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A subset (35%) of triple-negative breast cancers (TNBCs) expresses
androgen receptor (AR) activity. However, clinical trials with antian-
drogen drugs have shown limited efficacy, with about a 19% clinical
benefit rate. We investigated the therapeutic enhancement of antian-
drogens as radiosensitizers in combination with 18F-FDG in TNBC.
Methods:We screened 5 candidate drugs to evaluate shared toxicity
when combined with either 18F-FDG, x-rays, or ultraviolet radiation,
at doses below their respective half-maximal inhibitory concentra-
tions. Cytotoxic enhancement of antiandrogen in combination with
18F-FDG was evaluated using cell proliferation and DNA damage
assays. Finally, the therapeutic efficacy of the combination treatment
was evaluated in mouse tumor models of TNBC and prostate cancer.
Results: Bicalutamide, an antiandrogen drug, was found to share
similar toxicity in combination with either 18F-FDG or x-rays, indicat-
ing its sensitivity as a radiosensitizer to 18F-FDG. Cell proliferation
assays demonstrated selective toxicity of combination bicalutami-
de-18F-FDG in AR-positive 22RV1 and MDA-MB-231 cells in com-
parison to AR-negative PC3 cells. Quantitative DNA damage and cell
cycle arrest assays further confirmed radiation-induced damage
to cells, suggesting the role of bicalutamide as a radiosensitizer to
18F-FDG–mediated radiation damage. Animal studies in MDA-MB-231,
22RV1, and PC3 mouse tumor models demonstrated significant
attenuation of tumor growth through combination of bicalutamide and
18F-FDG in the AR-positive model in comparison to the AR-negative
model. Histopathologic examination corroborated the in vitro and
in vivo data and confirmed the absence of off-target toxicity to vital
organs. Conclusion: These data provide evidence that 18F-FDG in
conjunction with antiandrogens serving as radiosensitizers has utility
as a radiotherapeutic agent in the ablation of AR-positive cancers.
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Concomitant chemotherapy and radiation therapy are an estab-
lished treatment regimen for many neoplasms (1–3). For example,
paclitaxel (Taxol; Bristol-Myers Squibb), besides having antian-
giogenic properties, is also known to enhance the therapeutic
effects of ionizing radiation as revealed in clinical trials (4).

Thus, the risks associated with use of both radiotherapy and
drugs are considerably high because of unintentional radiation–
drug interactions (5). Therefore, there is a need for systematic
examination of radiation–drug interactions and, more fundamen-
tally, photochemical and biologic interactions between different
classes of drugs and radiation in order to enhance therapeutic
outcomes.
Recent studies have shown that radionuclides, in contrast to

external-beam radiation, can provide the flexibility and extended
reach in vivo to trigger therapeutic events in niches where meta-
static cancer cells tend to localize, such as bone marrow and lungs
(6,7). Typically, emissions from radionuclides include ionizing
radiation, comprising electron (b2) particles, positron (b1) par-
ticles, a-particles, Auger electrons, x-rays, and g-photons, as well
as nonionizing radiation, comprising luminescence and ultravio-
let–blue light emitted by b-particles, known as Cherenkov radia-
tion. The various types of emissions from a single radionuclide
can drive new opportunities in determining beneficial effects in
combination with drugs. Because of the associated complexity in
dosimetry, these combinations can also be challenging, as they
can lead to unintended consequences if the treatment strategy
is not optimized. For example, a recent phase III trial of vaginal
cuff brachytherapy in combination with paclitaxel/carboplatin
chemotherapy in patients with high-risk, early-stage endometrial
cancer resulted in acute toxicities to the patients (8). Therefore, in
our study we sought to identify and characterize compounds that
are capable of efficiently harvesting the different energy emis-
sions from diagnostic radionuclides to trigger therapeutic out-
comes through synergistic action, without causing radiation or
drug toxicity.
Since 18F-FDG PET scans are routinely used in the evaluation

of breast cancer patients, we postulated that by leveraging this
technique for activating light-sensitive Food and Drug Administra-
tion–approved drugs, we could potentially transform toxic chemo-
therapeutics to nontoxic targeted therapy of untargetable cancers,
such as triple-negative breast cancer (TNBC). In this study, we
screened various anticancer drugs and explored synergy with dif-
ferent types of radiation sources to identify drugs that exhibit sig-
nificantly higher toxicity against cancer cells when used in
combination with 18F-FDG. Previous studies have explored how
nonionizing radiation from radionuclides can be harnessed by
drugs and nanoparticles for photoactivated therapy (6,9). In this
study, we explored how ionizing radiation from diagnostic radio-
nuclides can be used in combination with certain drugs for
enhanced cancer therapy while minimizing off-target effects.
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MATERIALS AND METHODS

