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Within regenerating tissues, aging is
characterized by a progressive gen-

eral deterioration of organ function,
thought to be driven by the gradual
depletion of functional adult stem cells.
Although there are probably multifacto-
rial mechanisms that result in comprom-
ized stem cell functionality with
advancing age, the accumulation of DNA
damage within the stem cell compart-
ment is likely to make a major contribu-
tion to this process. However, the
physiologic source of DNA damage
within the different tissue specific stem
cell compartments remains to be deter-
mined, as does the fate of stem cells
exposed to such damage. Using the hae-
matopoietic system as a model organ, we
have recently shown that certain forms of
physiologic stress, such as infection-asso-
ciated inflammation and extensive blood
loss, leads to the induction of biologically
relevant levels of DNA damage in haema-
topoietic stem cells (HSCs) by dramati-
cally increasing the proliferative index of
this normally quiescent cell population.1

We were also able to demonstrate that
such stress-associated DNA damage was
sufficient to completely deplete HSCs
and promote severe aplastic anemia
(SAA) in the Fanconi anemia (FA) knock-
out mouse model, which has comprom-
ized replication-associated DNA repair.
In this “Extra Views” article, we extend
this previous work to show that FA mice
do not spontaneously develop a haemato-
poietic phenotype consistent with SAA,
even at extreme old age. This suggests
that HSC quiescence restricts the acquisi-
tion of DNA damage during aging and

preserves the functional integrity of the
stem cell pool. In line with this hypothe-
sis, we provide an extended time course
analysis of the response of FA knockout
mice to chronic inflammatory stress and
show that enforced HSC proliferation
leads to a highly penetrant SAA pheno-
type, which closely resembles the pro-
gression of the disease in FA patients.

Introduction

HSCs accumulate DNA damage with
age and recent genome sequencing studies
underscore this fact by demonstrating that
HSCs from normal aged individuals har-
bor hundreds of somatic mutations per
genome.2 This progressive acquisition of
DNA damage within the HSC compart-
ment is thought to be a major contribut-
ing factor toward the gradual functional
decline of the haematopoietic system with
increasing age. In line with this hypothe-
sis, a number of studies have observed that
the age-related acquisition of somatic
mutations correlates with a dramatically
reduced clonal repertoire of HSCs sustain-
ing ongoing hematopoiesis within elderly
humans.3-6 Despite this likely causal link
between DNA damage and HSC dysfunc-
tion, relatively little is known about the
predominant physiologic source of this
damage. Indeed, most of our knowledge
of the HSC DNA damage response
(DDR) has been gained from studies that
employ ionizing radiation or chemother-
apy as agonists to provoke DNA damage,
which may not relate to the type and
magnitude of damage that is normally
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encountered within the HSC pool for the
majority of individuals.

Replication stress has been proposed to
act as a universal mechanism through
which somatic cells progressively acquire
DNA damage with age.7,8 With regards to
adult stem cell biology, it is interesting to
note that the lifetime risk of developing
cancer in a given tissue strongly correlates
with the estimated proliferative index of
the stem cell population responsible for
sustaining that tissue, presumably due to
increased mutational burden resulting
from replication stress.9 However, many
adult stem cell populations are character-
ized by their long-term quiescent status
and this is certainly the case for HSCs,
where it has been calculated that under
standard laboratory conditions, so-called
long-term (LT)-HSCs in mice may divide
as few as 5 times during the lifetime of the
animal and only infrequently contribute
to the production of mature blood
cells.10-12 One would predict that this
long-term quiescent status would act to
limit replication stress-induced damage in
LT-HSCs and perhaps preserve their
genomic and functional integrity. This
may explain why replicative history
appears to inversely correlate with HSC
functional potency in mice.12,13

The recent revelation that the infec-
tion-mediated inflammatory response can
induce HSCs to transiently enter into
cycle in vivo, led us to speculate that this
phenomenon could link physiologic stress
with elevated proliferation-induced DNA
damage and tissue degeneration by signifi-
cantly increasing the proliferative index of
LT-HSCs in vivo.14-16 By using a range of
different agonists to mimic processes such
as viral infection or blood loss in mice, we
were able to force LT-HSCs out of quies-
cence in vivo and observe that this univer-
sally led to the induction of DNA damage
within the stem cell compartment.1

