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Abstract 
Preclinical studies show that stroma affects sensitivity of prostate cancer cells 

via activation of the CXCR4/CXCL12 pathway. Here we studied the effect of 

CXCR4 inhibition combined with irradiation in prostate cancer cells. In an in 

vitro co-culture with stromal cells, the CXCR4 inhibitor AMD3100 sensitized 

prostate cancer cell lines PC3-Luc and LNCaP to irradiation (P = 0.04). Tumor 

growth and metastasis were evaluated in mice xenografted with luciferase-

expressing PC3 cells that received 5 Gy irradiation weekly +/- 3.5 mg/kg 

AMD3100 daily intraperitoneally. The irradiated xenografts showed higher 

CXCR4 (P = 0.006) and CXCL12 (P = 0.01) expression, compared to controls. 

AMD3100 sensitized the xenografts to irradiation at the fourth week of 

treatment (P = 0.02). However AMD3100 also mobilized tumor cells at days 

14 and 21 (P < 0.0001), as shown by bioluminescent imaging. In conclusion, 

AMD3100 transiently enhances prostate cancer radiosensitivity, but induces 

cancer cell mobilization.
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Introduction  

Emerging evidence suggests that ionizing irradiation induces changes in 

tumor-surrounding tissues and promotes tumor angiogenesis, vasculogenesis, 

invasion and metastasis [1-4]. Important in this respect are chemokine 

receptor 4 (CXCR4) and its ligand CXCL12, which are involved in shaping the 

biological responses of tumors to irradiation treatment [1, 5, 6]. Irradiation-

induced CXCL12 upregulation and consequent recruitment of bone marrow-

derived cells (BMDCs) enhanced tumor vasculogenesis in an orthotopic 

mouse model of glioblastoma [5]. Moreover, CXCR4 can be activated and 

upregulated in irradiated tumor tissue  [5, 7].

In prostate cancer,  CXCR4 plays an important role in tumor growth, angiogenesis 

and the interactions of malignant cells with their microenvironment [8-12]. 

Expressed on prostate cancer cells, CXCR4 mediates their in vitro migration 

towards CXCL12 [8]. CXCR4-positive human prostate cancer cells form 

micrometastatic lesions in the bone marrow, where they compete for the 

protective stromal niche with CXCR4-positive normal murine hematopoietic 

stem cells [11]. Human bone marrow stromal cells express high levels of 

CXCL12 [13], which exerts a chemoprotective effect on normal hematopoietic 

progenitor/stem cells in vitro and in vivo [14, 15]. This protective effect was 

also shown for prostate cancer and other epithelial and hematological cancer 

cell lines when co-cultured with BMD stromal cells [10, 16, 17].

There is a need to improve treatment outcome in prostate cancer patients. For 

localized prostate cancer, radical prostatectomy or irradiation with or without 

(neo)adjuvant hormonal therapy is indicated [18]. However, in about half of 

the patients, recurrences will occur at various time points after androgen 

deprivation therapy [19, 20]. Targeting stromal factors that contribute to 

the microenvironment-mediated therapy resistance is a potential approach 

to achieve more effective irradiation [16, 17]. In this context, AMD3100, a 

potent CXCR4 inhibitor blocking the binding pocket of this 7-transmembrane 
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G protein-coupled chemokine receptor, can be tested to inhibit cancer cell 

migration and interactions with stromal cells. We studied the role of CXCR4/

CXCL12 in the survival of prostate cancer cells after irradiation in an in vitro 

co-culture model. In human prostate cancer mouse xenografts, the effects 

of AMD3100 in combination with local irradiation on primary tumor survival 

and metastasis were studied.