Drug Screening in Combination with 18F-FDG
All drugs (bicalutamide, flutamide, dacarbazine, 5-fluorouracil, and

titanocene) were purchased from Apexbio Inc. The drugs were resus-
pended in dimethylsulfoxide, and aliquots were prepared. The in vitro
efficacy of the drugs was investigated in the MDAMB231 cell line
(ATCC). The cells were treated with drugs at a subtoxic dose, which was
followed by the addition of 3 different activities (7.4, 14.8, and 29.6
MBq) of the radiopharmaceutical, 18F-FDG, procured in phosphate-buff-
ered saline. Medium was replaced after 1 half-life of 18F, approximately
110 min of incubation, to remove excess 18F-FDG that did not internalize
in cells. Cell viability was evaluated after 72 h by measuring the mito-
chondrial activity in live cells using an MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cell
proliferation agent (Promega) and absorbance measurement at 490 nm
by Cytation I (BioTek Instruments) in triplicate. Similarly, cell viability
was also measured for the cells pretreated with drugs with ultraviolet
light (portable mini ultraviolet lamp, 4 W, 365 and 254 nm) for 1 h and
ionizing radiation (50–220 kV x-rays, XenX irradiator; Xstrahl). An
exposure of 2 Gy was used, which is a clinically used exposure limit for
therapeutic purposes. The assays were repeated 3 times.

Androgen Receptor (AR) Expression on Cancer Cells and
Cytotoxicity Assessment

AR expression of 22RV1, PC3, MDAMB231, and MCF10A cells
(ATCC) was measured by flow cytometry. The cells were stained
using standard procedures as outlined in the supplemental materials
(available at http://jnm.snmjournals.org). The stained cells were ana-
lyzed for AR expression in flow cytometry (LSRII; BD Biosciences).
The assays were repeated 3 times for each cell line. The toxicity of
bicalutamide combined with 18F-FDG treatment was evaluated using
MTS assays in the cell lines following the manufacturer’s instructions.

DNA Damage Assessment
DNA damage caused by bicalutamide-18F-FDG in MDAMB231

was determined by cell death detection assays and gH2AX phosphory-
lation assays. A dose of 7.4 MBq of 18F-FDG was henceforth used for
all in vitro and in vivo experiments. Additional details on the cell
death detection assay are outlined in the supplemental materials.

To measure gH2AX phosphorylation of histones, cells were har-
vested in a 96-well plate with a seeding density of 104 per well, treated
with bicalutamide-18F-FDG, bicalutamide, or 18F-FDG, or left untreated,
in triplicate using an EMD H2A.X phosphorylation assay kit (Millipore).
Details are in the supplemental materials.

Evaluation of Cell Death Mechanism
Apoptotic cell death and autophagy were quantified by flow cytometry

analysis using annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) staining and an autophagy detection kit (Enzo Life Sciences),
respectively. Cell cycle analysis was performed by staining the fixed cells
with PI dye. Details are in the supplemental materials.

Efficacy of Combined Bicalutamide-18F-FDG Treatment in
Animal Models

MDAMB231, 22RV1, and PC3 cultured cancer cells (2 3 106

cells) admixed with Matrigel (Corning Life Sciences) were injected
subcutaneously in the flank regions of 6- to 8-wk-old female and male
athymic nude mice (Jackson Laboratory). When the tumors reached
200–250 mm3, the mice were randomized into different treatment
groups (5 animals per group). Bicalutamide was administered orally
every week at a dose of 60 mg/kg of body weight, and 7.4 MBq of
18F-FDG were injected intraperitoneally for 4 wk. The mice were
monitored every 2 d for 30–60 d for survival, adverse effects, and
weight loss. Treatment efficacy was evaluated in comparison with no

treatment, treatment with bicalutamide alone, and treatment with 18F-FDG
alone as control groups. An additional discussion on small-animal
18F-FDG activity can be found in the supplemental materials (10).

