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In this review, we will specifically address the newest insights on the effect of low doses

of ionizing radiations on the hematopoietic stem cells, which are prone to long-term

deleterious effects. Impact of high doses of irradiation on hematopoietic cells has been

widely studied over the years, in line with the risk of accidental or terrorist exposure

to irradiation and with a particular attention to the sensitivity of the hematopoietic sys-

tem. Recently, more studies have focused on lower doses of irradiation on different tis-

sues, due to the increasing exposure caused by medical imaging, radiotherapy or plane

travelling for instance. Hence, we will delineate similarities and discrepancies in HSC

response to high and low doses of irradiation from these studies. © 2020 ISEH – Soci-

ety for Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.
The scientific understanding of radiation effects is a

constantly evolving field. However, it can sometimes

be tricky to define doses of radiation, given the differ-

ent units in which it can be expressed. The “absorbed

dose” is expressed in Gray (Gy), while the “equivalent

dose” and the “efficient dose” are expressed in Sievert

(Sv). Although both correspond to the same units in

the International Units System (J/kg), the relationship

between these parameters implies several multiplicative

factors taking into account the type of radiation, the

organ sensitivity or the species [1]. For laboratory stud-

ies, the unit commonly used is the Gy, while in epide-

miology studying human exposure, it is the Sv, which

makes it uneasy to compare them. Moreover, it also

depends on the type of radiation, its energy or linear

energy transfer (LET), and its relative biological effec-

tiveness (RBE) [2].

Despite this, effects of high doses of irradiation

(HDIR) are quite well characterized. Counteracting
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these effects involves the activation of pathways of the

DNA repair response. In humans, the most sensitive

tissue is the hematopoietic system: after exposure to

irradiation, changes in blood composition might be evi-

denced with irradiation doses as low as 1 Gy. Death

can occur starting at 2 Gy and is certain above 7 Gy in

4 to 6 weeks as a result of hematological failure [3].

At higher doses, other organs (intestines, skin) are also

touched. It has long been stated, in particular for

HDIR, that irradiation implies either a linear dose-

dependent effect or threshold effect, relying mainly on

DNA damage. However, debates regarding the effects

of low doses of irradiation (LDIR) remain, the defini-

tion of a low dose itself being unclear. Doses inferior

to 500 mGy, sometimes up to 1 Gy, are often consid-

ered low doses, and we refer to that in what follows.

Recently, more concerns over the potential danger of

LDIR (below the threshold considered dangerous by

the authorities and therefore authorized for medical

imaging, for instance) have arisen because of the

increased risk of developing leukemia and brain tumors

in children who have undergone several computed

tomography (CT) scans, with total received doses
by Elsevier Inc. All rights reserved.
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ranging from 0 to 50 mGy in the bone marrow (BM)

and 0 to 350 mGy in the brain [4,5]. It became a Euro-

pean priority (RISK-IR European network) to charac-

terize how LDIR affects these organs, considering their

sensitivity, in particular for the blood system and

hematopoietic stem cells.

Hematopoietic stem cells (HSCs) are responsible for

the sustainability of the blood system of an individual

lifelong. For such long-term maintenance, they physio-

logically exhibit intrinsic properties such as self-

renewal and multipotency, which allows them to differ-

entiate into all blood cell lineages while keeping a

pool of HSCs. However, HSCs are very sensitive to

any stress. The smallest perturbation in the system,

such as infection (for review, see [6]), blood loss [7],

chemical or physical agents [8,9], or genotoxic stress

[10], may trigger cell cycle entry and HSC differentia-

tion to sustain blood cell production.

To date, we have been able to isolate populations

enriched in HSCs using a combination of cell surface

markers. For murine HSCs, the accepted phenotype for

a population with long-term reconstitution potential is

Lin−Sca1+cKit+(LSK) CD150+CD48−CD34− [11,12].

For human HSCs, the purest population is

Lin−CD34+CD38lowCD45RA−CD90+ [13,14], but even

in this population, only 10% of the cells are “true”

HSCs under the best conditions [15]. Some additional

markers such as CD49f [15] or CD133 [16] can also be

used to better characterize human HSCs.

