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Abstract: Angiopoietin-1 (Ang-1) plays a critical role in the regulation of endothelial cell survival and vascular matu-
ration and stability. However, its role in hematopoiesis is not clear. Here, we determined effect of Ang-1 on the
recovery of hematopoiesis in radiated mice. By injecting an Ang-1 plasmid, we found that Ang-1 was preferentially
expressed in bone marrow (BM) of femur from radiated mice. This injection resulted in elevated blood counts and
serum VEGF level. The blockade in S phase of cell cycle in mouse BM stromal cells following radiation was attenu-
ated by injection of Ang-1 plasmid. In addition, injection of Ang-1 plasmid attenuated the radiation-mediated inhibi-
tion of Tie2 expression. Furthermore, through analyzing Notch1 expression, we found that injection of Ang-1 plasmid
increased Notch mRNA expression in radiated mice. In conclusion, these findings suggest that Ang-1 facilitates the
recovery of hematopoiesis in radiated mice with the involvement of Notch signaling pathway.
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Introduction

Radiation, chemotherapy or conditioning of
bone marrow transplantation (BMT) damages
blood vessels, sinus and stroma of bone mar-
row [1, 2]. Rebuilding the BM microenvironment
plays a crucial role in hematopoietic recovery
after BMT. At present, little is known about self-
repair of BM stroma after BM damage by radia-
tion or chemotherapy. The injury of BM stroma
makes it difficult for donor cells to rebuild BM
hematopoietic microenvironment. Until now,
there is no effective way to prevent the damage
or facilitate the recovery of BM stroma.
Recently, it has been shown that the recovery
of hematopoiesis can be accelerated by BM
niche vascular reconstruction [3]. However, the
underlying mechanism by which angiogenesis
is formed in BM is unclear.

Angiopoietin-1 (Ang-1) is a member of angiopoi-
etin family (Ang-1, Ang-2, Ang-3 and Ang-4) and
the ligand of the vascular endothelium-specific
receptor tyrosine kinase Tie2 [4]. Ang-1, along
with family member Ang-2, is a key regulator for
angiogenesis events including vascular stabili-

zation and remodeling [4]. Ang-1 is critically
important in vessel maturation and is also
involved in migration, adhesion and survival of
endothelial cells [5]. Ang-1/Tie2 signalling
inhibits vascular endothelial growth factor
(VEGF)-mediated vascular permeability via sev-
eral downstream signaling cascades [6]. It has
been shown that hematopoietic stem and pro-
genitor cells regulate the regeneration of their
niche by secreting Ang-1 [71].

There are two forms of angiogenesis: vasculo-
genesis and angiogenesis [8]. Vasculogenesis
is the process that gives rise to primitive blood
vessels during embryonic development. A num-
ber of growth factors such as VEGF and fibro-
blast growth factor (FGF) are involved in vascu-
logenesis. By binding to its specific receptors
(VEGFR1 and VEGFR2), VEGF promotes vascu-
logenesis by stimulating proliferation and
migration of endothelial cells [9]. It has been
shown that VEGF recruits BM hematopoietic
stem cells and endothelial progenitor cells and
promotes proliferation of microvessels and
blood niche in BM, thereby inducing hematopoi-
esis [10]. Angiogenesis is the process of new
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Figure 1. Transfection efficiency of Ang-1 plasmid in vitro. A. The scheme of Plasmid pDC316-mCMV-EGFP-ANGPT1.
B. The confirmation of the product after dual enzyme digestion by agarose gel. The PCR size of target gene is 1497
bp. C. Infection efficiency of Ang-1 plasmid in vitro. The 293T cells were transfected with either Ad-EGFP or Ad-EGFP/
hAng-1 plasmid and the fluorescence intensity was measured by light or fluorescent microscope.

blood vessel formation from primitive vascular
plexus or existing vessels, involving the remod-
eling and expansion of vascular network (8).
Ang-1 is important in angiogenesis by facilitat-
ing transformation of endothelial cell layer to
multi-cellular vascular structures [11].

Given the critical role of Ang-1 in angiogenesis,
whether it affect hematopoiesis remains
unclear. In the present study, we constructed
and injected an adenoviral Ang-1 plasmid into
Kunming mice to express exogenous Ang-1. We
measured Ang-1 expression in peripheral blood,
liver and femur on different days. To determine
whether expression of exogenous Ang-1 has
effect on parameters of hematopoiesis, we
measured blood counts, cell cycles, serum
VEGF level, CD34 and Tie2 expression and
Notch mRNA expression in radiated mice inject-
ed with Ang-1 plasmid.
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Materials and methods
Plasmid construction

Plasmid pDC316-mCMV-EGFP-ANGPT1 was
constructed using vector pDC316-mCMV-EGFP
(Figure 1A) as follows.

