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ABSTRACT 

 

Mitochondrial activity and metabolism significantly control hematopoietic stem cell 

(HSC) function and fate. HSCs change the metabolic state in response to stress signals, 

such as reactive oxygen species (ROS), which drive HSC entry into cell cycle 

accompanied by increased mitochondrial oxidative phosphorylation (OXPHOS) and 

glycolysis. However, excessive accumulation of ROS results in oxidative damage of 

cellular organelles, including mitochondria. Iron is one of the sources of ROS and HSCs 

can uptake iron but little is known about the effects of iron on HSC metabolism.  

Recently, we demonstrated an impaired function of HSCs in β-Thalassemia (BThal), a 

condition of systemic iron overload (IO). We also observed that IO reduces the 

hematopoietic supportive capacity of BThal BM mesenchymal stromal cells. However, 

there is no evidence of the direct effect of IO on HSCs in BThal. We hypothesized that 

IO and the resulting oxidative stress could alter HSC metabolism and function. 

We found a positive enrichment of iron homeostasis genes in HSCs from thalassemic 

th3 mice, suggesting increased iron uptake and storage. Consistently, we detected high 

levels of free reactive iron in the cytoplasm and in mitochondria of th3 HSCs, correlating 

with high ROS levels. As a result, mitochondria are impaired, with low mass and activity. 

Interestingly, th3 multipotent progenitors inherited dysfunctional mitochondria since the 

rescue of mitochondrial activity occurred in the transition to more committed progenitors. 

In line with mitochondrial dysfunction, th3 HSCs had reduced OXPHOS-derived ATP 

and relied on glycolysis. In vivo reduction of mitochondrial ROS rescued mitochondrial 

activity and metabolism, and increased th3 HSC frequency and quiescence, thus 

indicating that oxidative stress is the cause of mitochondrial dysfunction and potentially 

HSC defects. Importantly, in vivo administration of iron dextran to wt mice generated 

intracellular IO and mitochondrial oxidative stress and decreased mitochondrial activity 

in HSCs, indicating that IO alone is sufficient to impair mitochondria. 

Our study unveils that IO directly impacts on HSC metabolism by inducing oxidative 

stress and mitochondrial dysfunction. Alterations in mitochondrial activity and 

metabolic profile, in response to IO, are expected to alter HSC function. This research 

will add novel insight about the role of iron in regulating HSC metabolism and provide 

clues for improving clinical conditions associated to IO, such as BThal. 
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ACRONYMS AND ABBREVIATIONS 
 

2NBDG = 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose 
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DEG = differentially expressed genes 

DFO = deferoxamine 

DFP = defiprone 

DFX = deferasirox 

Drp1 = dynamin-related protein 1 

ECs = endothelial cells 

EPO = erythropoietin 

ERFE = erythroferrone 

ETC = electron transport chain 

FADH2 = flavin adenine dinucleotide 

FAO = fatty acid oxidation 

Fe2+ = ferrous iron 

Fe3+ = ferric iron 

FeAS = ferrous ammonium sulfate 

Fe-S = iron sulphur 

FGF1 = fibroblast growth factor 1 

FPN = ferroportin 

FT = ferritin     
Fth1 = ferritin heavy chain 1 gene 

Ftl1 = ferritin light chain 1 gene 

Gapdh = glyceraldehyde-3-phosphate dehydrogenase 

GO = gene ontology 

Gpx = glutathione peroxidase 

GSEA = gene set enrichment analysis 
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Gsr = glutathione reductase 

GVHD = graft-versus-host-disease 

H+ = proton 

H2O2 = hydrogen peroxide 

Hb = hemoglobin 

HCT = hematocrit 

HIF1α = hypoxia-inducible factor 1 alpha 

Hmox1 = heme oxygenase 1 gene 

HSCs = hematopoietic stem cells 

HSCT = hematopoietic stem cell transplantation 

HSPC = hematopoietic stem and progenitor cell 

ICT = iron chelation therapy 

IE = ineffective erythropoiesis 

IFNs = interferons 

IL-7 = interleukin 7 

IMM = inner mitochondria membrane 

IO = iron overload 

IRE = iron responsive element 

IRP = iron regulatory protein 

ko = knock-out 

LCR = locus control region 

LDH = lactate dehydrogenase 

LEPR = leptin receptor 

LIC = liver iron concentration 

Lin- = lineage negative cells 

LIP = labile iron pool 

MAPK = mitogen-activated protein kinase 

MFI = mean fluorescent intensity 

MKs = megakaryocytes 

MMP = mitochondrial membrane potential 

MPPs = multipotent progenitors 

MRI = magnetic resonance imaging 

MSCs = mesenchymal stromal cells 

MTG = mitotracker-green 

mTOR = mammalian target of rapamycin 

mtROS= mitochondrial reactive oxygen species 

Mφs = macrophages 

NADH = nicotinamide adenine dinucleotide 

NOX = NADPH oxidase 

NTBI = non transferrin-bound iron 

NTDT = non transfusion-dependent thalassemia 

O2 = molecular oxygen 

O2
- = superoxide anion 

OBs = osteoblasts 

OC = osteoclast 

OH- = hydroxyl radical 

OMMs = mitochondrial outer membranes 

OPN = osteopontin 
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OXPHOS = oxidative phosphorylation 

PAMPs = pathogen-associated molecular patterns 

PDH = pyruvate dehydrogenase 

PDKs = pyruvate dehydrogenase kinases 

PK/Pklr = pyruvate kinase 

pO2 = partial pressure of oxygen 

Prdx = peroxiredoxins 

PRRs = pattern recognition receptors 

PS = phosphatidylserine 

PTH = parathyroid hormone 

PαS = PDGFRα+ Sca1+ 

RBCs = red blood cells 

RNAseq = RNA sequencing 

ROS = reactive oxygen species 

RT = reverse-transcription 

SCD = sickle cell disease 

SCF = stem cell factor 

scRNAseq = single cell RNA sequencing 

SECs = sinusoidal endothelial cells 

SIC = serum iron concentration 
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SNS = sympathetic nervous system 

SOD = superoxide dismutase 
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TEM = transmission electron microscopy 

TF = transferrin 

TFR1 or TFRC = transferrin receptor 1 
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TMRE = tetramethylrhodamine ethyl ester 

TMRM = tetramethylrhodamine methyl ester 

TNFs = tumor necrosis factors 

Tpi1 = triosephosphate isomerase 1  

TPO = thrombopoietin 

Tregs = regulatory T cells 

Txn = thioredoxin 

UMI = unique molecular identifiers 

UTR = untranslated region 

Wt = wild-type 

ZFNs = zinc finger nucleases 
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INTRODUCTION 

 

1 – Hematopoietic Stem Cell  

The blood system is one of the most regenerative tissues in mammals, with billions of 

cells arising daily in adults. Given that mature blood cells are short-lived, a restricted pool 

of HSCs continuously sustains blood-cell formation throughout lifetime. This is achieved 

by the capacity of HSCs to self-renew, which is the ability to regenerate themselves long-

term, and differentiate, giving rise to progenitor cells that in turn proliferate and 

differentiate into mature blood cells (Laurenti & Gottgens, 2018). At steady state, adult 

HSCs are maintained quiescent in the BM and divide rarely to maintain blood 

homeostasis avoiding the exhaustion of the stem cell pool. However, they can reversibly 

exit from dormancy after exposure to stressors, such as oxidative stress and inflammatory 

signals, to replenish the hematopoietic system.  

HSCs are functionally defined by their ability to reconstitute long-term the entire blood 

system in lethally irradiated mice ( Notta et al, 2011) . On the contrary, progenitors have 

low self-renewal capacity, restricted lineage differentiation potential and fail to engraft 

long-term after transplantation. 

Historically, hematopoiesis was thought to be a stepwise process, in which HSCs, at 

the apex of hematopoietic hierarchy, progressively lose their self-renewal ability and 

acquire lineage-specific potential  (Akashi et al, 2000). According to this classical model, 

HSCs directly differentiate into multipotent progenitors (MMPs), which in turn give rise 

to common myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs). The 

earliest myelo-lymphoid split is followed by further branching steps, progressively 

moving from multi- to unipotent progenitor cells.  

However, recently single-cell RNA sequencing and in vivo cell tracking challenged this 

classical hierarchy roadmap, showing HSC heterogeneity in terms of molecular signature, 

metabolism and lineage differentiation output. The discovery of lineage-biased HSCs 

(Beerman et al, 2010; Dykstra et al, 2007; Gekas & Graf, 2013; Sanjuan-Pla et al, 2013) 

and distinct subpopulations of MPPs (Pietras et al, 2015) pointed out that lineage 

segregation occurs at early stage during hematopoiesis. The differentiation is a continuous 

process, during which some lineage-specific genes, already expressed in primitive HSCs, 
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are suppressed whereas others are activated concurrently (Fig. 1) (Laurenti & Gottgens, 

2018). 

 

 

 

Figure 1. Models of hematopoiesis. The classical hierarchical model (at the top) vs the new 

model (at the bottom) proposing hematopoiesis as a continuous process (From Scala & Aiuti, 

2019). 
 

Murine HSCs are phenotypically defined as Lin- ckit+ Sca1+ CD48- CD150+, whereas 

murine MPPs are Lin- ckit+ Sca1+ CD48- CD150- (Oguro et al, 2013).  

Human HSCs are phenotypically defined as Lin− CD34+ CD38− CD45RA− Thy1+ Rholo 

CD49f+, whereas human MPPs are Lin− CD34+ CD38− CD45RA− Thy1- Rholo CD49f- 

(Notta et al., 2011). 

Adult HSCs reside in a specialized microenvironment in the BM, termed niche. The 

HSC niche is a complex local microenvironment that directly maintains and regulates 
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HSC self-renewal, proliferation and differentiation, thus ensuring hematopoietic 

homeostasis (Morrison & Scadden, 2014). HSC behaviour is governed by the complex 

interaction with different cellular component of the BM niche, soluble factors and 

physical cues (Pinho & Frenette, 2019). 

The BM is encased in the central cavities of long and axial bones. The periosteum covers 

the outer surface of the bone, whereas the endosteum lining the inner surface of the bone 

cavities is at the interface between bone and BM. Numerous blood vessels enter the BM 

to enable efficient delivery of nutrients, oxygen and growth factors, while allowing the 

removal of waste products. Arteries carrying oxygenated blood branch to give rise to 

small, thin-walled arterioles, that preferentially localize close to the endosteum. On the 

contrary, sinusoids carrying deoxygenated blood are distributed through the BM cavity 

(Fig. 2). 

 

Figure 2. Microarchitecture of murine BM in the femur. The periosteum surrounds the outer 

surface of the bone, whereas the endosteum encloses the BM. Arterioles (in red) and sinusoids 

(in blue) form a dense network, allowing the transport of nutrients and the removal of waste 

products. Sympathetic nerves (in yellow) wrap arterioles forming the “neuro-reticular complex” 

(From Pinho & Frenette, 2019). 

 

High-resolution imaging studies in mouse BM revealed that HSC niche includes 

endosteal niches, near the bone surface, and perivascular niches, that can be further 

divided, on the basis of the proximity to arterioles or sinusoids, into arteriolar and 

sinusoidal respectively (Adams & Scadden, 2006). However, histologic analysis cannot 

resolve the position of HSCs over time. Recently, in vivo time-lapse imaging showed that 

the most quiescent HSCs reside close to both sinusoids and endosteum, whereas activated 
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HSCs become more motile, moving away from the endosteum. In particular, active HSCs 

were found in a subset of BM cavities with high bone-remodelling activity, but not in 

cavities with low bone-resorbing activity (Christodoulou et al, 2020). HSC localization 

in the BM niche also changes during lineage commitment suggesting that local cues in 

the BM impact the spatial organization of definitive blood cell differentiation (Zhang et 

al, 2021). Stress signals alter HSC spatial localization in the BM thus negatively affecting 

their function. Aged HSCs were reported to localize further away from the endosteum as 

compared to young HSCs (Kohler et al, 2009).  

 

2 – HSC regulation in the BM niche 

Excessive differentiation or reduced self-renewal of HSCs cause the depletion of the 

stem cell pool, on the contrary insufficient differentiation or uncontrolled self-renewal 

can give rise to leukaemia. Therefore, HSC activity need to be tightly regulated. HSC 

behaviour is governed by a complex network of cell-extrinsic factors from the BM 

microenvironment, including regulatory signals secreted from other BM cell populations, 

biochemical factors and physical cues; and cell-intrinsic factors, such as metabolic state 

(Pinho & Frenette, 2019). 

A wide range of Insults can perturb HSC function directly through the accumulation 

of toxic molecules or reduced nutrient availability, as well as indirectly by altering the 

crosstalk between HSCs and other BM niche components. Understanding the relative 

contributions of cellular and molecular players to the regulation of HSC activity is 

fundamental to gain a more complete picture of the HSC niche, thus offering new 

therapeutic opportunities (Batsivari et al, 2020).  

 

2.1– HSC regulation by niche cells 

(Parts of the chapter 3.1 have been published in: https://pubmed.ncbi.nlm.nih.gov/35631417/)    

Conditional deletion of various cell types, depletion of niche factors along with 

advanced BM imaging in mouse models allowed the identification of the cellular players 

of the HSC niche. BM populations are intimately connected with each other and 

alterations of a specific niche or depletion of specific factors could negatively affect other 

https://pubmed.ncbi.nlm.nih.gov/35631417/
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niche components, thus impairing HSCs. Several non-hematopoietic and hematopoietic 

cell types have been identified (Fig. 3).  

 

Figure 3. The BM niche. Various stromal (osteoblasts, mesenchymal stromal cells, endothelial 

cells, adipocytes, sympathetic nerves and Schwann cells) and hematopoietic (megakaryocytes, 

macrophages, neutrophils and regulatory T cells) cell types and niche factors modulate HSC 

activity (Modified from Aprile et al, 2022).  

 

2.1.1 – Stromal BM cells  

BM stromal components, such as osteolineage cells, mesenchymal stromal cells 

(MSCs) and endothelial cells (ECs), provide physical support and control HSC 

homeostasis.  

Osteolineage cells, covering the endosteum, were the first population to be associated 

with HSC function. Early studies showed that human osteoblasts (oBs) induce HSC 

differentiation towards myeloid lineages in vitro (Taichman & Emerson, 1994). 

Moreover, oBs purified from murine long bones increase HSC engraftment in co-

transplantation setting in vivo (El-Badri et al, 1998). oBs are activated by the parathyroid 

hormone (PTH) and PTH-stimulated oBs are increased in number and induce HSC 

expansion through the activation of Notch signaling (Calvi et al, 2003).  

Several growth factors and cytokines are produced by oBs, e.g. Osteopontin (OPN), C-

X-C motif chemokine ligand 12 (CXCL12), stem cell factor (SCF), thrombopoietin 

(TPO) and Angiopoietin1 (ANGPT1). However, recent evidence suggest that these cells 

do not directly regulate HSCs. Indeed, loss of OB-derived CXCL12 or SCF, has little 

effect on HSC number (Ding et al, 2012; Greenbaum et al, 2013). Also the contribution 

of the OB-derived TPO and ANGPT1 is controversial since hepatocytes were shown to 

be the major functional source of TPO for HSC maintenance (Decker et al, 2018), 
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whereas hematopoietic cells and stromal cells seem to be the main sources of ANGPT1 

(Zhou et al, 2015). Although these studies challenged the essential role of oBs for HSC 

activity, recently in vivo live-imaging suggested that HSC localization and function is 

tightly dependent on bone turnover. HSC expansion was found only in bone cavities with 

both OB and osteoclast (OC) activity, whereas bone cavities with low OC activity do not 

host HSCs (Christodoulou et al., 2020). 

MSCs are a rare population in the BM near the blood vessels, that have the ability to 

differentiate into bone, fat and cartilage. Human MSCs CD146+ generate colony-forming 

unit fibroblasts (CFU-Fs) in vitro and heterotopic ossicles in vivo. Moreover, upon serial 

transplantation they generate a compartment of perivascular stromal cells with similar 

phenotype and properties as the originally explanted cell, indicating self-renewal ability 

in vivo (Bianco et al, 2013; Sacchetti et al, 2007; Mendez-Ferrer et al, 2010). In mice, 

different MSC population were identified using transgenic mouse models, including 

Nestin+ perivascular cells, CXCL12-abundant reticular (CAR) cells, leptin receptor 

(LEPR)+ cells and PDGFRα+ Sca1+ (PαS) cells (Ding et al., 2012; Mendez-Ferrer et al, 

2010; Morikawa et al, 2009; Sugiyama et al, 2006). But it is now widely recognised that 

there is overlap between these stromal populations.  

MSCs modulate HSC activity directly by N-cadherin-mediated physical interaction 

(Wein et al, 2010). Nevertheless, MSCs mainly control HSCs indirectly through the 

secretion of SCF and CXCL12 as well as other regulatory factors, such as ANGPT1, OPN 

and interleukin 7 (IL-7). Moreover, MSCs preserve HSC function under stress signals, 

such as oxidative stress and infections. Excessive reactive oxygen species (ROS) alter 

HSC quiescence and function and MSCs neutralize ROS, thus protecting HSCs from 

myeloablation-induced oxidative damage (Taniguchi Ishikawa et al, 2012). Inflammatory 

signals induce HSC proliferation, differentiation and loss of self-renewal. Mitochondrial 

transfer has been reported in various tissue as a mechanism to rescue injured cells 

(Gomzikova et al, 2021), for instance HSCs acquire mitochondria from BM MSCs in 

response to acute bacterial infection thus resulting in rapid leukocyte expansion (Mistry 

et al, 2019). Also, mitochondrial transfer from MSCs to acute lymphoblastic leukemia 

cells (ALL) prevents therapy-induced apoptosis in ALL cells (Burt et al, 2019).  

BM ECs, lining the surface of blood vessels, maintain vascular homeostasis, thus 

regulating HSC trafficking and function. Two different EC populations have been 
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identified on the basis of their localization and the differential expression of surface 

markers: arteriolar endothelial cells (AECs) and sinusoidal endothelial cells (SECs). The 

permeability of arterioles and sinusoids modulates ROS levels in adjacent HSCs and BM 

niche populations. On the one hand, less permeable arterioles maintain low ROS levels 

preserving HSC quiescence, on the other, leaky sinusoids increase ROS levels in HSCs, 

resulting in their activation and mobilization into the bloodstream (Itkin et al, 2016).  

Notch signaling in BM ECs promotes osteogenesis (Ramasamy et al. 2014) and HSC 

expansion by inducing EC proliferation, arteriole formation and their coverage by 

PDGFRβ+ MSCs (Kusumbe et al. 2016). Moreover, ECs provide soluble factors, 

including CXCL12 and SCF, that maintain HSC self-renewal and promote hematopoietic 

regeneration after injury (Ding & Morrison, 2013; Doan et al, 2013; Winkler et al, 2012).  

Adipocytes and the sympathetic nervous system (SNS) also control HSC function. 

While adipocytes are negative regulators of HSCs (Naveiras et al, 2009), the SNS, that 

innervates both the bone and the BM, modulates HSC mobilization into the circulation 

and protects them against genotoxic stress (Mendez-Ferrer et al, 2008; Park et al, 2015). 

Moreover, non-myelinating Schwann cells, adjacent to sympathetic nerves, contribute to 

HSC quiescence (Yamazaki et al, 2011). 

 

2.1.2 – Hematopoietic BM cells  

HSC progeny, including megakaryocytes (MKs), macrophages (Ms), neutrophils and 

regulatory T (Tregs) cells play a key role in HSC maintenance.  

Initial studies revealed that HSCs are located adjacent to MKs in a non-random fashion 

and MK depletion leads to HSC proliferation (Bruns et al, 2014). During homeostasis, 

MKs directly preserve HSC quiescence by secreting specific factors, such as CXCL4 and 

TGFβ (Bruns et al., 2014; Zhao et al, 2014). However, after chemotherapeutic stress, 

MKs stimulate HSC regeneration through fibroblast growth factor 1 (FGF1) signaling 

(Zhao et al., 2014). Furthermore, MKs control HSC function indirectly through the 

interaction with osteolineage cells. Of note, oBs cultured with MKs showed increased 

proliferation by a mechanism that requires cell-to-cell contact (Lemieux et al, 2010), 

whereas oCs cultured with MKs display a reduction in number (Bord et al, 2005).  

Ms are a heterogenous population with phagocytic activity present in all tissues, 

where they act as immune sentinels for pathogens and scavengers for senescent and 
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damaged cells. They are characterized by the expression of several molecular markers, 

including F4/80, Gr-1, CD115 and CD169. In response to different environmental signals, 

Ms can adopt distinct functional characteristics, polarizing to M1 (classically activated 

or pro-inflammatory) or M2 (alternatively activated or anti-inflammatory) phenotype. 

The former protects from infections and cancer by activating the inflammatory cascade, 

the latter promotes tissue repair and regeneration by secreting anti-inflammatory 

cytokines (Seyfried et al, 2020a). BM Ms directly regulate HSC quiescence and self-

renewal by physical interaction and cytokine secretion (Hur et al, 2016; Ludin et al, 

2012). M2 macrophages induce HSC self-renewal, while M1 macrophages exert an 

opposite role (Luo et al, 2018). In addition, BM Ms indirectly regulate HSC location by 

inducing the expression of HSC retention factor by MSCs and promoting HSC 

mobilization through neutrophil clearance (Casanova-Acebes et al, 2013; Chow et al, 

2011). The homeostatic clearance of erythrocytes also affects HSCs. Ms play a crucial 

role in iron homeostasis and host defence by recycling senescent erythrocytes through a 

process named “erythrophagocytosis” (Korolnek & Hamza, 2015). In humans, iron 

derived from erythrophagocytosis is the main source of iron influx in the body, exceeding 

iron absorption form the diet and iron stored in hepatocytes. Iron is an essential element, 

involved in many biological processes, such as oxygen transport, energy metabolism, 

DNA synthesis and cell signaling (Muckenthaler et al, 2017); and recently iron was found 

to play a key role in regulating HSC function and metabolism (Kao Y-R, 2021; Muto et 

al, 2017). BM Ms erythrophagocytosis provide iron to HSCs during hematopoietic 

stress to fuel HSC differentiation (Zhang et al, 2022). In addition, during infection and 

inflammation, Ms sequester iron from the microenvironment to limit the growth of 

pathogenic microbes (Ganz, 2012). 

The differentiated hematopoietic cells that regulate HSC mobilization and quiescence 

also include neutrophils and Tregs (Fujisaki et al, 2011; Hirata et al, 2018; Kawano et 

al, 2017). 

 

2.2 – Metabolic regulation of HSCs 

HSCs remain quiescent for the most of their lifetime to preserve the stem cell pool and 

divide only when required to give rise to all blood lineages. During HSC quiescence, 
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proliferation and differentiation, specific metabolic pathways are required to meet their 

energetic and biosynthetic demands. Therefore, metabolism is a key regulator of HSC 

fate (Bartram & Filippi, 2022).  

Changes in cell cycle and functional state determine metabolic adaptations; vice versa, 

metabolism controls HSC cell cycle and function. Indeed, stress signals, such as ROS, 

can directly modify HSC metabolism by altering metabolic enzymes and mitochondria 

fitness, thus affecting HSC function.  

Understanding the metabolic need of HSC functional states and the extrinsic regulators 

of HSC metabolism is crucial for providing new therapies for hematological disorders 

and optimizing HSC expansion ex vivo (Kumar & Geiger, 2017; Morganti et al, 2022). 

      

2.2.1 – HSC quiescence  

Quiescent HSCs rely on anaerobic glycolysis and maintain a low mitochondrial 

metabolic activity in the hypoxic BM niche.  

Glycolysis is a ten-step process that breaks down glucose into pyruvate within the 

cytosol. During anaerobic glycolysis, pyruvate is converted to lactate by lactate 

dehydrogenase (LDH) instead of being transported into mitochondria where, once 

converted to acetyl coenzyme A (acetyl-CoA), fuels OXPHOS during aerobic glycolysis. 

The metabolism of glucose to lactate produces only 2 molecules of ATPs per molecule 

of glucose, however it is sufficient to meet the low metabolic requirements of quiescent 

HSCs and their need of limiting generation of ROS, as a byproduct of active mitochondria 

(Kohli & Passegue, 2014) (Fig. 4). 
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Figure 4. Anaerobic glycolysis pathway. Per each molecule of glucose, 2 ATPs, 2 lactate and 2 

NAD+ are produced. Enzymes catalysing glycolysis steps are shown in the table (created with 

BioRender.com).      

 

Quiescent HSCs uptake high levels of glucose from the microenvironment and express 

glycolytic enzymes, thus resulting in increased production of pyruvate and lactate but low 

ATP as compared to progenitors and differentiated cells (Schonberger et al, 2022; Simsek 

et al, 2010; Takubo et al., 2013). Of note, quiescent HSCs specifically activate glycolysis 

and suppress influx of glycolytic metabolites into mitochondria by expressing high levels 

of pyruvate dehydrogenase kinases (Pdks), which inhibit the pyruvate dehydrogenase 

(PDH)-mediated conversion of pyruvate to acetyl-CoA. Loss of Pdks reduces glycolysis 

and increases mitochondrial activity, thus resulting in decreased HSC quiescence and 

self-renewal (Takubo et al., 2013). Moreover, quiescent HSCs express high levels of 

Hif1α, which senses low oxygen rates of the BM niche and is one key activator of 

glycolysis (Takubo et al., 2010). Deletion of Meis1, the transcriptional activator of Hif1α, 
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causes HSC dysfunction through increased mitochondrial metabolism and consequent 

ROS generation (Kocabas et al, 2012).  

