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Thrombopoietin receptor–independent stimulation of 
hematopoietic stem cells by eltrombopag
Yun-Ruei Kao1, Jiahao Chen1, Swathi-Rao Narayanagari1, Tihomira I. Todorova1, Maria M. Aivalioti1, 
Mariana Ferreira1, Pedro M. Ramos2, Celine Pallaud2, Ioannis Mantzaris3,4, Aditi Shastri3,4,  
James B. Bussel5, Amit Verma3,4,6, Ulrich Steidl1,3,4,6,7*, Britta Will1,4,6,7*

Eltrombopag (EP), a small-molecule thrombopoietin receptor (TPO-R) agonist and potent intracellular iron chelator, 
has shown remarkable efficacy in stimulating sustained multilineage hematopoiesis in patients with bone mar-
row failure syndromes, suggesting an effect at the most immature hematopoietic stem and multipotent progeni-
tor level. Although the functional and molecular effects of EP on megakaryopoiesis have been studied in the past, 
mechanistic insights into its effects on the earliest stages of hematopoiesis have been limited. We investigated the 
effects of EP treatment on hematopoietic stem cell (HSC) function using purified primary HSCs in separation-of- 
function mouse models, including a TPO-R–deficient strain, and stem cells isolated from patients undergoing TPO-R 
agonist treatment. Our mechanistic studies showed a stimulatory effect on stem cell self-renewal independently 
of TPO-R. Human and mouse HSCs responded to acute EP treatment with metabolic and gene expression alter-
ations consistent with a reduction of intracellular labile iron pools that are essential for stem cell maintenance. Iron 
preloading prevented the stem cell stimulatory effects of EP. Moreover, comparative analysis of stem cells in the 
bone marrow of patients receiving EP showed a marked increase in the number of functional stem cells compared 
to patients undergoing therapy with romiplostim, another TPO-R agonist lacking an iron-chelating ability. To-
gether, our study demonstrates that EP stimulates hematopoiesis at the stem cell level through iron chelation–
mediated molecular reprogramming and indicates that labile iron pool–regulated pathways can modulate 
HSC function.

INTRODUCTION
Thrombocytopenia can result in bleeding in patients with chronic 
immune thrombocytopenia (ITP) (1) and causes life-threatening 
complications in acquired bone marrow failure syndromes, such as 
severe aplastic anemia (SAA) and myelodysplastic syndrome (MDS). 
Whereas ITP is triggered by autoimmune-directed increased de-
struction and reduced production of platelets (2), SAA and MDS arise 
from severely compromised hematopoietic stem and multipotent pro-
genitor (MPP) compartments in the bone marrow, albeit through dis-
tinct pathomechanisms. In SAA, immature hematopoietic cells are 
destroyed by activated cytotoxic T cells (3), whereas MDS arises from 
a molecularly and functionally aberrant and dominant stem cell clone, 
incapable of producing fully functional mature peripheral blood cells 
(4). The development of therapeutic countermeasures limiting co-
morbidities caused by thrombocytopenia has been a clinical priority 
over the last several decades.

Thrombopoietin (TPO) is the primary cytokine instructing mega-
karyocyte (MK) progenitor expansion and differentiation through 
binding to the TPO receptor [TPO-R; encoded by the myeloprolifer-
ative leukemia virus oncogene (c-MPL)], which elicits downstream 
signaling and gene expression changes and increases platelet pro-
duction (5). Moreover, TPO supports maintenance of hematopoietic 
stem cells (HSCs) by enforcing cell cycle quiescence; alternatively, it 

can drive stem cell differentiation commitment and increase blood 
cell production, aided by other cytokines (6, 7). The use and efficacy 
of two forms of recombinant human TPO (rhTPO) to enhance plate-
let production have been tested in a range of thrombocytopenic dis-
orders (8) and have provided convincing proof-of-concept data. 
Unfortunately, recombinant MK growth and development factor 
(MGDF), a ligand for c-MPL closely related to TPO, was found to 
stimulate formation of drug-induced antibodies cross-reacting with 
endogenous TPO, which triggered severe decreases in endogenous 
TPO and amegakaryopoiesis (9). This prompted the abandonment of 
therapeutic strategies involving TPO-R stimulation through immu-
nogenic TPO-R agonists (TPO-RAs) and led to a search for nonim-
munogenic agents.

Eltrombopag (EP) is a second-generation allosteric small-molecule 
TPO-RA, which binds the trans- and juxta-membrane domains of 
the human TPO-R and robustly induces phosphorylation of signal 
transducer and activator of transcription 5 (STAT5), protein kinase B 
(AKT), and STAT3 (10, 11) in a species-specific fashion (12). Because 
of its noncompetitive receptor binding properties, EP can synergize 
with endogenous TPO in stimulating megakaryopoiesis and platelet 
production through enhancing cell differentiation, particularly that of 
immature megakaryocytic and bipotent (MK/erythrocyte) progenitor 
cells (11). Besides its ability to stimulate megakaryopoiesis, EP was also 
found to increase multilineage hematopoiesis, even upon its discon-
tinuation in patients with acquired bone marrow failure syndromes 
who frequently present with increased TPO concentrations in their 
serum (13–16). This finding suggests that EP enhances hematopoietic 
stem or MPP cell function via a mechanism that is either additive or 
synergistic with TPO or, alternatively, in a TPO-R–independent fash-
ion. In addition to its ability to stimulate human TPO-R signaling, EP 
potently chelates intracellular iron (17, 18). Although EP-mediated iron 
chelation was demonstrated to be functionally relevant in leukemic 
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cells, where it induces differentiation and apoptosis (17), 
whether iron chelation contributes to the mechanism of ac-
tion of EP in nonmalignant cells has not been investigated 
thus far.

Here, we investigated the functional and molecular con-
sequences of EP treatment in HSCs. Using assays for the 
quantification and functional testing of primary human HSCs, 
we demonstrate that EP enhances stem cell self-renewal and 
multilineage differentiation in preclinical models, as well as 
in patients undergoing EP treatment. Molecular profiling of 
EP-treated, purified human stem cells uncovered enrichment 
of differentially expressed genes (DEGs) within iron- regulated 
pathways, suggesting an additional TPO-R–independent 
mechanism. Mouse HSCs lacking the TPO-R (c-Mpl −/−), com-
parative analysis of the functional impact of another TPO-RA 
lacking iron- chelating ability, and iron preloading experiments 
demonstrated that EP can enhance stem cell self-renewal by 
reducing intracellular labile iron pools (LIPs). Molecular 
changes in stem cells treated with EP produced compensatory 
responses for restoring intracellular iron concentrations and 
metabolic adaptations consistent with impaired glycolysis, 
which indicates impairment of nonenzymatic iron-dependent 
metabolic reactions, and an increased compensatory use of 
long-chain unsaturated fatty acids and amino acids in glyco-
lytic pathways. Our data provide mechanistic insight into how 
EP stimulates multilineage hematopoiesis in patients with 
ITP even in the presence of increased TPO serum concentrations. Our 
findings also strongly suggest that LIPs can serve as a rheostat for HSC 
maintenance, a finding which is relevant to studies of tissue-specific 
stem cell biology, aging, and stem cell–derived malignancies.

