK1 (HRI) to phosphorylate 

eiF2a, ultimately resulting in inhibition of globin chain synthesis while sustaining the 

integrated stress response via ATF449. Given that Slc20a1DEpoR pro-erythroblasts 

showed an increased expression of Eif2ak1, Atf4 and its main target Ppp1r15a, it is 

tempting to speculate that Slc20a1 might regulate the intracellular heme pool by 

mediating its uptake, ultimately regulating erythroid differentiation. The regulatory 

heme pool not only exerts essential functions in differentiating erythroblasts, but is 

equally important in the development of RPMs, the nursing macrophages of EBIs in 

the spleen. During the stress-induced de novo formation of EBIs in the spleen, the 
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differentiation of recruited peripheral blood monocytes to RPMs depends on the 

induction of Spic, the master transcriptional regulator of RPM identity7,51. Spic 

expression is suppressed by BACH1 in monocytes and thus requires an increase of 

the intracellular heme concentration in the preRPM state to allow for RPM 

differentiation6. We found reduced numbers of Slc20a1-deleted (eYFP+) RPMs in 

anemic Slc20a1iKo chimeras, but unaltered proportions of eYFP+ monocyte/preRPMs, 

indicating that these precursors failed to differentiate to mature RPMs due to impaired 

heme-import. In-vitro experiments using Slc20a1 iKo BMDMs enabled us to prove that 

Slc20a1 supported heme-induced Spic expression. Finally, deletion of Slc20a1in LysM 

expressing cells19, which include monocytes and macrophages, caused impaired RPM 

development and splenic monocyte/preRPM accumulation during stress 

erythropoiesis induced by hemolysis. Interestingly, Slc20a1DLysM animals did not exhibit 

anemia at steady state, and only showed deregulated terminal RBC differentiation 

upon hemolytic stress. Similarly, Spic-deficient mice show a selective loss of mature 

RPMs at baseline and are not anemic at steady state6. However, their recovery from 

hemolytic anemia is delayed6,40, showing that spleen RPMs are more important upon 

hematopoietic stress, while in steady state, the BM is the major site of erythropoiesis2. 

As the heme importer HRG-1 is expressed in the myeloid lineage9, its activity might 

compensate to a certain extent for Slc20a1-deficiency, thereby allowing for residual 

Spic expression. Considering the biological importance of sustained stress-

erythropoiesis and the role of heme therein, it is reasonable to expect organisms to 

express multiple heme importers to meet this demand. Our data support the hypothesis 

that the myeloid compartment is instrumental in the response to, and recovery from 

anemia upon stress40. Collectively, we have identified SLC20A1 as a transporter, 

which exerts critical functions in the erythroid compartment to enable proper terminal 

RBC differentiation under homeostatic conditions. At the same time, we discovered 

SLC20A1 to be essential for RPM differentiation, by regulating intracellular heme levels 

in differentiating monocytes upon hemolytic stress. 
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Figure 1 - CRISPR-screen identifies SLC20A1 as a gene mediating heme-cytotoxicity  
 

 
Figure 1: CRISPR-screen identifies SLC20A1 as a gene mediating heme-cytotoxicity  

(A) An SLC-focused CRISPR screen was performed in HAP1 cells to identify genes involved in heme-

mediated cytotoxicity by transducing cells with an SLC-focused sgRNA library, selecting cells via heme 

treatment and sequencing the surviving cell clones. (B) Using the MAGECK-VISPR algorithm, sgRNA 

nrichment of heme treated samples was calculated to identify genes which promote heme cytotoxicity. 
Scatter-plot of log2 fold change and –log10 p-value is depicted, the dotted line marks the cutoff of 

significance. Color coding annotates pathways, and shapes of symbols the classes of transported 

substrates. (C) The viability of SLC20A1-/- and WT HAP1 cells was assessed upon stimulation with 

indicated doses of heme for 16h in serum-free medium (n= 3; 2-way ANOVA, Bonferroni correction). 

Genetic-screening was performed as a single experiment. Data in (C) are representative of at least two 

independent experiments and expressed as mean ± S.E.M. ** p < 0.01 and **** p < 0.0001. 
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Figure 2 - Slc20a1 sustains steady state erythropoiesis 
 

 
Figure 2: Slc20a1 sustains steady state erythropoiesis 

(A) Rosa26ERCre/Stop-eYFP Slc20a1fl/fl (Slc20a1iKO) and littermate control Rosa26Stop-eYFP Slc20a1fl/fl 

(Slc20a1fl/fl) mice were treated i.p. with tamoxifen for 4 days. Blood drawings were performed before and 

after tamoxifen injections up to day 28. (B) The proportion of viable Slc20a1-deleted eYFP+ cells was 

identified in spleen and BM via flow cytometry. (C) RBC counts and (D) Hb levels were assessed in 

peripheral blood at indicated times (Slc20a1fl/fl n=4-6, Slc20a1iKo n=3-6; 2-way ANOVA, Bonferroni 

correction). (E) Spleen weight was evaluated 14 and 28 days post-tamoxifen administration (Slc20a1fl/fl 

n=8-9, Slc20a1iKo n=7-12; unpaired Student’s t-test). (F) Spleen sections (1 µM) were stained with 

hematoxylin and eosin (H&E) 28-days post tamoxifen treatment (10x magnification). (G-K) The cellular 

composition of spleens was analyzed via flow cytometry (Slc20a1fl/fl n=3-5, Slc20a1iKo n=5-6; unpaired 