To preserve quiescence, HSCs carry high number of mitochondria, which are mostly 

inactive (de Almeida et al, 2017; Takihara et al, 2019). While ETC complex II is highly 

expressed in HSCs, ATP synthase is not, thus resulting in high MMP, which cannot be 

used by ATP synthase (Morganti et al, 2019). As a consequence, quiescent HSCs, despite 

high mitochondrial mass and MMP, generate low ATP and ROS. 

However, a limited mitochondrial activity is essential for HSC function. Indeed, loss 

of mitochondrial metabolism in ko mouse model, lacking specific mitochondrial 

enzymes, reduces HSC quiescence and impairs their differentiation (Anso et al, 2017; Yu 

et al, 2013).    

Also vitamin metabolism is essential for HSC quiescence. Recently, treatment with 

vitamin B3 was found to improve the function of aged HSCs by reducing mitochondrial 

metabolism (Sun et al, 2021). Moreover, vitamin A/retinoic acid signaling preserves HSC 

quiescence and self-renewal (Schonberger et al., 2022).  

Finally, lysosomes have emerged as critical regulators of HSCs since high number of 

lysosomes with slow activity, including sluggish clearance of mitochondria, preserves 

HSC quiescence by limiting the release of toxic molecules, such as ROS (Liang et al, 

2020). 

 

2.2.2 – HSC differentiation requires metabolic rewiring  

The transition from quiescence to proliferation and differentiation requires higher 

energy inputs, thus HSCs enhance the more energetic OXPHOS (Nakamura-Ishizu et al., 

2020). 

During OXPHOS, pyruvate, generated from glucose, is shuttled to the mitochondrial 

matrix and converted to acetyl-CoA, which enters the tricarboxylic acid cycle (TCA). 

Subsequent enzymatic reactions of the TCA produce the reduced cofactors nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which transport 

their electrons to the ETC complexes, thus fueling OXPHOS (Baldwin & Krebs, 1981). 

The electron transfer through the ETC protein complexes I-IV provides the energy to 

pump protons out of the matrix and generate a proton gradient across the IMM, which in 

turn allows the flow of protons back in the mitochondrial matrix at the level of complex 
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V ATP synthase, thus producing ATP. The total force driving protons is a combination 

of both the MMP (Δψm, a charge or electrical gradient) and the mitochondrial pH 

gradient. OXPHOS generates 36 molecules of ATPs per molecule of glucose (Berg J. M., 

2015) (Fig. 5). 

 

Figure 5. TCA cycle and OXPHOS. Acetyl-CoA derived from pyruvate enters the TCA cycle in 

the mitochondrial matrix and generates NADH and FADH2, which transfer their electrons to the 

ETC complexes in the IMM. The electron flow through ETC creates an electrochemical proton 

gradient across the IMM, which is coupled to ATP production by ATP synthase (created with 

BioRender.com).  

 

HSC differentiation is accompanied by increased OXPHOS, resulting in high ATP but 

also ROS generation, as shown by initial works exploiting ko mouse models of metabolic 

regulators (Chen et al., 2008; Maryanovich et al, 2015). Moreover, in vitro culture of 

HSCs in presence of differentiation stimuli and FCCP, that uncouples the electron 

transport from ATP production, decreases mitochondrial area and function, thus blocking 

HSC differentiation (Vannini et al, 2016).  

Recently, the development of advanced metabolomic approaches and single-cell RNA 

sequencing (scRNAseq) allowed the identification of the key metabolic intermediates and 

molecular players regulating HSC functional state. The transition from HSCs to MPPs 
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involves the upregulation of genes encoding for TCA and ETC enzymes and TCA-related 

metabolites are enriched in MPPs (Schonberger et al., 2022). 

Moreover, HSCs can be classified based on MMP as MMPhigh and MMPlow, with high 

and low mitochondrial activity respectively, using potentiometric dyes, such as 

tetramethylrhodamine ethyl ester (TMRE) and tetramethylrhodamine methyl ester 

perchlorate (TMRM). These positively charged dyes accumulate in the negatively 

charged mitochondrial matrix in proportion to the MMP (Perry et al, 2011). While 

MMPlow HSCs are mostly quiescent, MMPhigh HSCs are primed towards differentiation, 

as shown by reduced quiescence, increased cell division and positive enrichment of genes 

involved in DNA replication and cell cycle progression (Liang et al., 2020; Qiu et al, 

2021). However, active MMPhigh HSCs also express at high levels glycolytic genes, such 

as the glucose transporter Glut1, and display higher glucose uptake than MMPlow HSCs. 

In addition, glycolysis inhibition reduces only MMPhigh HSC viability in vitro, thus 

suggesting that active HSCs increase both glycolysis and OXPHOS to meet their high 

energy demands (Liang et al., 2020).  

Fatty acid oxidation (FAO) breaks down long fatty acid chains in the mitochondria to 

generate acetyl-CoA, which in turn fuels TCA cycle and OXPHOS, thus sustaining HSC 

proliferation and differentiation. Moreover, FAO preserves HSC pool by promoting 

asymmetric instead of symmetric differentiation (Ito et al, 2012; Schonberger et al., 2022) 

(Fig. 6).  
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Figure 6. Metabolism of quiescent and active HSCs. Quiescent HSCs rely on low energetic 

glycolysis, although they have high number of mitochondria and low mitochondrial activity is 

required to preserve function. Moreover, slow clearance of mitochondria by lysosomes and the 

metabolism of vitamins maintain HSC quiescence. On the contrary, active HSCs require high 

energy inputs and upregulate OXPHOS, glycolysis and FAO to produce high ATP but also ROS 

(created with BioRender.com).  

 

 

2.2.3 – Mitochondria as key regulators of HSC metabolism  

Since mitochondria are the “powerhouse” of the cell, containing the major enzymes 

that oxidize carbohydrates, proteins and lipids to produce ATP, they are crucial regulators 

of HSC fate and function.  

Active mitochondria are elongated with numerous folds of the IMM, named cristae, 

that host the ETC complexes and form a compact network. Conversely, inactive 

mitochondria are small and round with low number of cristae (Liang et al., 2020; Qiu et 

al., 2021).  

Mitochondrial network is continuously remodeled through cycles of biogenesis of new 

mitochondria, fusion, fission and degradation by mitophagy, thus affecting HSC 

metabolism.  
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Increased mitochondrial biogenesis in HSCs, as shown by high expression of key 

biogenesis regulators Pgc1a and Tfam, correlates with high mitochondrial activity and 

subsequent HSC differentiation (Nakamura-Ishizu et al, 2018). By contrast, inhibition of 

mitochondrial biogenesis maintains HSC quiescence (Hu et al, 2018).  

Fusion is a two-step process consisting in the fusion first between the mitochondrial 

outer membranes (OMMs) and then between the IMMs of two mitochondria, thus leading 

to increased mitochondrial size and more compact mitochondrial network. On the 

contrary, fission results in smaller mitochondria and fragmented mitochondrial network. 

DRP1 is the cytosolic fission regulator and, once it is recruited on mitochondrial surface 

by the binding with its receptors FIS1, MFF, MIEF1 and MIEF2, it constricts 

mitochondrion (Mishra & Chan, 2014).  

Although the role of fusion is still largely unexplored in HSCs, it was found to maintain 

HSCs with extensive lymphoid potential (Luchsinger et al, 2016). Moreover, it could 

promote complementation between damaged mitochondria, thus acting as a first line of 

defense before mitophagy activation (Youle & van der Bliek, 2012).  

Recently, the effects of mitochondrial fission on HSCs gained attention. Loss of fission 

by genetic deletion or pharmacological inhibition of DRP1 causes mitochondrial 

dysfunction in HSCs, resulting in impaired HSC repopulating ability. In addition, active 

dividing HSCs have reduced mitochondrial fission and seem to keep dysfunctional 

mitochondria as a mechanism of divisional memory (Hinge et al, 2020). 

Mitophagy is a specific form of autophagy that selectively removes dysfunctional or 

damaged mitochondria, preventing accumulation of defective mitochondria. During 

PINK1-dependent mitophagy, PINK1 localized in the OMM recruits the E3 ubiquitin 

ligase parkin, which ubiquitinates mitochondrial proteins and recruits autophagy 

receptors to activate a cascade of ubiquitination, thus resulting in autophagosome 

formation and mitochondrial degradation (Bingol & Sheng, 2016). Besides Pink1 and 

parkin, other key mitophagy players include Ulk1, Optn, Sqstm1, Map1lc3b and 

Gabarapl1 and they are all expressed by HSCs (Ito et al, 2016). Mitophagy preserves 

HSC stemness and loss of mitophagy in ko mouse models for mitophagy genes impairs 

HSC self-renewal and regenerative potential (Ho et al, 2017; Ito et al., 2016). Vice versa, 

hyperactivation of mitophagy reduces mitochondrial number and results in aberrant 

differentiation of HSCs (Hashimoto et al, 2021; Jin et al, 2018) (Fig. 7).  
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Figure 7. HSC regulation by mitochondrial dynamics. Key players of mitochondrial biogenesis 

(e.g. Pgc1a), fusion (e.g. Mfn2), fission (e.g. Drp1) and mitophagy (e.g. Pink1, parkin) were found 

to regulate HSC homeostasis by affecting their differentiation and self-renewal (From Morganti 

et al., 2022).  

 

During mitophagy, lysosomes fuse to damaged mitochondria to form the autophagosome, 

thus lysosome function is fundamental for adequate clearance of mitochondria. Indeed, 

the sequestration and slow degradation of dysfunctional mitochondria into lysosomes 

maintains HSC quiescence, whereas activation of lysosomes with toxin release induces 

HSC differentiation (Liang et al., 2020). 

 

2.3 – HSC regulation by soluble factors 

HSCs respond to several soluble factors in the microenvironment, including oxidative 

stress, iron, variation in the partial pressure of oxygen (pO2) and inflammatory signals, 

by switching their metabolic state and cell cycle, thus shifting the balance between self-

renewal and differentiation (Mendelson & Frenette, 2014). These factors can act directly 

on HSCs or indirectly by altering other BM niche cells.   
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2.3.1 – ROS 

 ROS are highly reactive molecules due to the presence of unpaired electrons in the 

outer valence shell. Intracellular ROS typically include: superoxide anions (O2
−), 

hydrogen peroxide (H2O2) and hydroxyl radicals (OH−), which are generated from the 

reduction of molecular oxygen (O2) during a series of redox reactions. H2O2 is the main 

ROS encountered intracellularly as a consequence of its longer half-life and its higher 

ability to diffuse across cellular membranes (Holmstrom & Finkel, 2014).  

Mitochondria and NADPH oxidase (NOX) are the primary source of ROS within the 

cell. Mitochondria produce ROS, as a result of the activity of the electron transport chain 

(ETC). The electron flow through the ETC protein complexes I-IV in the inner 

mitochondria membrane (IMM) generates the proton motive force, that pumps protons 

(H+) into the mitochondrial intermembrane space against their concentration gradient. 

The combination of the electric gradient, mitochondrial membrane potential (MMP), and 

the mitochondrial pH gradient drives ATP synthesis via oxidative phosphorylation 

(OXPHOS). During this process, O2 is reduced to H2O by complex V ATP synthase. 

However, O2 can undergo aberrant reduction at complexes I and III, thus generating O2
−. 

Therefore, mitochondria are key modulators of cellular redox homeostasis (Murphy, 

2009).  

NOX family was first described in neutrophils as enzymes responsible for ROS 

production during host defence (Hampton et al, 1998). In particular, NOX generate O2
− 

through the reduction of NADPH to NADP+ (Fig. 8). 
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Figure 8. Generation of intracellular ROS. ROS, including superoxide anions (O2
−), hydrogen 

peroxide (H2O2) and hydroxyl radicals (OH−), are mostly generated from the ETC in 

mitochondria and NAPDH oxidase (Modified from Bigarella et al, 2014). 

 

ROS can be generated also from free reactive iron via the Fenton and Haber-Weiss 

reactions (Kajarabille & Latunde-Dada, 2019), thus cellular iron levels need to be tightly 

regulated. Also variation in oxygen levels and inflammatory signals can affect both 

mitochondrial activity and NOX and, consequently, modulate intracellular ROS content 

(Mittal et al, 2014; Takubo et al, 2013).  

In physiological context, ROS are important signaling molecules, regulating HSC 

quiescence, proliferation, differentiation and self-renewal by direct modulation of redox-

sensitive enzymes and transcription factors (Bigarella et al., 2014). ROS act as second 

messengers by oxidizing at specific amino acid residues, typically cysteine and 

methionine, target proteins (redox sensors), which in turn undergo conformational 

changes that affect their function, stability and localization. However, abnormal 

accumulation of ROS causes oxidative damage of DNA, lipids and proteins, impairing 

organelles, especially mitochondria, with further ROS generation (Tan & Suda, 2018). 

Therefore, stem cells, including HSCs, evolved strategies to manage ROS levels and 

counteract oxidative stress.  

  ROS scavenger, such as superoxide dismutase (SOD), catalase, glutathione 

peroxidase, peroxiredoxin and thioredoxin, are antioxidant enzymes that detoxify ROS 

by accepting electrons from them. SOD reduces O2
− to H2O2, which in turn is rapidly 

converted into water by catalase or glutathione peroxidase, whereas OH− is neutralized 

by the glutathione system (Murphy, 2012). However, when ROS levels outpace the 

efficiency of the antioxidant enzyme system, an excessive accumulation of ROS occurs, 

leading to intracellular oxidative stress. 

HSCs maintain a low basal level of ROS, which preserves stem cell quiescence and 

self-renewal. On the contrary, a physiological increase of ROS is required for cell 

proliferation and differentiation (Jang & Sharkis, 2007). ROS directly modulate key 

regulators of HSC function, such as the protein kinases ataxia telangiectasia mutated 

kinase (ATM), p38 mitogen-activated protein kinase (MAPK) and mammalian target of 

rapamycin (mTOR). Specific deletion of ATM in mice results in ROS elevation followed 

by the activation of p38 MAPK, thus reducing HSC quiescence and repopulating ability 
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and inducing senescence (Ito et al, 2006). mTOR increases mitochondrial biogenesis and 

activity, promoting ROS generation and, as a consequence, HSC proliferation and 

differentiation (Chen et al, 2008). During aging, HSCs increase in number but have 

reduced repopulating ability, and myeloid-biased differentiation (Geiger et al, 2013). 

Moreover, aged HSCs display increased OXPHOS and ROS generation, and 

mitochondrial stress, that compromise their functions (Morganti & Ito, 2021). Reduction 

of mitochondrial ROS (mtROS) by in vivo administration of the antioxidant Mito-Q to 

middle-aged and aged mice can prevent or restore mitochondrial dysfunction and HSC 

defects, thus indicating that mtROS cause HSC functional decline in aging (Mansell et 

al, 2021).  

The accumulation of ROS in HSCs can be the result of increased ROS generation but also 

impaired antioxidant defence system. FOXO are transcription factors critical for the 

regulation of antioxidant enzymes and loss of FOXO3 enhances ROS levels, leading to 

impaired HSC self-renewal due to p38 MAPK activation (Miyamoto et al, 2007; Yalcin 

et al, 2008). In addition, lack of the regulator of redox homeostasis sirtuin 1 (SIRT1) 

causes ROS accumulation in HSCs, accompanied by DNA damage and reduced 

repopulating ability (Rimmele et al, 2014). 

ROS reduction under basal levels as well as excess ROS are detrimental to HSCs. Knock-

out (ko) mice for AKT1 and AKT2 have reduced ROS, resulting in HSC cell cycle arrest 

in G0 and impaired differentiation (Juntilla et al, 2010). On the contrary, when 

intracellular ROS levels are extremely high, DNA and cellular organelles are irreversibly 

damaged and cell death occurs (Ito et al., 2006) (Fig. 9). 
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Figure 9. HSC response to different levels of intracellular ROS. At steady-state ROS are 

maintained low to preserve the stem cell pool (basal), whereas a physiological increase of ROS 

drives HSC proliferation and differentiation (intermediate). Both lower and higher intracellular 

ROS alter HSC function: when ROS are under the basal threshold HSCs are maintained quiescent 

with differentiation blockade; when ROS greatly exceed the basal threshold cell death occurs 

(From Tan & Suda, 2018). 

 

BM niche cells control intracellular ROS levels in HSCs thus regulating their function. 

In particular, stromal cells import ROS from HSCs through Connexin-43 (Cx43) gap 

junctions. Loss of Cx43 in HSCs leads to ROS accumulation followed by senescence due 

to their inability to transfer ROS to BM stromal cells (Taniguchi Ishikawa et al., 2012). 

Other soluble factors, such as iron, O2 and inflammatory cytokines regulate HSC 

function by modulating intracellular ROS levels. Given the central role of mitochondrial 

metabolism in ROS generation, HSCs can change their metabolic state to manage ROS 

accumulation (Nakamura-Ishizu et al, 2020).  

 

2.3.2 – Iron  

Iron is an essential element involved in several cellular processes, including oxygen 

transport, metabolism, DNA synthesis and repair, and cell signaling. Iron carries out these 

functions due to its ability to accept and donate electrons, constituting the prosthetic group 

of many proteins in the form of heme or iron sulphur (Fe-S) cluster (Wang & Babitt, 
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2019). In particular, heme is present in hemoglobin and myoglobin, where it regulates 

oxygen transport, mitochondrial enzymes, where it participates in energy generation, 

antioxidants and other enzymes, thus constituting more than 95% of total iron in humans 

(Chiabrando et al, 2014). 

While a small amount of iron is required for cellular homeostasis, excessive iron 

accumulation is toxic. Indeed, free iron, in the form of ferrous ion (Fe2+) and ferric ion 

(Fe3+) can participate in Fenton and Haber-Weiss reactions, thus generating ROS, which 

in turn damage cellular components (Kajarabille & Latunde-Dada, 2019) (Fig. 10). 

 

Figure 10. Fenton and Haber-Weiss reactions. Iron toxicity is due to its involvement in harmful 

ROS-generating reactions (From Kajarabille & Latunde-Dada, 2019).  

 

Iron-derived ROS can induce the peroxidation of lipid in membrane bilayers, 

culminating in ferroptosis, an iron-dependent form of cell death morphologically, 

biochemically and genetically distinct from apoptosis, necrosis and autophagy (Jiang et 

al, 2021). Ferroptosis was initially discovered in RAS mutant tumor cells in which cell 

death was reverted only by treatment with antioxidants and iron chelators (Dixon et al, 

2012). 

Given the fundamental role of iron in cellular functions and its potential harmful 

effects, plasma iron levels as well as intracellular iron deposits need to be tightly 

modulated. Iron metabolism is regulated both at systemic level and at cellular level to 

avoid iron deficiency and IO, which are detrimental to cell survival.  

Plasma iron levels depend on dietary iron absorption and iron recycling by macrophages. 

Duodenal enterocytes absorb only 1-2 mg of dietary iron per day, corresponding to less 

then 10% of iron needs, to compensate for iron losses (Hentze et al, 2010; Wang & Babitt, 
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2019). The rest of iron derives from macrophages that phagocytize and degrade damaged 

and senescent erythrocytes to recycle iron from hemoglobin (Korolnek & Hamza, 2015). 

Iron is then released from enterocytes and macrophages in the bloodstream through the 

iron exporter ferroportin (FPN). Circulating iron (Fe3+) is bound to transferrin (TF) and 

is mainly delivered to the BM where it is uptaken by erythrocytes for hemoglobin 

synthesis after binding to the membrane-bound TF receptor 1 (TFR1). However, since 

TFR1 is ubiquitously expressed, all cells can uptake iron from the circulation. The human 

body has no pathway to excrete iron and unused iron is stored in the liver, which also play 

a key role in regulating systemic iron homeostasis by the secretion of hepcidin 

(Muckenthaler et al., 2017). Hepcidin inhibits the release of iron into the bloodstream by 

binding to FPN and mediating its degradation via proteasome (Sangkhae & Nemeth, 

2017)  (Fig. 11).  

 

Figure 11. Systemic iron homeostasis. Circulating iron derives from iron absorption by duodenal 

enterocytes and iron recycling by macrophages. Iron is mostly used in the BM for hemoglobin 

synthesis, whereas the unused iron is stored in the liver. The hepatic hormone hepcidin is the 

central regulator of systemic iron homeostasis (From Sangkhae & Nemeth, 2017).      

 

Cells control iron uptake, utilization, intracellular transport and detoxification to 

ensure adequate iron supply and avoid iron toxicity (Hentze et al., 2010). Transferrin-

bound Fe3+ binds to TFR1 and the complex is then internalized by receptor-mediated 

endocytosis. pH acidification within the endosome leads to the dissolution of the 

complex, followed by the recycling of TF and TFR1 and the release of Fe3+. Fe3+ is then 
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reduced to Fe2+ by the metalloreductase STEAP3 and transported into the cytosol by 

DMT1, where it constitutes the labile iron pool (LIP) readily available for cellular use. 

Since free Fe2+ in the LIP is extremely reactive, most of it is delivered to mitochondria 

(Paul et al, 2017), whereas excess Fe2+ is converted to Fe3+ and stored in ferritin (FT) or 

exported in the circulation by FPN.  

Mitochondria are major hubs of iron utilization and accumulation and mitochondrial iron 

is mainly utilized for heme synthesis and Fe-S cluster assembly (Muhlenhoff et al, 2015). 

Therefore, iron perturbations can negatively impact on mitochondria function and 

metabolism, thus affecting cell viability (Paul et al., 2017) (Fig. 12).  

 
Figure 12. Cellular iron homeostasis. Key molecular players involved in iron uptake, 

intracellular trafficking and release from the cell are shown. Plasma iron (Fe3+) is internalized 

after the binding of transferrin (TF) to its receptor (TFR). Once in the endosome, Fe3+ is 

converted to Fe2+ and released in the cytosol, where it constitutes the labile iron pool (LIP). Iron 

is mainly used for heme and Fe-S cluster synthesis in the mitochondria, whereas excess iron is 

stored in ferritin (FT) or is released in the circulation through ferroportin (FPN) (From Paul et 

al., 2017).   

 

Cellular iron homeostasis is maintained by the iron regulatory protein (IRP) 1 and 2 

system. In iron deficient cells, IRPs binds to the iron responsive element (IRE) in the 

untranslated regions (UTR) of mRNA encoding key players of iron metabolism. In 

particular, the binding of IRPs to the 5’ UTR of Ft and Fpn blocks their translation, 

conversely the binding of IRPs to the 3’ UTR of Tfr1 results in mRNA stabilization. As 

a result, iron storage and export are inhibited, whereas iron uptake is increased. When 

cells display intracellular IO, IRP1 acquires enzymatic function and IRP2 is degraded via 

proteasome after binding to FBXL5 to limit iron uptake and enhance iron export in the 

circulation (Hentze et al., 2010) (Fig. 13).  



 

31 
 

 
Figure 13. Regulation of cellular iron homeostasis by IRPs. In iron deficient cells, IRPs binds 

to IRE in the mRNA of iron homeostasis genes thus regulating their translation to increase 

intracellular iron levels. On the contrary, in iron-overloaded cells the IRP system is inactivated 

(From Hentze et al., 2010).      

 

HSCs express the key regulators of iron uptake, transport and storage thus they can 

import iron from the microenvironment and accumulate it, participating in the regulation 

of iron homeostasis. HSCs contain lower amounts of free iron as compared to other 

hematopoietic cells (Kao Y-R, 2021) and fluctuation of iron levels regulates HSC 

function through ROS generation (Muto et al., 2017; Zhang et al., 2022). Initial studies 

in wild-type (wt) mice treated with high iron dose in vivo showed ROS accumulation in 

the BM and decreased levels of hematopoietic regulatory factors, such as CXCL12, SCF 

and TPO, resulting in reduced HSPC repopulating ability (Okabe et al, 2014). Moreover, 

in vitro treatment with high concentration of ferrous ammonium sulfate (FeAS) induces 

HSPC apoptosis through ROS-activated p38 MAPK. Of note, FeAS also impairs cytokine 

secretion by stromal cells in culture (Tanaka et al, 2019). In vivo and in vitro 

administration of iron chelators, which sequester and neutralize excess iron, restores 

HSPC function (Chai et al, 2015; Lu et al, 2013). Thus, IO in the BM can negatively 

impact HSPCs both directly and indirectly by affecting other BM niche cells.  

Intracellular IO as well as intracellular iron deficiency are detrimental to HSC stemness. 

Loss of FBXL5 results in IRP hyperactivation and increased LIP in HSCs, thus reducing 
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their frequency and impairing their self-renewal capacity (Muto et al., 2017). Similarly, 

intracellular iron deficiency in TFR1-ko HSCs impairs their differentiation and reduces 

their repopulating ability (Wang et al, 2020), thus suggesting that adequate iron uptake 

mediated by TFR1 is essential for HSC function. These findings were recently confirmed 

by two other works showing the importance of limiting intracellular iron levels, without 

resulting in iron deficiency, during regeneration and cell division (Kao Y-R, 2021; Zhang 

et al., 2022). The gut microbiota was found to regulate HSC function by controlling 

macrophage erythrophagocytosis and, consequently, iron availability in the BM. Under 

stress conditions, microbiota or BM macrophages depletion induce iron deficiency in the 

BM and low intracellular iron in HSCs, which, in turn, leads to reduced HSC quiescence 

and repopulating ability. In addition, wt animals fed with deficient iron diet displayed 

impaired HSC repopulating ability, suggesting that iron could regulate HSC self-renewal 

independent of the microbiota. Indeed, in vitro very low iron concentrations decreases the 

survival of wt HSCs, whereas low basal iron preserves their stemness (Zhang et al., 2022). 