HSC properties need to be very carefully regulated

and preserved to avoid numerous pathologic conditions

such as their exhaustion, causing hematopoietic failure,

or their leukemic transformation. Although all mecha-

nisms for preservation of HSCs are not fully under-

stood yet, many pathways have been found to be

involved in the maintenance of their quiescence, self-

renewal, or differentiation properties under physiologi-

cal conditions. This regulation can be extrinsic, related

to surrounding cells (HSC niches) and environmental

conditions in the bone marrow [17]. Several adhesion

molecules (such as E-selectin [18], VCAM-1/a4b1

integrins [19], and JAM-C/JAM-B [20,21]) and

secreted growth factors (SCFs [22], CXCL12 [23]

ligand of CXCR4, thrombopoietin (TPO) [24], angio-

poietin [25], BMP4 [26]) are involved in the retention

of HSCs in their niches, therefore contributing to their

maintenance. Low levels of oxygen (hypoxia) [27]

have also been reported by many groups to be highly

essential for the regulation of HSC maintenance,

together with hypoxia-inducible factor (HIF) proteins,

which regulate, in a cell autonomous way, HSC quies-

cence and self-renewal properties [28,29].

Other intrinsic factors such as transcription factors

(i.e., Gata2, Bmi-1 [30,31], Pbx1 [32], or SCL/TAL1

[33,34]), cell cycle regulators (i.e., p21 [35], p27 [36],
or p57 [36,37]), chemokines, cytokines, and growth

factor receptors (e.g., cKIT, MPL, CXCR4) also regu-

late HSC fate. Finally, actors involved in irradiation-

induced stress responses also play a role in maintaining

HSC stemness under steady-state conditions, as well

as after exposure to irradiation or other genotoxic

stresses.

In this review, we address the similar and different

effects of high and low doses of irradiation (HDIR and

LDIR) with respect to the steady-state regulation of

HSC properties, focusing on components involved in

the DNA-repair response (DRR) and reactive oxygen

species (ROS) pathways.

Involvement of DRR and ROS pathways in HSC

maintenance

The DRR comprises several pathways depending on the

DNA damage generated (for review, see [38]). Under

steady-state conditions, these pathways also act to pre-

serve DNA integrity, for instance, during the replica-

tion process, and the quiescence and self-renewal

properties of HSCs. Several proteins, such as DNA-

PKc [39,40], ligase IV [41,42], and ku70/80 [39,42

−44] involved in nonhomologous end joining (NHEJ),

BRCA2 [45] involved in homologous recombination

(HR), XPD [42] and ERCC1 [46−48] involved in

nucleotide excision repair (NER), and ataxia telangiec-

tasia mutated (ATM) [49] play a role in maintaining

HSC functions. In competitive transplantation experi-

ments, HSC mutants exhibit a loss of functionality. In

most knockdown mouse models, the number of HSCs

is drastically decreased compared with the number in

wild-type (WT) mice. In particular, atm−/− mice

exhibit a decreased frequency of HSCs with a defect in

their reconstitution capacity. ROS levels are increased

in atm−/− compared with WT HSCs. When mice are

treated, in drinking water, with N-acetylcysteine

(NAC), an ROS scavenger, ROS levels of atm−/−

HSCs decrease while their reconstitution potential, in

particular their long-term reconstitution capacity, is

restored [49]. Interestingly, NAC treatment can prevent

activation of the p38MAPK signaling pathway [50].