RESULTS
EP stimulates human hematopoietic stem and multilineage 
progenitor cells
We first assessed the impact of EP on the functional hallmarks of 
primary human HSCs, which include multilineage differentiation 

and self-renewal. We carried out ex vivo multilineage differentia-
tion assays in the presence of EP using highly purified bone marrow– 
derived lineage-negative (Lin−) CD34+CD38−CD49f + HSCs (Fig. 1A). 
Colony assays showed that EP significantly stimulated (P < 0.01) stem 
cell–derived megakaryocytic colony formation compared to vehicle- 
treated control stem cells by two- to threefold on average (Fig. 1B). 
EP- treated HSCs gave rise to increased numbers of erythroid and 
granulocytic colonies by 2.8- and 1.4-fold, respectively (Fig. 1, C 
and D). We next examined ex vivo self-renewal in the presence of 
EP using serial replating assays and found that nearly twice as many 
treated stem cells retained long-term self-renewal abilities compared 

Fig. 1. EP stimulates multilineage differentiation and self-renewal 
capacity of human HSCs. (A) Scheme showing isolation of human HSCs 
for colony-forming assays. BM, bone marrow; HSPC, hematopoietic stem 
and progenitor cell. (B and C) MK (B) and ery throid (C) colony formation 
in collagen-based culture system (n = 4). (D) Granulocytic colony forma-
tion in methylcellulose semi-solid medium (n = 7). CFU, colony-forming 
unit; MK, MK colonies; BFU-E, burst-forming unit erythroid colonies; CFU-G, 
granulocyte colonies. Representative morphology for each type of colony 
is also shown. Scale bars, 100 m. (E) Colonies from primary methylcellulose 
cultures were serially replated biweekly (n = 7). Results are represented 
as fold change of colonies compared to nontreated (NT) vehicle control 
(water). (F) Fold change of percentage of dividing HSCs compared to 
vehicle-treated control 24 hours after treatment. Percentage of dividing 
HSCs is expressed as the number of HSCs with at least one completed 
division out of total HSCs scored. (G) Representative fluorescence- 
activated cell sorting (FACS) plots of Ki-67 and Hoechst staining of HSCs 
(Lin−CD34+CD38−CD49f +) exposed to rhTPO and EP at low and high concen-
trations for 24 hours. (H) Quantification of percentage of cells in G0 versus 
G1 of cell cycle after stimulation with TPO, EP-lo, and EP-hi for 24 hours 
in liquid culture compared to vehicle control (NT). rhTPO, 100 ng/ml of 
rhTPO; EP-lo, EP (3 g/ml); EP-hi, EP (10 g/ml). n = 4. Data are means ± 
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (paired Student’s t test). D
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to control-treated HSCs (Fig. 1E). We also evaluated the effects of 
EP on MPP differentiation and maintenance and found a stimulation 
of colony formation mostly limited to the immature megakaryocytic 
lineage (fig. S1, A to C). In contrast, MPPs did not show sustainably 
enhanced self-renewal potential upon EP treatment, compared to 
mock-treated progenitors (fig. S1D).

We next assessed stem cell proliferation and cell cycle status upon 
EP treatment. Single-cell division assays revealed that more stem 
cells had completed their first division within 24 hours upon treat-
ment with EP, similar to TPO-treated controls (Fig. 1F). Cell cycle 
analysis of purified HSCs further showed an increase in the fraction 
of HSCs in active cell cycle (G1) upon treatment with rhTPO or EP 
(Fig. 1, G and H), whereas overall proliferation rates at 24 hours 
(fig. S2, A and B) and up to 120 hours (fig. S2, C and D) of treatment 
were unchanged. Together, these results indicate that EP directly 

enhances multilineage hematopoiesis through increasing differenti-
ation commitment at the MPP cell level and self-renewal of HSCs.

EP triggers a molecular response distinct from TPO-R 
signaling in HSCs
To investigate whether EP exerts its stem cell stimulatory effect through 
TPO-R activation, we determined and compared the molecular effects 
elicited by EP and rhTPO. We performed transcriptomic profiling of 
ex vivo–treated HSCs, which identified a total of 253 and 198 DEGs 
(compared to mock-treated controls) in rhTPO- and EP-treated 
stem cells, respectively (Fig. 2, A and B). rhTPO treatment resulted 
in the down- and up-regulation of 66 and 187 genes, respectively, 
whereas EP caused down- and up-regulation of 92 and 106 genes, 
respectively (Fig. 2, A and B and tables S1, S2). Supervised hierarchical 
clustering showed distinct gene expression profiles in rhTPO- and 

I
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l

Fig. 2. EP triggers molecular path-
ways in human HSCs distinct from 
TPO signaling. (A and B) Volcano plots 
showing the distribution of gene ex-
pression changes in human HSCs upon 
treatment with TPO (A) and EP (B). Up- 
regulated genes are indicated in red, 
whereas down-regulated genes are 
shown in green. (C) Supervised hier-
archical clustering of expression pro-
files of HSCs treated with TPO, EP, or 
vehicle control (NT) using the genes 
differentially expressed among groups. 
(D) Venn diagram comparing DEGs 
between TPO- and EP-treated HSCs. 
(E) Enrichment analysis of DEGs con-
taining iron-responsive elements (IREs) 
in TPO- or EP-treated HSCs. Hyper-
geometric test was used to calculate the 
significance (P value) of IRE enrichment. 
(F and G) Ingenuity pathway analysis 
(IPA) of upstream regulators (F) and 
canonical pathways (G) for DEGs spe-
cific to EP-treated HSCs. Top 10 path-
ways with significance P < 0.05 are 
shown. The yellow and blue bars rep-
resent positive and negative Z scores, 
respectively. Black bars represent the 
−log10 of the significance (P value). 
The red line represents the cutoff of 
significance (P = 0.05). Iron-related 
pathways are shown in bold. (H) Quan-
titative real-time polymerase chain re-
action (qRT-PCR) validation of DEGs 
in EP-treated HSCs. Fold changes of 
HIF1A, HMOX1, and GADD45B mRNA 
expression are shown. If not specified 
otherwise, then data are means ± SEM. 
*P < 0.05, **P < 0.01 (paired Student’s 
t test).
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EP-treated stem cells (Fig. 2C). Direct comparison of DEGs in the 
two treatment groups revealed only 40 genes with identical changes 
upon EP and rhTPO exposure, whereas 80% of the DEGs were 
specifically altered with one of the treatments (Fig. 2D and table S3), 
strongly suggesting that EP triggered molecular changes in HSCs 
distinct from those initiated upon TPO-R activation.

We next tested whether the observed gene expression changes may 
be a consequence of intracellular iron chelation and reduced LIPs be-
cause EP is also a highly potent intracellular iron chelator (17, 18). 
Reduction of intracellular LIP results in the stabilization of iron reg-
ulatory proteins (IRP1/2), which bind to IREs of mRNAs encoding 
genes critical for restoring iron homeostasis. In turn, this rapidly 
alters mRNA stabilization and translation (19). We screened mRNA 
sequences of DEGs for the presence of IRE-like motifs and found a 
significant enrichment in the number of IRE-containing genes dif-
ferentially expressed upon EP (P = 8.2 × 10−06) but not rhTPO 
treatment (Fig. 2E). We then subjected the list of EP-specific DEGs to 
canonical pathway and upstream regulator analyses, which revealed a 
significant enrichment of iron-related pathways, including iron (P = 
0.0058) and heme degradation (P = 0.035) (Fig. 2, F and G, and table 
S4). We validated expression changes of genes involved in iron ho-
meostasis, which included increased expression of TFRC (1.53-fold, 
P < 0.05) and SLC11A2 (1.47-fold, P < 0.05) and up-regulated ex-
pression of mitochondrial iron transporters SLC25A28 (1.20-fold, P < 
0.05) and SLC25A37 (1.53-fold, P < 0.05). In contrast, FTL (−1.40-fold, 
P < 0.05), encoding the ferritin light-chain (FTL) protein, and hepcidin- 
encoding gene HAMP (−2.68-fold, P < 0.05), facilitating iron storage, 
were significantly reduced (fig. S3A). Upstream regulator analysis 
revealed activation of N-acetyl-l-cysteine, emodin, epigallocatechin 
gallate, and miR-155-5p–mediated pathways, as well as inhibition of 
hydrogen peroxide and Toll-like receptor 2 (TLR2)–associated gene 
expression signatures (Fig. 2F). We furthermore detected reduced 
HIF1A mRNA and increased hypoxia-inducible factor 1 (HIF1) 
target gene expression, including up-regulation of genes with crucial 
roles in glycolysis (HK1, PFKL, and PCK1; Fig. 2H and fig. S3B), as 
well as evidence for CCAAT enhancer binding protein  (CEBP) re-
pression (Z score = −2.14; P = 0.048; Fig. 2F). Alterations in genes 
associated with triacylglycerol biosynthesis and glycine degradation 
(Fig. 2G) further indicated metabolic reprogramming of EP-treated 
cells, consistent with an increased utilization of fatty acids and amino 
acids for energy production. These results show that EP elicits gene 
expression alterations in HSCs consist ent with a molecular response 
to reduced intracellular iron content, consisting of decreased glycol-
ysis and enhanced lipid and protein catabolic pathway activation.

