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Essential role of FBXL5-mediated cellular iron
homeostasis in maintenance of hematopoietic
stem cells

Yoshiharu Muto!, Masaaki Nishiyama'*, Akihiro Nita'*, Toshiro Moroishi’ & Keiichi I. Nakayama'

Hematopoietic stem cells (HSCs) are maintained in a hypoxic niche to limit oxidative stress.
Although iron elicits oxidative stress, the importance of iron homeostasis in HSCs has been
unknown. Here we show that iron regulation by the F-box protein FBXL5 is required for HSC
self-renewal. Conditional deletion of Fbx/5 in mouse HSCs results in cellular iron overload and
a reduced cell number. Bone marrow transplantation reveals that FBXL5-deficient HSCs are
unable to reconstitute the hematopoietic system of irradiated recipients as a result of stem
cell exhaustion. Transcriptomic analysis shows abnormal activation of oxidative stress
responses and the cell cycle in FBXL5-deficient mouse HSCs as well as downregulation of
FBXL5 expression in HSCs of patients with myelodysplastic syndrome. Suppression of iron
regulatory protein 2 (IRP2) accumulation in FBXL5-deficient mouse HSCs restores stem cell
function, implicating IRP2 as a potential therapeutic target for human hematopoietic diseases
associated with FBXL5 downregulation.
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ematopoietic stem cells (HSCs) are the most undiffer-

entiated cells in the mammalian hematopoietic system,

which they maintain throughout life. At steady state,
HSCs are quiescent and reside in their hypoxic niche. They
expend energy mostly via anaerobic metabolism by maintaining a
high rate of glycolysis. These characteristics promote HSC
maintenance by limiting the production of reactive oxygen
species (ROS)!, to which HSCs are highly vulnerable compared
with other hematopoietic cells®>. Homeostasis of cellular iron,
which is a major elicitor of ROS production, is thus likely to be
strictly regulated in HSCs in order for them to maintain their
stemness.

Iron is essential for fundamental metabolic processes in cells
and organisms, and it is incorporated into many proteins in the
form of cofactors such as heme and iron-sulfur clusters. Iron also
readily participates in the Fenton reaction, however, resulting in
uncontrolled production of the hydroxyl radical, which is the
most harmful of ROS in vivo and damages lipid membranes,
proteins and DNA. It is therefore important that cellular iron
levels are subject to regulation®. We previously showed that iron
homeostasis in vivo is regulated predominantly by F-box and
leucine-rich repeat protein 5 (FBXL5) and iron regulatory protein
2 (IRP2)* IRP2 functions as an RNA binding protein to regulate
the translation and stability of mRNAs that encode proteins
required for cellular iron homeostasis. IRP2 thereby increases the
size of the available iron pool under iron-limiting conditions. In
contrast, under iron-replete conditions, FBXL5, which is the
substrate recognition component of the SCFFBXL> E3 ubiquitin
ligase, mediates ubiquitylation and degradation of IRP2. Whereas
FBXLS5 is unstable under iron-deficient conditions, direct binding
of iron to its hemerythrin domain stabilizes the protein, with this
iron-sensing ability allowing FBXLS5 to control the abundance of
IRP2 in an iron-dependent manner>®. Disruption of the FbxI5
gene in mice results in the failure of cells to sense increased
cellular iron availability, which leads to constitutive accumulation
of IRP2 and misexpression of its target genes. FBXL5-null mice
die during embryogenesis as a result of overwhelming oxidative
stress, indicating the vital role of FBXL5 in cellular iron
homeostasis during embryogenesis*.

A substantial proportion of iron in the adult body is present in
the liver and hematopoietic system. Excess iron in the liver is
clinically important given that cirrhosis and hepatocellular
carcinoma often develop in individuals with systemic iron-
overload disorders’. Conditional FBXLS5 deficiency in mouse liver
was found to result in iron accumulation and mitochondrial
dysfunction in hepatocytes, leading to the development of
steatohepatitis4. In contrast, hematopoiesis is sensitive to iron
deficiency, with an insufficiency of available iron in the body
being readily reflected as iron-deficiency anaemia®,

Iron overload in the haematopoietic system is also clinically
important, however. Systemic iron overload is thus frequently
associated with hematologic diseases such as myelodysplastic
syndrome (MDS), a clonal HSC disorder characterized b?l
hematopoietic failure as a result of ineffective hematopoiesis’ !
Such iron overload is a consequence of the inevitability of frequent
blood transfusions and suppression of hepcidin production as a
result of ineffective erythropoiesis'. Clinical evidence suggests that
systemic iron overload has a suppressive effect on hematopoiesis in
individuals with MDS or aplastic anaemia, and that iron-chelation
therapy often improves this situation!3~1°. These observations thus
imply that hematopoietic failure promotes systemic iron overload,
which in turn exacerbates hematopoietic failure, with the two
conditions forming a vicious cycle. Oxidative stress was found to be
increased in bone marrow (BM) cells of patients with iron overload,
and the impaired hematopoietic function of these individuals was
partially rescued by treatment with an antioxidant or iron chelator,
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suggestive of the initial presence of ROS-induced cellular injury*®.
However, the molecular mechanisms underlying hematopoietic
suppression by systemic iron overload in patients as well as the
cell-autonomous effect of cellular iron overload on HSC stemness
have remained largely unknown.

Here, we show that cellular iron homeostasis governed by the
FBXL5-IRP2 axis is integral to the maintenance of HSCs.
Ablation of FBXL5 specifically in the hematopoietic system of
mice resulted in cellular iron overload in HSCs and impaired
their ability to repopulate BM. FBXL5 was also found to be
indispensable for the resistance of HSCs to stress induced by
myelotoxic agents. FBXL5-deficient HSCs manifested oxidative
stress, increased exit from quiescence and eventual exhaustion.
Of note, FBXL5 expression was shown to be downregulated
in HSCs of some MDS patients, suggesting that disruption of
cellular iron homeostasis contributes to hematopoietic failure
in such individuals by compromising HSC function. Suppression
of IRP2 activity in FBXL5-deficient HSCs restored stem cell
function, implicating IRP2 as a potential novel therapeutic target
in stem cell diseases such as MDS that are associated with cellular
iron overload.

Results

Cellular iron homeostasis is essential for HSC maintenance.
We first examined the expression of FbxI5 in various hemato-
poietic cell lineages of wild-type mice by reverse transcription
(RT) and real-time polymerase chain reaction (rtPCR) analysis.
FBXL5 mRNA was detected in many cell lineages including HSCs
(Supplementary Fig. 1a). Among differentiated cells, FBXL5
mRNA was most abundant in myeloid (Grl ™ Macl ™) cells and
least abundant in the erythroid (Ter119 ™) lineage. These findings
are largely consistent with the results of previous microarray'’
(Supplementary Fig. 1b) and RNA-sequencing!®!® (Suppleme-
ntary Fig. 1c) analyses.

To explore the role of cellular iron homeostasis in
the maintenance and function of HSCs, we generated mice
in which deletion of FbxI5 is inducible in the hematopoietic
system. Crossing of FbxI5"/F mice (which harbour floxed alleles of
Fbxl5) with MxI-Cre transgenic mice (which express Cre
recombinase under the control of the MxIl gene promoter)
followed by intraperitoneal injection of the resulting offspring
(Mx1-Cre/FbxI5*'F mice) with poly(I)-poly(C) [poly(I:C)] gives
rise to the FbxI5* genotype in HSCs. MxI-Cre/FbxI5+ /" mice
injected with poly(I:C) were examined as controls. Deletion of
Fbxl5 alleles resulted in increased expression of transferrin
receptor 1 (TfR1, also known as CD71) at the cell surface for
both hematopoietic progenitors (c-Kit ™ Sca-1 T Lin~, or KSL,
cells) and HSCs (CD150 ™ CD48 KSL cells) (Fig. 1a). To examine
the intracellular abundance of iron in hematopoietic progenitors,
we loaded hematopoietic cells with the iron-sensitive fluorophore
calcein-AM, the fluorescence of which is quenched on binding to
ferrous iron (Fe?*)20, The intensity of calcein fluorescence
was significantly lower in FbxI5*/2 KSL cells than in control
KSL cells (Fig. 1b). Exposure of the cells to the cell-permeable
Fe? T chelator 2,2"-bipyridyl abolished the difference in calcein
fluorescence intensity between the two genotypes, confirming that
the abundance of Fe?* was increased in the FbxI5*2 KSL cells.
These data collectively suggested that FBXL5 governs cellular iron
homeostasis in HSCs.

