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Abstract: The bone marrow (BM) microenvironment plays a crucial role in the maintenance and
regeneration of hematopoietic stem (HSC) and progenitor cells (HSPC). In particular, the vascular
niche is responsible for regulating HSC maintenance, differentiation, and migration of cells in and
out of the BM. Damage to this niche upon exposure to ionizing radiation, whether accidental or as
a result of therapy, can contribute to delays in HSC recovery and/or function. The ability of BM
derived-endothelial cells (BMEC) to alter and/or protect HSPC after exposure to ionizing radiation
was investigated. Our data show that exposure of BMEC to ionizing radiation resulted in alterations
in Akt signaling, increased expression of PARP-1, IL6, and MCP-1, and decreased expression of
MMP1 and MMP9. In addition, global analysis of gene expression of HSC and BMEC in response
to mixed neutron/gamma field (MF) radiation identified 60 genes whose expression was altered
after radiation in both cell types, suggesting that a subset of genes is commonly affected by this
type of radiation. Focused gene analysis by RT-PCR revealed two categories of BMEC alterations:
(a) a subset of genes whose expression was altered in response to radiation, with no additional
effect observed during coculture with HSPC, and (b) a subset of genes upregulated in response to
radiation, and altered when cocultured with HSPC. Coculture of BMEC with CD34+ HSPC induced
HSPC proliferation, and improved BM function after MF radiation. Nonirradiated HSPC exhibited
reduced CD34 expression over time, but when irradiated, they maintained higher CD34 expression.
Nonirradiated HSPC cocultured with nonirradiated BMEC expressed lower levels of CD34 expression
compared to nonirradiated alone. These data characterize the role of each cell type in response to
MF radiation and demonstrate the interdependence of each cell’s response to ionizing radiation.
The identified genes modulated by radiation and coculture provide guidance for future experiments
to test hypotheses concerning specific factors mediating the beneficial effects of BMEC on HSPC.
This information will prove useful in the search for medical countermeasures to radiation-induced
hematopoietic injury.
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1. Background
The need to maintain a secure environment in the current nuclear climate is ever relevant. Terrorism
involving improvised nuclear devices (IND), radiation exposure devices, radiation dispersal devices,
or an attack on a nuclear power plant or a facility/vehicle that houses radioactive materials may lead to
devastating injury or death to few or many due to exposure to low or high linear energy transfer (LET)
radiation. Observations from personnel exposed to high levels of mixed neutron/gamma radiation,
here referred to as Mixed Field (MF), not only show the severity of the acute radiation syndrome (ARS),
but also demonstrate that treatment requirements are complex. This has prompted extensive detailed
studies on the pathophysiology of various systems due to radiation injury, including hematopoietic
organs. Because rapidly replicating cells, including hematopoietic cells, are most sensitive to the
acute effects of ionizing radiation (IR), there is ongoing effort to protect the hematopoietic system
from damage. Early work demonstrated that shielding the spleen from radiation, as well as injecting
splenocytes or bone marrow (BM) cells provided radiation protection [1,2].
BM cells, while susceptible to IR, maintain a radiation resistant subpopulation of cells [3,4] and BM
reconstitution remains a therapeutic approach to ARS reviewed in [5]. Stem cell (SC) transplantation
and platelet transfusions, as critical components to recovery, have been demonstrated both by clinical
and basic research. Other cell types, including stromal cells, induced pluripotent, and mesenchymal
SC, are under investigation as sources of cells to reconstitute radiation damaged bone marrow [6].
Mobilization of hematopoietic stem/hematopoietic stem and progenitor cells (HSC/HSPC) from
the BM into circulation has immense clinical relevance, including the well-established treatment for
malignancies such as multiple myeloma (MM), lymphomas, and leukemias [7,8]. HSC transplantation
has become a standard of care after radiation, both in a therapeutic setting and in the event of accidental
radiation exposure [9]. However, this treatment is not without complications, including infection,
pulmonary, cardiac, and endocrine effects. Understanding the environment in which these cells exist,
alterations in the environment and to HSPC due to stress/injury, as well as indications of how to
modulate function including mobilization, are key to the optimal use of these cells with minimal
negative effects. Levels of GCSF can be increased by radiation [10] and may affect mobilization and
maturation of SC [11,12], and agents that increase GCSF levels have proven to be potent radiation
countermeasures [13,14]. GCSF (both NeupogenR and NeulastaR ) are FDA-approved for the treatment
of ARS [15].