Although the level of DNA damage within
the LT-HSC compartment was quite
modest compared to that observed when
high dose irradiation or chemotherapy are
used on mice, chronic treatment with pro-
inflammatory agonists led to a profound
reduction in the number of functional
LT-HSCs combined with a myeloid dif-
ferentiation bias that resembled the hae-
matopoietic phenotype of aged mice. The

causal role of DNA damage in this stress-
induced HSC attrition was established by
using a mouse model with a clinically rele-
vant defect in the cellular DDR. Mice that
harbor inactivating deletions within genes
involved in the FA signaling pathway have
a cellular defect in resolving certain forms
of DNA damage that result in replication
fork arrest, such as DNA interstrand cross-
links.17 When mice with a targeted dele-
tion of the FA gene, Fanca, were subject
to physiologic stress agonists as described
above, the degree of DNA damage
observed in LT-HSC was significantly
higher than in their wild type (WT) coun-
terparts, demonstrating that the FA path-
way is involved in the resolution of stress-
induced DNA damage within the LT-
HSC compartment in vivo. In line with
this observation, chronic stress exposure
resulted in an almost complete exhaustion
of the LT-HSC pool within Fanca¡/¡

mice leading to eventual bone marrow
failure (BMF). This completely recapitu-
lates the highly penetrant SAA that is a
defining characteristic of the disease seen
in patients who have germline inactivating
mutations in FA pathway members.18

Taken together, these data support an
important role for physiologic stress as a
biologically relevant source of DNA dam-
age within the LT-HSC compartment in
vivo and suggest that cumulative exposure
to such stress can induce age-associated
phenotypes within the haematopoietic
system.

In this “Extra Views” article we will
provide additional data extending the
work described in our recent research arti-
cle linking inflammation, DNA damage
and HSC aging and will also discuss the
broader implications of these findings.1

Results

Haematopoietic phenotype of WT
and Fanca¡/¡ mice with increasing age

Of the 16 FA genes that have been
identified in patients to date and whose
loss of function has been found to be caus-
ative of the biochemical defect in DNA
interstrand crosslink repair, FANCA is the
most frequently mutated.18-20 Cells from
mice with targeted deletions of the Fanca
gene have exactly the same DNA repair

defect as cells from FA patients and these
mice do demonstrate some of the develop-
mental defects that are heterogeneously
manifest in patients such as growth retar-
dation, germ cell defects, micropthalmia
and craniofacial abnormalities.21,22 How-
ever, Fanca¡/¡ mice have not been
reported to spontaneously develop the
SAA that is a defining characteristic of this
disease in humans. This uncoupling of the
cellular DNA repair defect from the clini-
cally prevalent phenotype of BMF is a
general feature of all single gene deletion
mouse models of FA and has been a major
hindrance in understanding why the path-
way is required for the effective mainte-
nance of hematopoiesis (reviewed in17,23).
This has led to speculation about the util-
ity of the mouse model in the study of this
disease. In an attempt to determine
whether any haematopoietic phenotype
would become manifest in Fanca¡/¡ mice
in extreme old age, we analyzed hemato-
logic parameters of young (6 months old),
middle aged (12 months old) and aged
(24 months old) Fanca¡/¡ and WT mice
that had been maintained under specified
pathogen free laboratory conditions for
their entire life. Flow cytometry-based
analysis of mature cells in the peripheral
blood from these animals showed that
there was no significant difference in the
relative production of B-, T- and myeloid
cells between WT and Fanca¡/¡ mice,
regardless of age (Fig. 1A). Both
Fanca¡/¡ and WT mice demonstrated an
equivalent age-dependent skewing toward
increased myeloid output that has been
previously documented in the mouse
model of hematopoiesis.24,25 Evaluation
of peripheral blood cell counts showed
that Fanca¡/¡ and WT mice had similar
numbers of circulating leukocytes, eryth-
rocytes and thrombocytes at each time
point analyzed (Fig. 1B). Characterization
of more immature haematopoietic cells in
the bone marrow (BM) also yielded no
evidence of abnormal hematopoiesis in
Fanca¡/¡ mice, with both the total femur
cellularity and relative frequencies of lym-
phoid and myeloid cells showing no sig-
nificant difference between Fanca¡/¡ and
WT mice in both the young and aged set-
ting (Fig. 1C and D). Taken together,
these data indicate that, unlike FA
patients, Fanca¡/¡ mice do not
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spontaneously develop SAA nor any
milder defect in the production of mature
blood cells under standard laboratory con-
ditions, even at time points close to the
normal maximum life expectancy of
experimental animals.