Student’s t-test) 28 days after tamoxifen treatment. (G) Erythroblasts were identified as Lin-(CD3-, B220-

, CD11b-, CD11c-, Ly-6G-, Ly-6C-) Ter119+ and (H) relative percentages are presented. (I) MEPs were 
identified as Lin- (as above), Ter119-, Il-7Ra-, Sca-1-, c-Kit+, CD34-, CD16/32lo and the relative 

percentages are presented. (J) RPMs were defined as CD45+, CD3-, NK1.1-, CD19-, B220-, SiglecF-, 

CD11blo, F4/80+ and (K) relative percentages are presented. Data are representative of at least two 

independent experiments and expressed as mean ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001 and 

**** p < 0.0001. 
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Figure 5 - SLC20A1 sustains stress erythropoiesis-induced RPM differentiation by 
importing heme 

 
Figure 5: SLC20A1 sustains stress erythropoiesis-induced RPM differentiation by importing heme  

(A) WT and SLC20A1-/- HAP1 cells were incubated with indicated heme concentrations and uptake was 

evaluated using the oxalic acid assay. (B-C) Uptake of the fluorescent heme analog ZnMP by WT and 

SLC20A1-/- HAP1 cells was quantified by flow-cytometry. (D) The induction of the heme-induced 
detoxification enzyme HMOX1 was evaluated 1h post-stimulation with indicated doses of heme via 

qPCR and (E) 16h post-stimulation via immunoblot. (F) Slc20a1DLysM mice and littermate controls were 

treated with PHZ at days 0 and 1 to induce hemolysis and stress erythropoiesis. (G) RBC counts were 

evaluated before, and up to 5 days after PHZ. (H-I) On d5 post-PHZ treatment, the cellular composition 

of the spleen was evaluated by flow-cytometry. Relative percentages of (H) RPMs and (I) erythroblasts 

are shown (Slc20a1DLysM n = 3, Slc20a1fl/fl n = 3, unpaired Student’s t-test). Data are representative of 

at least two independent experiments and expressed as mean ± S.E.M. * p < 0.05 and ** p < 0.01 
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SLC20A1 facilitates heme transport and drives red pulp macrophage and 
erythroblast differentiation  
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Gawish1,2* and Sylvia Knapp1,2*. 
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Supplemental Materials and Methods 
 
Phosphate transport  

Cells were washed twice with phosphate uptake buffer (100 mM NaCl, 2 mM KCl, 1 

mM CaCl2, 1 mM MgCl2, and 10 mM HEPES-KOH, pH 7.5) before stimulation with 

KH2PO4 or heme for 1h1. Next, cells were washed twice with the same buffer and lysed 

with RIPA (NaCl 150 mM, Tris pH 7.5 50 mM, SDS 0.1%, Triton-X-100 1%, DOC 0.5%, 

benzonase 25 U/mL). Intracellular inorganic phosphate concentration was evaluated 

using the Phosphate Colorimetric Kit (Abcam).  

 

Timed pregnancies  

We performed timed-pregnancies by breeding EpoRGFP-Cre/+ Slc20a1 fl/+ with Slc20a fl/fl 

mice. Breeding pairs were set-up and successful mating evaluated 12h later by 

presence of vaginal plugs (E0.5). At E11.5 pregnant dams were euthanized, fetuses 

retrieved, and fetal liver harvested for analysis, other tissues for genotyping. Imaging 

of E11.5 embryos was performed using SteREO Lumar.V12. 

 

Histology 

Histological staining was performed on 1µm sections of formalin-fixed tissues. After 

heat-mediated epitope retrieval, slides were incubated with anti-mouse CD71 antibody 

(1:3000, Abcam) diluted with BOND antibody diluent and BOND Polymer Refine Kit 

DS9800 (Leica Biosystems) and counterstained with hematoxylin. Images were 

acquired using the FSX100 microscope (Olympus).  

 

qPCR 

Total mRNA was extracted with NucleoSpin RNA Kit and retrotranscribed with iScript. 

qPCR was performed using the SYBR Green Master Mix, supplemented with the 

primers of interest and run with StepOnePlus™ Real-TimePCR. Primers are listed in 

supplemental Table 1. Gene expression was calculated as relative fold induction and 

normalized to indicated housekeeper genes. 