Statistical Analysis
All experiments were performed in triplicate, and statistical analy-

ses were performed using Prism software (version 8; GraphPad).
P values were determined by 1-way ANOVA, and a P value of less than
0.01 was considered statistically significant in all experiments whenever
applicable. The results of in vitro and in vivo analyses are shown as
mean6 SD or as the SEM of 3 or more independent experiments.

RESULTS

Evaluation of Toxicity of Drugs in Combination with 18F-FDG
We evaluated 5 anticancer drugs—5-fluorouracil, dacarbazine, flu-

tamide, bicalutamide, and titanocene—on the basis of their already-
established photosensitive properties. 5-fluorouracil is known to
induce protein degradation through superoxide radical and photooxi-
dation mechanisms on ultraviolet irradiation (11). Dacarbazine is a
photosensitive drug known to synergize with light to produce
increased toxicity through a photodegradation mechanism (12). Flu-
tamide and bicalutamide are known to be photoreactive and to induce
photosensitive drug eruptions in patients (13,14). Titanocene is an
ultraviolet light–sensitive compound that exhibits enhanced photo-
toxicity through a photodegradation mechanism (6,7). Although all
5 drugs are known to be light-sensitive, it is unclear to which type
of radiation—ionizing or nonionizing—they are sensitive. Since
18F-FDG generates both ultraviolet and ionizing radiation, we sought
to identify specifically which radiation, between the two, triggered
cell death in combination with drugs. Our first objective was to esti-
mate their dark toxicity by identifying their half-maximal inhibitory
concentrations in MDAMB231 cells, a representative TNBC cell line
(Supplemental Fig. 1). The drugs were then screened and evaluated
for their ability to induce cytotoxicity, at doses below their respective
half-maximal inhibitory concentrations, in combination with 18F-
FDG, x-rays, or ultraviolet radiation. On the basis of the estimated
half-maximal inhibitory concentrations, doses of 3.12, 50, 25, 12.5,
and 25 mM were selected for 5-fluorouracil, titanocene, dacarbazine,
flutamide, and bicalutamide, respectively.
All 5 drugs showed enhanced toxicity when treated with 18F-

FDG. However, the toxicity profile for the drugs was unique with
respect to sensitivity to ultraviolet light, radiation, or both (Figs. 1A
and 1B). Besides 18F-FDG, 5-fluorouracil and titanocene exhibited
cytotoxicity in combination with ultraviolet light. Similarly, besides
18F-FDG, flutamide and bicalutamide exhibited cytotoxicity exclu-
sively in combination with x-rays. Dacarbazine, however, exhibited
cytotoxicity in combination with both ultraviolet light and x-rays,
as well as 18F-FDG. These results suggest that ionizing radiation
(flutamide, bicalutamide, and dacarbazine) or nonionizing radiation
(5-fluorouracil, titanocene, and dacarbazine) emitted by the radioac-
tive decay of 18F could be playing a role in triggering these drugs.
The lower cytotoxicity of ultraviolet light–treated cultures treated
with flutamide and bicalutamide, compared with drug alone, likely
suggests drug photoinactivation (15).

Bicalutamide Radiosensitizes Cancer Cells to 18F-FDG and
X-Rays
Bicalutamide is a molecularly targeted antiandrogen drug that

also has radiosensitizing properties. Therefore, we hypothesized that
bicalutamide in combination with 18F-FDG will likely enhance cyto-
toxicity and provide greater control in spatiotemporal modulation
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of this therapeutic approach. First, we investigated the photophysics
behind the reactants, bicalutamide, and 18F-FDG. Photoproducts
formed by photoreaction of the drugs with ultraviolet light typically
causes type IV hypersensitive (cell-mediated) reactions (16). How-
ever, we noted earlier that bicalutamide in the presence of ultraviolet
light did not induce cytotoxicity. To further confirm whether ultravi-
olet irradiation of bicalutamide induces the generation of photo-
products, we performed mass spectrometry and Fourier-transform
infrared spectroscopy analysis. We observed no change in the struc-
ture (Supplemental Fig. 2) or molar mass (Supplemental Fig. 3) of
bicalutamide, suggesting that the parent compound was stable even
after irradiation with ultraviolet light. These results suggest that irra-
diating bicalutamide with 18F-FDG likely results in minimal photo-
degradation. However, to explain the enhanced toxicity observed
with bicalutamide-18F-FDG, it is possible that there is biologic coop-
eration, with bicalutamide blocking the AR and inhibiting DNA
damage repair, thereby increasing the susceptibility of cancer cells
to radiation damage by 18F-FDG (17).