We next shifted our analysis to the
study of the more primitive HSC and pro-
genitor (HSC/P) compartments within
the BM. In contrast to the results obtained
when mature blood cells were considered,
the absolute numbers of BM populations

corresponding to committed progenitors
(lineage (lin)¡, c-KitC, Sca-1¡), HSCs
plus multipotent progenitors (MPPs;
lin¡, c-KitC, Sca1C), MPPs alone (Lin¡,
c-KitC, Sca1C, CD48C) and LT-HSCs
alone (Lin¡, c-KitC, Sca1C, CD48C,

Figure 1. Analysis of mature blood cells in the peripheral blood and bone marrow of young and aged WT and Fanca¡/¡ mice. (A and B) Peripheral blood
cell analysis of WT (black) and Fanca¡/¡ (gray) mice at 0.5 year, 1 and 2 y showing A) the percentage of myeloid (Gr-1C, Mac-1C), T-cells (CD3eC) and B-
cells (B220C); B) the white blood cell (WBC), red blood cell (RBC) and platelet (PLT) count. (C and D) Analysis of BM of 0.5 year, 1 and 2 y old WT (black)
and Fanca¡/¡ (gray) mice showing (C) the percentage of myeloid (Gr-1C, Mac-1C), T-cells (CD3eC) and B-cells (B220C); (D) the absolute number of BM
cells per femur. Mean § standard deviation (s.d.) is shown for n D 3 ¡6 mice per group. Not significant (ns)D P > 0.05, unpaired t-test,
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CD150C, CD34¡) were all significantly
decreased in 6-month old Fanca¡/¡ mice
compared to their WT counterparts
(Fig. 2A-D). However, at one year of age,
the comparative differences between all of
these populations had normalized across
Fanca¡/¡ and WT mice and, by 2 y of
age, the LT-HSC compartment was sig-
nificantly overrepresented within the BM
of Fanca¡/¡ mice compared to WT.
These findings may relate to previous
observations detailing the abnormal
embryonic development of FA deficient
HSCs, which may account for the com-
paratively lower absolute numbers of
HSC/Ps in young Fanca¡/¡ mice.26-28

Nonetheless, it is clear that this phenotype
is not exacerbated during normal aging of
mice within the laboratory environment,
but instead appears to be rescued with
increased age. While the age-dependent
accumulation of immunophenotypically-
defined HSCs is a well-documented fea-
ture of aged mice, the molecular and cellu-
lar processes responsible for the increased
accumulation of LT-HSCs in the BM of
Fanca¡/¡ mice are not yet described and

could be reflective of an accelerated aging
phenotype.29,30 Regardless, the relatively
modest differences in HSC/P numbers
found between the BM of Fanca¡/¡ and
WT mice do not translate into abnormal
production of mature blood cells at any of
the time points indicated and certainly do
not recapitulate the time-dependent attri-
tion of the haematopoietic system that is
seen in the majority of FA patients.