The same effects can be observed after treatment with

SB203580, a p38MAPK inhibitor [50]. These defects

in atm−/− HSCs can be linked to HSC exhaustion as

atm−/− HSCs are less quiescent than WT HSCs, with

increased expression of genes involved in cell cycle

progression (p16ink4a and p19arf). Interestingly, NAC

treatment, as well as SB203580 treatment, also induced

a decrease in expression of these genes and prevented

atm−/− HSC exhaustion. Together, these data indicate

that under steady-state conditions, ATM contributes to

protecting HSC quiescence and self-renewal potential

by controlling ROS levels and p38MAPK activation

[49,50].

https://doi.org/10.1016/j.exphem.2020.12.001
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Under steady-state conditions and independently of

ATM, ROS involvement in loss of self-renewal poten-

tial is well documented. HSCs have a very specific

metabolic activity linked to the hypoxic environment in

which they reside. Moreover, HSC intrinsic metabolism

is correlated with a low level of ROS [51,52]. Indeed,

HSCs rely mostly on anaerobic glycolysis [53] or fatty

acid oxidation [54] instead of oxidative phosphoryla-

tion. An increase in ROS levels, caused by deletion of

several regulators such as AKT [55], mTOR [56], and

FoxOs [57,58] proteins, and ATM as mentioned above,

induces an exit of quiescence and loss of self-renewal

properties. In WT mice, ROS levels increase on serial

transplantation [50,59], and NAC treatment of donor

mice as well as recipient mice contributes to the reduc-

tion of ROS levels and to the protection of HSC recon-

stitution capacity during serial transplantations [50,60].

Downstream effectors induced by ROS are equally

involved in the maintenance of stemness. For instance,

inhibiting the degradation of p53 [61] or inducing acti-

vation of p38MAPK [62] impairs the functions of

HSC, mimicking the effects of elevated ROS. However,

important regulators of ROS such as NRF2 [63] can

also be involved in an ROS-independent manner in the

regulation of HSC properties [64]. Indeed, unlike other

tissues, ROS levels are not elevated in nrf2−/− mice

bone marrow (BM), and NAC is not able to rescue the

functional defects caused by NRF2 deficiency. More-

over, HSCs exhibiting the highest self-renewal poten-

tial were reported to be mainly quiescent, in the G0

state, and even dormant, dividing only a few times in

an entire lifetime [12]. As mentioned above, increased

ROS levels induce exit of quiescence of HSCs, and

these features are regulated by different members of

the Cdkn family, such as p21 [35] and p27 and p57

[36,37], which are themselves targets of effectors pre-

viously cited, such as p53 [65].
Table 1. Comparison of effects of high versus low doses of ionizing radiation on hematopoi

HDIR

DNA DSB Yes [70,74]

ROS increase Yes [69,70]

Oxidative DNA damage Yes [69,70]

Autophagy Yes [91]

Apoptosis Yes [3,73,74]

Senescence Yes [68]

Cell cycle changes Yes [73]

Functional defects Immediate [69,74]

Epigenetic modifications Yes [92]

aContrary to what had been supposed for a long time, LDIR do induce de

and apoptosis.
High doses of ionizing radiations

Radiosensitivity is usually linked to three specificities

of a cell: its division speed, the length of its dividing

future, and its undifferentiated state [61]. Usually acute

radiation lethality arises from anemia or infection

caused by hematopoietic failure and pancytopenia.

Long-term delayed effects such as leukemia are also

predominant after nonlethal irradiation, as witnessed in

a significant proportion of the Hiroshima and Nagasaki

bombing survivors [66]. They occur when DNA of sur-

viving immature cells is damaged. The probability

of developing a malignancy usually increases with

the dose.

The mechanisms by which these short- and long-

term effects occur are today quite well characterized

(Table 1) in hematopoietic stem cells as well as in

many other cell types, in several species, and have

already been reviewed elsewhere [3]. Mainly, ionizing

radiation produces free radicals and ROS and nitrogen

oxide species (NOS) [67], which in turn induce mito-

chondrial and DNA damage, mostly double-strand

breaks (DSBs) but also oxidative DNA damage, and

eventually lead to apoptosis or senescence if needed.

In response to this damage, different pathways, such as

the NHEJ, HR, base excision repair (BER), or nucleo-

tide excision repair (NER), and ATM pathways, are

activated either to repair the DNA damage or to induce

apoptosis, if the damage is significant. Induction of

these pathways leads to activation of the p53 and

p38MAPK pathways.

