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. Physical and chemical insult-induced bone marrow (BM) damage often leads to lethality resulting from

. the depletion of hematopoietic stem and progenitor cells (HSPCs) and/or a deteriorated BM stroma.

. Notch signaling plays an important role in hematopoiesis, but whether it is involved in BM damage
remains unclear. In this study, we found that conditional disruption of RBP-J, the transcription factor

. of canonical Notch signaling, increased irradiation sensitivity in mice. Activation of Notch signaling

: with the endothelial cell (EC)-targeted soluble DII1 Notch ligand mD1R promoted BM recovery after

. irradiation. mD1R treatment resulted in a significant increase in myeloid progenitors and monocytes
in the BM, spleen and peripheral blood after irradiation. mD1R also enhanced hematopoiesis in
mice treated with cyclophosphamide, a chemotherapeutic drug that induces BM suppression.
Mechanistically, mD1R increased the proliferation and reduced the apoptosis of myeloid cells in the
BM after irradiation. The (3 chain cytokine receptor Csf2rb2 was identified as a downstream molecule
of Notch signaling in hematopoietic cells. mD1R improved hematopoietic recovery through up-
regulation of the hematopoietic expression of Csf2rb2. Our findings reveal the role of Notch signaling in
irradiation- and drug-induced BM suppression and establish a new potential therapy of BM- and myelo-
suppression induced by radiotherapy and chemotherapy.

. Radiotherapy has been widely used in hematopoietic neoplasms and malignant solid tumors. This treatment, as
. well as accidental irradiation or the intake of toxic chemicals, damages hematopoietic stem and progenitor cells
© (HSPCs) and the hematopoietic microenvironment"2. Consequently, myeloid cells, a rapidly replenishing cell
: population primarily involved in innate immunity, are depleted, thus resulting in elevated susceptibility to infec-
. tions from pathogenic or commensal microbes. Therefore, it will be of great significance to promote the recovery
: of HSPCs and myeloid cells to avoid neutropenia, thrombocytopenia and anemia, which increase the risk of
infection, hemorrhage and death after irradiation>*. Various radio-mitigators such as antioxidants, antiapoptotic
cytokines, and hematopoietic growth factors have been developed to treat myelo-suppression by stimulating
HSPC proliferation and differentiation®*-°.
: The self-renewal of HSPCs requires multiple intrinsic mechanisms and extrinsic molecular signals from the
. bone marrow (BM) microenvironment, which has been defined as hematopoietic niches, including endosteal
* niches and vascular niches’"!°. The Notch signaling pathway plays a crucial role in regulating multiple aspects
of hematopoiesis during embryonic and postnatal development by mediating the HSPC-stroma interaction. In
mammals, there are five Notch ligands (Delta-like [DIl] 1, 3, and 4 and Jagged 1 and 2) and four receptors (Notch
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1-4). The Notch ligand-receptor interaction mediated by the Delta-Serrate-Lag-2 (DSL) domain of the ligands
triggers proteolytic cleavages of the receptors, resulting in the release of Notch intracellular domain (NICD) into
the cytoplasm. NICD then translocates into the nucleus and associates with a DNA-binding protein, the recom-
bination signal-binding protein Jx (RBP-J), and subsequently transactivates downstream genes such as the Hairy
and Enhancer of Split (Hes) family members!.

In the hematopoietic system, Notch receptors and ligands are expressed in both the BM stromal and hemato-
poietic cells. Notch signaling is essential for the segregation of hematopoietic stem cells (HSCs) during embryonic
definitive hematopoiesis but appears to be dispensable for the self-renewal of adult HSCs'>!*. However, it has
been shown that activating Notch signaling facilitates HSPC expansion ex vivo'*""”. Transplantation of human
CD34" cells expanded with immobilized DI11 has been shown to significantly reduce the average time of neutro-
penia in a phase I clinical trial'®>. HSPCs reside in a perivascular niche, in which endothelial cells (ECs) maintain
hematopoietic homeostasis by juxtacrine and paracrine factors®!®. From these findings, we have developed a
fusion protein, DIR, which is composed of the DSL domain of DIl1 and an arginine-glycine-aspartic acid (RGD)
motif recognizing the endothelial integrin V(33 and triggering ligand endocytosis'®. We have demonstrated that
mouse DIR (mD1R) promotes HSPC expansion ex vivo and engraftment in vivo after transplantation'®. However,
whether and how intrinsic Notch signaling participates in hematopoietic recovery after irradiation has not been
clearly elucidated. In this study, we address this question by using a conditional knockout of RBP-] in hemato-
poietic cells. Our data demonstrated that Notch signaling is critically involved in hematopoietic recovery after
irradiation. The in vivo administration of mD1R significantly accelerated hematopoietic recovery after irradiation
and treatment with cyclophosphamide (CTX). We identified colony stimulating factor 2 receptor beta 2 (Csf2rb2)
as a new downstream molecule of Notch signaling, and mD1R enhanced Csf2rb2 expression in hematopoietic
cells. These results suggest that the systemic administration of mD1R may have therapeutic potential to accelerate
hematopoietic recovery in patients undergoing radiotherapy and chemotherapy.

Results

Blocking Notch signaling by conditional RBP-J knockout in the BM aggravates TBI-induced
mortality and myelo-suppression in mice. To determine the role of canonical Notch signaling in TBI-
induced BM damage, we generated MxCre-RBP-J?f and MxCre-RBP-J7* mice and induced homozygous (RBP-J
cKO) and heterozygous (control) RBP-J disruption by the injection of poly(I)-poly(C)¥. After TBI with 600 cGy
of ~-radiation, RBP-J cKO mice exhibited reduced survival compared with the control mice (P < 0.05) (Fig. 1A).
The total BM cell number and number of mononuclear cells (MNC:s) in peripheral blood decreased significantly
in RBP-J cKO mice (Fig. 1B,C). The analysis of cell populations showed that KSL and c-Kit*Sca-1"Lin~ mye-
loid progenitor populations* in the BM decreased markedly in RBP-] cKO mice after irradiation (Fig. 1D,E).
Ly6GTCD11b™ monocytes also declined in the BM, spleen and peripheral blood of RBP-J cKO mice after TBI
(Fig. 1D,F). These results suggested that blocking Notch signaling in the BM aggravated TBI-induced mortality
accompanied by reduced BM cells in mice.