We next examined the role of FBXL5 in the maintenance
of HSCs. Flow cytometric analysis revealed a slight but significant
reduction in the frequency of KSL cells or HSCs in BM of
FbxI5*'A mice 4 weeks after the last poly(I:C) injection, whereas
this reduction was more prominent at 20 weeks (Fig. 1c—e). The
frequency of annexin VT apoptotic cells did not differ between
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Figure 1| Cellular iron homeostasis is essential for the maintenance of HSCs. (a) Representative flow cytometric analysis of TfR1 on the surface of
FbxI58/A or control KSL cells (left), and relative mean fluorescence intensity (MFI) of TfR1 on the surface of FbxI5A7A or control KSL cells or HSCs
(right, n=3). (b) Flow cytometric analysis of calcein fluorescence in FbxIS2/A or control KSL cells exposed or not to 2,2’-bipyridyl (n=3). (¢) Gating
strategy for isolation of KSL cells and HSCs from BM mononuclear cells (BMMNCs) of FbxI52/4 or control mice at 20 weeks after the last poly(l:C)
injection. (d,e) Frequency of KSL cells (d) or HSCs (e) among BM cells of FbxI52/A or control mice at 4 weeks (n=9) or 20 weeks (n=4) after the last
poly(I:C) injection. (f) Frequency of apoptotic [annexin V */propidium iodide (P1)7] cells among FbxI52/2 or control HSCs in BM at 4 weeks after the last
poly(I:C) injection (n=3). (g) Frequency of KSL cells or HSCs among BM cells in lethally irradiated mice reconstituted with FbxISA/A or control BM cells
(1x108) and fed a high-iron diet for 4 weeks (n=>5). Data are means +s.d. *P<0.05, **P<0.01 (Student's t-test); NS, not significant.

control and FbxI52/2 HSCs at 4 weeks (Fig. 1f), indicating that
FBXL5 loss impaired HSC maintenance without a significant
effect on their survival. These results thus suggested that FBXL5 is
required for the maintenance of HSCs.

We further evaluated whether the decrease in the number
of FbxI5*A hematopoietic progenitors was exacerbated under
iron-overload conditions. To avoid a deleterious effect of iron
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overload on the liver?, we transplanted BM cells from either
Mx1-Cre/FbxI5"F or Mx1-Cre/Fbxl5+/* mice not treated with
poly(I:C) into lethally irradiated recipients and then injected these
animals with poly(I:C). The recipients were fed a high-iron diet
for 4 weeks after the last poly(I:C) injection. The frequency of
FbxI52A KSL cells or HSCs in BM was found to be markedly
reduced compared with that of the corresponding control cells

3


http://www.nature.com/naturecommunications

ARTICLE

5-FU treatment

100
A
80 -
60 o
©
2
%40-
(]
——— Control \
20 - Fbxi5™
O||||||||||||IIIIIIIIIIIIIIIIII
0 5 10 15 20 25 30
Time (days)

Figure 2 | Cellular iron overload impairs stress-induced hematopoiesis.
The survival rate of FbxI52/A or control mice (n=5) injected with 5-FU
(150 mgkg ~ 1) at 10-day intervals beginning on day O at 20 weeks after
the last poly(l:C) injection was determined. **P<0.01 (log-rank test).

after this 4-week period (Fig. 1g), suggesting that FBXL5
deficiency results in exhaustion of HSCs in an iron-dependent
manner.

To examine whether the reduced frequency of FbxI5*/ HSCs in
poly(I:C)-treated MxI-Cre/FbxI5"'F mice compromised hemato-
poietic capacity in vivo, we evaluated the survival rate of the mice
after repeated injection with 5-fluorouracil (5-FU) at 10-day
intervals to eliminate differentiated hematopoietic cells and induce
activation and proliferation of HSCs. The survival rate of the
FbxI5*2 mice began to decline rapidly at ~ 15 days after the first
5-FU injection, whereas no control mice died for at least 30 days
after the first treatment (Fig. 2), suggesting that stress-induced
hematopoiesis is defective in the FBXL5-deficient animals.

We also tested the in vitro colony formation capacity of KSL
cells in a serial replating assay. Whereas FBXL5 ablation did not
affect such capacity at the first plating, the number of clonogenic
progenitor cells was markedly reduced for FbxI52/A KSL cells at
the second and subsequent platings (Fig. 3a), suggesting that this
impairment is induced in a cell-autonomous manner. Even at the
first plating, iron overload induced by the presence of ferric
ammonium citrate (FAC) reduced the colony formation capacity
of FbxI5AA KSL cells compared with control cells (Fig. 3b). In
contrast, FbxI5*/2 and control KSL cells showed a similar colony
formation capacity at the second plating in the presence of the
ferric iron (Fe> ) chelator deferoxamine (DFO). These observa-
tions suggested that FBXL5 deficiency results in a deterioration in
HSC function due to cellular iron overload.

Effect of cellular iron overload on differentiated cells. We next
checked whether ablation of FBXL5 in the hematopoietic system
affects systemic iron homeostasis and the maintenance of
differentiated hematopoietic cells. Measurement of serum iron
parameters revealed that the serum iron concentration and
transferrin saturation were not altered in FbxI54/2 mice (Fig. 4a),
suggesting that the loss of FBXL5 in the hematopoietic system
had no substantial effect on systemic iron homeostasis.
Haematologic parameters of FbxI5™2 mice at 4 weeks after
poly(I:C) injection were also similar to those of control mice, with
the exception of a slight decrease in the number of platelets
(Fig. 4b). We further examined the effect of FBXL5 ablation on
the differentiation of hematopoietic cells. The frequency of
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differentiated cells (Gr1 ™ Macl ™ myeloid cells, B220 ™ B cells or
CD3 ™ T cells) in peripheral blood (PB), BM or the spleen of
FbxI5*'A mice was similar to that in control animals, with the
exception of a small increase in the frequency of myeloid cells and
decrease in the frequency of B cells in BM (Fig. 4c—e). In addition,
erythropoietic parameters of FbxI58A mice did not differ from
those of control mice at 20 weeks after poly(I:C) injection
(Fig. 4f). The frequency of Ter119+ (erythroid) cells in BM was
also not affected by FBXL5 ablation (Fig. 4g). Together, these
observations suggested that cellular iron overload induced
by FBXL5 ablation had only a small effect on the maintenance
of differentiated cells.

Cellular iron overload impairs HSC self-renewal capacity.
Given that FBXL5 deficiency results in a decline in the number of
HSCs, we postulated that FBXLS5 is essential for the self-renewal
capacity of these cells. To examine this possibility, we first
assessed the repopulation capacity of FbxI5AA BM cells in a
noncompetitive setting. Most lethally irradiated mice trans-
planted with BM cells (1 x 10%) from Fbxl588 mice died by
~20 days after BM transfer, whereas those transplanted with
control BM cells survived (Fig. 5a), suggesting that the repopu-
lation capacity of FbxI5AA BM cells was significantly impaired.
To examine the long-term repopulation capacity of FbxI5%/2
HSCs, we performed a competitive reconstitution assay in which
FbxI5™ or control BM cells were transplanted into lethally
irradiated C57BL/6 congenic recipient mice together with
competitor cells. Flow cytometric analysis of the resulting
chimerism in PB of the recipients until 16 weeks after the BM
transfer revealed that the long-term repopulation capacity of
FbxI52/A HSCs was indeed markedly compromised (Fig. 5b). We
further confirmed that FbxI5*/2 hematopoietic cells manifested
almost no reconstitution capacity after a second BM transfer
(Fig. 5¢). The number of KSL cells derived from FbxI5AA donor
cells was greatly reduced in BM of the initial recipient mice at
16 weeks after BM transfer (Fig. 5d). To characterize the
repopulation defect in FbxI52/* HSCs, we examined the homing
capacity of FbxI5A’A hematopoietic progenitor cells after
transplantation. FbxI52’A or control KSL cells were sorted,
labelled with carboxyfluorescein succinimidyl ester (CFSE) and
transplanted into lethally irradiated recipients, and the recipient
BM was analysed 16 h after transplantation. The homing capacity
of the transplanted CFSE ™ cells for BM was similar for the two
genotypes (Fig. 5e), excluding the possibility that a homing defect
is responsible for the repopulation defect of FbxI5/A HSCs. To
evaluate the stem cell capacity of FbxI5*2 HSCs excluding
homing and er;%raftment, we transplanted BM cells from either
Mx1-Cre/FbxI5"F or MxI-Cre/FbxI5%/F mice not treated with
poly(I:C) into lethally irradiated recipients together with
competitor cells. Four weeks after BM transfer, we confirmed
that donor cells were reconstituted in the recipient BM and
then injected the recipient mice with poly(I:C). FbxI52/A HSCs
gradually lost long-term repopulation capacity (Fig. 5f), showing
that such capacity after homing and engraftment was impaired in
FbxI5*'A HSCs. The differentiation of FbxI5*/A HSCs appeared
normal in this setting of competitive repopulation (Fig. 5g). These
results collectively indicated that cellular iron homeostasis is
essential for the self-renewal capacity of HSCs.

