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ABSTRACT
Alpha-particle-emitting elements are of increasing importance as

environmental and occupational carcinogens, toxic components of

radiation dispersal devices and accidents, and potent therapeutics in

oncology. Alpha particle radiation differs from radiations of lower

linear energy transfer in that it predominantly damages DNA via direct

action. Because of this, radical scavengers effective for other radia-

tions have had only limited effect in mitigating alpha particle toxicity.

We describe here a simple assay and a pilot screen of 3,119 com-

pounds in a high-throughput screen (HTS), using the alpha-particle-

emitting isotope, 225Ac, for the discovery of compounds that might

protect mammalian cells from alpha particles through novel mecha-

nisms. The assay, which monitored the viability of a myeloid leukemic

cell line upon alpha particle exposure, was robust and reproducible,

yielding a Z’ factor of 0.66 and a signal-to-noise ratio of nearly 10 to

1. Surprisingly, 1 compound emerged from this screen, epoxy-4,5-a-

dihydroxysantonin (EDHS), that showed considerable protective ac-

tivity. While the value of EDHS remains to be determined, its discovery

is a proof of concept and validation of the utility of this HTS meth-

odology. Further application of the described assay could yield com-

pounds useful in minimizing the toxicity and carcinogenesis associated

with alpha particle exposure.

INTRODUCTION

A
lpha particles are a form of extremely potent, short-ranged

(50–80 mm in aqueous), and highly energetic (5–8 MeV)

radiation capable of inducing gross chromosomal changes

and killing individual cells.1 Depositing a large amount of

its energy over such a short range, or high linear energy transfer

(LET), distinguishes alpha emissions from the more common, low

LET, gamma and beta radiations. It is precisely these properties that

make alpha particle emitters highly lethal toxins, carcinogens, and,

when targeted properly, potent therapeutic agents.

Targeted alpha-particle-emitting nuclides have shown great

promise in a number of neoplastic disease models2,3 and are currently

in human clinical trials for leukemia,4 ovarian cancer,5 gliomas,6 and

bone metastases from refractory disease.7 Alpha emitters are >100

times as potent as traditional radiopharmaceuticals in current clinical

use.1 The therapeutic window for such agents is limited in part by the

extent of alpha-particle-mediated damage to normal tissues through

nonspecific targeting, tissue diffusion, or through the course of

metabolism and clearance.

In contrast to the therapeutic potential of alpha-emitting nuclides,
210Po was recently used in a highly publicized poisoning case in only

sub-microgram quantities, which led to acute radiation sickness and

death.8 Additionally, alpha-emitting isotopes have gained notoriety

for their potential use by terrorists in radiation dispersal devices,

commonly known as ‘‘dirty bombs,’’ where alpha particle emitters

could enter the body following a conventional explosion.9

A far more common source of alpha particle exposure is 222Rn,

which is found in appreciable concentrations in ground water, soil,

and air, and can pose significant carcinogenic hazards when

solid, charged alpha-emitting daughters adhere to sensitive mucosal

epithelium. 222Radon and its progeny are responsible for 50% of

ABBREVIATIONS: AB, Alamar Blue; ABC, ATP-binding cassette; DMSO, dimethylsulfoxide; DSB, double-strand break; EDHS, epoxy-4,5-a-dihydroxysantonin; HTS, high-

throughput screen; LET, linear energy transfer; p-gp, p-glycoprotein; RFU, relative fluorescent unit; RPMI, Roswell Park Memorial Institute; SDS, sodium dodecyl sulfate.
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environmental radiation exposure.10 The increased risk of lung

cancer from industrial exposure to alpha particles such as in ura-

nium, iron, and tin mines has been known for a number of years,11–13

and definitive evidence linking lung cancer with even moderate

household exposure to 222Ra has been reported.14 222Radon is esti-

mated to be the second leading cause of lung cancer in the United

States behind cigarette smoke, and the number one cause in non-

smokers,15 underscoring the carcinogenicity of internalized alpha

particle emitters.

Compounds that protect tissues from gamma radiation have been

identified and characterized, dating back to the 1950s16,17 and share

common chemical characteristics of radical scavenging and hydro-

gen donation. While these compounds can be highly effective for

low-LET radiations, they offer only limited protection from alpha

particle radiation.18,19 This evidence has led to the widely held as-

sumption that alpha particle direct action is not easily mitigated

pharmacologically,19 perhaps casting doubt on the potential for

successful alternative strategies of protection. The lack of available

cytoprotective compounds for alpha particles may be compounded

by the scarcity and expense of appropriate alpha-emitting reagents

and devices, which has ostensibly limited their study. In spite of these

shortcomings, recent evidence has identified other pathways that

might be important to radiation protection that do not necessarily

involve free radical metabolism, and suggests a more biologically

complex mechanism for cellular protection20,21 that might be

exploited pharmacologically.

Further evidence that there are mitigable factors in alpha particle

toxicity are observations suggesting that DNA double-strand breaks

(DSBs) incurred by cells exposed to alpha particles can be partially

repaired at high doses,22 and at lower, therapeutically relevant doses,

these DSBs are nearly eliminated.23 Moreover, radiosensitivities be-

tween mammalian cell types can range widely (Do¼ 0.34–1.16 Gy),

and can have probabilities of surviving a single alpha particle tra-

versal of >90%,24 phenomena not sufficiently explained by differ-

ences in radical scavenging potential. Consistent with these data, we

have recently found that cells selected for resistance to the vinca

alkaloid chemotherapeutic, vincristine, are relatively cross-resistant

to alpha radiation, suggesting a biological mechanism of resistance.