A. Polymerase chain reaction (PCR) assay. PCR
was performed in a 50 ul final volume, contain-
ing 10 pl 5x Fast fu buffer, 4 ul dANTP Mix (2.5
mM), 1 ul Fast pfu polymerase, 1 yl cDNA, 2 ul
primers (each) and 30 ul ddH,0. The primers
for ANGPT1 included Ndel and Hindlll restric-
tion sites. The pDC316-ANGPT1-Nhel-Forward:
5-CTAGCTAGCCACCATGACAGTTTTCC TTTCCTT-
TGCTTTCC-3’; pDC316-ANGPT1-Hindlll-Rever-
se: B5-CCC AAGC TTTCAAAAATCTAAAGGTC-
GAATCATC-3'. The PCR reaction was performed
using a program as following: initial denatur-
ation step at 95°C for 3 min, then 30 cycles of
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amplification reaction with denaturation at
95°C for 20 sec, annealing at 55°C for 30sec
and extension at 72°C for 2 min, and followed
by a final extension step at 72°C for 5 min. The
PCR product was separated by electrophoresis
in 1.5% agarose gel with a molecular size of
1497 bp.

B. Enzyme digestion of plasmid DC316-mCMV-
EGFP and ANGPT1 by Nhe I and Hind Ill. Enzyme
digestion of plasmid and PCR product was per-
formed in a 20 pl final volume. For the plasmid,
the mixture contains 1 pyl DC316-mCMV-EGFP,
2 ul 10x Buffer, 2 ul 10x BSA, 1 yl Nhe, 1 ul
Hindlll and ddH,0 up to 20 ul. For the PCR prod-
uct, the mixture is 14 pl PCR product, 2 ul 10x
Buffer, 2 ul 10x BSA, 1 uyl Nhe and 1 yl Hind Il1.
The mixtures were incubated in water bath at
37°C for 2 h. The fragments from enzyme
digestion were confirmed by PCR (Figure 1B).

C. DNA ligation and bacteria transformation.
Ligation of fragments of plasmid DNA and
ANGPT1 PCR product was conducted in a 10 pl
final volume. The mixture contains 6 ul frag-
ment of ANGPT1 PCR product, 2 ul fragment of
pDC316-mCMV-EGFP plasmid DNA, 1 ul 10x
DNA Ligase Buffer and 1 pl T4 DNA Ligase. The
mixtures were incubated in water bath at 22°C
for 2 h.

After ligation, 10 ul ligation mixture was sus-
pended and incubated with 100 pl competent
bacteria on ice for 30 min. After at 42°C for
45 sec and on ice for 2 min, the suspension
was mixed with 400 yl LB medium and incu-
bated in a thermostatic shaker for 1 h. After
centrifuge, 400 ul volume was removed and
the leftover was resuspended and evenly coat-
ed on a LB plate containing 100 ug/ml
Ampicillin. The plate was incubated at 37°C
overnight. The single colony was amplified by
inoculating two single colonies on a LB plate
containing 100 ug/ml Ampicillin and shaking at
250 r/min overnight. The clone was ready for
confirmation and experiments.

Establishment of radiated mouse model

Kunming mice were randomly divided into four
groups with 10 mice in each group, including
control group, radiation group, Ang-1 group and
EGFP group. Radiation was performed by using
a 60Co-y ray therapy machine to radiate whole
body of mice. The total dose was 6.0 Gy with an
absorbed dose rate of 0.56 Gy/min. For Ang-1

2013

or EGFP treatment group, 0.1 ml (3x108 pfu/ml)
Ad-EGFP/hAng-1 plasmid or Ad-EGFP plasmid
was injected into each mouse via the tail vein
24 hours after radiation, respectively.

Cell cycle assay

Cell cycle of stromal cells was determined by
flow cytometry following the manufacturer
instruction (Lianke Bio Ltd, Hangzhou, China).
The DNA content was assessed by staining the
ethanol-fixed cells with Pl. BM was harvested
from tibia and femur of normal and radiated
mice. Stromal cells were generated by culturing
BM cells with 10% MEM/F12 medium for 10
days. The cells were harvested and fixed in ice-
cold 70% ethanol overnight at 4°C. After cen-
trifugation, cells were incubated with 1 ml
Reagent A for 30 min at 37°C in dark. Cells
were analyzed using a Accuri C6 flow cytometer
(Becton Dickinson, San Jose, CA, USA).