Haematopoietic phenotype of WT
and Fanca¡/¡ mice following chronic
inflammatory stress

Since cells from FA knockout mouse
models demonstrate equivalent DNA
repair defects to FA patient cells, yet never
develop BMF, it suggests that either the
DNA repair defect is not causative of the
haematopoietic phenotype seen in patients
or that the source of DNA damage that
patients are exposed to is not present in
experimental mice. The observation that
FA-deficient murine HSCs can be
depleted by in vivo treatment with the
DNA interstrand crosslinking agent
MMC would appear to support the latter

hypothesis, but is clearly of limited physi-
ologic relevance to BMF in patients.31 A
large number of studies have generated
data supporting a role for pro-inflamma-
tory cytokines as mediators of BMF in
patients (reviewed in17,32). However, the
relationship of this phenomenon to the
defective DDR was previously unclear and
it had not been formally demonstrated
that chronic inflammation could precipi-
tate SAA in any FA knockout mouse
model.32 Given the predominant quies-
cent status of LT-HSCs in the experimen-
tal mouse model, the involvement of the
FA pathway in DNA replication associ-
ated repair and the recent revelation that
certain pro-inflammatory cytokines could
force LT-HSCs into active cell cycle in
vivo, we hypothesized that the FA pathway
could be an important route via which
DNA damage induced by replication
stress is resolved in HSCs that have been
forced to exit quiescence in vivo in
response to stress.12-16 We recently dem-
onstrated that this is indeed the case, with
LT-HSCs from Fanca¡/¡ deficient mice
showing significantly increased levels of
DNA damage compared to their WT
counterparts when the double stranded
RNA mimetic polyinosinic:polycytidylic
acid (pI:pC) was used to mimic a viral
infection, thus promoting a type I inter-
feron pro-inflammatory response.1 Ele-
vated levels of DNA damage were also
observed in LT-HSCs when mice were
exposed to a range of alternative pro-pro-
liferative agonists, such as recombinant
thrombopoietin, granulocyte colony stim-
ulating factor and serial bleeding. Impor-
tantly, this compromized in vivo DDR
also correlated with an accelerated loss of
functional LT-HSCs in Fanca¡/¡ mice
compared to WT control animals follow-
ing chronic treatment with pI:pC. This
treatment regimen eventually resulted in
an exhaustion of the HSC/P pool within
the majority of Fanca¡/¡ mice, leading to
the onset of SAA.1 A long-term follow up
of mice subject to serial treatment with pI:
pC revealed that more than 70% of
Fanca¡/¡ mice succumbed to SAA as
defined by profound BM aplasia in com-
bination with peripheral blood cytopenias
in at least 2 compartments from leuko-
cytes, erythrocytes and/or thrombocytes
(Fig. 3A-D). WT mice exposed to the

Figure 2. Evaluation of HSC/Ps in young and aged WT and Fanca¡/¡ mice. Absolute cell counts per
femur of (A) committed progenitors: Lineage¡, c-KitC, Sca-1¡ (LK(S-)); (B) HSCs and MPPs: Lineage¡,
c-KitC, Sca-1C (LSK); (C) MPPs: Lineage-, c-KitC, Sca-1C, CD48C and; (D) LT-HSCs: Lineage-, c-KitC,
Sca-1C, CD48¡, CD150C, CD34¡ in 0.5, 1 and 2 y old WT and Fanca¡/¡ mice. Mean § s.d is shown
for n D 3 ¡6 mice per group. *p < 0.05, ** p < 0.01, not significant (ns) D p > 0.05, unpaired t-test.
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same pI:pC treatment regimen never
developed SAA, nor did age-matched
Fanca¡/¡ or WT mice serially injected
with phosphate buffered saline (PBS). In
fact, pI:pC-treated WT mice demon-
strated a mild but significant leukocytosis,
which we postulate may be the result of an
overcompensated production of leuko-
cytes following sustained stress (Fig. 3D).
To our knowledge, this is the first demon-
stration that single gene FA knockout

mice can reproducibly phenocopy the pro-
gressive BMF that is observed in the
majority of FA patients. Taken together,
our data demonstrate that environmental
stress can precipitate a biologically rele-
vant dose of replication-induced DNA
damage in LT-HSCs in vivo by forcing
these cells out of their predominant quies-
cent status. We also provide a novel mech-
anistic link between pro-inflammatory
cytokines and DNA damage, which would

potentially explain the role of such factors
in the etiology of BMF in FA patients.