Interestingly, low intracellular iron content in HSCs seems to activate the IRP-mediated 

limited iron response during cell division, which enhances their repopulating ability. 

Therefore, intracellular iron limitation could be required to sustain HSC cell division and 

function (Kao Y-R, 2021).  

 

2.4 – The interplay between iron, ROS and HSC metabolism  

In the last few years, the analysis of the BM niche in clinical conditions characterized 

by IO revealed the effects of IO on different BM populations, although still poorly 

characterized. In hemoglobinopathies, such as β-thalassemia (BThal) and sickle cell 

disease (SCD), mutations in the β-globin gene impair the survival of red blood cells 

(RBCs). Haemolytic anemia triggers a cascade of events, including increase of iron and 

heme in the circulation (Aprile et al., 2022). Free heme and iron were found to induce 

oxidative stress in BThal and SCD MSCs and affect their ability to maintain HSCs 

(Crippa et al., 2019; Tang et al., 2019). Moreover, circulating iron was shown to alter 

SCD Mφ phenotype toward a proinflammatory state (Vinchi et al., 2016). In both diseases 

HSCs are impaired but the direct contribution of IO to HSC dysfunction in these 

conditions has not been proved.  



 

33 
 

Since the vast majority of iron is metabolized or stored in mitochondria, IO and iron 

deficiency can negatively affect mitochondrial fitness and bioenergetic, thus impairing 

HSCs. Indeed, IO in mouse liver causes mitochondrial dysfunction through ROS 

generation (Moroishi et al, 2011). In addition, tumor cells which undergo ferroptosis 

exhibit smaller and fragmented mitochondria with reduced number of cristae (Dixon et 

al., 2012).  

Recently, limited intracellular iron content was found to promote mitochondrial FAO, 

resulting in increased HSC division, thus suggesting that iron can affect mitochondria 

also in HSCs (Kao Y-R, 2021). However, further investigations are required in order to 

understand how intracellular iron levels affect the metabolic and transcriptional programs 

underlying HSC function and fate. In this view, studies in hematological diseases 

characterized by dysregulated iron homeostasis will help to unravel the link between iron, 

ROS and HSC metabolism. 

 

 

3 – β-Thalassemia  

Thalassemias are rare autosomal recessive disorders characterized by reduced or 

absent synthesis of adult hemoglobin (Hb). Hb is a tetramer made of four polypeptide 

chains containing heme prosthetic group, and different combinations of globin chains are 

assembled during embryonic, fetal and adult life. Adult Hb is composed of two α-globin 

chains and two β-globin chains (HbA, α2β2). Defects in α-globin chains give rise to α-

thalassemia, whereas alterations in β-globin chains cause β-thalassemia (BThal). 

It has been estimated that 1-5% of the world population are carriers of thalassemia 

mutations (Taher et al, 2018). Since thalassemia mutations confer resistance to malaria 

infection, the prevalence of thalassemia is highest in the Mediterranean area, sub-Saharan 

Africa, Middle Est, India and Southeast Asia. Moreover, due to population migrations, it 

has spread in non-endemic regions, such as North America and Europe, thus evolving 

into a global health issue (Kattamis et al, 2022).  
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3.1 – BThal pathophysiology 

    BThal is caused by mutations in the β-globin gene on human chromosome 11. More 

than 350 mutations have been identified and they include silent mutations, mild mutations 

leading to reduced synthesis of β-globin chains (β+) and severe mutations causing 

complete absence of β-globin chains (β0). BThal can be classified based on the severity 

of the clinical phenotype as BThal minor (heterozygote carrier), intermedia (patients 

β+β+) or BThal maior (β0β0 and β0β+) (Taher et al, 2021). 

Impaired production of β-globin chains causes an imbalance between α and β-globin, 

and the accumulation of α-globin tetramers in red blood cells (RBCs). α-globin chains are 

unstable and precipitate, releasing iron and ROS, thus blocking the maturation and 

inducing premature death of erythroid precursors in the bone marrow (BM) (ineffective 

erythropoiesis, IE) and outside the BM (peripheral hemolysis). As a result, chronic 

hemolytic anemia occurs and impacts on multiple organ viability. Indeed, anemia and the 

resulting hypoxia stimulate the kidney to produce the hormone erythropoietin (EPO), 

which increases the proliferation of RBCs and IE. The enhanced production of RBCs in 

the BM is accompanied by BM expansion and subsequent bone defects. Bone diseases, 

including osteopenia and osteoporosis, are common complications of BThal patients 

(Taher et al, 2008). Moreover, to compensate for increased cell death, multiple sites of 

hematopoiesis are activated outside the BM, mainly in the spleen and liver, resulting in 

splenomegaly and hepatomegaly respectively. The exposure of senescent signals, such as 

phosphatidylserine (PS), in the membrane of RBCs during IE increases their pro-

coagulant potential and, together with endothelial damage, and platelet, monocyte and 

granulocyte activation, induces hypercoagulability, leading to thrombotic events and 

pulmonary hypertension (Taher et al., 2008). Finally, IE dysregulates iron homeostasis 

by increasing iron absorption and release from stores, resulting in iron overload (IO) and 

organ damage (Taher et al., 2018) (Fig. 14). 



 

35 
 

 

Figure 14. Pathophysiology of BThal. The α/β chain imbalance results in IE, with compensative 

erythropoietic expansion in the BM and extramedullary hematopoiesis, chronic hemolytic 

anemia, hypercoagulability, and IO, resulting in multi-organ complications (From Kattamis et 

al., 2022).  

 

 

3.1.1 – Pathological effects of iron and ROS dysregulation 

In BThal, as in other hemolytic disorders, the premature death of erythroid precursors 

releases iron and ROS, and promotes the production of new RBCs in the BM and in 

extramedullary sites. Increased erythropoiesis requires high iron for hemoglobin 
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synthesis and, as a consequence, enhances intestinal iron absorption and iron mobilization 

from the stores. During IE, high EPO levels stimulate the synthesis of the hormone 

erythroferrone (ERFE) by erythroid precursors. ERFE is a potent suppressor of hepcidin 

production, that leads to hyperabsorption of iron from the diet and high iron efflux from 

macrophages and hepatocytes into the circulation, thus resulting in primary IO. Vice 

versa, IO can contribute to IE further worsening the clinical picture. Moreover, iron intake 

from transfusion, the mainstay treatment for BThal, leads to secondary IO. Patients 

transfused with 2-4 units of blood per months usually intake 0.3-0.6 mg/kg iron per day, 

that accumulates in various organs due to the absence of a physiological mechanism to 

excrete excess iron (Taher et al., 2021) (Fig.15). 

 

Figure 15. Causes of IO in BThal. IE and peripheral hemolysis, hallmark of BThal 

pathophysiology, and therapeutic blood transfusions generate IO (created with BioRender.com).  

 

Excess plasma iron exceeds the iron-carrying capacity of transferrin (TF) and free non 

TF-bound iron (NTBI) is toxic due to its ability to induce extracellular and intracellular 

oxidative events. Excess ROS in the circulation might generate chronic sterile 

inflammation thus promoting endothelial dysfunction, platelet activation and aggregation 

with further ROS generation (Voskou et al, 2015). Moreover, NTBI can enter specific 

cells, such as hepatocytes, cardiomyocytes, pancreatic β cells and BM cells, causing 

oxidative damage of DNA, proteins and lipids ultimately resulting in cell death (Coffey 
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& Ganz, 2018). Observational studies conducted in non-transfused vs regularly transfused 

patients showed that both primary and secondary IO mainly affect the liver leading to 

higher liver iron concentration (LIC), but only secondary IO involves cardiac iron loading 

(Taher et al, 2010) (Fig. 16A, B).  

  A                B 

 

 
 
Figure 16. Tissue IO in BThal. A) Perl’s staining of the liver of BThal patient. Black arrow 

indicates iron deposit in blue (From Origa et al, 2007). B) Perl’s staining of BM aspirates of 

BThal patient (From Ali M., 2020). 

 

Iron accumulation in different organs gives rise to different clinical complications: IO in 

the liver results in fibrosis, cirrhosis, that can lead to hepatocellular carcinoma, whereas 

cardiac IO causes cardiac siderosis, which is at the origin of arrythmias and heart failure. 

Moreover, endocrine dysfunction, such as hypogonadism, hypothyroidism and 

hypoparathyroidism, bone diseases and BM alterations can be the result of IO (Taher & 

Saliba, 2017). IO in the BM generates excess ROS, which impair the proliferation and 

differentiation of stromal cells (Crippa et al, 2019). Moreover, IO might affect 

hematopoietic stem cells (HSCs) but nothing is known in BThal (Chai et al., 2015; Muto 

et al., 2017). The quantification of IO historically relied on the analysis of serum ferritin 

levels and serum ferritin levels ≥800/1000 ng/ml are associated with clinically relevant 

IO. However, serum ferritin levels vary in response to inflammation and other stress 

conditions, thus limiting its reliability for the analysis of IO. On the contrary, magnetic 

resonance imaging (MRI) is an international reproducible technique for the non-invasive 

quantification of LIC and cardiac iron concentrations. LIC ≥5 mg/g indicates increased 

risk for morbidities linked to IO (Taher & Saliba, 2017). 
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3.2 – Murine models of BThal  

    The murine adult hemoglobin is a tetramer formed by two α-globin chains and two 

β-globin chains. Unlike humans, two β-globin genes, b1 (βmajor) and b2 (βminor) are 

expressed and the α2β2
major constitute 80% of murine hemoglobin, whereas α2β2

minor only 

20% (Whitelaw et al, 1990). 

Several mouse models recapitulating the main features of BThal have been exploited 

(Casu et al, 2020; McColl & Vadolas, 2016; Shehee et al, 1993; Skow et al, 1983). 

Among them, Hbbth3/+ (th3) mice lacking both βmajor and βminor genes, show a more severe 

phenotype but they don’t require blood transfusions to survive. While homozygous die 

perinatally, heterozygous th3 mice display IE and anemia with dramatically reduced RBC 

counts, hemoglobin and hematocrit, increased reticolocytes and extramedullary 

hematopoiesis (Yang et al, 1995). In addition, they have bone abnormalities, including 

osteoporosis (Vogiatzi et al, 2010), and increased risk of thrombotic events reminiscent 

of those in humans (Kalish et al, 2015). Finally, th3 mice exhibit high ERFE production 

and subsequent decreased expression of hepcidin, resulting in iron accumulation 

especially in the spleen. Thus, th3 mice is a useful model to study primary IO (Yang et 

al., 1995). 

 

3.3 – Therapeutic options for BThal  

    The mainstay treatment for severe BThal consists in regular blood transfusions to 

suppress IE and increase Hb concentration, along with iron chelation therapies to reduce 

iron burden. BThal patients are categorized based on transfusion requirements into 

transfusion-dependent thalassemia (TDT) or non-transfusion-dependent thalassemia 

(NTDT). While TDT patients need transfusions to survive, NTDT patients can require 

transfusions occasionally but not for their entire lifetime (Taher et al., 2018). Recently, 

new therapeutic agents that ameliorate anemia and IO have been proposed (Cappellini et 

al, 2020). However, the only curative options are allogeneic HSC transplantation (HSCT) 

or autologous transplantation of genetically corrected cells upon gene therapy (Caocci et 

al, 2017; Lidonnici & Ferrari, 2018).  
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3.3.1 – Iron chelation therapy  

Iron chelation therapy (ICT) counteracts excess iron loading from the diet and from 

blood transfusions, thus limiting downstream pathophysiological complications.  

Three iron chelators, used alone or in combination, have been approved by regulatory 

agencies for ICT: deferoxamine (DFO), deferiprone (DFP) and deferasirox (DFX), that 

differ for administration route, targeted organs, efficacy and safety. ICT is still an organ-

based approach: DFX monotherapy or in combination with DFO is the strategy of choice 

for TDT patients with severe cardiac and hepatic IO, whereas DFP monotherapy or in 

combination with DFO is recommended for TDT patients with lower hepatic iron burden 

(Taher & Saliba, 2017). Therefore, adequate quantification of IO before ICT is required 

to appropriately determine chelation regimen and continuous monitoring of iron levels 

during ICT is necessary for proper dose adjustment avoiding overchelation. In addition, 

adherence to treatments is essential for successful ICT.  

Although ICT improved patient survival, BThal patients still display IO and related 

complications (Angelucci & Pilo, 2016). Moreover, iron chelators show several side 

effects, including bone defects, renal dysfunction and hepatic failure (Kattamis et al., 

2022). Therefore, a better understanding of systemic and intracellular iron regulation in 

BThal will improve current ICTs and ameliorate patients’ quality life.  

 

3.3.2 – Strategies to improve anemia and IO 

Novel pharmacological agents can reduce IE and ameliorate anemia. Among them, 

two twin molecules Luspatercept and Sotatercept bind to TGFb and promote erythroid 

maturation. Luspatercept has been reported to reduce of at least 33% blood transfusion 

requirements in 21% of TDT patients and induce transfusion independence in 11% of 

TDT patients (Cappellini et al., 2020). Mitapivat, a pyruvate kinase (PK) activator, was 

found to ameliorate IE and anemia by enhancing the metabolism of RBCs in th3 mice 

(Matte et al., 2021).  

Strategies aimed to increase hepcidin levels have shown beneficial effects on IE in 

preclinical and clinical studies. As first proof of principle, the upregulation of hepcidin 

mediated by TMPRSS6 deletion was reported to normalize serum iron concentration 

(SIC) and LIC, and increase Hb (Nai et al, 2012). Then,39inihepcidinss, small peptides 

that act as the endogenous hepcidin, suppressing intestinal iron absorption and iron 
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release from the stores, were shown to reduce IO and improve IE and anemia in th3 mice 

(Casu et al, 2016).  

Moreover, the oral ferroportin inhibitor Vamifeport (VIT-2763) ameliorates IE and 

anemia in th3 mice (Nyffenegger et al, 2021) and reduces serum iron and transferrin 

saturation in NTDT patients (Taher, 2022).  

 

3.3.3 – Allogeneic hematopoietic stem cell transplantation and gene therapy 

The only definitive cure for BThal patients consists in the replacement of impaired 

RBCs with those differentiating from normal donor HSCs after HSCT.  

Allogeneic HSCT requires HLA-matched donor and children transplanted from HLA-

matched sibling donor show a disease-free survival exceeding 80% (Angelucci et al, 

2014). However, only few patients have HLA-matched siblings and alternative donors 

for HSCT can be HLA-matched unrelated donor or haploidentical but in both contexts 

overall survival of transplanted patients is lower due to high risk of graft failure and graft-

versus-host-disease (GVHD) (Lucarelli et al, 2012). Moreover, positive outcome of 

HSCT correlates with patient age, thus, according to current guidelines allogeneic HSCT 

is recommended for patients younger than 14 years old and with a suitable HLA-matched 

donor.  

Autologous HSCT after gene therapy is a promising therapeutic strategy feasible for a 

large number of patients, including those lacking an HLA-matched donor (Lidonnici & 

Ferrari, 2018). Autologous hematopoietic stem and progenitor cells (HSPCs) are 

collected through leukapheresis or BM aspirates, enriched for CD34+ cells and genetically 

modified by gene addition, using lentiviral vectors expressing β-globin or fetal Hb gene 

under the control of globin transcriptional regulatory elements, or gene editing 

approaches. Once corrected, HSPCs are subjected to quality control tests and then 

reinfused into patients directly after manipulations or after cryopreservation and thawing. 

Before transplantation, patients are treated with chemotherapy to deplete endogenous 

HSPCs and favour the engraftment of corrected cells (Ferrari et al, 2021) (Fig. 17). 
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Figure 17. Gene therapy for BThal. Stepwise procedure of gene therapy: 1) autologous HSPC 

collection, 2) CD34+ enrichment, 3) gene therapy by gene addition using viral vectors or gene 

editing, 4) quality control tests, 5) transplantation of corrected cells (Modified from Ferrari et 

al., 2021). 

 

In the first clinical trial for BThal, TDT patients were infused with autologous HSPCs 

transduced with BB305 lentiviral vector encoding for a β-globin transgene with anti-

sickling properties (HbAT87Q). 80% of non-β0β0 patients and 38% of β0β0 patients 

achieved transfusion independence and the remaining patients reduced the number of 

transfusions (Thompson et al, 2018). 

Moreover, in TIGET-BTHAL clinical trial, nine TDT patients, three adults and six 

children, were treated with intrabone administration of autologous HSPCs transduced 

with the lentiviral vector GLOBE encoding for β-globin gene under the control of a 

minimal locus control region (LCR) (Marktel et al, 2019; Miccio et al, 2008). Adult 

patients displayed reduced transfusion requirements and three out of four evaluable 

children reached transfusion independence (Marktel et al., 2019).  

Gene editing directly corrects genetic mutations or destroys specific DNA sequences 

by using nucleases, such as zinc finger nucleases (ZFNs) and clustered regularly 

interspaced short palindromic repeat (CRISPR)-associated nuclease Cas9. Recently, gene 
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editing approaches for BThal have been developed to target BCL11A gene in order to 

restore the expression of fetal Hb, thus increasing Hb concentrations and ameliorating 

anemia (Antoniani et al, 2018; Locatelli F., 2022).  

In both allogeneic and autologous transplantation setting, the transplanted HSPCs and the 

recipient BM microenvironment are central elements for a successful outcome. Thus, a 

deep understanding of the status of HSCs and BM niche and the factors that affect them 

is essential to improve the success of HSCT for BThal patients.    

 

4 – BThal HSC and BM niche  

In the allogeneic HSCT the host BThal niche could reduce the engraftment of the 

normal donor HSPCs, whereas in the autologous setting, both the donor HSPCs and the 

BM niche are altered and can compromise the clinical outcome. Although HSCs and the 

BM microenvironment play a central role in the therapeutic success of HSCT, they are 

still poorly investigated in BThal. Little is known about how chronic hemolysis and IE, 

and subsequent stress signals, such as iron, ROS and inflammatory cytokines, alter the 

BM niche and HSC pool.  

Recent studies have shown BThal HSC dysfunction due to the prolonged persistence 

into an impaired BM niche in th3 mice (Aprile et al, 2020). Alterations of BM cell 

populations, such as stromal cells (Crippa et al., 2019), and accumulation of toxic 

molecules, including iron and ROS, can negatively affect BThal HSCs. 

 

4.1 – HSCs 

    Recently, Aprile et al. reported for the first time an impaired BThal HSC function 

using th3 mouse model recapitulating severe BThal intermedia (Aprile et al., 2020). The 

authors analysed the most primitive HSCs defined with SLAM family markers as Lin-, 

cKit+, Sca1+ CD48- CD150+ (Oguro et al., 2013) and they found a reduced absolute 

number of HSCs in th3 mice as compared to wt. Moreover, th3 HSCs have decreased 

quiescence and are more actively cycling, as shown by increased % of HSCs in S and 

G2/M phase at the expense of G0 phase, and significant lower frequency of label-

retaining cells in th3 mice. These data were further confirmed by RNAseq analyses 

performed on sorted th3 HSCs, revealing a positive enrichment of  “cell cycle G1/S phase 
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transition” category, and reduced expression of stemness genes, including Cdkn1c, 

Runx1l1, Fgd5 and Hes1. In line with increased cell proliferation, th3 HSCs accumulate 

DNA damages.  

To evaluate HSC function, the authors performed in vitro serial replating assay and 

key transplant experiments. In particular, primary transplantation of an equal number of 

wt and th3 HSCs into th3 mice revealed a competitive disadvantage of th3 HSCs as 

compared to the wt grafted counterpart, which was further worsen after secondary 

transplantation, thus indicating reduced repopulating ability and self-renewal. However, 

the th3 HSC defects were restored upon transplantation into wt recipients.  

Overall, these results suggest that BThal HSC dysfunction is not intrinsic but it’s caused 

by an altered BM niche. Consistently, Gene Set Enrichment Analysis (GSEA) on RNAseq 

data revealed a significant enrichment of genes associated with cellular responses to stress 

in the th3 HSC transcriptome profile, thus indicating that stress signals in the BThal BM 

niche alter HSC function.  

Interestingly, the defects in HSC frequency and cell cycle are absent in newborn 

animals, whereas they appear around 4-weeks of age and get worse in adult mice, thus 

HSC dysfunction derives from the prolonged residence in impaired BM niche, which is 

progressively worsened by disease progression. 

Of note, no differences in the frequency of th3 MMPs and more committed progenitors 

were reported, which could imply a different behaviour between HSCs and progenitors 

in BThal niche that requires further investigations. 

In line with the findings in the murine model, TDT patients have increased frequency 

of CD34+CD38- primitive HSPCs in the S/G2/M phase of the cell cycle as compared to 

healthy donors. Moreover, TDT CD34+ display higher response to stress stimuli, 

including oxidative stress and DNA damage, and reduced expression of key stemness 

genes (Aprile et al., 2020; Lidonnici M.R., 2021), thus suggesting that also TDT HSPCs 

are exposed to a stressed BM niche.  

Overall, these studies point out the active role of BM niche in regulating HSC fitness. 

Moreover, the reversibility of th3 HSC dysfunction by interaction with a healthy BM 

niche prompt a deeper investigation of the cell populations and stress factors in BThal 

BM niche to ameliorate current HSCT protocols for BThal patients.   
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4.2 – Stromal cells 

    Bone abnormalities, such as enlargement of cranial and facial bones, spontaneous 

fractures and bone loss, are common features of BThal patients (Voskaridou & Terpos, 

2004). Also th3 mice exhibit reduced bone volume and number of trabeculae, and 

increased bone fragility (Vogiatzi et al., 2010). The causes of bone disease are 

controversial and include endocrinopathies, BM expansion and IO. Recently, Aprile et al. 

showed that the low bone mass in th3 mice is caused by decreased levels of circulating 

hormone PTH, which was already reported low in BThal patients (Angelopoulos et al, 

2006; Aprile et al., 2020). PTH is a key regulator of bone metabolism and HSC 

maintenance through Notch signaling (Calvi et al., 2003). Moreover, it directly acts on 

MSCs by priming them towards OB lineage (Fan et al, 2017). Low PTH levels in th3 

mice reduce OB activity and inhibit their secretion of the Notch ligand JAG1 and OPN, 

both critical regulators of HSC function, thus causing th3 HSC defects (Aprile et al., 

2020). In vivo administration of PTH to th3 mice rescues bone defects, as shown by 

increased bone mineral density (BMD), enhances the expression of JAG1 and OPN by 

stromal cells, ultimately resulting in the rescue of th3 HSC frequency and quiescence, and 

amelioration, but not complete normalization, of repopulating ability.  

Also, th3 MSCs have reduced frequency and JAG1 secretion due to decreased PTH 

levels (Aprile et al., 2020). These data were corroborated also by findings in patients’ 

samples (Crippa et al., 2019). 

Overall, these findings indicate that oBs and MSCs are impaired and defective 

crosstalk between HSCs and stromal cells alters HSC function in BThal. Correction of 

HSC-stromal niche crosstalk improves HSC function in th3 mice, paving the way towards 

novel strategies aimed to correct BM niche to preserve HSC function. However, lack of 

a complete restoration to normal levels of th3 HSC repopulating ability upon PTH 

treatment suggests that in the complex BThal BM niche other cellular and molecular 

factors might be involved in regulating HSCs.  

 

 4.3 – The role of IO in BThal BM niche 

IO, caused by IE and therapeutic blood transfusions, is a hallmark of BThal 

pathophysiology. Clinical reports revealed that the iron burden before and after transplant 
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affects the outcome of HSCT, thus adequate management of IO is required to ameliorate 

BThal BM niche and improve HSC function (Pilo & Angelucci, 2019). Upon 

transplantation with HLA-matched related donor cells, higher mortality was reported in 

BThal pediatric patients with extensive hepatic siderosis as compared to patients with 

lower liver damage (Lucarelli et al, 1996), thus suggesting that transplant outcome is 

influenced by the quality of chelation that patients received before transplant. Serum 

ferritin normalizes after HSCT only in few patients with limited iron burden before 

transplant but the vast majority of patients still display IO and require ICT (Angelucci & 

Pilo, 2016). Therefore, a deep understanding of the role of iron in BThal BM niche and 

HSCs is pivotal for a successful therapeutic outcome. 

IO damages the most primitive CD146+ CD271+ MSCs in BThal patients. Recently, 

Crippa et al. reported that BThal MSCs uptake and accumulate excess iron, as shown by 

direct evaluation of intracellular iron content by Perl’s staining, and upregulation of iron 

transporters, including TFR1, and ferritin upon in vitro iron administration (Crippa et al., 

2019). IO generates oxidative stress, thus reducing the frequency and the proliferation of 

BThal MSCs and impairing their differentiation. Given the crucial role of MSCs in 

preserving HSC function and stemness, the authors investigated whether IO negatively 

affects the crosstalk between MSCs and HSCs, thus impairing HSCs. Interestingly, BThal 

MSCs exhibit reduced expression of key hematopoietic supportive factors, such as SCF, 

CXCL12 and ANGPT1, and fail to expand HSCs in transwell migration assay and 2D co-

culture experiments. To test BThal MSC function in vivo, they were co-transplanted 

together with healthy HSPCs into immunodeficient mice and the reduced engraftment 

suggests that BThal MSCs fail to sustain HSCs. Moreover, BThal MSCs are less efficient 

in generating a proper niche in vivo. Indeed, transplantation of a humanized ossicle, 

consisting in gelatin scaffold pre-seeded with BThal MSCs, healthy ECs and HSPCs, into 

immunodeficient mice showed reduced number of hematopoietic cells and a delay in the 

formation of bone and vessels as compared to ossicles containing healthy MSCs. Of note, 

treatment with iron chelation in presence of iron reduced the expression of iron 

transporters and restored the HSC-MSC niche crosstalk. 