Role of IRP2 in the effect of FBXL5 on HSC stemness. Given
that impaired degradation of IRP2 is primarily responsible for the
embryonic mortality of FbxI5~/~ mice*, we hypothesized that the
defective stem cell capacity of FbxI52/A HSCs might also be due to
IRP2 accumulation. We therefore evaluated whether suppression
of IRP2 is required for the repopulation capacity of HSCs with the
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Figure 3 | Cellular iron overload impairs colony formation capacity of hematopoietic progenitors in vitro. (a) Serial replating assay of colony formation
by FbxISA/A or control KSL cells (n=6). (b) Serial replating assay of colony formation by FbxISA/A or control KSL cells in the absence or presence of FAC
(100 pgml=T1) or 10 uM DFO (n=3). Data are means +s.d. **P<0.01 (Student's t-test).
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Figure 4 | Cellular iron overload has only a small effect on differentiated cells. (a) Serum iron concentration (left) and transferrin saturation (right) in
FbxI58/A or control mice (n=19). (b) Haematologic parameters in FbxI58/A or control mice (n=9). WBC, white blood cell; RBC, red blood cell; MCV, mean
corpuscular volume. (c-e) Frequency of differentiated cells (Gr1*Maclt myeloid cells, B220+ B cells and CD3* Tcells) in PB (n=9) (c), BM (n=9)
(d) and the spleen (n=6) (e) of FbxI5A/A or control mice. (f) Haematologic parameters related to erythropoiesis in FbxI5A/A or control mice at 20 weeks
after the last poly(I:C) injection (n = 4). (g) Representative flow cytometric analysis of Ter119 on the surface of BM cells as well as the frequency of Ter119 +

erythroid cells in BM for FbxISAA or control mice (n=3) at 4 weeks after poly(l:C) injection. Data are means + s.d. *P<0.05, **P<0.01 (Student's t-test);
NS, not significant.
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use of a competitive reconstitution assay. Both the repopulation injection. The competitive reconstitution assa}f revealed that
and differentiation capacities of Irp2”/~ HSCs were similar to the long-term repopulation capacity of FbxI5A/A/Irp27~ HSCs
those of control (Irp2¥/+) HSCs (Fig. 6a—c). We next prepared ~ did not differ significantly from that of control HSCs after the
Mx1-Cre/FbxI5"F/Irp27/~  and  Mx1-Cre/FbxI5+/*+ /Irp2T/+  first or second BM transfer (Fig. 6d—f), suggesting that aberrant
mice to be able to analyse FbxI52/2/Irp2~/~ HSCs after poly(I:C) IRP2 activity is responsible for the deleterious effect of FBXL5
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Figure 5 | Cellular iron overload impairs the repopulation capacity of HSCs. (a) Survival of lethally irradiated mice transplanted with BM cells (1 x 106)
from FbxI5A/A or control mice (n=6). (b) Hematopoietic repopulation capacity of FbxI54/2 or control BM cells (4 x 10°) transplanted together with

an equal number of competitor cells. The percentage of donor-derived cells in PB of recipient mice was determined at the indicated times after BM
transfer from FbxI53/A (n=7) or control (n=8) mice. (¢) BM cells (1 x 106) from the recipient mice in b at 16 weeks after BM transfer were serially
transplanted into additional recipient mice (FbxI52/A, n=6; control, n=5), and the percentage of donor-derived cells in PB of the new recipients was
determined at the indicated times thereafter. (d) The percentage of donor-derived cells among KSL cells in BM of the recipients in b was determined at
16 weeks after BM transfer. (e) Homing capacity of CFSE-labelled FbxI54/2 or control KSL cells (2 x 10%) for BM at 16 h after BM transfer (BMT) (n=3).
FSC, forward scatter. (f) Irradiated recipient mice were transplanted with donor BM cells (4 x 10°) from Mx1-Cre/FbxI5+/+ (control) or MxI-Cre/FbxI5F/F
mice [not injected with poly(l:C)] together with an equal number of competitor BM cells, and they were injected with poly(I:C) beginning 4 weeks after BM
transfer. The percentage of donor-derived cells in PB at the indicated times after BM transfer was determined (FbxI587A, 1 =9: control, n=10).

(g) Frequency of differentiated cells (Gr1+Macl™ myeloid cells, B220 1 B cells, and CD3 T T cells) among donor-derived blood cells for the recipients
in f at 16 weeks after BM transfer. Data are means + s.d. *P<0.05, **P<0.01 versus the corresponding value for FbxI54/A or as indicated [log-rank test (a)
or Student's t-test (other panels)].
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Figure 6 | Suppression of IRP2 mediates the effect of FBXL5 on the repopulation capacity of HSCs. (a) Hematopoietic repopulation capacity of Irp2 =/~
or control (Irp2+/ ) BM cells (4 x 10°) transplanted together with an equal number of competitor cells. The percentage of donor-derived cells in PB of
recipient mice was determined at the indicated times after BM transfer (Irp2*/*, n="5; control, n=4). (b) BM cells (1 x 10®) from the recipient mice
in a at 16 weeks after BM transfer were serially transplanted into additional recipient mice (n=15), and the percentage of donor-derived cells in PB of the
new recipients was determined at the indicated times thereafter. (¢) Frequency of differentiated cells (Gr1*Mac1™ myeloid cells, B220* B cells

and CD3 % Tcells) in donor-derived blood cells of the recipients in a at 16 weeks after BM transfer. (d) Hematopoietic repopulation capacity of
FbxISAA/1rp2 =/~ or control (FbxI5+7/+ /Irp2+/+) BM cells (4 x 10%) transplanted together with an equal number of competitor cells. The percentage of
donor-derived cells in PB of recipient mice was determined at the indicated times after BM transfer (n=4). (e) BM cells (1 x 10°) from the recipient mice
in d at 16 weeks after BM transfer were serially transplanted into additional recipient mice (n=#6), and the percentage of donor-derived cells in PB of
the new recipients was determined at the indicated times thereafter. (f) Frequency of differentiated cells (Gr1™Macl™ myeloid cells, B220+ B cells

and CD3 % Tcells) in donor-derived blood cells of the recipients in d at 16 weeks after BM transfer. Data are means *s.d. NS for comparison of

corresponding values for the pairs of genotypes (Student'’s t-test).

ablation on the repopulation capacity of HSCs. FBXL5 thus
protects HSC stemness through suppression of IRP2.

Cellular iron overload disrupts redox regulation in HSCs.
To investigate further the mechanism by which cellular iron
overload impairs HSC function, we profiled gene expression in
FbxI5*'A HSCs. Microarray analysis identified 1,128 differentially
expressed genes (686 downregulated and 442 upregulated; fold
change of >1.5 or < —1.5 and P value of <0.05) in Fbxl5A78
HSCs compared with control cells (Supplementary Data 1 and 2).
A complete list of these genes has been deposited in the Gene
Expression Omnibus (GEO) database under the accession
number GSE93649. As expected, expression of genes related to
cellular iron metabolism such as Hbb, Slc48al, Ftll, Lcn2 and
Abcb6 was upregulated. The upregulated genes also included
many genes important for redox regulation, such as Mt1, Mt2,
Hmoxl, Gstm2, Slc7all, Gclm, Gsta4, Cat, Txnl, Nqol and Sodl.