Discussion

Over the course of a lifetime, an organ-
ism will be exposed to multiple rounds of
hematologic stress, such as during infec-
tion or following extensive blood loss.
Such events drive LT-HSCs into active

Figure 3. Extended time-course analysis of incidence of SAA in Fanca¡/¡ mice in response to chronic inflammatory stress. (A) Schematic representation
of the pI:pC treatment schedule which was repeated up to 8 times. (B) Cumulative BMF expressed as percentage in WT and Fanca¡/¡ mice. n D 12 mice
were analyzed in the WT and Fanca¡/¡ control groups, and n D 18 mice were included in both WT and Fanca¡/¡ pI:pC treated groups. Statistical signifi-
cance was assessed by log-rank (Mantel-Cox) test. ***p < 0.001. (C) Representative hematoxylin and eosin staining of femoral sections from WT or
Fanca¡/¡ mice after cessation of treatment. (D) Peripheral blood cell count analysis of the WT and Fanca¡/¡ control groups after cessation of treatment,
and the Fanca¡/¡ pI:pC treated group at the time the mice displayed SAA. White blood cell D WBC, Platelet D PLT. Individual mice are represented with
circles and mean § s.d is shown. *Dp < 0.05, ***Dp < 0.001, non significant (ns) D p > 0.05, unpaired t-test. Data comprises an extended time course of
experiments originally published in.1
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Figure 4. Schematic model representing putative relationship between HSC replicative history, DNA damage and cellular attrition. Graphical illustration
of the putative association between cumulative HSC divisional history, levels of DNA damage and HSC attrition. Four conditions are considered: Homeo-
static HSCs with normal or compromized DNA repair and HSCs during stress hematopoiesis, again with normal or compromized repair. The blue area rep-
resents cumulative HSC divisions with time; the orange area represents the acquisition of DNA damage in HSCs due to replication stress; and the red area
represents the loss of functional HSCs induced by DNA damage, for example due to apoptosis. Under homeostatic conditions, the prevalent quiescent
status of HSCs restricts DNA damage acquisition and therefore maintains the functional stem cell pool, even in the presence of a compromized DNA
repair system. Under conditions of stress, HSCs suffer increased levels of DNA damage and this results in elevated HSC attrition. In the case of defective
DNA repair, HSC attrition is accelerated in response to the same level of DNA damage as WT cells.
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cell cycle and this is likely essential for the
recovery and maintenance of the haemato-
poietic system in the face of such chal-
lenge. Our data support a model where
this transient stress-induced activation of
HSCs does not come without a cost, in
that the HSC pool will progressively be
exposed to increasing amounts of DNA
damage with each successive round of acti-
vation out of quiescence (Fig. 4). Thus,
we propose that under homeostatic condi-
tions, the low proliferative index of LT-
HSCs will restrict DNA damage and pre-
serve the genomic and functional integrity
of the stem cell pool. In the event of a
defective DDR, such as in the case of FA,
quiescence will limit the levels of DNA
damage in LT-HSCs, so that ineffective
repair only results in the attrition of a
minor fraction of the stem cell pool. In
contrast, during chronic stress, the result-
ing increase in LT-HSC proliferative
index will generate elevated levels of DNA
damage. In a DNA repair proficient cell,
much of this damage will be repaired,
thereby preventing extensive depletion of
the HSC pool. However, in FA cells, the
loss of a high fidelity DNA repair pathway
will mean that high rates of replication
stress-induced DNA damage will translate
into elevated levels of HSC loss with each
round of challenge. Cumulative rounds of
stress with increasing age will therefore
prematurely exhaust the HSC pool in the
setting of FA, while in the repair proficient
setting, the HSC pool will be depleted but
will still be sufficient to sustain the ongo-
ing production of mature blood cells.