EP stimulates mouse HSCs independently of the TPO-R
EP’s ability to activate TPO-R signaling is restricted to human and 
certain primate cells; murine receptor signaling cannot be stimulated 
by the small molecule (12). We used mouse HSCs as a separation-of- 
function model to test whether EP can exert a stem cell stimulatory 
effect in a TPO-R–independent fashion. Serial colony-forming assays 
with highly enriched HSCs isolated from wild-type mice revealed that 
EP increased serial replating of stem cells compared to control-treated 
cells, albeit without increasing multilineage colony formation in the 
initial plating (fig. S4A). We confirmed this finding using stroma- 
free long-term culture initiating cell (LTC-IC) assays, which also showed 
a 1.5-fold increase in functional stem cells in EP-treated cultures, 
compared to control-treated specimens (fig. S4B). To exclude the 
possibility that EP undergoes TPO-R–mediated internalization into 

cells, we next tested HSCs derived from TPO-R–deficient (c-Mpl −/−) 
mice (20). Consistent with a previous report (21), we observed a sig-
nificant (P < 0.0001) reduction of phenotypic hematopoietic stem and 
progenitor cells, which was most pronounced at the level of stem 
cells in c-Mpl −/− compared to wild-type mice (fig. S5). Strikingly, upon 
ex vivo treatment of TPO-R–deficient cells, we found a significant 
increase in the serial replating capacity (1.6- to 2.2-fold, P < 0.05) and 
LTC-IC frequency (1.8-fold, P = 0.04), compared to control-treated 
cells (Fig. 3, A and B). We next quantified the number of functional 
HSCs upon in vivo treatment with EP (Fig. 3C). Daily oral gavage 
of TPO-R–deficient mice with EP resulted in clinically relevant EP 
plasma concentrations in mice (table S5) and a moderate but statis-
tically significant increase (1.37-fold, P < 0.05) in the number of 
phenotypical Lin−Sca+c-Kit+CD150+CD48– HSCs (Fig. 3D). LTC-IC 
assays furthermore revealed a significant increase (1.53-fold, P = 
0.007) of functional HSCs, compared to vehicle-treated control mice 
(Fig. 3, E and F). Limiting dilution bone marrow transplantation 
(BMT), routinely used for assessing stem cell frequency and func-
tion in vivo (22), showed a significant increase (1.6-fold, P = 0.03) of 
stem cells derived from EP-treated donors, compared to control- 
treated donor mice (Fig. 3G). Despite the detectable increase in HSCs, 
in vivo treatment of TPO-R–deficient mice did not increase the num-
bers of mature erythroid, myeloid, or lymphoid cells (fig. S6), which 
were indistinguishable from wild-type mice (20); we also did not find 
an increase in platelets, owing to EP’s inability to stimulate murine 
TPO-R signaling (fig. S6). Together, these findings demonstrate that 
EP can increase the number of functional HSCs independently of 
the TPO-R.

EP activates iron homeostasis–restoring pathways in HSCs
As observed in human stem cells (Fig. 2), gene expression analysis 
of primary mouse HSCs and metabolic profiling of a mouse HSPC-
like cell line (HPC7) (23) revealed molecular alterations consistent 
with the reduction of LIPs. Specifically, we identified a total of 232 
DEGs in EP-treated HSCs compared to vehicle-treated control stem 
cells, with 113 up-regulated and 119 down-regulated genes (Fig. 4A 
and table S6). IRE motif prediction showed a significant enrichment 
of differentially expressed IRE-containing genes in EP-treated HSCs 
(P = 6.84 × 10−11; Fig. 4B). Upstream regulator analysis furthermore 
revealed significant changes in the activity of a group of transcrip-
tional regulators requiring iron as a cofactor [P = 0.0016, including 
Slc40a1 (−1.50-fold), Pcsk7 (−1.67-fold), Slc11a2 (1.50-fold), and 
Tnf (1.51-fold); tables S6 and S7], as well as other factors affected by 
iron availability, such as hepcidin antimicrobial peptide (HAMP)/
hepcidin (P = 8.10 × 10−06), plasminogen (PLG) (P = 0.0015), and RAB7B 
(P = 0.0013; Fig. 4C and table S7). In addition, genes crucial for iron 
homeostasis, including Tfrc (encoding the transferrin receptor; CD71, 
increased by 2.6-fold) or Ftl1, Slc40a1 [ferroportin (FPN)], Hamp, and 
Hif1a (by −1.27-fold, −1.50-fold, −3.99-fold, and −1.41-fold, respec-
tively), were differentially expressed after EP treatment (Fig. 4D). 
Furthermore, we detected significantly increased CD71/TFRC surface 
protein abundance in primary HSCs (P < 0.05) and a mouse hemato-
poietic stem and progenitor cell line, HPC7 (P < 0.01), after EP treat-
ment (Fig. 4, E and F). Quantification of free intracellular iron by FACS 
analysis using an iron-dependent fluorescent biosensor showed a 
significantly (P < 0.01) reduced LIP size (as evidenced by an increased 
calcein fluorescence intensity upon LIP reduction) in EP- treated stem 
cells compared to control-treated primary HSCs (Fig. 4G). Pathway 
analysis of DEGs upon EP exposure revealed a significant enrichment 
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in factors associated with iron and oxygen homeostasis, including 
glutathione redox reactions (P = 0.02) and glutathione- mediated de-
toxification (P = 0.03) pathways (Fig. 4H), which are consistent with 
reduced reactive oxygen species (ROS) concentrations and HIF1 ac-
tivation, commonly observed after iron chelator treatment (18, 24–29). 
We further found DEGs enriched for PXR/RXR activation, sucrose 
degradation, and galactose degradation (Fig. 4H) and observed up- 
regulation of glycolytic genes (Pf kl, Mxi1, and Pgm1; fig. S7). Metab-
olite analysis of EP-treated HPC7 cells confirmed significantly (P < 
0.001) enhanced galactose metabolism and pantothenate and CoA bio-
synthesis (Fig. 4I and tables S8 and S9), as well as alterations in gly-
colysis (P = 4.1 × 10−06; Fig. 4J and table S10). We detected increased 
concentrations of glucose-6-phosphate (G6P), mannose, glycerol, 
glucose, and citric acid (intermediates of glycolytic pathways), as well 
as impaired aminoacyl–transfer RNA (tRNA) biosynthesis (Fig. 4I and 

table S9) in cells treated with EP, suggesting 
impairment of iron-dependent nonenzymatic 
isomerization and tRNA ligation reactions in 
EP- treated cells. As in human EP-treated stem 
cells, we found evidence for increased mobi-
lization of fatty acids and a reduction of sev-
eral amino acids (lysine, tyrosine, isoleucine, 
proline, cysteine, glycine, glutamate, and 
valine), which can enter glycolytic pathways 
(Fig. 4, H and I). Together, these observa-
tions show that EP elicits a molecular re-
sponse consistent with lower intracellular 
iron pools, including iron homeostasis–
restoring gene expression alterations, as well 
as metabolic alterations due to reduced iron 
and ROS concentrations.

