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Abstract

Hematopoiesis is based on the existence of hematopoietic stem cells (HSC) with the
capacity to self-proliferate and self-renew or to differentiate into specialized cells. The
hematopoietic niche is the essential microenvironment where stem cells reside and
integrate various stimuli to determine their fate. Recent studies have identified niche
containing high level of calcium (Ca2+) suggesting that HSCs are sensitive to Ca2+.
This is a highly versatile and ubiquitous second messenger that regulates a wide variety
of cellular functions. Advanced methods for measuring its concentrations, genetic
experiments, cell fate tracing data, single-cell imaging, and transcriptomics studies
provide information into its specific roles to integrate signaling into an array of mech-
anisms that determine HSC identity, lineage potential, maintenance, and self-renewal.
Accumulating and contrasting evidence, are revealing Ca2+ as a previously unacknow-
ledged feature of HSC, involved in functional maintenance, by regulating multiple
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actors including transcription and epigenetic factors, Ca2+-dependent kinases and
mitochondrial physiology. Mitochondria are significant participants in HSC functions
and their responsiveness to cellular demands is controlled to a significant extent via
Ca2+ signals. Recent reports indicate that mitochondrial Ca2+ uptake also controls
HSC fate. These observations reveal a physiological feature of hematopoietic stem cells
that can be harnessed to improve HSC-related disease. In this review, we discuss the
current knowledge Ca2+ in hematopoietic stem cell focusing on its potential involve-
ment in proliferation, self-renewal and maintenance of HSC and discuss future research
directions.

1. Introduction

The blood system contains more than 10 different blood cell types

(lineages) with various functions. All blood cell types arise from hemato-

poietic stem cells (HSCs) that reside mainly in the bone marrow (BM),

the major site of adult hematopoiesis. The pioneering findings by Till and

McCulloch revealed the regenerative potential of single BM cells, thus esta-

blishing the existence of multipotential HSCs. HSCs are the only cells

within the hematopoietic system that possess the potential for both multi-

potency and self-renewal. BM-HSCs are functionally defined by their

unique capacity to self-renew and to differentiate to produce all mature

blood cell types (Song et al., 2010). Hematopoiesis is then based on the

existence of hematopoietic stem cells with the capacity to proliferate and

self-renew or to differentiate into specialized cells (Seita and Weissman,

2010). Multipotency is the ability to differentiate into all types of functional

blood cells, while self-renewal is the ability to give rise to identical daughter

without differentiation. The HSC’s choice between self-renewal and differ-

entiation must be tightly regulated to enable both the generation of dif-

ferentiated cells and the accurate maintenance of the right HSC number

(Ito and Ito, 2018). The cells originating from hematopoietic stem cells

can commit to two lineages: the myeloid lineage, including granulocytes,

erythrocytes, megakaryocytes/platelets and monocytes; and the lymphoid

lineage comprising B and T lymphocytes as well as natural killer cells

(Moignard et al., 2013). Leukocytes represent many specialized cell types

involved in innate and acquired immunity. Erythrocytes provide O2 and

CO2 transport, whereas megakaryocytes generate platelets for blood clotting

and wound healing (Graf, 2002).

Most of the HSCs within the BM are in a quiescent state. Quiescent

HSCs have the ability to self-renew indefinitely, mediating the homeostatic

and continuous turnover of blood cells that organisms require throughout
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their life (Arai et al., 2004; Morita et al., 2006; Seita and Weissman, 2010;

Wang and Ema, 2016; Yang et al., 2007). The BM is an intricate tissue that

encompasses several hematopoietic and non-hematopoietic cell types

that are interconnected by a vascular and innervated network within the

cavities of long bones and axial bones (Baccin et al., 2020; Coutu et al.,

2017; Pinho and Frenette, 2019; Zhang et al., 2021). The stem cell niche

is the essential microenvironment where stem cells reside and integrate

various stimuli to determine their fate and provides special support for cell

viability. Niche-specific cell populations, extracellular matrix components,

varied growth factors, and cell adhesion molecules produced by niche cells

are integrated together for the common goal of controlling stem cell behav-

ior. When tissue damage occurs, niches are feedback systems for communi-

cating information about the state of a tissue back to the related stem cells

(Ellis et al., 2011; Katayama et al., 2006; Petit et al., 2002; Pinho and

Frenette, 2019).

Hematopoietic cells share this bone cavity together with other cells, such

as osteoblasts, osteoclasts, macrophages, adipocytes, perivascular cells, mes-

enchymal stem cells, and endothelial cells. The communications among

these different cells are mediated through various cytokines, growth factors,

matrix proteins, and cell-cell adhesions. All these factors have been demon-

strated to be HSC niche component as they are co-localized with HSCs

and have the functional effects on HSC self-renewal and differentiation

(Morrison and Scadden, 2014).

Considering the complex pattern of signals regulating HSC activity, it

is not surprising that in the last years, investigation of Ca2+ signaling have

started, bringing light to unexpected clues. In addition, in last decade,

mitochondrial physiology have been reported as a significant regulator of

HSC function, mostly by means of respiration and reactive oxygen species

(ROS) production (Chen et al., 2008; Ito et al., 2019; Rimmel�e et al., 2015;
Tai-Nagara et al., 2014).

The purpose of this review is then to summarize the early and exciting

observation reported so far that try to link mitochondrial Ca2+ to normal or

defective hematopoiesis. Also, we will try to explain the contradictory

results presented and offer a perspective on future directions.

2. Intracellular Ca2+ homeostasis in HSC maintenance
and commitment

To date, studies investigating the role of Ca2+ signaling in HSC are

relatively few. Still, thanks to some recent insight we can start delineating
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some pictures. Intriguingly the evidence now available are partially con-

tradicting and could support two different models. This section then groups

the evidence according to the models which are most likely to occur in

hematopoiesis.