Ingenuity pathway analysis (IPA) revealed that the differentially
expressed genes were most highly associated with the NRF2-
mediated oxidative stress response (Fig. 7a). Gene set enrichment
analysis (GSEA) also confirmed that the antioxidant defense
system is activated in FbxI5*/2 HSCs (Fig. 7b,c). Changes in the
expression of several genes related to oxidative stress responses
were validated by RT and rtPCR analysis (Fig. 7d). On the basis of
these results, we concluded that FBXL5 ablation evokes oxidative
stress in HSCs. Oxidative stress in HSCs is also known to give
rise to phosphorylation (activation) of p38 mitogen-activated
protein kinase (MAPK), which results in aberrant cell prolifera-
tion and exhaustion'?. Intracellular flow cytometric analysis
revealed that the frequency of cells positive for phosphorylated
p38 MAPK was greater among FbxI5/A HSCs than among
control HSCs (Fig. 7e). The mean fluorescence intensity (MFI) of
phospho-p38 for FbxI52'A HSCs also tended to be greater than
that for control HSCs, although this difference did not achieve
statistical significance (P=0.062). Given that both extrinsic
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Figure 7 | Cellular iron overload disrupts redox regulation in HSCs. (a) Top-ranked canonical pathways for dysregulated genes in FbxI52/A HSCs as

revealed by IPA. Genes with a P value of <0.05 and a fold change in expression of >1.3 or < — 1.3 were analysed. (b) GSEA plot of differentially expressed
genes for the list of genes related to the ROS pathway (n=3). FDR-g, false discovery rate g value; NES, normalized enrichment score. (¢) Heat map for
genes in the ROS pathway in b. (d) RT and real-time PCR analysis of mRNAs for ROS-related genes in FbxI54/2 or control HSCs (n=3). (e) Flow cytometric
analysis of the frequency of cells positive for phosphorylated p38 MAPK (n=3) and relative MFI of phospho-p38 (n=3) among FbxI5A3 or control HSCs.
(f.g) Frequency of HSCs among BM cells (f) as well as frequency of cells positive for phosphorylated p38 MAPK and relative MF| of phospho-p38 among
HSCs in BM (g) of lethally irradiated mice at 4 weeks after reconstitution with Mx1-Cre/FbxI57F or Mx1-Cre/Fbxi5+/ * (control) BM cells and injected with

poly(l:C) (n=4). Data are means £ s.d. **P<0.01 (Student’s t-test).

factors including various cytokines as well as intrinsic
factors such as oxidative stress influence p38 MAPK phosphory-
lation status’!, we sought to examine the influence of
only intrinsic factors on p38 phosphorylation in HSCs. To
this end, we transplanted BM cells from MxI-Cre/FbxI5"/F or
Mx1-Cre/FbxI5+/+ mice into lethally irradiated recipients and

then injected these animals with poly(I:C). The frequency of
FbxI5*'A HSCs in BM of the recipients was significantly reduced
compared with that of control HSCs (Fig. 7f), as was the case
for MxI-Cre/FbxI5*/F mice treated with poly(I:C) (Fig. le).
The frequency of cells positive for phosphorylated p38 MAPK
as well as the MFI for phospho-p38 were also significantly

8 NATURE COMMUNICATIONS | 8:16114 | DOI: 10.1038/ncomms16114 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

a b c
@ Control @ Control
HSCs © Fbxis¥A © Fbxi5™
REACTOME_CELL_CYCLE_MITOTIC g 80- o g 5. .
f 7}
205 Control § 70 1 % 701
? 04 :"'C co c 601 = 60
203 P <0.001 (?00 5 5ol £ ol _;_
E 02 FDR-qg < 0.001 < 3 .| g o]
S 014 NES=252 S S
£ O 8 50 ?; 8 30 +
NA O S
T et g ° 2]
‘ § 10 4 ch) 104
FbxI54A Control 0 GO g 0 g o
0 w L BM-replaced
Hoechst ———» mice
d e
@ Control
O FbxisYA
IVANOVA_HEMATOPOIETIC_STEM_ 5o, Needin o p57  HoxB5  Hifta
CELL_LONG_TERM NS
g 1 - m
g 0 E16{ ** *x NS
o _ X " g P
£ 0ol P<0001 ™ g
E 3] FDR-g= 0.010 < 121
o . __ J £
2 4] NES=-1.95 ~. L
- 2 0.8
LT )
i il g 0.4
FbxI5~/ Control
0-

Figure 8 | Cellular iron homeostasis is essential for dormancy and a stem cell signature in HSCs. (a) GSEA plot of differentially expressed genes in

FbxI58/A or control HSCs for the list of genes related to proliferation. (b) Flow cytometric analysis of cell cycle status by staining with antibodies to Ki-67
and Hoechst 33342 for determination of the percentage of cells in Go phase among FbxI52/2 or control HSCs (n=3). (¢) Flow cytometric analysis of cell
cycle status for HSCs in BM of lethally irradiated mice reconstituted with FbxIS2/A or control BM cells (n=4). (d) GSEA plot of differentially expressed
genes in FbxI5A/A or control HSCs for the list of HSC-specific genes. (e) RT and real-time PCR analysis of mRNAs for HSC-specific genes in FbxI54/A or

control HSCs (n=3). Data are means £ s.d. **P<0.01 (Student's t-test).

increased in FbxI52/A HSCs compared with control HSCs in the
recipient mice (Fig. 7g). These results thus also confirmed that
FbxI5AA HSCs are exposed to intense oxidative stress.

Cellular iron homeostasis is essential for HSC dormancy. GSEA
also showed that the gene expression profile of FbxI5*A HSCs
was shifted toward proliferation compared with that of control
HSC:s (Fig. 8a). Given that the loss of dormancy in HSCs leads to
their exhaustion, we hypothesized that FBXL5 ablation might
promote exit from the dormant state in HSCs. We therefore
evaluated the cell cycle kinetics of FbxI5*/A HSCs by intracellular
staining of the proliferation marker Ki-67 and analysis of DNA
ploidy by staining with Hoechst 33342. The frequency of cells in
the dormant state (Ki-67~ fraction) was reduced for Fbxl5A78
HSCs compared with control cells (Fig. 8b). A similar difference
in the frequency of dormant HSCs was also observed in poly(I:C)-
treated recipients of transplanted BM cells from MxI-Cre/FbxI5"
F or MxI-Cre/Fbxl5T/* mice (Fig. 8¢c). GSEA also revealed loss
of an HSC-specific gene signature in FbxI52/* HSCs (Fig. 8d).
The top 30 downregulated genes in our microarray analysis
(Supplementary Data 2) include the HSC-specific gene Necdin®?,
whose downregulation in FbxI5*2 HSCs was confirmed by RT
and rtPCR analysis (Fig. 8e). We also confirmed the
downregulation of the HSC-specific gene p57 (ref. 23), whereas
the expression of other such genes including Hoxb5 (ref. 24) and
Hifla (ref. 25) was not affected (Fig. 8e). These results suggested
that cellular iron overload induces exit of HSCs from the dormant
state and loss of an HSC-specific gene expression signature.

| 8:16114 | DOI: 10.1038/ncomms16114 | www.nature.com/naturecommunications

Disrupted iron homeostasis in HSCs is associated with MDS.
The results of our mouse experiments together indicated that
cellular iron homeostasis governed by FBXL5 plays an essential
role in the maintenance and function of HSCs. We finally
examined whether FBXL5 deficiency might be associated with
human hematopoietic diseases. Impaired HSC function can result
in the development of MDS, a clonal HSC disorder characterized
by ineffective hematopoiesis® 1. Expression of FBXL5 was shown
to be differentially downregulated in CD34 T CD38"CD90 ™
HSCs from MDS patients with deletion of chromosome 5q
relative to those from healthy control subjects?®. Analysis of a
published set of microarray data revealed that FBXL5 expression
was also significantly downregulated in Lin"CD34 " CD38~
CD90 T CD45RA™ HSCs from eight MDS patients without
deletion of chromosome 5q compared with 11 age-matched
healthy control samples®” (Fig. 9a). It is of note that the
expression of both TFRI and DMTI, which is upregulated by
IRP2 and therefore represents an index of IRP2 activity, was also
increased in the MDS patients (Fig. 9b,c). To determine whether
FBXL5 expression is also downregulated in more differentiated
hematopoietic progenitor cells in MDS patients, we evaluated a
published set of microarray data for CD34" hematopoietic
progenitor cells from 183 MDS patients with various cytogenetic
abnormalities and 17 healthy control subjects?®. Expression of
FBXL5 was significantly downregulated in the CD34 " cells of
patients with refractory anaemia with ringed sideroblasts (RARS),
a subgroup of MDS characterized by iron deposition and
apoptosis in hematopoietic progenitor cells (Fig. 9d). Consistent
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Figure 9 | Downregulation of FBXL5 expression is associated with human
hematopoietic failure. (a-c) Microarray analysis of FBXL5 (a), TFR1 (b) and
DMT1 (€) expression in Lin"CD34+CD38°CD90 + CD45RA™ cells from
healthy control (Ctrl) subjects (n=11) or from MDS patients without
deletion of chromosome 5g (n=238). (d,e) Microarray analysis of FBXL5
(d) and TFRT (e) expression in CD34+ BM mononuclear cells from healthy
control subjects (n=17) or from patients with refractory anaemia with
ringed sideroblasts (RARS, n=48), refractory anaemia (RA, n=55),
refractory anaemia with excess blasts 1 (RAEB1, n=37), or refractory
anaemia with excess blasts 2 (RAEB2, n=43). Each point represents an
individual donor, and horizontal lines indicate the mean. (f) Survival of MDS
patients without deletion of chromosome 5q and with a high (n=29) or
low (n=79) level of IRP2 expression in CD34+ hematopoietic progenitor
cells. *P<0.05, **P<0.01 (Student's t-test (a-e) or log-rank test (f)).