Activation of Notch with mD1R improves BM recovery and myelogenesis after TBI.
Recombinant mD1R was expressed in E. coli and purified'. To determine the effect of mD1R on hematopoie-
sis after irradiation, mice were subjected to 600-cGy TBI and then to repeated injection with mD1R (4 mg/kg/
injection). We examined the activation of Notch signaling in hematopoietic cells by using NICD immunostain-
ing, and found that mDIR efficiently increased nuclear NICD, suggesting the activation of Notch signaling in
hematopoietic cells after D1R administration (Supplementary Fig. S1). On the 7th and 14th days after irradiation,
mDI1R-treated mice showed increased survival (P < 0.05) (Fig. 2A), with an increased number of BM cells and
peripheral blood MNCs, compared with mice injected with PBS (Fig. 2B,C). Giemsa staining and H&E staining
on day 7 after the irradiation showed that mD1R efficiently promoted BM recovery after TBI (Fig. 2D).

We evaluated the effect of mDIR on the recovery of myeloid cells after irradiation. A colony-forming assay
using BM cells showed that the mD1R-treated group generated a larger number of myeloid CFUs with greater
sizes, including GEMM-, GM-, G- and M-CFU colonies, thus suggesting increased myeloid progenitor cells
(Fig. 2E). FACS analysis indicated that the number of Ly6GTCD11b* monocytes in the BM, spleen and periph-
eral blood was also reconstituted more quickly in mD1R-treated mice than in control mice after irradiation
(Fig. 2E,G). These results suggested that the administration of mDIR accelerates BM recovery, particularly mye-
loid reconstitution after radiation injury.

Activation of Notch signaling by mD1R protects HSPCs after TBI.  We assessed the effect of
mD1R-mediated Notch activation on HSPCs after irradiation. Mice were irradiated and treated with mDIR
as described above. Flow cytometry showed that mD1R markedly increased the KSL population in the BM
(Fig. 3A,B). Moreover, mDIR treatment significantly accelerated the recovery of the c-Kit"Sca-1"Lin~ myeloid
progenitor population in the BM after irradiation (Fig. 3A,B).

We further examined the effects of mD1R-mediated Notch activation on different populations of HSPCs
after irradiation. In the KSL compartment, staining with CD150 and CD48 further delineated long-term
(LT)-HSCs (CD1507CD48"), short-term (ST)-HSCs (CD150"CD48*) and multipotent progenitors (MPPs)
(CD150~CD487)?2%, We found that treatment with mD1R after irradiation significantly increased the number
of all of these HSPC populations in the BM (Fig. 3C). Moreover, in the c-Kit*Sca-1"Lin~ myeloid progenitor
compartment in the BM, treatment with mDIR increased the numbers of common myeloid progenitors (CMP,
CD34*FcARII/IIT") and granulocyte/monocyte progenitors (GMP, CD34*FeARII/IIIMeM), but the number of
myeloid/erythroid progenitors (MEP, CD34~FcNRII/III*Y) remained unchanged (Fig. 3D)?. These data sug-
gested that mD1R-mediated Notch activation protected HSPC:s after irradiation.

SCIENTIFICREPORTS | 6:26003 | DOI: 10.1038/srep26003 2



www.nature.com/scientificreports/

A B C D14
1007 50 D14 z® —
& 75 ) T
] x ¥ z D7
4 & *% »
2 % wcm » 101 BT = o 2% —
5 25{ - cKO 3 3 ) -
*x
® s ? Ctrl 'cKO  Ctri cKO
0 5 10 15 @ ¢ D14
Days postirradiation Ctrl cKO  Ctrl cKO 100- —
x sl BT, —
o 1
& 051 *
0-
Ctrl cKO Ctrl cKO
. _ 1501 L.
&S 90
o - g D7 x
N X 30l — o
25 4
v £ 2 *
£ o
& o
Ctrl cKO  Ctrl cKO
B
4991 gy RN
300 - D7 T
200{
£| 100 z =
& L] | I
5 200 § sp
£ [ 1501 T
= 100
al so- =
Q [, im [
| 207pg
S 151 -
10 1 .
05 |
[

Ctrl cKO  Ctrl cKO

Figure 1. RBP-]J disruption led to increased sensitivity to TBI-induced mortality and myelo-suppression.
(A) RBP-] cKO and control mice (MxCre-RBP-J*f and MxCre-RBP-J7* mice induced with poly(I)-poly(C))
were subjected to TBI with 600 cGy of ~-radiation. The survival of mice was plotted for 14 days. (B) The number
of nucleated BM cells was counted and compared between RBP-J cKO and control mice after TBI. (C) The
number of MNCs in peripheral blood was counted and compared between RBP-J cKO and control mice after
TBI. (D) FACS analysis of hematopoietic cells from RBP-J cKO and control mice after TBI. (E) The numbers of
KSL (c-Kit*Sca-11Lin~) and myeloid progenitors (c-Kit*Sca-1"Lin~) were compared between RBP-J cKO and
control mice. (F) The number of Ly6GTCD11b* monocytes in the BM, spleen (SP) and peripheral blood (PB)
was compared between RBP-J cKO and control mice. Bars =means + SD (n=6). *P < 0.05; **P < 0.01.

mD1R-mediated Notch activation was dose dependent (Supplementary Fig. S2A). It appeared that hemato-
poietic protection by mDIR after irradiation was also dose dependent in the BM and peripheral blood
(Supplementary Fig. S2B-D). To functionally evaluate the protection of HSPCs by mD1R treatment after irra-
diation, GFP transgenic mice were irradiated with 600-cGy TBI and treated with mD1R or PBS for 7 days as
described above. BM cells were collected from mD1R- or PBS-treated mice, mixed with equivalent numbers of
normal BM cells, and transplanted into lethally irradiated congenic mice. The results indicated that mice that
accepted BM cells from mDIR-treated mice showed an increased level of donor-cell engraftment in the BM,
spleen and peripheral blood (Fig. 3E, Supplementary Fig. S3). These results suggested that mD1R treatment sig-
nificantly promoted the recovery of BM HSPCs after TBL