Total body irradiation (TBI) of mice with 137Cs at

6.5 Gy induces HSC senescence via the cyclin-depen-

dent kinase inhibitors p16, p21, and p19 specifically

[68]. It was also reported to induce a decrease in clo-

nogenicity in selective LSK cells compared with more

mature progenitors [69]. HSC frequency and reconstitu-

tion potential were also decreased. This is due to the
etic stem cellsa

LDIR

High LET: yes [82,83]

Low LET: no [84,85]

Yes [82−85]

Yes (human) [84]

Yes (mouse) [85]

No [84,85]

Unknown

No [84,85]

Mouse : immediate + delayed [82,83,85]

human: delayed [84]

High LET: yes [81]

Low LET: unknown but probable

fects, but mostly because of oxidative stress rather than DNA DSBs

https://doi.org/10.1016/j.exphem.2020.12.001
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persistent increase in ROS, observed several weeks

after irradiation, that leads to oxidative DNA damage

and DSBs, as reflected by 8-hydroxy-2-deoxyguanosine

(8-OH-dG) and gH2AX staining, which respectively

mark guanine oxidation on DNA and phosphorylation

of gH2AX following DSBs [70]. These effects were

reversible with addition of the antioxidant NAC, indi-

cating the implication of the ROS. Moreover, the

authors found that the NOX4 pathway is also involved

in these effects using an inhibitor of this protein. Res-

veratrol, another antioxidant, protects HSCs from

HDIR via the Sirt1 pathway; Sirt1 is a histone deacety-

lase protein involved in responses to stress and aging

[71]. Another study on mouse cells revealed that p53

mutations have important consequences on HSC

response to irradiation, conferring resistance [72]. Lee

and Bernstein [72] hypothesized that it was due to

either better DNA damage repair or cell cycle arrest

properties. More recently, two teams (Passegu�e’s and

Dick’s) discussed p53 involvement in HDIR effects on

murine and human HSCs, respectively, pointing out

some differences in the way they respond. Passegu�e’s
group found that after ex vivo irradiation between 2

and 4 Gy, HSC clonogenicity improved compared with

that of more mature populations [73]. This seems con-

tradictory to previous articles cited here, but could be

explained by the difference in the irradiation protocol

(in vivo vs. ex vivo) and lower doses (2 Gy vs. 6 Gy).

In addition, HSCs were found to be less vulnerable to

apoptosis than multipotent progenitors (MPPs) after

irradiation, relying more deeply on p53-mediated

growth arrest and NHEJ repair, more commonly used

than HR in quiescent cells. However, HSC mobilization

and activation in culture, provoking cell cycle entry,

attenuating p53 response, and increasing HR, do not

change the radiosensitivity or induce increased apopto-

sis, mimicking only partially MPP behavior. This sug-

gests that quiescence is not the only mechanism

driving the specific HSC behavior in response to IR.

However, Dick’s team found that contrary to mouse

cells, human cord blood HSCs (Lin−CD34+CD38−C-

D45RA−CD90+) exhibited delayed DSB rejoining,

gH2AX foci remaining a longer time, enhanced apopto-

sis, and diminished clonogenicity compared with more

mature populations (MPP, Lin−CD34+CD38−C-

D45RA−CD90+ and progenitors, Lin−CD34+CD38+)

[74]. They confirmed that the p53 pathway is also

essential to the irradiation response in human HSCs.

Indeed, in both mouse and human cells, inhibition of

p53 leads to radioprotective effects, increased clonoge-

nicity, and in vivo hematopoietic reconstitution poten-

tial. Nevertheless, the mechanisms underlying these

protective effects are different, correlating with the

way human and mouse HSCs respectively deal with

IR: apoptosis is decreased in human HSCs, while cell
growth is increased in mouse HSCs. Of note, deletion

of downstream effectors of p53 such as PUMA [75]

and BCL2 activation [74] suppresses apoptosis and

allows mice to survive irradiation and HSC clonogenic

potential to be enhanced. However, radioprotection by

p53 downregulation comes at a price, as p53-defective

HSCs, but not BCL2-overexpressing HSCs, exhibit

increased gH2AX foci and defective self-renewal on

serial transplantation.

