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Abstract

Antitumor alkyl phospholipid (APL) analogs comprise a
group of structurally related molecules with remarkable
tumor selectivity. Some of these compounds have shown
radiosensitizing capabilities. CLR127 is a novel, clinical-
grade antitumor APL ether analog, a subtype of synthetic
APL broadly targeting cancer cells with limited uptake in
normal tissues. The purpose of this study was to investigate
the effect of CLR127 to modulate radiation response across
several adult and pediatric cancer types in vitro as well as in
murine xenograft models of human prostate adenocarcino-
ma, neuroblastoma, Ewing sarcoma, and rhabdomyosarco-
ma. In vitro, CLR127 demonstrated selective uptake in cancer
cells compared to normal cells. In cancer cells, CLR127
treatment prior to radiation significantly decreased clono-

genic survival in vitro, and led to increased radiation-
induced double-stranded DNA (dsDNA) breakage com-
pared with radiation alone, which was not observed in
normal controls. In animal models, CLR127 effectively
increased the antitumor response to fractionated radiother-
apy and led to delayed tumor regrowth at potentially clin-
ically achievable doses. In conclusion, our study highlights
the ability of CLR127 to increase radiation response in
several cancer types. Given almost universal uptake of
CLR127 in malignant cells, future research should test
whether the observed effects can be extended to other tumor
types. Our data provide a strong rationale for clinical testing
of CLR127 as a tumor-targeted radiosensitizing agent.
Mol Cancer Ther; 17(11); 2320–8. �2018 AACR.

Introduction
Radiation plays a pivotal role in the treatment of most adult

and pediatric solid tumors and has significantly contributed to
the increase in overall cancer survival rates over the last several
decades. However, the dose that can be safely delivered to
tumors is often limited by acute and long-term adverse effects
of radiation on surrounding normal tissues. Radiosensitizing
drugs aim to increase tumor cell kill by radiation, ideally with
little effect on normal tissues. The majority of clinically utilized
radiosensitizers are DNA-targeting agents (such as platinum

derivatives, gemcitabine, or temozolomide); however, their
application can be limited by intrinsic toxicities and nontumor
selective modes of action, thereby inducing radiosensitization
of normal tissues (1).

Antitumor alkyl phospholipids (APL) comprise a group
of structurally related molecules which, in contrast to classical
chemotherapeutic agents that act on DNA, target cellular and
intracellular membranes (2). Some APLs have demonstrated
remarkable tumor selectivity, attributed in part to uptake via lipid
rafts, which are much more abundant in cancer cell membranes
compared to normal cells (3, 4). The cytotoxic effects of APL on
cancer cells are complex. APL, in contrast to classical chemother-
apeutic agents, do not directly act on the DNA or DNA repair
mechanisms, and do not enter the nucleus. Some of the known
anticancer effects of this class of drugs include interference with
phosphatidylcholine biosynthesis, inhibition of lipid-mediated
signal transduction pathways, and membrane microdomain
formation (5). Some APLs have been reported to have radio-
sensitizing capabilities, as they affect a variety of pathways
involved in DNA damage repair, such as PI3K/Akt and SAPK/Jnk
(4, 6, 7). Despite their tumor selectivity and anticancer proper-
ties, few APLs have entered clinical trials and found to be effica-
cious, largely due to the lack of intravenous formulations, and
dose-limiting gastrointestinal toxicities combined with low bio-
availability of oral preparations (4, 6).

CLR127 (18-(p-127I-iodophenyl) octadecyl phosphocholine)
is a novel phospholipid ether (PLE) drug specifically designed for
intravenous administration. CLR127 is classified as an APL ether
subtype of the APL that broadly targets cancer cells, with little
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uptake in healthy tissues (8). Tumor-selective uptake and reten-
tion has been demonstrated in murine and human cancer cell
lines, patient-derived tumor tissues, multiple xenograft models,
and ultimately, in patients with cancer (9–11), which led to
the clinical development of CLR127 as a carrier molecule for
radioactive iodine isotopes, suitable for molecular targeted radio-
therapy (CLR131, carrying 131I) and diagnostic imaging (CLR124
carrying 124I; refs. 12, 13). We have also demonstrated the
capacity of CLR131 to augment the growth-inhibitory effect of
external beam radiation in head and neck cancer model systems
(14). Separately, we have shown that CLR127, in doses substan-
tially higher than those used as a carrier molecule for radioactive
iodine, is a potent antitumor compound and inhibitor of Akt
phosphorylation in mouse models of neuroblastoma, in doses
that were nontoxic to experimental animals and potentially
achievable in patients (10). Given these favorable drug properties
and interference of CLR127 with cell survival mechanisms that
are involved in radiation damage repair, we systematically inves-
tigated the effect of CLR127 in pediatric and adult solid tumor
cell lines and murine xenograft models in combination with
ionizing radiation.

