
Regular Article

HEMATOPOIESIS AND STEM CELLS

Thrombopoietin promotes NHEJ DNA repair in hematopoietic stem cells
through specific activation of Erk and NF-kB pathways and their
target, IEX-1
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Key Points

• TPO specifically activates Erk
and NF-kB pathways in
hematopoietic stem and
progenitor cells.

• Erk and NF-kB cooperate
to trigger their common
target, Iex-1, and DNA-PK-
dependent NHEJ activation in
HSPCs upon irradiation.

Loss of hematopoietic stem cell (HSC) function and increased risk of developing hema-

topoietic malignancies are severe and concerning complications of anticancer radiother-

apy and chemotherapy. We have previously shown that thrombopoietin (TPO), a

critical HSC regulator, ensures HSC chromosomal integrity and function in response

to g-irradiation by regulating their DNA-damage response. TPO directly affects the

double-strand break (DSB) repair machinery through increased DNA-protein kinase

(DNA-PK) phosphorylation and nonhomologous end-joining (NHEJ) repair efficiency

and fidelity. This effect is not shared by other HSC growth factors, suggesting that TPO

triggers a specific signal in HSCs facilitating DNA-PK activation upon DNA damage.

The discovery of these unique signaling pathways will provide a means of enhancing

TPO-desirable effects on HSCs and improving the safety of anticancer DNA agents. We

show here that TPO specifically triggers Erk and nuclear factor kB (NF-kB) pathways in

mouse hematopoietic stem and progenitor cells (HSPCs). Both of these pathways are

required for a TPO-mediated increase in DSB repair. They cooperate to induce and activate the early stress-response gene, Iex-1

(ier3), upon DNA damage. Iex-1 forms a complex with pERK and the catalytic subunit of DNA-PK, which is necessary and sufficient to

promote TPO-increased DNA-PK activation and NHEJ DSB repair in both mouse and human HSPCs. (Blood. 2014;123(4):509-519)

Introduction

Maintenance of genomic stability is crucial for preservation of
hematopoietic stem cell (HSC) self-renewal throughout life. Bone
marrow (BM), and more particularly HSC, injury is one of the
most serious limiting factors of therapies with DNA-damaging
agents used to treat otherwise-curable cancers. Indeed, exposure to
ionizing radiation or chemotherapeutic drugs induces residual loss
of HSC functions1-3 and a high risk of developing secondary acute
myeloid leukemia or myelodysplastic syndromes (MDS). Finding
ways to reduce the toxicity of anticancer DNA agents through the
analysis of HSC response following DNA damage would have
a major beneficial impact on cancer-treatment–related mortality.

Double-strand breaks (DSBs) are the most deleterious DNA
lesions. In mammalian cells, DSBs are removed by 2 main repair
pathways: homologous recombination and nonhomologous end-
joining (NHEJ). NHEJ is regarded as the predominant mechanism
for DSB repair in vertebrates in response to irradiation (IR).4 The
DNA-PK complex, composed of the DNA-PK catalytic subunit
and the Ku80/Ku70 heterodimer, is a major component of classical
NHEJ. When this pathway is impaired, the cells use an alternative
and slower DNA-PK–independent NHEJ that has been shown to

generate DSB-induced translocations and deletions.4-6 Quiescent
HSCs preferentially use NHEJ to repair IR-induced DSBs.7 DSB
repair through NHEJ is necessary for HSC maintenance.8,9 NHEJ
is intrinsically error-prone, and this has been shown to be responsible
for the high vulnerability of HSCs to mutagenesis.7 We have recently
shown that thefidelity and efficiency ofHSC-intrinsicNHEJ-mediated
repair can be improved by thrombopoietin (TPO).10 TPO is a main
regulator of both megakaryocytopoiesis and HSCs.11-13 TPO pro-
motes NHEJ DNA repair in human and mouse HSCs by directly
stimulating DNA-PK activity.10 This effect is critical to preserve HSC
genomic stability and function in mice subjected to total body IR
(TBI). However, mutations resulting in constitutive activation ofMPL
occur in myeloproliferative neoplasms,14 and prolonged TPO admini-
stration may cause complications such as myelofibrosis and
thrombosis.15 Finding a way to specifically enhance TPO-desirable
effects in HSCs requires the identification of the TPO-induced
signaling pathways involved in DNA repair.

Although many studies have examined signaling downstream
of TPO/Mpl in megakaryocytes, little is known about the pathways
evoked by this cytokine in HSCs. Our previous data showed that
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the effect of TPO on HSC DNA repair is unique because it cannot
be replaced by other cytokines acting on HSCs.10 In agreement
with the fact that DNA-PK/NHEJ complexes form quickly after IR,
kinetics analysis indicates that the protective effect of TPO requires
the presence of TPO shortly before IR and is abolished when TPO
is added to the medium after IR. This suggests that TPO triggers
a specific signal in HSCs that acts as a priming event facilitating
DNA-PK activation upon treatment with DNA-damaging agents.
TPO has been shown to activate several signaling cascades in HSCs,
including Stat5, Erk, and p38.16-19 However, to our knowledge, no
data have been reported concerning selective TPO/Mpl signaling
pathways activated in HSCs and their role under genotoxic stress.
Whether these pathways are different from those involved in TPO-
mediated HSC maintenance is unknown.