HSC function in both normal and pathophysiological conditions is an area of active research; this
includes HSC capability for both self-renewal and development into cells of multiple hematopoietic
lineages. HSPC have been detected in endosteal and vascular environments [16–18], and there has
been much effort in understanding their development, differentiation, and function within those
environments. Work utilizing bone morphogenetic protein receptor mutant mice correlated an
increase in osteoblasts with an increase in HSC, and further study showed HSC residing near and
binding to osteoblasts lining the bone marrow surface through adhesion molecule interactions [19,20].
However, other studies demonstrated that HSPC do not express N-cadherin necessary for adhesion
to osteoblasts [21]. A decrease in osteoblasts did not correlate with a decrease in HSC. Analysis
of localization of HSCs in the bone marrow using SLAM family receptors revealed that most HSC
reside on the surface of sinusoidal blood vessels [22], suggesting that HSC might be maintained in
a perivascular niche by endothelial or perivascular cells [23,24]. Multiple cell types and cytokines
facilitate the maintenance of the SC niche, including mesenchymal progenitor cells, CXCL12 [25], stem
cell factor (SCF), and endothelial cells (EC). The SC environment and signaling are modulated by injury.
Real-time imaging revealed that HSC injected intravenously migrate to the bone marrow within hours,
and the specific homing location within marrow varies in irradiated versus nonirradiated mice [17].
The SC effect involves more than simply improved mobilization. Other cell types or factors may
be required for optimal function, and EC represent one such cell type. Irradiated HSC were capable of
recovery and expansion in the presence of human EC [26]. BMEC secrete proteins such as pleiotrophin
and epidermal growth factor, both which are vital for hematopoietic regeneration after total-body
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irradiation (TBI) [27,28]. With the knowledge of EC contribution to SC recovery from injury established,
further studies on mechanisms of SC mobilization and maturation during radiation injury, and the role
of EC in this process, is critical in designing beneficial strategies to overcome radiation damage to the
hematopoietic system.
With this in mind, studies were performed to determine the effect(s) of MF radiation on EC
and CD34+ HSPC cultured independently. These were compared to cocultures of EC and HSPC
in a radiation model where neither cell type, both cell types, or one cell type was irradiated and
cultured with the alternate cell type. The use of MF radiation, incorporating a high LET neutron
component, increased the radiation challenge. Our data show that radiation induced Akt signaling
in EC. BMEC also responded to MF by increasing expression of PARP-1 and secretion of IL6. Both
proteins contribute to a proinflammatory profile in response to MF radiation. Metalloproteinase
expression was altered by MF radiation and EC specific genes were upregulated in response to MF.
Coculture of BMEC with nonirradiated HSPC enhanced proliferation of HSPC, but coculture had no
effect on proliferation of irradiated HSPC. Coculture slightly enhanced colony formation in irradiated
HSPC, suggesting an effect on survival and differentiation. This was supported by flow cytometry data
using CD34 expression. Coculture of BMEC with HSPC after MF radiation modified CD34+ surface
marker expression on HSPC, likely an indication of maturation. In addition to analyzing the effects
of BMEC on HSPC, we investigated the effect of HSPC on BMEC. HSPC had no effect on expression
of EC specific genes, but attenuated the radiation-induced growth factor expression in EC, as well
as phospholipase A2 expression. Increased phospholipase A2 is correlated with EC survival after
radiation via Akt and MAPK signaling [29], and the observation of reduced phospholipase A2 in the
presence of HSPC suggests that HSPC may affect EC cell viability. While much focus is on preserving
an adequate number of HSPC to repopulate the immune system after IR, EC preservation is also a
relevant strategy. These data advance our understanding of cell support and/or communication during
injury, and support our hypothesis that the identification of therapeutics targeting EC survival is a
valid approach.
