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Abstract

Development of radio-protective agents that are non-toxic is critical in light of ever increasing threats associated with
proliferation of nuclear materials, terrorism and occupational risks associated with medical and space exploration. In this
communication, we describe the discovery, characterization and mechanism of action of ON01210.Na, which effectively
protects mouse and human bone marrow cells from radiation-induced damage both in vitro and in vivo. Our results show
that treatment of normal fibroblasts with ONO1210.Na before and after exposure to ionizing radiation provides dose
dependent protection against radiation-induced damage. Treatment of mice with ON01210.Na prior to radiation exposure
was found to result in a more rapid recovery of their hematopoietic system. The mechanistic studies described here show
that ON01210.Na manifests its protective effects through the up-regulation of PI3-Kinase/AKT pathways in cells exposed to
radiation. These results suggest that ON 01210.Na is a safe and effective radioprotectant and could be a novel agent for use
in radiobiological disasters.
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Introduction

Protection from exposure to ionizing radiation (IR) has become
an important issue due to ever increasing threats associated with
proliferation of nuclear materials, terrorism and occupational risks
associated with medical and space exploration [1-2]. The toxic
effects of IR can be initially seen in tissues with a high rate of cell
division, such as the hematopoietic and gastrointestinal systems,
and whole body exposure to IR causes severe acute radiation
syndrome in humans [3]. The number of drugs that can protect
cells from the effects of IR are limited in number. Amifostine,
a drug used as an adjuvant in chemotherapy, is a prodrug that can
only be administered intravenously after reconstitution with
normal saline and is the only radioprotective agent approved by
the FDA. There has been an increase in the efforts to develop
potential radiation protectants and mitigators, including novel free
radical scavengers, cytokine inhibitors, inhibitors of p53 and other
cellular kinases, inhibitors of cell death signaling and modulators of
cellular DNA repair mechanism among others [4] .

Due to the limited availability of radioprotective agents, we
performed a screen of our small molecule chemical library [5] for
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compounds that protect cells from the damaging effects of IR
using a high throughput cell based assay. From this screen, we
have identified several compounds that effectively show radiopro-
tective activity [6] and one of them, ON01210 (4-carboxystyrl-4-
chlorbenzysulfone), was found to have the most desirable
characteristics for drug development. This novel compound was
renamed, Ex—RAD®, and has been shown to effectively protect
human fibroblast cells (HFL-1) after exposure to IR [6]. The same
compound has been tested in mice to show a significant increase in
survival rate when the compound is injected before exposure to
gamma radiation [7].

In this communication, we describe the discovery, character-
ization and mechanism of action of ON01210, which effectively
protects mouse and human bone marrow cells from radiation-
induced damage both i vitro and in vive. To gain an understanding
of the mechanism of action of this compound, we have examined
the signaling pathways associated with radiation-induced damage
in the presence and absence of ON01210. Our results demonstrate
that ONO1210 manifests its protective effects through the up-
regulation of PI3-Kinase/AKT pathways in cells exposed to

radiation.
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Results

Compound Screening and in vitro Activity

To identify compounds that protect cells from the damaging
effects of IR, we developed a cell-based screening assay in which
normal diploid human fetal lung fibroblasts (HFL-1 cells) were
treated for 24 hrs with various concentrations of compounds
derived from a focused compound library developed in our
laboratory to modulate the activity of mammalian kinases. The
cells were then irradiated with 10 Gy of IR which reduces colony
forming activity of HFL-1 cells by 90%. The cells were then re-
seeded and resulting colonies were counted 3 weeks post-plating
(Figure 1A). Using this screening assay, we were able to identify
a number of compounds that provided significant protection when
compared to vehicle control-treated cells (Figure 1B, Table 1). Of
the compounds showing radioprotective activity, ON01210 (4-
carboxystyrl-4-chlorbenzysulfone) was selected as the lead com-
pound. Although several other compounds from this library
exhibited enhanced radioprotective properties, subsequent phar-
macological studies showed that several of these compounds were
either poorly bioavailable or exhibited undesirable levels of
toxicity. On the other hand, ONO01210 was found to be water-
soluble as a sodium salt (ON01210.Na), exhibited little or no
toxicity in animal models (data not shown) [7]. Importantly,
pretreatment of HFL-1 cells with ON01210 resulted radioprotec-
tion as evidenced by an in a dose-dependent increase in colony
numbers (Figure 1C).

Cell Cycle and Growth Analysis of Cells Treated with
ONO1210.Na

Because IR is known to cause DNA damage [8], one
explanation for the observed radioprotection is that ON01210
places the cells into a “non-sensitive” or pre-replication (G1/GO0)
phase of the cell cycle [9] where the effects of DNA damage
resulting from the IR would be less severe. The extended time
period within this phase would allow the cell to undergo additional
DNA repair. To study the effects of ON01210.Na on the cell cycle
progression of HFL-1 cells, cells were treated with increasing
concentrations of ON01210.Na for 24 hours and subjected to
propidium iodide staining and flow cytometric analysis. HFL-1
cells treated with concentrations of ON01210.Na up to 50 uM
showed a normal distribution of cells throughout the cell cycle,
with a slight reduction in the number of cells in S-phase at 50 uM
(Figure 2A). We extended the study by treating HFL-1 and human
umbilical vein endothelial cells (HUVECs) with increasing
concentrations and determined the number of viable cells after
96 hours of continuous exposure. The data from this dose response
assay showed that continuous exposure to high concentrations
(100 uM) of ON01210.Na did not result in cell death (Figure 2B).
Although the growth of normal HFL-1 fibroblasts and normal
endothelial cells (HUVEGs) was reduced by 50% and 45%,
respectively, with continuous exposure to 80-100 uM of
ONO01210.Na., cell viability was greater than 90% in both cell
lines, even at the highest concentration of 100 UM (data not
shown). The conclusion that ON01210 is not toxic to HFL-1 cells
was further supported by our observation that treatment of HFL-1
cells with the compound at 100 uM concentration of the
compound did not induce PARP cleavage or affect change in
Annexin V staining (data not shown).