with this finding, TFRI expression was also significantly
upregulated in the CD347 cells from the RARS patients
(Fig. 9e). These findings implicate cellular iron overload due
to FBXL5 downregulation in the pathogenesis of human
hematopoietic failure. Given that suppression of aberrant IRP2
activity cancelled the deleterious effect of FBXL5 ablation on
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the repopulation capacity of HSCs (Fig. 6), IRP2 is a potential
therapeutic target for cellular iron overload in HSCs due
to FBXL5 downregulation, including that in patients with MDS.
Consistent with this notion, a published microarray data
set revealed that an increased IRP2 mRNA abundance in
CD34 ™" hematopoietic progenitor cells was related to reduced
survival in MDS patients without deletion of chromosome 5q
(ref. 29) (Fig. 96).

Discussion

We have here discovered a previously unrecognized role
for cellular iron homeostasis in the maintenance of HSCs with
the use of mouse models of conditional FbxI5 deletion.
Mechanistically, cellular iron homeostasis in HSCs regulates
oxidative stress, quiescence and self-renewal capacity. Analysis
of public data sets revealed that downregulation of FBXL5
expression was associated with MDS, a disease characterized
by BM failure. Suppression of IRP2 activity in FBXL5-deficient
HSC:s restored stem cell function, implicating IRP2 as a potential
therapeutic target for cellular iron overload in HSCs with FBXL5
deficiency (Fig. 10).

FBXL5 is a master regulator of cellular iron metabolism by
virtue of its role as the substrate recognition component of the
SCFFBXL> g3 ubiquitin ligase for IRP2 degradation™®. Other
proteins targeted by FBXL5 for proteasomal degradation include
p15061ed, cortactin and single-stranded DNA binding protein 1
(SSB1)30-32, FBXL5 has also been shown to interact with
Snaill (refs 33,34) and CBP/p300-interacting transactivator 2
(CITED2)?, leading to their degradation. CITED2 was shown to
control the proliferation of mouse embryonic fibroblasts by
promoting expression of the Polycomb group genes Bmil and
Mell8 (ref. 36) as well as to selectively maintain adult HSC
function at least in part through regulation of pl6 and p53
(ref. 37). If CITED2 accumulates in FBXL5-deficient HSCs, it
might also promote their proliferation and exhaustion. However,
FBXL5-deficient mice die during embryogenesis and their
mortality is prevented by additional ablation of IRP2,
suggesting that impaired IRP2 degradation is primarily
responsible for the embryonic death*. Our data now provide
evidence that IRP2 is also the major target of SCFFBXLS in HSCs,
given that the defect in repopulation capacity of FBXL5-deficient
HSCs was rescued by additional ablation of IRP2. These lines of
evidence also suggest that the contribution of CITED2 to the
phenotype of FBXL5-deficient HSCs is limited. We therefore
conclude that FBXL5 plays an essential role in the maintenance of
HSCs through suppression of IRP2 activity.

Our present study shows that disruption of cellular iron
homeostasis by FBXL5 ablation in HSCs resulted in cellular iron
overload, oxidative stress responses, exit from dormancy and
eventual exhaustion in these cells. Increased ROS levels promote
the proliferation and differentiation of HSCs, primarily via
modulation of p38 MAPK and the forkhead box O (FOXO)
family of transcription factors'. Many mutations that result in
aberrantly high ROS levels in HSCs also lead to impairment of
quiescence and self-renewal potential as a result of enhanced
differentiation®3. We now show that FBXL5 is also an essential
ROS regulator in HSCs and plays a key role in the maintenance of
stemness. The expression of many genes that contribute to
oxidative stress responses was found to be upregulated in FBXL5-
deficient HSCs: The most upregulated ROS-related genes
included those for metallothionein (MT) 1 and MT2, which are
small, cysteine-rich, and heavy metal-binding proteins that
participate in an array of protective stress responses39. These
proteins thus protect cells from exposure to oxidants and
electrophiles, which react readily with sulthydryl groups.

| 8:16114 | DOI: 10.1038/ncomms16114 | www.nature.com/naturecommunications
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hematopoietic failure such as that associated with MDS. (¢) Suppression of aberrant IRP2 activity attenuates the deleterious effect of FBXL5 ablation on the
stem cell capacity of HSCs, suggesting that IRP2 is a potential therapeutic target for cellular iron overload in HSCs associated with FBXL5 downregulation.

Moreover, they play a key role in regulation of cellular zinc levels
by binding and releasing zinc. The marked upregulation of MT
gene expression in FBXL5-deficient HSCs might thus also modify
cellular zinc metabolism. Another such upregulated gene was
Slc7all, which encodes a component of system Xc™. System Xc~
contributes to the maintenance of redox homeostasis by
importing cystine for synthesis of the major cellular antioxidant
glutathione. Inhibition of system Xc~ by erastin in cancer cells
triggers ferroptosis, a recently recognized form of iron-dependent
cell death®®. Upregulation of Slc7all expression might therefore
represent a mechanism to protect HSCs with cellular iron
overload from ferroptosis. Indeed, FBXL5 ablation was shown
to promote erastin-induced ferroptosis in cultured cells?.
These changes in gene expression in FBXL5-deficient HSCs are
thus indicative of iron-mediated cellular damage and disruption
of redox homeostasis.

In contrast to the deleterious effect of iron overload evoked by
FBXL5 loss on HSC function, FBXL5 deficiency did not
substantially affect differentiated hematopoietic cells. Although
cross talk between systemic iron homeostasis and erythropoiesis
is well established*!, detailed analysis of erythropoiesis in FBXL5-
deficient mice indicated that FBXL5 has a limited role in
erythropoiesis, consistent with the finding that the amount of
FBXL5 mRNA is smallest in the erythroid lineage among
differentiated haematopoietic cells. In general, erythroid cells
require large amounts of iron to sustain haemoglobin synthesis*!,
suggesting that the importance of FBXL5 as a brake on iron
uptake might be rather limited in erythropoiesis.

Systemic iron overload is sometimes a complication of
hematopoietic failure such as that associated with MDS as a result
of the required frequent blood transfusions and the suppression
of hepcidin production due to ineffective erythropoiesis'2. Systemic
iron overload in turn has a suppressive effect on hematopoiesis in
patients with hematopoietic failure, with iron-chelation therapy
having been found to be beneficial in these patients'3~1>. However,
iron overload has little effect on hematopoiesis in patients with
hereditary hemochromatosis, which is also a major cause of
systemic iron overload due to hepcidin deficiency. These various
observations suggest that the hematopoietic system in some
patients with BM failure is intrinsically vulnerable to iron. By
analysing public data sets, we found that FBXL5 expression was
significantly downregulated in HSCs in a subset of patients with
MDS. Reduced expression of FBXL5 might promote loss of

quiescence and exhaustion in HSCs of such patients. Similar to the
Fbxl5*A HSCs examined in the present study, HSCs of MDS
patients with low FBXL5 expression might also be vulnerable to
systemic iron overload. The expression of FBXL5 was also found to
be significantly downregulated in CD34%1 progenitor cells of
patients with RARS, a subtype of MDS characterized by iron
deposition in hematopoietic progenitor cells. Downregulation of
FBXL5 expression in RARS is of interest given that RARS
progenitor cells are loaded with excess iron in mitochondria and
are vulnerable to ROS-induced apoptosis’. FBXL5 deficiency might
thus exacerbate the cellular and mitochondrial iron overload in
RARS progenitor cells, contributing to disease pathogenesis. Our
findings raise the possibility that FBXL5 plays a key role in the
pathogenesis of BM failure syndromes including MDS, a possibility
that warrants further investigation.