Iron chelation critically contributes to 
the stem cell stimulatory effect of EP
To functionally assess whether the iron- 
chelating property of EP mediated its stem 
cell stimulatory effect, we applied a two-
pronged strategy using mouse HSCs: (i) We 
subjected primary stem cells to a 1-hour pre-
treatment with ferric ammonium citrate 
(FAC) at a concentration that does not im-
pair stem cell function (fig. S8A), does not 
exceed the chelating capacity of EP (fig. S8, 
B and C), and does not increase ROS in EP- 
treated stem cells (fig. S9); and (ii) we tested 
two additional clinically available iron che-
lators, deferoxamine (DFO) and deferasirox 
(DFX). Our data show that DFO and DFX 
increased ex vivo HSC self-renewal, just as EP 
did, and that iron preloading prevented this 
effect for all three chelators tested (fig. S10).

We next tested whether iron chelator treat-
ment would also increase human HSC func-
tion. Exposure of human CD34+ stem and 
progenitor cells to DFO, DFX, or EP consist-
ently increased ex vivo self-renewal of hu-
man stem cells (Fig. 5, A to D), whereas iron 
preloading prevented this effect (Fig. 5, C 
and D). These findings demonstrate that the 

reduction of intracellular LIPs upon EP, DFO, or DFX treatment 
can increase ex vivo self-renewal of human HSCs.

Last, we assessed human HSC function upon in vivo treatment 
with EP. qRT-PCR on bone marrow mononuclear cells (BMMNCs) 
from patients with ITP under EP therapy (see table S11 for detailed 
patient information) uncovered gene expression alterations consist-
ent with iron homeostasis–restoring pathway activation compared to 
control stem cells. We specifically found reduced expression of iron 
storage protein-encoding FTL (−1.86-fold, P < 0.05), master regula-
tor of iron homeostasis–encoding HAMP (2.4-fold, P < 0.05), and 
significantly increased transcription of genes encoding iron trans-
porters TFRC, SLC11A2, SLC25A28, and SLC25A37 (by 9.1-, 2.1-, 
1.8-, and 1.7-fold, respectively) (P < 0.05; fig. S11A). To exclude the 
possibility that the observed gene expression alterations in EP-treated 
patients were due to preexisting aberrant iron profiles, we analyzed 

Fo
ld

ch
an

ge
of

CF
U

NT EP
0

1

2
Primary

***

NT EP
0

1

2

3 **

3rd replate

NT EP
0

1

2 *

1st replate

NT EP
0

1

2

3
2nd replate

Serial replatings (HSC)

NT EP
0

30

60

90

120

N
um

be
r

of
ph

en
ot

yp
ic

H
SC

s
pe

r1
 ×

 1
06

BM
M

N
Cs

*

Fo
ld

ch
an

ge
of

LT
C-

IC
fr

eq
.

NT EP
0

1

2

3

Dose (number of cells)

Lo
g 

fr
ac

tio
n 

no
nr

es
po

nd
in

g

0 50 100 150–1
.4

–1
.0

–0
.6

–0
.2

EP (1/116)
NT (1/207) **p

LTC-IC (LSK)

*

LT
CI

C
un

its
pe

r1
00

LS
K

NT EP
0

1

2

3 **

0 50 100 150 200

–2
.0

–1
.0

0.
0

Dose (number of cells)

Lo
g 

fr
ac

tio
n 

no
nr

es
po

nd
in

g

EP (1/80.2)
NT (1/122.8)

****

LTC-IC (LSK)

A B

C D E

F

NT EP

20

40

80

160

240

0 50 100 150 200–1
.5

–1
.0

–0
.5

0.
0

Dose (number of cells, × 1000)

Lo
g 

fr
ac

tio
n 

no
nr

es
po

nd
in

g

EP (1/106,587)
NT (1/180,607)

*

LD-BMT (BMMNC)
G

Oral gavage:
H2O or EP

KO

28 days MNCs

HSC
frequency

LTC-IC (LSK)

LD-BMT

Fig. 3. EP increases HSC self-renewal independently of the TPO-R. (A) Serial colony-forming capacity of Mpl −/− 
HSCs treated with EP (10 g/ml) compared to NT (water; n = 4). (B) LTC-IC assay of Mpl−/− Lin−Sca-1+c-Kit+ (LSK) 
cells after ex vivo treatment with vehicle control (NT) or EP. Left: Bar plot showing the fold change of LTC-IC fre-
quency compared to NT, estimated for each of the individual mice (n = 4, paired t test). Right: Scatter plot showing 
LTC-IC frequency for EP and NT. (C) Scheme showing in vivo treatment schedule of Mpl −/− mice. Mice were 
treated with EP daily for 28 days, followed by immunophenotypic and functional assessment of HSC frequency. KO, 
knockout. (D) Frequency of phenotypic HSCs within the bone marrow after EP (n = 14 mice) or vehicle treatment 
(NT; n = 12 mice). *P < 0.05 (unpaired t test). (E and F) Representative images (E) and fold change of stem cell fre-
quency (F) assessed by LTC-IC assay for Mpl −/− LSK cells. Scale bars, 1 mm. (G) HSC frequency in EP-treated mice 
compared to control determined by limiting dilution transplantation. Results are pooled from five independent 
experiments (n = 74 and 70 recipient mice for NT and EP, respectively). If not specified otherwise, then data are 
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (paired Student’s t test).

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 15, 2023



Kao et al., Sci. Transl. Med. 10, eaas9563 (2018)     12 September 2018

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

6 of 13

expression of iron-responsive mRNAs using published data sets from 
hematopoietic stem and progenitor cells derived from patients with 
acute or chronic ITP who had not received EP treatment (30, 31). This 
analysis revealed no significant changes in any known iron-responsive 
transcripts, except for FTL, which was moderately increased in pa-
tients with chronic ITP (fig. S11, B and C).

We next determined and compared the 
functional effects of EP and romiplostim, 
another U.S. Food and Drug Administration–
approved TPO-RA, which does not harbor 
an iron-chelating ability, on human HSCs. 
FACS analysis of bone marrow specimens 
(table S11) to quantitate the number of 
phenotypical stem cells revealed a three-
fold increase in the frequency of pheno-
typic HSCs (Lin−CD34+CD38−CD49f +) 
in patients treated with EP, compared to 
romiplostim-treated individuals (Fig. 5, 
E to G), suggesting a stem cell stimulatory 
effect in vivo. We quantified the number 
of functional HSCs in the bone marrow 
of patients undergoing TPO-RA therapy, 
which confirmed the significant increase 
in the number of functional stem cells (by 
threefold, P < 0.001) in samples derived 
from EP-treated patients compared to 
romiplostim-treated controls (Fig. 5, H 
and I). Together, these results provide evi-
dence for iron chelation as a mechanism 
underpinning EP-mediated stimulation of 
HSC self-renewal.