Protection of Murine Hematopoietic Cells

Acute radiation syndrome (ARS) is the result of IR damage to
rapidly dividing cells of the bone marrow (BM), gastrointestinal
tract (GI), skin and neurological tissues [3,10-12]. Animal death
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due to exposure to lower radiation doses results from the ablation
of the hematopoietic cell compartment, with death occurring
between 12-24 days following exposure. To determine the ability
of ONO01210.Na to protect hematopoietic cells from radiation-
induced death, mice were injected with the optimal dose of
ONO1210.Na (500 mg/kg) 24 hours and 15 minutes prior to
radiation exposure at a sub-lethal dose of 5.5 Gy and the colony
forming potential of their bone marrow as well as their white blood
cell numbers were determined at various time points following
radiation exposure. ONO01210.Na treatment significantly increased
the rate of recovery and differentiation of primitive bone marrow
myeloid progenitor cells (Figure 3A). Vehicle treated mice exposed
to 5.5 Gy of radiation had virtually no colony forming units on
day 4 post-IR and in some experiments, there was complete
mhibition of CFU formation beyond day 7. However, although
there was a significant reduction of CFU numbers in mice that
were treated with ON01210.Na in combination with radiation, the
ONO1210.Na-treated mice consistently retained a capability to
form differentiated colonies. By 18 days, cells derived from
ONO1210.Na-treated mice recovered to the levels of non-
irradiated cells, whereby the number of CFUs in the
ONO01210.Na-treated and non-irradiated samples were almost
equivalent. On the other hand, the mice injected with the vehicle
alone failed to recover, with the number of CFUs reaching only
30% of those from non-irradiated mice. This suggests that, unlike
the irradiated control mice, ONO1210.Na treated mice had
a progenitor cell population that was never completely depleted by
radiation exposure. Lineage specific protection was studied by
identifying and tabulating the number of lineages, granulocyte (G),
macrophage (M) and granulocyte/macrophage (GM) myeloid
progenitors (data not shown). Recovery was observed in all three
lineages with a slight bias towards the macrophage lineage, as we
observed a slight increase in the CFU-M number when the mice
were injected with ONO1210.Na without radiation exposure.
These results show that ONO1210.Na was not only able to
significantly increase the rate of recovery of bone marrow
progenitor cells exposed to IR, but that it was also able to protect
an existing fraction of cells. To determine the protection of
peripheral white blood cells, whole blood was collected and the
total number of white blood cells was determined at various times
after radiation exposure. The results presented in Figure 3B show
that the irradiated ONO1210.Na treated mice harbor more white
blood cells compared to the irradiated vehicle-treated controls,
suggesting that ONO01210.Na protected white blood cells from
radiation exposure. In addition and consistent with the colony
forming potential, the white blood cell numbers of mice treated
with ONO1210.Na recovered more rapidly by 18 days after IR
exposure.

Our earlier studies have shown that when mice were irradiated
with 8 Gy, the net survival was 88% for those treated with the
drug 24 h and 15 min (two doses) before irradiation. Survival in
the group given Ex-Rad only 15 min before irradiation was about
70% [7]. In order to correlate this survival data with protection of
the bone marrow, we compared bone marrow protection of mice
injected with a single dose of ON01210.Na at minus 15 minutes or
minus 4 hours as well as with two doses at —24 hrs. and —15 min,
which gave optimal protection. Even though a single injection just
before radiation exposure was very effective in protecting bone
marrow cells and inducing recovery of the bone marrow cell
population, table 2 shows that the most efficient protection of the
bone marrow was observed when the mice were injected at minus
24 hours and minus 15 minutes before radiation exposure. When
ONO1210.Na was injected as a single dose at 4 hours prior to
radiation exposure, we observed protection of bone marrow cells,
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Figure 1. Identification of ON01210 (Ex-RAD") as a radioprotectant from an (E)-Styryl Benzylsulfone chemical library. (A) Screening
protocol used to identify radioprotective compounds from the chemical library. HFL-1 cells were pretreated with varying concentrations of
compounds for 24 hours before irradiation (10 Gy), followed by replating into fresh dishes to form colonies. (B) Representative results of cells treated
with compounds that show radioprotective activity. (C) ONO1210 pretreatment protected HFL-1 cells in a dose responsive manner.
doi:10.1371/journal.pone.0058355.9001

but the recovery rate was not significantly increased as compared injection just before exposure will protect and increase the
to vehicle treated mice. These experiments imply that a single recovery of bone marrow cells after radiation exposure.

Table 1. Protective properties of compounds.