Our finding that suppression of aberrant IRP2 activity rescued
the defect in repopulation capacity of HSCs induced by FBXL5
ablation suggests that targeting of IRP2 is effective for mitigation
of cellular iron overload and is therefore a candidate for
therapeutic application. This notion is further supported by the
finding that an increased abundance of IRP2 mRNA in CD34
hematopoietic progenitor cells was related to reduced clinical
survival in MDS patients without deletion of chromosome 5q.
Given that complete loss of IRP2 gives rise to microcytic
anaemia*?%3, however, an appropriate level of IRP2 suppression
would be needed. Another limitation of such a therapeutic
strategy is that an IRP2 inhibitor has not yet been developed.
Given that IRP2 is an mRNA binding protein, inhibition of such
binding with antisense oligonucleotides is a possible approach.
Despite these limitations, inhibition of IRP2 is a potentially novel
approach to the treatment of hematopoietic failure associated
with FBXL5 downregulation and cellular iron overload.

Methods

Mice. Generation of FbxI5"/F mice was described previously?. These mice

were crossed with Mx1-Cre transgenic mice** or Irp2 =/~ mice® to generate
Mx1-Cre/Fbxl5PF and Mx1-Cre/FbxI5"¥/Irp2 =/~ mice. All of these mice were
backcrossed with C57BL/6 mice for more than six generations. Expression of
Cre recombinase in mice harbouring the MxI-Cre transgene was induced by
intraperitoneal injection of poly(I:C) (R&D Systems, Minneapolis, MN) at a dose of
20mgkg ~ ! on seven alternate days beginning at 8 weeks of age. Mx1-Cre/FbxI5"F
mice and MxI-Cre/FbxI5¥/F/Irp2 =/~ mice were anal)fsed 4 weeks after the last
poly(I:C) injection unless indicated otherwise. Irp2~'~ mice were analysed at
14 weeks of age. C57BL/6-Ly5.1 congenic mice were obtained from The Jackson
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Laboratory (Bar Harbor, ME). For some experiments, mice were injected
intraperitoneally with 5-FU (Sigma, St Louis, MO) at a dose of 150 mgkg ~ ! or fed
a high-iron diet formulated by supplementation of CA-1 (containing 0.03% ferric
citrate; CLEA, Tokyo, Japan) with 2% ferric citrate. All mouse experiments were
approved by the Animal Ethics Committee of Kyushu University.

Flow cytometric analysis and cell sorting. Flow cytometric analysis and cell
sorting were performed with the use of FACSVerse or FACSAria instruments
(BD Biosciences, San Jose, CA). Mouse antibodies to CD45.1 (A20), CD45.2 (104),
Sca-1 (E13-161.7), c-Kit (2B8) or CD34 (RAM34) were obtained from BD
Biosciences; those to CD3g (145-2C11), CD4 (L3T4), CD8 (53-6.7), B220
(RA3-6B2), CD16/32 (93) or Macl (M1/70) were from eBioscience (San Diego,
CA); and those to CD48 (HM48-1), Ter119 (TER119), Grl (RB6-8C5), CD71
(R17217), CD150 (TC15-12F12.2) or Ki-67 (16A8) were from BioLegend

(San Diego, CA). Antibodies to phosphorylated (Thr!80/Tyr!82) p38 MAPK (12F8)
were from Cell Signaling Technology (Danvers, MA). CD4, CD8, B220, Ter119,
Grl and Macl were used as lineage markers. For analysis of HSCs, antibodies
except those to lineage markers were used at a 1:50 dilution and those to lineage
markers were used at a 1:60 dilution. For analysis of differentiated cells, all
antibodies were used at a 1:100 dilution. BM mononuclear cells flushed from

the tibia and femur, thymocytes, or splenocytes of mice were suspended in
phosphate-buffered saline (PBS) supplemented with 2% heat-inactivated fetal
bovine serum, incubated with the indicated antibodies for 30 min on ice, washed
and then analysed. For intracellular staining with antibodies to Ki-67 or to
phosphorylated p38 MAPK, cells were stained for surface markers, fixed in PBS
containing 2% paraformaldehyde for 20 min, permeabilized with PBS containing
0.5% saponin and 0.5% bovine serum albumin for 10 min at room temperature and
then incubated with these antibodies. For detection of phosphorylated p38 MAPK,
cells were further stained with Alexa Fluor 488-conjugated goat antibodies to rabbit
immunoglobulin G (A11034, Molecular Probes, Eugene, OR) at a 1:100 dilution for
30 min at room temperature. For analysis of the cell cycle, cells stained with
antibodies to Ki-67 were briefly exposed to Hoechst 33342 (Sigma) before analysis.

Evaluation of intracellular iron status. BM mononuclear cells were stained with
0.25 uM calcein-AM (Molecular Probes) in PBS for 5 min at 37 °C and then washed
with PBS. The calcein-loaded cells were further stained with antibodies to surface
markers for 30 min on ice, washed, incubated for 20 min on ice in PBS with or
without 100 uM 2,2'-bipyridyl (Sigma), and analysed with the FACSAria
instrument.

Detection of apoptosis. For assay of apoptosis, BM cells stained with antibodies
to cell surface markers were further stained for 15 min at room temperature with
annexin V and propidium iodide with the use of an Annexin V-FITC Apoptosis
Detection Kit (BD Biosciences).

Competitive reconstitution assay. Unfractionated BM cells (4 x 10°) isolated
from Mx1-Cre/FbxI5Y/F, Mx1-Cre/FbxI5¥/F/Irp2='~ or Mx1-Cre/FbxI5+/* mice
(CD45.2) were transplanted into lethally irradiated C57BL/6 congenic (CD45.1)
recipients together with competitor BM cells (4 x 10°) from C57BL/6 congenic
(CD45.1) mice. BM cells (1 x 10°) isolated from the recipient mice at 16 weeks
after the first BM transfer were transplanted into a second set of lethally irradiated
mice (second BM transfer).

Homing assay. Sorted KSL cells were incubated with 2 uM CFSE (Molecular
Probes) in PBS for 12 min at 37 °C and then washed. The cells (2 x 10%) were then
transplanted into lethally irradiated mice. After 16 h, BM cells were isolated from
the recipient mice and analysed with the use of the FACSVerse instrument.

Colony formation assay. Colony formation capacity was examined for 500 KSL
cells per dish with Methocult medium (MethoCult GF M3434; Stem Cell

Technologies, Vancouver, BC, Canada). For a serial replating assay, cells from the
first plating were collected and counted, and 1 x 10* of the cells were replated. In
some experiments, FAC (100 pgml ~ Dyor 10 UM DFO was added to the medium.

RT and rtPCR analysis. Total RNA isolated from sorted cells with the use of
Isogen and Ethachinmate (Nippon Gene, Tokyo, Japan) was subjected to RT with
ReverTra Ace (Toyobo, Tokyo, Japan), and the resulting cDNA was subjected to
rtPCR analysis with SYBR Green PCR Master Mix and specific primers in a Step
One Plus Real-Time PCR System (Applied Biosystems, Foster City, CA). Data
were normalized by the abundance of B-actin mRNA (Figs 7d and 8e) or
attachment region-binding protein (ARBP) mRNA (Supplementary Fig. la).

The sequences of the various primers (sense and antisense, respectively) were

as follows: 5'-AGGTGACAGCATTGCTTCTG-3' and 5'-GGGAGACCAAAGC-
CTTCATA-3' for B-actin, 5'-GGACCCGAGAAGACCTCCTT-3' and 5'-GCA-
CATCACTCAGAATTTCAATGG-3' for ARBP, 5'-TCTTCCTCCTGAGG-
TAATGCTGTCC-3' and 5'-CACAAAGATCCTGTTTTTGCCAGC-3' for FBXLS5,
5'-GCACCTGAGGCTGACCAATC-3' and 5'-CATGGGCATACGGTTGTTGAG-
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3’ for necdin, 5-GCGCAAACGTCTGAGATGAGT-3' and 5'-AGAGTTCTTC-
CATCGTCCGCT-3' for p57, 5'-CCGGACTATCAGTTGCTAA-3" and
5'-GGACGTCGCCTGCCTGAA-3' for HoxB5, 5'-GCTGTCCTCTAAGCGT-
CACC-3' and 5-AGGAGCAGCAGCTCTTCTTG-3' for MT1, 5'-CAAACC-
GATCTCTCGTCGAT-3' and 5-AGGAGCAGCAGCTTTTCTTG-3' for MT2,
5'"TGGGTGGAACTGCTCGTAAT-3' and 5-AGGATGTAGCGTCCAAATGC-3’
for Slc7all, 5'-AAGCCGAGAATGCTGAGTTCA-3’ and 5-GCCGTGTAGA-
TATGGTACAAGGA-3' for Hmox1 and 5'-CGGCGAGAACGAGAAGAA-3' and
5'-AAACTTCAGACTCTTTGCTTCG-3' for Hiflo.