2.1 Ca2+ driven commitment of HSC
Direct measurements of cytoplasmic Ca2+ concentration, [Ca2+]c, at resting

conditions by Indo-1 in flow cytometry, indicates that mouse HSC have

extremely low free cytosolic Ca2+ (between 20 and 30nM). The stimulation

with stromal cell-derived factor 1 (SDF-1, also known as CXCL12) activates

the G protein-coupled protein receptor C-X-C chemokine receptor 4

(CXCR4) inducing an Ip3 mediated release of Ca2+ from ER via inositol

trisphosphate (Ip3) receptors (Ip3R) with transient elevation of [Ca2+]c
(Cancilla et al., 2020; Hadad et al., 2013; Xiang et al., 2002) (Fig. 1), which

still reaches concentration as low as 100nM (Luchsinger et al., 2019).

Ca2+ levels significantly increase along with hematopoietic commit-

ment. Both basal [Ca2+]c and SDF-1 induced cytosolic transients are aug-

mented in multipotent (MPP) and lineage-restricted progenitors (CP). In

agreement with Indo-1 measurement, analysis of mitochondrial motility

(considered as a readout of [Ca2+]c due to the activity of Miro) displayed

high movement frequency in the most primitive hematopoietic compart-

ment compared to progenitors. To explain a so low [Ca2+]c Luchsinger

et al. observed that HSC expressed the highest levels of plasma membrane

Ca2+ ATPase isoform 4 (PMCA4) among all the tested hematopoietic

populations and that its activity is inversely proportional to their differenti-

ation status.

These measurements suggest that low [Ca2+]c is required for HSC com-

mitment. In agreement, agents which induces HSC activation (exit from

quiescence status and commitment) are reported to elicit transient [Ca2+]c
elevation. Several cytokines are known to induceHSCproliferation and com-

mitment for the physiological stimulation of blood production. Amongmany,

the most characterized are probably IL-3, IL-6, Il-7, EPO and GM-CSF

(Abkowitz et al., 2003; Ogawa, 1993; Zhao et al., 2014). All these cytokines

have been shown to stimulated rapid and transient elevation of [Ca2+]c in

HSPC maintained in vitro on stromal cells (Paredes-Gamero et al., 2008).

Authors further characterized the signaling induced by IL-3 and GM-CSF

and observed that in vitro co-administration of Ca2+ chelator, BAPTA

(1,2-bis(2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid) or the Ip3R
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inhibitor, 2APB, significantly impair proliferation in the forming colonies,

suggesting the involvement of Ip3-Ca2+ signaling in IL-3- and GM-CSF-

inducedHSC commitment. In the same study authors shown that P2X recep-

tor agonists ATP, ADP, and UTP elicits [Ca2+]c waves higher than the once

induced by cytokine and that their effect on in vitro differentiation was partially

Fig. 1 Mitochondrial calcium homeostasis. At resting conditions (left panel), highest
[Ca2+] is found within lumen of Ca2+ stores (e.g., ER), guaranteed by the constant activity
of SERCA. Its concerted activity with the once of PMCA ensures that [Ca2+]c is maintained
at very low levels (most often within 0.1–0.2μM range). The strong ΔΨm should be
sufficient to induce accumulation of Ca2+ within mitochondrial matrix, but the low affin-
ity for Ca2+ of the MCU ensures that [Ca2+]m is kept within the range 0.2–0.5μM, close to
the values of [Ca2+]c. In the on-phase, the opening of Ip3R or RyR (Ip3-operated and
voltage-operated channels, respectively) on ER membrane causes the depletion of
intracellular stores, that pours its Ca2+ in cytoplasm (which reaches 1–2μM). Due to
the strong gradient of [Ca2+] between ER and cytosol, Ca2+ is released in the cytoplasm
faster than its diffusion generating a microdomain with high [Ca2+]c. At contact sites
between mitochondria and ER (MAM) the MCU is submerged into a [Ca2+]c sufficient
to induces its opening therefore the accumulation. A comparable mechanism occurs
at mitochondria associated to plasma membrane (PAM) where [Ca2+]c microdomain
are achieved by the opening of ligand-operated or voltage-operated PM channels
(e.g., TRPCs and LTCC, respectively). Finally, elevation of [Ca2+]m activates exchangers
on IMM that ensures the extrusion of Ca2+ into cytoplasm and engaging the off-phase.
These are the Ca2+/Na+ exchanger, NCLX, and LETM1, the putative Ca2+/H+ exchanger.
Concomitantly, activity of SERCA and PMCA reaches their maximal rates, restoring
[Ca2+]c and [Ca2+]er to the values of resting.
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reverted by BAPTA. Extracellular nucleotides (especially ATP) can be

released in the BM by HSC mobilizing factor (e.g., G-CSF) to induce sterile

inflammation (Ratajczak et al., 2018). Intraperitoneal injection of ATP in

mice, induces mobilization of HSC and isolated HSC exposed to ATP

displayed diminished reconstitution capacity (Barbosa et al., 2011). In agree-

ment, mobilization stimulated by C-GSF is strongly inhibited in mice lacking

the purinergic receptor P2X7 (Adamiak et al., 2018).

HSC can be induced to exit dormancy also by genotoxic stress. Indeed,

agents which induces DNA damage (e.g., 5-FU or γ radiation) mostly affect

cycling cells in the BM leading to their apoptotic cell death (Høyer and

Nielsen, 1992). After an initial reduction of BM cellularity, some HSCs

re-enter cell cycle undergoing commitment rather than self-renewal to

replenish the dying populations (Schoedel et al., 2016). Interestingly two

independent report displayed increase in [Ca2+]c in active HSCs isolated from

mice exposed to 5-FU (Fukushima et al., 2019; Umemoto et al., 2018).