We and others have shown that TPO induces a strong and
sustained Erk MAPK activity in megakaryocytes that regulates their
proliferation/differentiation balance.20-23 We have identified IEX-1
(IER3) as a TPO-induced Erk substrate.24,25 IEX-1 is a ubiquitous
early-response gene induced by various stress stimuli, including IR

and inflammatory cytokines.26 Cellular functions attributed to the
IEX-1 protein include regulation of apoptosis, proliferation, and the
activity of various signaling pathways.24,27-31 We have recently
reported a role of IEX-1 in the DNA-damage response.32 We show
here that upon IR, TPO, but not other cytokines, induces IEX-1
expression in hematopoietic stem and progenitor cells (HSPCs)
through its unique ability to trigger sustained Erk and nuclear factor
kB (NF-kB) activation. IEX-1 then connects specifically TPO/Mpl-
induced phosphorylated Erks to DNA-PK when DNA damage
occurs.

Methods

Animals and cell culture

C57BL/6 (CD45.2) Mpl2/2, Iex-12/2, and Erk12/2 mice were previously
described.33-35 Eight- to 10-week-old mice were used. Procedures were
approved by the Animal Care Committee (registered P2.MG.137.10, 2010)

Figure 1. Erk activation is necessary for TPO-

mediated DSB repair in HSPCs. (A-B) gH2AX foci

resolution analysis at the indicated times after IR (2 Gy)

of (A) LSK and (B) LSK-CD342 cells cultured in com-

plete medium in the presence or absence of the MEK

inhibitor U0126 (10 mM), or in medium without TPO.

Data are means 1 standard error of the mean (SEM)

(n 5 3). (C) DSB analysis using a neutral comet assay

of LSK cells cultured as in panel A. Mean of tail

moments (left) and percent of cells with tail moments

.5 or,5 (right) are shown. Representative experiment

out of 3 similar performed with cells pooled from 3 to 4

mice. Data are means 1 SEM of tail moment values

analyzed in at least 100 cells. (D) gH2AX staining in

LSK-CD342 cells isolated 16 hours after TBI of wild

type (WT) and Erk12/2 mice. Data are means 1 SEM

normalized to the mean of gH2AX positive cells fromWT

mice (n 5 5). (E) Experimental design to test the effect

of Erk inhibition on LSK reconstitution ability (top). LSK

cells were cultured as in panel A for 1 hour before

injection in CD45-2 lethally irradiated congenic mice.

CD45.1-chimerism in peripheral blood 4 months

posttransplantation (bottom). Each dot represents an

individual mouse. Mice were injected with LSK cells

from a pool of 9 mice. Comp, complete medium; NIR,

no IR.
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and the department director of veterinary services of Paris (agreement
75-1064). Mouse TBI was performed in an IBL637 cesium irradiator. BM
lineage-negative (Lin2), Lin2Sca1Kit1 (LSK), LSK-Flt32, and LSK-CD342

cells were isolated and stained as described previously.10 Cells were cul-
tured in StemSpan SFEM (StemCell Technologies) complete medium con-
taining Flt3-ligand (FL; 100 ng/mL), interleukin-3 (IL-3; 10 ng/mL), IL-6
(10 ng/mL), stem cell factor (SCF; 100 ng/mL), and 50 ng/mL TPO (Peprotech,
Rocky Hill, NJ) or in the same medium without TPO. Cord blood CD341

HSPCs were isolated and cultured as previously described.10,25 In-
hibitors were added 30 minutes before treatments. Cells were irradiated in
vitro using a Biobeam 8000 irradiator (Gamma Service Medical GmbH,
Leipzig, Germany).

PLA

For the proximity ligation assay (PLA), cells were cytocentrifugated on
poly-L-lysine–coated slides and labeled with mouse anti–DNA-PKc and
rabbit anti-pErk1/2 antibodies. Cells were then treated with the Duolink kit
according to the manufacturer’s instructions and revealed with the Duolink
far-red detection reagent (Olink Bioscience, Uppsala, Sweden). Slides were
mounted using Dapi-Fluoromount-G (SouthernBiotech, Birmingham, AL)
and visualized at room temperature using a Leica DMI 6000 (Leica Micro-
systems, Wetzlar, Germany) microscope equipped with a 63 3 1.6 oil-
immersion objective and a MicroMAX 1300Y camera (Princeton Instruments,
Trenton, NJ). Pictures were analyzed using ImageJ software (developed at the
National Institutes of Health, Bethesda, MD).

Biochemical assays

For western blots, 33 104 HSPCs were cultured for 1 hour at 37°C in Iscove
modifiedDulbeccomediumcontaining 0.2% fetal calf serum andTPO (50 ng/mL),
SCF (100 ng/mL), or FL (100 ng/mL). Proteins were extracted in 10%
trichloroacetic acid and solubilized as described elsewhere.36 Samples were
loaded on 10% Bis-Tris NuPage gels (Invitrogen). For pErk1/2 quantification
using capillary isoelectric focusing immunoassays,37 33 104 cells were lysed
for 15 minutes on ice in Bicine 20 mM, 0.6% CHAPS (pH 7.5) containing
phosphatase and protease inhibitors (Sigma-Aldrich). Analysis was performed
on a NanoPro 1000 (ProteinSimple, Santa Clara, CA). Electrophoretic
mobility shift assays (EMSAs) for analysis of NF-kB DNA-binding activity
were performed in 53 104 HSPC total lysates using the HIV-LTR tandem kB
oligonucleotide as a kB probe.38 Equal amounts of proteins (at least 1.5 mg)
for each sample were used. For supershift assays, protein extracts were
incubated with antibodies for 30 minutes on ice.

Statistical analysis

A 1-way analysis of variance and Tukey comparison test or unpaired Student
t test was applied using GraphPad Prism version 5.0 software (GraphPad
Software, San Diego, CA). The value of *P , .05 was determined as
significant and **P , .01 or ***P , .001 as highly significant.

For further details, see supplemental Methods (available on the Blood
Web site).