Materials and Methods

Cell culture
The human prostate cancer cell line PC3 stably transfected with American 

firefly luciferase gene (PC3-Luc, Caliper Life Sciences) and the LNCaP human 

prostate cancer cell line derived from a lymph node metastasis (ATCC) were 

cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with 

10% fetal calf serum (FCS, Perbio Sciences). Both cancer cell lines express 

CXCR4 [10, 21] and were recently authenticated by short tandem repeat 

(STR) analysis. The CXCL12-expressing [10] mouse BMD stromal fibroblasts 

cell line MS5 (purchased from Leibniz Institute, DSMZ-German collection 

of microorganisms and cell cultures, ACC441) and the green fluorescent 

protein (GFP)-transfected variant MS5-GFP were cultured in alpha-MEM 

with 10% FCS. Cell lines were maintained at 37 °C with 5% CO2 in humidified 

atmosphere. All media and supplements were obtained from Invitrogen. 

Cell viability assay in fluorescence-based co-culture model
PC3-Luc cells pre-labeled with red fluorescent dye (DiI, Invitrogen) were 

plated in 24-well plates on glass slides with or without a pre-cultured MS5 

stromal cell monolayer. Cells were then treated with control medium or 

when applicable 25 μg/mL AMD3100 (Sigma) and irradiated with 0, 5 or 15 

Gy using a cesium-137 ionizing γ-irradiation source. The chosen AMD3100 

concentration is not toxic to the PC3-Luc cells but inhibits CXCR4-induced 
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responses, as shown by our previous experience [10] and in the available 

literature data [22-26]. At 72 hours after irradiation, glass slides were 

collected, fixed with acetone:methanol (1:1) and stained with 4,6-diamino-

2-phenylidole (DAPI, Sigma). Tumor cell viability was assessed with nuclear 

DAPI staining as described previously [10] based on the observation of the 

nuclear structure (intact versus fragmented nuclei) in three high-power fields 

of view (400 x magnification). Red DiI membrane staining was used to identify 

tumor cells in the co-cultures. Each condition was tested in triplicate and in 

three independent experiments.

Cell survival assessment with colony formation assay
MS5-GFP cells were plated in 6-well plates as indicated and allowed to form 

a confluent layer for 24 hours. Exponentially growing PC3-Luc or LNCaP cells 

were harvested and plated in wells with or without MS5-GFP monolayers in 

respective dilutions (Supplementary Table 1). The numbers of cells plated 

were optimized per cell line, based on their colony formation potential and 

doubling time (about 40 hours for PC3-Luc and 60 hours for LNCaP). In addition, 

to obtain colonies in sufficient numbers for statistical analysis, increasing 

numbers of cells were plated along with increased irradiation doses. When 

applicable, AMD3100 (25 μg/mL) was added to the cells four hours after 

plating, and 20 minutes prior to irradiation with indicated doses. Cells were 

allowed to form colonies for 14 days, without changing the media. Colonies 

formed after 2 weeks were analyzed using fluorescence microscopy to assess 

whether they consisted of non-fluorescent tumor cells or of green-fluorescent 

stromal cells. Subsequently, cells were fixed with methanol and stained for 

3 hours with Coomassie brilliant blue (Biorad) solution in methanol:acetic 

acid:water (5:2:3), washed with water and air-dried. Colonies (with a 

minimum of approximately 30 cells) were counted using a stereomicroscope. 

Plating efficiency was determined and the surviving fraction was calculated 

for every condition and related to non-irradiated controls. Each condition 
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was performed in triplicate and in three independent experiments.

DNA damage visualization by phospho-histone H2AX staining
Double-strand DNA breaks were visualized by phospho-serine 139-histone 

H2AX. MS5-GFP cells were plated in 24-well plates and allowed to form 

confluent layer for 24 hours. Subsequently, 2 x 104 PC3-Luc cells per well 

were plated, allowed to attach for 3 hours, treated with 25 μg/mL AMD3100 

or control medium and irradiated with 0 or 15 Gy. Cells were harvested at 1, 

6 and 24 hours after irradiation, fixed with 3% formaldehyde in phosphate 

buffered saline (PBS, pH = 7.4) for 15 minutes, washed twice with PBS and 

permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 5 minutes and 

again washed twice with PBS. Subsequently, cells were incubated overnight 

at 4 °C with mouse phospho-serine 139-histone H2AX (Millipore), followed 

by 1 hour incubation at room temperature with Alexa555-conjugated goat 

anti-mouse antibodies (Molecular Probes). At least 10,000 events were 

measured on a FACS Calibur (Becton Dickinson) and analyzed using the 

Kaluza software (Beckman Coulter). The level of Alexa555 signal, reflecting 

the amounts of DNA breaks in tumor cells, was specifically analyzed only in 

GFP-negative tumor cells. Each condition was performed in triplicate and in 

three independent experiments.