2. Statistical Analysis
Data were analyzed for statistical significance using t-test or ANOVA with Dunnett post-test.
Significance was set at p < 0.05 (*) and p < 0.005 (**). Experiments were performed two or three
times and each sample was in triplicate except microarray profiling. Two independent microarray
experiments were performed and data shown represent one experiment.
3. Results
3.1. MF Radiation-Induced Akt Signaling in hBMEC.
Phosphorylation of the serine threonine protein kinase Akt stimulates catalytic activity, resulting
in the phosphorylation of proteins that affect cell growth, cell cycle entry, and cell survival. EC signaling
after ionizing radiation involves Akt activation [30]. MF radiation (4 Gy, 6 Gy) of hBMEC induced Akt
phosphorylation 4 h after exposure without changes in total Akt protein expression (Figure 1).
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Global gene expression arrays were performed to analyze the general radiation induced response
Global gene expression arrays were performed to analyze the general radiation induced
of both hBMEC and CD34+ HSPC. Our data confirm the radiosensitivity of HSPC. MF radiation
response of both hBMEC and CD34+ HSPC. Our data confirm the radiosensitivity of HSPC. MF
exposure to CD34+ cells, at either 2 Gy or 4 Gy, resulted in alterations in expression level of 2112
radiation exposure to CD34+ cells, at either 2 Gy or 4 Gy, resulted in alterations in expression level of
or 2452 genes respectively. In contrast, MF exposure of hBMEC to either 2 Gy or 4 Gy resulted in
2112 or 2452 genes respectively. In contrast, MF exposure of hBMEC to either 2 Gy or 4 Gy resulted
alterations in expression level of 764 and 222 genes, respectively (Supplement Table S1). Principle
in alterations in expression level of 764 and 222 genes, respectively (Supplement Table S1). Principle
component analysis revealed that variations in gene expression were greater between cell types than
component analysis revealed that variations in gene expression were greater between cell types than
between radiation doses (Figure 5A). There are 60 genes whose expression levels are altered in all
between radiation doses (Figure 5A). There are 60 genes whose expression levels are altered in all
samples (Figure 5B). The top eight significantly modulated biological processes are shown in Figure 5C.
samples (Figure 5B). The top eight significantly modulated biological processes are shown in Figure
5C.
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dose (4 Gy) were not protected by coculture with hBMEC. Therefore, interaction of HBMEC with
HSPC has direct implications on HSPC differentiation after injury.
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Figure 8. MF radiation and hBMEC altered scatter profile of HSPC. HSPC were irradiated with 2 Gy
(A,B) or 4 Gy (C,D) for 7 or 14 days. Forward scatter was analyzed by flow cytometry.
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and changes in protein levels of PARP-1 as well as metalloproteinases MMP1 and MMP9. Also,
morphological alterations were seen, which included cell enlargement with increased vesicles and
tubular structures, which may be consistent with endothelial cell injury. Morphological changes,
including deep invaginations of the luminal surface, large coated vesicles, and tubular structures, were
described as indicators of endothelial activation in response to traumatic brain injury [43]. A detailed
assessment of endothelial function would be required to determine if hBMEC morphology correlated
with activation status in our system.