Results

The Erk pathway is required for TPO-mediated DSB repair

in HSCs

To determine which TPO-dependent signaling pathways promoted
DSB repair in HSPCs following IR, cells were cultured in media
containing, IL-3, FL, SCF, IL-6, and TPO (referred to as complete
medium) and kinase inhibitors of TPO/cytokine-induced signaling
before IR.10 Analysis of gH2AX foci was used as a DSBmarker. As
previously described, cells cultured in TPO-free medium were
greatly impaired in their capacity to resolve IR-induced gH2AX
foci. The MEK inhibitor U0126 prevented a TPO effect in LSK and
HSC-enriched LSK-CD342 cells (Figure 1A-B). By contrast, no
significant effect was observed using p38 and JNKMAPK inhibitors

(supplemental Figure 1A-B). Single-cell comet assays confirmed
that MEK inhibition abolished TPO-promoted DNA DSB rejoining
(Figure 1C; supplemental Figure 1C). This effect is specific for
TPO, because it could not be detected inMpl2/2 cells (supplemental
Figure 1C). Supporting a role for the Erk pathway in HSC DNA
repair, Erk12/2 LSK-CD342 HSCs displayed increased gH2AX
foci numbers 16 hours after TBI (Figure 1D). The basal levels of
DNA damage in Erk12/2 HSCs (14% 1 2.5%), although higher
than that of WT 7.3% 1 2.5%), were not significantly different. As
Mpl2/2 HSPCs, Erk12/2 cells showed decreased kinetics of
gH2AX foci decay after IR in vitro that could not be improved by
TPO stimulation (supplemental Figure 1D-E).

Exposure of LSK cells to low doses of IR in vitro induced a
striking decrease in their long-term reconstituting activity that was

Figure 2. TPO is the major Erk activator in HSPCs. (A) One representative ex-

periment, out of 3 similar experiments, of Erk activity obtained by capillary isoelectric-

focusing immunoassay in WT and Mpl2/2 LSK cells cultured for 1 hour in complete

medium (Comp) or without TPO. Results show the area peak value of phos-

phorylated Erk1 or Erk2, normalized to the area value of total Erk. Experiment

performed with cells pooled from 3 to 5 mice. (B-C) Western blot analysis of Erk

activation in LSK or LSK-Flt32 cells cultured for 45 or 90 minutes as indicated with

SCF, FL, or TPO or in the absence of cytokine (2) and then irradiated (2 Gy) or not.

Analysis was performed 30 minutes after IR. NIR, no IR.
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completely prevented by a short treatment with TPO before and after
IR1,10 (Figure 1E). This protective effect of TPO was abolished in
the presence of U0126, decreasing engraftment of irradiated cells
down to levels of cells treated in TPO-free media. This loss of HSC
function was not a result of increased apoptosis, which remained low
24 hours after IR even when the inhibitor was not removed from the
cultures (data not shown). In addition, U0126 did not alter the re-
constitution ability of nonirradiated LSK cells (Figure 1E), showing
that Erk pathway inhibition is generally not toxic to HSCs. Taken
together, these results indicate that Erk activity is required for TPO-
induced HSC DNA repair and functional protection after IR.

TPO is the main activator of Erks in HSPCs

Removal of SCF from the medium had no effect on DSB repair
when TPO was present (supplemental Figure 1C). This confirms
our previous results demonstrating that the effect of TPO is
specific.10 All of the cytokines present in the complete medium are
known as Erk activators in HSPCs. However, no comparative
quantitative assessment of their ability to trigger Erk activation in
HSCs has been performed. To understand why only the TPO/Erk
signal was able to regulate DNA damage repair, we measured Erk1/2
activation in HSPCs cultured in complete or TPO-free medium at
time where TPO is activating repair using a capillary isoelectric-

focusing immunoassay.37 Removal of TPO from the medium led to
a striking decrease in total pErk1/2 levels (Figure 2A and supple-
mental Figure 2A). Likewise, about 2/3 of Erk activation was lost
upon incubation ofMpl2/2 cells in medium containing TPO.Western
blot analysis showed that TPO but not SCF or FL stimulation alone
could induce a detectable pErk signal in LSK, LSK-Flt32, and LSK-
CD342 cells (Figure 2B-C; supplemental Figure 2B). IR did not
increase but rather slightly decreased Erk activation induced by TPO.
In agreement with increased Mpl expression with cell stemness
phenotype,11 TPO-triggered Erk phosphorylation was higher in LSK-
Flt32 and LSK-CD342 cells than in LSK cells. Thus, TPO is the
major Erk activator in HSPCs.

Iex-1 is synergistically and specifically induced by TPO and IR

in HSPCs

The early gene IEX-1/IER3 was previously found to regulate DNA
damage responses upon IR.32 In addition, we have identified the IEX-1
protein as an Erk substrate involved in TPO-mediated function in
megakaryocytes,24,25 suggesting that it could play a role in TPO/Erk
signaling-mediated DNA repair in HSPCs. Compatible with this
possibility, the Iex-1 messenger RNA (mRNA) expression pattern
follows that ofMpl, increasing greatly in HSC-enriched populations
(Figure 3A). Upon IR in vitro, LSK cells cultured in complete