Compound Number ON Number Chemical Formula Fold Protection Gl 50 (uM)

1 ONO01060 (E)-4-FLuorostyryl-4-chlorobenzylsulfone 2 2

2 ONO01370 (E)-2,4,6-Trimethoxystyryll-4-methoxybenzylsulfone 2.6 0.01

3 ONO01410 (E)-2-Methoxystyryl-4-nitrobenzylsulfone 0 ND

4 ONO01420 (E)-2,3,4,5,6-Pentafluorostyryl-4-methoxybenzylsulfone 0 ND

5 ONO01400 (E)-4-FLuorostyryl-4-trifluoromethylbenzylsulfone 4.5 2.5

6 ONO01240 (E)-4-FLuorostyryl-4-cyanobenzylsulfone 4 10

7 ON02010 (2)-4-FLuorostyryl-4-chlorobenzylsulfone 2 50

8 ONO01290 (E)-4-Furanethenyl-2,4-dichlorobenzylsulfone 4 5

9 ONO01430 (E)-4-Pyridylethenyl-4-chlorobenzylsulfone 0 ND

10 ONO015010 (E)-4-FLuorstyryl-4-chlorophenylsulfone 3 5

1 ON03020 (2)-Styryl-(E)-2-methoxy-4ethoxystyrylsulfone 2 50

12 ONO01200 (E)-4-Hydroxystyryl-4-chlorobenzylsulfone 0 ND

13 ONO01210 (E)-4-Carboxystyryl-4-chlorobenzylsulfone 2.6 100

doi:10.1371/journal.pone.0058355.t001
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Figure 2. ON01210 Treatment does not alter the cell cycle progression and growth of normal cells (A) HFL-1 cells were treated with
increasing concentrations of ON01210 (vehicle alone, 1 uM, 5 uM, 10 uM, 25 uM, and 50 uM) and then subjected to flow
cytometric analysis. (B) HFL-1 and human umbilical vein endothelial cells (HUVECS) were plated in the presence of increasing concentrations of
ONO01210 for 96 hours. The total number of viable cells was determined and the average percent of vehicle control was as a function of concentration.

doi:10.1371/journal.pone.0058355.9g002

In Vitro Protection of Human Bone Marrow

To assess the ability of ON01210.Na to protect human bone
marrow cells from radiation exposure, we developed a cytotoxicity
assay using a standard colony forming assay as the end point.
Human bone marrow cells were treated with various doses of
ONO1210.Na for 2 or 24 hours. The cells were then plated in
methylcellulose and the total number of CFUs determined. As
shown in Figure 4A and B, ON01210.Na did not inhibit the ability
of human bone marrow to form colonies in methylcellulose at
either timepoint. Treatment of cells for 24 hours with high doses of
ONO1210.Na (20 uM) also revealed no associated toxicity and the
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colony forming potential of treated cells showed no reduction
compared to the vehicle treated controls (Figure 4B). These results
suggest that ON01210.Na is non-toxic to human bone marrow
cells at a concentration of 50 uM which was used to study the
radio-protective effects of this compound.

The next series of experiments were aimed at determining the
radio-protective ability of ON01210.Na on human bone marrow
cells in an i wvitro radiation protection assay. In the first set of
experiments, we generated a radiation dose response curve using
bone marrow cells treated with vehicle and increasing doses of IR.
As shown in Figure 4C, we observed the expected reduction in the
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Figure 3. ONO1210.Na protects murine pluripotent hematopoietic cells. (A) Colony forming assay of bone marrow cells derived from mice
injected with ON01210.Na (500 mg/kg) at 24 hours and 15 minutes prior to whole body irradiation (5.5 Gy). Note the significant increase in colony
numbers of cells isolated on day 18 post-IR from ON01210.Na+IR treated mice as compared with vehicle+IR (Control) (***P = <0.001). (B) White blood
cell counts of ON01210.Na treated mice showed an increase recovery rate following exposure to IR. (*P =>0.05;**P = <0.05).

doi:10.1371/journal.pone.0058355.9g003

surviving fraction of cells, whereby 76% to >90% of cells survived
when exposed to 2 Gy—6 Gy of radiation. The cells were then pre-
treated with increasing concentrations of ON01210.Na and then
exposed to 2-4 Gy of IR. ON01210.Na provided dose dependent
protection of human bone marrow cells at all three doses of IR.
Concentrations of ON01210.Na above 10 uM did not increase
protection from radiation (Figure 5A), suggesting that under these
assay conditions, 10 UM was the optimal concentration for
radiation protection. Plotting of a survival curve at the 10 uM
concentration of ON01210.Na resulted in the calculation of a dose
reduction factor (DRF) of 1.6 (Figure 5B). We also tested the
radiation protection activity of amifostine, a free radical scavenger
developed at the Walter Reed Army Institute of Research (WR-
2721). Amifostine is a thiol that is broken down to its active
metabolite in alkaline conditions to protect cells from radiation
damage by acting as a free radical scavenger [13]. Concentrations
were selected that closely mimicked therapeutic plasma concen-
trations [14,15]. Amifostine protected human bone marrow cells
In a narrow concentration range, with the optimal concentration
being 250 uM (Figure 5C), which corresponds well with previously
reported studies using mesenchymal and hematopoietic cells [15].

Table 2. Percent recovery of CFU based on schedule.

TREATMENT SCHEDULE

Day
—24 hr
Vehicle —15 min —15 min —4 hr
4 0% 14% 7% 5%
7 1% 16% 10% 7%
12 8% 25% 13% 9%
18 40% 100% 60% 40%

doi:10.1371/journal.pone.0058355.t002

PLOS ONE | www.plosone.org

When the concentration of amifostine was increased to 500 uM,
followed by radiation treatment, there was increased radiation
sensitivity. Figure 5D shows the survival curve when human bone
marrow cells were treated with 250 uM amifostine and at this
concentration, the calculated DRF value for amifostine was 1.5.
This data shows that ON01210.Na provides an equal level of
protection when compared to amifostine, while exhibiting little or
no toxicity. In addition, ONO01210 was shown to be orally
bioavailable which makes this compound ideal for radio-rotection

[16].