Also, some molecular effectors downstream Ca2+ are involved in HSC

differentiation. Elevation of [Ca2+]c in HSC have been linked to Nuclear

factor of activated T-cells, cytoplasmic 2 (NFAT) activation. Sustained

increase in [Ca2+]c activates calcineurin, which dephosphorylates NFAT

and promotes its translocation to the nucleus (Beals et al., 1997; Hogan

et al., 2003). Noncanonical Wnt signaling, mediated by Fmi-Fz8, restricts

NFAT nuclear translocation controlling intracellular Ca2+ level, potentially

through inhibition of L-type Ca2+ channels (LTCC) (Sugimura et al., 2012).

5-FU stimulation induces NFAT nuclear translocation where up regulates

the transcription of Interferon gamma (IFNγ) and Cox2 transcription in

HSC. INFγ in turn is reported to instruct HSC to exit quiescent status

(Baldridge et al., 2010).

In addition to NFAT signaling a Ca2+-Calpain axis was proposed to

control HSC function. Calpains are Ca2+-regulated cysteine proteases

and, according to GEXC database, HSC express at least 3 of the 14 isoforms.

Calpains activity was detectable in cultured HSC that are usually maintained

in media with high [Ca2+]. On opposite, Ca2+ deprivation from media cau-

sed significant inhibition of Calpain activity. Interestingly, among the many

predicted Calpains target is Ten-eleven translocated (TET) enzymes. These

converts 5-methylcytosine (5mC) to 5-hydroxymethyl cytosine (5hmC), an

epigenetic marker required for the demethylation of 5mC (Cimmino and

Aifantis, 2017; Rasmussen and Helin, 2016; Zhang et al., 2016). TET2 plays

a major role in HSCs by suppressing the expression of lineage-specific genes,

therefore favoring HSC maintenance (Zhang et al., 2016). Tet2�/� HSCs
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show progressive myeloid bias in vivo that ultimately leads to myeloid

malignancy (Ko et al., 2011; Li et al., 2011). Calpains inhibition by small

molecules, overexpression of its endogenous inhibitor (calpastatin) or low

calcium media, increased TET protein expression and 5hmC deposition

in chromosomal DNA. In agreement, Tet2�/� HSCs did not benefit from

culturing in low Ca2+ media (Luchsinger et al., 2019).

Take together, this evidence indicates that HSCs requires low [Ca2+]c to

maintain their quiescent status and function, on opposite, stimuli which

instruct HSC proliferation and commitment, elevate [Ca2+]c to induce

NFAT signaling and Tet2 degradation (Fig. 2). Also, as [Ca2+]c is a function

of intraluminal Ca2+ concentration of ER, [Ca2+]er, it would be of interest

to test if [Ca2+]er have adapted to this mechanism.

2.2 Ca2+ control of HSC quiescence
The previous model is nonetheless oversimplified as additional evidence

indicates a far more complex participation of Ca2+ in HSC function.

One of the earliest evidence calling for Ca2+ investigation in HSC was

the dependence of HSC function on the calcium-sensing receptor (CasR).

This is a G-protein-coupled receptor activated by extracellular Ca2+,

[Ca2+]o, mostly known for its participation in parathyroid hormone response

to Ca2+ levels in tissuemilieu (Chavez-Abiega et al., 2020). CasR�/� develop

early hypercalcemia and do not survive longer then 7–10 days after birth.

CasR�/� mice analyzed within 72h from birth display significant BM hypo-

cellularity and limited amount of hematopoietic stem and progenitor cells

(HSPC). Also, fetal liver HSC (FL-HSC, a common source of HSC from

non-vital mouse strains) displayed altered maintenance capacity in vitro and

impaired capacity to reconstitute the hematopoietic system (reconstitution

capacity) in competitive bone marrow transplantation (BMT, a gold standard

assay for HSC function). Interestingly HSCCasR�/� also displayed aberrant

localization in the BM, suggesting alteration in the recognition of their niche

(a process usually termed homing) (Adams et al., 2006). This hypothesis

was further supported by the observation that isolated HSC CasR�/� have

impaired adhesion on collagen coated culturing device. Stimulation of

isolated HSPC with the CasR agonist, Cinacalcet, induces elevation of

[Ca2+]c, promotes cellular adhesion in vitro and favored reconstitution capac-

ity in competitive BMT (Lam et al., 2011). FL-HSC are not quiescent and

support hematopoiesis in developing fetus. Only after birth, FL-HSC,

migrates to BM, were install in their niche and exit cell cycle in favor of

quiescence (Arai et al., 2005; Bowie et al., 2006).
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Fig. 2 Overview of Ca2+ involvement in HSC function. (A) Elevation of [Ca2+]c by genotoxic stress or differentiation promoting cytokines are
associated to HSC activation and commitment. In these conditions, Calpains induces degradation of the stimulator of self-renewal Tet2, while
NFAT translocate to nucleus where can stimulate the transcription of factors promoting commitment. (B) High [Ca2+]c was also reported in
quiescent vs active HSC. Quiescence can be induced by stimulating with SDF-1 or SCF, as well as by the pharmacological elevation of
[Ca2+]c via SERCA-2 or SOCE inhibition and the use of ionophores. (C) HSC have high membrane potential which is expected to maintain
high basal [Ca2+]m in concert with Mfn2 activity. The resulting buffering activity on [Ca2+]c blocks the NFAT nuclear translocation favoring
HSCmaintenance. (D) Stimulation with 5-FU induces the elevation of [Ca2+]m that indirectly potentiatesΔΨmand ATP production, associated
with HSC commitment.