Cytotoxic Enhancement of Bicalutamide-18F-FDG Combination
in AR-Positive Cancer Cells
We analyzed 4 human cancer cell lines, 2 prostate and 2 breast

cancers, for AR expression by flow cytometry. The prostate cancer
cell lines were 22RV1 and PC3, and the breast cancer cell lines
were MDAMB231 and MCF10A, the latter being a normal breast
epithelial cell line. Although MCF10A and PC3 cells did not dis-
play any significant AR expression (Supplemental Figs. 4A and
4B), an estimated 85% of the cultured 22RV1 cells and 81% of
the MDAMB231 cells expressed AR (Supplemental Figs. 4C and
4D). We then evaluated the cytotoxicity of the bicalutamide-18F-
FDG combination on AR-positive 22RV1 and MDAMB231 cells
and AR-negative MCF10A and PC3 cells. We observed that even
at a subcytotoxic dose of 25 mM, cytotoxicity (20% inhibitory
concentration) of bicalutamide was significantly enhanced after
exposure to activity of as low as 7.4 MBq in both MDAMB231
and 22RV1 cells, whereas the 20% inhibitory concentration of
bicalutamide alone was 65 mM (Figs. 2A and 2B). We observed
an activity-dependent increase in cytotoxicity with 7.4, 14.8, and
29.6 MBq of 18F-FDG. Both MCF10A cells and PC3 cells were
unresponsive to either bicalutamide alone or bicalutamide-18F-
FDG treatment even at a dose of 50 mM (Figs. 2C and 2D). These
results suggest that the combination of bicalutamide-18F-FDG
selectively inhibits proliferation of AR-positive cells over non-
AR–expressing cells at subcytotoxic monotherapy doses.

Bicalutamide-18F-FDG Treatment
Causes DNA Damage
We first investigated whether the cells

were experiencing oxidative damage to their
DNA, as is typical in radiotherapies. Rela-
tive quantification of the DNA fragments
obtained in the cell lysate after treatment
with bicalutamide and 7.4 MBq of 18F-FDG
in MDAMB231 cells was correlated with
DNA damage, which is generally consid-
ered an early indicator of apoptosis. Using a
quantitative enzyme-linked immunosorbent
assay–based assay to detect mono- and oli-
gonucleosomes, we observed that bicaluta-
mide-18F-FDG treatment induced increased
DNA damage to the cells compared with
bicalutamide alone,18F-FDG alone, or no

treatment (Fig. 3A). DNA damage was observed to be higher at 5 h
after treatment than at 48 h, mainly because nucleosomes are
detected before manifestation of the cascade of other apoptotic
events and because there are likely to be fewer intact viable cells at
48 h as a consequence of apoptosis.
Phosphorylation of H2AX histone protein typically occurs when

DNA double-stranded breaks are induced during exposure of can-
cer cells to chemotherapeutics or radiation, resulting in DNA rear-
rangement or apoptosis. Bicalutamide-18F-FDG treatment resulted
in a significantly higher chemiluminescence measurement, which
correlates with high amounts of gH2AX protein from increased
double-stranded breaks in the DNA (Fig. 3B).
Cell cycle and DNA content analysis showed no significant

increase in cells occupying the G1/S phase 24 h after treatment.
However, 32.8% of the cells were occupying the G2/M phase
when treated with bicalutamide-18F-FDG, compared with 18.3%
with bicalutamide alone and 17.3% with 18F-FDG–treated cells
and untreated cells (Fig. 3C). This study indicates that the antipro-
liferative characteristics of bicalutamide-18F-FDG treatment in
cancer cells is caused by G2/M cell cycle arrest after induction of
DNA damage, thus preventing the cells with DNA damage from
entering the M phase and undergoing mitosis.