ONO01210.Na Modulates the AKT Pathway to Promote
Survival in Response to IR

In order to determine the mechanism of action of
ONO1210.Na, we employed an antibody array-based screening
method. Because MAP kinases are known to play a critical role in
cellular response to IR, we chose to determine the relative levels of
phosphorylation of MAPKSs and other serine/threonine kinases in
cells exposed to radiation in the presence and absence of
ONO1210.Na. The membranes were incubated with lysates of
HFL-1 cells that were subjected to radiation in the presence and
absence of ON01210.Na. Treatment of HFLs with ON01210.Na
in the absence of radiation did not affect the phosphorylation
status of any of the proteins on the array compared to their
vehicle-treated controls (Figure 6A-B). However, ON01210.Na
was shown to activate the phosphorylation of AK'T and GSK3a/
B in HFL cells that were subjected to radiation treatment
(Figure 6C-D), with an increase of over 250% and 450% in the
phosphorylated forms of GSK3o/B and AKT, respectively
compared to the vehicle-treated controls. Because AKT signaling
is known to be an important mediator of cell survival [17-19] and
GSK38 inhibition has been directly correlated with cytoprotection
from IR [20], these observations suggest that this pathway may be
involved in ON01210.Na-mediated radioprotection.
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Figure 4. ON0O1210.Na treatment does not inhibit the colony forming potential of human bone marrow cells. Human bone marrow
cells were treated with increasing concentrations of ON01210.Na for 2 hrs (A) or 24 hrs (B), followed by plating into methylcellulose. Total number of
CFUs was determined and the average number (n = 3) was determined and plotted along with SEM. (C) Effect of ionizing radiation on the number of

colony forming potential of human bone marrow cells.
doi:10.1371/journal.pone.0058355.g004

Time and Dose Dependent Activation of AKT Pathway

To confirm the results obtained from MAPK antibody array, we
performed western blot analysis to determine the phosphorylation
status of GSK3pB and AKT (Figure 7). The activated, nonpho-
sphorylated form of GSK3p has been shown to promote cell death
under a number of cellular conditions such as neuronal de-
generation and cranial irradiation (20), and is now a promising
therapeutic target [21]. As shown in Figure 7A, treatment of cells
with ON01210.Na alone does not result in any significant increase
in the phosphorylation status of GSK3p. However, when the cells
were treated with ON01210.Na for 2 hours followed by exposure
to 10 Gy of IR, phosphorylation of GSK3p5" ¢ was found to
increase in a time-dependent manner (Figure 7A and 7C). The
observed increase in the GSK phosphorylation following radiation
exposure was also found to be dose dependent at the two time
points tested (2 Hr and 24 Hr). This increase in phosphorylation is
expected to result in the inactivation of GSK3B. ON01210.Na
treatment was also found to result in a dose-dependent increase
the phosphorylation status of AKT, following exposure to 10 Gy
of IR (Figure 7B), which is expected to result in its activation.

ONO01210.Na Modulates PI3-Kinase Activity

PI3-kinase is activated upon the stimulation of many survival/
growth-associated pathways. Activation of PI3-kinase results in the
production of 3’-phosphoinositol, leading to activation of AKT
and phosphorylation of GSK3B and therefore constitutes an
upstream step in AKT signaling pathway. The activation of PI3-
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Kinase pathway has been previously demonstrated to modulate
a protective response to radiation [22,23].

We therefore investigated the effect of ON01210.Na on the PI3-
Kinase activity in HFL-1 cells subjected to radiation exposure.
Although cells that were not exposed to radiation did not show
a significant change in PI3-Kinase activity (data not shown), PI3-
Kinase activity was increased when cells were treated with
ONO1210.Na and 10 Gy IR (Figure 8A). The level of PI3-Kinase
activity was equal to or better than LiCl (10 mM), and previous
studies have shown that treatment of cells with this compound
results in the activation of PI3-kinase pathway and inhibition of
GSK3 [24]. To further extend this data and correlate the
mechanism with survival data, we conducted similar experiments
using murine bone marrow cells. Murine bone marrow cells were
treated with ONO1210.Na for two hours prior to irradiation and
their level of PI3-kinase activity was then determined. Similar to
the fibroblast cell line, ON01210.Na activates the PI3-K in a dose
dependent manner, with comparable levels of activation to that of
10 mM LiCl. This data strongly suggests that activation of this
survival pathway is an important mechanism in ON01210.Na-
mediated radiation protection.

Discussion

In this communication, we describe the mechanism of action of
ONO1210.Na which acts as a potent radio-protective agent.
ONO01210.Na (EX—RAD®) was identified as a radioprotectant,
using a cell based screening technique, from a series of novel E-

styryl benzones synthesized in our laboratory [5,6]. This
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doi:10.1371/journal.pone.0058355.9g005

compound library contains agents that are potent inducers of cell
death in tumor cells, and several of these compounds were found
to modulate the activity of serine/threonine and tyrosine kinases in
a selective manner [25,26].