Overall, these data suggest that IO impairs BThal MSCs, thus negatively impacting on 

HSCs.  
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IO can indirectly affect HSCs by altering other BM niche populations, such as 

osteolineage cells but little is known about how iron damages these cells in BThal (Terpos 

& Voskaridou, 2010). Moreover, IO might induce vascular inflammation with increased 

expression of pro-inflammatory cytokines and enhanced adhesion of RBCs, leukocytes 

and platelets to the endothelium, thus causing BThal EC dysfunction and favouring 

thrombotic events (Voskou et al., 2015; Gursel et al, 2018). 

Finally, recent studies have shown that free iron in SCD anemia can induce Ms 

switching towards M1 phenotype (Vinchi et al, 2016), which was reported to reduce HSC 

self-renewal, thus proposing a link between IO-Ms-HSCs also in BThal. 

However, we cannot exclude a direct impact of IO on HSCs. HSCs can uptake and 

store iron and intracellular IO impairs their repopulating ability and self-renewal through 

ROS production (Muto et al., 2017). Increased ROS levels drive HSC differentiation, 

whereas excessive ROS destroy cell components culminating in cell death. Nevertheless, 

the direct effect of IO and the resulting ROS on BThal HSCs is still unexplored (Zhou et 

al, 2022). 

Overall, these findings highlight multi-factorial alterations in BThal BM niche, in 

which hormonal factors, such as PTH, cytokines and stress signals, including iron, ROS 

and inflammatory molecules, secondary to the primary genetic defect, damage HSCs 

directly or indirectly through other BM cell populations. Identification of key cellular and 

molecular players will help to improve HSC transplantation and gene therapy approaches 

for BThal (Fig. 18). 

 

Figure 18. BThal BM niche. BThal HSC function is impaired due to the chronic persistence into 

an altered BM niche. Several BM niche populations, such as oBs, MSCs, MKs and Ms, are 

impaired and toxic molecules, including iron, ROS and inflammatory cytokines, accumulates in 

BThal BM niche, potentially causing HSC functional decline (Modified from Aprile et al., 2022). 
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AIM OF THE WORK 

 

Cellular metabolism is a key regulator of HSC maintenance and HSCs adapt their 

metabolic state to signals in the BM niche. The presence of ROS at physiological levels 

drives HSC proliferation and differentiation by enhancing glycolysis and OXPHOS, but 

when in excess ROS damage cellular components ultimately resulting in cell death. Iron 

is an important source of ROS within the cell and recent evidence highlighted its role in 

regulating HSC self-renewal and differentiation. However, the effects of iron on HSC 

metabolism are still unexplored.  

Our previous studies revealed an impaired function and activated transcriptional 

responses to stress in HSCs from thalassemic th3 mice, characterized by systemic and 

chronic IO. Moreover, we found a positive enrichment of genes involved in metabolic 

processes in th3 HSC transcriptome profile. We also reported that IO impairs BM 

mesenchymal stromal cells in BThal patients. However, there is no evidence of the direct 

effect of IO on HSCs in BThal. 

The proposal of this project is to gain new insight about the role of iron on HSC biology 

and to investigate which metabolic pathways are triggered by intracellular iron levels. 

Understanding the metabolic programs induced by iron might be crucial to identify novel 

therapeutic target for hematological disorders with impaired iron homeostasis.  

To this aim, we investigated intracellular iron content and resulting ROS accumulation, 

mitochondrial activity and metabolism of HSCs in th3 mice and, as proof-of-concept in 

normal mice treated with different regimens of iron. Finally, to explore the feasibility of 

correction strategies in BThal, we evaluated the restoration of th3 HSC frequency and 

quiescence after the targeting of dysregulated mechanisms.  
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RESULTS 

 

1 – HSCs display intracellular and mitochondrial iron overload in th3 mice  

Previous studies from our group showed impaired function of BThal HSCs due to 

prolonged exposure to stress signals in the BM niche (Aprile et al., 2020). Among them, 

IO was reported to alter BM MSCs in BThal patients (Crippa et al., 2019) but its impact 

on HSCs is still unknown. We hypothesized that accumulation of iron might directly 

affect HSC function.  

To explore the effects of IO and iron regulation in BThal HSCs, we performed RNA-

sequencing (RNAseq) analysis of HSCs from th3 mice, that recapitulate the major 

features of severe BThal intermedia, including IO (Yang et al, 1995). Lineage negative 

cells (Lin-), enriched in hematopoietic stem and progenitor cells, were immunoselected 

and HSCs were purified from Lin- cells using FACS-based methods. HSCs were 

phenotypically defined as SLAM HSCs: Lin-, cKit+, Sca1+ CD150+ CD48- cells (Kiel et 

al, 2005; Oguro et al., 2013) Fig. 1A). From pools of 3 mice each we obtained around 

5000 SLAM HSCs. Analysis of differentially expressed genes (DEG) by DeSEQ 

Software revealed a statistically significant enrichment of genes involved in iron transport 

and homeostasis in th3 SLAM HSCs (Fig. 1B). Among them, transferrin receptor 1 (Tfrc), 

ferritin (Fth1, Ftl1), Steap3, and ferroportin (Slc40a1) are upregulated (Fig. 1C), thus 

suggesting abnormal iron homeostasis. Moreover, the positive enrichment of genes 

encoding enzymes involved in heme synthesis, such as Hmbs, Alad, Cpox and Fech (Fig. 

1B) could indicate increased heme production, a mechanism that might result from 

increased intracellular iron accumulation (Poli et al, 2021). Thus, we hypothesized that 

altered iron homeostasis might be involved in th3 SLAM HSC dysfunction. 
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Figure 1. Upregulation of iron homeostasis genes in th3 HSCs. (A) Gating strategy of HSCs 

based on SLAM expression in LSK fraction from adult th3 and age-matched wt mice. (B) Analysis 

of Differentially expressed genes (DEG) by DESeq software reveals the upregulation of iron 

transport and iron homeostasis genes in th3 SLAM HSCs compared to wt (wt, n=3 pools; th3, 
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n=4 pools). (C) Fold change (FC) and FDR of iron transport and homeostasis genes among DEG 

between wt and th3 SLAM HSCs (wt, n=3 pools; th3, n=4 pools).  

 

Iron enters the cell in the form of ferric ion (Fe3+) bound to the transferrin receptor 1 

by receptor-mediated endocytosis. Once in the endosome, Fe3+ is released from the 

complex and is reduced to ferrous iron (Fe2+), which, in turn, enters the transient cytosolic 

labile iron pool (LIP), available for immediate cellular use. LIP is involved in cellular 

processes such as DNA synthesis and repair and cell cycling. In contrast, excess Fe2+ is 

exported by ferroportin or converted to Fe3+ and stored in ferritin (Gao et al, 2019). To 

directly measure the intracellular content of iron in HSCs, we stained Lin- cells with the 

iron-sensitive fluorophore calcein acetoxymethyl ester (calcein-AM), the fluorescence of 

which is quenched on binding to free metabolically active Fe2+ in the cytoplasm (Kakhlon 

& Cabantchik, 2002). The median fluorescent intensity (MFI) of calcein-AM was 

significantly lower in th3 SLAM HSCs as compared to wt controls, thus indicating an 

increased intracellular iron aboundance of almost 2-fold (Fig. 2A).  

As control, we evaluated iron content in macrophages identified by the expression of 

F4/80 surface marker. F4/80+ macrophages control and maintain iron homeostasis by 

mediating the erythrophagocytosis of damaged or senescent erythrocytes mainly in the 

spleen but also in the BM (Korolnek & Hamza, 2015). As expected, th3 splenic F4/80+ 

macrophages accumulated more iron than the wt counterparts, whereas no differences 

were found between th3 and wt F4/80+ macrophages derived from BM.  When we 

compared in wt mice the intracellular iron content of SLAM HSCs to that of splenic and 

BM F4/80+ macrophages isolated from the same mouse, we found a higher calcein-AM 

MFI, indicating a lower intracellular iron content in SLAM HSCs. However, th3 SLAM 

HSCs displayed intracellular iron content similar to those of wt F4/80+ macrophages that 

are normally involved in iron phagocytosis (Fig. 2B).  
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Figure 2. Intracellular iron accumulation in th3 HSCs and macrophages. (A) Quantification of 

intracellular iron content in th3 and wt SLAM HSCs by flow cytometry. Representative flow 

cytometry histogram and Mean Fluorescence Intensity (MFI) of calcein-am is reported. On the 

right data are expressed as fold increase to wt (wt, n=9; th3, n=9). (B) Quantification of 

intracellular iron content in splenic F4/80+ macrophages, BM F4/80 + macrophages and SLAM 

HSCs from th3 and wt mice. MFI of calcein-am is reported, on the right data are expressed as 

fold increase to wt (wt, n=3; th3, n=3).  

Mann-Whitney test: ****, p<0.0001. 

 

 

The increased iron phagocytosis by th3 splenic F4/80+ macrophages confirmed the role 

of the spleen as the major organ involved in storage of iron in excess in th3 mice. By 

contrast, the absence of differences in terms of intracellular iron content between th3 and 

wt BM F4/80+ macrophages could indicate lack of excess iron in th3 BM. Nevertheless, 

the upregulation of Tfrc (Fig. 1B-C), the only identified iron importer, suggest that th3 

HSCs can uptake iron from the microenvironment. Thus, the data in F4/80+ BM 

macrophages seem to be related to the ability of calcein-AM dye to detect minimal 

variations of intracellular iron content. 

Thus, we wondered whether other molecular mechanisms could contribute to 

intracellular IO in th3 HSCs. Heme, an iron-containing porphyrin, constitutes 95% of the 

total iron in humans and heme degradation mediated by heme oxygenase 1 (Hmox1) 

releases iron in the cellular cytoplasm (Donegan et al, 2019). Hmox1-mediated heme-iron 
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recycling has been reported to worsen th3 phenotype and inhibition of Hmox1 ameliorates 

anemia and reduces liver IO in th3 mice (Garcia-Santos et al, 2018). However, the effects 

of heme-iron recycling in HSCs have not been investigated so far. Our RNAseq and 

Droplet digital PCR (ddPCR) analyses revealed an upregulation of Hmox1 in th3 SLAM 

HSCs (Fig. 3A-B), thus suggesting an involvement of Hmox1-mediated heme degradation 

in intracellular IO. 

 

 

Figure 3. Upregulation of Hmox1 in th3 HSCs. Expression levels of Hmox1 in wt and th3 SLAM 

HSCs. (A) RNAseq normalized expression on Hprt housekeeping gene (wt, n=3 pools; th3, n=4 

pools). (B) ddPCR analysis using Hprt as housekeeping gene (wt, n=4 pools; th3, n=6 pools).  

Mann-Whitney test: *, p<0.05. 

 

Since mitochondria are major hubs for iron storage and utilization, we wondered 

whether mitochondria in th3 HSCs accumulate iron. To test this, we stained Lin- cells 

with mito-FerroGreen, a fluorescent probe that selectively detects mitochondrial free 

Fe2+, constituting the mitochondrial iron pool (Hirayama et al, 2018). Mito-FerroGreen 

contains a mitochondria-targeted group that drives its entry into the organelle. Once in 

the mitochondria, it reacts with free Fe2+ and exhibits green fluorescence. Interestingly, 

we found a significant higher % of Mito-FerroGreen+ SLAM HSCs and MFI of Mito-

FerroGreen in th3 mice, thus suggesting increased Fe2+ content in mitochondria (Fig. 4).  
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Figure 4. Iron accumulation in mitochondria in th3 HSCs. Quantification of iron content in 

mitochondria in th3 and wt SLAM HSCs by flow cytometry. Representative flow cytometry 

histogram and MFI of Mito-FerroGreen dye is reported. Data are expressed relative to wt (wt, 

n=7; th3, n=7).   

Mann-Whitney test: *, p<0.05. 

 

 

Collectively, these data indicate for the first time intracellular and mitochondrial IO in 

th3 SLAM HSCs. 

 

2 – HSCs have dysfunctional mitochondria in th3 mice 

Mitochondrial iron is mainly utilized in heme synthesis and iron-sulfur cluster 

biogenesis, and also some of the ETC complexes contain iron. Thus, iron level 

perturbations can negatively impact mitochondrial health and function (Dixon et al., 

2012; Moroishi et al., 2011).  However, the link between iron and mitochondria in HSCs 

is still missing. Given the increased mitochondrial iron content, we hypothesized an 

impairment in mitochondrial fitness in th3 HSCs.  

To address this possibility, we first examined the expression of genes involved in 

mitochondrial processes. Mitochondria are dynamic organelles and mitochondrial 

function is regulated by cycles of biogenesis, fission, fusion and degradation through 

mitophagy, which in concert constantly participate in the remodelling of the 

mitochondrial network (Chan, 2012). RNAseq normalized expression, as Unique 

Molecular Identifier (UMI) counts normalized to Hprt housekeeping gene, revealed the 

downregulation of mitochondria related genes in th3 SLAM HSCs. UMI are short 
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sequences used to uniquely tag each transcript during library preparation before cDNA 

amplification, in order to filter out duplicate reads and PCR errors with a high level of 

accuracy and report unique reads (Sena et al, 2018). We found a reduced expression of 

Tfam and Tfb1m, the major regulators of mitochondrial biogenesis (Fig. 5A), along with 

the downregulation of key players of mitophagy (Fig. 5B), such as Ulk1, Optn, Gabarapl1 

and Map1lc3b. Collectively, these data suggest a reduced biogenesis of new mitochondria 

and the accumulation of damaged mitochondria in th3 HSCs. Moreover, we reported a 

reduced expression of genes involved in mitochondrial fission, including the cytosolic 

initiator Dynamin-related protein 1 (Drp1) and fission mediators, such as Mff, Fis1 and 

Mief1. (Fig. 5C).  Of note, a reduced mitochondrial fission has already been linked to 

impaired mitochondria function in normal HSCs (Hinge et al., 2020). Thus, altered 

mitochondrial dynamics might be responsible for impaired mitochondrial activity of th3 

HSCs.  
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Figure 5. Downregulation of mitochondrial dynamic genes in th3 HSCs. (A) RNAseq 

normalized expression to Hprt housekeeping gene of Tfam, Tfb1m in SLAM HSCs from wt and 

th3 mice (wt, n=3 pools; th3, n=4 pools). (B) RNAseq normalized expression to Hprt 

housekeeping gene of key mitophagy players in SLAM HSCs from wt and th3 mice (wt, n=3 pools; 

th3, n=4 pools). (C) RNAseq normalized expression to Hprt housekeeping gene of mitochondrial 
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fission genes Drp1, Mief2, Mief1, Mff and Fis1 in SLAM HSCs from wt and th3 mice (wt, n=3 

pools; th3, n=4 pools). 

Mann-Whitney test: **, p<0.01; *, p<0.05. 

 

To evaluate if these transcriptional alterations result in changes of the network of 

mitochondria in th3 HSCs, we analysed mitochondrial mass by flow cytometry after 

staining Lin- cells with Mitotracker-green (MTG) dye. MTG selectively accumulates in 

the mitochondrial matrix, regardless of mitochondrial activity (Presley et al, 2003). We 

reported a lower total MFI of MTG in th3 SLAM HSCs due to reduced frequency and 

MFI in MTGhigh HSCs, thus suggesting reduced mitochondrial mass (Fig. 6A). 

Since the reduced mitochondrial mass could be due to reduced number of mitochondria 

and/or their size, we analysed mitochondria by transmission electron microscopy (TEM). 

TEM analysis usually requires millions of cells, making it challenging to be applied to 

rare cell populations, such as HSCs. For this reason, we used a specific approach for 

sample preparation for TEM studies (Kumar & Filippi, 2016). We processed pellet of 

sorted SLAM HSCs from 3 pool of age and sex-matched wt mice and 2 pool of age and 

sex-matched th3 mice. Interestingly, we found an equal number per cell but a reduced 

size of mitochondria in th3 SLAM HSCs (Fig. 6B).  
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Figure 6. Reduced mitochondrial size in th3 HSCs. (A) Quantification of mitochondrial mass in 

th3 and wt SLAM HSCs by flow cytometry. Representative flow cytometry histogram and total 

MFI of MTG, % MTGhigh HSC and MFI in MTGhigh HSC are reported (wt, n=25; th3, n=23). (B) 

Left: representative electron micrographs of wt and th3 SLAM HSCs, a magnified view of the cell 

area highlighted in blue is shown on the bottom. Scale bar, 500 nm.; Right: quantification of 

number and size of mitochondria in th3 and wt SLAM HSCs; n indicates cell numbers and 

mitochondria numbers, respectively.  

Mann-Whitney test: ****, p<0.0001; **, p<0.01; *, p<0.05. 

 

 

Given the defect in size, we asked whether mitochondria in th3 HSCs were functional. 

Mitochondrial activity in SLAM HSCs was measured using the cationic fluorescent probe 

tetramethylrhodamine ethyl ester (TMRE). TMRE accumulates in the mitochondrial 

matrix in proportion to the MMP,  the electrical gradient between the negatively charged 

mitochondrial matrix and the positively charged intermembrane space, as the result of the    

ETC activity and ion concentration (Perry et al., 2011). Thus, MMP is a widely 

recognised measure of mitochondrial function. We found reduced TMRE total MFI, one-

half of that in wt, and lower % of TMRE+ th3 SLAM HSCs, indicating that mitochondria 

were less active (Fig. 7A). To confirm TMRE responsiveness to MMP in our 

experimental setting, we treated in parallel Lin- cells with FCCP, that disrupts MMP, after 

TMRE staining. FCCP depolarized mitochondria to the same extent in wt and th3 HSCs 

thus indicating that differences in TMRE fluorescence reflected differences in MPP (Fig. 

7B). 
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We categorised HSCs based on TMRE intensity as MMPhigh and MMPlow by setting two 

markers at the side of the MFI, while allowing for a gap between high and low that spans 

at least 15% of each sample, as already published (Liang et al., 2020; Mansell et al., 

2021). Based on this, most of SLAM HSCs in wt mice were classified as MMPhigh. In 

contrast, only 10% of SLAM HSCs in th3 mice were classified as MMPhigh, thus 

suggesting a high fraction of HSCs with low mitochondrial activity (Fig. 7C). Notably, 

our data of TMRE distribution in wt HSCs are in line with previous works showing 55-

75% of SLAM HSCs as MMPhigh in wt mice (Liang et al., 2020; Mansell et al., 2021).  

To check if the reduced mitochondrial activity was a bias of the reduced mitochondrial 

mass, we also normalized mitochondrial activity on mitochondrial mass. The 

TMRE/MTG ratio was reduced by 60% in th3 SLAM HSCs as compared to wt (Fig. 7D), 

thus indicating that mitochondria have reduced function, regardless their reduced size.  
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Figure 7. Reduced mitochondrial membrane potential in th3 HSCs. (A) Quantification of 

mitochondrial activity in th3 and wt SLAM HSCs by flow cytometry. Representative flow 

cytometry histogram and TMRE MFI (left) and % TMRE+ SLAM HSC (right) are reported (wt, 

n=6; th3, n=7). (B) Representative flow cytometry histogram (left) and MFI in TMRE+ HSCs 

(right) at basal level and after FCCP treatment are reported (wt, n=3; th3, n=3). (C) 

Classification of wt and th3 SLAM HSCs based on TMRE MFI as MMPhigh and MMPlow HSCs. % 

of cells is reported (wt, n=6; th3, n=7). (D) Normalization of mitochondrial activity on 

mitochondrial mass in th3 and wt SLAM HSCs by flow cytometry. TMRE/MTG ratio is reported, 

expressed as fold change to wt (wt, n=6; th3, n=7). 

Mann-Whitney test: ***, p<0.001; **, p<0.01; *, p<0.05. 

 

Overall, these data show mitochondrial dysfunction in th3 HSCs.  

 

3 – BThal HSCs rely on glycolysis for energy production 

Given the crucial role of mitochondria in cell metabolism (Spinelli & Haigis, 2018) 

and our results showing mitochondrial dysfunction, we next investigated th3 HSC 

metabolism. Glycolysis and mitochondrial OXPHOS generate energy in the form of ATP. 

While glycolysis is not an efficient energy-producing process because it generates only 

two ATP molecules per molecule of glucose, OXPHOS produces 36 ATP molecules upon 

complete oxidation of one glucose molecule. Since OXPHOS occurs in the mitochondrial 

matrix and IMM, it is dependent on the integrity of mitochondrial structure and function 

(Seyfried et al, 2020b; Stanga et al, 2020). Therefore, our results of reduced 

mitochondrial mass and function led us to hypothesize an altered metabolic state of th3 

HSCs.  

To verify this aspect, we first measured ATP levels on sorted SLAM HSCs by a 

luciferase-based luminescent assay. The luminescent signal released after the luciferin-
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luciferase reaction is directly proportional to the amount of intracellular ATP. We 

generated a standard curve with samples with known ATP concentrations ranging from 

1nM to 50nM and we firstly verified whether the assay was able to detect ATP in 500 wt 

HSCs. We used pools of wt progenitors, including primitive progenitors MPP and 

committed progenitors HPC-1 and HPC-2, as controls since they were reported to have 

higher ATP content as compared to HSCs (Takubo et al, 2013). The luminescence values 

corresponding to the ATP content in HSCs fall within the sensitive range of the assay, 

indicating that we were in the right experimental conditions to discriminate ATP 

variations between samples. Moreover, we confirmed higher ATP content in progenitors 

(Fig. 8A). We then analysed th3 SLAM HSCs and we found a low ATP content, which 

is one-half of that in wt (Fig. 8B), that might indicate a low-energy metabolism. 

To address the degree to which mitochondrial OXPHOS is involved in energy 

production, we analysed ATP levels on sorted SLAM HSCs after oligomycin 

administration. Oligomycin inhibits ATP synthase, the last complex of the ETC. Hence, 

the decrease in ATP content after oligomycin treatment reflects the ATP produced by 

mitochondrial OXPHOS (Fig. 8C). In line with mitochondrial dysfunction, inhibition of 

OXPHOS lowered the ATP content in wt cells but had a minor effect in th3 HSCs, thus 

indicating a reduced OXPHOS-dependent metabolism (Fig. 8D). Of note, only 21% of 

ATP was produced by OXPHOS in th3 HSCs versus 44% OXPHOS-derived ATP in wt 

HSCs (Fig. 8E), thus suggesting that th3 HSCs rely only to a small extent on OXPHOS 

for their energy production. Interestingly, the reduced OXPHOS-derived ATP mirrored 

the reduced frequency of MMPhigh HSCs in th3 mice (Fig. 8E, 7C). 
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Figure 8. Reduced OXPHOS in th3 HSCs. (A) Setting of ATP assay: on the left standard curve 

with known ATP concentrations in x and luminescence in y is reported, on the right luminescence 

output in 500 sorted wt SLAM HSC and 500 sorted progenitors from the same mice after 

incubation with CellTiter-Glo 2.0. (B) Luminescence output in 500 sorted th3 and wt SLAM HSCs 

after incubation with CellTiter-Glo 2.0. On the right data are expressed as fold change to wt (wt, 

n=8; th3, n=9). Mann-Whitney test: **, p<0.01. (C) Scheme showing the mechanism of action of 

oligomycin. Created with BioRender.com; (D) ATP content (nM) at basal level and after 

oligomycin treatment in 500 sorted th3 and wt SLAM HSCs. On the right data are expressed as 

fold change to untreated (wt, n=8; th3, n=9). Mann-Whitney test for wt vs th3: **, p<0.01; 

Wilcoxon test for untreated vs treated samples: *, p<0.05. (E) % of ATP produced by OXPHOS 

and glycolysis based on ATP assay after oligomycin. Mann-Whitney test: *, p<0.05. 

 

  

 Since OXPHOS and glycolysis are the two main metabolic pathways involved in 

cellular ATP generation, we next analysed glycolytic metabolism. Interestingly, our 

RNAseq data showed a positive enrichment of glycolytic genes, including the ones 

encoding glycolytic enzymes, such as triosephosphate isomerase (Tpi1), glyceraldehyde-

3-phosphate dehydrogenase (Gapdh) and pyruvate kinase (Pklr), in th3 SLAM HSCs 

(Fig. 9A). Notably, pyruvate kinase is a key rate-limiting enzyme of glycolysis, and its 

upregulation together with that of other glycolytic genes might suggest glycolysis-

dependent energy production. 

According to the “classical” model of HSC bioenergetics, quiescent HSCs have low 

mitochondrial activity because of preferential use of glycolysis over OXPHOS. On the 

contrary, differentiation requires high mitochondrial activity and OXPHOS for the 

generation of high ATP levels (Chandel et al, 2016). Given our previous published data 

showing a more active cycling profile of th3 HSCs (Aprile et al., 2020), these intriguing 

findings raised the possibility that glycolysis may more readily support active HSCs with 

mitochondrial dysfunction. This hypothesis would be in line with the latest studies by 
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Liang et al. showing that active HSCs display both high mitochondrial activity and high 

glycolysis (Liang et al., 2020). However, when there is a reduced mitochondrial function, 

as in th3 HSCs, glucose could be preferentially broken down during glycolysis to generate 

ATP.  