Cell Death Mechanism: Apoptosis and Autophagy
Apoptotic cell death is characterized by distinct morphologic

changes such as cell shrinkage, DNA condensation, and cell bleb-
bing. These biochemical processes, involving various signaling
pathways, are triggered when cells undergo DNA damage and cell
cycle arrest. MDAMB231 cells treated with bicalutamide-18F-FDG
(7.4 MBq of 18F-FDG, 25 mM of bicalutamide) were evaluated
using flow cytometric analysis of annexin V-FITC/PI staining. Fig-
ure 4 shows that 32.7% of bicalutamide-18F-FDG–treated cells were
found to be in the late apoptotic state, since they stained positively
for both annexin V-FITC and PI. In contrast, only 10.6% of
untreated and 18.6% of bicalutamide-alone–treated cells stained
with both annexin V-FITC and PI. Annexin V-FITC stains cells
undergoing apoptosis by staining phosphatidylserine molecules that
have translocated to the outside of the cell membrane, whereas PI
stains necrotic cells or late apoptotic cells, which are characterized
by loss of the integrity of the plasma and nuclear membranes. The
high degree of DNA fragmentation and double staining of cells with
annexin V and PI suggests apoptosis, rather than necrosis, to be the
dominant cell death mechanism as a result of bicalutamide-18F-
FDG treatment.

FIGURE 1. (A) Screening of Food and Drug Administration–approved drugs in MDAMB231 cells
and evaluation of cell toxicity in combination with 18F-FDG, ultraviolet light, and x-ray exposure. (B)
Schematic representation of drugs classified by response to 18F-FDG, ultraviolet light, and x-rays.
*P, 0.01. **P, 0.001. UV5 ultraviolet.
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We next examined whether cells were
undergoing autophagy, since ionizing radia-
tion has been shown to induce autophagy in
cancer cells (18). The autophagic process is
a regulated mechanism involving swelling
of the cell membrane and formation of auto-
phagosomes to degrade and recycle the
intracellular contents. Cell death by the auto-
phagic process was quantified by analyzing
cells stained with Cyto-ID green dye (Enzo
Life Sciences) using a flow cytometer. Cyto-
ID stains acidic vesicular organelles green at
different stages in the process of autophagy
before it fuses with lysosomes and is inter-
nalized. Figure 5 and Supplemental Figure 5
clearly show a higher fluorescence intensity
and upregulation of autophagic activity in
cells treated with combined bicalutami-
de-18F-FDG than in cells treated with bicalu-
tamide alone or 18F-FDG alone or in cells
left untreated. Rapamycin- and chloroquine-
treated cells were used as positive controls.

Efficacy of Combination
Bicalutamide-18F-FDG Treatment
in Mouse Xenograft Models
After initiation of treatment, we started

observing significant separation between
the tumor volume curve of the bicalutami-
de-18F-FDG and the others, as shown in
Figures 6A and 6B. Overall, combination
treatment with bicalutamide and 18F-FDG
exhibited significant attenuation in tumor
growth, compared with bicalutamide alone
or 18F-FDG alone, which did not signifi-
cantly differ from the untreated group.

FIGURE 2. Cytotoxicity of bicalutamide-18F-FDG treatment for 72 h in MDAMB231 (A), 22RV1 (B),
MCF10A (C), and PC3 (D) cells. *P, 0.01. **P, 0.001. Bical5 bicalutamide.