It follows that with the high-throughput screen (HTS) assay described

in this report, we could potentially identify pharmacologic agents

that can recapitulate this resistance in sensitive cells.

The goal of this report is to introduce an assay to identify small

molecules that protect cells from alpha radiation. Identification of one

or more such compounds could have a significant impact on the lethal

effects of radiation dispersal devices and environmental exposure,

enhancing current alpha particle radiotherapies, and, importantly,

elucidating biologic mechanisms of alpha-particle-induced muta-

genesis and carcinogenesis. As a proof of concept, we developed a

novel assay to screen a library of 3,119 compounds against alpha-

irradiated cells, monitoring for protection of cell viability. We vali-

dated potential protective hits through full titrations across 2 viability

assays and demonstrated reproducibility of screen results. One com-

pound, epoxy-4,5-a-dihydroxysantonin (EDHS), showed significant

protective activity up to 48 h within the context of these assays,

validating this HTS methodology as a useful tool in the exploration of

molecules that might protect cells from alpha particle cytotoxicity.

MATERIALS AND METHODS
Reagents

Sodium dodecyl sulfate (SDS), dimethylsulfoxide (DMSO), phos-

phate-buffered saline (PBS), staurosporine, and cell culture additives

were purchased from Sigma-Aldrich.

Cell Culture
HL60 was obtained from the American Type Culture Collection,

and further confirmed by phenotype, CD33 surface expression, and

karyotype with G-band analysis. The resistant cell line, RVþ was a

generous gift from Dr. Melvin S. Center, who developed the cell

line,25 and were provided by Dr. Ellin Berman (Memorial Sloan-

Kettering Cancer Center, New York, NY); these were confirmed as

described with HL60 with detection of p-glycoprotein surface ex-

pression by flow cytometry. Cells were maintained at densities be-

tween 105 mL�1 and 106 mL�1, in complete Roswell Park Memorial

Institute (RPMI) medium (containing 10% fetal bovine serum, 10 mM

hydroxyethyl-piperazine ethane sulfonic acid (HEPES), nonessential

amino acids, penicillin, and streptomycin) at 378C, with 5% CO2. Al-

though phenotypic stability has been demonstrated out to 6 months,

RVþ were selected in the presence of 250 ng/mL vincristine (Oncov-

in�; Eli Lilly) over 4 passages and then stored in liquid N2. Cultures

were discarded every 3 months and replaced with freshly thawed RVþ.

Thawed RVþwere reselected with 250 ng/mL vincristine to ensure that

there was no phenotypic reversion to HL60. All assays were performed

at least 3 passages following vincristine treatment.

225Ac Preparation
As described previously,26 5 mCi of dried 225Ac(NO3)3 (Oak Ridge

National Laboratories) was reconstituted in 100 mL of 0.2 N HCl. After

6 h of nuclide equilibration, isotope quantity was measured using a

CRC�-25 (Capintec, Inc.) dose calibrator. A bolus was transferred to

complete RPMI to desired activity/mL (2 · final concentration) and

confirmed after 6-h equilibration in dose calibrator and Packard Cobra

II gamma counter (PerkinElmer) corrected for 213Bi gamma emissions.

Alpha Particle HTS Assay
HL60 in exponential growth phase were washed and resuspended

in complete RPMI to a density of 7 · 104/mL (2 · final density). An
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equivalent volume of complete RPMI containing 300 nCi/mL
225Ac(NO3)3 was combined with cell suspension for a final density of

3.5 · 104/mL and final activity concentration of 150nCi/mL, equiva-

lent to 11.4 pM 225Acþ3. Next, HL60 225Ac cell suspensions were

dispensed into 384-well assay plates (Corning, Inc.) containing com-

pounds at a cell seeding density of 1,200 cells per well in 35mL using

the Flexdrop� IV (PerkinElmer). For prevalidation, the assay was run

with three 384-well high control plates containing 1% DMSO (v/v) and

three 384-well low control plates containing 25mM staurosporine with

0.1% SDS (v/v) in 1% DMSO (v/v). Staurosporine, a broad and potent

kinase inhibitor, is added to cells in combination with 0.1% SDS, to

ensure maximum cell penetration of stauosporine, disruption of

membrane function, and dispersion of protein-protein interactions,

essentially killing all cells, as a model of maximum cytotoxicity. For

the validation screen, compounds were prearrayed at 5mL into 384-

well screen plates using the PP-384-M Personal Pipettor (Apricot

Designs) for a final testing concentration of 10mM in 1% DMSO (v/v).

In addition, each 384-well screen plate carries high control wells

containing 1% DMSO (v/v) and low control wells containing 25mM

staurosporine with 0.1% SDS (v/v) in 1% DMSO (v/v). Plates were

incubated at 378C, 5% CO2, for 24h. At 24-h posttreatment, 5mL of

Alamar Blue (AB) reagent, a redox indicator that fluoresces in the

presence of metabolically active cells,27 was added to the cells with the

Flexdrop and further incubated for 24h. The resulting AB fluorescence

intensity was read on the LEADseeker� Multimodality Imaging Sys-

tem (GE Healthcare), excitation, 570 nm, and emission, 585 nm.