Our in vivo characterization of LT-
HSC replication status as a critical media-
tor of DNA damage in FA cells would
appear to directly correlate with several in
vitro studies identifying the FA pathway as
essential for the efficient resolution of
DNA ultrafine bridges that can arise as a
result of DNA replication stress.33-35

Whether these ultrafine bridges occur in
HSCs in vivo and what would impact on
their production remains to be deter-
mined. However, it is known that DNA
lesions can provoke replication stress,
either by directly impeding the progres-
sion of the replication fork, or by acting as
a pre-cursor for a DNA repair intermedi-
ate that can stall the replication fork.8

Such stalled forks can then collapse

resulting in DNA double strand breaks.
Our recent work suggested a role for met-
abolic reactive oxygen species (ROS) as an
important source of DNA adducts in WT
LT-HSCs during stress hematopoiesis.1

We could demonstrate that elevated meta-
bolic ROS, present in actively cycling LT-
HSCs, were causative for DNA double
strand breaks and that this correlated with
increased de novo generation of the ROS-
induced 8-oxo-20-deoxyguanosine adduct
on DNA. This de novo induction of ROS-
induced DNA damage in WT LT-HSCs
as they entered into cycle would appear to
directly contradict the concept that stem
cells accumulate DNA damage during
quiescence and then resolve this damage
as they start to proliferate.36 However, we
have not formally established whether
these ROS-induced adducts were respon-
sible for the increased levels of DNA dou-
ble strand breaks seen in Fanca¡/¡ LT-
HSCs compared to WT LT-HSCs during
stress hematopoiesis. In fact, we do not
exclude that the FA pathway may be
involved in replication-coupled repair of
alternative types of DNA lesion not associ-
ated with ROS, that may already exist in
quiescent cells or which are generated de
novo upon cell cycle entry. Nonetheless,
our data does demonstrate that DNA rep-
lication is required for such lesions to be
converted into DNA double strand breaks
in both Fanca¡/¡ and WT LT-HSCs.
Regarding the identification of such alter-
native DNA lesions and their potential
source, the extremely low frequency of
HSCs and unknown levels of relevant
DNA lesions within these cells restricts
the application of technologies such as
mass spectrometry as a broad discovery
tool. However, the Patel laboratory has
recently demonstrated that reactive alde-
hydes can synergize with a defective FA
repair pathway to result in elevated DNA
double strand breaks.37,38 Although the
exact identity of the DNA lesion caused
by elevated reactive aldehyde levels is cur-
rently not known, coordinate genetic abla-
tion of the FA pathway and the aldehyde
detoxifying enzyme Aldh2 in mice led to
the spontaneous onset of acute lympho-
blastic leukemia in the majority of experi-
mental animals, with the remainder
demonstrating BMF.37,38 The clinical
relevance of this observation has been

demonstrated in a subsequent study show-
ing that FA patients with a dominant
negative variant allele of ALDH2 demon-
strated a more accelerated progression of
BMF than FA patients who had normal
ALDH2 function.39 Given the data iden-
tifying reactive aldehydes as a biologically
relevant source of DNA damage in vivo,
it would be intriguing to interrogate
whether DNA damage induced by meta-
bolic reactive aldehydes alters in response
to physiologic stress and whether such
lesions can synergize with increased LT-
HSC proliferation to elicit rapid depletion
of the stem cell pool.

Finally, one might speculate that simi-
lar stress-associated DNA damage mecha-
nisms may operate in other regenerating
adult tissues that harbor quiescent stem
cell populations, although the pro-prolif-
erative agonists are likely to be different to
those characterized in the haematopoietic
system. Indeed, this concept may shed
new light on the etiology of disease in
other tissues that demonstrate an abnor-
mal phenotype in the context of germ line
or somatic loss of function of the Fanconi
pathway, such as skin, breast, ovary and
bone.