Acute Radiation Syndrome (ARS) results from DNA damage
caused by radiation in rapidly dividing cells of the bone marrow
(BM), gastrointestinal tract (GI), skin, and neurological tissue
[3,10-12]. The clinical manifestations of ARS are generally
divided into 4 stages. The prodromal, early stage consisting of GI
symptoms, such as diarrhea, nausea and vomiting can last for
several days. This is followed by a full blown clinical illness period
where symptoms arise due to depletion of the hematopoietic
system, including circulating white and red blood cells, stem cells
of both the bone marrow and of the GI tract. The last stage is
either recovery or death depending on exposure levels. The
hematopoietic syndrome develops at doses between 2-3 Gy,
ranging from mild cytopenias at low doses to complete ablation
of the bone marrow compartment at higher doses. Death is usually
the result of severe immunosupression, leading to sepsis and other
related clinical illnesses. There is an extensive body of literature on
the effects of ionizing radiation, (i.e., gamma rays and neutrons) on
the morbidity and mortality of various animal species. The mouse
whole-body irradiation-survival model is accepted as an appro-
priate small animal species for studies in which several therapeutic
parameters are being investigated and optimized [27]. Protection
from radiation exposure has long been explored for use in both
military and first responder scenarios. Protection against acute
radiation syndrome (ARS) can be approached from three basic
philosophies [27,28] based on the time of treatment relative to
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radiation exposure and clinical signs and symptoms: [l] pro-
phylaxis (pre-exposure), [2] mitigation (pre- to post-exposure, but
before clinical symptoms), [3] treatment (post-exposure, after
manifestation of clinical symptoms). An optimal radioprotectant
would offer several ideal chemical and biological characteristics,
including significant radiation protection/mitigation, low toxicity
profile, high degree of bio-availability, protection of multiple organ
targets (bone marrow, gastrointestinal tract and neurological), long
shelf life, and compatibility with other drugs [12].

ONO01210.Na (EX-RAD®) was selected as our lead compound
for radiation protection because it met many of the characteristics
described above. Most importantly, this compound is soluble in
water providing multiple formulation options for intravenous,
subcutaneous and oral administration of the drug. In this report
we show that ONO01210.Na provides significant dose dependent
radiation protection both In Vitro and In Vivo (Figure 1, Figure 5) by
protecting the hematopoietic system. ON01210.Na, unlike many
of the other compounds in this library, was non-toxic to normal
cells derived from human fetal lung fibroblasts (HFL cells),
HUVECs (Figure 2) and to normal human bone marrow cells
(Figure 4). ON01210.Na has the chemical characteristics necessary
for large-scale production and long-term stability necessary for
administration to a large number of first responders (data not
shown). This compound was also found to be water soluble and
orally bio-available with very favorable pharmacokinetic proper-
ties in multiple routes of administration (data not shown).

In this report, we have examined the radioprotective effect of
ONO1210.Na on hematopoietic progenitor cells, bone marrow
cells and whole blood which were collected from irradiated mice
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Figure 6. ON01210.Na treatment in combination with radiation alters the MAPK signaling pathway. Human Phospho-MAPK antibody
arrays were treated with lysates from HFL-1 cells that were pre-treated with Vehicle (A), 20 uM ONO01210.Na (B), Vehicle plus 10 Gy radiation (C),
20 uM ON01210.Na plus 10 Gy radiation (D). ONO1210.Na treatment in combination with radiation increased the phosphorylation status of proteins
associated with the AKT pathway.

doi:10.1371/journal.pone.0058355.9g006

on consecutive intervals following radiation exposure. Based on exposure, and the total number of colony forming units (CFU) was
the results from prior survival studies (100% protection), initial enumerated. Our results show that ONO01210.Na treatment
studies were carried out by injecting mice with 500 mg/kg of significantly increased the rate of recovery and differentiation of
ONO1210.Na suspension subcutaneously at 24 hours and 15 primitive bone marrow progenitor cells (Figure 3, Table 2). By 18

minutes before exposure to 5.5 Gy of radiation. Bone marrow days, ON01210.Na treated mice had completely normal levels of
samples were harvested on day 4, 7, 12 and 18 days after radiation cells capable of forming differentiated colonies. Under identical
A. B. +IR
- - + + IR (10 Gy) NT 0 20 50 100 ONO1210 [um]
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Figure 7. GSK3B and AKT phosphorylation by ON01210.Na. (A) HFL-1 cells were treated with 20 uM ON01210.Na for 2 hours with or without
exposure to 10 Gy of ionizing radiation. Cell lysates were subjected to western blot analysis using Banti-phospho-GSK3B-specific antibodies (B) HFL-1
cells were treated with increasing concentrations of ON01210.Na for 2 hours and irradiated with 10 Gy of ionizing radiation. Cell lysates were
subjected to western blot analysis using anti-phospho-AKT (Ser473) specific and AKT antibodies. (C) HFL-1 cells were treated with increasing
concentrations of ON01210.Na for 2 hours or 24 hrs and irradiated with 10 Gy ionizing radiation. Cell lysates were subjected to western blot analysis
after 2 hours and 24 hours post radiation using anti-phospho-GSK3B-specific and GSK38 antibodies.

doi:10.1371/journal.pone.0058355.g007
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Figure 8. ON01210.Na increases PI3K activity in HFL-1 cells and
murine bone marrow cells in response to radiation exposure.
Lysates from HFL-1 cells (A) or mouse bone marrow cells (B) were
treated with vehicle, increasing concentrations of ON01210.Na or
10 mM LiCl for 2 hours and then irradiated with 10 Gy ionizing
radiation. Total protein lysates were immunoprecipitated with an anti-
PI3 Kinase polyclonal antibody and IP- kinase assays were performed
using L-o-Phosphatidylinositol as a substrate. The resulting phospho-
lipids were resolved on TLC plates.
doi:10.1371/journal.pone.0058355.g008

conditions, the mice injected with the vehicle alone did not recover
well, with the number of CFUs reaching only 30% of those from
non-irradiated mice. Vehicle treated mice exposed to 5.5 Gy of
radiation had virtually no colony forming units on day 4 post-
radiation exposure and in some experiments, there was complete
inhibition of CFU formation beyond day 7. However, although
there was a significant reduction of CFU numbers in mice that
were treated with ON01210.Na plus radiation, the ON01210.Na
treated mice consistently retained a capability to form differenti-
ated colonies. This suggests that unlike the vehicle irradiated
control mice (treated with vehicle only), ON01210.Na treated
mice had a progenitor cell population that was not completely
depleted by radiation exposure. Lineage specific protection was
studied by identifying and tabulating the progenitors along the
myeloid lineage; granulocytes (CFU-G), macrophages (CFU-M)
and granulocyte-macrophage (CFU-GM), with a slight bias
towards the macrophage lineage. There was also a slight increase
in the macrophage colony number when the mice were injected
with ONO01210.Na without radiation exposure.