Materials and Methods
Cell lines and culture

Human pediatric rhabdomyosarcoma (Rh30) and Ewing sar-
coma (TC-71) cell lines were obtained in 2015 from the Chil-
dren's Oncology Group Cell and Xenograft Repository (Lubbock,
TX). The neuroblastoma line SK-N-AS was kindly provided by
Dr. Andrew Davidoff, St. Jude Children's Research Hospital
(Memphis, TN); CHLA-20 was provided by Dr. Wayne Warner,
Children's Hospital of Los Angeles (Los Angeles, CA). PC-3
(prostate adenocarcinoma) and humanmammary duct epithelial
cells (MCF10A) were obtained from ATCC. Primary cultures of
normal human cells at low passages (normal human skin, HUFI)
were kindly provided by Dr. Victoria Browning (University of
Wisconsin-Madison, Madison, WI) and were maintained in
DMEM with essential and nonessential amino acids. SK-N-AS
and PC-3 were cultured in RPMI1640 medium. CHLA-20, Rh30,
and TC-71 were cultured in IMDM. MCF10A cells were cultured
in complete growth medium (MEBM, Lonza). Media were sup-
plemented with 10% FBS (Gibco-BRL). Authenticity of cell
lines not obtained from commercial sources within 12 months
prior to start of the experiments was verified by genomic short
tandem repeat profiling (UW-Madison Pathology Core Labora-
tory). Periodic PCR and HEK-Blue LPS testing (Invivogen) indi-
cated the cells were free of bacterial contaminants including
Mycoplasma species.

CLR127 and derivatives
Clinical-grade CLR127 (former designations: NM404,

CLR1404) and the fluorescent derivative for in vitro assays
(CLR1501) were kindly provided by Cellectar Biosciences. Syn-
thesis of CLR127 and fluorescent derivatives has been described
previously (8, 9).

CLR127-BODIPY (CLR1501) uptake in vitro
Drug uptake was determined by flow cytometry using the

fluorescent derivative CLR1501 (CLR127 conjugated to BOD-
IPY-FL) as we have published previously (10) as a surrogate. In
brief, tumor or normal cells (5 � 105/mL) were treated for

20 hours with 5 mmol/L CLR1501 in culture medium containing
2% FBS and then washed twice. DAPI (AnaSpec) was added for
live cell determination and cells subsequently evaluated on a
MACSQuant analyzer (Miltenyi Biotec), followed bydata analysis
using FlowJo 9.3 software (FlowJo LLC), gating on live, single
cells according to standard flow cytometry protocols. Mean fluo-
rescence intensity per cell was corrected for cell size by normal-
izing for autofluorescence variations (15). The unpaired t test
was used to analyze CLR1501 uptake after flow cytometry.
All P values were two-sided and P � 0.05 was used to define
statistical significance.

Cell proliferation—MTT assay
The assay was performed as described previously (16). Linear

growth was determined for all cells. Cells were treated for
24 hours with CLR127 in concentrations ranging from 0 to
30 mmol/L, in triplicates. The assay was performed according
to the manufacturer's instructions (Sigma-Aldrich). Absorbance
at 570 nm was read on a Spectramax Plus microplate reader
(Molecular Devices). Formaldehyde (0.8%) was used as control
of total cell death. Live cell equivalents were determined from
standard curves, and calculated as percentage from 100% cell
growth of the wells treated with excipient.

