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Radiotherapy is a key component of cancer treatment. Because of its importance, there has been high

interest in developing agents and strategies to further improve the therapeutic index of radiotherapy. DNA

double-strand repair inhibitors (DSBRIs) are among the most promising agents to improve radiotherapy.

However, their clinical translation has been limited by their potential toxicity to normal tissue. Recent

advances in nanomedicine offer an opportunity to overcome this limitation. In this study, we aim to

demonstrate the proof of principle by developing and evaluating nanoparticle (NP) formulations of

KU55933, a DSBRI. We engineered a NP formulation of KU55933 using nanoprecipitation method with

different lipid polymer nanoparticle formulation. NP KU55933 using PLGA formulation has the best

loading efficacy as well as prolonged drug release profile. We demonstrated that NP KU55933 is a potent

radiosensitizer in vitro using clonogenic assay and is more effective as a radiosensitizer than free KU55933

in vivo using mouse xenograft models of non-small cell lung cancer (NSCLC). Western blots and

immunofluorescence showed NP KU55933 exhibited more prolonged inhibition of DNA repair pathway.

In addition, NP KU55933 leads to lower skin toxicity than KU55933. Our study supports further investi-

gations using NP to deliver DSBRIs to improve cancer radiotherapy treatment.

Introduction

Radiotherapy is a key component of cancer treatment, with
nearly two-thirds of all cancer patients receiving radiotherapy
sometime during their illness.1 Because of its importance,
there has been long standing interest in the development of
novel approaches to improve the therapeutic index of radio-
therapy. One of the main strategies has been to administer
radiosensitizers, agents that can sensitize tumor cells to radio-
therapy, in conjunction with radiotherapy. Today, the most
commonly utilized radiosensitizers are chemotherapeutics.2

The addition of these radiosensitizers to radiotherapy has
resulted in improved local tumor control, survival, and the
rates of cancer cure for many cancers.2,3 Despite the success
with chemotherapeutics as radiosensitizers, they are not

without limitations. The combined treatment cannot always
eradicate the primary tumor, especially in diseases such as
pancreatic cancer. Adding chemotherapeutics to radiotherapy
have also significantly increased overall treatment toxicity.4,5

Therefore, there is a strong need for the development of novel
radiosensitizers that can further improve radiotherapy
treatment.

Among the many classes of agents that can improve radio-
therapy, DNA double-strand repair inhibitors (DSBRIs) is the
most promising. DSBRIs, as their name suggest, inhibit the
repair of DNA double-strand breaks (DSB) in cells. DSBs can
result spontaneously or from exposure to ionizing radiation
and/or certain chemotherapeutic agents such as topoiso-
merase inhibitors. If DSBs are not repaired, the result is severe
genomic instability that generally leads to cell death. Since the
induction of DSBs is the principal mechanism of action of
radiotherapy, DSBRIs hold high potential in improving chemo-
radiotherapy.6 There are three key proteins involved in the
detection and repair of DNA DSBs: ataxia-telangiectasia
mutated (ATM), ATM and Rad3 related (ATR), and DNA-depen-
dent protein kinase (DNA-PK).7 All three belong to a family of
proteins called phosphatidylinositol 3-kinase related kinases
(PIKKs). ATM and ATR signal to the cell cycle and apoptotic†These authors contributed equally to the work of this manuscript.
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pathways that DNA DSBs have occurred.8 In response to DSB,
ATM phosphorylates histone H2AX which can be visualized as
foci and considered as a marker of induction of DSB. DNA-PK
repairs DSBs through a process called non-homologous end-
joining.9 Over the past five decades, several DSBRIs have been
developed for clinical application.10–12 None of them, however,
have been translated clinically due to their potential toxicity to
normal tissues and poor solubility. These inhibitors are so
effective at inhibiting DNA DSBs that if systemically admini-
stered, in addition to sensitizing tumor cells, they would greatly
sensitize normal cells to the effects of radiotherapy. Hence, the
key challenge in utilizing DSBRIs is identifying methods to
deliver them selectively to tumors while minimizing drug con-
centrations in normal tissues. While such differential drug
delivery is generally not possible with traditional drug delivery
techniques, the development of nanoparticle (NP) drug deli-
very carriers offers an unprecedented opportunity. NPs prefer-
ential accumulation in tumors and their low distribution in
normal tissue are characteristics that are well suited for deli-
vering DSBRIs.13,14 Compared to small molecules, the differen-
tial drug concentration between tumor and its surrounding
tissue of NPs should lead to higher therapeutic efficacy and
lower toxicity when combined with radiotherapy (Fig. 1A
and B). We hypothesized that NP delivery of DSBRIs
can reduce the toxicity of DSBRIs and enable their clinical