To test this hypothesis, we measured the glucose uptake by SLAM HSCs, using the 

fluorescent glucose analogue 2NBDG (2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-

2-deoxy-D-glucose) (Zou et al, 2005) under defined metabolic conditions (pyruvate, 

glucose and glutamine free medium). Th3 mice displayed the same frequency of 2NBDG+ 

HSCs but their HSCs uptake 1.4-fold more glucose as compared to wt, thus suggesting 

increased glycolytic flux (Fig. 9B). 

We then analyzed the intracellular lactate content, the end-product of glycolysis, in sorted 

SLAM HSCs by fluorometric assay. The fluorescent output released after the probe-

enzyme reaction is directly proportional to the amount of intracellular lactate. We found 

reduced intracellular levels of lactate in th3 SLAM HSCs (Fig. 9C). Once produced, 

lactate is rapidly exported by MCT family transporter (Halestrap & Price, 1999), thus our 

finding could indicate increased lactate extrusion in the extracellular space consequent to 

high glycolysis. 
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Figure 9. Glycolysis dependence of th3 HSCs. (A) Analysis of DEG by DESeq software reveals 

the upregulation of glycolytic genes in th3 SLAM HSCs compared to wt (wt, n=3 pools; th3, n=4 

pools). (B) Quantification of the fluorescent glucose analog 2NBDG uptake by SLAM HSCs from 

th3 and wt mice. Representative flow cytometry histogram and % 2NBDG+ HSC and MFI in 

2NBDG+ HSC are reported (wt, n=3; th3, n=3). (C) Quantification of intracellular lactate 

content using a commercial assay in 500 sorted th3 SLAM HSCs compared to wt (wt, n=6; th3, 

n=6).  

Mann-Whitney test: *, p<0.05. 

 

Collectively, these data suggest that th3 HSCs preferentially rely on glycolysis rather 

than OXPHOS for their energy demands, because of the mitochondrial defect and despite 

the higher cycling rate. This process could be similar to the Warburg effect reported in 

proliferating cancer cells, which switch to aerobic glycolysis (Vander Heiden et al, 2009). 

Under Warburg effect the conversion of glucose to lactate is faster than the complete 

oxidation of glucose in the mitochondria through OXPHOS so that cancer cells do not 

have lower ATP. However, the reduced ATP levels in th3 HSCs could indicate less 

efficient glycolysis as compared to wt HSCs (Fig. 8B).  
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4 – Oxidative stress impairs th3 HSC function by causing mitochondrial 

dysfunction  

ROS are representative of a heterogeneous chemical class that includes hydroxyl 

radicals (OH-) and superoxide anions (O2
-), as well as non-radical species such as 

hydrogen peroxide (H2O2) (Bigarella et al., 2014). When ROS are tightly regulated by 

antioxidant system under physiological conditions, they act as second messengers in 

several cellular functions, including cell growth, differentiation and survival. However, 

when ROS levels exceed the antioxidant enzyme system, an excessive accumulation of 

ROS occurs, leading to intracellular oxidative stress with protein, lipid and nucleotide 

damage. 

Since iron gives rise to ROS via the Fenton and Haber–Weiss reactions, we 

hypothesized that its toxicity on mitochondria is mediated by oxidative stress. To verify 

this hypothesis, we performed Gene Set Enrichment Analysis (GSEA) on our RNAseq 

data from sorted wt and th3 SLAM HSCs and we analysed antioxidant genes. We found 

a positive enrichment of antioxidant genes in the th3 HSC transcriptome profile, as shown 

by the GSEA enrichment plot (Fig. 10A). Catalase (Cat), peroxiredoxins (Prdx), 

thioredoxins (Txn), glutathione peroxidase (Gpx) and glutathione reductase (Gsr) 

represent the first line of defence against excess ROS and were all upregulated in th3 

SLAM HSCs. Moreover, the increased expression of Sod2, a mitochondria-restricted 

enzyme that is specifically induced when levels of ROS in the mitochondria fail to be 

neutralized (Pani et al, 2009), suggested accumulation of mitochondrial ROS (mtROS) 

in th3 HSCs (Fig. 10B).  
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Figure 10. Activation of antioxidant defence system in th3 HSCs. (A) GSEA enrichment plot of 

the antioxidant genes in cellular responses to stress category from the Reactome Pathway 

database, showing the profile of the running enrichment score and the positions of gene set 

members on the rank-ordered list. Enrichment in th3 HSCs vs wt HSCs is reported. (B) Heatmap 

for antioxidant genes in cellular responses to stress category in A. p-value=0.1. 

 

To further confirm these data, we stained Lin- cells with mitosox dye. MitoSOX™ has 

a mitochondria targeted group and, once in the mitochondria, it is oxidized by superoxide 

and exhibits fluorescence (Dikalov & Harrison, 2014). Despite the upregulation of 

antioxidant system, th3 SLAM HSCs had higher mtROS content than wt ones, as shown 

by the increased frequency of MitoSOX+ HSCs and the 2-fold higher MitoSOX MFI, thus 

resulting in an oxidative stress status (Fig. 11).  

 

 

Figure 11. Oxidative stress in th3 HSCs. Quantification of mitochondrial ROS (mtROS) in th3 

and wt SLAM HSCs by flow cytometry. Representative flow cytometry histogram and % 

MitoSOX+ HSC and MFI of MitoSOX are reported (wt, n=9; th3, n=10).  

Mann-Whitney test: **, p<0.01. 
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To functionally prove that IO-derived ROS cause mitochondrial dysfunction and to 

verify whether mitochondrial damage is reversible, we decreased mitochondrial ROS in 

vivo by the administration of the mitochondria-specific antioxidant MitoQ (Murphy & 

Smith, 2007). We treated th3 mice by intraperitoneal injection of 2mg/kg MitoQ for 5 

days (Fig. 12A).  MitoQ treatment efficiently reduced mtROS to wt levels and enhanced 

MMP in th3 SLAM HSCs (Fig. 12B-C), thus indicating that oxidative stress is the cause 

of mitochondrial dysfunction. Importantly, these results demonstrated that the 

mitochondrial damage in HSCs is reversible. Given the positive results on mitochondrial 

activity, we wondered whether MitoQ treatment could also restore th3 HSC metabolism. 

Interestingly, SLAM HSCs from MitoQ-treated th3 mice showed one-half of glucose 

uptake than untreated HSCs (Fig. 12D), thus suggesting that in presence of functional 

mitochondria HSCs are able to oxidize the glycolysis-derived pyruvate during OXPHOS, 

without the need to enhance glucose uptake as in HSCs from untreated th3 mice. 

Collectively, we reported that MitoQ short-term treatment is sufficient to switch HSC 

metabolism from glycolysis to the more energetic OXPHOS, providing a new tool to 

modulate HSC metabolism. 
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Figure 12. MitoQ treatment restores mitochondrial activity in th3 HSCs. (A) Strategy of in vivo 

reduction of mtROS in th3 mice using MitoQ. (B) Quantification of mtROS in SLAM HSCs from 

MitoQ-treated th3, th3 and wt mice. Representative flow cytometry histogram and MFI of 

MitoSOX are reported (wt, n=5; th3, n=7; th3+MitoQ=9).  (C) Quantification of mitochondrial 

activity in SLAM HSCs from MitoQ-treated th3, th3 and wt by flow cytometry. Percentage of 

TMREhigh SLAM HSC (left) and TMRE/MTG ratio (right) are reported (wt, n=3; th3, n=6; 

th3+MitoQ=6). (D) Quantification of the fluorescent glucose analog 2NBDG uptake by SLAM 

HSCs from MitoQ-treated th3, th3 and wt mice. MFI in 2NBDG+ HSC is reported (wt, n=5; th3, 

n=5; th3+MitoQ=5).  
Kruskal-Wallis test: *, p<0.05. 

 

Mitochondrial activity and metabolism significantly control HSC function and fate. 

Alterations in mitochondrial fitness impact on HSC function, causing loss of repopulating 

ability in HSCs (Hinge et al., 2020). We previously reported a reduced frequency, loss of 

quiescence, impaired self-renewal and repopulating ability of th3 HSCs (Aprile et al., 

2020). We hypothesized that IO and the resulting oxidative stress could alter th3 HSC 

function by impairing mitochondrial fitness. To address this possibility, we firstly 

investigated the HSC frequency after MitoQ administration. The proportion of th3 SLAM 

HSCs on Lin- cells was higher after MitoQ treatment, although did not reach wt levels 

(Fig. 13A). Moreover, MitoQ treatment slightly increased the proportion of SLAM HSCs 

in G0/G1 phase (Fig. 13B). However, further analyses after prolonged MitoQ 

administration are required to check for a complete restoration of th3 HSC frequency and 

quiescence to normal levels. In addition, transplantation experiment of sorted HSCs from 

MitoQ th3 mice will be pivotal to understand whether the rescue of mitochondrial activity 

could restore HSC repopulating ability and self-renewal. 
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Figure 13. MitoQ treatment improves th3 HSC frequency and cell cycle defects. (A) Frequency 

of MitoQ-treated th3, th3 and wt HSCs on BM Lin- cells (wt, n=6; th3, n=7; th3+MitoQ=7). (B) 

Percentage of quiescent HSCs (in G0/G1 phase) in MitoQ-treated th3, th3 and wt mice. 7-

AAD/Ki-67 staining was performed to discriminate between G0 and G1 phases (wt, n=6; th3, 

n=5; th3+MitoQ=7).  

Kruskal-Wallis test: *, p<0.05; **, p<0.01. 

 

Interestingly, MitoQ treatment ameliorated RBC parameters and anemia by increasing 

RBC count, Hb and hematocrit (HCT) (Fig. 14). These results are consistent with the high 

intracellular ROS content of RBCs due to IO and hemoglobin defect (Fibach & Dana, 

2019). 

 

 

 

Figure 14. MitoQ treatment ameliorates anemia in th3 mice.  Whole blood analysis of erythroid 

parameters (Hb, RBC count and HCT) of MitoQ-treated th3 and th3 mice (th3, n=7; 

th3+MitoQ=10). 

Mann-Whitney test: **, p<0.01; *, p<0.05. 
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Overall, these findings indicate that oxidative stress impairs HSC function by 

damaging mitochondria, as well as the erythroid compartment, in th3 mice. In vivo short-

term treatment with MitoQ is able to restore mitochondrial function in HSCs and 

ameliorate hematological parameters, thus MitoQ treatment could be a promising strategy 

for improving current BThal therapeutic approaches by acting both on long-term HSC 

potential and anemia. 

 

5 – Progenitor cells have different responses to IO in th3 mice 

HSCs sustain the blood system throughout lifetime. This is reached by their ability to 

self-renew but also to generate progenitors, which no longer possess the capacity for self-

renewal but can differentiate into committed lineages of the entire hematopoietic system. 

Multipotent progenitors (MPPs) can give rise to all major hematopoietic lineages in 

transplantation assays in lethally irradiated recipients but fail to engraft long-term (Kiel 

et al., 2005). MPPs and HSCs can be distinguished based on the expression of the SLAM 

family marker CD150. Indeed, MPPs are phenotypically defined as Lin- ckit+ Sca1+ 

CD48- CD150-, whereas HSCs are Lin- ckit+ Sca1+ CD48- CD150+. Both MPPs and HSCs 

CD48- are contained in the LSK (Lin- ckit+ Sca1+) cell population along with more 

committed progenitors CD48+ HPC-1 and HPC-2. LSKs are normally referred as 

Hematopoietic Stem and Progenitor Cells (HSPCs), including the most primitive 

progenitors (Oguro et al., 2013). 

We found that IO-derived ROS in th3 HSCs cause mitochondrial dysfunction, 

impaired cell metabolism and function. Since HSCs give rise to LSKs and MPPs, we 

wondered whether these defects are transferred to the progeny during cell division.  

Our flow cytometry strategy allows to identify HSCs, MPPs and LSKs in the same sample 

and to analyse iron content, ROS levels and mitochondrial activity also in MPPs and 

LSKs from the same animals that were evaluated for HSCs.  

Surprisingly, at steady state wt HSCs, MPPs and LSKs had the same iron content but 

in the stressed th3 BM niche, MPPs and LSKs derived from iron overloaded HSCs did 

not accumulate intracellular IO, as shown by calcein-AM MFI (Fig. 15A). Since cells 

evolved sophisticated systems to maintain iron homeostasis, the lack of iron accumulation 

in th3 progenitors might result from efficient iron detoxification. 
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Moreover, no differences in the frequency of MitoSOX+ cells and MitoSOX MFI were 

found in th3 MPPs and LSKs as compared to wt, thus suggesting the absence of oxidative 

stress in th3 primitive progenitors (Fig. 15B). As expected on the basis of a more active 

cell cycle and oxidative metabolism, progenitors accumulate more mtROS than HSCs in 

wt mice. Of note, th3 HSCs showed similar ROS levels to MPPs and LSKs (Fig. 15B), 

which is consistent with their already published more cycling profile (Aprile et al., 2020). 

To counteract excessive ROS, cells upregulate various antioxidant enzymes (Bigarella et 

al., 2014) and our finding that progenitors can tolerate higher ROS than HSCs could 

suggest that the antioxidant system might be more active to promptly counteract excess 

ROS. Therefore, we speculated that th3 progenitors more efficiently neutralize free iron 

and ROS by enhancing iron-utilizing pathways and potentiating the antioxidant system 

respectively. 

 

 

Figure 15. Th3 progenitors do not accumulate iron and mtROS. (A) Quantification of 

intracellular iron content in th3 and wt HSCs and progenitors by flow cytometry. MFI of calcein-

am is reported (wt, n=9; th3, n=9). (B) Quantification of mtROS in th3 and wt HSCs and 



 

72 
 

progenitors by flow cytometry. % MitoSOX+ cells and MFI of MitoSOX are reported (wt, n=9; 

th3, n=10).  

Mann-Whitney test: ****, p<0.0001; **, p<0.01. 

 

Since IO-derived ROS cause mitochondrial dysfunction and functional defects in 

HSCs, we could assume normal mitochondrial function in th3 progenitors. However, if 

HSCs transfer damaged mitochondria to the progeny during asymmetric cell division, we 

might expect dysfunctional mitochondria also in progenitors, despite their ability to 

detoxify iron and ROS. To test this, we checked whether mitochondrial damage was still 

present in th3 progenitors. Firstly, we analysed mitochondrial mass by MTG dye. Both 

the % of MTGhigh cells and MTG MFI in MPPs and LSKs were unchanged between wt 

and th3 mice (Fig. 16A). Then, we investigated MMP, as a measure of mitochondrial 

activity. Surprisingly TMRE MFI and also TMRE MFI normalized on MTG MFI were  

lower in th3 MPPs as compared to wt but no differences were found in the LSK 

compartment (Fig. 16B-C), confirming mitochondrial dysfunction in th3 MPPs but not in 

LSKs.  
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Figure 16. Mitochondrial damage is progressively lost in th3 progenitors. (A) Quantification of 

mitochondrial mass in th3 and wt progenitors by flow cytometry. % MTGhigh cells and MFI in 

MTGhigh cells are reported (wt, n=25; th3, n=23). (B) Quantification of mitochondrial activity in 

th3 and wt progenitors by flow cytometry. TMRE MFI is reported ((MPP: wt, n=9; th3, n=10, 

LSK: wt, n=6; th3, n=7). (C) Normalization of mitochondrial activity on mitochondrial mass in 

th3 and wt progenitors by flow cytometry. TMRE/MTG ratio is reported, expressed as fold change 

to wt (MPP: wt, n=9; th3, n=10, LSK: wt, n=6; th3, n=7). 
Mann-Whitney test: **, p<0.01; *, p<0.05. 

Collectively, our findings indicate that only HSCs have intracellular IO and the 

resulting mitochondrial oxidative stress whereas progenitors that reside in the same iron-

overloaded BM niche do not, thus suggesting more efficient iron and ROS detoxification. 

HSCs and MPPs have impaired mitochondrial function but the downstream early 

progenitors LSKs do not, indicating that the rescue of mitochondrial activity occurs in the 

MPP-LSK transition. We speculate that th3 HSCs transfer their dysfunctional 

mitochondria to MPPs during cell division but MPPs fail to repair the inherited 

mitochondria, despite their ability to promptly neutralize excess iron and ROS. On the 

contrary, LSKs efficiently remove dysfunctional mitochondria. 

 

6 – IO alone is sufficient to impair mitochondrial fitness in HSCs 

In the stressed BThal BM microenvironment, different niche components and soluble 

factors may have a role in altering th3 HSC function, hypothesizing a multifactorial 

mechanism (Aprile et al., 2022). To dissect the specific role of IO on HSC metabolism 

and function we induced IO in wt mice. In this way, we avoided confounding elements 

within the complexity of the diseased BM microenvironment, that could hamper the study 

of the effects of IO on HSCs. 

We established both an acute and chronic IO mouse models by treating wt mice with 

a single subcutaneous injection of 25mg/ml iron dextran (WT_IO_AC) (Zhang et al., 

2022) and by intraperitoneal injection with 25mg/ml iron dextran every three days for 4 

weeks (WT_IO_CH) (Chai et al., 2015), to reproduce a persistent damage, as in th3 mice 

(Fig. 17A). Mice were euthanized 24h following the single or last dose.  

We confirmed the establishment of IO mouse models by the analysis of serum iron 

levels, macroscopic examination of spleen and liver and histological analyses of iron 

deposits in spleen, liver and BM of treated animals. 
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As previously reported (Gardenghi et al, 2007), th3 mice displayed equal serum iron 

levels to that of wt since the spleen is able to sequester excess iron derived from IE and 

RBC hemolysis (Fig. 17B). Moreover, excess iron is used by proliferating erythroid 

precursors. Conversely, both acute and chronic IO models showed significantly higher 

serum iron levels in a dose-dependent manner as compared to untreated mice.  

In line with the fact that spleen and liver are the major sites of extramedullary 

hematopoiesis and iron storage in BThal, these organs were enlarged in th3 mice as 

compared to wt (Fig. 17C). Macroscopically, the spleen of chronic IO mice showed 

increased size as compared to untreated wt controls. Moreover, the liver of chronic IO 

mice was enlarged and more pigmented as compared to both wt controls and th3 mice, 

likely indicating liver toxicity consequent to excess iron deposition (Fig. 17C). 
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Figure 17. Establishment of systemic WT_IO mouse model. (A) In vivo administration regimen 

of iron dextran to wt mice to generate acute and chronic IO model. (B) Quantification of serum 

iron levels (μg/dL) (wt, n=5; WT_IO_AC, n=3; WT_IO_CH, n=7; th3, n=3). (C) Macroscopic 

appearance of spleen (top) and liver (bottom) of WT_IO_CH, wt and th3 mice.  

Kruskal-Wallis test: *, p<0.05; **, p<0.01. 

 

We then performed Perl’s iron staining on spleen and liver sections from IO mice to detect 

Fe3+ accumulation. Fe3+ deposits in tissues appear blue as the result of the reaction with 

the soluble ferrocyanide to form the insoluble Prussian blue pigment (Iezzoni, 2018). As 

expected, th3 spleen displayed more iron deposits that the wt counterpart. Surprisingly, 

chronic IO mice showed increased iron accumulation in the spleen as compared to both 

wt and th3 mice, raising the possibility that chronic administration of iron dextran could 

generate a more severe condition of IO (Fig. 18). This hypothesis was further confirmed 

by histological analyses of the liver sections stained with Perl’s. While iron deposits were 

barely detectable in th3 liver by Perl’s staining, chronic IO mice displayed several 

enlarged iron deposits (Fig. 19A). To check whether our treatment regimen caused liver 

iron toxicity, we measured serum alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST), commonly used biomarkers for liver damage. Although ALT is 

mainly found in the liver, AST is also present in other organs, such as heart, muscle, 

kidney, brain, pancreas and lung (Sookoian & Pirola, 2015). Serum ALT and AST were 

both higher in th3 mice as compared to wt, whereas only ALT was increased in chronic 

IO mice. Therefore, chronic administration of iron dextran for 4 weeks resulted in excess 

iron accumulation in the liver, which in turn caused organ damage. Acute IO mice showed 

increased iron deposition in the spleen and in the liver as compared to both wt and th3 

mice, but they did not exhibit liver injury (Fig. 18-19). 
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Figure 18. Iron deposition in the spleen of WT_IO mice. Histological analyses of spleen 

subjected to Perl’s iron staining. Representative images of wt, WT_IO_AC, WT_IO_CH and th3 

spleen sections are shown. Magnification 20X. Scale bar, 100μM. 
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Figure 19. Iron accumulation in the liver of WT_IO mice. (A) Histological analyses of liver 

subjected to Perl’s iron staining. Representative images of wt, WT_IO_AC, WT_IO_CH and th3 

liver sections are shown. Magnification 20X. Scale bar, 100μM. (B) Quantification of serum ALT 

and AST levels (U/L) (wt, n=5; WT_IO_AC, n=3; WT_IO_CH, n=7; th3, n=3). Kruskal-Wallis 

test: *, p<0.05. 

 

To verify whether our acute and chronic IO mouse models could be exploited to study 

IO in the BM microenvironment and its effects on HSC metabolism and function, we 
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investigated iron accumulation histologically on BM cells and we analysed intracellular 

iron content. Briefly, BM cells from chronic IO, acute IO and control mice were spotted 

into a slide, fixed and then stained with Perl’s staining. Fe3+ deposits were not detected in 

th3 and acute IO BM (Fig. 20A). Consistently, analysis of intracellular iron levels by 

calcein-AM staining of BM cells from th3 and acute IO mice revealed absence of 

intracellular iron accumulation. Also, BM F4/80+ macrophages, specialized in iron uptake 

and storage, did not exhibit increased intracellular iron content in th3 and acute IO mice, 

as shown by calcein-AM staining (Fig. 20B). Notably, while Perl’s staining allows the 

detection of Fe3+ once it is released from ferritin, calcein-AM allows the detection of 

intracellular free reactive Fe2+. These findings suggest that th3 and acute IO mice mainly 

accumulated iron in the spleen, rather than in the liver and BM. On the contrary, chronic 

IO BM displayed higher iron deposition, as shown by Perl’s staining (Fig. 20A). In 

addition, calcein-AM staining showed a trend of increased iron content in BM F4/80+ 

macrophages of chronic IO mice, as reflected by higher calcein-AM quenching in the 

presence of iron (Fig. 20B).  
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Figure 20. Iron accumulation in the BM of WT_IO mice. (A) Histological analyses of cytospin 

of BM cells subjected to Perl’s iron staining. Representative images of wt, WT_IO_AC, 

WT_IO_CH and th3 BM cells are shown. Magnification 20X. Scale bar, 100μM. (B) 

Quantification of intracellular iron content in wt, WT_IO_AC, WT_IO_CH and th3 BM cells and 

F4/80+ macrophages by flow cytometry. MFI of calcein-am is reported. (wt, n=5; WT_IO_AC, 

n=3; WT_IO_CH, n=7; th3, n=3).  

Kruskal-Wallis test: *, p<0.05. 
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We then evaluated intracellular iron levels in SLAM HSCs after calcein-AM staining 

of Lin- cells. We confirmed higher intracellular iron content in th3 HSCs than wt, as 

already reported (Fig. 21, 2A). Moreover, HSCs from both acute and chronic IO mice had 

intracellular iron levels comparable to that of th3 HSCs. Unexpectedly, a single injection 

of iron dextran is sufficient to achieve intracellular IO in HSCs. 

 

 

Figure 21. Intracellular iron overload in HSCs from WT_IO mice. Quantification of 

intracellular iron content in wt, WT_IO_AC, WT_IO_CH and th3 SLAM HSCs by flow cytometry. 

MFI of calcein-am is reported. (wt, n=13; WT_IO_AC, n=3; WT_IO_CH, n=6; th3, n=12).  

Kruskal-Wallis test: *, p<0.05. 

 

Collectively, these data demonstrate that both acute and chronic administration of 

25mg/ml of iron dextran to wt mice are able to generate systemic IO mouse models with 

high serum iron levels. Under acute treatment, iron preferentially accumulates in the 

spleen, as in th3 mice. On the contrary, the chronic treatment induces a more severe IO 

phenotype, characterized by high iron deposition in spleen and BM and excessive liver 

iron content leading to organ damage. For these reasons, chronic IO could be exploited 

to study the effects of iron on BM niche as exacerbated model of IO. Moreover, both the 

established IO mouse models show intracellular IO in HSCs, confirming that HSCs can 

uptake and store iron. Whether HSCs are a preferential site for iron accumulation in the 

BM in IO conditions remains to be explored.  
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To demonstrate whether IO alone is sufficient to damage mitochondrial fitness through 

ROS production, flow cytometric analyses of mtROS and mitochondrial activity were 

performed.  

The frequency of MitoSOX+ SLAM HSCs increased in a dose-dependent manner after 

iron dextran administration (Fig. 22).  

 

 

Figure 22. Increased mtROS content in HSCs from WT_IO mice. Quantification of mtROS in 

wt, WT_IO_AC, WT_IO_CH and th3 SLAM HSCs by flow cytometry. % MitoSOX+ HSC is 

reported (wt, n=14; WT_IO_AC, n=3; WT_IO_CH, n=6; th3, n=13).  