DISCUSSION
Previous clinical and preclinical studies 
have provided evidence for the multi-
lineage stimulation of hematopoiesis upon 
EP treatment, which suggested that the 
TPO-RA may directly stimulate immature 
hematopoietic stem and progenitor cells 
(15, 16, 32). Our results using highly en-
riched human bone marrow–derived HSCs 
(33) exposed to EP ex vivo show an increase 
in multilineage differentiation and the 
number of functional stem cells persist-
ing upon long-term culture. Moreover, 
quantification of phenotypical and func-
tional stem cells in patients undergoing 
EP therapy also showed a moderate in-
crease in the number of stem cells, which 
demonstrates that enhanced multilineage 
hematopoiesis observed in patients upon 
EP treatment (15, 16, 32) is, at least in part, 
attributable to a direct stimulation of 
stem cells.

Our comparative analysis of the stem 
cell–specific effects of EP and romiplostim, 
another clinically approved TPO-RA with-
out metal ion-chelating characteristics, re-

vealed a stronger stimulation of HSCs by EP. This functional difference 
does not appear to solely stem from enhanced TPO-R stimulation by 
EP due to its noncompetitive binding of the cytokine receptor (17, 34) 
because we did not find evidence for enhanced TPO-R activation at 
the molecular level in EP-treated stem cells. Moreover, wild-type and 
c-Mpl–deficient mouse HSCs, in which TPO-R signaling cannot be 
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activated by EP (12), showed increased stem cell 
maintenance and self-renewal upon treatment with 
EP. Iron preloading eliminated this effect, which 
provided further evidence that EP’s stem cell stim-
ulatory effect is largely exerted by chelation of in-
tracellular iron. Whether and how TPO-R activation 
or chelation of bivalent cations other than iron, such 
as Ca2+ (35, 36), contributes to EP’s functional effects 
in enhancing multilineage hematopoiesis could be 
addressed in future studies. Together, our data sug-
gest an additive effect of the TPO-R–stimulatory and 
iron-chelating effects of EP in enhancing HSC func-
tion in humans, which would be interesting to fur-
ther dissect mechanistically in future studies.

Iron is an essential element facilitating catalysis 
of enzymatic reactions that involve electron trans-
fer (37). Various proteins containing iron-sulfur 
clusters (Fe–S) or heme groups depend on iron as a 
cofactor (38, 39). The most readily chelatable form 
of iron within cells is termed the LIP and comprises 
both Fe2+ and Fe3+; its size is determined by a cell’s 
particular need for readily accessible iron and is 
kept at the minimally required concentration at any 
given moment due to its ability to generate ROS via 
the Fenton reaction (40). Preclinical studies revealed 
that EP is highly cell-permeable and reduces free 
intracellular iron by acting as a shuttle chelator with 
a high binding affinity for Fe3+, reducing intracel-
lular ROS accumulation and effective intracellular 
iron storage mobilization in several different cell 
types (18, 24).

Two large clinical studies with non-iron–overloaded 
patients reported moderately reduced serum trans-
ferrin and ferritin concentrations (41, 42), but chron-
ically reduced iron concentrations, iron deficiency, 
or changes in erythropoiesis have not been observed 
(43, 44). These clinical findings show that EP can 
curtail free extra- and intracellular iron pools in pa-
tients, which appears to elicit a compensatory response 
of iron mobilization and reinstatement of iron ho-
meostasis during EP treatment. In line with these 
observations, our molecular profiling of human and 
mouse HSCs revealed gene expression and meta-
bolic alterations similar to those found with acutely 
reduced intracellular iron concentrations, including 
altered gene expression, reduced ROS accumu-
lation, and metabolic adaptations. We found com-
pensatory increase of factors facilitating iron intake, 
including TFRC/CD71 (transferrin receptor), SLC11A2 
(encoding DMT1), SLC25A28, and SLC25A37 (19, 45) 
upon EP exposure of HSCs. Concomitantly, genes 
enhancing iron storage and export, including FTL, 
HAMP/hepcidin, and FPN (46), were reduced upon 
EP exposure. Pathway analysis furthermore revealed 
gene expression changes similar to those found upon 
impairment of nitric oxide (NO) and TLR2 signal-
ing, which also cause the activation of IRP1 (47, 48). 
IRP1 is a bifunctional protein that, under iron-replete 
conditions, displays an [4Fe-4S] cluster at the active 
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site and harbors aconitase activity (49). At low intracellular iron 
concentrations, IRP1 binds IREs located in untranslated regions 
(UTRs) of mRNAs and alters their stability and translation (19). For 
those transcripts with IRE motifs present on the 3′UTR, such as 
TFRC and SCL11A2, IRP binding stabilizes the mRNA, resulting in 
increased transcription compared to iron-replete conditions. In line 
with this known regulatory mechanism is the increased expression of 
TFRC and SLC11A2 upon EP treatment. For transcripts with the IRE 
motifs located in the 5′UTR, such as FTH1, FTL, and SLC40A1(FPN), 
IRP binding blocks the translation of the transcript, resulting in a 
decrease in protein in the presence of unaltered transcript amounts 
(50). Notably, we found reduced amounts of FTL and SLC40A1 tran-
scripts in EP-treated HSCs, suggesting a negative feedback loop at 
the transcriptional level. Moreover, we found gene expression changes 
consistent with increased miR155-5 expression and reduced dopamine 
and heme oxygenase 1 (HMOX-1) concentrations, which have been 
reported in iron- deficient cells (51–53). In line with previous reports 
demonstrating that EP efficiently reduces ROS (18, 24, 54, 55), likely 
due to lower Fenton reaction rates upon the reduction of cheatable 
iron species (56), we found reduced ROS, hydrogen peroxide, and 
GADD45B signaling (24), as well as molecular alterations mim-
icking known antioxidants (57). Reduction of free intracellular iron 
also impairs the activity of prolyl hydroxylase domain (PHD) enzyme, 
resulting in the stabilization of HIF1 under normoxic conditions 
(29), which can enhance HSC maintenance and function (58). EP-me-
diated gene expression changes are also in agreement with this finding 
because we detected reduced HIF1A mRNA and impaired CEB-
P-driven gene expression, which have been shown to be negatively reg-
ulated by HIF1 (59). HIF1 can also impair Hamp expression in 
hepatocytes during anemia and hypoxia (28); our data on reduced 
Hamp expression after EP treatment suggest the activation of a similar 
direct gene regulatory circuit in stem cells upon LIP reduction.

EP also elicited several metabolic alterations in HSCs upon acute 
exposure, including iron-catalyzed nonenzymatic metabolic reactions 
(60–62), which can occur alongside enzymatic reactions between gly-
colytic intermediates (63), as evidenced by our finding of high concen-
trations of d-glucose, G6P, and d-mannose upon EP treatment. The 
accumulation of G6P and impairment of aminoacyl-tRNA biosynthe-
sis upon EP exposure further agrees with impaired nonenzymatic PPP 
and RNA biosynthesis (64, 65). Our data moreover suggest that im-
pairment of nonenzymatic reactions results in inefficient glycolysis 
and PPP, which elicits compensatory reactions to meet the cells’ ener-
getic requirements, namely, increased galactose degradation through 
the leloir pathway (66), increased lipolysis mobilizing triglycerides 
that can enter glycolytic pathways through -oxidation (67), and an 
increased use of amino acids for energy production. Increased con-
centrations of citric acid found in EP-treated cells further suggest in-
creased tricarboxylic acid cycle activity. Metabolic reprogramming 
upon EP treatment also included several pathways that enhance HSC 
maintenance and function, such as activation of STK11/LKB1 (68–70), 
suppression of mammalian target of rapamycin (mTOR) activity, and 
the reduction of fumarate concentrations (71, 72).