 

Quant-Seq  

Total cellular mRNA was extracted via the RNAeasy Micro Kit (Qiagen) from FACS-

sorted myeloid cells and Quant-seq libraries were prepared with 150 ng total RNA input 
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according to the manufacturer’s instructions using the QuantSeq3’ mRNA-Seq library 

Prep Kit (FWD) for Illumina and the UMI Second Strand Synthesis Module for 

Quantseq FWD (Lexogen). Sample quality was evaluated using the Bioanalyzer 2100 

(Agilent Technologies) and pooled libraries were 65 bp single-end sequenced on a 

HiSeq4000 (Illumina) at the BSF facility (CeMM, MUW). Demultiplexing, mapping (to 

mouse genome GRCm38 mm10) and removal of PCR duplicates with identical 

mapping and UMI sequences was performed using the Bluebee® software (version 

Quantseq 2.3.6 FWD UMI).  

 

Smart Seq  

Erythroid progenitors were FACS-sorted in plates containing lysis buffer (0.2%(v/v) 

Triton X-100 (Sigma-Aldrich), 0.5 µl RNAse inhibitor (Clonetech), spun down and 

frozen at-80°C. Cellular mRNA was retrotranscribed using SuperScript II (Invitrogen), 

PCR-amplified using with KAPA HiFi HotStart Ready Mix (Kapa Biosystems), purified 

with two rounds of SPRI (Beckman Coulter) and quantified with a Qubit fluorometer 

(Life Technologies). 1 ng of cDNA were used for library preparation using the Nextera 

XT DNA Sample Preparation Kit (Illumina), then purified using followed by SPRI 

(Beckman Coulter) size selection. Obtained libraries were sequenced on Illumina 

HiSeq 2000/2500 at BSF.  

 

RNA sequencing data analysis 

Differential expression analysis between cell types and genotypes was performed 

using the Bioconductor DESeq2 package2.  Differentially expressed genes (DEG) were 

defined as log2 fold change >1.5 and adjusted p value < 0.05. Volcano plots were 

generated using the Bioconductor ggplot23. Gene lists of interest were retrieved from 

Molecular Signature Database4,5 (Stable ID: M5923, M10214, access: 2021.02.21), 

Reactome6 (Stable ID: R-HSA-9648895, access: 2021.02.21), Gene Ontology7,8 

(GO:0006783, access: 2021.02.21) and from published dataset9 (SRX2682727).  

 
Immunoblot 

Cells were lysed in RIPA buffer, boiled 5min at 95°C, resolved on 10% polyacrylamide 

gels and blotted onto PVDF membranes. Membranes were blocked (TBS 0.1% 

Tween20, 5% milk) before being incubated overnight at 4°C with anti-Rabbit HMOX1 

antibody (1:500, Abcam) and anti-mouse b-actin (1:1000, Sigma-Aldrich) followed by 
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incubation with anti-Rabbit-680w  and anti-mouse-800w (both 1:10000, Licor) and read 

on an Odyssey instrument.  
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Supplemental Figure 1 - CRISPR-screen identifies SLC20A1 as a gene mediating 
heme-cytotoxicity 

 
Supplemental Figure 1: CRISPR-screen identifies SLC20A1 as a gene mediating heme-cytotoxicity  

(A) The cytotoxic potential of heme was evaluated by assessing the viability of WT HAP1 cells upon 

stimulation with increasing heme concentrations in serum-free medium for 16 hours. (B) Using the 

MAGECK-VISPR algorithm, sgRNA depletion of heme treated samples was calculated to identify genes 

whose presence exerted protective effects. Scatter-plot of log2 fold change and –log10 p-value is 
depicted, the dotted line marks the cutoff of significance. Color coding annotates pathways, symbols 

annotate substrate types. (C) Whole-cell phosphate concentration was evaluated in WT and SLC20A1-

/- HAP1 cells at baseline and upon stimulation with 10 mM phosphate for 1h (n=3, unpaired Student’s t-

test). (D) Whole-cell phosphate concentration was evaluated in WT HAP1 cells upon stimulation for 1h 

with 5 µM heme or vehicle in phosphate-free medium (n=3, unpaired Student’s t-test). (E) The viability 

to heme-induced cell death of WT HAP1 cells was assessed upon prior stimulation with 1mM phosphate 

or its vehicle for 3h (n= 4, 2-way ANOVA). The CRISPR screen was performed as a single experiment. 

The other depicted data are representative of at least two independent experiments and expressed as 

mean ± S.E.M. * p ≤ 0.05.  
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Supplemental Figure 2 - Slc20a1 sustains steady state erythropoiesis 

 

Supplemental Figure 2: Slc20a1 sustains steady state erythropoiesis 

(A-C) Slc20a1iKO and Slc20a1fl/fl littermate control mice were treated with tamoxifen and (A) HCT, (B) 

red cell distribution width (RDW) and (C) WBCs were evaluated in peripheral blood up to 28-days post-
treatment (Slc20a1fl/fl n=4-6, Slc20a1iKo n=3-6; 2-way ANOVA, Bonferroni Correction). (D-E) Slc20a1iKO 

mice were treated i.p. with tamoxifen (Tam) or vehicle (Veh) for 4 days, before (D) RBCs and (E) Hb 

levels were evaluated in peripheral blood (vehicle n=2-6, tamoxifen n=5-6; 2-way ANOVA, Bonferroni 