Activation of Notch with mD1R improves hematopoiesis after chemotherapy in mice.
Chemotherapy frequently results in BM suppression. We examined the effects of mD1R on chemotherapy-induced
BM suppression. Mice were challenged with a single dose of CTX. mDIR or PBS was injected daily from the day
following CTX challenge. The results showed that treatment with mD1R significantly increased the spleen/body
and liver/body weight ratios (Fig. 4A). The total numbers of BM cells, spleen cells and peripheral blood MNCs
also increased in mice treated with mDI1R (Fig. 4B), and results were confirmed by Wright-Giemsa staining and
H&E staining of peripheral blood and BM (Fig. 4C), respectively. Flow cytometry analysis showed that mD1R
treatment significantly increased Ly6GtCD11b" monocytes in the BM and peripheral blood (Fig. 4D,E). The
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Figure 2. Activation of Notch signaling by mD1R improved radiation tolerance and accelerated myeloid
recovery. (A) Eight-week-old C57BL/6 mice subjected to sublethal TBI were injected i.p. with mD1R (4 mg/kg)
or PBS every day for 14 days. The survival of the mice was plotted. (B,C) The total numbers of nucleated cells in
the BM (B) and peripheral blood (C) were determined every two days. (D) Cells from the BM and peripheral
blood (PB) were stained with Giemsa-Wright staining. Bottom, femurs were subjected to H&E staining. (E) BM
cells from mice on day 7 in (A) were subjected to colony-forming assays. The numbers of total CFU, GEMM-
CFU, GM-CFU, G-CFU, and M-CFU were compared. The inset pictures show typical colonies in the two groups
(n=4). (F,G) Single-cell suspensions were prepared from the BM, spleen (SP) and peripheral blood (PB) of the
mice in (A) on day 7 and day 14 and were analyzed by FACS (F). The numbers of Ly6GtCD11b" cells in the
BM, SP and PB were compared (G). Bars = means & SD (n=6). *P < 0.05; **P < 0.01; ***P < 0.001.

numbers of KSL and c-Kit*Sca-1"Lin~ progenitors also increased in mD1R-treated mice (Fig. 4D,F). These data
suggested that mD1R improved chemotherapy-induced BM suppression.

mD1R promotes the proliferation and survival of myeloid cells in the BM after irradiation.
G-CSF is the major cytokine promoting granulopoiesis**?*. We evaluated whether mD1R could synergize with
G-CSF in promoting hematopoietic recovery after irradiation. Mice were irradiated with 600-cGy TBI, and
this was followed by i.p. injection with PBS, G-CSE, mD1R, or mD1R plus G-CSF for 7 days. Analyses of BM
and peripheral blood cells showed that, whereas mDIR or G-CSF treatment markedly elevated hematopoiesis
after irradiation, the combined application of mD1R and G-CSF did not show additive effects on hematopoiesis
(Supplementary Fig. S4A-G), thus suggesting that mD1R and G-CSF promote HSPCs and myeloid recovery after
irradiation but probably through distinct mechanisms.

To access the mechanisms through which mDIR protected BM HSPCs and myeloid cells from irradiation,
we evaluated cell proliferation in the BM of the irradiated mice. Irradiated mice were treated with mDIR as
described above, and proliferating cells were labeled with BrdU. FACS analysis was used to detect BrdU-positive
HSPCs (Sca-1*Lin~) and monocytes (Ly6GTCD11b"). As shown in Fig. 5A,B, mDIR treatment of mice after
600-cGy TBI resulted in a decrease in BrdU™ HSPCs, but the number of BrdU™ monocytes (Ly6GTCD11b™)
increased significantly. Then, we examined the apoptosis of KSL and c-Kit*Sca-1-Lin~ myeloid progenitors in
the BM of irradiated mice treated with mD1R by using Annexin V and PI staining. The result showed that mDIR
treatment significantly reduced the level of irradiation-induced early apoptosis and dead cells in both of the KSL
and c-Kit*Sca-1"Lin~ populations (Fig. 5C,D). We assessed the activation of a few signaling pathways that are
potentially involved in cell proliferation and survival using western blot analysis of Lin~ BM cells from irradi-
ated mice treated with mD1R?*?’. The results showed that mDIR increased the phosphorylation of STAT3 and
ERK1/2 (Fig. 5E). Moreover, the expression of the anti-apoptotic protein Bcl-2 was upregulated upon mD1R
treatment after TBI (Fig. 5E). These data suggested that mDIR treatment attenuated the proliferation of HSPCs
and increased the proliferation of myeloid cells on the one hand, and reduced the apoptosis of HSPCs and mye-
loid progenitors on the other hand, in the BM after irradiation.

Csf2rb2 is a downstream molecule of Notch signaling in BM cells. We next sought to reveal
the mechanism by which mDIR promoted HSPC and myeloid recovery after irradiation. A gene-set enrich-
ment analysis?®? of our previous gene expression profiling data derived from mD1R-expanded KSL cells®®
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Figure 3. Activation of Notch signaling by mDI1R protected HSPCs after TBI. (A,B) Eight-week-old
C57BL/6 mice subjected to sublethal TBI were injected i.p. with mD1R (4 mg/kg) or PBS every day for 7

or 14 days. Single-cell suspensions were prepared from the BM and analyzed by FACS (A). The numbers

of KSL cells (B, left) and c-Kit*"Sca-1"Lin~ progenitor cells (B, right) were compared. (C,D) BM cells from
mice in (A, D14) were subjected to FACS analyses. The numbers of LT-HSC (CD1507CD48" KSL), ST-HSC
(CD150+CD48+KSL), MPP (CD150"CD48+KSL), GMP (Lin~Sca-1-c-Kit*CD34*FcyRII/IIIMgY), CMP
(Lin~Sca-1~c-Kit*CD34FcnRII/III"Y), and MEP (Lin~Sca-1-c-Kit*CD34 FcyRII/III®Y) were determined
and compared. (E) GFPTC57BL/6 mice were subjected to sublethal TBI and treated with mD1R or PBS for 7
days. BM cells were isolated, mixed with equivalent numbers of normal BM cells, and transplanted into lethally
irradiated (900 cGy) congenic mice. The numbers of GFP* KSL cells in the BM and spleen (SP) of the recipient
mice were determined with FACS 8 weeks after BM transplantation. Bars =means + SD (n=6). *P < 0.05;

**P <0.01; P < 0.001.

revealed a statistically significant de-repression of an extended myeloid-specific program in the mD1R group
(Supplementary Fig. S5). Among a group of candidate genes, quantitative RT-PCR showed that 6 genes, Notchl,
Hesl, IL-6, Csfl, Lif and Csf2rb23, were upregulated more than 3-fold in mD1R-stimulated Lin~ BM cells
(Fig. 6A). In vivo, mDI1R-treated mice showed higher expression, whereas RBP-J cKO mice exhibited decreased
expression of Csf2rb2 in Lin~BM cells (Fig. 6B,C), thus suggesting that Csf2rb2 might be a target gene of Notch
signaling in BM Lin—, likely hematopoietic progenitor, cells.