FIGURE 3. (A) Evaluation of DNA damage in bicalutamide-18F-FDG–treated MDAMB231 cells by enzyme-linked immunosorbent assay–based detec-
tion of mono- and oligonucleosomes (DNA fragments) as result of DNA fragmentation. (B) Luminescent measurement of phosphorylated gH2AX protein
that occurred as result of DNA damage within cells. (C) Determination of cell cycle arrest in various phases due to DNA damage in bicalutami-
de-18F-FDG–treated cells. **P, 0.001. Bical5 bicalutamide; ctrl5 control; LU5 luminescence.
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Histopathologic analysis of immunostained MDAMB231 tumor
tissues (Supplemental Fig. 6A) revealed that tumor tissues treated
with bicalutamide-18F-FDG stained strongly positive for cleaved
caspase-3, which is an expression marker for apoptosis and DNA
damage. Similarly, with Ki-67 staining, which is a marker for highly
proliferating cells, there was a significant reduction in Ki-67 staining
in tumors treated with bicalutamide-18F-FDG. We also observed a
decreased number of cells staining positively for CD68, suggesting
lower degrees of macrophage infiltration within the tumor. Typi-
cally, increased tumor growth is also characterized by the presence
of CD68-expressing tumor-infiltrating macrophages, playing a key
role in promoting tumor initiation and malignant progression. In
addition, hematoxylin and eosin staining of brain, heart, liver, and
kidney confirmed no evidence of metastatic spread to these organs or
of any treatment-related off-target toxicity (Supplemental Fig. 6B).

To elucidate the role that AR-targeted
bicalutamide plays in this dual-specificity
strategy, a similar experiment was per-
formed with an AR-negative prostate can-
cer xenograft model in male nude mice
using PC3 cells. Unlike the AR-positive
cancer models, the bicalutamide-18F-FDG
treated group did not significantly differ
from the 18F-FDG or bicalutamide control
arms (Fig. 6C). Interestingly, there was a
significant increase in PC3 tumor attenua-
tion in mice treated with 18F-FDG, com-
pared with untreated mice or mice treated
with bicalutamide alone, further confirming
the critical role that AR plays in sensitizing
cells to 18F-FDG in TNBC. Histopathologic
analyses using staining with terminal deox-
ynucleotidyl transferase 29-deoxyuridine,
59-triphosphate nick-end labeling (DNA
damage causing cell death) and CD68 stain-
ing for tumor-infiltrating macrophages did
not indicate any degree of tumor ablation at
the tissue level, as shown in Supplemental
Figures 6C and 6D. Because of the nontu-

morigenic nature of MCF10A cells, tumor induction was not possi-
ble for this model.

DISCUSSION

TNBC is an aggressive cancer that lacks estrogen, progesterone,
and human epidermal growth factor receptor 2 receptors and therefore
cannot be treated with targeted hormone therapies or anti–human epi-
dermal growth factor receptor 2 agents (19). As a result, conventional
always-on chemotherapy remains the only effective systemic treat-
ment available for these patients. Recent studies have reported that
approximately 35% of TNBC patients have shown expression of
membrane AR (20). Although the role of AR in TNBC is an area of
active research, there is evidence that this cancer subset may respond
to therapeutic targeting of AR (21). Bicalutamide functions by block-
ing and inhibiting AR and is widely used in the treatment of prostate
cancer subtypes that overexpress AR (22). However, clinical trials
with bicalutamide and other antiandrogen drugs in TNBC have shown
limited efficacy, with about a 19% clinical benefit rate (21). There-
fore, we hypothesized that bicalutamide-activated cytotoxic enhance-
ment of 18F-FDG would improve the outcomes of the combination
treatment in TNBC and provide spatiotemporal modulation of therapy
as well. This hypothesis is supported by the influence that AR activity
has on cell cycle checkpoint inhibition and the DNA damage repair
pathway (23,24). Prior research has also demonstrated that antiandro-
gen drugs that block AR activity confer radiosensitivity to tradition-
ally radioresistant AR-positive TNBC cell lines by significantly
impairing resolution of double-stranded DNA breaks (17). Although
TNBCs are chemosensitive, they metastasize rapidly and are charac-
terized by poor prognosis and few therapeutic options. Therefore, use
of radionuclides, in contrast to external-beam radiation, extends the
in vivo reach to trigger therapeutic events in niches where metastatic
cancer cells tend to localize, such as bone marrow and lungs.
Although both targeted hormonal therapy and radiosensitizing

roles for bicalutamide would be highly desired in a clinical setting,
for our proof-of-concept studies we sought the effective separation
of both these properties in order to evaluate the singular role of

FIGURE 4. Flow cytometric quantification of bicalutamide-18F-FDG–treated MDAMB231 cells
undergoing apoptosis in various apoptotic stages. EA5 early apoptosis; LA5 late apoptosis.