Together, our data demonstrate a TPO-R–independent stem cell 
stimulatory function of EP and suggest that free intracellular iron 
pools may serve as a rheostat for HSC maintenance. The iron chelation–
dependent mechanism of EP is very likely to confer clinical relevance 
in the context of enhancing TPO-R–dependent HSC stimulation and 
reinforcing stem cell identity through wide-ranging iron-dependent 
metabolic reprogramming, which increases healthy stem cells without 

causing their exhaustion in bone marrow failure syndromes, as well 
as aid in preserving functional HSCs under cellular stress (such as 
transplantation, cytotoxic treatment, or irradiation). Future studies 
will be needed to dissect how alterations in LIP size inform stem cell 
identity upon cell division and how pathologically increased or de-
creased systemic iron triggers molecular and functional alterations 
of hematopoietic and potentially other tissue-specific stem cells.

MATERIALS AND METHODS
Study design
The purpose of the study was to define the molecular and cell func-
tional mechanism of action of EP. Stem cell self-renewal and differ-
entiation commitment of primary cells isolated from human or mouse 
bone marrow were assessed in vitro using LTC-IC and serial colony 
assays in the presence of EP (3 to 10 g/ml) or 10 and 5 M DFO and 
DFX, respectively. FAC (200 g/ml) was used in rescue experiments 
after dose-finding experiments, which determined the maximal dos-
age of FAC that did not change ex vivo HSC function. Cells were 
either treated throughout the duration of the assay or pretreated for 
over 2 days. End points measuring ex vivo self-renewal and differ-
entiation commitment were chosen on the basis of previously de-
termined timelines. All cellular experiments were conducted using 
three or more biological replicates, which were measured in at least 
technical duplicates. All experiments were performed unblinded with 
at least two independent repeats. In vivo studies to determine the 
effects of EP treatment on mouse stem cell function consisted of the 
treatment of 8- to 12-week-old wild-type or c-Mpl−/− mice with EP 
(50 mg/kg) or vehicle (water) by daily oral gavage for 28 days. Accu-
mulation of EP in the serum of treated mice was confirmed. Limiting 
BMTs of EP-treated donor mice were used to quantify the number 
of functional stem cells in vivo. Age-matched recipient and donor 
mice of both genders were included in these studies. The end point 
of these studies was 16 weeks after transplantation, a previously de-
termined time frame allowing the assessment of stem cell function. 
Exclusion criteria included unspecified death of animals or loss of 
more than 20% of body weight. These experiments were carried out 
in an unblinded fashion using at least three biological replicates and 
measured in at least technical triplicates. Experiments were carried 
out in at least two independent repeats.

Patient samples and cell lines
Healthy cryopreserved human bone marrow cells were purchased from 
AllCells and ReachBio Research Labs; fresh unprocessed bone marrow 
cells were from Lonza. Samples of patients with ITP are listed in table 
S11. HPC7 cells were obtained from O. Abdel-Wahab at the Memorial 
Sloan Kettering Cancer Center and grown in Iscove’s Modified 
Dulbecco’s Medium (IMDM) supplemented with recombinant mouse 
stem cell factor (rmSCF) (100 ng/ml; Gemini Bio-Products), monothio-
glycerol (6.9 ng/ml; Sigma-Aldrich), 5% fetal bovine serum (FBS), 1% 
sodium pyruvate, and 1% penicillin/streptomycin. All experiments 
were approved by the Institutional Review Board of the Albert Einstein 
College of Medicine (protocol nos. 2016-6770 and 2016-1003).

Cell preparation and purification of human hematopoietic 
stem and progenitor cells
The bone marrow was enriched for mononuclear cells by density gra-
dient centrifugation using Ficoll-Paque PLUS (GE Healthcare). Mono-
nuclear cells were further enriched for CD34+ cells by immunomagnetic 
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bead sorting (CD34 MicroBead Kit, human; Miltenyi Biotec) according 
to the manufacturer’s protocol. CD34+ cells then underwent two se-
quential incubations with antibodies against surface markers defining 
lineage-positive cells, progenitors, and HSCs. The primary antibody 
cocktail contained CD2, CD3, CD4, CD7, CD8, CD10, CD11b, CD14, 
CD19, CD20, CD56, CD235A, and CD90/Thy1, and the secondary anti-
body cocktail contained CD34, CD38, and CD49f. A list of antibodies 
can be found in table S12. Antibody staining was performed at 4°C in 
the dark for 30 min. Cells were washed with phosphate-buffered saline 
(PBS)/2% bovine serum albumin/2 mM EDTA between stains. Cells were 
sorted on FACSAria II (Becton Dickinson) with a 100-m nozzle oper-
ating in purity mode and collected in 1.5-ml microfuge tubes containing 
IMDM/2%FBS. FACS data were analyzed using FlowJo version 10.2.

Purification of mouse hematopoietic stem and  
progenitor cells
c-Mpl−/− mice were provided by W. Tong (University of Pennsylvania). 
C57BL/6J and B6.SJL-Ptprca Pepc/BoyJ mice were purchased from 
the Jackson Laboratory. All mice were housed in a specific pathogen– 
free barrier facility. All experimental procedures conducted on mice 
were approved by the Institutional Animal Care and Use Committee 
of the Albert Einstein College of Medicine (protocol no. 2016-0103). 
For FACS experiments, bone marrow cells were isolated from tibiae, 
femurs, pelvic bones, and vertebrae of 6- to 10-week-old mice by 
gentle crushing with a mortar and pestle in sterile PBS (Gibco). Low- 
density mononuclear cells were enriched by density gradient cen-
trifugation using Histopaque 1083 (Sigma-Aldrich), followed by 
staining of lineage (CD3, CD4, CD8a, CD19, B220, Ter119, and Gr1; 
1:100) and stem and progenitor cell markers (Sca-1, c-Kit, CD150, 
CD48, and CD34; 1:50). A detailed list of antibodies can be found in 
table S12. Prospective HSCs (Lin−Sca-1+c-Kit+CD150+CD48−CD34−), 
MPPs (Lin−Sca-1+c-Kit+CD150−CD48−), and progenitors (Lin−Sca- 
1+c-Kit+CD150−CD48+) were sorted on either FACSAria II (Becton 
Dickinson) or MoFlo Astrios (Beckman Coulter) with a 70-m nozzle 
operating in purity mode and collected in 1.5-ml microfuge tubes con-
taining IMDM/2% FBS. Cells were sorted according to the gating 
strategy shown in fig. S5.

Colony formation and serial replating assays
Human HSCs (Lin−CD34+CD38−CD49f +) and MPPs (Lin−CD34+CD38− 
CD49f −) were FACS-sorted and cultured in rhTPO-free MegaCult-C 
medium (STEMCELL Technologies) to assess colony formation of 
MK progenitors, according to the manufacturer’s instructions. Col-
onies were scored after 10 to 12 days using an Inverted Infinity and 
Phase Contrast Microscope (Fisher Scientific). To assess the colony 
formation of myeloid and erythroid progenitors, stem and progenitor 
cells were plated in HSC003 (human) or HSC007 (mouse) methyl-
cellulose medium according to the manufacturer’s recommendation 
(R&D Systems). Colonies were scored after 14 to 16 days for human 
and 8 to 12 days for mouse using an Inverted Infinity and Phase Con-
trast Microscope (Fisher Scientific). In the serial replating assay, 
methylcellulose medium from primary plating was dissolved in PBS 
to dissociate the colonies into a single-cell suspension. Subsequently, 
20,000 cells from the previous plating were serially replated in 1 ml of 
HSC003 or HSC007 medium for human and mouse cells, respectively.