ELISA assay

ELISA assay was performed according to the
manufacturer’s instruction (mouse Ang-1 ELISA
Kit, Uscn Life, Wuhan, China). Briefly, serum
was collected from radiated mice injected with
or without Ang-1 plasmid. 50 ul samples were
added into each well and incubated with 50 pl
Buffer A at 37°C for 1 h. After wash, 100 ul
Buffer B were added and incubated at 37°C for
30 min. After wash, 90 pl substrate solution
were added and incubated in dark at 37°C for
15 min. The reaction was stopped with 50 ul
stop solution. The optical density of each well
was determined using a micro-plate reader
(Spectra Plus 384, MD) set to 450 nm.

Immunohistochemistry assay

The mouse femur was fixed by immersing it
with 10% formaldehyde for 48 h and then
decalcificated by treating the fixed femur tissue
with 10% EDTA solution for 25 days with
replacement of decalcification solution once
every 7 d. The slides were made using Rotary
Slicer (RM2135, LEICA) following the manufac-
turer instruction. After Xylene dewaxing and
gradient alcohol rehydration, the slides were
incubated with 3% H,0, 37°C for 20 min to
block endogenous peroxidase. The slides then
were incubated with a primary antibody at 4°C
overnight. After rinse with PBS 3 times, the
slides were incubated with a secondary anti-
body at 37°C for 30 min. DAB staining was then
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Figure 2. Electron microscope and the flow cytometry assay. A. The images by electron microscope showing the
virus within transfected 293T cells indicated by red arrows. B. Histograms of flow cytometry showing fluorescence
in mouse PBMCs transfected with either Ad-EGFP or Ad-EGFP/hAng-1 plasmid. Expression level of fluorescence
was gated and calculated based on isotype control. C. Graph showing Ang-1 concentration by ELISA in the culture
supernatant of cells transfected with or without Ad-EGFP/hAng-1 plasmid.

performed and the slides were restained with
Hematoxylin and dried with air for microscopy.
Primary antibodies were Ang-1 (abcam, Cat#:
ab94684, 1:100), CD34 (abnova, Cat#: PAB-
18289, 1:200), Tie2 (Novus Biologicals, Cat#:
NBP 1-69753, 1:200). Secondary antibody was
goat anti-rabbit HRP Antibody (abcam, cat.#:
ab136817, 1:500).

Immunofluorescence assay

The liver was harvested from normal or radiat-
ed mice injected with or without Ang-1 plasmid.
The tissue was embedded and sliced using a
freezing microtome. The slice was then incu-
bated with 100 pL DAPI staining solution at
room temperature in dark for 15 min. After
wash, the slice was ready for microscopic
analysis.

Notch mRNA expression by quantitative PCR
assay

Total RNA was isolated using TRIzol (Invitrogen).
The cDNA was generated using RevertAid First
Strand cDNA synthesis Kit (Fermentas). The
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primers were: Notchl-Forward GGGTTTCAAAG-
TGTCAGAGGC; Notchl-Reverse: TCGTCCATCA-
GAGCACCATC. Actin-Forward: GAGACCTTCAAC
ACCCCAGC; Actin-Reverse: ATGTCACGCAC-
GATTTCCC. The quantitative PCR was per-
formed on CFX connect Real-Time PCR System
and analyzed using software BIO-RAD CFX
Manager.

Statistical analysis

The values were expressed as mean * stan-
dard deviation. Statistical analysis was per-
formed using the Student t test. The difference
was considered to be statistically significant at
P<0.05.

Results

Transfection efficiency of Ang-1 plasmid in
vitro

After completion of constructing Ad-EGFP/
hAng-1 plasmid, we tested whether the adeno-
viral plasmid efficiently infected cells in vitro.
We first transfected 293T cells with either
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Figure 3. Expression of exogenous Ang-1 in radiated mice. (A) Graph showing serum Ang-1 concentration by ELISA
in Kuming mice radiated alone or injected with Ad-EGFP or Ad-EGFP/hAng-1 plasmid. Serum was collected on day
7, 14, and 21 after plasmid injection. The normal Kuming mice were used as a control. (B-D) Fluorescence (B) or
immuno-histochemistry (C) images showing Ang-1 expression in liver (B) or femur (C) of radiated mice injected with
Ad-EGFP or Ad-EGFP/hAng-1 plasmid. The green fluorescence and brown or tan staining represents Ang-1 expres-
sion in (B) and (C), respectively. A quantitative analysis counting average numbers of positive Ang-1-stained cells
from 3 fields of each femur slide was graphed in (D).