Confirmatory and Optimization Assays
AB assays were performed exactly as described above with select

compounds, with the exception that compounds were titrated before

the assay by 2-fold serial dilutions in DMSO and distributed by PP-

384-M Personal Pipettor (Apricot Designs), including a DMSO vehicle

control, and read on the LEADseeker as above. When analogous as-

says were performed in a 384-well format for assay optimization with

increasing amounts of 225Ac, 5-fold serial dilutions at of isotope

(2 · final concentration) were performed manually within sterile

conical tubes containing a complete culture medium. Manual mul-

tichannel pipettor was used to dispense 20 mL of isotope dilutions to

all wells. Cells suspended in a fresh complete culture medium at

7 · 104/mL (2 · final density) containing either 2% DMSO (v/v)

(2 · final concentration) or the complete medium only were added to

isotope dilutions at an equal volume. Similar to above assays, 5 mL of

AB reagent was added by manual multichannel pipettor to each well

after a 24-h incubation at 378C. After an additional 24 h, plates were

read for fluorescence on a Spectramax M2 (Molecular Devices), ex-

citation, 570 nm, and emission, 585 nm.

Similarly, for the ATP-Lite viability assay, HL60 or RVþ cells were

adjusted to a density of 7 · 104/mL (2 · final density) and combined

with an equivalent volume of 300 nCi/mL 225Ac. Ninety microliters of

cell-radionuclide mixture was added to opaque 96-well plates pre-

seeded with 10 mL of titrated compound in DMSO, or DMSO vehicle

alone. After 24-h incubation at 378C, 5% CO2, according to manu-

facturer’s instruction, 50 mL of ATP-Lite� (PerkinElmer) lysis buffer

was added to each well. Plates were then placed on an orbital shaker

at 700 rpm for 5 min at room temperature. Subsequently, 50 mL of

ATP-Lite luciferase buffer reagent was added, and promptly read on a

Topcount� chemiluminescence plate reader (PerkinElmer), 1 s/well.

Chemical Compound Libraries for the Validation Screen
The library used for the pilot screen combines 3,119 chemicals

obtained commercially from Prestwick and MicroSource. The Pre-

stwick Chemical Library is a unique collection of 1,119 high-purity

chemical compounds, all off patent and carefully selected for struc-

tural diversity and broad spectrum, covering several therapeutic areas

from neuropsychiatry to cardiology, immunology, rheumatology, and

anesthesia, with known safety and bioavailability in humans. The li-

brary contains 90% of marketed drugs and 10% bioactive alkaloids or

related substances. The MicroSource Library contains 2,000 biologi-

cally active and structurally diverse compounds from known drugs,

experimental bioactives, and pure natural products. The library in-

cludes a reference collection of 160 synthetic and natural toxic sub-

stances (inhibitors of DNA/RNA synthesis, protein synthesis, cellular

respiration, and membrane integrity), a collection of 80 compounds

representing classical and experimental pesticides, herbicides, and

endocrine disruptors, and a unique collection of 720 natural products

and their derivatives. The collection includes simple and complex

oxygen heterocycles, alkaloids, sesquiterpenes, diterpenes, pentacyclic

triterpenes, sterols, and many other diverse representatives. The

screening compounds were stored in 384-well microtiter plates as

10mM stock solutions in 100% DMSO (v/v) in dedicated Biophile

freezers at �208C and constantly purged with nitrogen to avoid any

condensation leading to ice buildup. From these master plates

daughter plates were made as 1 mM in 100% DMSO (v/v), from which

intermediate plates were made as 0.1 mM in 10% DMSO (v/v). Im-

mediately before the assay, assay plates were made from the inter-

mediate plates as described in the above section. Once the screen was

completed, fresh material was purchased from the appropriate vendors

and used for confirmatory assays at which point we systematically

perform liquid chromatography/mass spectrometry (LC/MS) on each

compound purchased, and confirmed its identity and chemical in-

tegrity.

Liquid Dispensing Systems, Automation System,
and Screening Data Management

The assay was performed on a fully automated linear track ro-

botic platform (CRS F3 Robot System; Thermo CRS) using several
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integrated peripherals for plate handling, cell incubators, liquid

dispensing, and detection systems. Compounds were plated using a

custom-designed 384 head on a PP-384-M Personal Pipettor (Apricot

Designs). The addition of cell suspensions and the AB (Biosource)

reagent addition was performed using the FlexDrop as described

before.28 Screening data files were obtained from the automated

LEADseeker Multimodality Imaging System (GE Healthcare) for the

AB viability assay. The obtained screening data files were subse-

quently loaded into the HTS Core Screening Data Management

System, a custom-built suite of modules for compound registration,

plating, and data management, powered by ChemAxon Cheminfor-

matic tools (ChemAxon). Chemical screening data were loaded into

ORIS ChemScan and further analyzed. The summary of the identified

positives was exported as chemical structure data files for further

analysis and reporting.