translation as radiosensitizers. To demonstrate the proof-of-
principle of this approach, we engineered NP formulation of
an ATM inhibitor, KU55933, and evaluated its efficacy and
toxicity as a radiosensitizer using a mouse xenograft model of
non-small cell lung cancer.

Material and methods
Mice

Nu/Nu mice (male, 6–8 weeks old) were obtained from the
animal colony at the University of North Carolina (UNC) Line-
berger Comprehensive Cancer Center (LCCC). NOD SCID mice
(male, 16 week old) were purchased from Charles River Labora-
tories (Wilmington, MA). All animal experiments were
approved by and in accordance with guidelines provided by
the University of North Carolina at Chapel Hill Institutional
Animal Care and Use Committee.

Formulation and characterization of NP KU55933

The lipid/polymeric KU55933 nanoparticle was synthesized
using modified a nanoprecipitation technique that has been
previously reported.15,16 Three lipid polymers have been used
as nanoparticle carrier for drug delivery: PLGA (poly(D,L-
lactide-co-glycolide), with a 50 : 50 monomer ratio, ester termi-
nated, Mw 50 000–75 000), PLA (poly(D,L-lactide), ester termi-
nated, Mw 18 000–28 000), PLGA/PLA (50/50) (Fig. 1C). The core
consists of either PLGA, PLA or PLGA/PLA (50/50) and
KU55933 (Selleck Chemicals, Houston, TX). KU55933 was dis-
solved into the polymer/acetonitrile solution (10 mg mL−1 of
PLGA, PLA, or PLGA/PLA in acetonitrile) before the nanopreci-
pitation. The outer shell consists of lecithin containing
90–95% phosphatidylcholine (Alfa Aesar, Ward Hill, MA) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy-
(polyethylene glycol)-2000] (DSPE-PEG2000) (Avanti Polar
Lipids, Alabaster, AL). Nanoparticle size and surface charge
were determined with a Malvern Zetasizer. TEM images were
obtained at the Microscopy Services Laboratory Core Facility at
the University of North Carolina School of Medicine.

Drug release

NP KU55933 solutions of 1 mg mL−1 were added into Slide-
A-Lyzer Mini Dialysis Device with a molecular weight cutoff of
2 k MWCO (ThermoScientific, Rockford, IL) and subjected to
dialysis against 4 L of PBS 1× with a gentle stirring at 37 °C.
Since KU55933 has extremely low solubility in water, this dialy-
sis method using large quantity of PBS (pH7.4) to ensure that
KU55933 inside the nanoparticles is less than 10% of its solu-
bility limit in PBS. The PBS was changed daily during the dialy-
sis process to avoid reaching the equilibrium of the drug in
the buffer. At the indicated times, 50 μL of solution from the
microtubes was removed and mixed with 50 μL of acetonitrile.
To determine KU55933 content, the samples were subjected to
quantitative analysis in a Shimadzu UFLC System with a
Chromolith Fast Gradient column (Merck KGaA, Germany)
and read at 254 nm. KU55933 retention time was 9.2 minutes

Fig. 1 Diagram of chemoradiotherapy for lung cancer. The red area is
the gross tumor. Blue area is CTV (clinical target volume), which is the
area of lung that should receive high dose radiotherapy and radiosensiti-
zer. Green area indicates the area of lung tissue that receives high dose
radiotherapy (XRT) because of motion, entrance and exit radiotherapy
dose. In conventional treatment (A) with small molecule chemothera-
peutics such as KU55933, the green area receives both high dose radio-
therapy and radiosensitizers. In contrast, NP therapeutics (B)
concentrate in tumors and minimize the area of normal lung that
receives both radiotherapy and radiosensitizer/chemotherapy. (C)
Cartoon of NP KU55933 with different lipid polymers.
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in a gradient elution of 11.0 minutes with water and aceto-
nitrile at 0.25 mL min−1.