In order to determine the optimal schedule of ON01210.Na-
treatment for maximum protection of the bone marrow, we
compared bone marrow protection of mice injected with a single
dose of ON01210.Na at minus 15 minutes or minus 4 hours with
mice injected with the optimal dose (minus 24 hours and minus 15
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minutes. While the most efficient protection of the bone marrow
was found when the mice were injected at minus 24 hours and
minus 15 minutes before radiation exposure (Table 2), a single
injection just before exposure was also very effective in protecting
bone marrow cells and inducing recovery of the bone marrow cells
following radiation exposure. When ON01210.Na was injected as
a single dose at 4 hours before radiation exposure, we observed
protection of bone marrow cells, but the recovery rate was not
significantly increased. These experiments imply that a single
injection just before exposure will protect and increase the
recovery of bone marrow cells after radiation exposure. This
correlates well with the survival studies which showed that a single
injection of ON01210.Na 15 minutes prior to radiation exposure
provided 100% protection.

Because it is not possible to test ability of ON01210.Na to
protect the human hematopoietic system from radiation exposure
the i viwo, we attempted to mimic this scenario by using an i vitro
system that employed normal donor bone marrow samples. These
studies involved plating of freshly harvested human donor bone
marrow samples following radiation exposure with and without
ONO1210.Na treatment. The studies also compared the radiation
protection activity of ON01210.Na to that of amifostine, a free
radical scavenger developed at the Walter Reed Institute in
Washington DC (WR-2721). Cytotoxicity testing of human bone
marrow cells revealed that ONO01210.Na did not inhibit the
growth and differentiation of normal human bone marrow cells.
The 2 hr data (Figure 4A) clearly showed that short-term exposure
to ON01210.Na is non-toxic up to a concentration of 50 uM.
Continuous treatment of cells for 24 hours with high doses of
ONO1210.Na (20 uM) did not reveal any appreciable toxicity
(Fig. 4B) and analysis of the colony forming potential of these cells
showed that ONO1210.Na treated cells differentiated with equal
potential as the vehicle treated controls. Under similar conditions,
a 3 hr. exposure to amifostine was toxic to human bone marrow
cells at concentrations above 2.5 mM (data not shown), and
pretreatment of human bone marrow cells prior to radiation
increased the sensitivity to ionizing radiation if the concentration
was above 0.5 mM (Figure 5C). A 2-fold increase of amifostine
also resulted in a negative impact on survival. ON01210.Na had
a much wider window of efficacy, and even a 10-fold increase in
ONO1210.Na concentration in combination with IR resulted in
a survival benefit (Figure 5A). When we plotted the survival curves
at the optimal concentration for both ONO01210.Na and amifos-
tine (Fig. 5B, 6D), ON01210.Na had a DRF value of 1.6 while
amifostine had a DRF value of 1.5. These data indicate that
ONO01210.Na was as effective at protecting human bone marrow
cells from radiation exposure as amifostine, and exhibited
a superior safety profile at a wide range of concentrations.

Our studies also suggest that ONO01210.Na offers a novel
mechanism for radiation protection involving intracellular signal
transduction, damage sensing, and DNA repair pathways. Our
earlier studies showed that ONO1210.Na treatment reduces the
amount of DNA damage (or enhances DNA repair) caused by
irradiation of cells, as assessed by the “Comet” assay, enabling
more rapid recovery of cells [7]. We have investigated effects on
several cellular damage sensing and signaling pathways important
for response and repair following a cell’s exposure to radiation.
These studies revealed that treatment of cells with ON01210.Na
prior to radiation exposure does not adversely affect the early
cellular responses to radiation exposure, but influences later
signaling events that contribute to reduction in cellular apoptosis
caused by the signaling cascade activated upon exposure to
radiation [7].
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In addition to the observed effects of ON01210.Na on the p53
signaling pathway [7], this report shows that ON01210.Na
activates the PISK/AKT signaling cascade, which is known to
be an important cell survival pathway. Akt, also known as protein
kinase B, plays a central role in the response to many extracellular
and receptor activated signaling cascades that often lead to cell
survival [29]. This anti-apoptotic response is generated through
the activation of PI3-kinase, resulting in the production of 3'-
phosphorylated phosphoinositides causing a recruitment of AK'T
to the membrane where it is activated through phosphorylation
events. One important downstream target of AKT is glycogen
synthase kinase 38 (GSK38). The activated, non-phosphorylated,
form of GSK3B has been shown to promote cell death under
a number of cellular conditions such as neuronal degeneration and
cranial irradiation [20], and is now a promising therapeutic target
[21]. GSK3B also plays a role as a key regulator during
hematopoietic stem cell repopulation [30] through regulation of
several key pathways including Wnt [31] Hedgehog [32] and
Notch [33]. It has recently been shown that GSK38 inhibitors act
directly on primitive cells (Lin~ c-Kit"Scal ™ cells) by increasing
their proliferation rate leading to enhanced CFU output [370.
These studies suggest that @ vwo administration of GSKB
inhibitors would enhance long-term function of hematopoietic
stem cells. It is therefore not surprising that the same outcome
results from ONO1210.Na treatment of cells subjected to
irradiation. In addition, recent studies show that AK'T regulates
the level of reactive oxygen species (ROS) to maintain the function
of the long-term hematopoietic stem cells [34], which could
further enhance the bone marrow protective properties of
ONO1210.Na.