Alterations in gene expression were analyzed to identify those that were radioresponsive in
our model. Although there were genes whose expression was downregulated, the focus for these
studies was genes whose expression levels were upregulated two-fold or more. There were five
genes encoding angiotensinogen, arichadonate-5-lipoxygenase, Von Willebrand Factor (VWF), IL7,
and matrix metalloproteinase 9 (MMP9), whose expression was increased 15-fold or greater after MF
radiation. Angiotensinogen, Von Willebrand Factor, MMP9, and Arachidonate-5-lipoxygenase are
genes whose protein products are expressed in or involved with EC-mediated functions, including
vascular remodeling, hemostasis, and adhesion. Increased VWF protein expression has been reported
in EC after gamma-radiation and is associated with endothelial dysfunction [44], and lung and heart
pathophysiology [45,46]. Interestingly, decreased VWF was associated with decreased pulmonary
fibrosis and increased bone marrow hematopoiesis [47]. Our data do not support this finding, since we
saw increased VWF expression in hBMEC and improvement in hematopoiesis from irradiated CD34+
HSPC cultured with hBMEC. Possible reasons for the disparity may be that the studies by Rhieu et
al. were performed using mouse total bone marrow versus our study which used purified CD34+
HSPC and human BMEC. MMP9 plays a major role in the degradation of the extracellular matrix
(ECM) in a broad range of physiology and pathophysiology processes that involve tissue remodeling,
and is upregulated during inflammation [48]. IL7 is a bone marrow derived cytokine produced by
nonhematopoietic cells, including lymphatic EC [49] and bone marrow stromal cells [50]. There is a
relatively low concentration of IL7 under normal physiological conditions, but under lymphopenic
conditions and disease, there is an increase in IL7 transcription from lymphatic EC, as well as increased
circulating IL7 [51,52]. Exposure to ionizing radiation at specific dose and radiation qualities can lead
to lymphopenia, and the genes for IL7, along with IL10 and Flt3 ligand, encode positive regulators of
the lymphoid lineage after TBI [53]. Studies performed using genetically engineered mice showed
an increase in IL7 in response to both low dose and high dose gamma-radiation [54]. Although the
correlation between radiation exposure and IL7 production is tenuous, we propose that increased IL7
levels in vivo may contribute to relief against radiation induced lymphopenia.
There were multiple genes whose expression in hBMEC was increased approximately 4-fold in
response to MF radiation. These include proapoptotic genes (Fas, TNF) and the anti-apoptotic gene
BCL2A1 [55]. TNF may induce apoptosis or may activate endothelium, which is critical in inflammation,
and can result in an increase in surface expression of selectins and intracellular adhesion molecules
(ICAM), leading to an environment that will allow enhanced leukocyte adhesion [56]. Although we
detected no change in ICAMs, there is an increase in L-selectin gene expression. Additional endothelial
specific genes upregulated include endothelin-2, and the endothelin receptor Type A, both of whose
gene expression was increased at least 4-fold. Endothelin-2 message is transiently upregulated in
response to low dose radiation and may be a useful biomarker for low-dose irradiation of endothelial
tissues [57]. Some genes detected in these arrays were confirmatory of genes upregulated in response
to radiation and inflammation, including NOS2, FGF1 and IL6 [58,59]. IL6 is induced in endothelial
cells, is within the proinflammatory network, and is associated with senescence-associated secretory
phenotypes (SASP) [60].
Global gene expression of hBMEC and HSPC in response to MF radiation displayed unique profiles.
IR at a dose of 4 Gy (67% neutron/33% gamma-photons) altered expression of 222 genes in hBMEC, and
2452 genes in HSPC. These data indicate less radioresponsiveness in hBMEC compared to HSPC and
the uniqueness of the cell specific genes whose expression levels are altered by radiation. There are
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60 genes whose expression was altered in both cell types by both 2 Gy and 4 Gy doses of radiation, and
those genes have been categorized into pathways. The largest increases in gene expression occurred in
pathways corresponding to cytokines and inflammatory response, and senescence and autophagy; all
are consistent with a radiation response and may be potential targets for radiation countermeasures.
Genes within pathways associated with Epstein Barr virus latent membrane protein (EBV LMP1)
and thymic stromal lymphoprotein (TSLP) suggest that NF-κB signaling through both canonical
and noncanonical pathways may occur in these cell types [61,62]. TSLP signaling is upregulated in
response to UV radiation and involves hypoxia inducing factor 1 (HIF1) [63]. These signaling pathways,
associated with hypoxia, inflammation and radiation response represent areas for further study.
BMEC are in close proximity with HSPC in niches, and the interactions between the two cell types
within the niche were also evaluated in the current study. We and others show that BMEC support the
proliferation of HSPC in vitro [44,64], and that this specific EC function is not affected by radiation
exposure. In vitro coculture systems provide a valuable model for studying cellular communication.