Microarray analysis. HSCs (3,000 cells) were sorted directly into Trizol

(Life Technologies, Carlsbad, CA), and total RNA was subjected to mRNA
amplification, RT, fragmentation and labelling with the use of a Genechip WT Pico
Kit (Affymetrics, Santa Clara, CA). Labelled single-stranded cDNA from each
sample was subjected to hybridization with a GeneChip Mouse Transcriptome
Array 1.0 (Affymetrics). Gene expression data were imported and analysed with the
use of Transcriptome Analysis Console (TAC) Software (Affymetrics). Normalized
expression data were analysed with the use of GSEA v2.0.13 software

(Broad Institute, Cambridge, MA). All gene sets were obtained from the
Molecular Signatures Database v4.0 distributed at the GSEA Web site
(http://www.broadinstitute.org/gsea/index.jsp). Data were also analysed with IPA
Software (Ingenuity Systems, Redwood City, CA).

Haematologic and biochemical analyses. Haematologic parameters were deter-
mined with the use of a Sysmex K-4500 automatic analyser. Serum iron con-
centration and total iron binding capacity were measured with a standard clinical
autoanalyser. Transferrin saturation was calculated from serum iron
concentration and total iron binding capacity.

Human data analysis. Microarray data for Lin"CD34 " CD38"CD90 * CD45RA~
HSCs from eight MDS patients without deletion of chromosome 5q and 11
age-matched healthy control subjects were accessed at GEO with the reference
series tag GSE30201 (ref. 27); those for CD34 ™ hematopoietic progenitor cells
from 183 MDS patients with various cytogenetic abnormalities and 17 healthy
control subjects were accessed at GEO with the tag GSE19429 (ref. 28); and those
for CD34 " hematopoietic progenitor cells from MDS patients with survival data
were accessed at GEO with the tag GSE58831 (ref. 29). In the latter instance, the
data for 108 MDS patients without deletion of chromosome 5q and without the
WHO category ‘AML-MDS’ who survived for >1 week were analysed. All data
were downloaded for analysis of FBXL5 (209004_s_at), TFRI (237214 _at), DMT1
(1555116_s_at) or IRP2 (214666_x_at) signal intensity.

Analysis of published mouse data. Microarray or RNA-sequencing data
(GSE60101)! for FBXL5 mRNA abundance in various hematopoietic cell types are
available online at Gene Expression Commons (https:/gexc.riken.jp)!” or
BloodSpot (http://servers.binf.ku.dk/bloodspot)!®.

Statistical analysis. No statistical methods were used to predetermine sample
size. Experiments were not randomized, and investigators were not blinded to
allocation during experiments and outcome assessment. Quantitative data are
presented as means + s.d. as indicated and were compared between groups with the
two-tailed Student’s t-test as performed with Microsoft Excel software. Survival
curves were analysed with the log-rank nonparametric test. The cutoff value to
determine whether the level of IRP2 expression was high or low in a sample
(Fig, 9f) was designed by the minimal P value approach®®. A P value of <0.05 was
considered statistically significant.

Data availability. The microarray data were deposited in GEO under the
accession number GSE93649. All other relevant data are available from the
corresponding authors on reasonable request.

References

1. Chandel, N. S,, Jasper, H., Ho, T. T. & Passegue, E. Metabolic regulation of stem
cell function in tissue homeostasis and organismal ageing. Nat. Cell Biol. 18,
823-832 (2016).

2. Tto, K. et al. Reactive oxygen species act through p38 MAPK to limit the
lifespan of hematopoietic stem cells. Nat. Med. 12, 4-451 (2006).

3. Hentze, M. W., Muckenthaler, M. U., Galy, B. & Camaschella, C. Two to tango:
regulation of mammalian iron metabolism. Cell 142, 24-38 (2010).

4. Moroishi, T., Nishiyama, M., Takeda, Y., Iwai, K. & Nakayama, K. I. The
FBXL5-IRP2 axis is integral to control of iron metabolism in vivo. Cell Metab.
14, 339-351 (2011).

5. Salahudeen, A. A. et al. An E3 ligase possessing an iron-responsive hemerythrin
domain is a regulator of iron homeostasis. Science 326, 722-726 (2009).

6. Vashisht, A. A. et al. Control of iron homeostasis by an iron-regulated
ubiquitin ligase. Science 326, 718-721 (2009).

| 8:16114 | DOI: 10.1038/ncomms16114 | www.nature.com/naturecommunications


http://www.broadinstitute.org/gsea/index.jsp
https://gexc.riken.jp
http://servers.binf.ku.dk/bloodspot
http://www.nature.com/naturecommunications

ARTICLE

1

(=1

1

—

12.

13.

14.

15.

16.

1

N

18.

19.

20.

2

—_

2

N

23.

24.

25.

26.

27.

2

fosd

2

Nel

30.

31.

32.

3

w

34.

35.

3

[=2)

Bacon, B. R. et al. Diagnosis and management of hemochromatosis: 2011
practice guideline by the American Association for the Study of Liver Diseases.
Hepatology 54, 328-343 (2011).

Camaschella, C. Iron-deficiency anemia. N. Engl. J. Med. 372, 1832-1843 (2015).
Corey, S. J. et al. Myelodysplastic syndromes: the complexity of stem-cell
diseases. Nat. Rev. Cancer 7, 118-129 (2007).

. Tefferi, A. & Vardiman, J. W. Myelodysplastic syndromes. N. Engl. ]. Med. 361,

1872-1885 (2009).

. Raza, A. & Galili, N. The genetic basis of phenotypic heterogeneity in

myelodysplastic syndromes. Nat. Rev. Cancer 12, 849-859 (2012).

Fleming, R. E. & Ponka, P. Iron overload in human disease. N. Engl. J. Med.
366, 348-359 (2012).

Jensen, P. D. et al. The effect of iron chelation on haemopoiesis in MDS
patients with transfusional iron overload. Br. J. Haematol. 94, 288-299 (1996).
Messa, E. et al. Deferasirox treatment improved the hemoglobin level and
decreased transfusion requirements in four patients with the myelodysplastic
syndrome and primary myelofibrosis. Acta Haematol. 120, 70-74 (2008).
Lee, J. W. et al. Hematologic responses in patients with aplastic anemia treated
with deferasirox: a post hoc analysis from the EPIC study. Haematologica 98,
1045-1048 (2013).

Lu, W. et al. Free iron catalyzes oxidative damage to hematopoietic cells/
mesenchymal stem cells in vitro and suppresses hematopoiesis in iron overload
patients. Eur. J. Haematol. 91, 249-261 (2013).

. Seita, J. et al. Gene expression commons: an open platform for absolute gene

expression profiling. PLoS ONE 7, e40321 (2012).

Bagger, F. O. et al. BloodSpot: a database of gene expression profiles and
transcriptional programs for healthy and malignant haematopoiesis.

Nucleic Acids Res. 44, D917-D924 (2016).

Lara-Astiaso, D. et al. Immunogenetics. Chromatin state dynamics during
blood formation. Science 345, 943-949 (2014).

Kakhlon, O. & Cabantchik, Z. I. The labile iron pool: characterization,
measurement, and participation in cellular processes. Free Radic. Biol. Med. 33,
1037-1046 (2002).

. Cuadrado, A. & Nebreda, A. R. Mechanisms and functions of p38 MAPK

signalling. Biochem. ]. 429, 403-417 (2010).

. Forsberg, E. C. et al. Differential expression of novel potential regulators in

hematopoietic stem cells. PLoS Genet. 1, €28 (2005).

Matsumoto, A. et al. p57 is required for quiescence and maintenance of adult
hematopoietic stem cells. Cell Stem Cell 9, 262-271 (2011).

Chen, J. Y. et al. Hoxb5 marks long-term haematopoietic stem cells and reveals
a homogenous perivascular niche. Nature 530, 223-227 (2016).

Takubo, K. et al. Regulation of the HIF-1a level is essential for hematopoietic
stem cells. Cell Stem Cell 7, 391-402 (2010).

Nilsson, L. et al. The molecular signature of MDS stem cells supports a
stem-cell origin of 5q myelodysplastic syndromes. Blood 110, 3005-3014 (2007.
McGowan, K. A. et al. Reduced ribosomal protein gene dosage and p53
activation in low-risk myelodysplastic syndrome. Blood 118, 3622-3633 (2011).

. Pellagatti, A. et al. Deregulated gene expression pathways in myelodysplastic

syndrome hematopoietic stem cells. Leukemia 24, 756-764 (2010).