Single cell division assay of human HSCs
Single human HSCs (Lin−CD34+CD38−CD49f +) were sorted with 
FACSAria II (Becton Dickinson) and directly deposited onto a 60-well 

Terasaki plate (Thermo Fisher Scientific). Sorted cells were cultured 
in MyeloCult H5100 medium (STEMCELL Technologies) supple-
mented with recombinant human stem cell factor (rhSCF) (100 ng/ml; 
Gemini Bio-Products) and 10−6 M hydrocortisone (Acros Organics) 
supporting stem cell maintenance, along with treatment with vehi-
cle control (sterile H2O), EP (3 or 10 g/ml; Novartis), or rhTPO 
(100 ng/ml; Gemini Bio-Products). Single-cell deposition in each 
well was verified 4 hours after seeding, and cells per well were counted 
again at 24, 48, 72, 96, and 120 hours after treatment using an Inverted 
Infinity and Phase Contrast Microscope (Fisher Scientific).

Cell cycle assays of human HSCs
Human HSCs (Lin−CD34+CD38−CD49f +) were sorted with MoFlo 
Astrios (Beckman Coulter) and cultured in MyeloCult H5100 medi-
um (STEMCELL Technologies) supplemented with rhSCF (100 ng/ml; 
Gemini Bio-Products) along with treatment with vehicle control 
(sterile H2O), EP (3 or 10 g/ml; Novartis), or rhTPO (100 ng/ml; 
Gemini Bio-Products) for 24 hours. To assess cell cycle entry (G0 to 
G1 transition), the cells were subsequently washed with PBS and fixed 
with BD Cytofix/Cytoperm (BD Biosciences) for 10 min at 4°C. After 
fixation, cells were washed twice with Perm/Wash (BD Biosciences), 
resuspended in 100 l of Perm/Wash containing anti–Ki-67 (BD 
Pharmingen), and incubated overnight at 4°C. Before analysis, cells 
were incubated with Hoechst 33342 (2 g/ml) for 10 min at 4°C.

To assess cell cycle status (G1, S, and G2/M), human HSCs were 
pulsed with 2 M 5-ethynyl-2′-deoxyuridine (EdU) for 6 hours, fol-
lowed by fixation and EdU detection using the Click-iT EdU Flow 
Cytometry Kit (Invitrogen) following the manufacturer’s recommen-
dation. Before analysis, cells were incubated with propidium iodide 
(BD Biosciences) for 15 min at room temperature. Data were ana-
lyzed using FlowJo software version 10.2 (FlowJo LLC).

RNA extraction, qPCR, and gene expression analysis  
by microarray
RNA was extracted using the RNeasy Micro Kit (QIAGEN), and its 
quantity and quality were assessed using NanoDrop 3300 Fluoro-
spectrometer (Thermo Fisher Scientific) or Agilent 2100 Bioanalyzer 
(Agilent Technologies). For qPCR, reverse transcription of extracted 
RNA was performed using SuperScript II Reverse Transcriptase 
(Invitrogen), and qPCR was performed with PCR Power SYBR Green 
mix (Applied Biosystems) on a ViiA 7 Real-Time PCR system (Applied 
Biosystems) according to the manufacturer’s instructions. mRNA sig-
nals were normalized to internal control GAPDH (glyceraldehyde-3- 
phosphate dehydrogenase), and a list of qPCR primers for target 
genes can be found in table S13. For microarray studies, extracted 
RNA was amplified and labeled using the GeneChip 3’ IVT Pico Kit 
(Affymetrix). The products were then hybridized to GeneChip Hu-
man Gene ST 2.0 or Mouse Clariom S microarrays (Affymetrix) for 
human and mouse samples, respectively. Thereafter, hybridization 
signals were scanned and analyzed with a GeneChip Scanner 3000 
7G system (Affymetrix) according to standard protocols.

Analysis of microarray data
For analysis of microarray data, intensity normalization was performed 
across samples with the CEL files using RMA (robust multichip 
average) algorithm of an Oligo Bioconductor package (73). Normalized 
expression values were used as input for Qlucore version 3.2 (Qlucore 
AB). Multigroup comparison with F test resulted in 668 genes with 
P < 0.05, which were subsequently used for performing hierarchical 
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clustering based on Euclidean distances and average linkage to com-
pare the expression profiles between TPO- or EP-treated human HSCs. 
For analysis of differential gene expression, a paired, linear modeling 
of limma Bioconductor package was used to compare the treated sam-
ples versus the matched, nontreated controls (74). Differential expression 
was defined as fold change > 1.5 (both up and down in TPO or EP com-
pared to vehicle) and P < 0.05 as estimated with limma. DEGs were sub-
sequently subjected to IPA (QIAGEN) for analyses of canonical pathways 
and upstream regulators. For enrichment of IRE-containing genes, the 
National Center for Biotechnology Information RefSeq mRNA sequences 
of all the genes detected by the array platform were computationally 
screened for IRE-like motifs using SIREs Web server 2.0 (75, 76). There-
after, hypergeometric test by built-in phyper function of R (www.R-project.
org) was used to examine the significance of enrichment of IRE- 
containing genes within the DEGs in each treatment condition.

For the analysis of published gene expression data sets, GSE5812 
was downloaded and normalized using Qlucore version 3.2 for com-
paring patients with acute ITP to healthy controls (30). Expression data 
of patients with chronic ITP were obtained from GSE23754 (31) and 
compared to those of healthy controls in GSE5812. Batch effects of 
the respective data sets were removed using the ComBat module of 
sva Bioconductor package (77, 78).

Conditioned medium for LTC-IC assay
For collection of mouse stroma cell-conditioned medium, bone mar-
row cells were isolated from tibiae, femurs, pelvic bones, and verte-
brae of 6- to 12-week-old mice by gentle crushing in sterile PBS. 
Total bone marrow cells were cultured overnight in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% FBS and 
1% penicillin/streptomycin [penicillin (100 U/ml) and streptomycin 
(100 g/ml); Mediatech Inc.]. Nonadherent cells were removed, and 
the remaining adherent cells were cultured until 80 to 90% confluency 
and subsequently irradiated (20 Gy) to suspend cell proliferation. 
Four to 5 hours after irradiation, adherent stromal cells were cultured 
in MyeloCult M5300 (STEMCELL Technologies) supplemented with 
Primocin (200 g/ml; InvivoGen), and medium was collected, sterile- 
filtered every 48 hours, and then stored at −20°C in aliquots until use.

For collection of human stroma cell–conditioned medium, HS-5 
(CRL-11882, American Type Culture Collection) bone marrow stro-
mal cells were cultured in DMEM supplemented with 10% FBS and 
1% penicillin/streptomycin. Once at 80 to 90% confluency, cells were 
irradiated at 20 Gy and cultured in MyeloCult H5100 (STEMCELL 
Technologies) supplemented with Primocin (200 g/ml; InvivoGen). 
Conditioned medium was collected, sterile-filtered every 48 hours, 
and then stored at −20°C in aliquots until use.