The impact of cellular interactions between umbilical cord blood (UCB) hematopoietic cells and
BM-derived mesenchymal stem cells (MSCs) included expansion and differentiation of UCB CD34+
cells [65]. We have cocultured HSPC with well characterized hBMEC in our studies [66]. Coculture of
nonirradiated and MF-irradiated (4 Gy, 6 Gy) hBMEC with CD34+ HSPC support proliferation, above
that seen with HSPC alone. Our studies extend to irradiated HSPC, which due to their radiosensitivity
show no proliferation after IR exposure with or without hBMEC support. Direct cell count using
trypan blue exclusion suggest that the presence of hBMEC could not protect HSPC from radiation
induced cell death (data not shown). Although coculture did not improve proliferation, it caused
cellular changes identified by flow cytometry. Alterations in the scatter profile and reduced CD34+
expression of HSPC are characteristic of in vitro differentiation of these cells. MF radiation reduced
the number of differentiated CD34- cells, while sparing CD34+ HSPC. This is consistent with the
observation that HSPC are less prone to apoptosis than lymphocytes despite similar radiation induced
DNA damage [67]. The presence of EC in culture with HSPC rescued a population of larger CD34cells, providing evidence that supporting niche cells play a role in the radioresponse. These cells may
be involved in maintenance of BM activity after radiation, based on increased colonies seen in CFU
assays using irradiated HSPC cultured with EC. Further characterization of these cells is necessary
to determine the lineage of the rescued cells. It is interesting to note that the radiation status of
EC has no bearing on CFU activity, which is an important observation when identifying potential
mechanisms of protection. Based on our data, EC function in both direct and indirect ways to protect
the viability and function of BM cells against IR. Radiation using neutrons as well as gamma-photons
broadens the applicability of these findings, and understanding the interplay between cell types is
valuable for the identification of effective radiation treatments. It will be interesting to characterize the
size-based subpopulations of HSPC revealed here in terms of molecular and functional phenotypes.
The identified genes modulated by radiation and coculture provide guidance for future experiments
to test hypotheses concerning specific factors mediating the beneficial effects of BMEC on HSPC.
This information will prove useful in the search for medical countermeasures to radiation-induced
hematopoietic injury.
5. Materials and Methods
5.1. Cell Culture
Human BMEC (hBMEC) used in all experiments were established by Dr. Graca Almeida-Porada
(Wake Forest School of Medicine; Winston-Salem, NC) [66]. CD34+ HSPC were purchased from Lonza,
Inc. (Walkersville, MD). hBMEC were grown on 0.2% gelatin-coated (Biocoat) flasks (Thermo Fisher
Scientific Inc. Rockford, IL, USA) in endothelial growth media (Lonza Inc.Walkersville, MD USA)
supplemented with 10% fetal bovine serum (FBS). hBMEC were used at ≥75% confluency. HSPC were

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW
Int. J. Mol. Sci. 2019, 20, 1795

14 of 20
14 of 20

HSPC were maintained in HPGM (Lonza, Inc.) supplemented with IL-3, stem cell factor,
thrombopoietin, and Flt-3 ligand(HSPC media) (Peprotech, Inc. Rocky Hill, NJ, USA).
maintained in HPGM (Lonza, Inc.) supplemented with IL-3, stem cell factor, thrombopoietin, and Flt-3
ligand(HSPC media) (Peprotech, Inc. Rocky Hill, NJ, USA).
5.2. Coculture
HBMEC
and HSPC were irradiated separately. One hour after radiation, HSPC from all
5.2. Coculture
conditions were counted, collected by centrifugation, and resuspended in fresh HSPC media. 2–3 ×
HBMEC and HSPC were irradiated separately. One hour after radiation, HSPC from all conditions
105 HSPC were added to hBMEC, or to new flasks as controls. Cells were cocultured for 4 or 24 5h
were counted, collected by centrifugation, and resuspended in fresh HSPC media. 2–3 × 10 HSPC
prior to subsequent experimentation. HSPC are suspension cells and were collected from the culture
were added to hBMEC, or to new flasks as controls. Cells were cocultured for 4 or 24 h prior to
media for analysis. Coculture combinations are depicted in Figure 10.
subsequent experimentation. HSPC are suspension cells and were collected from the culture media for
analysis. Coculture combinations are depicted in Figure 10.