Correction). (F-H) Slc20a1iKO and Slc20a1fl/fl mice were treated as in (A-C), and ASAT, ALAT and LDH 
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plasma levels were evaluated 28 days after tamoxifen treatment (Slc20a1fl/fl n=4, Slc20a1iKo n=7; 

unpaired Student’s t-test). (I-J) Representative FACS-plots showing the gating strategy to identify (I) 

MEPs and (J) RPMs. (K) Characterization of CD169 and VCAM1 membrane expression in RPMs and 

monocytes. Data are representative of at least two independent experiments and expressed as mean ± 

S.E.M. *** p ≤ 0.001 and **** p ≤ 0.0001. 
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Supplemental Figure 3 - Erythroid SLC20A1 is essential for terminal erythrocyte 
differentiation  

 
Supplemental Figure 3: Erythroid SLC20A1 is essential for terminal erythrocyte differentiation  

(A) Representative FACS-plots showing the gating strategy for the identification of erythroblasts in adult 

spleens. (B) Fetal liver cells from E11.5 embryos of Slc20a1 D EpoR and Slc20a1fl/fl mice were analyzed 

by flow cytometry, and expression of Ter119 of viable, Lin- cells is shown (representative of Slc20a1DEpoR 

n=2, Slc20a1fl/fl, Slc20afl/+, Slc20afl/+ EpoRGFP-Cre/+= 5).(C) The transcriptome of pro-erythroblasts (stage 

I) sorted from the fetal liver of Slc20a1DEpoR and Slc20a1fl/fl was analyzed (Slc20a1DEpoR n = 3, Slc20a1fl/fl 

n=6). Principal component analysis (PCA) was performed on differentially expressed transcripts from 

Slc20a1DEpoR and Slc20a1fl/fl pro-erythroblasts. (D) Volcano plot presents differentially expressed genes 

(-Log10 adj pval > 1) in Slc20a1DEpoR (log2 fold change > 1) and Slc20a1fl/fl pro-erythroblasts (log2 fold 

change < -1). Color coding annotates pathways 4-6,9.  
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Supplemental Figure  4 - Slc20a1 is essential for RPM differentiation 

 
Supplemental Figure 4: Slc20a1 is essential for RPM differentiation 
(A) Representative FACS-plots showing the gating strategy to analyze the myeloid compartment within 

the eYFP+ and eYFP- populations of tamoxifen treated Slc20a1iKO mice. (B-E) Mice lacking Slc20a1 in 

CD169+ tissue-resident macrophages (including RPMs) were generated (Slc20a1DCD169) and steady 

state hematopoiesis was evaluated in the peripheral blood: (B) Hb levels, (C) RBCs and (D) WBCs. (E) 

The relative percentage of RPMs in the spleen was assessed by flow cytometry. (Slc20a1fl/fl n=3, 

Slc20a1DCD169 n=6; unpaired Student’s t-test). Data are representative of at least two independent 

experiments and expressed as mean ± S.E.M. * p ≤ 0.05. 
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Supplemental Figure 5 -SLC20A1 sustains anemia-induced RPM differentiation by 
importing heme  

 
Supplemental Figure 5: SLC20A1 sustains anemia-induced RPM differentiation by importing heme  

 (A) Hb and (B) RBCs were analyzed in the peripheral blood of Slc20a1ΔLysM and Slc20a1fl/fl at steady 

state (Slc20a1fl/fl n=5, Slc20a1ΔLysM n=5; unpaired Student’s t-test). Hemolytic anemia was induced in 

Slc20a1ΔLysM and Slc20a1fl/fl mice by PHZ treatment. On d5 post-PHZ treatment, the relative 

percentages of expanding (C) erythroblasts and (D) differentiating splenic monocytes were evaluated 

by flow-cytometry (Slc20a1fl/fl n=3, Slc20a1ΔLysM n=3; unpaired Student’s t-test). (E) RBC counts in the 

peripheral blood of PHZ-treated mice were evaluated for 11 days (Slc20a1fl/fl n=4, Slc20a1ΔLysM n=4; 

unpaired Student’s t-test). (E) was performed as single experiment, the other depicted data are 

representative of at least two independent experiments and expressed as mean ± S.E.M. 
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Supplemental Tables 
Supplemental Table 1 - List of primers used for genotyping or qPCR purposes 

Application Gene Species Sense Sequence Producer 

Genotyping Slc20a1 Mouse Forward CTCTGGCCTGTTTTTGTTTTTCC Mycrosynth 

Genotyping Slc20a1 Mouse Reverse TGGTCCCATCCTGTGTTTCTT Mycrosynth 
Genotyping Slc20a1 Mouse Reverse AATGCTTATTTCCTGATGTCCTG Mycrosynth 