Figure 3. Iex-1 is induced in HSPCs in response to

TPO and IR. (A) Quantitative polymerase chain re-

action analysis of Mpl and Iex-1 mRNA levels in dif-

ferent hematopoietic cell populations. Results are

means 1 SEM (n 5 3). (B-F) Quantitative polymerase

chain reaction analysis of Iex-1 expression in LSK cells

from WT, Mpl2/2, and Mpl1/2 mice cultured in vitro in

complete medium (Comp) or without TPO and irradi-

ated or not (2 Gy). Analysis was performed at 5 hours

(B,D) or at various times after IR (E). (F) Cells were

incubated with the MEK inhibitor U0126 (10 mM) 30

minutes before being treated as in panel B. Data are

means 1 SEM (n 5 4). (C) Iex-1 mRNA expression in

LSK cells isolated 5 hours after TBI of WT and Mpl2/2

mice. Data are means 1 SEM (n 5 3). All the results

are normalized on gapdh expression.
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medium showed a significant increase in Iex-1 mRNA levels
(Figure 3B). No such increase was observed in the absence of IR
or when IR was applied in TPO-free medium or in Mpl2/2 cells.
Likewise, Iex-1mRNA levels were significantly increased in vivo in
LSK cells isolated fromWT but not fromMpl2/2 mice 5 hours after
TBI (Figure 3C). Supporting a role for Iex-1 induction in the TPO-
mediated HSC DNA damage response, Iex-1 mRNA expression
remained unchanged in irradiated heterozygous Mpl1/2 cells im-
paired for this function10 (Figure 3D). Kinetics studies showed that
Iex-1 mRNA induction upon TPO and IR is rapid (Figure 3E), a
timing that is compatible with that of an early-response gene and the
effect of TPO on DSB repair. Altogether, these results indicate that
Iex-1 induction in HSPCs requires TPO and IR signals, both in vitro
and in vivo. However, this effect is independent of TPO-mediated
Erk activation because it remained unchanged in the presence of
MEK inhibitor (Figure 3F).

Iex-1 expression is required for TPO-induced DNA repair

upon IR

As Mpl2/2 HSPCs,10 Iex-12/2 HSPCs showed spontaneous in-
creased DNA damage (Figure 4A). Upon IR in vitro, the presence
of TPO in the medium did not accelerate the resolution of gH2AX
foci in Iex-12/2 cells (Figure 4B). The defect was similar in extent
to that observed in WT cells treated without TPO, showing that

Iex-12/2 HSPCs do not respond to TPO. Infection of Iex-12/2

HSPCs with an Iex-1–encoding vector rescued completely the
TPO-induced increase in gH2AX foci removal (Figure 4C),
indicating that the defect in TPO response is due to Iex-1
deficiency. TBI-induced DNA damage was stronger in LSK-CD342

Iex-12/2 cells than in their WT counterparts (Figure 4D). Moreover,
TPO injection to WT but not to Iex-12/2 mice just before TBI
significantly reduced the number of LSK-CD342 harboring gH2AX
foci at 16 hours compared with mice treated with phosphate-buffered
saline alone. This shows that Iex-12/2 HSCs are unable to respond to
TPO in vivo. Further confirming the importance of Iex-1 expression
in TPO-improved DSB repair, Mpl2/2 cells regained gH2AX foci
disappearance and DSB rejoining in the presence of TPO upon
infection with a vector expressing Iex-1 and green fluorescent protein
(GFP), but not with a vector expressing GFP alone (Figure 4E-F).

TPO-increased NF-kB activation is required for Iex-1 expression

upon IR

Although Erk and Iex-1 are both required for TPO-promoted DSB
repair, our results indicate that another pathway is involved in the
synergistic induction of Iex-1mRNAbyTPO and IR inHSPCs. Iex-1
has been described as a NF-kB target gene in various types of cells,26

a pathway that can be activated in response to IR.39 This prompted us
to evaluate the status of NF-kB activation in HSPCs. EMSA showed

Figure 4. Iex-1 is necessary and sufficient for TPO-

mediated DSB repair in HSPCs. (A) Percentage of

gH2AX-positive LSK cells isolated from nontreated WT

and Iex-12/2 mice. Data are means1 SEM (n5 3). (B)

Kinetics of gH2AX foci resolution after IR (2 Gy) of WT

and Iex-12/2 LSK cells cultured in complete medium

(Comp) or without TPO. (C) WT LSK cells were infected

with lentiviruses expressingGFP only or GFPwith Iex-1-

WT or Iex-1-DFTF and treated as in (B). For (B) and (C),

the results represent means 1 SEM of 3 independent

experiments performed with pools of 5 to 10 mice. (D)

WT and Iex-12/2 mice were treated with TPO (8 mg/kg)

or phosphate-buffered saline 30 minutes before TBI

(2 Gy). gH2AX staining in LSK-CD342 cells isolated 16

hours after TBI. (E-F) gH2AX foci (E) and comet tail

resolution (F) after IR of WT and Mpl2/2 LSK cells

infected as in (C) and cultured in the presence of TPO

complete medium. Means1 SEM are shown. (E) n5 4.

(F) Data are means 1 SEM of tail moment values

analyzed in at least 35 cells.
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that NF-kB DNA binding was induced when TPOwas present in the
medium (Figure 5A). A weak activity was also detected upon IR in
the absence of TPO. Correlating with the effect of TPO on Iex-1
expression, NF-kB activity was greatly enhanced when both stimuli
were applied together and was abolished inMpl1/2 cells. Supershift
analysis indicated that the complexes induced by TPO and IR con-
tained the NF-kB subunit RelA (Figure 5B). Iex-1 mRNA induction
by TPO1 IR treatment was inhibited upon incubation with NEMO
peptide, a specific IKK complex inhibitor40 (Figure 5C), indicating
that TPO-mediated NF-kB activation is required for Iex-1 induction
in HSPCs. Moreover, NEMO peptide and CAS 545380-34-5,
a second NF-kB inhibitor blocking NF-kB transcription, inhibited
TPO-accelerated DNA repair (Figure 5D-E). This further supports
the requirement of a NF-kB–mediated increase in Iex-1 expression to
ensure a TPO effect on DNA repair.