This suggest that Ca2+ signals in HSC might be important for niche

interaction. In agreement, one of the most characterized signaling molecule

required for HSC homing is CXCR4. This receptor is highly expressed in

HSC where mediates its interaction with multiple SDF-1 expressing cells in

the vascular niche (Pinho and Frenette, 2019; Sugiyama et al., 2006). SDF-1

is chemoattractant for HSC and binding of its receptor is required for main-

tenance of quiescence (Nie et al., 2008). SDF-1 administration to cultured

HSC inhibits the spontaneous entry into cell cycle. Interestingly, as previ-

ously described, SDF-1 elicit transient [Ca2+]c elevation (Lam et al., 2011;

Luchsinger et al., 2019). In vivo antagonization of the SDF-1-CXCR4

interaction through AMD3100 induces HSC mobilization and stimulation

of hematopoiesis (H€ubel et al., 2004). AMD3100 was demonstrated in

fully differentiated hematopoietic cells, to potently inhibits Ca2+ mobiliza-

tion via SDF-1 (Hatse et al., 2002).

Another ligand required for HSC interaction with its niche is the stem

cell factor (SCF). This is released in the BM mainly (but not only) by arte-

riolar endothelial cells where bind the HSCmarker c-kit (Asada et al., 2017).

In vivo studies have shown that deletion of SCF using endothelial

cell-specific Cre strains, impairs HSC maintenance at steady state, and con-

firms the role of endothelial cells as niche regulators (Asada et al., 2017; Ding

et al., 2012). In cultured HSC also SCF is able to elicit [Ca2+]c transients

(Paredes-Gamero et al., 2008).

If Ca2+ signaling is required for HSC installation and maintenance in

their niche, there should be evidences that quiescent HSC have elevated

[Ca2+]c. In a very recent report Fukushima et al. presented evidence in this

favor (Fukushima et al., 2019). They developed a transgenic mouse stably

expressing, in the hematopoietic system, a fluorescent marker for quiescent

cells (mVenus-p27K�) and compared basal [Ca2+]c in dormant vs active

HSC through the Ca2+ sensitive dye CaSiR-1. Interestingly they observed

that quiescent HSC displayed higher [Ca2+]c compared to cycling one, no

significant alteration while compared to MPP, while a significant increase

in [Ca2+]c was detectable only in more CP. Also, quiescent cell with high

[Ca2+]c displayed full long term reconstitution capacity on opposite then

low [Ca2+]c, in competitive BMT. They addressed the increased [Ca2+]c
to elevated expression of multiple channels involved in Ca2+ influx from

plasma membrane, including L-type Ca2+ channels (LTCC) and transient

receptor potential channel (TRPC). Additionally, they cultured HSC for

24h with the Sarco/endoplasmic reticulum calcium-ATPase (SERCA)
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inhibitor thapsigargin or the Ca2+ ionophore A23187. This treatment

induces elevation of [Ca2+]c (thought unexpected for a long thapsigargin

exposure) and slightly promoted reconstitution capacity in BMT.

A partial confirmation comes from investigation of S100a6�/� animals.

S100A6 protein is a member of the EF-hands S100 protein family, impli-

cated in the regulation of several cellular functions, such as proliferation,

apoptosis, cytoskeleton dynamics, and cellular response to stress factors.

S100A6 is highly expressed in HSC and its genetic inactivation leads to

major defects in HSC function. S100a6�/� mice have indeed significant

BM hypocellularity, including reduction in the HSPC compartment.

Also, HSC from S100a6�/� have limited reconstitution capacity in compet-

itive BMT experiments, indicative of impaired HSC function. Interestingly,

SCF induced [Ca2+]c transient was ablated by S100A6 null cells, suggesting

a that its regulation of HSC function is mediated by Ca2+, but no overt

alteration of quiescence were reported (Grahn et al., 2020).

Another study tested the effect of the store operated calcium entry

(SOCE) inhibitor, SKF96365 on HSC function in vitro and in vivo.

Isolated HSPC exposed to SKF96365 displayed reduced basal [Ca2+]c and

exit from quiescence causing expansion of HSC and committed progenitors.

Accordingly, SKF96365-treated HSC transplanted into non-irradiated

immune compromised mice displayed slightly better reconstitution capacity

after 1 month, but not in the long term (4 month), suggesting that SOCE

inhibition slightly promoted HSC commitment (Uslu et al., 2020).

In agreement for a role in Ca2+ signaling in regulation of HSC main-

tenance is the observation that Calmodulin-dependent Protein Kinase IV

(CaMKIV) was demonstrated fundamental in the regulation of HSC

quiescence. CaMKIV�/� animals have significant BM hypocellularity with

reduced amount of HSPC. Reconstitution capacity of HSPC CaMKIV�/�

was significantly altered, being able to provide hematopoiesis only for the

first 6 weeks. Further, HSPC CaMKIV�/� were significantly faster cycling

and failed to activated Bcl-2 expression, due to low phosphorylation status

of CREB (Kitsos et al., 2005). Likewise, an impairment of the quiescence

status was observed in Calcium/calmodulin-dependent kinase kinase 2

(CaMKK2)�/� HSC. Especially, HSCP CaMKK2�/� have increased pro-

liferation and a transcriptional profile consistent with poor quiescence and

increased differentiation. Should be noted that transplanted CaMKK2�/�

progenitors have only slightly affected reconstitution capacity (at least after

4 months), but apparently are significantly resistant to irradiative stress

120 Massimo Bonora et al.



(Racioppi et al., 2017). These data indicate that CaMKIV and CaMKK2 can

transduce Ca2+ signal of some sort to transcriptional control of quiescence

(Fig. 2).