Genotyping eYFPStopFlox Mouse Forward AAGACCGCGAAGAGTTTGTCC   Mycrosynth 

Genotyping eYFPStopFlox Mouse Reverse TAAGCCTGCCCAGAAGACTCC   Mycrosynth 

Genotyping eYFPStopFlox Mouse Reverse AAGGGAGCTGCAGTGGAGTA   Mycrosynth 

Genotyping ERT2-Cre Mouse Forward GCG AAG AGT TTG TCC TCA ACC Mycrosynth 

Genotyping ERT2-Cre Mouse Reverse AAA GTC GCT CTG AGT TGT TAT Mycrosynth 

Genotyping ERT2-Cre Mouse Reverse GGA GCG GGA GAA ATG GAT ATG Mycrosynth 

Genotyping ER-GFPCre Mouse Forward GTGTGGCTGCCCCTTCTGCCA Mycrosynth 
Genotyping ER-GFPCre Mouse Reverse GGCAGCCTGGGCACCTTCAC Mycrosynth 

Genotyping ER-GFPCre Mouse Reverse CAGGAATTCAAGCTCAACCTCA Mycrosynth 

Genotyping LysM cre Mouse Forward CCCAGAAATGCCAGATTACG Mycrosynth 

Genotyping LysM cre Mouse Reverse CTTGGGCTGCCAGAATTTCT Mycrosynth 

Genotyping LysM cre Mouse Reverse TTACAGTCGGCCAGGCTGA Mycrosynth 

qPCR Spic Mouse Forward TCCGCAACCCAAGACTCTTCAA Mycrosynth 

qPCR Spic Mouse Reverse GGGTTCTCTGTGGGTGACATTCCAT Mycrosynth 

qPCR Hprt Mouse Forward GTTAAGCAGTACAGCCCCAAAATG Mycrosynth 
qPCR Hprt Mouse Reverse AAATCCAACAAAGTCTGGCCTGTA Mycrosynth 

qPCR HMOX1 Human Forward TCCGATGGGTCCTTACACTC Mycrosynth 

qPCR HMOX1 Human Reverse TAAGGAAGCCAGCCAAGAGA Mycrosynth 

qPCR GAPDH Human Forward GGTCGTATTGGGCGCCTGGTCACC Mycrosynth 

qPCR GAPDH Human Reverse CACACCCATGACGAACATGGGGGC Mycrosynth 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

64 

Supplemental Table 2 - List of antibodies used for flow-cytometry, divided by panel  
Antigen Color Clone Catalog Producer Panel 

Ter-119 Pacific Blue TER-119 116231 Biolegend Erythroblast staging 

CD71 PE RI7217 113808 Biolegend Erythroblast staging 

CD44 APC IM7 103012 Biolegend Erythroblast staging 

Ly-6C PE-Cy7 HK1.4 128017 Biolegend Erythroblast staging 

Ly-6G PE-Cy7 1A8 127617 Biolegend Erythroblast staging 

CD45R PE-Cy7 RA3-6B2 103222 Biolegend Erythroblast staging 

CD3e PE-Cy7 145-2C11 100319 Biolegend Erythroblast staging 

CD11b PE-Cy7 M1/70 101215 Biolegend Erythroblast staging 

c-Kit BV421 ACK2 135124 Biolegend MEP 

CD16/32 PE 93 101308 Biolegend MEP 

Sca1 BV605 D7 108133 Biolegend MEP 

CD127/IL-7Ra PE/Dazzle 594 A7R34 135031 Biolegend MEP 

CD34 PerCP/Cy5 HM34 128607 Biolegend MEP 

Ly-6C PE-Cy7 HK1.4 128017 Biolegend MEP 

Ly-6G PE-Cy7 1A8 127617 Biolegend MEP 

CD45R PE-Cy7 RA3-6B2 103222 Biolegend MEP 

CD3e PE-Cy7 145-2C11 100319 Biolegend MEP 

CD11b PE-Cy7 M1/70 101215 Biolegend MEP 

Ter-119 APC-Cy7 TER-119 116223 Biolegend MEP 

VCAM1 PE MVCAM.A 105713 Biolegend Macrophages 

Ly-6c BV510 HK1.4 128033 Biolegend Macrophages 

CD19 PE/ -TexasRed 
 

6D5 115507 Biolegend Macrophages 

CD45R PE  RA3-6B2 103208 Biolegend Macrophages 

CD3 PE/ -Texas Red 17A2 100205 Biolegend Macrophages 

NK1.1 PE PK136 108708 Biolegend Macrophages 

Siglec F PE E50-2440 552126 Biolegend Macrophages 

Ly-6g BV605 1A8 127639 Biolegend Macrophages 

F4/80 PerCP/Cy5 BM8 45-4801-82  eBioscience Macrophages 

CD169 APC SER-4 50-5755-80  Invitrogen Macrophages 

CD45 AF700 30-F11 103128 Biolegend Macrophages 

CD11b PE-Cy7 M1/70 101215 Biolegend Macrophages 

Ter-119 APC-Cy7 TER-119 116223 Biolegend Macrophages 
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Supplemental Table 3 - CRISPR-Screen Top 50 depleted sgRNA after heme 
treatment 