Iex-1 and Erk form a complex with DNA-PKc that is required for

DNA-PK activation by TPO

We then asked how the Erk pathway and Iex-1 regulate TPO-
induced DNA repair. TPO increases IR-induced DNA-PK activation
and classical NHEJ signaling.10 Direct assessment of NHEJ activity
in response to IR with a plasmid ligation assay showed that this
activity was significantly impaired both in Iex-12/2 LSK cells and in
the presence of U0126 (Figure 6A), suggesting that Iex-1, Erk, and
TPO act on the same pathway. Iex-1 forms a complex with pErk1/2
through an FXF-specific docking site.24,41 Expression of Iex-1-
DFTFmutated at this site could not rescue the Iex-12/2HSPCDNA-
damage defect (Figure 4C), showing that Iex-1/pErk interaction is
required for this function. To examine if Iex-1–bound pErk1/2
affects DNA-PK activation in HSPCs, we examined interactions
between these proteins using PLA, which allows detection in situ of
physical protein-protein interactions by immunofluorescence in
small cell numbers. Both pErk and pDNA-PK levels are increased
upon TPO stimulation. To minimize these changes, we analyzed the

interaction between the DNA-PK catalytic subunit, DNA-PKc, and
pErk in cells cultured in complete medium, ie, in the presence of
TPO.We have previously shown that neither the total level of DNA-
PKc nor its localization is altered by TPO and IR treatments.10 PLA
between pErk and DNA-PKc could be detected at a low level in LSK
cells cultured in complete medium and was significantly increased
upon IR (Figure 6B). Confirming the DNA-PK/Erk interaction,
anti–DNA-PK antibodies could coimmunoprecipitate ERK1/2 in
UT7-Mpl cells, a cell line in which TPO enhances DNA-PK–
dependent NHEJ repair (Figure 6C).

We were not able to perform PLA with the available anti–Iex-1
antibodies that do not detect Iex-1 protein in primary cells. However,
the PLA signal between DNA-PKc and pErk was greatly decreased
in Iex-12/2 cells as compared with WT cells (Figure 6D), indicating
that the IR-induced in situ pErk/DNA-PKc interaction is dependent
on the presence of Iex-1.

We next assessedwhether the pErk/DNA-PKc complex is required
for TPO-increased DNA-PK activation upon IR. Ser2056- and
Thr2609-phospho–DNA-PK foci formation is a functional marker
of IR-induced DNA-PK activation and is required for NHEJ.42,43

Because anti–pDNA-PK antibodies do not react with mouse cells, we
used cord-blood–derived human CD341HSPCs. BothMEK and NF-
kB inhibitors abolished TPO ability to increase IR-induced Ser2506-
pDNA-PK foci formation in these cells (Figure 7A-B). Similar results
were found in UT7-Mpl cells (supplemental Figure 3A).10,25

TPO and IR act additively to induce IEX-1 mRNA and protein
expression in UT7-Mpl cells and in CD341 HSPCs (supplemental
Figure 3B-D). Small hairpin RNA (shRNA)-mediated IEX-1
knockdown abolished TPO-promoted DNA-PK phosphoryla-
tion in CD341 and UT7-Mpl cells (Figure 7C; supplemental
Figure 3E). Interestingly, in UT7-Mpl cells, the IR 1 TPO–
induced pDNA-PK foci formation and pErk/DNA-PKc in situ
interaction (Figure 7D-E) were inhibited upon expression of IEX-
1-DFTF as compared with vector expressing GFP alone, suggest-
ing that this mutant behaves as a dominant negative on DNA-PK

Figure 5. NF-kB is required for TPO-induced Iex-1

expression and DSB repair in HSPCs. (A) EMSA for

NF-kB DNA-binding activity in WT and Mpl1/2 LSK

cells cultured in complete medium (Comp) or without

TPO for 45 minutes and then irradiated (2 Gy) or not.

Analysis was performed 30 minutes after IR. Repre-

sentative experiment out of 4 similar performed. (B)

Supershift analysis after addition of anti-p65RelA anti-

body or no antibody (2) in WT LSK cells treated as in

(B) 30 minutes post-IR in the presence of TPO. (C)

Iex-1 mRNA expression 30 min after IR in LSK cells

precultured in medium without TPO or in complete

medium containing either the Nemo peptide or a control

peptide (10 mM). Data are means 1 SEM from 4 in-

dependent experiments performed with cells from 3 to

5 mice. (D) Comet tail moment of WT LSK cultured

as in panel C and 2 hours after IR. Representative

pictures of comets labeled with SYTOXGreen and

means 1 SEM of the tail moment values measured in

at least 60 cells are shown. The scale bars on the

pictures represent a 107 mm 3 10 objective. One

representative experiment out of 3 experiments is

shown. (E) gH2AX staining in LSK cells cultured like in

panel D in the presence or absence or of the NF-kB

inhibitor (NF-kB I, 1 mM) 24 hours after IR. Data are

means 1 SEM of 3 independent experiments with at

least 100 cells counted per condition.
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activation and pErk/DNA-PKc interaction and that TPO induces
the formation of a tripartite complex (pErk/IEX-1/DNA-PKc)
upon IR. Preventing the interaction between DNA-PKc and pErk
through mutation of IEX-1’s Erk docking site, inhibition of Erk
signaling, or Iex-1 deficiency alters the ability of TPO to increase
DNA-PK activation upon IR.

Altogether, these data show that TPO-triggered NF-kB and Erk
pathways leading to IEX-1 expression and activation, respectively,
uponDNAdamage constitute a unique pathway allowing the selective
activation of DNA-PK–dependent NHEJ in HSPCs in response to
TPO and IR (Figure 7F).