Cell culture

The lung cancer cell lines H460, A549 and H23 were obtained
from the Tissue Culture Facility at the University of North
Carolina. Unless otherwise stated, all the mediums and sup-
plements were obtained from Gibco (Carlsbad, CA). H460 was
cultured in RPMI medium supplemented with 2 mM gluta-
mine, 4.5 g L−1 glucose (Sigma, St Louis, MO), 1.5 g L−1

sodium bicarbonate, 10 mM HEPES, 1 mM sodium pyruvate,
10% FBS and 1× Penicillin/Streptomycin. A549 was cultured in
DMEM high glucose supplemented with 10% FBS and 1×
Penicillin/Streptomycin. H23 was cultured in RPMI sup-
plemented with 10% FBS and 1× Penicillin/Streptomycin. The
cells were incubated at 37 °C in a humidified 5% CO2

atmosphere.

X-Ray irradiation

Cells and mice were irradiated using a Precision X-RAD 320
(Precision X-Ray, Inc) machine operating at 320 kVp and
12.5 mA. During irradiation, a 5 mm lead shield protected the
mice’s vital organs while the left flank remained exposed. For
hair loss toxicity, a 0.5 cm thick bolus covered the left dorsal
region of the mice during irradiation to enhance the skin
dose.

Clonogenic survival assay

Plating efficiency (PE) of each cell line was determined first for
each cell line. Tumor cells were plated in 60 mm plates at a
density of 3 × 105 cells per plate the day before the KU55933
treatment. The cells were treated with 5 to 10 μM of KU55933
as a free drug formulation (KU) or nanoparticles (NP KU). The
free drug formulation consists of the drug dissolved 10
mg mL−1 in a 1 : 1 solution of Tween80 (Sigma, St Louis, MO)
and ethanol. Six hours after the drug treatment, the cells were
treated with ionizing radiation (0, 1, 2, 4, 6, and 8 Gy). The
dose rate at a source-subject distance of 50 cm was ∼2.5
Gy min−1. Eighteen hours after irradiation (and a total of
twenty-four hours of KU55933 treatment), the cells were
trypsinized and plated at various densities to determine the
surviving fraction via the clonogenic assay. The cells were incu-
bated for fourteen days after plated and then fixed with a 1 : 1
methanol/acetone solution and stained with trypan blue
(Sigma, St Louis, MO). All colonies with over 50 cells were
counted. Surviving fraction (SF) was calculated using the
formula # of colonies/(# of plated cells)(PE). SF were then
plotted against radiation dose on a log scale.17

Western blot

H460 cells (2.5 × 106 cells in 2 mL RPMI 1640) were treated
with 10 µM KU55933, NP KU55933, or NP for 3 hours, washed
with PBS, and incubated with fresh media before 1 Gy
irradiation. Cells were lysed in RIPA lysis and extraction buffer
(25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) supplemented with protease

and phosphatase inhibitor cocktail (Thermo Scientific) at the
indicated times post irradiation. Protein concentration was
determined using bicinchoninic acid protein assay (Pierce).
Protein (15 µg) from each sample was mixed with 2× Laemmli
sample buffer (Bio-Rad), boiled at 100 °C for 5 min, loaded
onto SDS-PAGE gel and transferred to PVDF membrane. The
membrane was incubated at 4 °C overnight with primary anti-
bodies against p-AKT (1 : 1000, cell signaling #4060), p-ATM
(1 : 1000, cell signaling #4526), and β-actin (1 : 1000, cell signal-
ing #4970). The secondary antibodies used were anti-rabbit or
anti-mouse IgG HRP-linked antibody (1 : 5000, cell signaling).
The intensity of protein bands on the western blot image was
quantified by Image J software. Ratios of p-ATM and p-AKT
protein levels after β-actin normalization were calculated from
three independent experiments.