Kruskal-Wallis test: **, p<0.01. 

 

Importantly, we found a statistically significant reduction in the % and MFI of TMRE+ 

SLAM HSCs and TMRE total MFI in IO mice, as compared to wt controls, indicating 

that IO causes mitochondrial dysfunction in HSCs. Notably, chronic IO and th3 HSCs 

showed comparable levels of TMRE MFI (Fig 23). 
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Figure 23. Iron overload reduces mitochondrial activity in HSCs from WT_IO mice.  

Quantification of mitochondrial activity in SLAM HSCs from wt, WT_IO_AC, WT_IO_CH and 

th3 mice by flow cytometry. Percentage of TMRE+ SLAM HSC (left), MFI in TMRE + SLAM HSC 

(center) and TMRE MFI (right) are reported. (wt, n=8; WT_IO_AC, n=3; WT_IO_CH, n=4; th3, 

n=7).  

Kruskal-Wallis test: **, p<0.01; *, p<0.05. 

 

Overall, HSCs from both acute and chronic IO mouse model recapitulate what we 

reported in th3 mice: intracellular IO, high mtROS resulting in oxidative stress and 

consequent mitochondrial dysfunction. Therefore, IO alone is sufficient to reduce 

mitochondrial activity in HSCs from wt mice. Interestingly, the mitochondrial 

dysfunction induced with a single dose of iron dextran could suggest a direct effect of IO 

on HSCs rather than an indirect effect mediated by other BM cell populations. 

We previously reported absence of iron accumulation and mitochondrial oxidative 

stress in th3 MPPs and LSKs progenitors (Fig. 15-16). We wondered whether the 

different behaviour of HSCs and progenitors is peculiar to BThal, as a results of a plethora 

of stress signals in the BM niche, or intrinsically determined. To address this, we analysed 

intracellular iron content and mtROS in progenitors in the IO mouse models.  

No differences were found between IO and controls MPPs/LSKs in terms of intracellular 

iron levels and mtROS, thus suggesting that HSCs and progenitors display a different 

sensibility to iron also in a normal wt BM niche (Fig. 24A-B). 
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Figure 24. Iron deposits and the resulting oxidative stress are absent in progenitors from 

WT_IO mice. (A) Quantification of intracellular iron content in wt, WT_IO_AC, WT_IO_CH and 

th3 progenitors by flow cytometry. MFI of calcein-am is reported (wt, n=13; WT_IO_AC, n=3; 

WT_IO_CH, n=6; th3, n=12). (B) Quantification of mtROS in wt, WT_IO_AC, WT_IO_CH and 

th3 progenitors by flow cytometry. % MitoSOX+ cells is reported (wt, n=14; WT_IO_AC, n=3; 

WT_IO_CH, n=6; th3, n=13).  

Kruskal-Wallis test: *, p<0.05. 

In th3 mice IE results in anemia and IO. IO could further worsen IE and complicate 

the clinical picture. Indeed, IO induces oxidative stress in RBCs, resulting in increased 

cell death and reduced Hb levels (Taher et al., 2018). Therefore, we checked whether in 

vivo administration of iron dextran to wt mice could damage RBCs and hemoglobin 

synthesis. The number of RBCs and the Hb levels did not show significant difference 

between IO and wt control mice (Fig. 25). These data suggest that iron alone, at least at 

the dosage and time used, is not sufficient to induce in wt mice IE and anemia to levels 

comparable to that of th3 mice. 
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Figure 25. Normal hematological parameters in WT_IO mice. Hemoglobin levels (Hb, g/dL) 

and red blood cell count (RBC, 106/μl), respectively, in peripheral blood of wt, WT_IO_AC, 

WT_IO_CH and th3 mice (wt, n=5; WT_IO_AC, n=3; WT_IO_CH, n=6; th3, n=3). 

Kruskal-Wallis test: *, p<0.05.  

 

Overall, we generated acute and chronic IO mouse models that show high serum iron 

levels, iron deposition in the major iron storage organs and more importantly intracellular 

IO in HSCs. These models display mitochondrial oxidative stress and reduced 

mitochondrial function in HSCs, thus demonstrating that intracellular IO alone damages 

mitochondria through ROS generation. We also reported for the first time a different 

response to iron in HSCs and progenitors.  
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DISCUSSION  

 

HSC function is regulated by complex interactions with the local BM 

microenvironment, defined as “niche”. In physiological conditions, cytokines and growth 

factors secreted by different BM cell populations, biochemical factors and physical 

stimuli within the niche control the balance between self-renewal and differentiation, thus 

maintaining HSC homeostasis. However, studies in aged BM niche or hematologic 

malignancies have shown that several stress signals can alter the crosstalk between HSCs 

and other BM niche components or can directly affect HSCs (Batsivari et al., 2020). 

Among the stress signals, the effects of iron on HSC maintenance have recently gained 

increasing attention.  

Iron exerts fundamental roles by taking part in oxygen transport, cell metabolism and 

signaling as a component of the prosthetic group of many proteins. However, free iron 

can participate in harmful chemical reactions that produce toxic ROS, therefore HSCs, 

similarly to other cells, finely regulate intracellular iron levels maintaining low free iron 

content and a bias towards iron storage in ferritin to limit ROS production (Kao Y-R, 

2021). On the contrary, intracellular IO in HSCs promotes oxidative stress, leading to 

their dysfunction and exhaustion (Chai et al., 2015; Muto et al., 2017). Similarly, 

intracellular iron deficiency reduces HSC self-renewal and repopulating ability in vivo 

(Wang et al., 2020; Zhang et al., 2022). Both excessively high and low concentrations of 

iron in culture decrease HSC number (Zhang et al., 2022). Overall, these findings suggest 

that both intracellular IO and iron deficiency negatively impact on HSC behavior and 

limiting iron accumulation is essential to preserve stem cell function.  

HSCs adapt their metabolic state to their function: quiescent HSCs have low energy 

requirements and depend on anaerobic glycolysis, whereas active HSCs require high 

energy for proliferation and differentiation thus enhance OXPHOS, glycolysis and FAO. 

Since iron has emerged as a key regulator of HSC self-renewal and differentiation, we 

wondered whether it exerts its regulatory role on HSCs by modulating their metabolism. 

Recently, low intracellular iron content has been reported to sustain HSC expansion 

through upregulation of mitochondrial FAO (Kao Y-R, 2021) but a deep characterization 

of the role of iron as extrinsic regulator of HSC metabolism is lacking. 
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Both IO and iron deficiency were reported to impair mitochondria in cells other than 

HSCs, thus affecting cell metabolism. However, the effects of iron fluctuations on 

mitochondrial fitness in HSCs are still unexplored.  

To gain new insight about the role of iron on HSC biology and to understand which 

metabolic pathways are triggered by intracellular iron levels, we studied HSC metabolism 

in BThal, as a model of systemic IO. Previous studies from our group revealed a reduced 

quiescence, impaired function and activated transcriptional responses to stress in HSCs 

from th3 murine model, recapitulating the major features of BThal intermedia, including 

IO. Th3 functional defects are rescued upon transplantation into a wt BM niche, thus 

indicating that stress signals in the BM microenvironment impair HSC function (Aprile 

et al., 2020). We also reported that IO reduces the hematopoietic supportive capacity of 

BM MSCs in BThal patients, thus impairing HSC expansion and repopulating ability in 

vivo (Crippa et al., 2019). However, there is no evidence of the direct effect of IO on 

HSCs in BThal. We hypothesized that IO and the resulting oxidative stress might directly 

impairs HSCs. Moreover, the positive enrichment of genes encoding metabolic enzymes 

and antioxidants in th3 HSC transcriptome profile prompted a deeper investigation of 

HSC metabolism in response to chronic IO, making th3 mice an ideal model to study the 

link between iron, ROS and metabolic regulation of HSCs. 

In the present study, we uncovered that intracellular iron levels affect the metabolic 

programs underlying HSC function in BThal. BThal HSCs directly sense iron and 

intracellular IO negatively impacts on HSC metabolism and function by impairing 

mitochondrial fitness through ROS generation. These findings added novel insight about 

the role of iron regulation and metabolism in HSC biology and might also provide clues 

for improving therapeutic solutions for BThal and other clinical conditions associated to 

IO. 

 

1 – Abnormal iron homeostasis in th3 HSCs 

We directly measured free reactive iron, commonly known as LIP, in HSCs from th3 

mice, showing higher iron content as compared to wt, thus indicating intracellular IO. 

This finding was unexpected since iron mainly accumulates in the liver, heart and spleen 

of BThal patients and within the BM it is mostly utilized by erythroid cells for hemoglobin 
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synthesis. The intracellular IO in th3 HSCs could indicate a novel role of HSCs in taking 

part in iron homeostasis.  

The increased LIP size accompanied by positive enrichment of Tfr1 suggests that 

intracellular IO is the result of enhanced iron uptake from the microenvironment by 

HSCs. However, the molecular mechanism leading to intracellular IO is still unknown. 

To maintain iron homeostasis, Tfr1 is downregulated in IO conditions due to inactivation 

of IRP1/2 system (Hentze et al., 2010). We can speculate that the dysregulation of the 

iron-sensing machinery due to a prolonged exposure to IO in the niche causes excessive 

free iron accumulation in th3 HSCs, a mechanism similar to that reported for BThal MSCs 

that upregulate the expression of Tfr1 after treatment with iron in vitro (Crippa et al., 

2019).  

The upregulation of HO-1 expression could contribute to increase the LIP in th3 HSCs. 

HO-1 is involved in iron recycling by degrading free heme to release iron and the 

antioxidant biliverdin and bilirubin. Heme homeostasis has been mainly studied in RBCs, 

where high amount of heme is required for their differentiation, and little is known about 

heme regulation and its effects on HSC function. Heme is the most potent inducer of HO-

1 (Chiabrando et al., 2014) and interestingly our RNAseq data showed an upregulation 

of genes encoding enzymes involved in heme synthesis, such as Hmbs, Alad, Cpox and 

Fech, suggesting increased heme production. Therefore, we hypothesize that the 

increased Tfr1-mediated iron uptake from the BM niche causes intracellular IO and 

triggers a vicious circle with enhanced heme synthesis, that in turn induces heme 

degradation through HO-1, thus further increasing iron accumulation in th3 HSCs. 

Consistently, HO-1 activity was reported to mediate IO in the liver of th3 mice and 

inhibition of HO-1 decreases liver iron and improves anemia (Garcia-Santos et al., 2018). 

Furthermore, upregulation of HO-1 in HSPCs was found to decrease their engraftment 

(Adamiak et al, 2016), which correlates with our results of reduced repopulating ability 

of th3 HSCs (Aprile et al., 2020).  

Th3 HSCs exhibit also increased expression of the iron storage protein ferritin (Fth1, 

Ftl1) and the iron exporter Fpn, which under normal conditions limit excess intracellular 

free iron. However, intracellular IO, despite the upregulation of ferritin and Fpn, suggests 

an impairment of iron storage and export. FPN is regulated post-transcriptionally by the 

hepatic hormone hepcidin, which sustains systemic iron homeostasis and in BThal 
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hepcidin expression is reduced due to increased production of ERFE by proliferating 

RBCs. Moreover, FPN and ferritin translation are controlled by IRPs, which maintain 

intracellular iron homeostasis by binding to IREs in mRNA encoding for proteins 

involved in iron metabolism. In particular, IRPs bind to Ft and Fpn thus repressing their 

translation in iron deficiency condition, whereas IRPs are inactivated in IO conditions to 

increase iron mobilization from the stores and iron export (Hentze et al., 2010). However, 

ferritin and Fpn upregulation seems to be insufficient to counteract the accumulation of 

excess reactive iron in th3 HSCs. 

Given the central role of mitochondria in iron metabolism, we wondered whether 

mitochondria show abnormal accumulation of iron in th3 HSCs. Interestingly enhanced 

accumulation of the iron-sensitive dye Mitoferro-green in the mitochondrial matrix 

revealed increased free Fe2+, thus suggesting potentially harmful effects on mitochondrial 

fitness.  

 

2 – IO causes mitochondrial dysfunction in HSCs 

We reported that th3 HSCs have reduced mitochondrial mass, as shown by reduced 

accumulation of the specific mitochondrial dye MTG by flow cytometry. We further 

confirmed this finding by TEM analysis, which enabled us to directly measure the area 

of single mitochondria, showing reduced mitochondrial size.  

MMP is the electric gradient between the two sides of IMM resulting from the ETC 

activity, thus it is a widely recognised measure of mitochondrial function (Perry et al., 

2011). Th3 HSCs stained with TMRE dye, that accumulates in the mitochondrial matrix 

in proportion to MMP, showed reduced mitochondrial activity, regardless of their 

decreased mass, as shown by lower TMRE/MTG ratio. Moreover, we categorized HSCs 

in MMPlow and MMPhigh based on TMRE intensity as previously reported (Liang et al., 

2020; Mansell et al., 2021; Qiu et al., 2021) and we further confirmed these data, showing 

a reduced fraction of MMPhigh HSCs in BThal.  

In the past, staining with mitochondrial dyes, such as MTG and TMRE, led to 

erroneous conclusions. In particular, Snoeck group reported that HSCs display low MTG 

fluorescence due to dye efflux rather than reduced mitochondrial mass. Indeed, blocking 

efflux pumps with verapamil results in higher MTG fluorescence (de Almeida et al., 
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2017). The effect of verapamil in modulating TMRE fluorescence is still controversial in 

the field (Liang et al., 2020; Mansell et al., 2021). Although we detected reduced 

mitochondrial mass by TEM and we functionally proved reduced mitochondrial activity 

by ATP analyses in th3 HSCs, we will perform MTG and TMRE staining in the presence 

of verapamil to further confirm our data. 

Mitochondrial function is dynamically controlled by cycles of biogenesis, fusion, 

fission and degradation through mitophagy, which continuously shape the mitochondrial 

network. Strikingly, our RNAseq data revealed an overall downregulation of 

mitochondrial dynamics in th3 HSCs, that could contribute to mitochondrial dysfunction. 

We found reduced expression of Tfam and Tfb1m, the major regulators of mitochondrial 

biogenesis (Gleyzer et al, 2005), thus suggesting a reduced generation of new 

mitochondria. Mitophagy specifically degrades dysfunctional mitochondria and the 

balance between mitochondrial biogenesis and mitophagy regulates mitochondrial 

number within the cell. Interestingly, we found decreased expression of key mitophagy 

players, such as Ulk1, Optn, Gabarapl1, Map1lc3b and parkin in th3 HSCs (Bingol & 

Sheng, 2016), thus suggesting accumulation of damaged mitochondria. Since the reduced 

generation of new mitochondria is balanced by an impaired degradation, the 

mitochondrial number is maintained constant, as confirmed by TEM analysis showing 

the same number of mitochondria per cell in th3 and wt HSCs. Recently, it has been 

reported that loss of Parkin leads to the accumulation of damaged mitochondria, with low 

mass and activity in HSCs (Ho et al., 2017), and reduces their self-renewal and 

repopulating ability (Ito et al., 2016), a condition that might be similar to the one observed 

in BThal.  

We also found reduced mitochondrial fission in th3 HSCs, as indicated by decreased 

expression of the fission initiator Drp1 and fission mediators, such as Fis1, Mff and 

Mief1/2. These data are in line with reduced mitophagy since mitochondrial 

fragmentation through fission usually precedes mitophagy (Youle & van der Bliek, 2012). 

Moreover, pharmacological inhibition and genetic deletion of Drp1 has been shown to 

reduce mitochondrial activity and impair repopulating ability of HSCs (Hinge et al., 

2020). Therefore, we speculate that altered mitochondrial dynamics, in particular reduced 

mitophagy and fission, might be responsible for impaired mitochondrial activity and th3 

HSC functional defects. Since our RNAseq data showed subtle differences of gene 
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expression between th3 and wt samples, we need to demonstrate whether they result in 

differences of biological functions. Thus, immunofluorescence analyses of specific 

mitochondrial proteins, such as Tomm20, or Drp1 will be exploited to examine the 

distribution of mitochondrial network within HSCs and evaluate the number and area of 

mitochondrial fragments, as a measure of mitochondrial fission. Moreover, 

immunofluorescence analyses of the mitophagy player Map1lc3b will be pivotal to 

confirm reduced mitophagy in th3 HSCs. 

Given the complexity of BThal BM niche, in which different stress signals can affect 

mitochondrial fitness and HSC metabolism, making it difficult to dissect various 

stimuli/effects, we decided to study the effects of IO specifically on mitochondria in wt 

context. To this aim, we generated acute and chronic IO mouse models by in vivo 

administration of iron dextran to wt mice, as previously reported (Chai et al., 2015; Zhang 

et al., 2022). Interestingly, we described in these models for the first time the link between 

iron and mitochondria in HSCs, unveiling that IO alone is sufficient to induce 

mitochondrial dysfunction. Both acute and chronic IO mice displayed systemic IO, as 

shown by higher serum iron and iron accumulation in the spleen and liver. Of note, 

chronic IO mice had increased iron deposition in the BM, thus suggesting a more severe 

phenotype than acute IO and th3 mice. Systemic IO resulted in intracellular IO in HSCs 

to comparable levels of those of th3 mice, thus confirming that HSCs can uptake iron 

from the microenvironment, and caused reduced mitochondrial function, as shown by 

decreased MMP. Interestingly, acute IO mice were treated with a single dose of iron 

dextran and in just 24h they developed mitochondrial dysfunction, thus suggesting a 

direct effect of IO on mitochondria in HSCs. To specifically identify which molecular 

pathways are activated by IO and directly affect mitochondria and HSC function, we will 

set up in vitro culture of sorted HSCs from IO and th3 mice and we will evaluate the 

expression of specific mitochondrial genes (e.g. Drp1 and parkin) after treatment with 

iron chelators. 

In chronic IO conditions, such as th3 and chronic IO wt mice, we cannot exclude also 

an indirect effect of IO on HSCs by affecting other BM niche populations. Among the 

hematopoietic cells, Ms play an essential role in iron homeostasis by recycling iron from 

senescent erythrocytes. Under normal conditions, splenic Ms are the major cell 

populations involved in erythrophagocytosis but also F4/80+VCAM1+CD169+ER-
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HR3+Ly6G+ Ms in the erythroblastic islands participate in iron recycling and delivery 

primarily to RBCs (Jacobsen et al, 2014). Recently, GR-1-/low CD115int F4/80+ SSCint/low 

CD169+ Ms were reported to increase erythrophagocytosis and provide iron to HSCs 

under regenerative stress. Conversely, depletion of this population of BM Ms reduced 

iron in the BM and in HSCs and impaired HSC differentiation (Zhang et al., 2022). Our 

unpublished data showed increased frequency of erythroblastic island Ms in th3 mice, 

suggesting increased iron accumulation in the BM. To check whether Ms contribute to 

intracellular IO in BThal HSCs, we performed a broad evaluation of intracellular iron 

content in BM and splenic F4/80+ Ms. As expected, we found a trend to increased iron 

accumulation in splenic F4/80+ Ms, suggesting an increased erythrophagocytosis. On 

the contrary, there were no differences in intracellular iron content between wt and th3 

F4/80+ BM Ms, suggesting that they are not involved in iron recycling. However, deeper 

analyses of different populations of BM Ms, including GR-1-/low CD115int F4/80+ 

SSCint/low CD169+ Ms (Chow et al., 2011), are required to assess their role in regulating 

iron availability and delivery to BThal HSCs.  

Furthermore, iron reduces the secretion of regulatory cytokines by stromal cells, thus 

impairing HSPCs in chronic IO mice (Okabe et al., 2014). Accordingly, we have reported 

that intracellular IO reduces the supportive capacity of human BThal MSCs, resulting in 

impaired HSC expansion in vitro and engraftment in vivo (Crippa et al., 2019). Also bone 

defects have been associated with IO in BThal patients. Iron deposits were found along 

the mineralization front in the bones and were correlated with impaired bone 

mineralization and focal osteomalacia in BThal patients with suboptimal ICT 

(Mahachoklertwattana et al, 2003). Interestingly, we reported reduced OB activity due to 

low levels of PTH, and consequent impaired HSC function in th3 mice (Aprile et al., 

2020). Moreover, IO in the circulation causes vascular inflammation by increasing the 

expression of pro-inflammatory cytokines and adhesion molecules in ECs, thus resulting 

in vascular stiffness and EC dysfunction (Cheung et al, 2002; Voskou et al., 2015). 

However, the exact molecular mechanism by which iron damages these cell populations 

and consequently alters the crosstalk between HSCs and stromal cells is still unknown. 

Direct measurement of intracellular iron content and evaluation of supportive factor 

secretion will be pivotal in understanding the contribution by stromal cells to 

mitochondrial dysfunction and functional defects of th3 HSCs.  
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3 – IO impairs HSC metabolism and function through ROS generation  

Free iron is a well-known prooxidant molecule since it can participate in Fenton and 

Haber-Weiss reactions, thus generating ROS. Moreover, degradation of heme, the 

predominant form of iron in the cell, releases iron, further increasing ROS levels 

(Chiabrando et al., 2014).  

To verify whether iron toxicity on mitochondria is mediated by oxidative stress, we 

measured mtROS levels. Strikingly, we found increased mtROS content in th3 HSCs, 

consistent with intracellular IO. Moreover, th3 HSCs showed upregulation of many genes 

encoding antioxidants, which are mainly located in the cytosol and mitochondria, close 

to the sources of ROS to limit oxidative stress. Intracellular IO was already reported to 

induce the transcription of antioxidant genes in HSCs, albeit inefficient in neutralizing 

the excess of ROS (Muto et al., 2017). The increased expression of Sod2, which is 

induced by high mtROS, suggests mitochondrial oxidative stress (Pani et al., 2009). 

Therefore, we hypothesized that mtROS accumulation activate antioxidants, which 

however fail to counteract mtROS increase, thus generating oxidative stress.  

To demonstrate that IO leads to oxidative stress in HSCs, we treated wt mice with iron 

dextran for one month and then we checked mtROS levels. IO chronic mice showed 

mitochondrial oxidative stress and reduced mitochondrial activity in HSCs, indicating 

that iron regulate HSC mitochondrial function.  

We then reduced mtROS in th3 mice by in vivo administration of the mitochondria-

targeted antioxidant MitoQ to prove that ROS cause mitochondrial dysfunction and to 

verify whether mitochondrial damage is reversible. MitoQ treatment completely rescued 

mitochondrial activity, as shown by increased MMP in MitoQ th3 mice. Moreover, the 

lower glucose uptake might suggest that HSCs maximize the production of ATP from 

pyruvate through OXPHOS. Importantly, ROS reduction increased HSC frequency and 

quiescence, thus indicating beneficial effects on th3 HSCs. Ongoing transplantation 

experiments of sorted HSCs from MitoQ th3 mice will show whether the rescue of 

mitochondrial function restores also BThal HSC repopulating ability and self-renewal.  

The evaluation of mitochondrial activity and metabolism, as well as HSC quiescence 

and function, after iron chelation strategies is pivotal to prove that intracellular IO is one 

of the upstream causes of mitochondrial alterations and HSC dysfunction in BThal.  
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Given the complexity of the disease context, we expect that other sources of ROS, in 

addition to intracellular IO, could contribute to oxidative stress in BThal and the complete 

rescue of mitochondrial function after MitoQ could result from its ability to efficiently 

eliminate mtROS, regardless of their origin.  

Recent advances have highlighted the critical role of inflammation as source of oxidative 

stress, affecting HSC fate. HSCs proliferate, rapidly differentiate and lose self-renewal 

capacity in response to many inflammatory signals, such as IFNs, TNFs, IL-1, G-CSF 

and DAMPs, and the activation of the inflammatory cascade results in ROS production 

(King & Goodell, 2011). Since, hemolysis and IE leads to the release of DAMPs into the 

circulation, we hypothesize a status of chronic sterile inflammation in BThal (Mendonca 

et al, 2016). Heme is one of the major DAMPs and it can activate TLR signaling and 

cause inflammasome formation in immune cells, including macrophages and neutrophils, 

thus resulting in the release of pro-inflammatory cytokines and ROS (Bozza & Jeney, 

2020; Vinchi et al, 2021).  

Moreover, variations of oxygen levels are associated with higher ROS in HSCs. BM is 

widely recognized hypoxic tissue and hypoxia preserves HSC quiescence and function 

by limiting OXPHOS and consequent ROS production (Kobayashi et al., 2019; Mantel 

et al., 2015). Also increased hypoxia (around 1,5%) causes ROS accumulation (Chandel 

et al, 1998; Waypa & Schumacker, 2002). HSCs mainly localize in areas with an 

intravascular pO2 of about 3% and an extravascular pO2 around 2% in the BM. However, 

deep hypoxic regions, with extravascular pO2 around 1%, were detected but HSCs were 

not found in these areas, thus suggesting that localization to the regions of deepest 

hypoxia impairs HSC maintenance (Christodoulou et al., 2020). In BThal, anemia is 

expected to generate tissue hypoxia, although direct measurement in the BM has not been 

performed so far, and deepest hypoxia could potentially impair HSC function by 

enhancing ROS.   