Many of the contrasting results described so far could be attributed to the

differences on the experimental methods and to the complexity in properly

measure Ca2+ in HSC (see Box 1). A better comprehension of the phenom-

enon could be achieved by the description of the Ca2+ dynamic rather than

solely basal [Ca2+]c as is clear that Ca
2+ signals differing in frequency, ampli-

tude or duration can lead to completely different outcome.

BOX 1 Challenges and pitfalls of Ca2+ measurements in HSC.
As for all primary cells, investigation of Ca2+ signaling in HSC is challenging. HSC
investigation requires in first place their isolation from mouse BM in most cases,
but also mouse FL as well as human BM. Though isolation procedures vary from
the origin of the donor, these all share significant amount of time in Ca2+-free PBS
or PBS+2% FBS (with expected [Ca2+]o around 0.1mM). Adult HSC resides in the
BMwhere [Ca2+] have been recently estimated around 0.5mM, though it could be
higher in the arteriolar niche surrounding a significant proportion of quiescent
HSC. These aspects represent a first significant limitation to investigation of
Ca2+ signals, indeed the activity of PMCA usually outcompete the activity of
SERCAs, especially when cellular samples are maintained in buffers with low
[Ca2+]o. This cause the progressive depletion of Ca2+ from intracellular store
and cytoplasm (which is poor in endogenous Ca2+ buffers). HSC isolation is then
expected to significantly alter the intracellular distribution of Ca2+, though the
phenomenon should be limited by maintaining samples at 4°C. This Ca2+ deple-
tion artifact might be particularly significant when comparing HSC with commit-
ted progenitors, considering the high PMCA activity reported for this cell type,
and could explain the dramatic low [Ca2+]c observed.

As HSC are strongly affected by culturing, then Ca2+ recording is usually
performed immediately at the end of the isolation procedure. Future investiga-
tion should then consider a Ca2+ repletion step (e.g., 30min incubation at 37 °C in
a buffer with [Ca2+]o resembling BM milieu). Also, because of this limitation, Ca2+

investigation have been obtained so far only using fluorescent dyes. Fluorescent
small molecules should be used carefully in HSCs, because of the high activity of
the xenobiotic efflux pumps characterizing these cells and that can result in dye
extrusion and uneven staining between HSC and committed progenitors
(Morganti et al., 2019b). In the past, the extrusion of fluorescent dyes (e.g.,
Rhodamine 123 or Hoechst Blue vs Hoechst Red) was used as a technique to iden-
tify and isolate HSCs (Zhou et al., 2001) before of the characterization of CD150 as

Continued

121Mitochondrial calcium homeostasis in hematopoietic stem cell



BOX 1 Challenges and pitfalls of Ca2+ measurements
in HSC.—cont’d
a marker of HSC (Oguro et al., 2013). This phenomenon should not impact the
recording of steady state [Ca2+]c using robust radiometric dyes as Indo-1, when
a sufficient signal to noise ratio is achieved, but it will jeopardize recording
obtained by non ratiometric dyes (e.g., Fluo-3, Fluo-4, or CaSir-1). Therefore,
the correlation between dye intensity and quiescence should be considered
carefully.

Another strong limitation in fluorescent dyes is poor targetability of fluores-
cent dyes to cellular district. All the AM dye indeed can virtually localize into all
cellular compartments, but their KD for Ca2+ usually allows the recording of Ca2+

in regions with low concentrations as cytoplasm. Some fluorescent dyes devel-
oped for Mg2+ investigation have been proven to report Ca2+ in intracellular
stores (e.g., ER or Golgi) due to their low KD (Rossi and Taylor, 2020).

A notable exception is represented by the rhodamine derivative Rhod-2 or
X-Rhod-1. Thanks to the presence of one net positive charge, these compounds
can easily accumulate the most electronegative intracellular compartments,
mitochondria (the most represented) and peroxisomes. Rhod-2 was then consid-
ered the best option for [Ca2+]m analysis in HSCs and provided so far valuable
preliminary insights. Apart from being sensitive to xenobiotic fluxes as other dyes,
these derivatives are nonetheless extremely sensitive toΔΨmt. Also, Rhod-2 have
a high affinity for Ca2+ while mitochondria have been reporter that can accumu-
late [Ca2+]m to concentration far above 0.1mM. Therefore, Rhod-2 will easily
saturate in cells with mitochondria very active in terms of Ca2+ signaling.

The ideal investigation of Ca2+ signaling in hematopoiesis should be obtained
by the far superiors GECIs. A plethora of fluorescent or luminescent indicators
have been developed so far, allowing Ca2+ recordings, virtually, in every cellular
compartment (Bonora et al., 2013; Horikawa, 2015).

Isolated mouse HSCs can be transduced in vitro to allow GECIs expression
then transplanted to investigate their Ca2+ homeostasis in a more native environ-
ment. Most intriguingly, BM structure and hematopoietic niche have been dem-
onstrated to undergoes significant remodeling after γ-irradiation, a procedure
usually required to allow proper HSC reconstitution during transplantation
(Batsivari et al., 2020).

It could be then of extreme interest to compared Ca2+ homeostasis in HSC
that undergoes to transplantation, compared to quiescent HSCs from untreated
animals (e.g., from transgenic mice with stable expression of GECI), as it could
provide useful insight in the participation of Ca2+ in the communications
between HSCs and its niche as well as niche remodeling during stress.
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3. Mitochondrial calcium in HSC regulation

The impact of mitochondria on HSC function has been intensively

investigated in the last decade (Gurumurthy et al., 2010; Ito et al., 2019;

Nakamura-Ishizu et al., 2020; Rimmel�e et al., 2015). The BM niche which

maintains HSC quiescent is hypoxic and allows stabilization of the Hypoxia-

inducible factor 1-alpha. This is a transcription factor which configure

HSC’s metabolism so to sustain glucose consumption while limiting pyru-

vate entry into mitochondria (Takubo et al., 2010, 2013).