Nuclide Accumulation
HL60 or RVþ cell cultures at a density of 5 · 105/mL were incu-

bated with 150 nCi/mL 225Ac in the culture medium at 378C up to

24 h. At prescribed time points, aliquots were removed and quickly

centrifuged at 400 g, 48C, and washed 4 times with cold PBS. After

final spin, supernatant was aspirated as close to the pellet as possible

without disturbance before counting daughter 213Bi gamma emis-

sions between 185 and 480 keV.

Statistical Analysis
The Z¢ factor was used to assess assay performance for the small

molecule drug screen, calculated as described previously.29 Dose–

response curve fitting for assay optimization and EC50 calculation

was accomplished by using nonlinear regression, sigmoidal dose–

response model, using Prism (GraphPad Software, Inc.). One-way

ANOVA and Bonferroni’s multiple comparison posttests were em-
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Fig. 1. Assay optimization and prevalidation. (A) HL60 cell density
was titrated from 19,200 cells/well (circle) (EC50¼ 2201 nCi/mL,
95% CI 1,114–4,347 nCi/mL); 9600 cells/well (diamond) (EC50

1,130 nCi/mL, 95% CI 903.5–1,413 nCi/mL); 4,800 cells/well (in-
verted triangle) (EC50¼ 573.5 nCi/mL, 95% CI 469.1–701.2 nCi/mL);
2400 cells/well (triangle) (EC50¼ 392.7 nCi/mL, 95% CI 331.6–
465.1 nCi/mL); and 1,200 cells/well (square) (EC50¼ 252.2 nCi/mL,
95% CI 214.3–371.5 nCi/mL) in the presence of increasing amounts
of 225Ac to determine optimal Alamar Blue conditions at 48 h. (B)
Dimethylsulfoxide (DMSO) at 1% final concentration (v/v) (dia-
mond) (EC50¼ 166.8 nCi/mL, 95% CI 82.2–338.5 nCi/mL) had no
discernable effect on HL60 225Ac toxicity compared to the normal
culture medium (square) (EC50¼ 275.8 nCi/mL, 95% CI 165.9–
458.4 nCi/mL) at 48 h. (C) Prevalidation results of HL60 re-
presenting triplicate 384-well plates. Untreated cells containing
only 1% DMSO (v/v) served as positive controls ( pc), and com-
pared to high controls (hc) containing EC50

225Ac (150 nCi/mL), and
low controls (lc) containing 25 mM staurosporine in 0.1% sodium
dodecyl sulfate. In all panels, data presented are the mean value
(n� 3), and error bars indicate – standard error of the mean
(SEM). EC50 values were determined by nonlinear regression curve
fitting, sigmoidal dose–response model, using GraphPad Prism
software.
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ployed using Prism software to determine statistical significance of

radioprotection where indicated.

RESULTS
Assay Optimization

Preliminary results indicated that for maximum AB signal output,

HL60 must be incubated with AB reagent for 24 h (data not shown).

No additional signal was gained by increased AB incubation time. To

eliminate potential confounding results with AB redox and fluores-

cence output, 24 h was allowed for experimental agents to act before

cell viability was assayed for an additional 24 h. Thus, optimal cell

density and alpha particle toxicity EC50 concentrations were deter-

mined by titrating cell number against increasing concentrations of

the alpha-emitting isotope, 225Ac, in 384-well plates, by incubating

for 24 h with isotope, and then adding AB reagent before reading

fluorescence at 48 h at 5:5 nm. At>9,600 cells per well, there is clear

saturation of fluorescence, likely due to the limits of AB fluorescence

linearity (Fig. 1A). Below 1,200 cells per well was expectedly sub-

optimal, as we observed a precipitous baseline drop in cell viability in

the absence of isotope. To minimize the potential for assay saturation,

to limit the amount of isotope used in the assay on a larger scale, and

to maximize signal-to-noise ratio, we fixed the assay conditions at

1,200 cells per well for all subsequent experiments. By using a one-

site inhibition model of nonlinear regression, we calculated an EC50

concentration of 225Ac under these conditions to be approximately

150 nCi/mL, and used this concentration thereafter for assays

(Fig. 1B). Upon equilibration of 225Ac decay products, stable 209Bi

will be equal to the amount of 225Ac decayed. Over the length of the

assay, this is maximally 1.47 pM (0.331 fg/mL) 209Bi, given the

10-day half-life of 225Ac. Reports have shown that other heavy

metals are cytotoxic in the mg/mL range for this time frame,30 6 to 9

orders of magnitude more than what is present in our assay. There-

fore, the nonradioactive effects of 209Bi are likely irrelevant.