id neg|score neg|p-value neg|fdr neg|rank id neg|score 
neg|p-

value 
neg|fdr neg|rank 

SLC7A11 3,62E-07 1,19E-05 0,00495 1 SLC25A32 0,010871 0,041501 0,654749 26 

SLC25A1 1,46E-05 5,96E-05 0,008251 3 SLC35G6 0,011194 0,042598 0,654749 27 

SLC25A39 6,37E-06 5,96E-05 0,008251 2 SLC45A4 0,012115 0,045867 0,678901 28 

SLC7A3 0,0001503 0,00087081 0,090347 4 SLC35F3 0,012547 0,047441 0,678901 29 

SLC25A51 0,00038661 0,002183 0,181188 5 SLC42A3 0,014941 0,055791 0,771782 30 

SLC35A2 0,00092028 0,0052845 0,336184 6 SLC38A7 0,01577 0,058225 0,77819 31 

UCP1 0,0010609 0,0059764 0,336184 7 SLC6A14 0,017223 0,062901 0,77819 32 

SLC30A9 0,0014399 0,0076464 0,336184 8 SLC27A4 0,017331 0,063307 0,77819 33 

SLC5A9 0,0014777 0,0078611 0,336184 9 SLC14A2 0,017627 0,064142 0,77819 34 

SLC7A5 0,0016368 0,0084576 0,336184 10 SLC6A17 0,018416 0,066671 0,77819 35 

SLC3A2 0,0017329 0,0089109 0,336184 11 SLC11A1 0,0187 0,067506 0,77819 36 

SLC25A24 0,00236 0,011774 0,356082 12 SLC26A10 0,019276 0,069486 0,779368 37 

SLC38A3 0,002375 0,011798 0,356082 13 SLC35G5 0,022657 0,080508 0,879234 38 

SLC31A1 0,0024168 0,012012 0,356082 14 SLC2A9 0,024146 0,085041 0,902351 39 

SLC35A1 0,0030159 0,014613 0,40099 15 SLC25A18 0,024802 0,086974 0,902351 40 

SLC25A31 0,0032263 0,01552 0,40099 16 SLC35F2 0,02638 0,092055 0,93178 41 

SLC1A7 0,0034645 0,016426 0,40099 17 U2AF2 0,027796 0,096302 0,951556 42 

SLC30A1 0,0060216 0,025397 0,568364 18 SLC12A6 0,032372 0,10833 0,987197 43 

SLC9A8 0,006259 0,026327 0,568364 19 SLCO5A1 0,033582 0,11102 0,987197 44 

SLC26A2 0,0069259 0,028498 0,568364 20 SLC29A2 0,03659 0,11792 0,987197 45 

SLC10A5 0,0069897 0,028761 0,568364 21 SLC6A7 0,037563 0,12018 0,987197 46 

SLC38A2 0,0087144 0,033962 0,63703 22 SLC29A1 0,039542 0,12462 0,987197 47 

SLC7A8 0,0090982 0,035441 0,63703 23 SLC7A5P1 0,041083 0,12741 0,987197 48 

SLC25A53 0,0097106 0,03766 0,63703 24 MTCH2 0,041603 0,12853 0,987197 49 

SLC37A1 0,0099632 0,038375 0,63703 25 SLC17A1 0,042035 0,12958 0,987197 50 
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Supplemental Table 4 - CRISPR-Screen Top 50 enriched sgRNA after heme 
treatment 