Ad-EGFP or Ad-EGFP/hAng-1 plasmid and level of Ang-1 in culture supernatant. Taken
observed expression of GFP by fluorescent together, these in vitro results indicated that
microscope. As shown in Figure 1C, the fluores- this adenoviral plasmid was able to efficiently
cence intensity was bright in both transfections infected cells.

and the majority of cells were fluorescent 72 h

after transfection, suggesting a high transfec- Expression of exogenous Ang-1 in radiated
tion efficiency. Next, we utilized electron micro- mice

scope to visualize the virus inside transfected

cells. Under electron microscope, considerable Next, we wanted to test whether injection of
quantities of viral particles can be seen in the Ang-1 plasmid resulted in exogenous expres-
cytoplasma and nuclei of 293T cells transfect- sion of Ang-1 in radiated mice. To do this, we
ed with either Ad-EGFP or Ad-EGFP/hAng-1 collected peripheral blood, liver and femur from
plasmid (Figure 2A). The viruses scattered over normal or radiated mice injected Ad-EGFP or
or lined up in the cytoplasma and nuclei. By Ad-EGFP/hAng-1 plasmid. By ELISA, we found
flow cytometry analysis, we were able to quan- that there was no significant difference of
tify the transfection efficiency. Compared to serum Ang-1 concentration in normal or radiat-
isotype control, approximately 22% of cells ed mice injected with or without Ang-1 plasmid
were transfected with Ad-EGFP/hAng-1 plasmid (Figure 3A). However, we found that Ang-1
(Figure 2B). Strongly supporting this finding, expression was increased in both tissues of
Ang-1 concentration was dramatically elevated liver and femur from radiated mice injected
in the culture supernatant of cells transfected with Ang-1 plasmid. Using immuno-fluores-
with Ad-EGFP/hAng-1 plasmid while cells trans- cence assay, we observed that green fluores-
fected with Ad-EGFP plasmid showed negligible cence, the marker of exogenous Ang-1 expres-
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sion, was stained in interior vascular wall of
liver in mice injected with Ang-1 plasmid. As
controls, the green fluorescence was absent
from the liver tissue in mice injection without
Ang-1 plasmid (Figure 3B). Similar finding
was seen in femur from mice injected with
Ang-1 plasmid. By immuno-histochemistry, we
observed that Ang-1 staining (brown or tan
staining) was enhanced in marrow cavity of
femur from mice injected with Ang-1 plasmid
(Figure 3C). A quantitative analysis was per-
formed by counting average numbers of posi-
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Figure 6. Effect of Ang-1 on serum VEGF level in radiated mice. A graph ing) on all time points.
showing serum level of VEGF by ELISA in radiated mice injected with Ad-
EGFP or Ad-EGFP/hAng-1 on different days. Effect of Ang-1 on Notch ex-
pression in radiated mice
ELISA in radiated mice injected with or without To explore the underlying mechanism by which
Ang-1 plasmid. As shown in Figure 6, the radia- Ang-1 promotes the recovery of radiated-
tion caused a modest decrease in VEGF con- induced BM injury, we determined effect of
centration compared to normal mice. When Ang-1 on Notch expression in radiated mice by
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Figure 7. Effect of Ang-1 on expression of CD34 and Tie2 in radiated mice. (A, B) Images of immuno-histochemistry
showing CD34 (A) and Tie2 (B) expression in femur of radiated mice injected with Ad-EGFP or Ad-EGFP/hAng-1 on
different days. The brown or tan staining represents positive CD34 or Tie2 expression.
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quantitative PCR. As shown in Figure 8, Notch
mMRNA expression level was enhanced by radia-
tion on day 7. However, on day 14, mice inject-
ed with Ang-1 plasmid showed increased Notch
MRNA expression compared to mice radiated
alone or mice injected with EGFP plasmid.
Although diminished on day 21, Notch mRNA
expression level remained higher in mice inject-
ed with Ang-1 plasmid than mice injected with
EGFP plasmid. These results indicated that
Notch signaling pathway may be involved in
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Figure 8. Effect of Ang-1 on Notch expression
in radiated mice. Graphs showing Notch mRNA
expression by quantitative PCR in mice injected
with Ad-EGFP or Ad-EGFP/hAng-1 on different
days.

Ang-1-mediated recovery of radiated-induced
BM injury.