Compound library stocks were formulated in 10% DMSO (v/v) at

100 mM, to be added at 10% of final assay volume for a 10 mM

compound concentration in 1% DMSO (v/v). Because HL60 are

known to be sensitive to terminal differentiation even at low con-

centrations of DMSO,31 we assayed for viability at 1% DMSO (v/v) in

Table 1. Actinium-Based High-Throughput Screen Assay Protocol

Step Parameter Value Description

1 Library compounds 5 mL 100mM in 10% DMSO

2 Low control compounds 5 mL 250mM in 10% DMSO, 1% sodium dodecyl sulfate

3 High control 5 mL 10% DMSO alone

4 Positive control 40mL 1,200 HL60 cells in complete RPMI containing 1% DMSO

5 Plate cell–radioactivity mixture 35mL 1,200 HL60 cells in complete RPMI containing 150 nCi/mL225Ac

6 Incubation time 24 h 378C, 5% CO2

7 Viability reagent 5 mL Alamar Blue (resazurin)

8 Incubation time 24 h 378C, 5% CO2

9 Assay readout 570 nm exc and 585 nm em LEADseeker Multimodality Imaging System

Step Notes

1. Dispensing on the PP-384-M Personal Pipettor using a custom 384 head.
2. Dispensing on the PP-384-M Personal Pipettor using a custom pin tool head.
3. Dispensing on the PP-384-M Personal Pipettor using a custom pin tool head.
4. Cells prepared in media and dispensing performed with Flexdrop IV.
5. Radioactivity and cells are prepared at 2· final and combined 1:1 immediately before dispensing with Flexdrop IV.
6. 384-well assay plates stored in the Stericult, an automated temperature-controlled incubator.
7. Dispensing with Flexdrop IV.
8. 384-well assay plates stored in the Stericult, an automated temperature-controlled incubator.
9. Readout performed on a fully automated linear track platform with CRS F3 robot.
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the presence of increasing amounts of 225Ac under HTS conditions.

Compared to wells that contained no DMSO, 1% DMSO (v/v) had no

significant effect on alpha particle toxicity (Fig. 1B).

Prevalidation
Prevalidation was used to determine the functionality, range, and

robustness of the assay, indicated by the Z¢ factor value from the

collated data. In triplicate, 384-well plates containing 1% DMSO (v/v)

alone (positive control, Fig. 1C); 150 nCi/mL 225Ac with 1% DMSO

(v/v) (high control, Fig. 1C); or 150 nCi/mL 225Ac and 25 mM staur-

osporine in 0.1% SDS (w/v) (low control, Fig. 1C) were incubated for a

total of 48 h as in the optimization assay. The raw AB fluorescence

signal means and standard deviations (positive control mean

29,428.08 – 1,810.28 relative fluorescent units (RFUs); high control

mean 17,585.02 – 1,452.35 RFUs; and low control mean 2,925.41 –
230.82 RFUs) were used to calculate Z¢ and signal-to-noise ratio for

the assay. This assay yielded a Z¢ factor of 0.66, a signal-to-noise ratio

of nearly 10 to 1, along with an EC50 for alpha particle toxicity that

was within the predictable limits established during optimization

(Fig. 1C). The resulting optimized assay conditions are depicted step

by step in Table 1.

Validation Assay and Compound Selection
Internal high and low controls of the validation assay, analogous

to conditions for prevalidation, were acceptable, yielding consecu-

tive Z¢ factors of 0.68 and 0.63, respectively, with a signal-to-noise

ratio of approximately 5 to 1 compared to wells containing EC50

concentrations of 225Ac (Fig. 2A, B, respectively). The validation run

involved screening 3,119 compounds in duplicate assay plates, run

successively, where compounds were assayed at a single concen-

tration of 10 mM, in the presence or absence of an EC50
225Ac

(150 nCi/mL). Percent compound inhibition was calculated using
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Fig. 2. High-throughput assay results. Collated internal high (hc, open circle) and low (lc, triangle) control data from successive (A and B)
validation runs with LEADseeker� Multimodality Imaging System. (C) Duplicate results from same assays for 3,119 validation compounds
were plotted on opposite axes as indicated, expressed as percent inhibition of growth. Protective compounds are in the lower left quadrant,
toxic compounds are in the upper right quadrant, and compounds with no effect are at the center. Protective compounds were selected
from the indicated circular region, and epoxy-4,5-a-dihydroxysantonin was found to be the most protective compound (arrow).
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Table 2. Summary of 13 Protective Compounds That Were Selected in the Validation Run

Chemical Compound Chemical Compound Chemical Compound

HL60 w
Ac-225a

HL60 
aloneb

HL60 w
Ac-225a

HL60 
aloneb

HL60 w
Ac-225a

HL60 
aloneb

Lanatoside C Naphazoline hydrochloride

-76 34 -110 -35 14 -49 -44 2 -47

Enoxolone

Gangleoidin acetate

-65 72 -137

-11 25 -37

Quercetin

-34 2 -37

Cuneatin methyl ether

Chlorogenic acid

Flumethazone pivalate -24 1 -25

-16 3 -18

-16 20 -36

Formononetin

-25 6 -31

Rotenone

-40 1 -41

30 54 -24

Aconitine

-26 -1 -25

Nerol

-9 16 -25
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Negative percentages indicate a protective compound, whereas positive percentages are the toxicity displayed in the absence of 225Ac located in the lower left quadrant

of the scatter plot depicted in Figure 2C.
aMean HL60 inhibition score (% inhibition) in the presence of 150 nCi/mL 225Ac.
bMean HL60 inhibition score in the absence of radioactivity from previous assays.
cThe difference between the values in the first two columns (DHL60).