Clonogenic survival assay
In vitro clonogenic survival following radiation was defined

as the ability of single cells to maintain their clonogenic
capacity and expand to colonies of �50 cells, as described
previously (17). In brief, cells from single-cell suspensions
were counted, and seeded in 6-well or 60 mm culture dishes
under normal culture conditions for colony formation. Num-
bers of cells seeded and plate sizes were empirically selected to
allow for formation of distinct colonies. Cells were treated for
20 hours with CLR127 in different concentrations (5, 7.5, or 10
mmol/L) or excipient. The drug was removed by washing and
standard medium was added. Irradiation (0–6 Gy) was per-
formed in a 137Cs-irradiator (JL Shepherd). Cells were incubat-
ed for 10–14 days before fixation and staining of paired sample
sets using 0.5% crystal violet in methanol, and gentle aqueous
destaining. Colonies were manually counted under magnifica-
tion. The surviving fraction was determined as the total number
of colonies formed divided by the total number of cells seeded,
with the survival fraction at 0 Gy normalized to 100%. The
clonogenic survival curve for each condition was fitted to a
linear quadratic model and compared utilizing the extra sum-
of-squares F test (GraphPad Prism 5.01) as described previ-
ously, and the cell survival enhancement ratio (ER) calculated
as ratio of the mean inactivation concentration after drug
exposure as described by Morgan (18, 19). Values significantly
>1 indicate radiosensitization.

Quantification of gH2AX foci by immunofluorescence
microscopy

Cells were cultured on coverslips (18mm� 18mm) overnight,
treated with or without 7.5 mmol/L CLR127 for 20 hours, then
irradiated with X-rays (4 Gy), and harvested immediately or after
1 or 24 hours. The cells were fixed with 4% paraformaldehyde
for 10 minutes, permeabilized in 0.5% Triton-X-100 for 5 min-
utes, and then washed in 0.2% Tween/PBS solution. After incu-
bating in blocking solution (normal goat serum and fish gelatin
in 0.2% Tween/PBS), the cells were stained with anti-gH2AX
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antibody (Millipore) overnight at 4�C, and then stained with
Alexa Fluor 555 (Invitrogen) and DAPI (Invitrogen). The slides
were imaged on a Leica TCS WLL SP8 Laser scanning confocal
microscopy (Leica Microsystems) using a 63� oil immersion
objective, and the foci were counted using a custom MATLAB
program (R2017b, MathWorks). For each treatment condition,
the number of gH2AX foci was counted in at least 100 individual
cells, and the two-sided t test was performed to determine the
significance between samples treated with or without CLR127 at
the same time point.

Western blotting
After treatment of cells at a density of 106 cells/mL with

7.5 mmol/L CLR127 for 20 hours, cells were treated with 5 Gy
irradiation and harvested immediately before irradiation or
after the indicated times. Cultured cells were lysed at 4�C for
30 minutes in lysis buffer (20 mmol/L Hepes, pH 7.4, 2 mmol/L
EGTA, 50 mmol/L glycerol phosphate, 1% Triton X-100, 10%
glycerol, and 1 mmol/L dithiothreitol) containing protease and
phosphatase inhibitor (Thermo Fisher Scientific). Immunoblot-
ting was carried out as described previously (10). Membranes
were probed with specific primary antibodies (Supplementary
Table S1) and corresponding horseradish peroxidase–conjugated
secondary antibodies. Immunoreactivity was visualized with
the ECL2 Western Blotting Substrate (Pierce) and analyzed on
a Syngene G:BOX Chemi SS-6 gel image analysis system
(Syngene). Quantification was performed using ImageJ software
(NIH Research Services Branch, Bethesda, MD), and calculated
relative to loading control. Data were generated from three
independent experiments and statistically analyzed using
Student's two-tailed t test in MS Excel, and data presented in
bar graph format.

Radiation response in human tumor xenografts
Animal experiments were conducted under protocols

approved by the Institutional Animal Care and Use Committee
of the University of Wisconsin-Madison in compliance with
NIH guidelines. Mice were housed under aseptic conditions.
Cell suspension (200 mL) containing 2 � 106 tumor cells
(>95% viability, passage 5–25) was inoculated subcutaneously
into the dorsal flanks of 6- to 8-week-old athymic nude mice
(CrTac:NCr-Foxn1nu; Taconic). Tumor size was monitored
twice weekly by direct measurement with calipers. Tumor
volume was calculated using the formula: (p/6) � (largest
diameter) � (perpendicular diameter)2. Once average tumor
volumes reached 150–200 mm3, mice were assigned by tumor
volume to experimental groups so that each cohort contained
animals with similar tumor volume distribution and equivalent
group means, as calculated in Excel. CLR127 (10 mg/kg) or
excipient, respectively, was administered via intravenous tail
vein injection starting 3 days prior to radiation treatment (XRT)
and continued during XRT at the specified intervals. XRT was
delivered by a 320 kVp orthovoltage energy X-ray biological
irradiator (X-RAD 320, Precision X-Ray Inc.). Mice were immo-
bilized using custom-designed lead jigs that exposed the tumor-
bearing dorsal flank to radiation while minimizing the expo-
sure of nontumor-bearing normal tissue. Tumor volumes con-
tinued to be monitored as above, and general animal health
monitored per institutional guidelines. Tumor growth from
CLR127 xenograft experiments was analyzed and compared
between experimental conditions using a linear mixed effects