Discussion

Studies from mice deficient in various kinases or signaling inter-
mediates have increased our knowledge of the pathways controlling
HSC self-renewal and quiescence. Although signaling pathways are
shared by growth factors, their activation may vary with the cellular
context. In addition, within a unique cellular context, they can be used
differently by different growth factors, leading to different final func-
tional outcome. Little is known concerning the unique signals triggered
by a given cytokine in HSCs and those regulating HSC response

Figure 6. pErk and DNA-PKc form a complex that

requires the presence IEX-1. (A) NHEJ activity in WT

and Iex-12/2 LSK cells cultured in complete medium

in the presence or absence of U0126 (10 mM). The

experimental procedure (left) and means 1 SEM

percent of GFP1 cells in LSK DsRed1 cells (right)

are shown. Each dot represents an individual mouse.

(B,D) PLA between pErk and DNA-PKc in WT and

Iex-12/2 LSK cells. Cells were cultured in complete

medium for 30 minutes and analyzed 30 minutes after

IR (2 Gy) or not. Representative pictures (3100) and

means 1 SEM of PLA dot numbers per cell (left) and

percent of cells with the indicated amounts of dots

(right) are shown. (C) UT7-Mpl cells were treated with

TPO and then irradiated (2 Gy). Thirty minutes after IR,

nuclear extracts were immunoprecipitated with anti-

DNA-PKc or control (c) mouse immunoglobulin G. NIR,

no IR.
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following IR. Here we identify a new pathway specifically bridging
Mpl signaling to DNA-PK–dependent DSB repair in HSCs upon IR.
This involves activation both Erk and NF-kB, which cooperate to
induce and activate the early gene Iex-1 in response to DNA damage.

Phosphoflow assays have shown that SCF and FL trigger Erk1/2
activation inmouseHSPCs.16 However, our results indicate that TPO
is the main activator of this pathway in both LSK and HSC-enriched
cells. Indeed, removal of TPO fromWT cell cultures, or usingMpl2/2

cells, led to a 65% to 70% decrease in the Erk1/2 phosphorylation
signal despite the presence of IL-3, IL-6, SCF, and FL in themedium.
Moreover, Erk1/2 activation could be detected by western blots after
single stimulation with TPO, but not with SCF. This might be due to
the fact that our studies were performed after 45 to 90 minutes of
treatment, a time required before and after IR to stimulate TPO-
mediated repair,10 while the maximum activation of Erks by SCF has
been found to be around 10 minutes. On the other hand, SCF-
mediated Erk activation was found to be higher in Lin2Kit1myeloid
progenitors than in HSCs,16 whereas TPO-induced Erk activation
was found to augment in HSC-enriched populations.

TPO-induced Erk activation is required for HSC DSB repair and
to prevent HSC loss of function following IR. By contrast, U0126 has
no effect on the reconstitution ability of nonirradiated cells. A similar
observation was found for Erk12/234 and Iex-12/2 HSCs (data not

shown). This suggests that the Erk/Iex-1 pathway does not play
a critical role in TPO-controlledHSC function in the absence of DNA
damage. This assumption is supported by the fact that HSCs
expressing a truncated Mpl receptor defective in its ability to activate
Erk have unaltered self-renewal.44 pErk1 represents only about 30%
of the total pErk1/2 signal (Figure 2A). The increased DNA damage
upon IR and the loss of TPO-promotedDNA repair in Erk12/2HSCs
suggest that threshold levels of Erk activity need to be reached to
regulate HSC response to genotoxic stress but not for the main-
tenance of HSC self-renewal or numbers. A recent study has shown
that HSCs deficient for both Erk1 and Erk2 display decreased
proliferation and contribute poorly to hematopoiesis.45 The differ-
ence between this study and ours might be due the fact that we
induced partial or transient Erk inhibition, contrasting with a total
removal of Erk signal induced by Erk1/2 ablation. On the other hand,
it is possible that total Erk1/2 deficiency significantly alters HSPC
proliferation and survival in response to another growth factor in
vivo.

Erk inhibition abolished a TPO-mediated increased in DNA-PK
autophosphorylation in human HSPCs and UT7-Mpl cells. Using
PLA, we found that pErk and DNA-PKc form a complex that is
greatly increased upon IR. Several studies have shown that g-IR
can trigger Erk activation in different cell lines and have implied

Figure 7. Erk and IEX-1 are necessary for DNA-PK

activation in human and mouse HSPCs. (A-B)

Ser2056-pDNA-PK foci number 30 minutes after IR

of CD341 human progenitor cells cultured without TPO

or in complete medium (Comp) in the presence or

absence of 10 mM U0126 (A) or 1 mM NF-kB I or

10 mM Nemo inhibitory peptide (B). Each dot repre-

sents an individual cell. Data are means 1 SEM from

cells counted in 3 independent experiments. (C)

Number of pSer2056-pDNA-PK 30 minutes after IR of

CD341 human cells infected with lentiviruses encoding

control GFP-shRNA or IEX-1-shRNA and cultured and

analyzed as in panel A (left). Data are means 1 SEM

foci per cell counted from 3 independent experiments.