 

4 – Active HSCs rely on a low-energy metabolism  

    To verify whether reduced MMP resulted in impaired th3 HSC metabolism, we 

analysed ATP content both at basal level and after oligomycin treatment. Oligomycin 

inhibits ATP synthase thus abrogating ATP generation by OXPHOS. Since the two major 
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metabolic pathways involved in ATP production are OXPHOS and glycolysis, the 

remaining ATP amount after oligomycin administration is assumed to derive from 

glycolysis. We adopted this strategy because of the limited number of HSCs, making it 

difficult to perform accurate metabolic analyses through seahorse assay and metabolomic 

analysis.  

Although intracellular ATP content is a balance between ATP generated by metabolic 

pathways and ATP utilized by cellular processes, commonly ATP detection is based on 

ex vivo luminescent assays, that do not consider ATP fluctuations in time but bona fine 

reflect cellular energetic metabolism. Therefore, high ATP levels indicate high energetic 

metabolism, whereas low ATP levels are usually found in cells with low basal 

metabolism. 

While OXPHOS generates 36 ATPs, glycolysis produces only 2 ATPs per each glucose 

molecule. The minimal reduction in ATP content after oligomycin suggested glycolytic 

metabolism of th3 HSCs. These findings were further confirmed by RNAseq analyses, 

showing positive enrichment of glycolytic enzymes, including Tpi1, Gapdh and Pklr. 

Moreover, glucose uptake assay revealed that th3 HSCs uptake glucose more efficiently 

than the wt counterparts. Consistently, reduced intracellular lactate content indicated 

more rapid lactate extrusion in the extracellular space. Overall, our data revealed 

increased glycolytic dependency to compensate for reduced OXPHOS due to 

mitochondrial dysfunction in th3 HSCs. However, since the remaining intracellular ATP 

after oligomycin reflecting glycolysis is reduced as compared to wt, we speculate that 

also glycolysis is less efficient in th3 HSCs. 

 According to the general consensus in HSC biology, quiescent HSCs, that display low 

energy requirements, depend on glycolysis, whereas active HSCs enhances both 

glycolysis and OXPHOS to meet their increased energy demands (Filippi, 2021). 

Recently, the most primitive HSC compartment was classified based on mitochondrial 

activity into MMPlow and MMPhigh HSCs and the vast majority of HSCs are MMPhigh, 

actively cycling and primed towards differentiation with high mitochondrial activity and 

glycolysis, whereas only 25% of HSCs are quiescent MMPlow (Liang et al., 2020; Mansell 

et al., 2021). Our data are in line with these recent works and showed higher MMPhigh 

HSCs in wt mice.  
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The increased proportion of MMPlow HSCs in th3 mice is apparently in contrast with 

literature data linking HSC cell cycle, stemness and mitochondrial activity. MMPlow 

HSCs were reported to be mostly quiescent, label-retaining and with higher self-renewal 

(Liang et al., 2020). On the contrary, th3 HSCs are mostly cycling and show reduced 

stemness signature and self-renewal as compared to wt (Aprile et al., 2020). Since 

mitochondria are defective, th3 HSCs are unable to produce ATP through OXPHOS and 

rely on glycolysis, despite active cycling activity. 

Therefore, we proposed that loss of HSC stemness in th3 mice results from 

mitochondrial dysfunction and limited OXPHOS, thus suggesting an essential role of 

OXPHOS in preserving HSC function. In our model IO-derived ROS act on HSC function 

by affecting mitochondrial fitness and bioenergetic (Fig 1).  

 

   
 

Figure 1. Working model of regulation of HSC metabolism and function by IO-derived ROS 

in BThal. The upregulation of Tfr1 and Ho-1 leads to high intracellular free iron in the 

cytoplasm, which constitutes the LIP (labile iron pool), and in mitochondria, thus promoting ROS 

generation in HSCs.  The activation of the antioxidant system fails to counteract excessive ROS 

thus leading to mitochondrial oxidative stress. As a result, mitochondria are impaired with low 

mass and activity, thus BThal HSCs cannot use OXPHOS and they enhance glycolytic metabolism 

to produce the energy required for their active cycling activity. Impaired mitochondrial activity 

ultimately results in reduced HSC frequency and quiescence (created with BioRender.com). 
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Overall, we showed that chronic exposure to IO-derived ROS damaged mitochondria 

and rewired energy metabolism. Restoration of mitochondrial function by in vivo 

administration of MitoQ reduced glycolytic flux, and rescued HSC frequency and 

quiescence in th3 mice. These findings are in line with Ansò et al. showing that complex 

II-deficient HSCs display reduced OXPHOS, enhanced glycolysis and decreased 

quiescence and repopulating-ability (Anso et al., 2017). Moreover, the rescue of th3 HSC 

quiescence after amelioration of mitochondrial function indicates that in our model 

metabolism determines HSC cell cycle status. We cannot exclude that ROS, besides 

affecting mitochondria, act directly on HSC cell cycle and function. Indeed, ROS can 

directly react with kinases and transcription factors (Ito et al., 2006; Juntilla et al., 2010) 

and they can alter the epigenetic landscape (Huang et al, 2022). 

Why reduced ATP levels allow HSC proliferation remains an open question. We 

speculated that th3 HSC condition could be similar to that of proliferating cancer cells 

that rely on anaerobic glycolysis. Most tumor cells depend on anaerobic glycolysis, even 

in the presence of sufficient oxygen for OXPHOS, and this phenomenon is called 

“Warburg effect” (Oliveira et al, 2021). Notably, metabolic rewiring reminiscent of 

Warburg effect was reported in aged CD34+ cells (Hennrich et al, 2018). As a possible 

explanation for Warburg effect, it was reported that proliferating cells primarily need 

glycolytic intermediates to generate biomass, thus a large amount of nucleotides, lipids 

and amino acids, beyond ATP (Vander Heiden et al., 2009). These evidence might 

explain why th3 HSCs proliferate despite glycolysis dependency.       

 

5 – Mitochondrial damage is progressively rescued during HSC 

differentiation in BThal  

    We demonstrated that chronic IO results in intracellular IO in the cytoplasm and in 

mitochondria in th3 HSCs. IO promoted oxidative stress, which in turn induced 

mitochondrial dysfunction and impaired mitochondrial metabolism, thus contributing to 

reduced frequency and quiescence of th3 HSCs.  

   In the differentiation landscape, HSCs at the top of the hierarchy can undergo 

asymmetric cell divisions to maintain stem cell homeostasis and give rise to MMPs that 

differentiate into distinct lineages of the entire hematopoietic system throughout lifetime. 



 

97 
 

Given the stressed status of BM niche, mitochondrial damage and HSC functional defects 

in BThal, we wondered whether these alterations are transferred to the progeny during 

cell division. For these reasons, we took advantage of our flow cytometry strategy that 

allows the concurrent identification of HSCs, MMPs and LSKs including predominantly 

more committed progenitors, and we evaluated intracellular iron accumulation, mtROS 

levels and mitochondrial activity in progenitors. 

Interestingly, wt HSCs, MPPs and LSKs showed the same iron content thus suggesting 

that in normal conditions also progenitors maintain low intracellular iron content. While 

BThal HSCs accumulated intracellular IO, no signs of intracellular IO and the consequent 

mitochondrial oxidative stress were found in progenitors, as shown by equal intracellular 

iron content and mtROS levels in th3 MMPs and LSKs as compared to wt. Of note, we 

corroborated these findings in acute and chronic IO wt mice, showing that also in those 

models only HSCs displayed intracellular IO and mitochondrial oxidative stress but not 

MPPs and LSKs.  

It is reasonable to assume that also progenitors are exposed to chronic IO. Recently, 

live-animal imaging showed that HSCs and MPPs occupy the same area in the BM in 

physiological conditions (Christodoulou et al., 2020). Therefore, the lack of iron and ROS 

accumulation in progenitors led us to hypothesize that IO and ROS-induced toxicity is 

progressively solved during HSC differentiation. Cells uptake iron from the bloodstream 

and, once in the cytoplasm, free labile iron is immediately ready for cellular use. Given 

its high toxicity, cells developed sophisticated systems for maintaining a balanced cellular 

iron homeostasis. IRP1/2 system post-transcriptionally regulates iron uptake, storage in 

ferritin and export (Hentze et al., 2010). Limiting iron uptake by TFR1, increasing iron 

storage in ferritin or enhancing iron export through FPN could reduce free iron content. 

Also the mitochondrial processes utilizing iron, such as heme synthesis and the assembly 

of Fe-S cluster contribute to minimize iron toxicity (Muhlenhoff et al., 2015). Moreover, 

the regulation of iron toxicity can also occur at the level of its byproduct ROS. Since 

progenitors physiologically display higher ROS than HSCs, their antioxidant system 

could be more efficient in neutralizing excess ROS. To confirm these hypotheses, gene 

expression analyses of genes involved in iron homeostasis and ROS scavenging, and 

evaluation of intracellular heme content in progenitors will be pivotal. 
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But why th3 HSCs have increased vulnerability to IO and ROS as compared to 

progenitors is still an open question. Genetic deletion of the iron homeostasis genes Fbxl5 

in the hematopoietic system only affected HSCs but not differentiated cells (Muto et al., 

2017). Recently, Sankaran group showed that erastin, a potent ferroptosis inducer, causes 

oxidative stress, lipid peroxidation and ferroptosis in primitive human HSCs but not in 

progenitors (Zhao et al., 2022). The high sensitivity of HSCs to iron perturbations could 

be a mechanism to limit the expansion of the stem cell pool, avoiding leukemia onset. 

However, progenitors, that adapt lineage expansion and differentiation to hematopoietic 

demands, could have evolved protective mechanisms in response to excess iron and ROS. 

Strikingly, we found reduced mitochondrial activity in th3 MPPs, recapitulating what 

we observed in th3 HSCs, whereas LSKs had normal mitochondrial activity, thus 

suggesting that mitochondrial rescue occurs in the transition from MPPs to more 

committed LSKs. We speculated that th3 HSCs, unable to repair or remove dysfunctional 

mitochondria, transfer to MPPs mitochondrial abnormalities during cell division. 

Moreover, the presence of mitochondrial damage in th3 MPPs, even in absence of 

intracellular IO and mitochondrial oxidative stress, might suggest that MPPs promptly 

limit intracellular IO and mtROS levels with their efficient detoxification systems but fail 

to repair mitochondrial damage. One potential strategy to remove dysfunctional 

mitochondria is mitophagy and we already found reduced mitophagy as well as 

mitochondrial biogenesis and fission in th3 HSCs, thus we can speculate that defects in 

mitochondrial dynamics are maintained also in MPPs. On the contrary, absence of 

mitochondrial dysfunction in LSKs could suggest that they efficiently remove 

dysfunctional mitochondria through mitophagy and produce new healthy mitochondria. 

Since mitochondrial OXPHOS supports MPP differentiation, reduced mitochondrial 

activity could suggest impaired function and lineage output. Recently, high mitochondrial 

activity was reported to prime HSCs towards MK lineage at steady-state, thus suggesting 

that mitochondria control lineage output (Nakamura-Ishizu et al., 2018). Therefore, it 

could be interesting to study how the inheritance of dysfunctional mitochondria could 

affect the function of MPPs and eventually prime them towards specific lineages in 

BThal. Moreover, whether iron and the resulting ROS prime HSCs towards specific 

lineages is still unexplored and we could study these aspects by using th3 mice, as a model 

of stressed BM niche, and more simplified model of IO wt mice. 
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6 – Targeting the BM niche in BThal 

The identification and targeting of the key mechanisms influencing HSC function offer 

new avenues to improve HSCT for BThal patients. Recently our group highlighted multi-

factorial alterations in BThal BM niche, in which secondary complications, such as bone 

defects and endocrinopathies, affect HSC maintenance. In vivo correction of the 

osteoblastic niche was able to ameliorate, but not completely rescue th3 HSC activity 

(Aprile et al., 2020), suggesting that additional molecular and cellular players are 

involved in HSC defects in BThal. 

IO is the major source of ROS in BThal patients and many iron chelators are available 

to reduce iron accumulation in BThal patients. However, cases of absence of benefit have 

been reported and HSCT success depends on iron burden (Pilo & Angelucci, 2019). Our 

finding that BThal HSCs directly accumulate intracellular IO, suggests a crucial role of 

iron on HSC regulation, highlighting the importance of adequate and effective iron 

chelation therapies for a successful therapeutic outcome. In this view, it would be 

interesting to dissect how BThal HSCs sense iron and the molecular mechanisms leading 

to intracellular IO as well as the molecular pathways that link IO and mitochondrial 

damage. 

Furthermore, we showed that IO-derived ROS directly reduce HSC frequency and 

quiescence, which are important for the amount and quality of HSCs harvested from 

patients for gene therapy and for their engraftment and repopulating ability once 

transplanted. Oxidative stress alters HSC function by impairing mitochondrial fitness and 

the reversibility of mitochondrial damage suggests a novel therapeutic target for 

improving HSCT, especially in the autologous setting of gene therapy. Although the proof 

that MitoQ restores HSC self-renewal and repopulating ability is still lacking, the 

significant positive and rapid effect of MitoQ on normalizing HSC mitochondrial activity 

and quiescence holds the promise that MitoQ administration could help restore damaged 

HSCs both before and after HSCT. Since oxidative stress, derived from IO or other stress 

signals in the BM niche, was reported to affect stromal cell populations, including MSCs 

and ECs (Crippa et al., 2019; Voskou et al., 2015), we speculate that treatment with 

MitoQ will favour HSC harvest and preserve their function both directly and indirectly, 

through amelioration of the BM niche. Moreover, we reported that MitoQ treatment 

increased Hb levels, RBC count and HCT, thus suggesting a positive effect on anemia.  
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Of note, several clinical trials have already showed MitoQ safety and efficacy for the 

treatment of vascular dysfunction, Parkinson disease and liver damage (Gane et al, 2010; 

Rossman et al, 2018; Snow et al, 2010).  

Since mtROS are not the upstream cause of mitochondrial dysfunction and impaired HSC 

function, we expect that MitoQ treatment discontinuation might lead to increased mtROS 

levels, which in turn worsen BThal phenotype. Therefore, we should consider subjecting 

patients to prolonged treatment with MitoQ after HSCT in order to continuously 

neutralize the upcoming ROS.  

A critical point will be to determine to what extent intracellular IO and mitochondrial 

damage are present and are responsible for HSC functional defects in BThal patients. To 

this aim, we will collect patients’ samples and we will measure iron content, mtROS and 

mitochondrial activity in CD34+CD38- primitive HSPCs.  

Although th3 mice recapitulate well the human pathology, they show some differences 

with BThal patients. Th3 mice display primary IO with reduced hepcidin levels due to IE 

and hemolysis. However, they are transfusion independent, thus lacking secondary IO. 

Spleen of th3 mice sequesters excess iron and the increased proliferation of erythroid 

precursors, even though ineffective, might consume iron, thus resulting in equal or low 

serum iron levels as compared to wt mice (Gardenghi et al., 2007). On the contrary, 

patients with BThal intermedia and major have higher serum iron and ferritin levels 

(Taher & Saliba, 2017). Therefore, the prolonged residence of HSCs into patients’ BM 

niche with high IO and oxidative stress might not be accurately reflected by 

weeks/months of exposure to damaged BM niche in mice.  

Overall, our findings bring new insights in BThal pathophysiology and pave the way 

towards potential combined therapies to correct the genetic defect together with 

amelioration of the BM niche and HSC function.  

 

7 – Future perspectives 

Molecular mechanism leading to intracellular IO 

Although we unravelled that BThal HSCs accumulate high levels of free reactive iron, 

it remains to be determined whether intracellular IO results from increased iron uptake 

from the BM niche or increased heme catabolism or both. To demonstrate whether 
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intracellular IO derives from the microenvironment, we will first validate our RNAseq 

data by the quantification of the iron importer Tfr1 at protein level, then we will analyse 

its role in mediating iron uptake in th3 HSCs. If Tfr1 activity alone causes iron 

accumulation in th3 HSCs, we might expect that loss of Tfr1 normalize intracellular iron 

levels. Of note, a recent work showed that Tfr1 haploinsufficiency results in reduced 

intracellular iron in erythroid precursors, thus improving IE and anemia in th3 mice (Li 

et al, 2017) but no analyses on the stem cell compartment of Tfr1+/- th3 mice were 

performed. We will take advantage of Tfr1+/- th3 mouse model to analyse iron content 

and mitochondrial activity in HSCs. If intracellular IO derives from the niche, we might 

expect that th3 HSCs accumulate further iron upon transplantation into th3 recipients, 

whereas they are able to eliminate excess iron when not subjected to IO into wt recipients. 

Therefore, transplantation of HSCs from Tfr1+/- th3 mice into th3 recipients will unravel 

whether loss of Tfr1 is sufficient to normalize intracellular iron levels and restore th3 

HSC function. To avoid potential rebound effects of Tfr1 haploinsufficiency on iron 

regulation at systemic level and to dissect the effects of Tfr1-mediated iron uptake in 

HSCs we will treat sorted Tfr1+/- th3 HSCs with iron in vitro and we will evaluate their 

function upon transplantation in vivo. 

The upregulation of HO-1 could suggest an additional mechanism leading to 

intracellular IO in th3 HSCs. Direct measurement of intracellular heme content and 

analyses of protein levels of heme biosynthetic enzymes and HO-1 will be essential to 

demonstrate increased heme-iron recycling. To investigate the effects of heme catabolism 

on th3 HSC metabolism and function, we will evaluate mitochondrial fitness and 

bioenergetic and HSC function upon inhibition of HO-1 by metalloporphyrins.  

Given our RNAseq data, we reason that upregulation of iron uptake and heme 

degradation might act together to induce intracellular IO in HSCs. To test this, we will 

analyse th3 HSC metabolism and function after administration of iron chelators non 

affecting free heme, such as DFX (Kontoghiorghes and Kontoghiorghe, cells 2020), and 

administration of metalloporphyrins in vitro. 
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Glycolysis dependency  

A deep characterization of the glycolytic capacity and composition of metabolites in 

HSCs is required to understand how iron and ROS affect the global metabolic activity of 

these cells.  

The Seahorse assay has been extensively used to analyse the oxygen consumption rate 

(OCR), as a measure of mitochondrial respiration, and extracellular acidification rate 

(ECAR), as a measure of glycolysis, in presence of metabolic inhibitors. This method 

requires a large amount of purified cells to obtain reliable results. Since HSCs are a rare 

population in the BM (0.0001% of total murine BM) and cannot be expanded without 

changing the metabolic profile and since they are quiescent with low metabolic activity 

as compared to many other cell types, it is extremely difficult to measure the OCR and 

ECAR of HSCs. To overcome these limitations, many groups analysed the metabolic 

profile of HSPCs as a surrogate for HSCs (Ansò et al, 2017; Nakamura-Ishizu et al, 2018; 

Liang et al, 2020) and recently the seahorse assay was optimized for LSKs (Scapin et al, 

2019). However, the differences we have highlighted between BThal HSCs and 

progenitors, especially in terms of MMP, prevent us from using LSKs as a surrogate for 

HSCs.  

A novel method to functionally profile energy metabolism has recently emerged. 

SCENITH (single-cell energetic metabolism by profiling translation inhibition) analyses 

metabolic dependencies with single-cell resolution by monitoring the changes in protein 

synthesis levels in response to metabolic inhibitors (Argüello et al, 2020). Protein 

synthesis consumes the majority of ATP produced by mitochondrial respiration and 

glycolysis, thus it can be used as readout of global metabolic activity. This method 

efficiently evaluated protein synthesis by flow cytometry in T cells and myeloid cell 

subsets. Since protein synthesis has already been extensively measured in HSCs (Mansell 

et al, 2022; Zhao et al, 2022) and SCENITH is based on flow cytometry, we reason that 

it could efficiently be used to study HSC metabolism. Of note, flow cytometry analysis 

is rapid and allow the metabolic profiling of multiple cell populations in parallel, 

including rare cell subsets, without the need for cell sorting, which can change the 

metabolic activity of the cells. Therefore, we will optimize the protocol for HSCs and we 

will apply it to HSCs from th3 and IO wt mice. Moreover, we will use SCENITH to 

compare the metabolic profiles of HSCs and progenitors in the same sample. 
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To highlight which metabolites are affected by intracellular IO and oxidative stress, 

metabolome analyses are pivotal. We will perform targeted liquid chromatography-

tandem mass spectrometry (LC-MS/MS) approaches as previously published 

(Schönberger et al, 2022) to identify TCA cycle metabolites, amino acids, lipids and 

retinoids in HSCs from th3 and IO wt mice. Since MitoQ treatment normalized glucose 

uptake of th3 HSCs, we will also evaluate the composition of metabolites after our rescue 

strategy to understand which metabolic pathways are involved in BThal HSC 

dysfunction. Finally, we will take advantage of metabolomic analyses to gain new insight 

about the different behaviour of HSCs and progenitors in BThal.  
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MATERIALS AND METHODS 

 

BThal mouse model 

Male and female C57BL/6 and C57BL/6-CD45.1 (B/6.SJLCD45a-Pep3b) wild-type 

(wt) mice were purchased from Charles River. C57BL6/Hbbth3/+ mice lack both the b1 

and b2 adult globin genes (Yang et al., 1995), resulting in perinatal death in homozygosity 

but showing characteristics of severe BThal intermedia in heterozygosity. 

C57BL6/Hbbth3/+ mice were purchased from The Jackson Laboratory and bred to 

maintain the colony in heterozygosity. In particular, heterozygous animals display 

dramatically reduced RBC counts, Hb concentration, hematocrit, and increased 

reticulocyte counts. Tissue and organ damage typical of BThal are also present in 

heterozygous C57BL6/Hbbth3/+ mice, including splenomegaly, bone defects and iron 

deposition in spleen, liver and kidney. All animal experiments were performed in 

accordance with approved protocols of the Institutional Animal Care and Use Committees 

of San Raffaele Institute. All the analyses were performed on adult 12-14 weeks old mice.  

 

IO mouse model 

To generate acute IO mouse model (WT_IO_AC), female wt mice were treated with a 

single subcutaneous injection of 25 mg/ml iron dextran (Sigma, Cat #D8517) in saline 

and euthanized 24h later (Zhang et al., 2022). To generate chronic IO mouse model 

(WT_IO_CH), female wt mice were injected intraperitoneally with 25 mg/ml iron dextran 

in saline every three days for 4 weeks and euthanized 24h after the last dose (Chai et al., 

2015). Control mice were injected with saline.  

 

Cell isolation 

Murine total BM cells were extracted from femurs and tibiae. Briefly, after cutting the 

epiphyses, the BM was flushed out by using a 1 ml syringe filled with ice cold MACS 

buffer supplemented with BSA and EDTA (Milteny Biotech, Cat #130.091.221). This 

step was repeated until all bone materials turned white as a marker that most of BM cells 
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were collected. Then, the cell suspension was filtered through a 70 μm cell strainer to 

obtain BM cells.  

To analyse primitive progenitors and stem cell populations, Lin- cells were isolated 

from total BM samples as a negative selection by depletion of cells expressing a panel of 

lineage markers. Total BM cells were labelled with a cocktail containing the following 

biotin-conjugated monoclonal antibodies: GR1 (granulocytes), CD11b 

(monocytes/macrophages), CD45R/B220 (B cells), CD5 (T cells), TER-119 (erythroid 

cells) at 4°C for 10 min. Then, cells were incubated with anti-biotin monoclonal 

antibodies conjugated to MicroBeads at 4°C for 15 min. Finally, cells passed through the 

MACS® Column in the magnetic field of a MACS Separator. While the labelled Lin+ 

cells were retained on the column, the unlabelled Lin- cells were collected. All staining 

was performed with commercially prepared antibodies in MACS Buffer (Milteny 

Biotech, Cat #130.091.221). 

To isolate total spleen cells, spleen was collected and smashed repeatedly with a 5 ml 

plunger through a 40 μm cell strainer pre-wet with MACS buffer. 

 

Flow cytometry and cell sorting 

Flow cytometry analysis and FACS sorting of HSPC were performed with freshly 

isolated BM cells as previously described. For SLAM HSC, MPP and LSK analyses, Lin- 

cells, enriched in stem and progenitors, were stained with Lin-Alexa700 (BioLegend, Cat 

#133313), CD117-APC (BD Pharmingen, Cat #553356), Sca1-PE-Cy7 (BD Pharmingen, 

Cat #558162) or Sca1-FITC (Cat #553335), CD48-PB (BioLegend, Cat #103418) or 

CD48-PE-Cy7 (BD Pharmingen, Cat #560731), CD150-PE (BD Pharmingen, Cat 

#562651) or CD150-BV421 (BD Horizon, Cat #562811), Fc Block (BD Pharmingen, Cat 

#553142). For FACS analyses of BM and spleen macrophages, BM cells and splenocytes 

were freshly isolated as previously described and labelled with F4/80-APC (eBioscence, 

Cat #17-480-182) and Fc Block. All the surface staining were performed with 

commercially prepared antibodies in MACS Buffer at 4°C for 30 min. All antibodies were 

titrated and validated using appropriate positive and negative control samples. Unstained 

cells, single stained compensation beads (BD Biosciences, Cat #552845) and 
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fluorescence minus one (FMO) were used for compensation and as a control to set 

appropriate gates.  

FACS sorting was performed on FACSAria Fusion (BD Biosciences), whereas flow 

cytometry analyses were performed on FACS Canto II (BD Biosciences) and analyzed 

with FCS Express Software (De Novo Software).  