The Csf2rb2 promoter region contains potential RBP-J-binding sites (TGGGAA) at —1680, —426, and +602.
To determine whether Notch signaling could directly transactivate the Csf2rb2 promoter, we cloned the mouse
Csf2rb2 promoter fragment and examined the transactivation of the Csf2rb2 promoter by NICD using a lucif-
erase reporter assay. As shown in Fig. 6D, co-transfection of the NICD-expressing vector induced the expression
of luciferase from pGL3-CSF2RB2 in a dose-dependent manner, thus suggesting that Notch signaling transacti-
vates the Csf2rb2 promoter. We truncated the Csf2rb2 promoter to make different reporter constructs (Fig. 6D).
Reporter assays confirmed that the element responding to Notch signaling was located between —1815 and
—1569 of the Csf2rb2 promoter, which contains a putative RBP-J-binding site. In line with this finding, ChIP
assay revealed the direct occupancy of this fragment (—1815 to —1569) by RBP-J (Fig. 6E) and NICD (Fig. 6F).
Collectively, these data suggested that Notch signaling might promote hematopoietic reconstitution through acti-
vating Csf2rb2 expression.

Csf2rb2 is required for mD1R to promote hematopoiesis. To assess whether Notch signaling
affects hematopoiesis through Csf2rb2 after TBI in vivo, we used shRNA to disrupt Csf2rb2 expression. Three
Csf2rb2-specific sShRNAs were evaluated in BM KSL cells to knock down Csf2rb2. All Csf2rb2-specific shR-
NAs reduced the Csf2rb2 mRNA levels, and Csf2rb2-shRNA 2 was selected in further studies (Supplementary
Fig. S6). Normal KSL cells were transfected with either control-EGFP or Csf2rb2-shRNA-EGFP, mixed with
normal BM cells and transplanted into lethally irradiated C57BL/6 recipient mice. The recipient mice were
administered 4 mg/kg mD1R or PBS every other day for 30 days. As shown in Fig. 7A,B, mDIR treatment effi-
ciently improved the survival and hematopoietic reconstitution after KSL* BM cell transplantation in lethally
irradiated mice compared with PBS-treated recipients. However, the mD1R-mediated hematopoietic reconsti-
tution was significantly impaired by the transfection of KSL cells with Csf2rb2 shRNA (Fig. 7A,B). In the KSL
compartments in the BM and spleen, Csf2rb2-shRNA-transfected cells (EGFP*) showed a reduced percentage
of chimerism (Fig. 7C,D). These data suggested that mD1R-mediated hematopoietic reconstitution was at least
partially dependent on the activation of Csf2rb2.
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Figure 4. Activation of Notch signaling by mD1R protected against hematopoiesis in mice after
chemotherapy. (A) C57BL/6 mice were injected i.p. once with CTX (150 mg/kg), followed by PBS or mD1R
(4mg/kg) every day for 7 days. The ratios of spleen weight/body weight (left) and liver weight/body weight
(right) were measured. (B) The numbers of nucleated cells in the BM (left), spleen (SP, middle), and peripheral
blood MNC:s (PB, right) were determined. (C) Peripheral blood (PB) and BM were collected and subjected

to Giemsa and H&E staining, respectively. (D-F) Single-cell suspensions were prepared from the BM and
peripheral blood (PB) of mice in (A) and were analyzed by FACS (D). Monocytes (Ly6G*CD11b") in the BM
and peripheral blood were calculated and compared (E). In (F), the numbers of KSL cells and c-Kit*Sca-1"Lin~
progenitor cells were compared. Bars = means & SD (n=6). *P < 0.05; **P < 0.01.

Discussion

Genotoxic stresses, such as those derived from radio- and chemotherapy, preferentially damage BM HSPCs*!-%,
Although Notch signaling acts as an important regulator of BM HSPCs by controlling self-renewal and affect-
ing lineage fates in development and homeostasis***°, the role of Notch signaling in stress-induced BM damage
has not been fully revealed. In this study, using an inducible RBP-] knockout mouse model, we showed that
the disruption of Notch signaling in the BM aggravated radiation-induced BM damage. However, because the
activation of Notch signaling in HSCs results in massive T-cell differentiation in the BM, we used a recombinant
soluble mDII1 ligand fused with an EC-targeting RGD peptide to activate Notch in BM HSPCs after BM damage.
Systemic treatment with mDIR after sublethal TBI or chemotherapy decreased the mortality and supported the
repopulating capacity of HSPCs in mice and markedly enhanced hematopoietic recovery. In agreement with this
finding, the number of KSL cells in the BM and spleen was markedly elevated during BM recovery. These results
indicated that the activation of Notch signaling protects BM HSPCs from damage induced by genotoxic stresses,
such as radiotherapy and chemotherapy.

Notably, treatment with mDIR resulted in a significant improvement in myeloid reconstitution, thus revealing
a specific effect on short-term HSPCs with myeloid repopulating potential. It has been previously shown that
Notch signaling impedes myeloid differentiation®. Nevertheless, Delaney et al. have reported that patients
who receive transplantation of cord blood progenitors expanded with immobilized Delta1®'8% achieve early and
rapid myeloid engraftment'®. Recent studies have also suggested that Notch activation promotes myeloid differ-
entiation®”. Therefore, the activation of Notch signaling with mD1R protein not only promotes HSPC recovery
after BM damage but also enhances myelogenesis, which might be important to protect against infections that are
frequently lethal to patients receiving radio- and chemotherapy.

It is likely that the Notch pathway facilitates BM recovery and myelogenesis after BM damage via several
mechanisms®, such as the alteration of Cebpa expression in primitive myeloid cells'®, regulation of fucosylation
in myelopoiesis®, or control of IL-6-JAK-STAT signaling in myeloid progenitor cells*. The angiocrine factors
derived from endothelial cells in the BM niche, which is regulated by Notch signaling, might also play important
roles®. Our results showed that mD1R increased the phosphorylation of STAT3 and Erk1/2 and upregulated the
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Figure 5. Notch signaling regulated the proliferation and apoptosis of hematopoietic cells after irradiation
in vivo. (A,B) C57BL/6 mice subjected to sublethal TBI were injected i.p. with mD1R (4 mg/kg) or PBS every day
for 14 days. Meanwhile, the mice were injected i.p. with BrdU (100 mg/kg) every two days and were maintained
with drinking water containing BrdU (1 mg/ml) until the analysis of BM cells by FACS (A). The percentages of
BrdU* HSPCs (Sca-17Lin ") and myeloid cells (Ly6GTCD11b™) in the BM were compared (B). (C,D) KSL cells
in the BM from mice in (A) were analyzed by FACS after staining with Annexin V and PI (C). The apoptosis of
KSL and Lin~Sca-1"c-Kit" cells in the BM was compared on day 7 after irradiation. (E) Lin~ cells in the BM from
mice in (A) were sorted by FACS. The levels of P-STAT3, STAT3, P-Erk1/2, Erk1/2, and Bcl-2 were determined
by using Western blotting. The gels had been run under the same experimental conditions, and cropped gels are
presented to show the targeted bands. Bars =means =+ SD (n=6). *P < 0.05; **P < 0.01; **P < 0.001.