IEX-1 mRNA expression in the shRNA-infected cells

analyzed on the left (right). (D) Number of Thr2609-

pDNA-PK and (E) pErk/DNA-PKc interaction using

PLA in UT7-Mpl infected with control (DU3) or with IEX-

1-DFTF vectors and treated with TPO and IR as in

panel A. Representative experiments. (F) Representa-

tive model illustrating the cooperation between NF-kB

and Erk activation upon TPO and IR, leading to Iex-1

induction and Iex-1 activation, respectively. The com-

plex formed between pErk/Iex-1/DNA-PKc is required

for DNA-PK phosphorylation and DNA-repair promotion.
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this pathway in the proper execution of apoptosis or G2/M
checkpoint.46 However, few data have been described concern-
ing the involvement of Erks in DSB repair mechanisms. MEK
inhibitors, as well as AKT inhibitors, were found to block epidermal
growth factor–stimulated DSB repair through both HR and NHEJ,
but the mechanism by which this inhibition occurs was not
described.47 A recent report has demonstrated DNA-PKc can in-
teract with AKT upon IR and epidermal growth factor stimulation,
enhancing its autophosphorylation that is needed for efficient DSB
repair.48 However, we were unable to detect AKT activation in
HSPCs in response to TPO and/or IR. This is the first evidence of
an interaction between DNA-PKc and activated Erks and of a direct
role of this pathway in DNA-PK and NHEJ activation. Although
further studies are required to determine how this occurs, our results
indicate that induction of the Erk substrate IEX-1 is specifically
required for this effect in both human and mouse HSPCs. We have
previously shown that IEX-1 acts as a scaffold protein for activated
Erks, bringing them in complex with other substrates and enabling
their phosphorylation.41 Our results with the IEX-1-DFTF mutant
show that Iex-1 is required to bring pErks to DNA-PKc and for
TPO-enhanced DNA-PK autophosphorylation. Thus, IEX-1 might
increase DNA-PK activation by promoting its phosphorylation by
Erks upon IR. However, the numerous DNA-PKc phosphorylation
sites and the paucity of HSPCs preclude us to test this hypothesis.

Nuclear translocation of NF-kB-RelA has been observed inHSCs
of aged mice.49 It was recently demonstrated that the self-renewal
potential and the expression of key HSC maintenance genes are
severely impaired in RelA-deficient HSCs.50 This indicates that
NF-kB signaling is activated in vivo in HSCs but the stimulus respon-
sible for this activation under homeostasis is unknown.Our results show
for the first time that a noninflammatory cytokine regulating HSCs
induces NF-kB activation in these cells. This activation required full
Mpl expression and is specific because no NF-kB DNA binding was
detected in Mpl1/2 HSPCs. In addition, although IR has only a slight
effect by itself, TPO and IR act in synergy to stimulate NF-kB in WT
but not in Mpl1/2 cells. The majority of the NF-kB DNA-binding
activity contains the RelA/p65 subunit, suggesting that loss of TPO
signaling may participate to the RelA2/2HSC phenotype in addition to
its effect in the HSC DNA-damage response.

NF-kB–induced expression of antiapoptotic Bcl-2 family mem-
bers plays an important role in cell survival following DNA damage.51

Our results show that NF-kB–triggered Iex-1 induction is
sufficient to promote the TPO-mediated effect on DNA repair.
This is in agreement with our previous data showing that the
TPO-mediated effect in HSPCs is unrelated to changes in
apoptosis and results specifically from an alteration in the DNA
repair process. Megakaryocytes resist marrow radioablation and
facilitate niche osteoblast expansion.52 TPO administration before
TBI enhances megakaryocyte-induced promotion of HSC engraft-
ment.53 One study showed that TPO can activate NF-kB in
megakaryocytes.54 It is intriguing that the same signaling pathway
involving Iex-1, NF-kB, and Erk activation could be triggered by

Mpl/TPO to protect both HSCs and megakaryocytes from TBI.
Manipulation of one of these downstream actors may limit throm-
bocytopenia and HSC injury and allow niche reconstruction.

Interestingly, IEX-1 is one of the most downregulated genes in
CD341 cells from low-risk MDS patients, and low expression is
associated with short survival and adverse prognosis.55-57 IEX-1
downregulation has been suggested to be linked to the high level of
apoptosis observed in these patients. Our results showing that Iex-12/2

HSPCs display increased DNA damage even in the absence of IR
suggest that decreased IEX-1 expression in low-risk MDS patients
could lead to impaired DNA repair through the classical DNA-
PK–dependent NHEJ. This could accelerateMDS disease progression
and predispose to radiotherapy-induced secondary MDS develop-
ment. This is in agreement with increased DNA instability in low-risk
MDSpatients58,59 and decreasedDNA-PK–dependent classical NHEJ
repair in a mouse model of MDS.60

Acknowledgments

The authors thank Richard Dyunga for technical assistance, the
Cochin Institute animal facility and cellular imaging and immunobi-
ology platforms, and the Paris Descartes University Proteomic
Platform (3P5). This work was supported by Institut National de la
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Fölsch UR, Schäfer H. Immediate early gene-X1
interferes with 26 S proteasome activity by
attenuating expression of the 19 S proteasomal
components S5a/Rpn10 and S1/Rpn2. Biochem
J. 2007;402(2):367-375.

28. Arlt A, Rosenstiel P, Kruse ML, et al. IEX-1
directly interferes with RelA/p65 dependent
transactivation and regulation of apoptosis.
Biochim Biophys Acta. 2007;1783(5):941-952.

29. Kumar R, Kobayashi T, Warner GM, et al. A novel
immediate early response gene, IEX-1, is induced
by ultraviolet radiation in human keratinocytes.
Biochem Biophys Res Commun. 1998;253(2):
336-341.

30. Kumar R, Lutz W, Frank E, Im HJ. Immediate
early gene X-1 interacts with proteins that
modulate apoptosis. Biochem Biophys Res
Commun. 2004;323(4):1293-1298.

31. Shen L, Guo J, Santos-Berrios C, Wu MX. Distinct
domains for anti- and pro-apoptotic activities of
IEX-1. J Biol Chem. 2006;281(22):15304-15311.