model with animal-specific random effects (to account for
repeated measures for the same animals) and the log-trans-
formed tumor volume as the outcome measure (20), using SAS
software (SAS Institute).

Immunohistochemistry (IHC)
Mice bearing PC-3 human prostate carcinoma flank xeno-

grafts (n ¼ 4/group) were treated with CLR127 (30 mg/kg �
1 dose), XRT (8 Gy � 1 fraction), and the combination of
CLR127 and XRT or excipient only (control). CLR127 or excip-
ient were injected intravenously 72 hours prior to radiation
administration to allow for maximal tumor uptake (9). Tumors
were harvested 24 hours after radiation, fixed in 10% neutral-
buffered formalin, and paraffin-embedded. Sections were pre-
pared for IHC as described previously (21). In brief, slides
were incubated at 4�C overnight with primary antibody against
gH2AX (Novus Biologicals), followed by a 60-minute incuba-
tion with biotin-labeled secondary antibody. Slides were
then incubated with streptavidin peroxidase, counterstained
with hematoxylin, and visualized using the DakoCytomation
Liquid DABþSubstrate Chromogen System (Dako). Twelve
randomly selected visual fields for each treatment cohort were
quantified by counting all gH2AX-positive–stained nuclei and
determining their proportion to the total number of nuclei.
Differences between groups were statistically analyzed using
the two-sided t test.

Results
Tumor-selective uptake of CLR127 in tumor cell lines

Using the fluorescently labeled derivative CLR1501 as sur-
rogate for CLR127, cellular sequestration and retention in vitro
was evaluated by flow cytometry. CLR1501 demonstrated sig-
nificantly higher uptake and retention in all cancer lines tested
(neuroblastoma: CHLA20; SK-N-AS; rhabdomyosarcoma: Rh-
30; Ewing sarcoma: TC-71; and prostate carcinoma: PC-3)
when compared to uptake in normal human fibroblasts (HUFI)
and normal human mammary gland epithelial cells (MCF10A;
P � 0.05; Fig. 1).

CLR127 decreases cell proliferation in a concentration-
dependent manner in tumor cells in vitro

In standard MTT assays, CLR127 treatment for 24 hours,
particularly in concentrations above 5 mmol/L, led to signifi-
cantly lower percentage of proliferating cells (Supplementary
Fig. S1) in all tumor cell lines, when compared to con-
trols. After treatment with very high CLR127 concentrations
(�15 mmol/L), impaired proliferation was also observed in
normal fibroblasts.

CLR127 treatment increases tumor cell radiosensitivity
We next explored whether CLR127, beyond direct cytotox-

icity to cancer cells, would enhance the effects of radiation. We
performed standard in vitro clonogenic survival assays using
increasing drug concentrations prior to graded radiation doses.
To account for cytotoxic effects of CLR127 as observed by
MTT assay, the survival fraction in the absence of radiation
was normalized to 100% in the clonogenic assay. As shown
in Fig. 2, pretreatment with CLR127 led to concentration-
dependent radiosensitization. Radiation dose enhancement
ratios for survival at 10% (ER10) ranged from 1.19 to 2.51.
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We observed statistically significant survival differences at
low XRT doses in all cell lines tested. CLR127 pretreatment
did not lead to enhanced radiosensitivity in normal MCF10A
cells. Cytotoxicity relative to plating efficiency is shown
in Supplementary Table S2. Ewing sarcoma lines could not
be evaluated with this assay for technical reasons, because
treatment of several tested Ewing sarcoma lines with CLR127
and radiation led to failure of the cell lines to reattach to the
culture dishes.