id pos|score 
pos|p-

value 
pos|fdr pos|rank id pos|score 

pos|p-

value 
pos|fdr pos|rank 

SLC20A1 0,000013897 5,96E-05 2,48E-02 1 SLC16A8 0,013832 0,051616 0,792807 26 

SLC25A11 0,00049877 2,83E-03 4,46E-01 2 SLC22A16 0,014233 0,052714 0,792807 27 

SLC22A5 0,0010343 5,50E-03 4,46E-01 3 SLC17A5 0,015251 0,056197 0,792807 28 

SLC39A14 0,001156 0,0063342 0,44637 4 SLC38A9 0,015556 0,057223 0,792807 29 

SLC30A3 0,0011655 0,0063581 0,44637 5 SLC29A1 0,016625 0,060348 0,792807 30 

SLC25A28 0,0011928 0,0064535 0,44637 6 SLC38A11 0,017223 0,06271 0,792807 31 

SLC24A4 0,0031186 0,014398 0,773102 7 SLC16A13 0,017331 0,06314 0,792807 32 

SLC52A2 0,0039383 0,017357 0,773102 8 SLC10A2 0,017439 0,063474 0,792807 33 

SLC45A2 0,0054675 0,022939 0,773102 9 SLC22A13 0,017912 0,064953 0,792807 34 

SLC9A1 0,0062983 0,025802 0,773102 10 SLC25A38 0,019147 0,068913 0,816419 35 

SLC18A4 0,0068001 0,027472 0,773102 11 SLC20A2 0,019667 0,070822 0,816419 36 

SLC26A1 0,0069259 0,027973 0,773102 12 SLC17A1 0,020529 0,0739 0,82572 37 

SLC1A3 0,0070443 0,02857 0,773102 13 SLC25A36 0,021774 0,078361 0,82572 38 

SLC6A11 0,007673 0,031027 0,773102 14 SLC22A17 0,021971 0,078886 0,82572 39 

SLC26A3 0,0077231 0,031123 0,773102 15 SLC25A40 0,02239 0,080198 0,82572 40 

SLC24A5 0,0080624 0,032029 0,773102 16 SLC2A6 0,02296 0,081749 0,82572 41 

SLC42A2 0,0080683 0,032029 0,773102 17 SLC25A30 0,024042 0,084373 0,82572 42 

SLC35F6 0,0085098 0,033532 0,773102 18 SLC8A2 0,024786 0,086139 0,82572 43 

SLC10A7 0,0093465 0,036013 0,782797 19 SLC35D3 0,025468 0,087546 0,82572 44 

SLC5A9 0,010364 0,039258 0,782797 20 SLC15A1 0,028324 0,094203 0,843337 45 

SLC24A2 0,011753 0,044459 0,782797 21 SLC35D1 0,028567 0,094871 0,843337 46 

SLCO4A1 0,011787 0,044507 0,782797 22 SLC35C1 0,02944 0,09697 0,843337 47 

SLC4A7 0,011879 0,044841 0,782797 23 SLC35E3 0,029684 0,097543 0,843337 48 

SLC1A6 0,011982 0,04527 0,782797 24 SLC39A6 0,030673 0,10026 0,849161 49 

SLC39A1 0,012654 0,04799 0,792807 25 SLC25A23 0,033074 0,1062 0,881485 50 
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3. Discussion 
Heme is a key molecule for the majority of living organisms: it regulates several cellular 

signaling pathways, cell differentiation and it sustains essential processes such as 

electron- and oxygen- usage and transport6,46. At the same time, heme can be harmful 

to organisms as it promotes ROS-synthesis, inflammation and it can activate cell death 

programs1,5,26. As such, the organisms balance heme synthesis, scavenging and 

degradation to exploit the molecule, while reducing its toxic effects31. The enzymes 

required for the synthesis of heme have been described, as well as the pathways in 

place to degrade heme. Conversely, the transporters regulating the trafficking of heme 

or the synthesis/degradation intermediates are still largely unknown. For many years it 

has been speculated that heme could passively diffuse through membranes given its 

amphiphilic structure. However, such claim does not take into account that heme 

intercalation in the membrane layer sustains lipid peroxidation, ultimately leading to 

membrane damage and cell death6. As such, it is likely unplausible that organisms did 

not evolve targeted transport mechanisms to ensure damage-free heme transport. 

Furthermore, in the extracellular compartment, heme is mostly bound to scavengers 

as hemopexin and, as such, it is not allowed to freely diffuse through the 

membrane31,46. Nonetheless, in pathological conditions as hemolytic crises, whereby 

the local unbound heme concentration overwhelms the scavenging systems, the 

leftover free-floating heme could intercalate and passively diffuse through membranes.  

 

Although ∼10% of the human genome encodes for membrane transporters121, the 

study of those molecules has been difficult because of technical hardships121,122. 

However, recent technological advances prompted a renaissance for the study of 

transporters, by allowing easier gene manipulation and high-throughput phenotypic 

screenings122. Genetic screens are instrumental for the unbiased identification of 

genes contributing to a phenotype/pathway of interest: given a certain phenotype, 

genetic screen allow to identify discrete groups from a general pool of cells bearing 

unique gene deletions. Genetic screens proved to have a high discovery power as they 

could identify several unrecognized genes involved in the regulation even of well-

known phenotypes123. Aiming at discovering genes involved in heme trafficking and/or 

toxicity, we performed a genetic screen. We hypothesized that cells lacking genes 

involved in heme transport would be more fit to survive heme cytotoxicity. Considering 

that all the described heme transporters are part of the SLC-family and given the 
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availability of a human cell line expressing most of the SLC-transporters124, we focused 

our screen on the SLC-class of transporters. By limiting the screen to the SLC-class, 

we missed information from genes from other classes involved in heme trafficking, as 

endosome formation and acidification125 or other transporters of the ABC-class. Such 

limitation could have been overridden by employing genome-wide libraries. However, 

screening for larger libraries comes at the cost of 1) lowering the coverage (i.e. how 

many cells a targeted by the same single guide RNA, sgRNA, are present), resulting 

in a poorer discrimination of enriched or depleted genes, 2) diluting the representation 

of gene classes of interest to the biological question. By using a focused library, we 

could achieve a high screen coverage (1000x) and we could interrogate a non-diluted 

subset of genes of interest thereby gaining statistical power, at the cost of not taking 

in consideration other interesting classes of transporters. 