Figure 10 Coculture Strategy. R = irradiated; NR = nonirradiated.

Figure 10. Coculture Strategy. R = irradiated; NR = nonirradiated.

5.3. MF Irradiation
5.3. MF Irradiation
Cells were irradiated in 25 cm2 flasks2in the AFRRI TRIGA Irradiation Facility. Two, four, or six
Cells were irradiated in 25 cm flasks in the AFRRI TRIGA Irradiation Facility. Two, four, or
Gy total doses were administered at a dose rate of 0.6 Gy/min at ambient temperatures using a
six Gy total doses were administered at a dose rate of 0.6 Gy/min at ambient temperatures using
standardized technique. The neutron/gamma ratio was approximately 2/1. Variation within the
a standardized technique. The neutron/gamma ratio was approximately 2/1. Variation within the
exposure field was less than 4%. Neutron and gamma-photon doses were determined separately
exposure field was less than 4%. Neutron and gamma-photon doses were determined separately using
using the paired-ionization-chamber technique. The principle of the method is described in the ICRU
the paired-ionization-chamber technique. The principle of the method is described in the ICRU Report
Report 26 [68] and AAPM Report 7 [69]. Details of its specific implementation at AFRRI are described
26 [68] and AAPM Report 7 [69]. Details of its specific implementation at AFRRI are described in the
in the report by Goodman [70].
report by Goodman [70].
5.4. Western Blot
5.4. Western Blot
Cells were lysed with RIPA lysis buffer (Thermo Fisher Scientific Inc.) supplemented with
Cells were lysed with RIPA lysis buffer (Thermo Fisher Scientific Inc.) supplemented with protease
protease and phosphatase inhibitor cocktails, and equal amounts of protein were subjected to SDSand phosphatase inhibitor cocktails, and equal amounts of protein were subjected to SDS-PAGE on a
PAGE on a 4–12% Tris-Glycine gel using the Mini-Protein Tetra Cell (Bio-Rad Laboratories, Hercules,
4–12% Tris-Glycine gel using the Mini-Protein Tetra Cell (Bio-Rad Laboratories, Hercules, CA, USA).
CA, USA). Proteins were transferred onto a nitrocellulose membrane and probed with antibodies
Proteins were transferred onto a nitrocellulose membrane and probed with antibodies specific for
specific for phospho-Akt, Akt, PARP-1, and actin (Cell Signaling Technology, Inc., Danvers, MA,
phospho-Akt, Akt, PARP-1, and actin (Cell Signaling Technology, Inc., Danvers, MA, USA). Proteins
USA). Proteins were detected with appropriate secondary antibodies and ECL detection reagent (GE
were detected with appropriate secondary antibodies and ECL detection reagent (GE Healthcare,
Healthcare, Pittsburgh, PA, USA).
Pittsburgh, PA, USA).
5.5. Protein
Array Array
5.5. Protein
Secreted
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were detected
in cellinculture
supernatant
using using
the human
cytokine
array array
Secreted
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were detected
cell culture
supernatant
the human
cytokine
(Raybiotech,
Inc.,
Norcross,
GA,
USA)
and
following
the
manufacturer’s
instructions.
(Raybiotech, Inc., Norcross, GA, USA) and following the manufacturer’s instructions.
5.6. PCR
Analysis
5.6.Array
PCR Array
Analysis
2 Profiler
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Briefly,
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(Qiagen
Sciences
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isolated
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cells using
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(Qiagen
Sciences
Inc. Valencia
CA, USA).
RNA sample
quality was
quality was verified using a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scientific) and
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verified using a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scientific) and stored at −80 ◦ C
until use. RNA was converted into cDNA using the RT2 First Strand Kit and the cDNA was used to
determine relative gene expression following the manufacturer’s protocol.