PC3-Luc prostate cancer subcutaneous xenografts in mice 
To induce subcutaneous tumor growth of prostate cancer in mice, 6 to 8 

weeks old male Hsd:Athymic Nude-Foxn1nu mice (Harlan Laboratories) were 

injected subcutaneously with 3 x 106 PC3-Luc cells in 100 µL of PBS into the 

dorsal region near the thigh. The PC3 cell line commercially available from 

Caliper Life Sciences is transfected with luciferase with a very high efficiency 

and it emits approximately 1500 photons/sec/cell, ensuring highly sensitive 

detection of low cell numbers. In all experiments, treatment started when 

the tumors were between 100 to 200 mm3 in size, as measured with a digital 
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caliper. For each animal, termination was followed by an autopsy. Internal 

organs and tumors were excised, formalin-fixed and paraffin-embedded 

(FFPE). All experiments were performed under anesthesia by isoflurane 

inhalation (3% for induction, 1.5% for maintenance) and approved by the 

Institutional Animal Care and Use Committee of the University of Groningen, 

The Netherlands. 

To determine the effect of CXCR4 inhibition on radiosensitivity of prostate 

tumors in vivo, we used tumor size as an endpoint. At the start of treatment, 

mice were randomized into four treatment groups: 1) sterile water 

intraperitoneally (ip) 5 times per week (control group, n = 9), 2) AMD3100 3.5 

mg/kg ip 5 times per week (n = 9), 3) 5 Gy limited to tumor area (X-Rad320 

ionizing X-radiation) once weekly and sterile water ip on the remaining 4 

days (n = 6) and 4) combination treatment of irradiation and AMD3100 (n 

= 5). After 7 weeks of treatment, or when humane endpoints were reached, 

animals were terminated. 

In the subsequent experiment we aimed at measuring tumor cell mobilization 

from the primary tumor to the blood. In order to visualize luciferase-

transfected circulating prostate cancer cells in the collected blood samples 

from mice, we adapted the method of determining the metastatic sites in 

mouse organs ex vivo by bioluminescent imaging [27]. When the tumors 

were established, mice were randomized into control group (sterile water 

ip daily, n = 5) or AMD3100 group (3.5 mg/kg ip daily, n = 6). Weekly, before 

and after treatment, blood samples (100 μL per sample) were obtained by 

tail vein puncture, 100 μL of 150 μg/mL D-luciferin (Caliper Life Sciences) was 

added to 100 μL of blood, and the bioluminescence produced by prostate 

cancer cells was imaged ex vivo with IVIS100 bioluminescent camera (Caliper 

Life Sciences, settings: 10 minutes exposure, large binning, f/stop 1). This 

quantification method in vitro was previously validated by the cell line 

supplier and provided data on linear correlation between cell number and 

bioluminescent signal in the cell line datasheet. In order to use this method 
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for ex vivo measurement of CTCs in mouse blood, the assay was first validated 

by in vitro optimalization. To achieve that, a standard curve was generated 

by performing a serial dilution of PC3-Luc cells, where the cells were directly 

counted using the grid of hemocytometer under the microscope. To exclude 

that mouse blood is quenching the bioluminescent signal, we performed the 

serial dilution of tumor cells directly in the mouse blood (Supplementary 

Fig. 2). To analyze the possible cumulative mobilizing effects of AMD3100 

injections, on the last day of the experiment (21st day of treatment), mice 

were treated with two sequential injections of sterile water or AMD3100 

at 6 hours intervals. Blood was collected before and after each treatment 

injection to perform further bioluminescent measurements of circulating 

tumor cells (CTCs). Six hours after the last treatment injection, mice were 

anesthetized and euthanized by cervical dislocation and a final blood sample 

was obtained by cardiac puncture. The detailed blood-sampling scheme is 

depicted in Supplementary Fig. 1. The standard curve indicating the relation 

between the bioluminescent signal and number of cells was obtained by 

spiking known dilutions of PC3-Luc cells in the blood of control, non-tumor 

bearing mice (Supplementary Fig. 2). 