In agreement, HSC have been shown rely mostly on glycolysis rather

than mitochondrial respiration for ATP recycling. Further, the activation

of mitochondrial respiration is determinant in cell fate decision by means

of the production of reactive oxygen species (ROS), which favors commit-

ment against self-renewal (Chen et al., 2008; Ito et al., 2004, 2006).

The deeper investigation of HSC’s mitochondria indicates that this

organelle is also important in HSC maintenance. Indeed HSCs pharma-

cological inhibition of fatty acid oxidation (FAO)—the catabolism of fatty

acid in the mitochondrial matrix that feeds the tricarboxylic acid cycle

(TCA)—as well as deletion of FAO driver genes, strongly dampens self-

renewal capacity (Ito et al., 2012). In agreement, genetic inactivation of

electron transport chain (ETC) activity by deletion of genes coding for of

an essential subunit of respiratory chain complex III (Uqcrfs1) or complex

II (SdhD) were reported to cause severe pancytopenia and reduction in

HSCs, respectively, indicating a meaning for ETC in HSC, regardless the

low respiration that these cells can carry on (Ansó et al., 2017; Bejarano-

Garcı́a et al., 2016).

The use of common mitochondrial dyes (e.g., TMRM, Mitotrackers,

Rhod 123) in combination with blockade of xenobiotic efflux (e.g., by

exposure to Verapamil), revealed that mitochondrial content in HSC was

largely underestimated and that display, in vitro, a higher mitochondrial

membrane potential (ΔΨm) compared to committed cells (Bonora et al.,

2018; Mansell et al., 2021). HSC are characterized by a minimal config-

uration of ETC. Especially, we observed that HSC display low levels of

respiratory complexes I and V, and that electrons enters ETC most entirely

through the activity of respiratory complex II (Bonora et al., 2018;Morganti

et al., 2019a). The elevatedΔΨmt, despite low respiration rate, is most likely

due to the ratio between respiratory complexes I–IV to complex V.

Being ΔΨm the driving force for mitochondrial Ca2+, [Ca2+]m (Fig. 1),

it should be expected that HSC might have higher basal [Ca2+]m compared
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to the differentiating progeny. To date, no studies reported [Ca2+]m in HSC

compared to progenitors or fully differentiated cells. Still, Luchsinger et al.

reported that isolated HSC cultured in low Ca2+ media significantly dimin-

ished the brightness of the Ca2+ sensitive rhodamine derivative Rhod-2.

Also, they observed that respiration levels correlate with the Ca2+ availability

in the media (Luchsinger et al., 2019). This was explained by the Ca2+

dependence of TCA cycle and F1/FO ATP synthase. The same study

reported (as previously discussed) extremely low [Ca2+]c (below 100nM),

considering that mitochondrial Ca2+-dependent dehydrogenases have rela-

tively low KD for Ca2+, it is plausible that HSC have a relatively high

[Ca2+]m at resting conditions, thanks to elevated ΔΨm. In agreement, the

same group reported evidence that mitofusin-2 (mfn2) is required for proper

hematopoiesis. Mfn2 is a well-known regulator of mitochondrial dynamics,

and the mfn2 KO HSC display a prototypical fragmentation phenotype.

Also, loss of mfn2 leads to significant reduction of mitochondrial Ca2+

uptake capacity. In HSC, mfn2 KO displayed increased [Ca2+]c elicited

by SDF-1 and an elevation of the nuclear/cytoplasmic ratio of NFAT-C1

(Luchsinger et al., 2016).

Finally, mfn2 KO cells displayed impaired reconstitution capacity in

competitive BMT experiments, though apparently biased for the lymphoid

potential. In agreement, S100a6�/�HSC (which have defective HSC func-

tion) displayed blunted [Ca2+]m uptake in response to SCF compared to

wild-type as well as lower ΔΨm and maximal respiratory capacity (Grahn

et al., 2020). This suggests that mitochondrial Ca2+ uptake (at least its buffer

capacity) is instrumental for the maintenance of HSC function (Fig. 2).

This model is nonetheless not confirmed by investigation of HSC func-

tion in Drp1 KO cells. Drp1 is the main executor of the mitochondrial fis-

sion. Its regulation of mitochondrial network dynamics have been reported

to impact [Ca2+]m in multiple cellular (Favaro et al., 2019; Szabadkai et al.,

2004). Especially, overexpression of Drp1 induces hyper-fragmentation,

causing isolation of mitochondrial particles which do not have a direct con-

tact with ER and, therefore, reduces mitochondrial Ca2+ uptake. In parallel

Drp1 inactivation, generates an hyperfused mitochondrial network, favor-

ing the diffusion of Ca2+ within mitochondrial matrix. While [Ca2+]m
in HSC was never reported during Drp1 modulation, it is expected that

its genetic inactivation should lead to increased buffering capacity, therefore

favoring HSC maintenance. A recent report displayed instead that Drp1�/�

HSC have reduced reconstitution capacity, thought it was explained by

the inability of mitochondria to properly segregate during HSC division

(Hinge et al., 2020).
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A more recent report investigated basal [Ca2+]m in HSCs during stress

hematopoiesis. Umemoto et al. reported that HSC activation by intraperi-

toneal injection of 5-FU elevates basal [Ca2+]c, ΔΨm and basal [Ca2+]m.

Also, exposure to Nifedipine, a LTCC blocker, inhibited mitochondrial

functions and prolonged the cell cycle phase of HSCs which resulted in

slower recovery of stress hematopoiesis (Umemoto et al., 2018).

In agreement, a RNA sequencing study from mouse HSC display that

some members of the mitochondrial calcium uniporter complex (Micu1,

Micu2 and Smdt1), have a tendency in increase their expression from

quiescent HSC to active to MPP (Cabezas-Wallscheid et al., 2017).