Discussion

Hematopoietic reconstitution post-BMT usually
begins after the recovery of hematopoietic
microenvironment. Improving the hematopoiet-
ic microenvironment promotes the recovery
of hematopoiesis. A variety of factors were
involved in the recovery of hematopoiesis. In
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the present study, by using an in vivo system,
we showed that Ang-1 facilitates the recovery
of hematopoiesis in mice following radiation.

BM is the organ to generate RBCs, WBCs and
platelets. BM suppression or injury leads to
lower counts of one or more types of blood
cells. Therefore, measuring blood counts can
serve as an indicator of whether BM is sup-
pressed [12]. Supporting this, we found that
radiation decreased blood counts of WBCs and
platelets in mice. With injection of Ang-1 plas-
mid, blood counts of WBCs and platelets recov-
ered in radiated mice, suggesting a role of
Ang-1 in the recovery of hematopoiesis.

It has been shown that Ang-1 and VEGF play an
important role in the recovery of hematopoiesis
after chemotherapy-induced BM suppression
[13]. By binding to its specific receptor, VEGF
stimulates proliferation and migration of endo-
thelial cells and increases vascular permeabili-
ty and promotes angiogenesis [14]. In addition,
VEGF signaling pathway is able to recruit hema-
topoietic stem cells and endothelial progenitor
cells, promote growth of BM capillary and blood
niche, thereby inducing hematopoiesis [15]. We
found that serum VEGF level elevated in radiat-
ed mice injected with Ang-1 plasmid, suggest-
ing VEGF plays a role in Ang-1-mediated recov-
ery of hematopoiesis.

Tie2 receptor is mainly expressed on endothe-
lial cells as well as hematopoietic stem/progen-
itor cells. Ang-1 binding to Tie2 on endothelial
cells activates Tie2 phosphorylation, induces
and maintains migration, survival of endothelial
cells [16, 17]. This interaction also attracts vas-
cular smooth muscle cells to surround and sup-
port endothelial cells and form the wall of blood
vessels, which promotes remodeling, matura-
tion and function of blood vessels. Regarding
the role in hematopoiesis, studies have shown
that Ang-1/Tie2 pathway promotes bone mar-
row mesenchymal stem cell survival by main-
taining hematopoietic stem cell quiescence in
the bone marrow niche [5, 18]. In contrast,
other studies found that Tie2 activation contrib-
utes to hemangiogenic regeneration [19].
Under physiological condition, Tie2 expression
is weak in blood vessels of mouse bone marrow
[20]. The BM suppression by 5-FU treatment
increases plasma level of VEGF and vascular
Tie2 expression . The inhibition of Tie2 results
in a reduced angiogenesis and delayed recov-
ery of hematopoiesis [19]. In the present study,
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we found that mice injected Ang-1 plasmid had
increased Tie2 expression in femur. Given the
role of Tie2 in hematopoiesis, our results fur-
ther confirmed that Ang-1 is involved in the
recovery of radiation-mediated BM injury.

We showed that Ang-1 plays an important role
in the recovery of hematopoiesis suppressed
by radiation. However, the underlying mecha-
nism is unclear. Here, we found that Notch sig-
naling is involved in Ang-1-mediated recovery
of hematopoiesis. The Notch pathway is an evo-
lutionarily conserved signalling pathway funda-
mentally important in regulating development,
including blood cell development in inverte-
brates and vertebrates [21]. During hematopoi-
esis, blood cells at different stages express
Notch proteins and interact with stromal cells
expressing Notch ligands in bone marrow to
activate Notch signaling [22]. Through the inter-
action, Notch signaling pathway regulates sur-
vival, proliferation and differentiation of hema-
topoietic stem/progenitor cells. It has been
shown that expression of Notch proteins
(Notchl and Notch4) increased when endothe-
lial cells were stimulated to enhance vascular
formation [23]. Down-regulation of Notchl
expression on endothelial cells by siRNA tech-
nology reduce the formation of blood vessels
[23], suggesting an important role of Notch sig-
naling in angiogenesis. In the present study, we
found that mice injected with Ang-1 plasmid
showed increased Notch mRNA expression,
indicating Notch signaling is involved in Ang-1-
mediated recovery of hematopoiesis.

In summary, we provide a line of evidence
showing the role of Ang-1 in the recovery of
radiation-induced BM suppression, including
elevated blood counts and VEGF secretion,
increased G1 phase of cell cycle, up-regulated
expression of Tie2 and Notch. These findings
not only accelerate our better understanding in
the recovery of hematopoiesis after radiation,
but may have therapeutic potential value for
patients with BM suppression.
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