Immunohistochemistry
The histomorphological analysis of prostate tumors from animal experiments 

was performed by hematoxylin and eosin (H&E) staining. The PC3 origin of 

metastatic lesions in mice was confirmed by histomorphological assessment 

based on H&E staining. Human rectal cancer tissue was used as a positive 

control for CXCR4 and CXCL12-expression. Omission of the primary antibody 

or normal rabbit immunoglobulin fraction (DAKO) served as negative controls 

for both stainings. 

Formalin-fixed, paraffin-embedded (FFPE) tissue sections were deparaffinized 

and incubated with rabbit anti-human CXCR4 (Abcam) or rabbit-anti CXCL12 

antibody (Abcam), secondary goat anti-rabbit or rabbit anti-goat antibody 
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conjugated to peroxidase (DAKO), and subsequent tertiary rabbit anti–goat 

or goat anti-rabbit conjugated to peroxidase (DAKO). Staining was visualized 

by 3,3’-diaminobenzidine (DAB).

The intensity of CXCL12 and CXCR4 staining in the tumor cells and adjacent 

stromal cells was semi-quantitatively scored in scale ranging from 0 (no 

staining), 1 (weak intensity) to 2 and 3 (strong intensity) in 5 randomly 

distributed high-power fields of view (400 x magnification) per sample by 

two individual researchers, independently. 

Statistical analysis
All parametric data obtained from cell viability and cell survival assays as well 

as animal experiments are expressed as average ± standard deviation (SD) 

and were analyzed using the two-tailed and unpaired T-test. Chi-square test 

was used to compare the distribution of the staining intensities of CXCR4 and 

CXCL12 in tumor tissues of xenografts. P values of < 0.05 were considered 

statistically significant. Statistical analysis was performed with GraphPad 

Prism 5 software. 

Results 

The role of stromal cells in prostate cancer cell sensitivity to irradiation 
in vitro 
We first investigated whether stromal cell microenvrionment could influence 

the radiosensitivity of prostate cancer cells. In clonogenic survival assays, at 

14 days following 8 Gy irradiation, the surviving fraction of PC3-Luc cells was 

92% lower in the monoculture compared to co-cultures with stromal cells 

(P < 0.0001). Similar results, although less profound, were observed with 

the LNCaP cell line (Fig. 1A, top panels). All colonies consisted of tumor cells 

and not GFP-positive stromal cells (Fig. 1A, bottom panels). In the co-culture 

viability assay, the protective effect of stromal cells was already observed 
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at 72 hours after irradiation. The viability of PC3-Luc cells after 5 Gy and 

15 Gy irradiation was respectively 14.6% (P = 0.06) and 51% (P = 0.004) 

higher in the presence of stromal cells layer versus monoculture (Fig. 1B). 

The observed differences were not due to different amounts of irradiation-

induced damage, as in both conditions the PC3-Luc cells showed comparable 

rates of DNA damage repair at 6 and 24 hours post-irradiation, determined 

by phospho-H2AX analysis (Fig. 1C).

The effects of AMD3100 combined with irradiation in an in vitro co-
culture of prostate cancer cells with stromal cells 
To study whether the CXCL12/CXCR4 pathway is involved in the protective 