5.7. Microarray Analysis
Microarray profiling/hybridization was performed at GeneLogic, Inc. (Gaithersburg, MD) using
the company’s standard procedures. As described earlier, hBMEC and human CD34+ stem and
progenitor cells (HSPC) were irradiated with mixed neutron/gamma radiation at doses of 2 Gy
and 4 Gy. RNA was isolated from hBMEC and HSPC 4 h after exposure using a commercially
available kit (RNEasy) (Qiagen Sciences Inc.). RNA sample quality was verified using a Nanodrop
ND-1000 Spectrophotometer (Thermo Fisher Scientific Inc.) and an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), with resulting A260/A280 ratios within a range of 1.95 to 2.03 and
RNA Integration Number (RIN) ranging from 9.2 to 10. Labeling reactions for the RNA samples were
performed using the Quick Amp Two-Color Labeling Kit. The experimental cDNA was labeled with
Cy5 (red) and the reference cDNA was labeled with Cy3 (green). The samples were fragmented and
each hybridization mixture was loaded onto Agilent Human 4X44K V2 Whole Genome Microarray.
The slide was hybridized in an Agilent hybridization chamber at 65 ◦ C with 10 rpm rotation for 17 h,
followed by washing per the Agilent protocol. Once dry, the slides were scanned with the Agilent
Scanner (G2565BA) using Scanner Version C and Scan Control software version A.8.5.1. Data extraction
and quality assessment of the microarray data were completed using Agilent Feature Extraction
Software Version 11.0.1.1.
Raw DNA microarray data were background corrected and normalized using an empirical Bayes
method as described in Linear Models for Microarray Data (LIMMA) [71,72]. Average log2 expression
values (A) and log2 expression ratios (M) were extracted for the following contrasts: MF irradiated
BMEC (2 Gy and 4 Gy) versus nonirradiated control and MF irradiated HSPC (2 Gy and 4 Gy) versus
nonirradiated control. Genes were ranked based on log expression ratio (M) for each contrast described
above. Probe IDs were mapped to gene symbols and Entrez gene IDs using mygene software from
R statistical package [73]. Probe IDs that did not map to known genes were filtered out. Then,
differentially expressed genes were chosen for each contrast where the absolute log expression ratio
> 1 (which is equivalent to a log fold change cutoff of 2). Genes that were commonly or specifically
modulated under the experimental conditions were visualized using Venny software package [74].
The 60 genes that were perturbed under all experimental conditions were mapped to pathways. The top
eight modulated biological processes and principle component analysis were determined.
5.8. Survival and Proliferation
CD34+ HSPC and hBMEC were irradiated with 4 Gy MF radiation independently. 5 × 105 CD34+
HSPC were added to approximately 1 × 106 hBMEC in direct coculture and incubated overnight.
CD34+ HSPC were removed from coculture and plated at a density of 5 × 104 cells/mL in triplicate
in complete HSPC media. Cell survival and proliferation were determined by direct cell count with
trypan blue exclusion using a hemocytometer. Thirty–300 cells were counted for each sample.
5.9. Hematopoietic Progenitor Clonogenic Assay
HSPC (5 × 103 ) were plated onto MethoCult media (StemCell Technologies, Inc., Vancouver,
BC), and colony forming units (CFU) were identified and quantified following the manufacturer’s
instructions. Colonies were counted 14 days after plating using a Nikon TS100F microscope. Fifty or
more cells were considered one colony.
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5.10. Flow Cytometry
HSPC were stained with anti-CD34 (BD Biosciences, San Jose, CA, USA) and examined by flow
cytometry using a FACScalibur (BD Biosciences). Percentages of CD34+ HSPC were analyzed using
FlowJo software (Tree Star, Inc. Ashland, OR, USA).
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/7/1795/
s1.
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ARS
BM
CFU
EC
ECM
FBS
HSC/HSPC
ICAM
IND
IR
LET
MF
MM
NR
R
RIN
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SC
SCF
TBI
ARS
BM

acute radiation syndrome
bone marrow
colony forming unit
endothelial cell
extracellular matrix
fetal bovine serum
hematopoietic stem/hematopoietic stem and progenitor cells
intracellular adhesion molecule
improvised nuclear device
ionizing radiation
linear energy transfer
mixed field
multiple myeloma
nonirradiated
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stem cell
stem cell factor
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