Immunofluorescence

Cells were fixed in 4% formaldehyde for 15 min, rinsed with
PBS, and incubated in goat blocking solution (2% goat serum,
1% BSA, 0.1% Triton X-100, and 0.05% Tween 20) for 1 hour.
After blocking, cells were immunostained with Anti-phospho-
Histone H2AX (Ser139) antibody (Millipore, Cat #05-636) for
1 hour at room temperature. Cells were then washed with PBS
and further incubated with secondary antibody Alexa Fluor
594 Donkey Anti-Mouse IgG Antibody (Molecular Probes
#A21203) for 30 min. After washing, cells were mounted and
coverslipped using ProLong Gold Antifade Mountant with
DAPI (Molecular Probes #P36935). Images were acquired using
a Zeiss LSM 700 laser scanning confocal microscope with
z-stack sectioning (63× oil immersion objective lens) and
stacked by maximum intensity projection. The number of
γH2AX foci per cell was counted using Image J software.

Tumor growth experiment

Six to eight week old Nu/Nu mice were subcutaneously inocu-
lated in the left flank with 1 × 106 H460 or A549 cells resus-
pended in 200 μL of a 1 : 1 solution of matrigel (BD
Biosciences, San Jose, CA) and RPMI 1640 medium (Gibco,
Carlsbad, CA). Eleven days after inoculation and when the
tumors reached about 100 mm3, the animals received a 500
μg kg−1 dose of KU55933 as a free drug formulation or NP
through the tail vein. Six hours after the injection, the animals
received the first dose of irradiation. The mice will receive a
total of 15 Gy in three daily fractions. The dose rate at a
source-subject distance of 70 cm was ∼0.5 Gy min−1. The mice
were lead shielded to protect most of the organs and to allow
radiation of the tumor site. The tumor growth was assessed
starting on the day of the last irradiation treatment (Day 1)
and every two days by measuring two perpendicular diameters
with a caliper. The volume was calculated with the formula V =
0.5 × a × b2 where a is the larger and b is the smaller diameter.

Hair toxicity

Approximately sixteen week old NOD SCID white mice were
injected with a 150 μg kg−1 dose of KU55933 as a free drug for-
mulation or NP through the tail vein. Three hours after the
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injection, the animals received 14 or 16 Gy of irradiation from
an X-RAD 320 machine operating at 320 kV and 12.5 mA.
The dose rate at a source-subject distance of 70 cm was ∼0.5
Gy min−1. The mice were shielded with lead (5 mm) to protect
most of the body and to allow radiation in the left leg. The
hair loss and skin damage was assessed in a scale previously
reported18 and recorded by images.

Statistical analysis

γH2AX foci number, and clonogenic results were analyzed by
either one-way or two-way ANOVA followed by Tukey’s honestly
significant difference post hoc test if a positive F test was
detected. For tumor measurements, a method known as
‘response features analysis’ was used to analyze serial
measures of tumor growth.19 This method allows for the com-

parison of individual growth delay profiles by using ‘summary
measures’. The particular summary measure we used was the
AUC (Area Under the Curve), which was particularly appropri-
ate for the growth delay profiles we encountered. The Wilcoxon
two-group method (using Van der Waerden normal scores) was
used to test whether there was a significant difference in
AUCs. Statistical analyses were performed using R software.
P-Values less than 0.05 were considered significant.

Results
Characterization of NP KU55933

NP KU55933 was formulated using a lipid-polymer NP plat-
form.15,16 We formulated NPs using different lipid: polymer
ratios and with different levels of drug loading. We found that

Fig. 2 Characterization of NP KU55933 with different lipid polymers. (A) Comparison of different lipid polymer formulations of NP KU55933 in drug
loading efficacy, size, zeta potential and half-life. (B) Nanoparticle size distribution, TEM image and release profile of NP KU55933. Values are rep-
resented as mean ± standard error (n = 3).