Combining CLR127 and radiation affects DNA damage
response

The impact of CLR127 and radiation on dsDNA breakage
and repair was evaluated by confocal microscopy of gH2AX
foci and Western blot experiments (Fig. 3A and B; Supplemen-
tary Fig. S2). While normal cells (MCF10A) treated with both
CLR127 and XRT exhibited steady-state gH2AX foci formation
at 1 hour and activation of DNA damage response (DDR)
signaling pathway by 24 hours, cancer cells Rh30 and PC-3
showed sustained gH2AX foci formation up to 24 hours,
confirmed by statistical analysis (Fig. 3A and B; Supplementary
Fig. S2). To assess the recruitment of other proteins to gH2AX
foci, we compared the relative expression of BRCA1 and XLF
in tumor cells exposed to radiation with or without CLR127
pretreatment up to 6 hours posttreatment (Fig. 4). In PC-3 cells,
p-BRCA1 and XLF were expressed at consistent level, whereas
in Rh30 cells, p-BRCA1 (pS1524) phosphorylation increased
and XLF expression decreased. Control irradiated cells followed
the expected pattern of reduced recruitment, consistent with
gH2AX foci patterns (Fig. 3A and B).

CLR127 augments the therapeutic response to external beam
radiation in mice bearing human tumor flank xenografts

To test whether our in vitro findings, that is, a significant
radiosensitizing effect on various solid tumor lines, could be
reproduced in vivo, we evaluated the capacity of CLR127 to
augment radiation response in athymic nude mice bearing
human flank tumor xenografts. In an effort to capture the
interaction between CLR127 and radiation, treatment doses
and schedules were based upon pilot experiments such that the
tumor response to each individual modality would be modest.
We established xenografts using human tumor lines for neu-
roblastoma (SK-N-AS), rhabdomyosarcoma (Rh30), Ewing sar-
coma (TC-71), and prostate adenocarcinoma (PC-3). The com-
bination of CLR127 and fractionated radiation resulted in a
significantly increased tumor response (average tumor volumes
and growth rates) in the two sarcomas and prostate adenocar-
cinoma (P < 0.001) and improvement of the already pro-
nounced radiation effect on SK-N-AS (neuroblastoma) when
compared to mice that received excipient, CLR127 alone, or

Figure 1.

Uptake of CLR1501 in cancer cells compared to normal cells. Flow cytometry
of the uptake of CLR1501 (a CLR127 fluorescent analog) by normal cells
(HUFI, human skin fibroblasts; MCF10A, human mammary gland epithelial
cells) and tumor cell lines. Average � SE from three repeats per cell type.
� , P � 0.05; �� , P � 0.01 tumor cells versus normal cells. RU, relative units.

Figure 2.

Clonogenic survival of cancer (CHLA-20, Rh30, and PC-3) and normal cells (MCF10A) exposed to various XRT doses, with or without CLR127 pretreatment
in increasing concentrations as indicated. Radiosensitization of tumor cells by CLR127. Data points represent mean values, bars indicate SD. ER10 as shown.
� , P � 0.05; ��, P � 0.001.
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radiation alone (Fig. 4; Supplementary Fig. S3; Supplementary
Table S3). Treatment with CLR127 did not lead to discernible
adverse effects on overall animal health, consistent with our
previously published observations (10). These in vivo data
demonstrate a capacity of CLR127 to augment radiation
response in vivo in tumors of ectodermal, neuroectodermal,
and mesenchymal origin.

Treatment with CLR127 leads to increased gH2AX foci in
irradiated tumor tissue

We tested the effect of CLR127 on DNA damage repair after
radiation in mice bearing human prostate carcinoma PC-3 xeno-

grafts by IHC. Tumors of mice that were treated with CLR127 þ
XRT demonstrated a significantly higher fraction of gH2AX-pos-
itive cells 24 hours after radiation treatment compared to tumor
tissue of animals that received XRT only or CLR127 only, respec-
tively (P�0.001), confirming increaseddsDNA radiationdamage
in the combination treatment cohort (Fig. 6).

Discussion
Our experiments demonstrate a remarkable capacity for the

tumor-selective phospholipid ether drug CLR127 to sensitize
several human solid tumor cell lines to XRT in vitro and human
tumor xenografts in mouse models. Importantly, in vivo radio-
sensitization occurred at therapeutically achievable doses of this
intravenously administered compound.