Methods

Animals
Mice were housed in individually ven-

tilated cages, specified pathogen free,
within the DKFZ animal facility. All
experimental procedures were approved
by the Animal Care and Use Committees
of the German Regierungspr€asidium
Karlsruhe f€ur Tierschutz und Arzneimit-
tel€uberwachung. Wild-type C57BL/6J
mice were obtained from Harlan Labora-
tories. Fanca¡/¡ mice have been previ-
ously described.22 Mice were 8–16 weeks
of age at the point at which experimental
studies were initiated. To provoke in vivo
cycling of HSCs, mice were injected with
5 mg kg¡1 pI:pC intraperitoneally (i.p.)
(InvivoGen, catalog # tlrl-pic-5). Periph-
eral blood cell numbers were evaluated
using a Hemavet 950 FS veterinary blood
cell counting machine (Drew Scientific).
A diagnosis of BMF/SAA in treated mice
was defined as bi- or tri- lineage (leuko-
cytes, erythrocytes and/or thrombocytes)
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cytopenias in the peripheral blood in addi-
tion to BM aplasia. Individual mice were
excluded from analysis when a diagnosis
of SAA could not be confirmed, for exam-
ple when autopsy was not be performed in
a timely manner, resulting in a decompo-
sition of tissue morphology and preclud-
ing evaluation of peripheral blood cell
counts.

Identification and purification of
murine haematopoietic stem and
progenitor cells

Murine lineage-depleted BM cells were
isolated as described previously.40 In
brief, low-density mononuclear cells
(LDMNCs) were purified by density gra-
dient centrifugation using Histopaque
1083 (Sigma-Aldrich, catalog # 10831)
and then stained with a panel of rat anti-
mouse biotin-conjugated lineage markers
(CD5/53–7.3, CD8a/53–6.7, CD11b/
M1/70, B220/RA3–6B2, Gr1/RB6–8C5,
Ter119/Ter-119, all BD Bioscience). The
resulting lineage-depleted cells were then
stained with a panel of antibodies
(CD117-APC/2B8, Sca1-APC-Cy7/D7,
CD150-PE-Cy5/TC15–12F12.2, CD48-
PB/HM48–1, CD34-FITC/RAM34, all
BD Bioscience) to identify LT-HSCs
(lineage negative (lin¡), c-KitC, Sca-1C,
CD48¡, CD150C, CD34¡), ST-HSCs
(lin¡, c-KitC, Sca-1C, CD48¡, CD150C,
CD34C) MPPs (lin¡, c-KitC, Sca-1C,
CD48C), LSKs (lin¡, c-KitC, Sca-1C) and
LKs (lin¡, c-KitC, Sca-1¡) by flow cytom-
etry analysis. All FACS samples were ana-
lyzed with a LSRII, LSR-Fortessa,
FACSAria I, II or III flow cytometer (BD
Bioscience). Dead cells were excluded by
using 7-amino actinomycin D staining at
a final concentration of 5 mg/ml (7AAD,
Invitrogen).

Staining of mature cells in peripheral
blood and bone marrow

Peripheral blood and BM cells were
simultaneously stained with antibodies
against lineage-specific cell surface
markers (CD3e-FITC/145–2C11,
CD11b-APC/M1/70, Gr-1-APC/RB6–
8C5, B220-PE/RA3–6B2, all BD Biosci-
ence). After red blood cells lysis with ACK
lysing buffer, cells were additionally
washed with PBS and then FACS
analyzed.

Hematoxylin and eosin (H&E)
staining

Tibiae were fixed for one day in forma-
lin, decalcified for 5 d in 0,5 M EDTA
(Ethylenediaminetetraacetic acid) buffer
(pH 7,2) at 4�C and paraffin-embedded
(Histo Star, Thermo Scientific). Embed-
ded bones were cut with a Microtome
(Microm HM 355S, Thermo Scientific).
BM sections were de-paraffinized, rehy-
drated and H&E staining was performed
using a standard protocol [Fischer et al.,
2008]

Statistical analysis
Analyses were always carried out in

comparison to the control group. Two-
sided unpaired t-tests were used for pair-
wise comparisons. For the incidence of
BMF, a log-rank Mantel-Cox test was per-
formed. Statistical analysis was performed
using GraphPad Prism 6.0d software
(GraphPad Software, Inc., SanDiego, CA,
http://www.graphpad.com).
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