Figure 1. The role of stromal cells in sensitivity to irradiation in the human prostate 
cancer cell line PC3-Luc in vitro. (A) Surviving fraction of PC3-Luc (upper left) or LN-
CaP (upper right) cells 14 days after irradiation in presence or absence of MS5-GFP 
stromal cells. The data represents mean values of all experiments (n = 3). The col-
onies visible under the light microscope (lower left) are formed exclusively by the 
GFP-negative tumor cells (T), as detected by fluorescence microscopy (lower right). 
(B) Percentage of viable PC3-Luc cells with or without stromal cell line MS5 72 h 
after irradiation assessed by fluorescent microscopy. (C) Percentage of phospho- 
H2A.X-positive PC3-Luc cells reflecting the amount of DNA double strand breaks in 
the PC3-Luc cells after 0 or 15 Gy irradiation.
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effect of stroma cells on prostate cancer cells, irradiation was administered 

in combination with a CXCR4 inhibitor. In the presence of an MS5-GFP 

stromal cell layer, 25 μg/ml AMD3100 sensitized PC3-Luc cells to irradiation, 

resulting in an 88% decrease of the surviving fraction (P < 0.0001). PC3-Luc 

cell colony formation capacity after irradiation was not affected by AMD3100 

in the absence of stromal cells (Fig. 2A, left panel). In line with these findings, 

an analogous effect of AMD3100 on LNCaP cells cultured in the presence 

of stroma was observed (Fig. 2A, right panel). In the cell viability assay in 

co-culture of prostate cancer cells with stroma, the sensitizing effect of 

Figure 2. The effects of AMD3100 combined with irradiation in an in vitro coculture 
of prostate cancer cells with stroma. (A) Surviving fraction of PC3-Luc (left) or LNCaP 
(right) cells 14 days after irradiation in presence or absence of MS5-GFP stromal cells 
with or without addition of 25 µg/mL AMD3100. The data represents mean values 
of all experiments (n = 3). (B) Percentage of viable PC3-Luc cells in presence (left) 
or absence (right) of stromal cell line MS5 with or without addition of 25 µg/mL 
AMD3100 at 72 h after  irradiation assessed by fluorescent microscopy.
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Figure 3. The in vivo effects of AMD3100 combined with local irradiation. (A) Tumor 
volumes expressed as a percentage of tumor growth related to volume at the 
start of treatment. (B) Quantification of a metastatic spread in mice at the autopsy 
performed at the final day of the experiment, expressed as number of metastatic 
mice per group (left) and as number of metastatic lesions per mouse (right). (C) 
Representative images of PC3-Luc xenograft metastatic tumor lesions (T) identified 
by H&E staining in kidney (K, top) or lymph node (LN, lower) and visualized by light 
microscopy with indicated magnifications.
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AMD3100 on PC3-Luc cells was observed already at 72 hours after irradiation. 

Five Gy irradiation added to AMD3100 treatment decreased the viability of 

PC3-Luc cells in the presence of stroma from 84.2 ± 7.8 % to 64.4 ± 4.6 % of 

viable cells per field of view (P = 0.03, Fig. 2B, left panel). The observed effect 

Figure 4.  Induction of CXCR4 and CXCL12 expression upon tumor irradiation in 
prostate cancer xenografts. (A) Representative images of PC3-luc xenografts with 
hematoxylin and eosin staining or immunohistochemical staining of CXCR4 and 
CXCL12 (as indicated in rows) from respective treatment groups (as indicated in rows), 
visualized by light microscopy with indicated magnifications. (B) Quantification of 
CXCR4 (left) and CXCL12 (right) staining intensity distribution in the xenograft tissue 
of animal treatment groups.



Chapter 4    Dual effects of AMD3100 combined with irradiation

82

was even stronger after 15 Gy irradiation (decrease in viability from 68.9 ± 

1.7 % to 46 ± 2.8 %; P = 0.0008), but it was absent when PC3-Luc cells were 

cultured without stromal cells (Fig. 2B, right panel). In summary, the in vitro 

data showed that CXCR4 inhibition with AMD3100 sensitized prostate cancer 

cells to irradiation only in the presence of CXCL12-expressing stromal cells. 