Paper Nanoscale

20214 | Nanoscale, 2015, 7, 20211–20219 This journal is © The Royal Society of Chemistry 2015

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
5:

35
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr05869d


a lipid/polymer weight ratio of 0.26 and 10% (wt/wt) drug
loading was optimal for KU55933 encapsulation. Higher drug
loading had lower encapsulation efficiency and did not lead to
significantly higher KU55933 within the NPs. Compared with
other lipid polymer formulations using PLA and PLGA/PLA,
the lipid – coated PLGA gives the best loading efficacy and
slowest release profile (Fig. 2). As shown in Fig. 2A, the encap-
sulation efficiency of KU55933 using PLGA was approximately
8.4% as compared to 6.8% with PLA and 7.2% with PLGA/PLA.
Thus, we chose to use PEG-PLGA NP platform to encapsulate
KU55933. Dynamic light scattering analysis of the NP KU55933
revealed NP sizes of 86.73 ± 0.57 nm and a polydispersity
index of 0.1 ± 0.004. Transmission electron microscopy (TEM)
of the NPs (Fig. 2B) showed well defined spherical NPs and
confirmed the NP sizes. ζ-Potential analysis demonstrated that
the NPs possess a negatively charged surface −36.1 ± 0.9 mV.
In vitro drug release of KU55933 from NP is slow and in first-
order release kinetic, with a half-life of 18.4 hours (Fig. 2).

NP KU55933 is an excellent radiosensitizer in vitro

NP KU55933 was evaluated as a radiosensitizer in vitro using
three non-small cell lung cancer (NSCLC) cell lines (H460,
A549 and H23). Radiation survival curves were then generated
using surviving fractions at different radiation doses. NP
KU55933 was found to be a potent radiosensitizer in all three
cell lines, indicated by the downward shift of survival curves
when NP KU55933 is given with radiotherapy (Fig. 3). NP
KU55933 is not significantly better than free KU55933 in these
in vitro studies, as expected and consistent with our previous
studies.16,20

NP KU55933 leads to longer inhibition of DNA repair signaling
pathways than that of KU55933

KU55933 is known to inhibit ATM and also prevent its down-
stream substrate AKT phosphorylation at Ser473.21 To compare
the difference of NP KU55933 and KU55933 in inhibiting the
DNA damage response pathways, we examined the effect on
irradiation-induced phosphorylation of ATM and its target
AKT in H460 cells. To avoid extensive cell death, we irradiated
the cells with 1 Gy. As shown in Fig. 4A, untreated H460 cells
had increased levels of phosphorylation of ATM, whereas NP
KU55933 and free KU55933 suppressed p-ATM (S1981)
expression at 10 µM until 24 hours after irradiation, suggesting
NP KU55933 has similar target effects with free KU55933
against p-ATM. Since ATM is a major upstream activator of
AKT through serine 473 phosphorylation in response to
gamma-radiation,22 we further tested if NP KU55933 affects
this response after radiation. Immediately followed by radio-
therapy (1 Gy), both NP KU55933 and free KU55933 at 10 µM
completely inhibited p-AKT (Ser473) (Fig. 4A). In contrast, AKT
phosphorylation at Ser473 was restored in free KU55933-
treated cells 3 hours after irradiation, while cells treated with
NP KU55933 still showed a lower level of p-AKT (Ser473)
(Fig. 4A).

One downstream mediator of ATM is H2AX. Upon DSBs,
phosphorylation of H2AX at Ser 139 (γH2AX) is quickly

recruited to damage sites and thus γH2AX foci form. When
DNA is repaired, γH2AX can be dephosphorylated and foci dis-
appear. Consistent with western blot results, confocal
microscopy showed that cells treated with NP KU55933 had
significantly higher level of γH2AX foci (p < 0.01) as compared
to cells treated with free KU55933 after 1 and 24 h after radi-
ation (Fig. 2B and C), suggesting NP KU55933 leads to longer
inhibition of DNA repair signaling pathways than that of free
KU55933.