We have previously reported that treatment of cells with
ONO01210.Na followed by radiation results in the down-regulation
of the steady state levels of p53, p21, Bax and c-abl proteins [7].
The combination of p53 down-regulation (pro-apoptotic) and up-
regulation of the Akt pathway (pro-survival) mediated by
ONO1210.Na presumably leads to increased survival and
repopulation of the hematopoietic and endothelial cells [35,36).
ONO1210.Na has completed a phase I clinical trial of normal
human subjects to evaluate the safety, tolerability and pharmaco-
kinetic profiles of ON01210.Na These studies have confirmed the
safety profile of ON01210.Na in human subjects (data not shown).
ONO01210.Na formulated as a solution is now being tested for post
radiation mitigation as well as for oral dosing for both pre- and
post-radiation exposure scenarios. These clinical studies are likely
to reveal the best way to utilize ONO1210.Na to protect human
subjects from radiation injury.

Materials and Methods

Compounds

ONO1210.Na ((E)-4-carboxystyryl-4-chlorobenzylsulfone, sodi-
um salt) (CsH;9CINaO,S, molecular weight of 358.79) is under
development by Onconova Therapeutics, Inc. (Newtown, NJ) as
a radioprotectant. The stock free acid (ON01210) was synthesized
by Chem Pacific (Batch # CHP-0219021) and was used to
synthesize the sodium salt (ON01210.Na batch #ON062604-
1210.Na). The free acid was dissolved in DMSO and the
ONO01210.Na was prepared immediately before each experiment
by dissolving in sterile ddH,O (Millipore). Amifostine, clinical
sample 17315-7253-3, (Alza/US Bioscience) was a gift from Dr.
Alan Alfieri, Albert Einstein Medical Center, NY.
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Cell Culture

HFL-1 cells were purchased from ATCC and grown in DMEM
supplemented with 10% FBS (Cellgeneration, CO) and Pen-Strep
solution and tested following two passages in culture. HUVECs
were purchased from Cambrex/Clonetics and cultured in
endothelial growth medium according to instructions provided
by the supplier. Compound screening was performed by plating
3000 HFL-1 cells per well per ml in 24 well dishes. The cells were
then treated with various concentrations of each compound (2.5—
10 uM) for 24 hours. The plates were then irradiated with 10 Gy,
cells were washed and plates were incubated for 96 hours. After
the 96 hours, each well was trypsinized and replated into 100 mm?
dishes 96 hours later. Plates were stained and colonies were
enumerated 3 weeks later. For cell counts, the cells were plated
into 6 well dishes at a cell density of 1.0x10° cells/ml/well and
ONO01210.Na was added 24 hours later at various concentrations.
Cell counts were determined after 96 hours of treatment. The total
number of viable cells was determined using trypan blue exclusion.

Flow Cytometric Analysis

HFL-1 cells (1x10° cells per 100 mm?) were treated with
various concentrations of ON01210 (1.0-50 uM) or an equal
volume of DMSO. The cells were harvested at 24 hrs post-
treatment, washed phosphate buffered saline, and subsequently
fixed in ice cold 70% ethanol. The fixed samples were then
prepared for FACS analysis by first washing the ethanol treated
cells in PBS, followed by staining in a solution containing 100 ug/
ml propidium iodide/ 0.5 mg/ml RNase A at 37°C. The data for
flow cytometry were acquired on a FACScan, (BD Biosciences,
San Jose, CA. USA), equipped with a 488 nm Argon laser which
excites PI. At least 10 thousand cells were collected. The cell cycle
profiles were analyzed and calculated by using the CELLQUEST
/ MODIFIT LT Software (Verity Soft ware House, Topsham,
ME).

Murine Hematopoietic Radiation Protection Studies

ONO1210.Na formulated in a potassium-phosphate buffer
(pH 7.6) was injected into Female C3H/HE] mice at 7 weeks of
age with an average weight of 25 grams at a dose of 500 mg/kg
(12.5 mg (0.25 ml) of ON01210.Na as a suspension). The mice
were injected subcutaneously with freshly prepared ON01210.Na
or equal volume of vehicle into the back between the shoulder
blades using a 23 or 27-1/2 gauge needle, respectively.

For the irradiation studies, mice were irradiated at 5.5 Gy for
3.67 minutes at 150.8 rads/min or 149.0 rads/min, study 1 and
study 2, respectively, using a Shepherd Mark I irradiator with
a 137-Cesium source using a glass container while rotating at
position 2. Groups of 56 mice were irradiated at a time with no
anesthesia. At the indicated times, mice were euthanized and
whole blood was collected using cardiac puncture and collected
mto heparinized tubes for white blood cell counts. An aliquot
(0.2 ml) of blood was added to 15 ml centrifuge tubes containing
10 ml of ammonium chloride (StemCell Technolgies, Vancouver,
British Columbia) to lyse the red blood cells. White blood cell
counts performed by combining 10 pl of cell suspension with 90 pl
of methylene blue/acidic acid solution and the number of white
blood cells counted using using a hemacytometer.

For studies using murine bone marrow, fresh bone marrow was
isolated from the femurs and tibias of mice and 1.0x10” cells were
plated in a 60 mm dish containing MethoCult™ GF M3534
(StemCell Technologies, Vancouver, British Columbia, Cat
#03534, for CFU-GM only), which has been formulated to
support optimal growth of mouse granulocyte and macrophage
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progenitors. Statistical analysis was performed using two array
Students t-test.