FIGURE 5. Flow cytometric quantification of bicalutamide-18F-FDG–
treated MDAMB231 cells undergoing autophagy. Rapamycin/chloro-
quine-treated cells were used as positive control. **P , 0.001. Bical 5
bicalutamide; Rap/Chl5 rapamycin/chloroquine.
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bicalutamide as a radiosensitizer. In vitro studies revealed that a
subcytotoxic dose of bicalutamide in combination with 18F-FDG
inhibited cell proliferation, induced double-stranded DNA breaks,
and caused cell cycle arrest at the G2/M phase, leading to apopto-
tic cell death. Therefore, we can infer that bicalutamide is a potent
radiosensitizer because it selectively inhibits DNA damage repair
of AR-positive cells caused by 18F-FDG.
Previous reports have shown that apoptosis accounts for approxi-

mately only 20% of radiation-induced cell death (25). Therefore, we
explored other cell death pathways, such as autophagy, to determine
whether multiple pathways are involved in inducing cell death. We
observed significant cell death through autophagy, implicating the
role of endoplasmic reticulum stress and aberrant protein in the for-
mation of autophagosomes. Although there is still no consensus on
attributing specific mechanisms that link radiation and autophagy,
there is some evidence that double-stranded DNA breaks may induce
endoplasmic reticulum stress (26). The enhanced therapeutic efficacy
of the combination treatment in TNBC cells appears to contribute sig-
nificantly to both the autophagyand theapoptosis cell deathpathways.
In vivo therapy studies on AR-positive TNBC and 22RV1

mouse models showed significant attenuation of tumor growth and
enhanced therapeutic efficacy in mice treated with bicalutami-
de-18F-FDG compared with control groups. The therapeutic effect
of bicalutamide alone was minimal, as can be attributed to the sub-
therapeutic concentration used for these studies. However, in an
AR-negative PC3 mouse model, we observed no significant atten-
uation of tumor growth, supporting the critical role bicalutamide
plays in radiosensitizing AR-positive tumors to radiation-induced
damage from 18F-FDG. Further studies are needed to elucidate the
mechanism of enhanced therapeutic efficacy—synergistic versus
additive—before translation of this strategy can potentially be
realized.
With 18F-FDG, we avoided using an excessively high or non-

diagnostic imaging activity, not only to demonstrate the efficiency
of bicalutamide as a radiosensitizer in reducing the threshold for
radiation damage but also to allay any concerns about potential
toxicity during scale-up for translational studies, in which higher
activities of 18F-FDG might be deemed unrealistic for use in
humans (10). However, additional studies are needed to under-
stand the dosage expectancy of 18F-FDG for potential clinical
translation. Gross morphologic analysis, as well as hematoxylin
and eosin analysis of major organs, did not reveal any off-target
toxicity from treatment. Indeed, further studies are required to esti-
mate absorbed dose in normal organs and collect additional

evidence to confirm the absence of off-target toxicity in various
vital organs such as brain and bone marrow.

CONCLUSION

We have demonstrated the sensitivity of AR-positive cancer to
radiation damage using the diagnostic radiopharmaceutical 18F-FDG
in conjunction with bicalutamide, an antiandrogen that serves as a
targeted radiosensitizer. These findings open opportunities to investi-
gate other antiandrogens and radionuclides, as synergistic pairs, to
enhance therapeutic outcomes. Given the wide range of radionu-
clides available, studies exploring the mixed radiation emissions and
interaction with drugs to identify synergistic enhancement of cell
killing would be intriguing.
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KEY POINTS

QUESTION: Can antiandrogen hormonal therapy radiosensitize
AR-positive cancers to 18F-FDG?

PERTINENT FINDINGS: We observed a significant attenuation,
2-fold, of tumor growth in AR-positive compared with AR-negative
cancers.

IMPLICATIONS FOR PATIENT CARE: We envisage that this
strategy will benefit AR-positive cancer patients with metastasis
by providing an effective image-guided targeted therapy with
minimal side effects.

FIGURE 6. Tumor growth demonstrating therapeutic efficacy of combined treatment of bicalutamide-18F-FDG in athymic nude xenograft tumor model
induced with subcutaneous MDAMB231 cancer cells (A), 22RV1 cancer cells (B), or PC3 cancer cells (C). n 5 5/group. *P , 0.01. **P , 0.001. Bical 5
bicalutamide.
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