To sum up, HSCs are strongly affected by HDIR and

exhibit mostly oxidative stress and DNA damage such

as DSBs (Table 1). This damage is then handled by

either apoptosis or repair, but it may give rise to errors

in the DNA code, mainly through NHEJ, eventually

leading to genomic abnormalities in the progeny [73]

and even leukemic transformation. Furthermore, dis-

crepancies in the way HSCs deal with DNA damage

may differ depending on numerous factors, such as spe-

cies, HSC ontogenic origin, dose, and type of irradia-

tion. Of note, chemotherapeutic agents such as

busulfan, implying chemical instead of physical aggres-

sions, can have similar functional effects but different

mechanisms of action [76,77].

Low doses of ionizing radiations

The way HSCs deal with lower doses of irradiation

might, however, be different (Table 1). As stated

before, doses less than 500 mGy, sometimes up to 1

Gy, are considered low doses.

At high doses, irradiation has either a linear dose-

dependent effect or threshold effect, relying mainly on

DNA damage. For this type of effect, dose seems to be

directly linked to the amount of damage, with the

chance of DNA damage becoming extremely low at

less than 100 mGy. For the low-dose region, different

types of dose−response curves have been proposed,

one of them being hormesis [78]. This principle pre-

supposes that a phenomenon giving rise to detrimental

effects at high doses (including irradiation) might be

beneficial at low doses [79]. Other propositions

included “nonlinear quadratic effects,” resulting in

even lower risks at low doses than linear models [80].

These propositions did not lead to changes in regula-

tory recommendations for therapy, imaging,or working

conditions, considering the lack of statistical robustness

and the fact that the potential danger of LDIR had not

been proven. However, an increased risk of developing

leukemia and brain tumors in children exposed to sev-

eral CT scans was reported [4,5], suggesting the poten-

tial danger of low doses. In this section, we review

studies shedding light on the effect of LDIR on

hematopoietic tissues and, in particular, HSCs. Mostly,

cell autonomous effects are studied.

In mice, one of the most frequently used models for

the study of hematopoietic tissues, the effects of

https://doi.org/10.1016/j.exphem.2020.12.001
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different types of irradiation were evaluated at low

doses, uncovering unexpected effects compared with

the linear dose−response model. The effect of low

doses of high-LET irradiation (heavy ions), as endured

by deep space astronauts, was well studied. In 2014, it

was reported that 56Fe irradiation has an impact on

HSC epigenetic regulation [81]. It increased global

DNA methylation and decreased methyltransferase lev-

els specifically in hematopoietic stem and progenitor

cells (HSPCs), between 100 and 400 mGy, 4 weeks

after exposure. At 22 weeks, results were more visible

at higher doses, mainly 400 mGy, but a diminution in

DNMT3b methyltransferase is still seen at 200 mGy.

However, no “usual” effect such as DNA damage or

elevation of ROS could be witnessed in any condition

with this type of irradiation at those time points.

Recently, a team investigated the immediate (2 weeks)

and late (3 months) effects of exposure to more or less

low doses (50, 100, and 250 mGy and 1 Gy) of 16O

irradiation-charged particles, very high energy (600

MeV) [82,83]. For immediate effects, they reported a

decrease in HSPC frequency and numbers at all doses,

with no great difference between the lower doses and 1

Gy. Interestingly only higher doses (1 Gy) had an

impact on mature cells. In vitro functional tests, such

as the colony-forming unit in culture (CFU-C) and cob-

blestone area-forming cell (CAFC) tests, revealed a

decrease in the clonogenic capacity of HSPCs at all

doses. Interestingly, for the CAFC test, the effect of

the lowest dose, 100 mGy, on HSPC clonogenic poten-

tial was detectable only at 5 weeks postirradiation, sug-

gesting an effect on long-term HSPC properties.