DMSO, dimethylsulfoxide; RPMI, Roswell Park Memorial Institute.
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RFUs for each well and plotted on opposing axes to determine re-

producibility (Fig. 2C). The selection process was based on comparing

cellular responses to alpha particle radiation with regard to the re-

sponse in the absence of radiation (Table 2). Selection of protective

compounds in the presence of the alpha-emitter 225Ac was im-

plemented via 3 basic criteria: (1) reasonable correlation between

consecutive replicates, defined by a coefficient of variance of>50%,

(2) a difference in HL60 viability between irradiated and nonirradi-

ated samples �25%, where the compound must display at least an

absolute 8% increase in viability in the presence of 225Ac, and (3)

display no mitogenic effect in the absence of 225Ac that exceeds the

radioprotective effect.

Thirteen compounds were selected based on these criteria (sum-

marized in Table 2) that were titrated under similar conditions to

confirm screen results and to determine a dose response (Fig. 3). Out

of these 13 compounds, only EDHS could be confirmed as having a

protective effect over a range of doses (Fig. 4A), which was subse-

quently confirmed in a 24-h ATP-based viability assay (Fig. 4B).

Although toxicity is minimal up to 12.5 mM, viability is slightly di-

minished at this concentration in the absence of alpha particle ex-

posure, suggesting that the protective effects might be partially

masked by an unrelated toxic cellular response. Despite this, EDHS

provides up to a 75% increase in cell survival to HL60 within a 48-h

window.

Two other compounds, according to our criteria, were not only

false-positive for protection, but actually sensitizing. Lanatoside and

rotenone, although they scored at least 25% protection (Table 2), when

titrated in the confirmatory AB assay, were clearly toxic (Fig. 3). These

compounds were not carried forward into the ATP-based viability

assays. Out of the 13 compounds selected, this indicates a rate of

erroneous identification of sensitizing compounds of 0.15.

Comparison to RVþ Radioresistant Cell Line
We previously established that RVþ, a phenotypically stable

multidrug-resistantance-expressing cell line, derived from HL60 was

6-fold more resistant to 225Ac alpha emissions in solution and is

significantly resistant to external alpha radiation (data not shown).

To demonstrate whether the EDHS-induced alpha particle radiation

protection observed in HL60 was related to RVþ resistance, we

treated RVþ with EDHS in the presence of 225Ac, analogous to

HL60 treatment. EDHS provided similar protection with less overall

toxicity to RVþ cells in AB (Fig. 4C) and ATP-Lite (Fig. 4D) assays,

suggesting that EDHS is not mimicking the RVþ phenotype in HL60.

EDHS appears to have some slight mitogenic effect in the AB assay

for RVþ only, for there is a significant increase in cell growth in the

absence of radiation at 12.5 mM, and also recovery beyond the un-

irradiated baseline beginning at the same concentration (Fig. 4C).

Epoxy(4,5a)-4,5-Dihydrosantonin Compared to Santonin
The parent compound of EDHS, santonin (Fig. 5), an anthelmintic

sesquiterpene lactone derived from the Levant wormseed plant,32 was

used to determine if the highly reactive epoxide moiety of EDHS

(Fig. 5) was related to its biological activity. Up to 100 mM, santonin

had no discernible effect on RVþ alpha particle cytotoxicity in an
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Fig. 3. Titration of select compounds with Alamar Blue (AB) re-
agent. Thirteen selected compounds were titrated in the presence
of 225Ac and assayed by AB reagent to confirm screen results.
Epoxy-4,5-a-dihydroxysantonin was found to have a clear dose
response (olive square) that was over 2 standard deviations (da-
shed lines) above the mean (solid line), whereas others, lanatoside
C (orange circle) and rotenone (magenta square), were found to be
toxic. Remaining compounds are 5a-cholestan-3b-ol-6-on (green
diamond), quercetin (light green diamond), nerol (magenta dia-
mond), enoxolone (magenta cross), gandleoidin acetate (green
circle), flumethazone pivalate (orange square), formononetin (vio-
let inverted triangle), naphazoline hydrochloride (blue circle),
aconitine (blue square), and cuneatin methyl ether (olive diagonal
cross). All values are means (n¼ 5), and error bars indicate – SEM.
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ATP viability assay, nor did it display mitogenic effects in the absence

of radionuclide (Fig. 5C). Importantly, we demonstrated by the AB

and ATP-Lite assays (Fig. 4A, B, D), with the exception of the mild

effect on RVþ detected in the AB assay (Fig. 4C), that EDHS has no

obvious mitogenic effects in the absence of 225Ac. However, because

of the isolated observation in RVþ that EDHS has some mitogenic

potential, we cannot rule out the possibility that ingrowth of sur-

viving cells during the incubation period plays some role in the re-

sultant increased viability.

Nuclide Accumulation
One possible explanation for the increased viability at 48 h is that

EDHS is attenuating isotope accumulation within the cells, therefore

altering microdosimetry to the cells by reducing the number of alpha

tracks through the DNA. To rule out the possibility that EDHS was

affecting alpha particle microdosimetry, HL60 was incubated with
225Ac over a 24-h period in the presence and absence of 20 mM EDHS.

At various points, cell suspensions were sampled, washed of nuclide-

containing media, and pellets were counted for gamma emission as a

measure of radionuclide accumulation. Over the course of 24 h, EDHS

had no effect on radionuclide accumulation in either HL60 or RVþ
cell lines (Fig. 5D).