expression of Bcl-2. These changes might be might be directly induced upon triggering of Notch signaling, and
might also be indirectly induced by signals from other mD1R-stimulated cells, such as endothelial cells. Our
data identified a novel mechanism of BM recovery after the activation of Notch signaling by mDI1R, namely
the elevated expression of Csf2rb2, a common 3 subunit (3c) of granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin-3 (IL-3) and IL-5%%. As the major signaling mediator of the B¢ cytokine receptor
complex, Csf2rb2 confers hematopoietic survival and promotes myeloid differentiation at very low concentra-
tions by activating downstream signaling pathways such as the JAK2/STATS5, Ras/Raf/MAPK and PI3-kinase/
Akt pathways*=**. In contrast to those of many other cytokines, the biological activities of 3¢ cytokines are largely
dispensable for the maintenance of steady-state functions. Moreover, by offering docking sites for many signaling
molecules, the 3¢ is the principal signal transducing subunit regulating cell survival, proliferation and differenti-
ation in health and diseases*>**. Therefore, it is possible that Notch-induced Csf2rb2 contributes to the reduced
cell death in HSPCs and the increased myelogenesis after radiation. However, further investigation is required to
sufficiently elucidate the role of Csf2rb2 and its relationship with Notch signaling in hematopoiesis.

G-CSF is currently used for the treatment of BM failure from unanticipated radiation exposure or after trans-
plantation*?*. We found no additive effect of mD1R and G-CSF on myeloid reconstitution, possibly because
of their different mechanisms: G-CSF modulates neutrophils by triggering myeloid progenitor proliferation and
differentiation*?, whereas D1R mediates the early recovery of the hematopoietic progenitor pool after irradia-
tion**. In addition, mD1R stimulates ECs and is likely to alter the spectrum of angiocrine factors secreted by ECs.
These angiocrine factors have been demonstrated to play important roles in regulating hematopoiesis. Further
studies are required to elucidate the effects of Notch signaling in ECs on the secretion of angiocrine factors during
stress-stimulated hematopoiesis.

Current clinical interventions to mitigate radiation toxicity have relied on a combination of supportive care,
growth factors, cytokines, and specific chelating agents*>*¢. In the current study, we demonstrated that Notch sig-
naling promotes HSPC regeneration after radiation-induced BM damage. Importantly, mD1R ameliorates DNA
damage-induced myelo-suppression. Although late hematological toxicity has been associated with growth factor
support after exposure to DNA-damaging agents in both humans and mice*’, mDIR appears not to augment late
hematological toxicity after TBI. Furthermore, we elucidated a novel mechanism in which mDI1R regulates the
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Figure 6. Csf2rb2 was downstream of Notch signaling. (A) Lin~ cells were isolated from the mouse BM

and co-cultured with HUVECs + m5GF in the presence of PBS or mD1R. Floating hematopoietic cells were
collected 48 h after the start of the culture. The expression levels of Hes1, Notch1, IL-6, Lif, Csf2rb2 and Csf1 were
determined by using qRT-PCR. (B) Mice treated with mD1R or PBS were subjected to sublethal TBI. Lin~ cells
were isolated on day 7, and Csf2rb2 mRNA expression was determined by using qRT-PCR. (C) RBP-] ¢cKO and
control mice were subjected to sublethal TBI. Lin~ cells were isolated on day 7, and Csf2rb2 mRNA expression was
determined by using qRT-PCR. (D) Reporter assay. Upper, schematic representation of the reporter constructs
driven by the mouse Csf2rb2 gene promoter and its derivatives. Red blocks represent putative RBP-J-binding
sites. Lower, luciferase assay. HeLa cells were co-transfected with increasing amounts of pEF-BOS-NICD and

the reporter constructs (Reporter 1~6) as described above. Cells were lysed 24 h after transfection, and luciferase
activities were evaluated. (E,F) ChIP assay. BM cells were treated with 1% formaldehyde to crosslink chromatin
and subjected to immunoprecipitation using anti-RBP-] (E) or anti-NICD (F), with preimmune IgG as a control.
Precipitated chromatin fragments were further analyzed by qPCR using primers spanning the most distal putative
RBP-J-binding sites (Fig. 6D, upper) in the Csf2rb2 promoter. Bars =means £ SD (n=6). *P < 0.05; **P < 0.01;
PP < 0.001.

reconstitution capacity of HSPCs via the expression of Csf2rb2. Considering the safety, availability and targeted
efficacy, the systemic administration of mD1R may have therapeutic potential to accelerate hematopoietic recov-
ery in patients undergoing TBI and in victims of acute radiation sickness.

Materials and Methods

Mice. C57BL/6 mice were maintained under specific-pathogen-free (SPF) conditions. Male mice aged 8 to 10
weeks were subjected to sublethal (600 cGy) total body irradiation (TBI) with ~-radiation from a ®Co irradiator.
The mice were injected intraperitoneally (i.p.) with mD1R (4 mg/kg)'® or phosphate-buffered saline (PBS) 2h post
irradiation, and this was followed by daily injection of the same reagent for 7 or 14 days. In some experiments,
male mice were injected i.p. with CTX (150 mg/kg) (Sigma-Aldrich, St Louis, MO), followed by treatment with
mDIR or PBS as above. RBP-J-floxed (RBP-J¥) mice were described previously?. For the induction of RBP-] dele-
tion, RBP-J7f mice were mated with Mx-Cre mice, and mice with suitable genotypes were injected with poly(I)-
poly(C) (Sigma-Aldrich) as described previously?’. To monitor cell proliferation, the mice were injected i.p. with
5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich) (100 mg/kg in PBS) every two days after irradiation and were
maintained with drinking water containing 1 mg/ml BrdU for 14 days. Granulocyte colony-stimulating factor
(G-CSF) was administered i.p. at a dose of 50 pg/kg. All animal experiments were approved by and performed
in accordance with guidelines from the Animal Experiment Administration Committee of the Fourth Military
Medical University.

SCIENTIFICREPORTS | 6:26003 | DOI: 10.1038/srep26003 8



www.nature.com/scientificreports/

>

Survival (%)

|
Q
»
2
t

- PBS.shCtrl B
-+ mD1R-shCtrl ~ 100 i
1007 - PBS-shCsf2rb2 =
= mD1R-shCsf2rb2 o 80
751 8 60
504 é 40
251 o 20
M g 0
0 . . \ PBS mD1R PBS mD1R PBS mD1R PBS mD1R PBS mD1R PBS mD1R
0 10 20 30
(Days) shCtrl shCsf2rb2 shCtrl shCsf2rb2 shCtrl shCsf2rb2
shCtrl shCsf2rb2 D 10 1BM *
mDiR  PBS . mD1R 8
el 178 | [081) 1 sl 1.03] 6
" | l= _
5 2| 4
~— -
m X| 2
= g 0-
’ Y sP =
i = 10 125
- - ‘U, |I 8
' 662 = &
w 6
41
2
0 -
PBS mD1R PBS mD1R
shCtrl  shCsf2rb2
! | _
i 1 =
| o -3
586 752 | 16.8|| 627 [~
GFP

Figure 7. Activation of Notch signaling with mD1R protected hematopoietic cells through Csf2rb2.