Finally, mitochondrial Ca2+ transfer from ER to mitochondria regulate

autophagic flux and mitochondrial degradation (Calı̀ et al., 2013; Cárdenas

and Foskett, 2012; Gomez-Suaga et al., 2017). HSC have been shown strong

dependency on autophagy and its subroutine mitophagy. Especially, it was

demonstrated that genetic inactivation of autophagy is detrimental for HSC

maintenance, leading to premature aging (Ho et al., 2017) and that

HSC maintain a high rate of mitophagy to ensure mitochondrial clearance

(Ito et al., 2016; Jin et al., 2018) which results in favored HSC self-renewal

capacity (Fig. 2).

4. Calcium homeostasis deregulation in malignant
hematopoiesis

Alterations in the control of HSC quiescence as well as their division

balance causes hematological malignancies (Heidel et al., 2011; Park et al.,

2019) such as chronic leukemia (CL) or acute myelogenous leukemia

(AML). A panel of recurrent mutations have been described in these con-

ditions, offering insights on the molecular mechanism underlining their

insurgence and development (Kim et al., 2017; Lindsley et al., 2015;

Stevens et al., 2018; Thol et al., 2017). In CL or de novo AML the earliest

mutation is the trigger event for the development of the disease. On oppo-

site, a subgroup of AML (secondary AML) develop from other hematolog-

ical conditions, often generalized as pre-leukemia (e.g., clonal hematopoiesis

of indeterminate potential, CHIP or myelodysplastic syndromes, MDS).

The transition from pre-leukemia to secondary AML is driven by the acqui-

sition of additional mutations, conferring the neoplastic phenotype (Chen

et al., 2019; Corces-Zimmerman et al., 2014; Koeffler and Leong, 2017;

Makishima et al., 2017; Nagata and Maciejewski, 2019; Saeed et al.,

2021; Shlush et al., 2014).
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To date, no direct measurement reports [Ca2+]m handling in pre-

leukemic HSC or malignant stem cell (SC) compared to their normal

counterparts. Still, many observations could help us depicting model for

[Ca2+]m in malignant hematopoiesis. As for each malignant condition also

preleukemic-HSC or malignant-SC have been reported as resistant to apo-

ptosis ( Jilg et al., 2016; Pandolfi et al., 2013; Xu et al., 2012).

Mitochondria participates to regulated cell death (RCD) via at least two

pathways—the mitochondrial outer membrane permeabilization (MOMP)

and the mitochondrial permeability transition (MPT)—both of which can

be triggered by transfer of Ca2+ from ER to mitochondria characterized

by long duration but low amplitude (Adachi et al., 1997; Bonora et al.,

2015; Marchetti et al., 1996). Not surprisingly, multiple reports indicate that

this kind of Ca2+ signals can be elicited in leukemic cells by a variety of com-

pounds, often favoring RCD engagement in the malignant cells compared

to HSPCs (Bouchet et al., 2016; Ge et al., 2019; Metts et al., 2017; Pinton

et al., 2011).

Most significantly, several genes involved in the emergence of malignant

hematopoiesis have been related to the control of ER to mitochondria Ca2+

transfer. Bcl-2 is one of the first oncogene ever discovered and it was isola-

ted from a B-cell lymphoma. Bcl-2 is well characterized as a master

suppressor of RCD in almost all its sub-routines. It is also capable of

suppressing mitochondrial Ca2+ uptake by either lowering [Ca2+]er at steady

state and inhibiting the activity of the Ip3Rs (Bittremieux et al., 2016;

Pinton et al., 2001). A comparable phenotype is also attributed to another

anti-apoptotic member of the Bcl-2 family, Mcl-1 (Bittremieux et al.,

2016; Eckenrode et al., 2010). Bcl-2 is expressed in hematopoietic system,

though is not enriched in HSC, but rather in lymphoid progenitors.

Interestingly, its overexpression in HSC do not cause spontaneous develop-

ment of a malignant phenotype but suppresses spontaneous apoptosis and

support the quiescent state (Domen et al., 2000; Kollek et al., 2016). In con-

trast, Mcl-1 is highly expressed in the stem/progenitor’s compartment and

critically required for the maintenance of HSCs.Mcl-1 conditional deletion

induces depletion of HSPC due to increased apoptotic rates, leading to bone

marrow failure (Opferman et al., 2005). Also its pharmacological inhibition

support a role for Mcl-1 in the control of HSC function (Campbell et al.,

2010). Same line of evidence is regarding the promyelocytic leukemia

(Pml) and phosphatase and tensin homolog (Pten) (Morotti et al., 2015;

Testa and Lo-Coco, 2016). Both genes are affected by loss of function

mutations frequently associated to myeloid malignancies (Ito et al., 2008;
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Zhang et al., 2006). Interestingly, both proteins can localize at the contact

sites between ER andmitochondria, where sustains the activity of Ip3Rs and

therefore mitochondrial Ca2+ uptake to control both metabolic demands

and RCD engagement (Bononi et al., 2013; Giorgi et al., 2010; Missiroli

et al., 2016). In terms of HSC function both genes are required for stem cell

maintenance. Indeed, genetic inactivation of both Pten and Pml lead to

excess of HSC proliferation which can easily repopulate BM during com-

petitive transplantation only in the short term, while failing in the long term,

indicative of exhaustion of HSC capacity (Ito et al., 2008; Zhang et al.,

2006). Also, for Pten was reported spontaneous development of myeloid

malignancy.