. Gerstung, M. et al. Combining gene mutation with gene expression data

improves outcome prediction in myelodysplastic syndromes. Nat. Commun. 6,
5901 (2015).

Zhang, N. et al. FBXLS5 interacts with p150Glued and regulates its
ubiquitination. Biochem. Biophys. Res. Commun. 359, 34-39 (2007).

Cen, G, Ding, H. H,, Liu, B. & Wu, W. D. FBXLS5 targets cortactin for
ubiquitination-mediated destruction to regulate gastric cancer cell migration.
Tumour Biol. 35, 8633-8638 (2014).

Chen, Z. W. et al. FBXL5-mediated degradation of single-stranded
DNA-binding protein hSSB1 controls DNA damage response. Nucleic Acids
Res. 42, 11560-11569 (2014).

. Vinas-Castells, R. et al. Nuclear ubiquitination by FBXL5 modulates Snaill

DNA binding and stability. Nucleic Acids Res. 42, 1079-1094 (2014).

Wu, W,, Ding, H., Cao, J. & Zhang, W. FBXL5 inhibits metastasis of gastric
cancer through suppressing Snaill. Cell. Physiol. Biochem. 35, 1764-1772
(2015).

Machado-Oliveira, G. et al. FBXL5 modulates HIF-1alpha transcriptional
activity by degradation of CITED2. Arch. Biochem. Biophys. 576, 61-72 (2015).

. Kranc, K. R. et al. Transcriptional coactivator Cited2 induces Bmil and

Mel18 and controls fibroblast proliferation via Ink4a/ARF. Mol. Cell. Biol. 23,
7658-7666 (2003).

37. Krang, K. R. et al. Cited2 is an essential regulator of adult hematopoietic stem
cells. Cell Stem Cell 5, 659-665 (2009).

38. Kohli, L. & Passegue, E. Surviving change: the metabolic journey of
hematopoietic stem cells. Trends Cell Biol. 24, 479-487 (2014).

39. Ruttkay-Nedecky, B. et al. The role of metallothionein in oxidative stress.

Int. ]. Mol. Sci. 14, 6044-6066 (2013).

40. Dixon, S. J. et al. Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149, 1060-1072 (2012).

41. Muckenthaler, M. U,, Rivella, S., Hentze, M. W. & Galy, B. A red carpet for iron
metabolism. Cell 168, 344-361 (2017).

42. Cooperman, S. S. et al. Microcytic anemia, erythropoietic protoporphyria, and
neurodegeneration in mice with targeted deletion of iron-regulatory protein 2.
Blood 106, 1084-1091 (2005).

43. Galy, B. et al. Altered body iron distribution and microcytosis in mice deficient
in iron regulatory protein 2 (IRP2). Blood 106, 2580-2589 (2005).

44. Kuhn, R,, Schwenk, F., Aguet, M. & Rajewsky, K. Inducible gene targeting in
mice. Science 269, 1427-1429 (1995).

45. LaVaute, T. et al. Targeted deletion of the gene encoding iron regulatory
protein-2 causes misregulation of iron metabolism and neurodegenerative
disease in mice. Nat. Genet. 27, 209-214 (2001).

46. Budczies, J. et al. Cutoff Finder: a comprehensive and straightforward Web
application enabling rapid biomarker cutoff optimization. PLoS ONE 7, 51862
(2012).

Acknowledgements

We thank K. Miyawaki for a technical suggestion regarding microarray analysis;

A. Matsumoto for a technical suggestion regarding bone marrow transplantation
experiments; E. Koba, K. Tsunematsu and other laboratory members for technical
assistance; and A. Ohta for help with preparation of the manuscript. This study was
funded in part by KAKENHI grants (25221303 and 26640080) from the Ministry of
Education, Culture, Sports, Science, and Technology (MEXT) of Japan.

Author contributions

Y.M. planned and performed all experiments. M.N. provided materials and intellectual
support. A.N. assisted with BM transplantation experiments. T.M. generated FbxI5"/F
mice. K.ILN. coordinated the study, oversaw collection and analysis of the results, and
wrote the manuscript. All authors discussed the data and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Muto, Y. et al. Essential role of FBXL5-mediated cellular iron
homeostasis in maintenance of hematopoietic stem cells. Nat. Commun. 8, 16114
doi: 10.1038/ncomms16114 (2017).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/

© The Author(s) 2017

| 8:16114 | DOI: 10.1038/ncomms16114 | www.nature.com/naturecommunications 13


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Cellular iron homeostasis is essential for HSC maintenance

	Figure™1Cellular iron homeostasis is essential for the maintenance of HSCs.(a) Representative flow cytometric analysis of TfR1 on the surface of Fbxl5DeltasolDelta or control KSL cells (left), and relative mean fluorescence intensity (MFI) of TfR1 on the 
	Effect of cellular iron overload on differentiated cells
	Cellular iron overload impairs HSC self-renewal capacity
	Role of IRP2 in the effect of FBXL5 on HSC stemness

	Figure™2Cellular iron overload impairs stress-induced hematopoiesis.The survival rate of Fbxl5DeltasolDelta or control mice (n=5) injected with 5-FU (150thinspmgthinspkg-1) at 10-day intervals beginning on day 0 at 20 weeks after the™last poly(I:C) inject
	Figure™3Cellular iron overload impairs colony formation capacity of hematopoietic progenitors in™vitro.(a) Serial replating assay of colony formation by Fbxl5DeltasolDelta or control KSL cells (n=6). (b) Serial replating assay of colony formation by Fbxl5
	Figure™4Cellular iron overload has only a small effect on differentiated cells.(a) Serum iron concentration (left) and transferrin saturation (right) in Fbxl5DeltasolDelta or control mice (n=9). (b) Haematologic parameters in Fbxl5DeltasolDelta or control
	Figure™5Cellular iron overload impairs the repopulation capacity of HSCs.(a) Survival of lethally irradiated mice transplanted with BM cells (1times106) from Fbxl5DeltasolDelta or control mice (n=6). (b) Hematopoietic repopulation capacity of Fbxl5Deltaso
	Cellular iron overload disrupts redox regulation in HSCs

	Figure™6Suppression of IRP2 mediates the effect of FBXL5 on the repopulation capacity of HSCs.(a) Hematopoietic repopulation capacity of Irp2-sol- or control (Irp2+sol+) BM cells (4times105) transplanted together with an equal number of competitor cells. 
	Figure™7Cellular iron overload disrupts redox regulation in HSCs.(a) Top-ranked canonical pathways for dysregulated genes in Fbxl5DeltasolDelta HSCs as revealed by IPA. Genes with a P value of lt0.05 and a fold change in expression of gt1.3 or lt-1.3 were
	Cellular iron homeostasis is essential for HSC dormancy
	Disrupted iron homeostasis in HSCs is associated with MDS

	Figure™8Cellular iron homeostasis is essential for dormancy and a stem cell signature in HSCs.(a) GSEA plot of differentially expressed genes in Fbxl5DeltasolDelta or control HSCs for the list of genes related to proliferation. (b) Flow cytometric analysi
	Discussion
	Figure™9Downregulation of FBXL5 expression is associated with human hematopoietic failure.(a-c) Microarray analysis of FBXL5 (a), TFR1 (b) and DMT1 (c) expression in Lin-CD34+CD38-CD90+CD45RA- cells from healthy control (Ctrl) subjects (n=11) or from MDS 
	Methods
	Mice

	Figure™10Cellular iron homeostasis is essential for the maintenance of HSCs.(a) Limitation of the production of ROS is essential for the maintenance of HSCs. Iron is a major elicitor of oxidative stress, with the result that cellular iron homeostasis is s
	Flow cytometric analysis and cell sorting
	Evaluation of intracellular iron status
	Detection of apoptosis
	Competitive reconstitution assay
	Homing assay
	Colony formation assay
	RT and rtPCR analysis
	Microarray analysis
	Haematologic and biochemical analyses
	Human data analysis
	Analysis of published mouse data
	Statistical analysis
	Data availability

	ChandelN. S.JasperH.HoT. T.PassegueE.Metabolic regulation of stem cell function in tissue homeostasis and organismal ageingNat. Cell Biol.188238322016ItoK.Reactive oxygen species act through p38 MAPK to limit the lifespan of hematopoietic stem cellsNat. M
	We thank K. Miyawaki for a technical suggestion regarding microarray analysis; A.™Matsumoto for a technical suggestion regarding bone marrow transplantation experiments; E. Koba, K. Tsunematsu and other laboratory members for technical assistance; and A. 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