NP KU55933 is more effective than KU55933 as a
radiosensitizer in vivo

To validate our in vitro results and to evaluate the efficacy of
NP KU55933 as a radiosensitizer in vivo, mice bearing either

Fig. 3 Clonogenic survival curves of cancer cell lines cultured with NP
KU55933 or KU55933 for 6 hours, treated with various dose of radiation
(XRT). H460 and A549 were treated with 10 µM and H23 with 5 µM of
the drug.
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H460 or A549 flank xenograft tumors were treated with NP
KU55933, free KU55933, or PBS (control) followed by radio-
therapy. Radiotherapy was given in a fractionate regimen
(5 Gy × 3). Tumor growth delay curves were generated and uti-
lized to compare the therapeutic efficacy of NP KU55933 and
free KU55933. We found that NP KU55933 lead to significantly
longer tumor growth delay when compared to free KU55933 or
control groups (H460: p = 0.004; A549: p = 0.03) (Fig. 5). Our
in vivo data confirmed that NP KU55933 is a potent radiosensi-
tizer with potential for clinical translation.

NP KU55933 has less hair toxicity than KU55933 when given
concurrently with radiotherapy

To compare the potential toxicity of NP KU55933 to that of
KU55933 with radiotherapy, we utilized the hair toxicity assay.

Mice were given either NP KU55933 or KU55933 followed by a
single dose of 16 Gy, a typical dose for hair toxicity studies.
Hair loss was determined and scored based on an established
method approximately four weeks after treatment. We found
that NP KU55933 had significantly less skin toxicity when com-
bined with radiotherapy than that of KU55933 (Fig. 6).

Discussion

The aim of our study is to demonstrate that NP delivery of
DSBRIs can improve their therapeutic efficacy and, more
importantly, lower their toxicity. We chose to use KU55933 as
the model drug. KU55933 was chosen as it is a potent and
selective inhibitor of ATM with IC50 of 13 nmol L−1 and a Ki of

Fig. 4 Effect of KU55933 formulations and radiation on phosphorylation of ATM, AKT and H2AX. H460 cells were pretreated with 10 μM KU or NP
KU (containing 10 μM KU) for 3 h and subsequently irradiated (1 Gy). (A) Cell lysates were collected at indicated time points for western blot. The
western blot band intensity was quantified after normalized to β-actin based on three independent experiments. (B) Cells were fixed at indicated
time points for immunofluorescence of γH2AX. (C) Average numbers of γH2AX foci per cell were presented.
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2.2 nmol L−1.10 Since ATM is the key protein in sensing DSBs
and initiating DSB repairs, we theorized that NP KU55933 will
have high potential in improving radiotherapy.

KU55933 is a hydrophobic molecule and is insoluble in
water. Therefore, we utilized a polymeric micelle NP platform
for its delivery. The hydrophobic polymeric core is used to
encapsulate KU55933 and enable its controlled release in
aqueous environments. Since polymer composition deter-
mines the hydrophilicity and rate of degradation which further
affect the nanoparticle size, loading efficacy as well as drug
release rate, we compared several different lipid polymer nano-
particle formulations of KU55933. NP KU55933 using PLGA
formulation has best loading efficiency as well as prolonged
drug release profile. The NP KU55933 size of 86.73 nm is excel-
lent for tumor targeting.23 Since KU55933 is a very potent
inhibitor of ATM, the 8.4% loading of KU55933 in NPs is more
than adequate for ATM inhibition in tumors. Because the
hydrophobicity of KU55933, it is released very slowly from NP
and more prolonged than other hydrophobic molecules such
as docetaxel.20 We do want to acknowledge that our method of
conducting drug release (using PBS) likely under-estimate the
true drug release kinetic of these NPs. Past literature have
shown that in vivo release tend to be more rapid due to the
interactions between NPs and serum proteins.24,25

To evaluate NP KU55933’s therapeutic efficacy and toxicity,
we chose to use NSCLC as a model disease. Chemoradio-

therapy is an important treatment paradigm in the manage-
ment of NSCLC.26 It has been shown to improve survival when
compared to sequential treatment or single modality treat-
ments.27 Despite its success, the overall overcome for NSCLC
patients after radiotherapy remains poor.28 Furthermore,
chemoradiotherapy treatment is very toxic with treatment mor-
tality of 5–10%.28 Therefore, one of the key research objectives
in lung cancer research has been to develop agents that can
improve the therapeutic index of radiotherapy.