Several mechanisms were investigated to explain these

effects. In particular, a persistent increase in ROS pro-

duction and, subsequently, an increase in DNA DSBs

(gH2AX foci) and cell cycle entry were seen in imma-

ture populations. For later time points, the same types

of effects were detectable and were exacerbated at

lower doses (100 mGy) except for the ROS level in

HPCs, which returned to normal levels 3 months postir-

radiation. In both cases, low doses of irradiation did

not induce cell apoptosis. The authors also compared

these effects after 3 months of 137Ce irradiation

—g-ray, low LET, and low energy (0.6 MeV); in this

case, no difference could be spotted between cells irra-

diated between 100 mGy and Gy and control cells.

This could be compared with the study that found that

high-LET (150 keV/mm) irradiation with charged par-

ticles has greater RBE than low-LET (2 keV/mm for a

250-keV X-rays) irradiation.

Two other recent studies focused on the effect of

even lower doses (20 mGy) of 60Co irradiation—g-ray,
mild energy (4 MeV), low LET (0.2 keV/mm)—on

murine and human hematopoietic stem cells [84,85].

This dose was chosen to match the dose received in
the bone marrow during a CT scan, on average. In both

studies, a hyper-radiosensitivity was evidenced on HSC

clonogenic potential at doses around 20 mGy, immedi-

ately for murine HSCs and after serial replating for

human HSCs, which is less important at higher LDIRs

such as 50 and 250 mGy (Figure 1A). This observation

of human cells recalls the results reviewed previously

on murine HSPCs exposed to 16O irradiation with

higher LET [83]. This may also indicate differences in

the dose-triggering hyper-radiosensitivity in murine

HSCs compared with human HSCs. Lower in vivo

reconstitution potentials of irradiated HSPCs were also

observed. However, no effect of LDIR on the total

number of murine HSCs 4 months after TBI in mice

was observed, except in the case of inflammatory con-

ditioning or granulocyte colony-stimulating factor (G-

CSF) treatment. This suggests that LDIR affects mostly

stressed cells (inflammatory conditions, replicating

cells, etc.). In both cases, unlike HDIR (2−2.5 Gy as

controls and Table 1), no usual effects of irradiation

were seen: neither DSB damage nor DDR pathway

activation was observed, as reflected by the absence of

gH2AX foci and ATM and p53 phosphorylation; there

also were no differences in cell cycle or apoptosis.

However, an immediate but transient increase in ROS

was observed after irradiation. This oxidative stress

was also observed, in human HSCs, as reflected by the

presence of 8-OH-dG-stained oxidative DNA lesions

and activation of the p38MAPK pathway. In both stud-

ies, the NRF2 protein was translocated into the

nucleus. Murine cells deficient in NRF2 are more

hyper-radiosensitive than WT murine cells, while

Keap1 (a repressor of NRF2)-deficient cells exhibit no

hyper-radiosensitivity at all, implying that the Keap1-

NRF2 pathway is involved in the HSC response to

LDIR. Also, in murine HSCs kept in culture, a second

wave of ROS was detectable after a week of culture,

compared with sham-irradiated cells. Irradiated HSCs

transplanted into mice also exhibited an elevated level

of ROS several months after irradiation, suggesting a

persistent oxidative stress. Metabolic changes were

observed in human HSCs: a decrease in metabolic

activity, as assessed with TMRE and MTG probes, was

observed in the hours following irradiation; in murine

HSCs, it was an increase in autophagy (LC3B staining)

(Figure 1B). Treatment with the well-known antioxi-

dant NAC improved HSC potential (recovery of clono-

genicity and no activation of p38MAPK in human

cells, decrease in autophagy in murine cells)

(Figure 1A,C). Of note, 20 mGy irradiation using a lin-

ear accelerator producing X-rays (1 MeV) had a similar

but milder effect on clonogenicity (unpublished data);

also, as stated previously, different low doses (50 and

250 mGy) had few or no effects with 60Co irradiation

(Figure 1A). This supports the hypothesis that

https://doi.org/10.1016/j.exphem.2020.12.001


Figure 1. Consequences of exposure to LDIR on properties of HSCs. (A) Human HSCs (CD34+CD38lowCD45RA−CD90+ cells from pools of

cord blood samples) were pretreated (purple) or not (black) with the antioxidant NAC prior to exposure to different low and high doses of IR