LTC-IC assay
To assess LTC-IC frequency in mouse, serial dilutions of FACS-sorted 
Lin−Sca-1+c-Kit+ (LSK) cells were plated in MyeloCult M5300 
(STEMCELL Technologies) mixed at 50:50 ratio with primary mouse 
stroma cell–conditioned medium as described above. To assess LTC-
IC frequency in human, serial dilutions of mononuclear cells or im-
munomagnetically enriched CD34+ cells were plated in MyeloCult 
H5100 (STEMCELL Technologies) mixed at 50:50 ratio with HS5- 
conditioned medium as described above. In each experiment, 10 tech-
nical replicates of each cell dose (indicated in the main text) were 
performed. After 4 weeks (mouse) or 5 weeks (human) of culture, each 
well was assayed in HSC007 and HSC003 (R&D Systems), respective-
ly, in mouse and human, for the presence of CFU-C as described be-

fore (79). HSC frequency within the tested cell popu lation was estimated 
using ELDA software (http://bioinf.wehi.edu.au/software/elda/) (80).

Limiting dilution–competitive BMT assay
Frequency of HSCs was measured by limiting dilution–competitive 
BMT assay. Bone marrow cells of CD45.2 donor mice from each treat-
ment group (vehicle control versus EP) were depleted of red blood 
cells by brief treatment with ammonium chloride potassium (ACK) 
buffer for 1 min on ice. The resulting BMMNCs were serially diluted 
into 20,000, 100,000, and 200,000 cell dose fractions. To prepare Sca-
1–depleted helper cells, ACK-lysed bone marrow cells from CD45.1 
Pepc/BoyJ mice were incubated with biotinylated Sca-1 antibodies 
in 4°C for 30 min, followed by binding to magnetic beads (Dynabeads 
Untouched Mouse T Cells Kit, Thermo Fisher Scientific) at 4°C for 
30 min. Sca-1–negative cells were separated out using Dynal MPC-L 
Magnetic Particle Concentrators (Invitrogen), collected, and washed 
with sterile PBS. For BMT, 1 × 106 Sca-1–depleted CD45.1 helper cells 
were mixed with each of the indicated test cell doses in Hanks’ bal-
anced salt solution (Gibco) and retro-orbitally injected into lethally 
irradiated CD45.1 Pepc/BoyJ recipient mice. Peripheral blood donor 
cell chimerism was analyzed at 4-week intervals after transplant for 
16 weeks, and mice with at least 0.1% donor-descent (CD45.2) 
cells in the peripheral blood were counted as positive reconstitu-
tion (22). Stem cell frequency was estimated at the 16th week time 
point after transplantation using the ELDA.

Quantification of intracellular LIPs
Human or mouse BMMNCs, as well as HPC7 cells, were incubated 
with 50 nM calcein-AM (Invitrogen) for 5 min at 37°C. Then, cells 
were washed with PBS and resuspended in prewarmed culture medi-
um containing either the vehicle control (H2O) or EP (10 g/ml) for 
4 hours at 37°C and 5% CO2. Intracellular calcein fluorescence was 
measured by flow cytometry on BD FACSAria II Special Order Sys-
tem (BD Biosciences), and MFI was calculated by FlowJo version 10.2 
(FlowJo LLC).

Measurement of intracellular ROS
Mouse BMMNCs were preloaded FAC (0 or 200 g/ml) for 1 hour 
at 37°C before subjecting to liquid culture in MyeloCult M5300 
(STEMCELL Technologies) supplemented with rmSCF (100 ng/ml; 
Gemini Bio-Products) for 1 hour at 37°C in the presence of vehi-
cle control (NT), H2O2 (200 M), N-acetylcysteine (5 mM), or EP 
(10 g/ml). The cells were washed in PBS and labeled with 2′-7′- 
dichlorodihydrofluorescein (DCF) diacetate (2.5 M) fluorescent 
probe (Life Technologies) in the dark for 30 min at 37°C, followed 
by staining with antibodies against hematopoietic stem and progen-
itor cell markers (table S12) for 30 min at 4°C with light protection. 
DCF MFI values were obtained by flow cytometry and analyzed by 
FlowJo version 10.2 (FlowJo LLC).

Complete blood counts
Peripheral blood was collected from the submandibular vein of living 
mice or the heart of euthanized mice and analyzed using the Forcyte 
Hematology Analyzer (Oxford Science Inc.) according to the manu-
facturer’s instructions.

Metabolomic profiling and analysis
For sample preparation, HPC7 cells treated with either vehicle (H2O) 
or EP (10 g/ml) for 12 hours were harvested and washed with ice-cold 
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150 mM ammonium acetate at 4°C. Cells were then resuspended in 
0.75 ml of ice-cold 150 mM ammonium acetate, transferred to chilled 
cryovials, and then centrifuged for 2 min at 4°C. The supernatant was 
removed, and the cell pellet was snap-frozen in liquid nitrogen and 
stored at −80°C until further processing. Metabolite extraction pro-
cedure was as previously described (81). Briefly, samples were added 
with 200 l of methanol: H2O (4:1) containing three internal standards 
[U13_succinate (2 nmol), U13_citrate (1 nmol), and heptadecanoic 
acid (2 nmol)], followed by a 5-min sonication in ice water and snap- 
frozen in liquid nitrogen. Samples were then thawed on ice, followed 
by a 2-min sonication. The freeze-thaw–sonication procedure was 
repeated three times. After that, the samples were kept at −20°C for 
10 min, followed by centrifugation at 12,000 rpm for 10 min. The 
supernatants were dried under gentle nitrogen flow and subsequently 
subjected to a two-step derivatization procedure. First, the samples were 
methoximized with 50 l of methoxyamine hydrochloride (15 mg/ml 
in pyridine) at 30°C for 90 min. Then, the silylation step was done 
with 50 l of N,O-bis(trimethylsilyl)trifluoroacetamide (containing 
1% trimethylchlorosilane) at 70°C for 60 min. Samples were analyzed 
by gas chromatography time-of-flight mass spectrometry (GC-TOFMS; 
GCT Premier, Waters). The acquired GC-TOFMS data were processed 
using a ChromaTOF software (version 4.22; LECO Co.) as previ-
ously described (81). The data were normalized to internal standard 
(heptadecanoic acid) and cell number to obtain the relative quanti-
fication result. Metabolites with fold changes > 1.5 (EP versus NT) 
and P < 0.05 (Student’s t test) were submitted for pathway enrich-
ment analysis using hypergeometric test of MetaboAnalyst 3.0 (82).

Statistics
The statistical significance of the difference between two groups of 
paired and unpaired samples was assessed by two-tailed Student’s 
t test (paired and unpaired, respectively, as specified in the figure 
legends). Prism 7.0 [GraphPad Software (www.graphpad.com)] was 
used for statistical analyses and plotting of bar graphs. Differential 
expression analysis was performed with limma Bioconductor pack-
age (74), and hypergeometric test was performed with the built-in 
phyper function of R. Statistical significance for estimation of stem 
cell frequency in LTC-IC and limiting dilution–competitive BMT 
assays was tested with ELDA method in the statmod package of R (80).
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Ironing out bone marrow failure
Chronic thrombocytopenia can be associated with a variety of conditions, such as bone narrow failure syndromes and
immune disorders. It increases the risk of severe bleeding, and therapies such as platelet transfusion or recombinant
thrombopoietin are associated with a variety of complications. In contrast, the small-molecule eltrombopag, a
thrombopoietin receptor agonist, has been very effective in treating thrombocytopenia in patients with bone marrow
failure. Kao et al. demonstrated that, in addition to targeting the thrombopoietin receptor, eltrombopag also chelates
iron and that this chelating action enables it to improve the function of bone marrow stem cells. The authors also
determined the mechanism linking iron chelation to hematopoietic stem cell maintenance, which may help facilitate the
development of future treatments.
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