The in vivo effects of AMD3100 combined with local irradiation
Given the radiosensitizing effect of CXCR4 inhibition in vitro, we further 

studied the outcome of AMD3100 combined with irradiation in human 

prostate cancer xenografts in mice. The AMD3100 alone did not influence 

PC3-Luc tumor growth as compared to the placebo group. All mice in these 

treatment groups needed to be sacrificed after 3 weeks of treatment, when 

reaching the humane endpoints. Mice receiving irradiation and irradiation 

combined with AMD3100 showed a slower tumor growth compared to 

the control group (P = 0.05 and P = 0.03 respectively). The mice receiving 

irradiation combined with AMD3100 showed statistically slower tumor 

growth compared to the irradiation group in the initial stage between days 

21 and 32 (Fig. 3A). Remarkably, tissue analyses of sacrificed mice showed 

metastasis in 3 out of 5 mice treated with AMD3100 and irradiation. Two 

mice showed multiple metastases (Fig. 3B). The observed metastases were 

mainly localized in the kidney and axillary lymph nodes at the side of tumor 

inoculation (summarized in Supplementary Table 2). All metastatic lesions 

were derived from the subcutaneously injected human prostate cancer 

xenografts, as confirmed during histomorphological analysis of H&E-stained 

organ slides (Fig. 3C). In the group of mice that received irradiation alone, only 

one out of six mice developed metastasis. However, since the experiment 

was originally designed to test the difference in tumor growth and not a 

difference in metastasis, the number of animals used was not sufficient to 

reach statistical significance in terms of metastatic burden.

The immunohistochemical analysis of the resected tumors showed that both 
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CXCR4 and CXCL12 were expressed homogeneously in the cytoplasm of cancer 

cells. In the cancer cells of tumors treated with irradiation or AMD3100 in 

combination with irradiation (Fig. 4A), cytoplasmic CXCR4 staining intensity 

was higher than in control mice (P = 0.04 and P = 0.03, respectively, Fig. 4B, 

Figure 5.  The mobilizing effects of AMD3100 in prostate cancer xenograft mouse 
model. (A) tumor volumes in the respective treatment groups of PC3-Luc xenograft 
in mice from day 1 until day 21 of treatment (top) and fold-upregulation of mobilized 
circulating PC3-Luc cells after AMD3100 treatment or control compared to baseline 
measurements on respective treatment days, together with the raw bioluminescent 
images of blood samples (100 µL) collected from individual mice in each treatment 
group (bottom). (B) Number of circulating PC3-Luc cells at day 21 of treatment in 
after two sequential AMD3100 or control injections, detected by bioluminescent im-
aging of mouse blood samples (100 µL). (C) Number of the metastatic mice per treat-
ment group at the day of the termination (top), bioluminescent imaging of the lymph 
node PC3-Luc metastatic tumor lesions in lymph nodes on day 14 of treatment in the 
individual mice (middle) and representative image of morphological analysis of the 
tumor lesions (T) in the lymph nodes (LN), identified by H&E staining and visualized 
by light microscopy with 400 x magnification (bottom).
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left panel). CXCL12 showed a higher cytoplasmic staining intensity in cancer 

cells following AMD3100 treatment combined with irradiation than in cancers 

treated with placebo injections (Fig. 4B, right panel). 

The mobilizing effects of AMD3100 in prostate cancer xenograft 
mouse model
The detection of metastases in the group of mice treated with AMD3100 

combined with irradiation encouraged us to study whether AMD3100 

may induce mobilization of CXCR4-positive prostate cancer cells into the 

circulation. In the PC3-Luc subcutaneous model we measured the number 

of luciferase-transfected prostate CTCs in murine blood after AMD3100 

treatment (Fig. 5; the sampling scheme is depicted in Supplementary Fig. 1). 

The method was first assessed by standard curve measurements and showed 

a linear relation between the bioluminescent signal and the cell count within 

the tested range of measurement (0-10000 cells per well) and showed that 

as few as 10 CTCs/100 μL of mouse blood could be detected (Supplementary 

Fig. 2). 