 

Cell cycle analysis of SLAM HSCs  

Lin- cells were stained for surface markers, washed in MACS buffer, fixed and 

permeabilized to allow the antibody anti-Ki67 to enter the nucleus. Ki67 is a widely 

recognised marker of cell proliferation because it is not expressed in G0 quiescent cells, 

but its expression increases from G1 to M phase. Briefly, cells were fixed in 

Cytofix/Cytoperm buffer (BD Pharmingen, Cat #51-2090KE) for 30 min on ice, washed 

in PermWash buffer (BD Pharmingen, Cat #51-2091-KE), permeabilized with CytoPerm 

Plus buffer (BD Pharmingen, Cat #51-2356KC) for 10 min on ice, re-fixed in 

Cytofix/Cytoperm buffer for 5 min on ice, washed in PermWash buffer and incubated 

with anti-Ki67 (B56, BD Pharmingen, Cat #556026) for 30 min at room temperature 

(RT). Then, 7-AAD (BD Pharmingen, Cat #51-2359KC) was added right before sample 

acquisition. 7-AAD is a fluorescent DNA intercalator, allowing the categorization of cells 

within the major phases of cell cycle based on the differences in DNA content. Indeed, 

cells is G0/G1 phase have lower DNA content as compared to replicating cells in S phase 

with an intermediate DNA content and post-replicative cells in G2/M phase with high 

DNA content.  

 

Evaluation of intracellular iron content  

Lin- cells were stained with 0.125 μM calcein-acetoxymethyl ester (Calcein-AM, 

Invitrogen, Cat #C3099) in DPBS for 5 min at 37°C. Then cells were washed with DPBS 

and stained for surface markers. Finally, calcein-AM fluorescence was analysed by flow 

cytometry. The acetoxymethoxy group (AM) renders the probe membrane permeable 

and, once in the cytoplasm, it remains trapped due to its hydrophilic nature. The 

intracellular Calcein-AM undergoes fluorescence quenching upon binding to free Fe2+ 

and this is directly proportional to the concentration of the LIP (Ma et al, 2015). 
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Therefore, high MFI of calcein-AM reflects low cytosolic free Fe2+, conversely low MFI 

of calcein-AM indicates high cytosolic free Fe2+.  

 

Evaluation of mitochondrial iron content 

Lin- cells were stained with 5 μM Mito-FerroGreen (Dojindo, Cat #M489-10) in HBSS 

for 30 min at 37°C, after surface marker staining. Then cells were washed twice with 

HBSS and analysed by flow cytometry. Mito-FerroGreen contains a cationic and 

lipophilic triphenylphosphonium (TPP) group, which enters mitochondria. Fe2+ mediates 

the deoxygenation of the N-oxide group of the probe, leading to an enhanced 

fluorescence. Thus, Mito-FerroGreen fluorescence output is directly proportional to the 

amount of mitochondrial free Fe2+, which constitutes the mitochondrial iron pool 

(Cilibrizzi et al, 2022; Hirayama et al., 2018). 

 

Analysis of mitochondrial mass  

Lin- cells were stained with surface antibody and then were labelled with 20 nM 

MitoTracker Green (MTG, Molecular Probes, Cat #M7514) in DPBS for 30 min at 37°C, 

as previously reported (Rimmele et al, 2015). Finally, cells were washed in DPBS and 

analysed by flow cytometry. MTG is a cell permeant dye that readily accumulates in the 

mitochondrial matrix independently of mitochondrial activity. Once in the organelle, it 

binds covalently to mitochondrial proteins by reacting with free thiol groups of cysteine 

residues. Thus, MTG fluorescence reflects the mitochondrial mass of the cell (Presley et 

al., 2003). 

 

Analysis of MMP  

To investigate mitochondrial activity, we measured MMP, the electrical gradient 

between the mitochondrial matrix (negatively charged) and the intermembrane space 

(positively charged). More specifically, the electron transfer through the ETC complexes 

in the IMM provides the energy to drive protons (H+) across the IMM into the 

intermembrane space. Here, protons are used by the ATP synthase to generate ATP. As 

a result, an electrical gradient, typically accounting for -180mV, between the two sides 

of the IMM is established. Thus, MMP is a widely recognised measure of mitochondrial 

function (Perry et al., 2011). To measure MMP, Lin- cells were stained for surface 



 

108 
 

markers and then labelled in DPBS for 15 min at 37°C with 50 nM tetramethylrhodamine 

ethyl ester (TMRE, abcam, Cat #113852), which accumulates in the mitochondrial matrix 

in proportion to the MMP. To avoid the decay of the dye signal, cells were not washed 

after TMRE staining and were analyzed by flow cytometry within 30 min. Probe 

responsiveness to MMP was tested using as negative control carbonyl cyaninde 4-

(trifluoromethoxy) phenylhydrazone (FCCP, abcam, Cat #113852), which decreased 

TMRE fluorescence. Briefly, Lin- cells were incubated with 2 μM FCCP for 10 min RT 

after TMRE staining and immediately analysed by flow cytometry. 

 

Analysis of mtROS content   

Lin- cells were incubated with 1 μM MitoSOX™ Red Mitochondrial Superoxide 

Indicator (Molecular Probes, Cat #M36008) for 30 min at 37°C post surface staining, as 

previously described (Hinge et al., 2020). MitoSOX™ is a highly selective probe for 

superoxide (O2•−), the predominant ROS in the mitochondria (Batandier et al, 2002). It 

contains the cationic and lipophilic TPP group, which drives it into mitochondria, where 

it reacts with superoxide, thus resulting in increased fluorescence (Kauffman et al, 2016). 

 

Metabolic analyses 

Glucose uptake assay 

Freshly isolated Lin- cells (4x105 cells/48-well) were cultured in 400 μl of XF RPMI 

medium pH 7.4 (Agilent, Cat #103576-100) without glucose, L-glutamine and pyruvate 

containing 100 μM of the fluorescent glucose analogue 2-(n-(7-nitrobenz-2-oxa-1,3-

diazol-4-ylamino)-2-deoxyglucose (2-NBD-Glucose, 2NBDG, Invitrogen, Cat #N13195) 

for 1 h at 37°C (Zou et al., 2005). Then, cells were washed twice in DPBS, stained for 

SLAM HSCs and analysed by flow cytometry for 2NBDG fluorescence in the FITC 

channel. 

 

Intracellular ATP content 

ATP levels were quantified in freshly FACS-purified SLAM HSCs by luminescent 

assay using CellTiter Glo 2.0 (Promega, Cat #G9241) in accordance with the 

manufacturer’s recommendations, as previously described (Nakamura-Ishizu et al., 
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2018). CellTiter Glo 2.0 is a two-in-one reagent that induces cell lysis and generation of 

a luminescent signal directly proportional to the amount of intracellular ATP. The 

luminescent output is the result of mono-oxygenation of luciferin catalysed by luciferase 

enzyme in the presence of ATP, oxygen and Mg2+.  

In brief, 500 SLAM HSCs were FACS-sorted into 1.5 ml microcentrifuge tube containing 

300 μl SFEM medium (StemCell Technologies, Cat #09650) supplemented with 2 mM 

L-Glutamine. During sorting of the samples, the already collected ones were maintained 

at 37°C to avoid altering MMP. To recover after the mechanical stress of FACS-sorting 

procedure, cells were cultured into single 96-well of a white plate with clear bottom 

(Costar, Cat #3903) containing SFEM at 37°C for 1 h after sorting. Then, CellTiter Glo 

2.0 reagent was added in 1:1 ratio to samples, followed by 2 min mixing on orbital shaker 

to induce cell lysis and 10 min incubation RT to stabilize the luminescent signal. Finally, 

luminescence (relative luminescent unit, RLU) was recorded using the Victor3 Multilabel 

Plate Reader (PerkinElmer). Every step was performed protected from light to avoid the 

decay of the luminescent signal. In parallel to sample preparation, samples with known 

ATP concentrations (varying from 1 μM to 1 nM) were generated and assayed in the same 

plate on which samples were analysed, in order to create a standard curve. ATP (Promega, 

Cat #P1132) was diluted in the same SFEM medium used for sample preparation. The 

intracellular ATP content was obtained from the interpolation of RLU of our samples 

with the RLU of the standard curve.                                                                                           

In some experiments, 500 SLAM HSCs were incubated with 1 μM oligomycin (Sigma, 

Cat #1404-19-9) in SFEM for 1h at 37°C before adding CellTiter Glo 2.0. Oligomycin 

inhibits ATP synthase, the last complex of the ETC, thus completely abrogating the 

amount of ATP generated by OXPHOS. As a result, the difference in intracellular ATP 

levels between oligomycin-treated to non-treated samples reflects the fraction of ATP 

produced by OXPHOS. 

 

Intracellular lactate content  

Since lactate is the end-product of glycolysis, lactate quantification is widely used for 

analysing glycolytic flux. Intracellular lactate levels were measured in freshly FACS-

purified SLAM HSCs by fluorometric assay using Lactate Fluorometric Assay Kit 

(BioVision, Cat #K607-100) in accordance with the manufacturer’s recommendations, as 
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previously reported (Takubo et al., 2013). Lactate quantification is based on the reaction 

between lactate in the sample and enzyme in the kit, resulting in fluorescence emission 

(Ex/Em = 535/587 nm), which is directly proportional to the amount of intracellular 

lactate. 

Briefly, 500 SLAM HSCs were FACS-sorted into 1.5 ml microcentrifuge tubes 

containing 300 μl DPBS. Cells were immediately pelleted, resuspended in 50 μl lactate 

assay buffer (BioVision, Cat #K607-100-1) and sonicated on ice with 100 amplitudes for 

1 cycle of 25 s to punch the plasma membrane. Following sonication, samples were plated 

into single 96-well of a white plate with clear bottom (Costar) and incubated in 1:1 ratio 

for 30 min RT with the reaction mix, containing lactate enzyme (BioVision, Cat #K607-

4) and lactate probe (BioVision, Cat #K607-2A) in lactate assay buffer. Lactate 

specifically reacted with an enzyme to generate a product, which interacted with lactate 

probe to produce fluorescence (relative fluorescent unit, RFU), that was recorded using 

the Victor3 Multilabel Plate Reader (PerkinElmer). Every step was performed protected 

from light to avoid the decay of the fluorescent signal. As ATP assay, a standard curve 

with known concentrations of lactate (BioVision, Cat #K607-5) was generated and 

assayed in the same plate on which samples were analysed. The intracellular lactate 

content was obtained from the interpolation of RFU of our samples with the RFU of the 

standard curve.             

                                                                               

In vivo mtROS reduction 

To decrease mtROS in vivo, th3 female mice were treated with Mitoquinol (MitoQ), a 

mitochondrial-targeted coenzyme-Q10 (Murphy & Smith, 2007). MitoQ contains the 

TPP group that drives its entry into mitochondria, where it is reduced to the active 

ubiquinol antioxidant form by complex II of the ETC. MitoQ ubiquinol is oxidized by 

mtROS to the ubiquinone form, which is then rapidly reduced by complex II, restoring 

its antioxidant efficacy. 2 mg/kg MitoQ (Cayman, Cat# 89950) in DPBS were 

administered through intra-peritoneal (i.p.) injection for 5 days. Control mice were 

injected with DPBS. Mice were euthanized 24 h after the last dose and BM cells were 

isolated to analyse mtROS, MMP, glucose uptake, frequency and cell cycle of SLAM 
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HSCs. Furthermore, peripheral blood (PB) was collected to evaluate hematological 

parameters. 

 

Perl’s staining 

To detect iron deposits, we performed Perl’s staining of BM cells and Formalin-Fixed 

Paraffin-Embedded (FFPE) sections of spleen and liver. For BM sample preparation, 

1x106 total BM cells resuspended in 200 μl of MACS buffer were transferred in the 

cytofunnel placed on a slide and centrifuged for 5 min at 800 rpm low acceleration using 

Thermo Shandon Cytospin centrifuge. The slide containing BM cells was first left to dry 

for 20 min under the hood, then it was gently fixed in 4% paraformaldehyde (PFA) 

(ChemCruz, Cat #sc-281692) for 10 min at RT. Following fixation, the slide was washed 

three times in DPBS and stored at 4°C.  

To obtain spleen and liver sections, organs were washed in DPBS after harvesting and 

fixed in 10% formalin (Bio-Optica, Cat #05-01005Q) for 24 h. After fixation, spleen and 

liver were washed three times in DPBS, processed with increasing concentration of 

ethanol and embedded in paraffin by Leica TP1020 Tissue Processor (Leica Biosystem).  

Then, 4 μm sections were cut from FFPE, mounted to a slide, dried, de-waxed and 

rehydrated through a decreasing scale of ethanol. Finally, slides were washed in distilled 

water and stored at RT. 

Perl’s staining was performed using the Iron stain kit (Abcam, Cat #ab150674) for the 

detection of Fe3+, according to the manufacturer’s instructions. Fe3+ deposits in tissues 

appear blue as the result of the reaction with the soluble ferrocyanide to form the insoluble 

Prussian blue pigment. Briefly, slides of BM cells, spleen and liver sections were 

incubated with working iron stain solution, containing potassium ferrocyanide solution 

and hydrochloric acid solution in 1:1 ratio, for 3 min at RT. Then slides were rinsed in 

distilled water and counterstained with nuclear fast red solution for 5 min at RT, resulting 

in red-coloured nuclei. After staining, slides were washed multiple times with distilled 

water and dehydrated in 95% ethanol followed by absolute ethanol. Once dried, slides 

were mounted using the DPX Mountant for histology (Sigma, Cat #06522) and analysed 

under Nikon Eclipse Ni-U optical microscope. Microphotographs (5 per case, 20x 
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magnification) were collected through the Nikon digital sight DS-U3 using the Nikon 

imaging software.  

 

Transmission Electron Microscopy (TEM) 

We used a specific approach for sample preparation with low cell number (Kumar & 

Filippi, 2016). Around 10,000 SLAM HSCs were FACS-sorted in a 1.5 ml 

microcentrifuge tube with DPBS and pelleted at 1,000 x g for 10 min. Then cells were 

fixed RT for 1 h in a fresh fixative solution of 0.1 M cacodylate buffer (Sigma-Aldrich, 

Cat #20840), containing 2.5% glutaraldehyde and 3% paraformaldehyde (PFA). After 

fixation, the tiny cell pellet was incubated with 2 mg/ml solution of Toluidine Blue 

(Electron Microscopy Sciences, Cat #22050) in cacodylate buffer for 20 min at RT, in 

order to make it visible in blue and facilitate the next steps of sample preparation. After 

staining, cells were washed three times with 0.1 M cacodylate buffer, transferred to a 0.5 

ml microcentrifuge tube and embedded into agarose. The embedding into agarose before 

dehydration and resin embedding is a crucial step for clustering the limited number of 

cells together. Firstly, 4% low melting agarose (Sigma-Aldrich, Cat #A4718) dissolved 

in 0.1 M cacodylate buffer was added to the cell suspension, then cells were immediately 

spun down at the bottom of the tube by centrifugation at 1,000 x g for 10 min. Finally, 

the microcentrifuge tube containing cells was transferred to 4°C to allow agarose 

solidification. The solidified agarose was trimmed into one piece of about 1-2 mm 

containing the cell pellet, transferred to a new 1.5 ml microcentrifuge tube and washed 

multiple times with 0.1 M cacodylate buffer. At this point, the cell pellet was incubated 

for 1h at 4°C with 1% osmium tetroxide (OsO4) (Electron Microscopy sciences, Cat  

#9190), which reacts with lipids, resulting in intense black staining. Thus, the 

osmification step is essential to add density and contrast to biological samples. After 

osmification, the cell-pellet agarose piece was washed with 0.1 M cacodylate buffer, 

ready for dehydration, infiltration and embedding into resin. Firstly, the sample was 

dehydrated by incubation in a series of solutions with increasing concentrations of alcohol 

(from 25% to 100% ethanol), gently removing water to avoid artefact generation. Each 

dehydration step took 15 min at RT. Following dehydration, the solvent was gradually 

replaced with ascending concentrations of liquid resin (Epon 812, Sigma-Aldrich) at RT 
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and then the sample was placed in a pyramid tip shaped mold at 60°C for 72 h for resin 

polymerization. Finally, ultra-thin sections (70-100 nm) of the pyramid block were cut 

using a diamond knife, mounted on grids and analysed with an electron microscope. 

Images were collected on Talos L120C TEM (ThermoFischer Scientific, Brno) available 

at San Raffaele Advanced Light and Electron Microscopy BioImaging Center 

(ALEMBIC). 

Mitochondria were manually segmented on Fiji (ImageJ) software (Schindelin et al, 

2012). The mean number of mitochondria per SLAM HSC in wt and th3 mice and the 

area of each mitochondrion in wt and th3 SLAM HSCs were reported on excel spread 

sheet. At least 30 SLAM HSCs from each wt sample (n=3) and 15 SLAM HSCs from 

each th3 sample (n=2) were collected. 

 

Hematological and biochemical analyses 

PB was collected from the retro-orbital vein into EDTA-coated microvette tubes 

(Sarstedt, Cat #20.1341) and placed on a rocking shaker to prevent coagulation. Whole 

blood count analysis, including hemoglobin and red blood cell counts were performed 

using an automated hematology analyzer (Hemocytometer IDEXX PROCYTE). Iron 

concentration and liver parameters were measured with a standard clinical autoanalyzer 

(ILab Aries) on serum obtained after PB centrifugation at 200 x g for 20 min.  

 

RNA extraction 

Sorted SLAM HSCs were pelleted and stored at -80°C. The day of RNA extraction, 

pellets were thawed and total RNA was extracted using AllPrep DNA/RNA MicroKit 

(Qiagen, Cat #80284) following manufacturer’s instructions, as schematized in Fig. 1. 

Briefly, pellets of at least 1,000 HSCs were lysed by adding a highly denaturating 

guanidineisothiocyanate–containing RLT buffer, which immediately inactivates DNases 

and RNases, and homogenized by vortexing for 1 min. The lysate was then passed 

through an AllPrep DNA spin column, which selectively bound genomic DNA, whereas 

the flow-through containing RNA and proteins was used for RNA purification. 70% 

ethanol was added to the flow-through from the AllPrep DNA spin column to provide 
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appropriate binding conditions for RNA, and the sample was transferred to a RNeasy 

MinElute spin column placed on a 2 ml collection tube. Then, the column was centrifuged 

for 15 s at 11,000 rpm, the flow-through was discarded and two step of washing and 

centrifugation were performed with RW1 and RPE buffer, respectively. 80% ethanol was 

added to the column, followed by centrifugation at 11,000 rpm for 2 min. Finally, the 

column was dried by centrifugation at full speed (14,800 rpm) for 5 min and RNA was 

eluted in 14 µl water. 

 

Figure 1. Workflow of RNA extraction 

 

Reverse-Transcription (RT) 

RT-PCR was performed to synthetize cDNA using Precision nanoScriptTM Reverse 

Transcription kit (PrimerDesign, Cat # RT-NanoScript2-150). 

Firstly, the RT primers were annealed to the denatured RNA strand (annealing step). 

Secondly, annealed RNA was incubated with appropriate buffer enabling the reverse 

transcription into cDNA (extension step). Briefly, during the annealing step each sample 

was incubated with a primer mix of oligo-dT primers and Random primers at 65°C for 5 
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min. The former binds to the polyA tail of mRNAs avoiding the RT and amplification of 

ribosomal RNA, the latter primes on all RNA species including partially degraded RNA 

without polyA tail. During the extension step, RNA samples were incubated with a mix 

of dNTPs and RT enzyme at 25°C for 5 min, followed by 42°C for 20 min. Finally, the 

reaction was heat-inactivated by incubation at 75°C for 10 min and cDNA samples were 

stored at -20°C. 

 

Droplet digital PCR (ddPCR) 

cDNA samples were loaded into single reaction tubes of the DG8TM Cartridge for 

droplet generation (Biorad). The ddPCR reagents, including ddPCRTM supermix for 

probes (no dUTP, Biorad, Cat #1863024), the house keeping Hprt primer/probe mix 

(Biorad, Cat #, dMmuCPE5095492) and the gene target Hmox1 primer/probe mix 

(Biorad, Cat #, dMmuCPE5124493) were thawed RT, mixed by vortexing to ensure 

homogeneity and centrifuged briefly to collect contents at the bottom of the tubes. The 

mix was prepared as detailed in Table 1 and dispensed into each reaction tube of the 

DG8TM Cartridge to a final volume of 22 μl/each tube. The cartridge was centrifuged for 

5 min and transferred to the Automated Droplet Generator QX200 (Biorad). After droplet 

generation, the cartridge was sealed and placed in the Thermocycler to perform the PCR 

reaction, as described in Table 2. After amplification, positive droplets, defined as 

droplets containing HEX and FAM signals, were read in a QX200 Droplet Reader 

(Biorad). To discriminate between positive and negative droplets, we set a threshold and 

QuantaSoftTM software (Biorad) was used to quantify the number of positive and negative 

droplets for each fluorophore in each sample. The software fits the fraction of positive 

droplets to a Poisson algorithm to determine the starting concentration of the target DNA 

molecules in units of copies/μl. 

 

 

Table 1. 

 Volume per reaction (μl) 

2x ddPCR Supermix for Probes (no dUTP) 11 



 

116 
 

 

 

Table 2. 

Cycling step Temperature (°C) Time  Ramp rate n° of cycles 

Enzyme activation 95 10 min  

 

2°C/second 

1 

Denaturation 94 30 s 40 

Annealing/extension 55 1 min 

Enzyme deactivation 98 10 min 1 

Hold 4 infinite 1 

 

 

RNA-seq analysis 

Total RNA was isolated from sorted SLAM HSCs as described above. Ovation SoLo 

RNA-seq kit (Illumina) has been used for library preparation following the 

manufacturer’s instructions, starting with 1 ng of RNA as input. Samples were quantified 

by using the Qubit 2.0 Fluorometer (Invitrogen) and/or quality tested by Agilent 2100 

Bioanalyzer RNA assay (Agilent technologies) depending on sufficient amount of 

starting material. Libraries were then processed with Illumina cBot for cluster generation 

on the flowcell, following the manufacturer’s instructions and sequenced on paired-end 

125 bp mode on HiSeq2500 (Illumina). The CASAVA 1.8.2 version of the Illumina 

pipeline was used to process raw data for both format conversion and de-multiplexing. 

FPKM read count files containing the estimated gene-level expression values were 

generated and statistically analysed. The quality of the input reads was determined using 

the FastQC software and low-quality sequences were trimmed using Trimmomatic.  

RNA-seq data were aligned to the Mus musculus reference genome (GRCm38/mm10) 

using STAR with standard input parameters. Alignments were then filtered with the 

20x target primers/probe mix (HEX) 1.1 

20x reference primers/probe mix (FAM) 1.1 

cDNA variable 

RNase/DNase-free water variable 

Total Volume 22 
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MarkDuplicates tool of Picard, considering the Unique Molecular Identifiers (UMI) tags 

(--BARCODE_TAG option) added before cDNA amplification, as specified in the library 

manufacturer's instructions, and gene UMI counts were produced using Subread 

featureCounts against the Genecode (v17) reference annotation. 

UMIs are a type of molecular barcoding that uniquely tag each molecule in a sample 

library, thus providing error correction and resulting in a more accurate quantification of 

the transcript count (Chen et al, 2018). Since UMIs are incorporated on each original 

RNA fragment before any PCR amplification, true variants present in the original sample 

can be distinguished from errors introduced during library preparation, PCR and 

sequencing. To quantify the transcript count, the UMI count of mitochondrial genes were 

normalized to hprt housekeeping gene. 

Transcript UMI counts with values > 3 were processed using DESeq2 (normalizing for 

library size using Relative Log Expression and correcting by sex) using standard 

protocols as reported in the respective manuals, and differential expression was 

determined considering p values corrected by FDR. To determine whether some specific 

gene sets were significantly different between wt and th3 mice, we performed Gene Set 

Enrichment Analysis (GSEA) employing the Reactome Pathway database and the 

biological process (BP) branch of the gene ontology (GO) database on genes ranked by 

log2 fold change values. 

We tested a list of antioxidant genes (Gpx7, Txn2, Ccs, Prdx2, Prdx3, Gpx1, Gsr, 

Rps19bp1, Txn1, Prdx6, Fkbp4, Cat, Sod2) and we represented the enrichment score (ES) 

and the position of gene set members on the rank-ordered list using GSEA enrichment 

plot.  

The expression levels of specific genes of interest (rows) in the considered samples 

(columns) were visualized as heatmap and, to highlight gene and/or condition patterns, 

unsupervised clustering was performed on rows and/or columns, respectively. The colour 

and the intensity of the boxes in the heatmaps reflects changes of gene expression 

calculated using the z-score.  

Gene expression RNA-seq data for this study have been deposited in European 

Nucleotide Archive database with accession numbers PRJEB31882 and PRJEB31937 

(http://www.ebi.ac.uk/ena/data/view/PRJEB31882; 

http://www.ebi.ac.uk/ena/data/view/PRJEB31937). 

http://www.ebi.ac.uk/ena/data/view/PRJEB31882
http://www.ebi.ac.uk/ena/data/view/PRJEB31937
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Statistical analyses 

Analyses were performed by using GraphPad prism v8.0 software (La Jolla, CA, 

USA). All data are presented as single values and mean±SEM. Mann-Whitney test was 

used for comparisons between two independent groups, Wilcoxon test was performed for 

comparison between dependent groups. Kruskal-Wallis test was performed for 

comparison among more than two independent groups. Bonferroni correction was applied 

for comparison among more than 2 groups. 

Statistical significance is reported as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. 
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