DISCUSSION
The success of HTS depends on a robust, reproducible assay,

scalable to 384- or 1,536-well culture plates, which is indicated by a
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Fig. 4. Epoxy-4,5-a-dihydroxysantonin (EDHS) protective and toxic effects. (A) Forty-eight-hour Alamar Blue (AB) assay with HL60 compared
to (B) a 24-h ATP-Lite assay, (C) RVþ in AB at 48 h, and (D) RVþ in a 24-h ATP-Lite assay, with 150 nCi/mL 225Ac (triangle) or no radioactivity
(circle), and normalized to vehicle control with no 225Ac. *P value< 0.05 for 225Ac-treated samples. þP value of <0.05 for unirradiated
samples, as compared to vehicle control, by one-way ANOVA with Bonferroni’s multiple comparison posttest. For all panels, values are
means (n� 3), and error bars indicate – SEM.
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Z¢ factor score of 0.66.29 We confirmed the utility of the assay with

the identification of 1 hit, EDHS. Extensive experience with 225Ac

physiochemical properties, along with its potential for direct clinical

application, made it an ideal choice for HTS. 225Actinium has a half-

life of 10 days and decays to 209Bi via 6 atoms, yielding 4 alpha

particles per 225Ac disintegration, an attribute that likely adds to its

potency. It is capable of delivering a large cellular dose within a

reasonable timeframe, with only a small amount of material needed

to achieve toxicity. We determined that for an EC50 concentration at

48 h, 150 nCi/mL is required in an assay volume of 40 mL. For the

current screen of only 3,119 compounds run in duplicate in a 384-

well format, the entire experiment required only 38 mCi of 225Ac (total

cost< 50 USD). Extrapolated to a full size screen of 106 compounds

or more, the total radioactivity is still obtained and discarded eco-

nomically (total cost<15,000 USD; total waste<13 mCi). Although a

384-well format is entirely feasible for a screen of this magnitude,

scaling to a 1,536-well format, which has been done successfully

with assays using the AB reagent,28,33 would reduce the total ra-

dioactivity by a factor of at least 4. This is a considerable cost savings

for isotope use and for waste disposal, as well as a time saving

measure for plate loading and data acquisition. However, the smaller

well format necessitates using charge-coupled-device-type plate

readers that have been known to limit the dynamic range and signal-

to-noise ratio of assays, reducing the Z¢ factor. Despite this drawback,

Fig. 5. Comparison of epoxy-4,5-a-dihydroxysantonin (EDHS) (A) to its parent compound, santonin (B). The structure of the sesquiterpene
lactone parent compound santonin compared to the epoxidated derivative, EDHS. (C) In an ATP-Lite assay with the HL60 variant, RVþ cells,
no protective or mitogenic activity was detected in the absence of 225Ac (circle) and presence (triangle) of isotope. Means were not
significantly different among all groups. (D) Treatment of HL60 (open) or RVþ cells (closed) with EDHS has no effect on nuclide accu-
mulation. EDHS (square) or 1% dimethylsulfoxide (v/v) (circle) was incubated along with 225Ac for indicated time points before pellets were
washed and counted for gamma activity. For each panel, values are means (n� 3), and error bars indicate – SEM.
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it is an option worth exploring should the assay be utilized in a full

screen.

We demonstrated an EDHS dose response that peaks at 20 mM,

offering a nearly 75% gain in viability at the 48-h mark. The assay

did erroneously yield 2 sensitizing compounds, lanatoside and ro-

tenone, which were only marginally cytotoxic in the absence of ra-

diation according to our initial screen (Table 2), but shown to be

inhibitory in the confirmatory assay (Fig. 3) and in independent

studies.34,35 Our selection criteria were somewhat arbitrary in strin-

gency, for we adjusted thresholds to yield a reasonable amount of

confirmatory assays for the purposes of demonstration (in this case,

13). Although a false-positive rate of 0.92 (12/13), where those

compounds that were deemed protective from the original screen

showed no effect or a clear inhibitory dose response in a confirmatory

assay, might be cumbersome in a larger scale screen, it could easily be

avoided by applying more stringent criteria for selection (e.g., setting

a higher threshold for protection). Regardless of selection criteria, the

overall confirmed hit rate for the assay is 0.0003 (1/3,119), which

should yield a reasonable level of confirmed hits given a larger scale

screen.

The myeloid leukemia cell line, HL60, is a robust and well-

characterized cell line that has the potential for developing chemo-

resistance. Stable variants of HL60 have been developed, including

the RVþ line, which is a classic multidrug-resistant phenotype,

characterized by the high expression of p-glycoprotein, which we

have identified as being cross-resistant to alpha particle radiation

(data not shown). This observation was the initial impetus to con-

ducting an HTS. We reasoned, first, that resistance must be mediated

by a pharmacologically modulatable biochemical process within the

cell and, second, that we might be able to mirror this resistance

phenotype with a small molecule. Ascertaining the mechanism of the

small molecule also might reveal a new biological pathway involved

in radioresistance to alpha particles. Surprisingly, EDHS seems to

protect RVþ to the same extent at which it protects HL60. This

not only suggests that the EDHS pathway is unrelated to the RVþ
resistance mechanism, it points to the ability of EDHS to protect cells

that overexpress the ATP-binding cassette (ABC) transporter p-gly-

coprotein (p-gp). This is important because clonogenic stem cells,

including hematopoietic progenitors, are critical to tissue regenera-

tion after radiation injury and have a propensity to express ABC

transporter molecules at higher levels than more differentiated

cells.36 Paradoxically, the essential ability of these long-lived cells to

banish metabolic and xenobiotic toxins might exclude a protective

compound administered following an irradiative insult, rendering it

ineffective. The data here supports the notion that EDHS is not a p-gp

substrate, and thus is unlikely to be transported out of cells.