(A) C57BL/6 mice subjected to lethal TBI (900 cGy) were injected i.p. with mD1R (4 mg/kg) or PBS every other
day for 30 days. At 2h post irradiation, the mice were injected with lentiviral particles expressing Csf2rb2-
shRNA-EGFP (shCsf2rb2) or control-shRNA-EGFP (shCtrl) through the caudal veins. The survival of the mice
was plotted for 30 days (n =20). (B) The percentage of EGFP* cells in the BM, spleen (SP) or peripheral blood
(PB) of the mice in (A) was determined and compared. (C,D) BM and spleen (SP) cells were analyzed by FACS,
and EGFP* KSL cells were compared. Bars = means + SD (n=10). *P < 0.05; **P < 0.01.

Cell culture and transfection. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin,
and 100 pg/ml streptomycin sulfate. The 5’ flanking sequence (—1815 ~ +669) of the mouse Csf2rb2 gene was
amplified by PCR from mouse genomic DNA and inserted into the Nhe I and Xho I sites of the pGL3-basic vector
(Promega, Madison, WI) to construct pGL3-CSF2RB2. Different truncated reporter constructs were also gener-
ated by using PCR (Fig. 5C). Transient transfection of HeLa cells was performed by using Lipofectamine 2000™
(Invitrogen) according to the manufacturer’s instructions. Cells (2 x 10*) were seeded in 24-well plates for 24h
and transfected with 0.3 pg of reporter constructs, different amounts of pEF-BOS-NICD*® and 5 ng of phRL-TK.
Luciferase activity was assessed 24 h after the transfection by using Luminoskan Ascent (Labsystems, Helsinki,
Finland) and a Dual-Luciferase Reporter Assay Kit (Promega) according to the manufacturer’s protocol.

shRNAs targeting Csf2rb2 were inserted into pGV118-U6-shRNA-Ubi-EGFP for lentivirus packaging.
c-Kit"Sca-1"Lin~ (KSL) cells were sorted and cultured in 48-well plates (1 x 10°cells per well) with serum-free
medium (StemSpan SFEM; STEM CELL Technologies, Vancouver, Canada) supplemented with thrombopoietin
(TPO, 20 ng/mL), stem cell factor (SCF, 125 ng/mL), Flt-3 ligand (Flt-3L, 50 ng/mL), interleukin (IL)-6 (25 ng/
mL) and IL-3 (10 ng/mL) (PeproTech, Rocky Hill, NJ). Cells were transduced with lentivirus* and cultured fur-
ther for 6 days. Next, the lentivirus-transfected KSL cells (5 x 10%) were mixed with normal BM cells (5 x 10°)
and transplanted into lethally irradiated mice (1000 cGy) through the tail veins. Hematopoiesis in recipients was
analyzed 8 weeks after the transplantation.

Colony-forming unit (CFU) assay. The CFU assay was performed by mixing freshly isolated nucleated
cells with Methocult GF M3434 medium (STEM CELL Technologies). Cells were cultured for 14 days, and colo-
nies (with more than 50 cells) containing different lineages of cells were counted under a microscope.

Flow cytometry. Fluorescence-activated cell sorting (FACS) analysis was performed routinely by using a
FACSCalibur™ and FACSAriall flow cytometer (BD Immunocytometry Systems). Data were analyzed with the
FlowJo vX.0.6 software (FlowJo, LLC, Ashland, OR). The antibodies used in the analyses are listed in Supplementary
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Table S1. Dead cells were excluded by using propidium iodide (PI) staining. Apoptosis was analyzed by staining
using an Annexin V Apoptosis Detection Kit (eBioscience, San Diego, CA), followed by FACS analysis.

Real-time reverse transcription (RT)-polymerase chain reaction (PCR). Total RNA was extracted
with TRIzol reagent (Invitrogen). cDNA was prepared by using a reverse transcription system (Takara, Dalian,
China). Quantitative real-time PCR was performed in triplicate by using a kit (SYBR Premix EX Taq, Takara)
and the ABI Prism 7500 Real-Time PCR System, with (3-actin as an internal control. The primers are listed in
Supplementary Table S2.

Western blot analysis. Western blot analysis was performed routinely with primary antibodies against
Erk1/2, pErk1/2, STAT3, pSTAT3, Bax, Bcl-2, and 3-actin. Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG and goat anti-mouse IgG were used as secondary antibodies.

Histology. Tissues were fixed in 4% paraformaldehyde overnight at 4 °C. Femurs were decalcified for 20
days using an EDTA decalcifying solution for paraffin sections. Hematoxylin and eosin (H&E) staining was per-
formed according to routine protocols. The BM and peripheral blood smears were stained with Wright-Giemsa
stain (Sigma-Aldrich) for 10 min, and then rinsed in distilled water for 3 min. Inmunofluorescence staining of
cells was conducted according to standard protocols using rabbit anti-NICD1, followed by Cy3-conjugated goat
anti-rabbit IgG. Images were acquired under a fluorescence microscope (BX51, Olympus, Tokyo, Japan) or a
confocal microscope (FV1000, Olympus). Pixels for each color were quantified with Image Pro Plus 6.0 software
to quantitatively represent the intensity of positive cells.

Chromatin immunoprecipitation (ChIP). BM cells (5 x 10°) were cross-linked with 1% formaldehyde
at room temperature for 10 min. After homogenization, nuclei were collected and sonicated on ice to obtain
fragmented chromatin with an average DNA length of 0.5kb. The samples were centrifuged and pre-cleared
with protein G beads in the presence of sonicated A\DNA and bovine serum albumin (BSA) for 2h at 4°C. The
supernatant was immunoprecipitated with an anti-RBP-J antibody, and the immune complexes were collected
by using protein G-Sepharose beads, washed, eluted from the beads and incubated for 5h at 65 °C to reverse the
cross-links. After proteinase K treatment, DNA was extracted with phenol-chloroform and precipitated with
ethanol, and this was followed by quantitative real-time PCR using the primers listed in Supplementary Table S2.

Statistics. Statistical analyses were performed with the SPSS 12.0 program. Survival was analyzed by using
Kaplan-Meier analysis. Comparisons between groups were performed by using unpaired Student’s t tests. The
results are expressed as the mean 4= SD. P < 0.05 was considered to be significant.