(source 60Co) from no irradiation to 2.5 Gy, as indicated. Then the HSCs were seeded in serial CFU-C assays. Left: LDIR (20−50 mGy) have

no effect on the capacity of HSCs capacities to generate primary CFU-C (n >5). Right: Only 20 mGy- and 2.5 Gy-irradiated HSCs failed to gen-

erate secondary CFU-C in serial CFU-C assays (n >3). Two-way analysis of variance test: **p < 0.01, ***p < 0.001, ****p < 0.0001. (B)

Model explaining the effect on HSCs of exposure to LDIR (20 mGy) in humans (blue) and a mouse model (orange). (C) Model explaining how

either antioxidants or p38MAPK inhibitor (SB203580) can protect human HSCs from LDIR.
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irradiating particle energy is an important factor in

predicting cell response to low doses of irradiation and

that there is a sharp nonlinear effect at low doses.

Globally, these two groups indicate that oxidative

stress, not high enough to induce apoptotic responses,

may be the key to understanding how very low doses

of irradiation affect HSCs (Figure 1) [84,85].

The type of HSCs might also be an important factor

to consider. Different HSCs may respond differently

to the same irradiation dose, as indicated by a study

comparing cord blood, BM, and peripheral blood

HSCs [86].

Discussion

Cellular responses to high and low doses of irradiation

can differ, responses to high doses also involving a

DNA damage response. However, most studies also

agree that the responses to irradiation at both high and

low doses have the same features and rely on oxidative

stress (Table 1). This could be compared with the fact

that a global increase in oxidative stress is also a hall-

mark of aging in HSCs that leads to similar
consequences, notably defects in self-renewal. Indeed,

aged HSCs have endured more exits from quiescence

than young HSCs, progressively losing self-renewal

properties and accumulating unrepaired defects [87].

It is also interesting to look at the impact of LDIR

on other types of cells potentially less sensitive than

HSCs. For instance, Jones’ group recently reported that

highly proliferative intestinal stem cells are affected by

LDIR (50 mGy, 137Cs irradiation). They found that

increased oxidative stress triggers a higher differentia-

tion potential at the expense of stem cell proliferation

[88]. p53 mutant stem cells are in this case more able

to proliferate. However, antioxidant treatment with

NAC was able to reverse this effect and to protect the

functionality of intestinal stem cells. In gut and brain,

low doses of irradiation also produced an increase in

ROS and further activation of NFkB and SOD2 signali-

zation [89]. In mesenchymal stem cells, 80 mGy of

X-rays induced persistent gH2AX foci, unlike 1 Gy of

irradiation, for which these DSBs are repaired more

rapidly, mimicking some of the effects witnessed for

HSCs [90].
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Obviously, there is room for more investigations of

the effects of low doses of irradiation. Indeed, it

appears clear that LDIR have substantial effects, espe-

cially on stem cells. Moreover, it seems that LET is a

more important factor at low doses than at high doses.

Hence we suspect that at low doses there might be a

specific dose−response curve for each type of irradia-

tion and cell, making it quite difficult to establish a

universal model for a specific irradiation dose.

However, the increase in ROS seems to be a major

recurrence after LDIR. As discussed, ROS tend to induce

defects in self-renewal in quiescent stem cells, such as

HSCs, while affecting more deeply the differentiation in

proliferating stem cells. As ROS are known to be

involved in many pathologic pathways, it would be inter-

esting to dig further in this direction. Nonetheless, ROS

are increasingly being studied with respect to their role in

physiological signaling and may represent a way to cope

with irradiation. After LDIR, the ROS increase may be

under the threshold considered as a stress and may not

trigger adapted responses. We believe this could be the

reason why, in HSCs, low doses result in a differentiation

signal at the expense of self-renewal, leading to long-term

consequences. Anyway, it may not be useless to consider

supplementation in antioxidant molecules to protect HSCs

and maybe other types of cells, which might be beneficial

for people with more exposure to LDIR, such as those

requiring frequent medical imaging, astronauts, and fre-

quent flyers.
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