By the AB assay, EDHS has significant toxicity at 48 h in con-

centrations exceeding 25 mM (Fig. 4A). Incidentally, it is at this

threshold that the radioprotection appears to be reaching its maxi-

mum. At concentrations above 25 mM, EDHS still shows significant

protective effects, whereas at the same concentration in the absence

of 225Ac, HL60 proliferation begins to wane. This is an indication

that protective effects of EDHS are partly masked by cytotoxicity,

something that might be ameliorated by medicinal chemistry mod-

ifications. In contrast, RVþ showed reduced cytotoxicity at the

highest concentrations (Fig. 4C), and shows a classic saturation of

effect beyond 25 mM, supporting the idea that the more sensitive

HL60 could benefit from additional protection with decreased cyto-

toxicity. The AB assay for RVþ (Fig. 4C) also reveals the possibility of

EDHS mitogenicity, as there is a significant elevation of viability at a

single concentration of EDHS (25 mM) in the absence of radionuclide.

However, this is a single point, and was not duplicated in the com-

plementary ATP-based assay, so it is likely an experimental anomaly.

There is also the appearance that EDHS might induce the irradiated

samples to exceed 100% viability of unirradiated cells. These changes

above 100% are not statistically significant, nor were they duplicated

in the ATP-Lite assay, yet they could represent a trend toward mi-

togenicity. However, the increased viability (*80%) compared to

HL60 (*50%), expected given the relative radioresistance of the

RVþ line, might explain the sustained protective effects lingering

near the 100% viability mark.

In comparing EDHS to its parent compound, santonin, we learned

that its epoxide moiety is likely responsible for its activity, if not

some of its cytotoxic effects. Santonin had no discernible toxic or

protective effects across a wide range of doses in RVþ cells (Fig. 5C).

Although the full mechanism of EDHS is unknown, we were able to

rule out the possibility that EDHS activity is based on alterations in

microdosimetry through reduced radionuclide accumulation. Be-

cause alpha particle range is only that of a few cell diameters, the

absorbed dose to the nucleus (Gy) is highly dependent upon the

amount of isotope accumulated in or on the surface of the cell. A

compound that merely inhibited, for example, pinocytosis, would not

be radioprotective per se, for it would only reduce the effective dose

to the cell. After repeated washing, cell pellets of both HL60 and RVþ
retained nearly identical amounts of 225Ac, whether they were treated

with EDHS or the vehicle control of DMSO (Fig. 5D). These findings

notwithstanding, it would be premature to call EDHS a bona fide

alpha particle protectant. It has yet to undergo the rigors of testing on

multiple cell lines, normal tissues, and, importantly, clonogenic as-

says. Failure to demonstrate increased clonogenic survival does not

preclude its potential research or clinical utility.

One drawback to this viability-based HTS assay is its inability to

reveal a specific biochemical target, thus making structure–activity

relationships difficult to draw. However, the myriad pathways that

might contribute to alpha particle resistance—some yet unknown—

make using a more narrowly defined HTS assay in this case an
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inefficient approach to discovery. While the assay described here will

certainly require a significant amount of postassay research to de-

termine mechanism beyond radioprotection (e.g., affinity chroma-

tography or functional genomic screens to pull down specific cellular

targets), with a cell viability approach we are avoiding the costly

choice of an irrelevant pathway on which to focus. Because of this

pragmatic approach, the question remains whether a compound

protects against carcinogenicity. While both carcinogenesis and cell

viability after alpha particle exposure are linked causally to DNA

damage, a compound that protects cells from alpha particle radiation

does not necessarily indicate a compound that can reduce carcino-

genic potential. It is conceivable that a compound that protects cells

from alpha-particle-mediated death might even enhance alpha par-

ticle carcinogenicity by sustaining a cell that has incurred an other-

wise lethal oncogenic mutation. As a result, any compound detected

in the HTS, including EDHS, will necessarily require a detailed eval-

uation of radioprotection weighed against potential carcinogenicity.

To reduce side effects anticipated in alpha particle radio-

immunotherapy, we recently explored pharmacologic strategies to

protect the renal tissue from internally delivered alpha particle

radiation in the context of radioimmunotherapy.37 However, these

approaches did not address radiation toxicity on a cellular level. We

sought to build on this foundation by devising an HTS to look for

novel agents to protect against the alpha-particle-mediated toxicity

and carcinogenesis. Here, we demonstrated such a screen, and, with

the identification of a potentially protective compound, EDHS, we

have provided justification to expand to a full scale screen. If the

current validation screen is predictive, there is a potential for

multiple hits that might have protective effects. Candidate com-

pounds uncovered through a broader screen, including EDHS,

might be used to mitigate systemic radiation toxicity or carcino-

genesis resulting from environmental or occupational exposure to

alpha emitters, alpha particle radioimmunotherapy, or radiation

dispersal devices.
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