Despite the fact that mice were rapidly developing large tumors, no 

detectable CTCs were observed in the control group consisting of mice 

treated with water, neither at baseline, nor at 2, 4 and 6 hours after water 

injections. Likewise, throughout the experiment, no CTCs were detected 

at baseline, prior to AMD3100 treatment (Supplementary Fig. 1). Daily 

AMD3100 injections did not induce CTCs mobilization, as measured at day 

1 (sampled 2 hours after AMD3100 injection) and 7 (sampled 4 hours after 

AMD3100 injection) of treatment. However, measurements acquired at days 

14 and 21, showed respectively an 83- and 33-fold increased number of CTCs, 

measured at 6 hours after ip AMD3100 administration (P < 0.0001 for both 

measurements, Fig. 5A). In addition, we measured whether two sequential 

AMD3100 injections at 6-hour intervals did affect CTCs in blood. Although the 

second injection of AMD3100 also induced CTCs mobilization, the amount 
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of CTCs was not higher than following the first AMD3100 injection (Fig. 5B). 

Overall, these results showed that on days 14 and 21 of treatment, AMD3100 

induced the mobilization of CXCR4-positive prostate cancer cells into the 

circulation at 6 hours after AMD3100 injection.

Additionally, a bioluminescent scan of mice at day 14 of treatment revealed 

that 1/5 control mice and 3/6 AMD3100-treated mice developed lymph node 

metastases (Fig. 5C, bioluminescent imaging pictures). Histomorphological 

analysis of H&E-stained lymph nodes dissected on day 21 showed presence 

of PC3-Luc cell in the lymph nodes of 4/6 mice from the AMD3100-treated 

group at (Fig. 5C, top and bottom panels). Although, consistently with the 

previous experiment, in the AMD3100-treated groups the numbers of 

metastatic lesions appeared higher, this difference was not statistically 

significant, since the aim of this experiment was to observe the differences in 

numbers of CTCs, therefore the group size was calculated accordingly to this 

specific endpoint.

Discussion 
Our study shows that CXCR4 inhibitor AMD3100 sensitizes prostate cancer 

cells to irradiation by inhibiting the tumor-protecting influence of the 

CXCL12-expressing stromal cells. However, this coincides with AMD3100-

induced mobilization of CXCR4-positive prostate cancer cells into the 

circulation. The capacity of AMD3100 to mobilize CXCR4-expressing stem/

progenitor cells from the bone marrow is used in clinical practice for non-

Hodghkin’s lymphoma and multiple myeloma patients [28, 29]. Here we 

report for the first time mobilization of solid tumor cells by AMD3100 in mice 

xenografted with luciferase-expressing PC3 cells. Mobilization of solid cancer 

can potentially result in enhanced metastasis formation. This is of particular 

importance in light of a recently performed phase I clinical trial with CXCR4 

inhibitor LY2510924 administered to advanced cancer patients  [30]. Next 

to safety, pharmacokinetics, efficacy and pharmacodynamics, CTC count 
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was included as a study endpoint. The authors found in 6 out of 42 treated 

patients that CTC numbers were increased. In two out of the three enrolled 

prostate cancer patients, the CTC count after treatment increased 4.4-fold 

(from 53 to 235 CTCs / 7.5 ml blood) and 16.4-fold (from 24 to 400 CTCs / 7.5 

ml blood) as compared to baseline. In our opinion, there is a delicate balance 

between inhibition of metastasis and tumor cell mobilization upon CXCR4 

inhibition. In preclinical setting this will largely depend on the (mouse) model 

used, whereas the response in clinical setting will be affected by tumor type, 

stage and timing of systemic treatment.