Our in vitro evaluations of KU55933 showed that NP
KU55933 is as potent as KU55933. In general, NP therapeutics
exhibits lower efficacy than their small molecule counterparts
in in vitro studies due to pegylation of the NPs, which leads to
lower intracellular uptake by tumor cells.20,29 The unique and
favorable properties of nanotherapeutics are also not manifest
under in vitro conditions. For these therapeutics, the higher
therapeutic efficacy are seen in vivo despite the lower efficacy
data in vitro. It is also important to note that the survival
curves with KU55933 as radiosensitizer are linear in shape,

Fig. 5 In vivo efficacy of NP KU55933 as a radiosensitizer for non-small
cell lung cancer. Mice bearing flank tumor xenografts (A) H460 and (B)
A549 were intravenous injected with NP KU55933, KU55933 and saline
followed by radiation therapy (XRT). Tumors were irradiated in 3 daily
fractions of 5 Gy followed by chemotherapy injection.

Fig. 6 In vivo toxicity of KU55933. (A) Hair loss in mice treated with
radiation (XRT) and free drug (KU) or the nanoparticle formulation of
KU55933 (NP KU). The animals were injected with a single dose of
150 µg kg−1 of KU and treated with 14 and 16 Gy on the day of the injec-
tion. The representative pictures were taken on day 21. (B) Skin reaction
score on the mice treated with radiation (14 Gy) and KU. The animals
were treated as indicated in (A) and a score was given based on the work
published by Douglas and Fouler (1976).
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consistent with KU55933’s mechanism of action as a DNA
repair inhibitor.

The potential mechanism of NP KU55933’s excellent in vitro
data is that NP KU55933 can provide more prolonged inhi-
bition of DNA repair pathways, which can lead to higher thera-
peutic efficacy. Indeed, our results on AKT inhibition and ATM
inhibition support this hypothesis. Notably, γH2AX foci persist
24 hours after radiation suggesting NP KU55933 leads to
longer defects in DNA repair. The prolonged the suppression
of DNA repair pathways can cause more tumor cells undergo
mitotic death, the principle mechanism of death from cancer
cells after radiotherapy.

Normal tissue toxicity from radiotherapy is difficult to
study. One of the most well-established assays to assess radi-
ation toxicity is hair toxicity in mice. It is a good surrogate for
skin and mucosal toxicity, which is a one of the major toxici-
ties of clinical radiotherapy. As expected, we found NP
KU55933 led to lower hair toxicity than that of small molecule
KU55933. This is consistent with our hypothesis that NP
KU55933 has much less normal tissue distribution. Our data
also suggest that the overall toxicity profile of NP KU55933
with radiotherapy is less than that of KU55933 with
radiotherapy.

Conclusion

In summary, we have formulated a NP formulation of
KU55933, a DSBRI, and evaluated its therapeutic efficacy and
toxicity as a radiosensitizer. We demonstrated that NP formu-
lation of KU55933 improved its therapeutic efficacy as well as
lowered its toxicity. Our work demonstrates the proof-of-
principle of using NPs to deliver DSBRI, a potent class of anti-
cancer therapeutic, to renew their clinical translation
potential.

Future perspective

One of the key applications of nanomedicine will be in radi-
ation oncology.30 Preclinical data have consistently shown that
nanotherapeutics are more effective than their small molecule
counterparts when utilized in concurrent chemoradiation. One
nanotherapeutic, CRLX101, is already under investigation in
chemoradiation in rectal cancer (NCT02010567). Future
research will aim to translate novel radiosensitizers, such as
DSBRI, to further improve radiotherapy treatment for cancer.

Executive summary

• DNA double strand break repair inhibitors (DSBRIs) hold
high potential in improving radiotherapy treatment for cancer

• Clinical translation of DSBRIs has been limited by poten-
tial toxicity and drug delivery challenges

• Polymeric NP delivery of KU55933, a DSBRI, improves its
efficacy in vitro and in vivo with radiotherapy in non-small cell
lung cancer model

• NP KU55933 has less skin toxicity than that of small mole-
cule KU55933

• NP delivery of DSBRI is a potential clinical translation
strategy for this class of agents
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