The tumor suppressor p53 is non-surprisingly another fundamental reg-

ulator of hematopoiesis. Data from tp53�/� mice indicates that in steady

state conditions, p53 is required to positively regulate HSC quiescence,

apparently via a GFI-1/NECDIN pathway rather than via p21 (Liu et al.,

2009; Yamashita et al., 2016). At the mitochondrial level, p53 is reported

to have multiple functions. It transcriptionally modulate the expression of

assembly factors that favors respiratory chain (Matoba et al., 2006).

During stress conditions, it can translocate to outer mitochondrial mem-

brane to directly activated MOMP and MPT (Talos et al., 2005; Vaseva

et al., 2012). Most interestingly, at steady state p53 localize to ER and

favor SERCA2 activity via direct binding (Giorgi et al., 2015a). This elevates

[Ca2+]er then Ca2+ transfer to mitochondria (Giorgi et al., 2015b).

These pieces of evidence suggest that deregulation of [Ca2+]m could

be involved in the development of HSC-related leukemic condition.

Surprisingly, the described conditions, though all sharing alterations in

[Ca2+]m, only in a minor of cases results in the spontaneous development

of a malignancy, while the most affected HSC property appears to be

quiescence. This suggest that the relevance for [Ca2+]m in this group of

malignancies might require the collaboration of additional mutations.

Of the many genes identified so far that are target of preleukemic muta-

tion, none was related to [Ca2+]m homeostasis, with exception of enhancer

of zeste homolog 2 (EZH2) (Bowman et al., 2018; Saeed et al., 2021; Thol

et al., 2017). This is a histone methyltransferase part of the polycomb repres-

sive complex 2. Its frequently altered in hematological disorders, spanning

from CHIP to MDS and sAML. Its activity in HSC function is still contro-

versial though most evidence indicates that is required for the control of

HSC commitment (Herviou et al., 2016). Its genetic manipulation appears

to be significantly more efficient in FL-HSC rather than BM-HSC, most
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likely because of a compensation by EZH1. In cancer cells of epithelial

origin, pharmacological inhibition, or shRNA inactivation of EZH2 signif-

icantly impairs the expression of mitochondrial calcium uptake protein 1

(MICU1) (Zhou et al., 2015). This is the gatekeeper of the mitochondrial

calcium uniporter (MCU), that confers to the channel low affinity for Ca2+

(Marchi et al., 2020). MICU1 down-regulation, increases channel perme-

ability, favoring elevation of basal [Ca2+]m. This also often associated with

increased ROS production and predisposed cells to succumb RCD.

5. Conclusion

HSC function is of vital importance for a physiological hematopoiesis

throughout all life and is therefore the results of multiple, balanced signals

that regulates quiescence and self/renewal vs commitment. Considering

the emerged meaning of mitochondrial physiology in the regulation of

these function and the well-established role of intracellular Ca2+ as signaling

molecules, it was just expectable that investigation of mitochondrial Ca2+

homeostasis would also reach the hematopoietic field.

To date seminal investigation are starting to depict a model of this topic.

We now know that (i) there is a remodeling of all intracellular (including

mitochondrial) Ca2+ homeostasis in HSC exiting quiescence and undergo-

ing commitment, (ii) HSC can sense [Ca2+]o, (iii) pharmacological or

genetic regulation of Ca2+ homeostasis can alter HSC quiescence status as

well as in vitro and in vivo function, (iv) there are Ca2+ sensitive molecular

participant involved in direct regulation of HSC quiescence or commitment

programs.

These are all important information that prove the participation in Ca2+

signaling in hematopoiesis. Still, information is currently somewhat frag-

mentary and sometimes contradictory. We can currently propose at least

two models, in the first Ca2+ signals are resting in the quiescent HSC, while

activating when commitment is needed (e.g., during 5-FU or adenine

nucleotide stimulation). Activation of a “pro-commitment” Ca2+ signal

favors nuclear translocation of the commitment promoter NFAT and deg-

radation of the self-renewal promoter Tet2. On the mitochondrial side, qui-

escent cells mitochondria actively participate to clear [Ca2+]c via buffering

while in active HSC of [Ca2+]m activates respiration.

On the other side, a pro-quiescence model indicates that quiescent cells

have higher Ca2+ and that niche factors favor [Ca2+]c elevation to sustain

quiescence (possibly via Calmodulin/CaMKs pathway).
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As we still do not know amplitude, frequency, and duration of these

Ca2+ signals or if these are different from apparent steady state conditions,

the two model might be coexisting.

Two major lines of evidence are now required: (1) direct measurements

of Ca2+ dynamics via the use of high performance genetically encoded cal-

cium indicators (GECI) in cells from different stages of hematopoiesis and

(2) investigate HSC function in models that specifically ablate fundamental

members of the Ca2+ toolkit.

Indeed, many evidence are collected by investigating molecular actors

which participates in multiple signaling pathways other than Ca2+. Of

extreme interest will be to understand the HSC function in transgenic ani-

mals which inactivates MCU, the mitochondrial Ca2+ exchanger NCLX

(involved in the off-phase of mitochondrial Ca2+ signals, Fig. 1) or the

ER channels Ip3Rs and ryanodine receptors (Fig. 1).

This information will allow to better define the mechanism of HSC reg-

ulation, especially in the definition of therapeutic regiment for hematolog-

ical disease. Indeed, we have now available multiple compounds that can

selectively inactivate the MCU or NCLX which should reduce or elevate

[Ca2+]m, respectively. Of interest, Mitoxantrone, an anthracenedione struc-

turally related to the anthracycline antibiotics, is recognized as a useful drug

in first line therapy against AML (Patzke and Emadi, 2020) and have been

recently reported as a potent inhibitor of MCU (Arduino et al., 2017).

Future investigation then might expose unexpected therapeutic strate-

gies, based on the manipulation of mitochondrial Ca2+ signaling, for the

treatment of hematological malignancies as well as improving the success

of BM or cord blood transplantation.
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