 

Genetic screens identify interacting genes giving rise to a certain phenotype but 

provide no information regarding their functionality. As such, direct evidence is needed 

to build hypothesis to discriminate between known genes giving rise to the screened 

phenotype and the novel ones. As an example of the first group, cells lacking 

transporters involved in the homeostatic redox balance (SLC7A11/SLC3A2 and 

SLC7A5/SLC3A2) or iron scavenging (SLC25A1) were found to be more sensitive to 

heme cytotoxicity. Possibly, the loss of cellular redox buffering capability is the reason 

for their higher sensitivity to the cytotoxic effects of heme126,127. As an example of the 

latter group, cells lacking SLC20A1 were found to be most resistant to heme 

cytotoxicity. To this end, SLC20A1 was considered a phosphate transporter103-106. 

While murine strains lacking known phosphate transporters are characterized by 

defective cartilage and bone calcification or kidney disease, we could not discern such 

a phenotype in animals lacking Slc20a1. Instead, Slc20a1-deletion leads to severe 

anemia caused by a block in terminal erythroid differentiation at the pro-erythroblast 

stage. This disease trait is shared with mice lacking both isoforms of the heme exporter 

Flvcr1130. Taking all evidence together, we hypothesized that SLC20A1 could have a 

role associated to heme transport. In line with this hypothesis, we demonstrated that 

SLC20A1-/- HAP1 cells have reduced heme import capability. Taking in consideration 

1) the anemic phenotype of Slc20a1-/- mice and 2) the essentiality of heme transport 

in the erythroblastic island, we focused our in-vivo investigation on dissecting this 

disease trait. 



The role of SLC20A1 in physiological and pathological erythropoiesis.                            Federica Quattrone, MSc 

 
69 

  

To complete erythroid differentiation, erythroblasts produce stochiometric quantities of 

globin chains and heme to produce hemoglobin68. As such, erythroblasts require heme 

transporters to export heme from the mitochondria to the cytosol, where it can be 

complexed with globin chains into hemoglobin42. Cytosolic heme exporters can shunt 

heme to control the intracellular labile heme, and, thereby, cytotoxicity69. Recently, the 

identification of heme importers in the cytosolic membrane of erythroblasts has raised 

the hypothesis of a role for heme import in these cells10. Erythroid-specific Slc20a1 

deletion blocked the terminal erythroid differentiation of fetal liver cells at the 

proerythroblast stage. Slc20a1-deleted erythroblasts showed signs of heme deficiency 

as highlighted by the induction of EIF2AK1, the downstream targets ATF4 and 

GADD34. On the same line, heme-induced upregulation of the ribosome machinery131 

did not occur in Slc20a1-deleted pro-erythroblasts. Though indirect, evidence 

highlights that Slc20a1-deleted pro-erythroblasts are, possibly, heme deficient and, 

thereby, it indicates that Slc20a1 might facilitate heme import in these cells. Currently, 

it is not known why erythroblasts would require to import exogenous heme in light of 

their massive endogenous production capacity10. The peak expression of heme 

importers is concomitant to the one of GATA1132. Given that GATA1 activity is 

enhanced by increased intracellular labile heme11,22, it is plausible that pro-

erythroblasts might import exogenous heme to boost GATA1 function. Notably, both 

GATA1 and ATF4 can bind to the promoter of Slc20a1 and sustain its expression, 

further tying labile heme mediated gene regulation with Slc20a1.  

 

Central nursing macrophages orchestrate terminal erythroid differentiation by providing 

signals and nutrients to the developing erythroblasts71,74. A particular subset of these 

nursing macrophages are the RPMs, which serve both as cradle and as grave for 

RBCs72. As such, RPMs recycle large quantities of heme from senescent RBCs to 

provide iron to the developing erythroblasts72. In these cells, heme serves also as a 

fundamental signaling molecule: it induces and sustains the expression of the master 

transcription factor Spi-C12, which, in turn, equips the cell with instruments to handle 

large quantities of heme15. As such, mice lacking Spic12 or the heme importer Hrg116 

have a reduced RPM pool as a consequence of failed Spic expression. Mice lacking 

myeloid Slc20a1 had a normal RPM compartment at steady state, however, they could 

not properly expand their RPM compartment in response to anemia because of failed 
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Slc20a1 induction. Given that RPMs express Hrg135, it is possible that the expression 

of the heme importer could partially compensate Slc20a1 deletion.  

 

Altogether, our findings demonstrate that SLC20A1 facilitates heme uptake and that 

such function is essential to regulate pro-erythroblast and RPM differentiation, and 

consequently their interaction. Throughout all the complex processes making up 

erythropoiesis, we are recently re-discovering88 the importance of the interaction 

between the erythroid and myeloid lineage. The modulation of such interaction has the 

potential to become a disease modifier for those patients suffering from erythroid-

related diseases as anemias or polycythemia vera, or heme-related diseases as 

porphyria. In particular, given its stark effects on both components of the erythroblastic 

islands, SLC20A1 has the potential to become an exploitable therapeutic target.  
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