In Vitro Protection of Human Bone Marrow Cells

Human bone marrow was obtained from a commercial source
(Lonza, MD) and collected from healthy human volunteers after
signed consent following all IRB guidelines. Three independent
samples of human bone marrow cells were used for three series of
studies. Cells were processed for assay by first lysing contaminating
red blood cells. The remaining bone marrow cells were counted
and treated (1.0x10%) with vehicle or increasing concentrations of
test material (ONO1210.Na or amifostine) for various periods of
time. Following treatments, cells were cultured directly (cytotox-
icity testing), or exposed to varying doses of IR before being
cultured (radiation protection testing). For cytotoxicity assays, cells
(1.0x10° cells/ml HPGM) were treated with various concentra-
tions of ONO01210.Na or vehicle without radiation treatment for 2
or 24 hours. The cells were washed and plated into methocult
(StemCell Technologies, Vancouver, British Columbia, Cat
#H4434, for CFU-GM expansion) using gridded dishes. The
total number of colony forming units (CFUs) was determined 14
days post-plating by microscopic observation using an Olympus
IMT-2 microscope. For the radiation protection assay, the purified
human bone marrow cells (1.0x10° cells/ml were treated with
various concentrations of ON01210.Na or Amifostine for 2-3
hours at 37°C in HPGM (Lonza, MD cat# PT-3926). The cells
were then irradiated at 2 Gy, 3 Gy or 4 Gy using a Shepherd
Mark I irradiator with a '*’Cesium source at a dose rate of 265.17
rads/min, returned to the incubator for 1 hour and then plated
onto methocult. After a 14-day incubation period, the number of
colony forming units was determined.

Antibody Array-based Screening

Exponentially growing HFL-1 cells were treated with 20 uM
ONO01210.Na for 2 hours and exposed to 10 Gy IR with '*’Cs.
After a 4 hour period, the cells were harvested, washed in PBS and
solubilized at 1x107 cells/ml in the lysis buffer supplied by the
manufacturer (R&D Systems Inc., Minneapolis, MN, USA). The
cells were lysed at 4°C for 30 minutes, clarified and 200 ug of
clarified protein lysate in a volume of 250 pl was used for the
Proteome Profiler'™™ Array Human Phospho-MAPK Array Cat
#: ARY002) according to the protocol supplied by the manufac-
turer.

Western Blotting

Exponentially growing HFL-1 cells were treated with as
indicated and exposed to 10 Gy IR. These cells were harvested,
washed in PBS and lysed using RIPA buffer (1% NP40 NP 40,
0.5% Na-Deoxycholate, 50 mM Sodium Fluoride, 0.1% SDS,
2mM EDTA, 1 mM PMSF, 2 ug/ml Leupeptin, 4 pug/ml
aprotinin, 1 mM Benzamidine, 200 mM NagVO,, 0.1% 8-
mercaptoethanol). The samples were resolved on an 10% SDS-
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acrylamide gel, transferred to nitrocellulose and subjected to
western blot analy%is. All membranes were blocked with blocking
solution (LI-COR", Odyssey Infrared Imaging System #927-
40000) and probed overnight with primary antibodies as indicated.
The membranes then washed , probed with the appropriate
labeled secondary antibodies (LI-COR, Linc@oln, NB) aéld washed
again prior to analysis using a LI-COR~ Odyssey Infrared
Imaging System. The following antibodies were used for the
immunoblotting experiments: AKT (Cell Signaling Technology
#9272), phospho-AKT (Ser473) (Cell Signaling Technology
#9271), GSK-3B (1F7) (Santa Cruz Biotechnology Inc. SC-
S3931), and phspho-GSK-36(Ser9) (Cell Signaling Technology
#9336).

PI3-Kinase Assay

PI3-kinase assays were performed using exponentially growing
HFL-1 or freshly harvested murine bone marrow cells that were
treated with increasing concentrations of ON01210.Na for 2 hours
and then irradiated with 10 Gy IR. These cells were then returned
to the incubator for 2 to 24 hours and lysed in HEPES pH 7.5 lysis
buffer. PI-3K was immunoprecipitated using an anti-PI3 Kinas
polyclonal antibody (Cell Signaling Technology #4249) for 2
hours at 4°C. Protein A/G PLUS-Agarose (Santa Cruz Bio-
technologies SC-2003) was incubated with immunoprecipitates for
8-16 hours at 4°C and the resulting immunoprecipitates washed
with twice HEPES pH 7.5 lysis buffer and once with the kinase
buffer (20 mM Tris pH 7.5, 1 mM EGTA, 10 mM MgCl2, 2 mM
DTT, 0.01% NP-40). L-o-Phosphatidylinositol (12.5 mM) and
ATP (10 uM) were added to the kinase buffer (60 pl per sample)
and incubated at 30°C for 30 minutes. The reaction was stopped
by addition of 100 ul of 1 N HCI and extracted by addition of
200 ul CHCI3/CH3OH (1:1). The extracted samples were
vortexed, centrifuged and the lower organic phases containing
phospholipids were dried at 27°C for 2 hours. The dried samples
were resuspended in 10 pul of PI-4-P standard (0.5 ml CHCIS3,
0.5 ml CH30H, 2.5 ul HCI) and spotted on TLC plates (VWR).
The spotted plate was subjected to thin layer chromatography in
CHCI3/CH30OH/NH4OH (40:40:15). The TLC plate was dried
and subjected to autoradiography.
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