Many of the drugs that are being used to sensitize tumor cells to
ionizing radiation are nontumor-specific agents. They are often
given concomitantly with radiation (chemoradiation) to achieve
synergy rather than being used for radiosensitization only.
Because these drugs are nontargeted, their application can be
limited due to their own side-effect profile and toxicity to normal
tissues (22). Our data suggest that tumor-targeted radiosensitiza-
tion might be accomplished with CLR127 in the tumor types we
have tested. Because CLR127 is a compound shown to be taken up
bymore than 60different pediatric and adult cancer cell lineswith
high selectivity, patient-derived tumor cells and, as recently dem-
onstrated, brain tumor–initiating cells (9, 10), it is reasonable to
believe that many more tumor types might be susceptible to
radiosensitization with CLR127.

We chose cell lines of several tumors in which radiotherapy
plays a particularly important role, namely prostate adenocar-
cinoma and the pediatric malignancies neuroblastoma, rhab-
domyosarcoma, and Ewing sarcoma. In vitro, utilizing the
fluorescent derivative CLR1501 as surrogate, we demonstrate
significantly higher uptake and retention in cancer cells when
compared to normal cells (Fig. 1). This is in alignment with
previous data reported by us and others showing almost uni-
versal significant uptake and retention of CLR127 and its
fluorescent or radiolabeled derivatives in a variety of cancer
cells in vitro and in vivo, with little uptake in premalignant or
normal cells or tissues (9, 10, 23). Our data also demonstrate
significant reduction of cell proliferation in prostate carcinoma,
Ewing sarcoma, and rhabdomyosarcoma cell lines in vitro after
treatment with CLR127, which were significant in concentra-
tions � 7.5 mmol/L for all tested cell lines (Supplementary Fig.
S1), concordant with previously reported results in various
neuroblastoma cell lines (10).

We next evaluated the in vitro radiosensitizing effect of
CLR127 to ionizing radiation in standardized clonogenic sur-
vival assays (Fig. 2), and demonstrated significant radiosensi-
tization in PC-3, Rh30, and CHLA-20 cell lines. After normal-
izing for cell killing by CLR127 alone, the radiosensitizing
effect was already apparent and statistically significant at low
drug concentrations and radiation doses. Radiosensitizing
effect was consistently concentration-dependent and ER10 ran-
ged between modest 1.19 and robust 2.51. No differences in the
clonogenic capacity were seen in MCF10A cells, reflecting lack
of effective drug uptake in normal cells.

To further investigate the effects of CLR127 on DDRs, we
performed confocal microscopy and Western blot experiments.
Quantification of gH2AX as a function of time serves as a readout

Figure 3.

Immunofluorescence microscopy was performed with anti-gH2AX antibody
to visualize the DNA repair process. A, top, scale bar: 10 mm. The data
points B, bottom represent mean values of gH2AX foci per nucleus,
while the error bars show 95% confidence intervals. With the combined
treatment of IR and CLR127, quantification of gH2AX foci revealed there are
significant increase of mean foci count in cancer cell lines Rh30 and PC-3 at
24 hours compared to the samples treated with IR only (�� , P < 0.01;
��� , P < 0.001). Normal cell MCF10A did not show significant changes in foci
number across all time points. NR, no irradiation; IR, irradiated.
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for both DNA double-stranded breaks (early response) and acti-
vation of DDR signaling pathway (late response; ref. 24). We
observed sustained gH2AX foci up to 24 hours in cancer cells,
confirming increased radiosensitization of CLR127 in Rh30
and PC-3 cells. Normal cells (MCF10A) treatedwith bothCLR127
and XRT exhibited steady-state gH2AX foci formation at 1 hour
and DDR by 24 hours. Taken together, these experiments sug-
gest the potential of CLR127 mediating the activation of DDR
signaling pathways. Toward dissecting the role of CLR127 in
recruiting other proteins to the gH2AX foci, we evaluated the role
of BRCA1, an intermediate or late protein involved in double-
strand break(DSB) repair and XLF, a bona fide classical nonho-
mologous end-joining (c-NHEJ) factor, in the presence of ioniz-

ing radiation in biochemical experiments. Intriguingly, quantita-
tive analyses of Western blots up to 6 hours in Rh30 cells revealed
opposing trends of potential recruitment of these proteins to
gH2AX foci (Fig. 4) in combined CLR127 and radiation treat-
ments, with increased phospho-BRCA1 (pS1524) and decreased
XLF protein expression, respectively. Control-irradiated cells fol-
lowed an expected pattern of reduced p-BRCA1 and XLF recruit-
ment, consistent with gH2AX foci pattern (Fig. 3A and B). In
contrast, in PC-3 cells, both p-BRCA1 and XLF proteins were
expressed at consistent level. These biochemical experiments
suggest that early events of c-NHEJ are primarily driven by
p-BRCA1 at the gH2AX foci or DSB site while the fraction of
XLF, recruited at 1 hour at the gH2AX foci, appears to dissociate

Figure 4.