References
1. Simonnet, A.J. et al. Phenotypic and functional changes induced in hematopoietic stem/progenitor cells after gamma-ray radiation
exposure. Stem Cells 27, 1400-1409 (2009).
2. Shao, L., Luo, Y. & Zhou, D. Hematopoietic stem cell injury induced by ionizing radiation. Antioxid. Redox Signal. 20, 1447-1462 (2014).
3. Zachman, D. K. et al. Endothelial cells mitigate DNA damage and promote the regeneration of hematopoietic stem cells after
radiation injury. Stem Cell Res. 11, 1013-1021 (2013).
4. Kim, J. H. et al. NRF2-mediated Notch pathway activation enhances hematopoietic reconstitution following myelosuppressive
radiation. J. Clin. Invest. 124, 730-741 (2014).
5. van Os, R,, Robinson, S., Sheridan, T. & Mauch, P. M. Granulocyte-colony stimulating factor impedes recovery from damage caused
by cytotoxic agents through increased differentiation at the expense of self-renewal. Stem Cells 18, 120-127 (2000).
6. Wang, Y., Schulte, B. A, LaRue, A. C., Ogawa, M. & Zhou, D. Total body irradiation selectively induces murine hematopoietic stem
cell senescence. Blood 107, 358-366 (2006).
7. Butler, J. M. et al. Endothelial cells are essential for the self-renewal and repopulation of Notch-dependent hematopoietic stem cells.
Cell Stem Cell 6, 251-264 (2010).
8. Ding, L., Saunders, T. L., Enikolopov, G. & Morrison, S. J. Endothelial and perivascular cells maintain haematopoietic stem cells.
Nature 481, 457-462 (2012).
9. Stier, S. et al. Osteopontin is a hematopoietic stem cell niche component that negatively regulates stem cell pool size. J. Exp. Med.
201, 1781-1791 (2005).
10. Lemischka, I. R. & Moore, K. A. Stem cells: interactive niches. Nature 425, 778-779 (2003).
11. Artavanis-Tsakonas, S., Rand, M. D. & Lake, R. J. Notch signaling: cell fate control and signal integration in development. Science
284, 770-776 (1999).
12. Maillard, L. et al. Canonical notch signaling is dispensable for the maintenance of adult hematopoietic stem cells. Cell Stem Cell 2,
356-366 (2008).
13. Varnum-Finney, B. et al. Notch2 governs the rate of generation of mouse long- and short-term repopulating stem cells. J. Clin. Invest.
121, 1207-1216 (2011).
14. Mayani, H. Notch signaling: from stem cell expansion to improving cord blood transplantation. Expert Rev. Hematol. 3, 401-404
(2010).
15. Delaney, C. et al. Notch-mediated expansion of human cord blood progenitor cells capable of rapid myeloid reconstitution. Nat.
Med. 16, 232-236 (2010).
16. Delaney, C., Varnum-Finney, B., Aoyama, K., Brashem-Stein, C. & Bernstein, I. D. Dose-dependent effects of the Notch ligand
Deltal on ex vivo differentiation and in vivo marrow repopulating ability of cord blood cells. Blood 106, 2693-2699 (2005).
17. Suzuki, T. et al. Highly efficient ex vivo expansion of human hematopoietic stem cells using Deltal-Fc chimeric protein. Stem Cells
24, 2456-2465 (2006).
18. Morrison, S. J. & Scadden, D. T. The bone marrow niche for haematopoietic stem cells. Nature 505, 327-334 (2014).
19. Tian, D. M. et al. Endothelium-targeted Delta-like 1 promotes hematopoietic stem cell expansion ex vivo and engraftment in
hematopoietic tissues in vivo. Stem Cell Res. 11, 693-706 (2013).
20. Han, H. et al. Inducible gene knockout of transcription factor recombination signal binding protein-J reveals its essential role in T
versus B lineage decision. Int. Immunol. 14, 637-645 (2002).

SCIENTIFICREPORTS | 6:26003 | DOI: 10.1038/srep26003 10



www.nature.com/scientificreports/

21. Wang, C. et al. Depletion of Sf3b1 impairs proliferative capacity of hematopoietic stem cells but is not sufficient to induce
myelodysplasia. Blood 123, 3336-3343 (2014).

22. Challen, G. A,, Boles, N. C.,, Chambers, S. M. & Goodell, M. A. Distinct hematopoietic stem cell subtypes are differentially regulated
by TGEF-betal. Cell Stem Cell 6, 265-278 (2010).

23. Klinakis, A. et al. A novel tumour-suppressor function for the Notch pathway in myeloid leukaemia. Nature 473, 230-233 (2011).

24. Beekman, R. & Touw, I. P. G-CSF and its receptor in myeloid malignancy. Blood 115, 5131-5136 (2010).

25. Knudsen, E. et al. G-CSF enhances the proliferation and mobilization, but not the maturation rate, of murine myeloid cells. Eur. J.
Haematol. 87,302-311 (2011).

26. Zhou, X. et al. Hes1 desynchronizes differentiation of pluripotent cells by modulating STAT3 activity. Stem Cells 31, 1511-1522 (2013).

27. Hales, E. C., Taub, J. W. & Matherly, L. H. New insights into Notch1 regulation of the PI3K-AKT-mTORI signaling axis: targeted
therapy of gamma-secretase inhibitor resistant T-cell acute lymphoblastic leukemia. Cell. Signal. 26, 149-161 (2014).

28. Huang da, W, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protocols 4, 44-57 (2009).

29. Huang da, W.,, Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 37, 1-13 (2009).

30. Gorman, D. M. et al. Chromosomal localization and organization of the murine genes encoding the beta subunits (AIC2A and
AIC2B) of the interleukin 3, granulocyte/macrophage colony-stimulating factor, and interleukin 5 receptors. J. Biol. Chem. 267,
15842-15848 (1992).

31. Johnson, S. M. et al. Mitigation of hematologic radiation toxicity in mice through pharmacological quiescence induced by CDK4/6
inhibition. J. Clin. Invest. 120, 2528-2536 (2010).

32. Burdelya, L. G. et al. An agonist of toll-like receptor 5 has radioprotective activity in mouse and primate models. Science 320,
226-230 (2008).

33. Ito, K. et al. Regulation of oxidative stress by ATM is required for self-renewal of haematopoietic stem cells. Nature 431, 997-1002 (2004).