32. Pawlikowska P, Leray I, de Laval B, et al. ATM-
dependent expression of IEX-1 controls nuclear
accumulation of Mcl-1 and the DNA damage
response. Cell Death Differ. 2010;17(11):
1739-1750.

33. Petit-Cocault L, Volle-Challier C, Fleury M, Péault
B, Souyri M. Dual role of Mpl receptor during the
establishment of definitive hematopoiesis.
Development. 2007;134(16):3031-3040.

34. Saulnier N, Guihard S, Holy X, et al. ERK1
regulates the hematopoietic stem cell niches.
PLoS ONE. 2012;7(1):e30788.

35. Sommer SL, Berndt TJ, Frank E, et al. Elevated
blood pressure and cardiac hypertrophy after
ablation of the gly96/IEX-1 gene. J Appl Physiol
(1985). 2006;100(2):707-716.

36. Magee JA, Ikenoue T, Nakada D, Lee JY, Guan
KL, Morrison SJ. Temporal changes in PTEN and
mTORC2 regulation of hematopoietic stem cell
self-renewal and leukemia suppression. Cell Stem
Cell. 2012;11(3):415-428.

37. Fan AC, Deb-Basu D, Orban MW, et al.
Nanofluidic proteomic assay for serial analysis of
oncoprotein activation in clinical specimens. Nat
Med. 2009;15(5):566-571.

38. Jacque E, Tchenio T, Piton G, Romeo PH, Baud
V. RelA repression of RelB activity induces
selective gene activation downstream of TNF
receptors. Proc Natl Acad Sci USA. 2005;102(41):
14635-14640.

39. Hadian K, Krappmann D. Signals from the
nucleus: activation of NF-kappaB by cytosolic
ATM in the DNA damage response. Sci Signal.
2011;4(156):pe2.

40. Agou F, Courtois G, Chiaravalli J, et al. Inhibition
of NF-kappa B activation by peptides targeting
NF-kappa B essential modulator (nemo)
oligomerization. J Biol Chem. 2004;279(52):
54248-54257.

41. Letourneux C, Rocher G, Porteu F. B56-
containing PP2A dephosphorylate ERK and their
activity is controlled by the early gene IEX-1 and
ERK. EMBO J. 2006;25(4):727-738.

42. Chan DW, Chen BP, Prithivirajsingh S, et al.
Autophosphorylation of the DNA-dependent
protein kinase catalytic subunit is required for
rejoining of DNA double-strand breaks. Genes
Dev. 2002;16(18):2333-2338.

43. Chen BP, Chan DW, Kobayashi J, et al. Cell cycle
dependence of DNA-dependent protein kinase
phosphorylation in response to DNA double
strand breaks. J Biol Chem. 2005;280(15):
14709-14715.

44. Tong W, Ibarra YM, Lodish HF. Signals
emanating from the membrane proximal region
of the thrombopoietin receptor (mpl) support
hematopoietic stem cell self-renewal. Exp
Hematol. 2007;35(9):1447-1455.

45. Chan G, Gu S, Neel BG. Erk1 and Erk2 are
required for maintenance of hematopoietic stem
cells and adult hematopoiesis. Blood. 2013;
121(18):3594-3598.

46. Wei F, Yan J, Tang D. Extracellular signal-
regulated kinases modulate DNA damage
response - a contributing factor to using MEK
inhibitors in cancer therapy. Curr Med Chem.
2011;18(35):5476-5482.

47. Golding SE, Rosenberg E, Neill S, Dent P, Povirk
LF, Valerie K. Extracellular signal-related kinase
positively regulates ataxia telangiectasia mutated,
homologous recombination repair, and the DNA
damage response. Cancer Res. 2007;67(3):
1046-1053.

48. Toulany M, Kehlbach R, Florczak U, et al.
Targeting of AKT1 enhances radiation toxicity
of human tumor cells by inhibiting DNA-PKcs-
dependent DNA double-strand break repair. Mol
Cancer Ther. 2008;7(7):1772-1781.

49. Chambers SM, Shaw CA, Gatza C, Fisk CJ,
Donehower LA, Goodell MA. Aging hematopoietic
stem cells decline in function and exhibit
epigenetic dysregulation. PLoS Biol. 2007;5(8):
e201.

50. Stein SJ, Baldwin AS. Deletion of the
NF-kB subunit p65/RelA in the hematopoietic
compartment leads to defects in hematopoietic
stem cell function. Blood. 2013;121(25):
5015-5024.

51. Roos WP, Kaina B. DNA damage-induced cell
death: from specific DNA lesions to the DNA
damage response and apoptosis. Cancer Lett.
2013;332(2):237-248.

52. Dominici M, Rasini V, Bussolari R, et al.
Restoration and reversible expansion of the
osteoblastic hematopoietic stem cell niche after
marrow radioablation. Blood. 2009;114(11):
2333-2343.

53. Olson TS, Caselli A, Otsuru S, et al.
Megakaryocytes promote murine osteoblastic
HSC niche expansion and stem cell engraftment
after radioablative conditioning. Blood. 2013;
121(26):5238-5249.

54. Zhang Y, Sun S, Wang Z, et al. Signaling by the
Mpl receptor involves IKK and NF-kappaB. J Cell
Biochem. 2002;85(3):523-535.

55. Prall WC, Czibere A, Grall F, et al. Differential
gene expression of bone marrow-derived CD341
cells is associated with survival of patients

518 DE LAVAL et al BLOOD, 23 JANUARY 2014 x VOLUME 123, NUMBER 4

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/123/4/509/1378373/509.pdf by guest on 19 M

ay 2023



suffering from myelodysplastic syndrome. Int J
Hematol. 2009;89(2):173-187.
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