Effect of CLR127 (CLR) and radiation on DNA damage repair proteins pBRCA1 and XLF in vitro. Cells were treated with or without 7.5 mmol/L CLR for 16 hours
and exposed to 5 Gy radiation. Cells were collected directly before radiation (0 hour), and at 1, 3, and 6 hours (h) and subjected to Western blotting.
The obtained bands were quantified relative to b-actin (XLF) or vinculin (pBRCA1) loading control using ImageJ software. Left row: Representative
Western blots shown. Right: Wide bars show mean relative pBRCA1 and XLF expression, respectively. Bars show mean values of three independent
experiments, small bars depict SE. Statistical differences were calculated with Student two-tailed t test (� , P � 0.05; ��, P � 0.01).
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over time (Fig. 4) in Rh30 cells. Taken together, both imaging of
gH2AX foci and biochemical experiments of p-BRCA1 and XLF
indicate that combined CLR127 and radiation have cell-type
specificity in terms of engaging the DSB repair and c-NHEJ
processes. Further research is warranted to better understand the
influence of CLR127 onDNAdamage sensing and repairmechan-
isms, which may help guide in development and design of
efficacious clinical protocols.

Our in vivo experiments investigated the effect of CLR127 on
fractionated XRT in mice bearing human flank xenografts. A
significant radiosensitizing effect on tumor growth was dem-
onstrated in nude mice bearing PC-3, Rh30, and TC-71 xeno-
grafts (P � 0.001), with enhanced effects on SK-N-AS as well,
although not statistically significant in the context of our
treatment regimen (Fig. 5). In PC-3 tumors, harvested 24 hours
after the end of a combination treatment with CLR127 and
fractionated XRT, gH2AX expression in tumor cells was signif-
icantly higher than in the tumors treated with either modality
alone (Fig. 6; P � 0.001), suggesting a profound inhibitory

effect of CLR127 on irradiated cells to successfully repair
dsDNA damage. Radiation treatment doses and fractionations
for our tumor models were chosen based on pilot experiments
to determine dose–effect relationships and differed between
xenograft models. CLR127 dosing was based on extensive
preclinical toxicity studies in rodents and cynomolgus mon-
keys, as well as our own data, in which repetitive intravenous
dosing up to 30 mg/kg once weekly for up to 7 weeks was safe,
and with no adverse effects observed in the experimental
animals (10).

In summary, our data suggest that theAPL ether analogCLR127
is a potent tumor-selective radiosensitizer for a variety of cancer
types in preclinical studies and provides a strong rationale for
clinical testing with standard radiotherapy regimens.

Future research should address whether the effects we observed
in our tumormodels can be further extended to additional tumor
types. Given the almost universal and selective uptake of CLR127
in malignant cells and the intravenous formulation that is paired
with a high therapeutic index in preclinical toxicity studies,

Figure 5.

CLR127 augments radiation response in xenografted pediatric cancers and adult prostate adenocarcinoma. Nude mice bearing human xenografts were
treated with XRT (dashed line with triangles), CLR127 (solid line with diamonds), or both modalities (dotted line with solid circles); control/untreated
mice: solid line with squares. Symbols denote mean tumor volume � SE. Gray arrowheads indicate fractionated radiation. Black arrowheads indicate
intravenous injection of CLR127. Drug (CLR127) and XRT doses are indicated in the figures. n ¼ 10–12 xenografts per group. Combination treatment versus
XRT alone P � 0.001 in all tumors except SK-N-AS (not significant).

Elsaid et al.

Mol Cancer Ther; 17(11) November 2018 Molecular Cancer Therapeutics2326

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/11/2320/1856126/2320.pdf by guest on 19 M
ay 2023



CLR127 may afford a distinct and clinically valuable advantage
over other commonly utilized radiosensitizing agents.
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