34. Bigas, A. & Espinosa, L. Hematopoietic stem cells: to be or Notch to be. Blood 119, 3226-3235 (2012).

35. Zhou, L. et al. Notch-dependent control of myelopoiesis is regulated by fucosylation. Blood 112, 308-319 (2008).

36. Kannan, S. et al. Notch activation inhibits AML growth and survival: a potential therapeutic approach. J. Exp. Med. 210, 321-337
(2013).

37. Schroeder, T. & Just, U. Notch signalling via RBP-] promotes myeloid differentiation. EMBO J. 19, 2558-2568 (2000).

38. Mendelson, A. & Frenette, P. S. Hematopoietic stem cell niche maintenance during homeostasis and regeneration. Nat. Med. 20,
833-846 (2014).

39. Lei, J. T., Mazumdar, T. & Martinez-Moczygemba, M. Three lysine residues in the common beta chain of the interleukin-5 receptor are
required for Janus kinase (JAK)-dependent receptor ubiquitination, endocytosis, and signaling. J. Biol. Chem. 286, 40091-40103 (2011).

40. Liu, F. et al. Csf3r mutations in mice confer a strong clonal HSC advantage via activation of Stat 5. J. Clin. Invest. 118, 946-955
(2008).

41. Broughton, S. E. et al. The GM-CSF/IL-3/IL-5 cytokine receptor family: from ligand recognition to initiation of signaling. Immunol.
Rev. 250, 277-302 (2012).

42. Hercus, T. R. et al. Signalling by the betac family of cytokines. Cytokine Growth Factor Rev. 24, 189-201 (2013).

43. Bendall, L. J. & Bradstock, K. E G-CSF: From granulopoietic stimulant to bone marrow stem cell mobilizing agent. Cytokine Growth
Factor Rev. 25, 355-367 (2014).

44. Elledge, S.]. Cell cycle checkpoints: preventing an identity crisis. Science 274, 1664-1672 (1996).

45. Maier, P, Wenz, F. & Herskind, C. Radioprotection of normal tissue cells. Strahlenther. Onkol. 190, 745-752 (2014).

46. Herodin, E, Bourin, P,, Mayol, ]. E, Lataillade, ]. J. & Drouet, M. Short-term injection of antiapoptotic cytokine combinations soon
after lethal gamma -irradiation promotes survival. Blood 101, 2609-2616 (2003).

47. Le Deley, M. C. et al. Anthracyclines, mitoxantrone, radiotherapy, and granulocyte colony-stimulating factor: risk factors for
leukemia and myelodysplastic syndrome after breast cancer. J. Clin. Oncol. 25, 292-300 (2007).

48. Hu, Y. Y. et al. Hif-1alpha and Hif-2alpha differentially regulate Notch signaling through competitive interaction with the
intracellular domain of Notch receptors in glioma stem cells. Cancer Lett. 349, 67-76 (2014).

49. Wang, Y. C. et al. Lipopolysaccharide-induced maturation of bone marrow-derived dendritic cells is regulated by notch signaling
through the up-regulation of CXCR4. J. Biol. Chem. 284, 15993-16003 (2009).

Acknowledgements

This work was supported by grants from the Ministry of Science and Technology (2015CB553702, 2011ZXJ09101-
02QC), the Natural Science Foundation of China (91339115, 31130019, 81300397, 81172459, 81072972) and the
Department of Science and Technology of Shaanxi Province (2012KTCQO03-10, 2014]Q2-3014).

Author Contributions

J.-J.C. performed most of the experiments. X.-T.G. performed the experiments involving B.M. transplantation.
L.Y. carried out the experiments involving human samples. W.E. performed the bioinformatics analyses. L.L.
participated in the clinical research. J.-C.L. participated in the clinical research and helped with the animal
experiments. H.B. participated in data analyses. Z.-].S. helped in experiments involving human samples. S.-Y.H.
and Y.-Z.Z. helped with the animal experiments. Y.-M.L. supervised the experiments involving human samples.
H.-Y.Q. supervised the molecular biology experiments. H.H. supervised the entire study and wrote the paper.

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

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chen, J.-]. et al. Disruption of Notch signaling aggravates irradiation-induced bone
marrow injury, which is ameliorated by a soluble DII1 ligand through Csf2rb2 upregulation. Sci. Rep. 6, 26003;
doi: 10.1038/srep26003 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
B o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:26003 | DOI: 10.1038/srep26003 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Disruption of Notch signaling aggravates irradiation-induced bone marrow injury, which is ameliorated by a soluble Dll1 lig ...
	Results

	Blocking Notch signaling by conditional RBP-J knockout in the BM aggravates TBI-induced mortality and myelo-suppression in  ...
	Activation of Notch with mD1R improves BM recovery and myelogenesis after TBI. 
	Activation of Notch signaling by mD1R protects HSPCs after TBI. 
	Activation of Notch with mD1R improves hematopoiesis after chemotherapy in mice. 
	mD1R promotes the proliferation and survival of myeloid cells in the BM after irradiation. 
	Csf2rb2 is a downstream molecule of Notch signaling in BM cells. 
	Csf2rb2 is required for mD1R to promote hematopoiesis. 

	Discussion

	Materials and Methods

	Mice. 
	Cell culture and transfection. 
	Colony-forming unit (CFU) assay. 
	Flow cytometry. 
	Real-time reverse transcription (RT)-polymerase chain reaction (PCR). 
	Western blot analysis. 
	Histology. 
	Chromatin immunoprecipitation (ChIP). 
	Statistics. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ RBP-J disruption led to increased sensitivity to TBI-induced mortality and myelo-suppression.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Activation of Notch signaling by mD1R improved radiation tolerance and accelerated myeloid recovery.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Activation of Notch signaling by mD1R protected HSPCs after TBI.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Activation of Notch signaling by mD1R protected against hematopoiesis in mice after chemotherapy.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Notch signaling regulated the proliferation and apoptosis of hematopoietic cells after irradiation in vivo.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Csf2rb2 was downstream of Notch signaling.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Activation of Notch signaling with mD1R protected hematopoietic cells through Csf2rb2.



 
    
       
          application/pdf
          
             
                Disruption of Notch signaling aggravates irradiation-induced bone marrow injury, which is ameliorated by a soluble Dll1 ligand through Csf2rb2 upregulation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26003
            
         
          
             
                Juan-Juan Chen
                Xiao-Tong Gao
                Lan Yang
                Wei Fu
                Liang Liang
                Jun-Chang Li
                Bin Hu
                Zhi-Jian Sun
                Si-Yong Huang
                Yi-Zhe Zhang
                Ying-Min Liang
                Hong-Yan Qin
                Hua Han
            
         
          doi:10.1038/srep26003
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26003
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26003
            
         
      
       
          
          
          
             
                doi:10.1038/srep26003
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26003
            
         
          
          
      
       
       
          True
      
   