While we observed a mobilizing effect of AMD3100 and a slight (but not 

statistically significant) increase in metastasis formation in AMD3100-

treated mice, numerous other groups studying the anti-cancer properties 

of AMD3100 in pre-clinical studies reported anti-metastatic effects of this 

CXCR4 inhibitor. There may be various reasons for the observed result. In 

the several studies in which CXCR4 inhibition with AMD3100, CTCE-9908, 

CXCR4-neutralizing antibodies or shRNA-induced receptor downregulation 

impaired the development of metastasis, either mouse models of 

experimental metastasis [31-33] or in orthotopic mouse models of breast 

cancer, prostate cancer and squamous cell carcinoma [31, 33]. However 

in studies performed with mouse models of experimental metastasis the 

initial steps of the metastatic cascade were omitted as the tumor cells were 

directly administered into the circulating blood. Therefore the mobilizing 

effect of AMD3100 on the primary tumors could not be studied. In previously 

described orthotopic mouse model studies of breast cancer, prostate cancer 

and squamous cell carcinoma, although the primary tumor was available to 

study the mobilization, the treatment with CXCR4 inhibitors was initiated 

either immediately [33-35] or three days [36] after tumor implantation. In 

contrast, in our experiments, treatment was initiated after two weeks, when 

the primary tumors and their vasculature were well established, reflecting 

the clinical setting more closely and allowing to observe AMD3100-induced 
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cancer cell mobilization and subsequent establishment of metastases. 

Therefore, in addition to previous findings reporting that CXCR4 prevents 

homing of tumor cells to CXCL12-rich niches, we now show that cells already 

residing in a CXCL12-expressing primary tumor microenvironment may be 

susceptible to AMD3100-induced mobilization. 

Stromal cells can play a protective role in the cancer microenvironment [10, 

16, 17, 37]. The in vitro co-culture experiments of the present study revealed 

that prostate cancer cells are protected from irradiation-induced death 

by the presence of a CXCL12-expressing stromal cell layer. As AMD3100 

inhibits binding of CXCL12 to the CXCR4 expressed on prostate cancer cells, 

we analyzed whether it can affect the outcome of irradiation in prostate 

cancer cells by influencing the stroma. Previous studies with AMD3100 

performed in solid tumor xenograft-bearing mouse models focused mainly 

on its combination with systemic treatments, to interfere with stromal 

protection and thus sensitize cancer cells to conventional therapy [10, 37-

41]. The few studies combining AMD3100 with irradiation focused on 

tumor vasculogenesis [5, 42]. In mice bearing human glioblastoma, breast 

cancer or lung cancer xenografts, AMD3100 combined with local irradiation 

decreased the recruitment of CXCR4-positive BMD progenitor cells to the 

tumor. This resulted in inhibition of tumor vasculogenesis after irradiation 

[5]. Our study shows that AMD3100 sensitizes tumor cells to irradiation by 

inhibiting their local CXCR4-mediated cross-talk with the protective stromal 

cells. This sensitization takes place exclusively in the presence of stromal cells, 

indicating that the stroma-derived CXCL12 is the main factor contributing to 

cancer resistance to irradiation. Hence, our findings support the importance 

of targeting tumor-stroma interactions to overcome microenvironment-

mediated resistance to irradiation in prostate cancer. 

Indeed AMD3100 is increasingly suggested as a potential sensitizer to 

irradiation in the clinical setting [1, 43]. However, due to its mobilizing 

properties, AMD3100 in combination with local irradiation for solid tumors 
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should be studied further in order to determine the exact kinetics of 

mobilization and the most optimal dosing regimens. Moreover, whether 

the tumor cells measured in mouse blood after AMD3100 administration 

were mobilized from the primary tumor or from developing metastatic 

lesions remains to be determined. For example, in a recent study, AMD3100 

mobilized prostate cancer cells from metastatic lesions, established in the 

endosteal niches of bone marrow in mice [11]. In these experiments, the 

primary subcutaneously growing tumors were removed before the AMD3100 

treatment, whereas in our study primary tumors were present and could 

potentially be a source of the mobilized tumor cells as well. Finally, whether 

chemoradiation approaches in combination with AMD3100 could have both 

sensitizing effects in the primary tumor and could simultaneously target the 

circulating tumor cells to prevent the development of metastasis, remains 

to be experimentally established. This hypothesis is supported by our earlier 

findings where we showed that AMD3100, when combined with docetaxel 

chemotherapy, improved local prostate tumor control compared to mice that 

received either docetaxel or AMD3100 only [10].

It may be of importance that CXCL12 also binds to the chemokine receptor 

CXCR7. CXCR7 has been traditionally considered as a decoy receptor, which 

modulates CXCR4 signaling by capturing CXCL12. However recent evidence 

suggests that CXCR7 might retain signaling properties of it own, pursued via 

de β-arrestin pathway [44, 45]. Additionally, Kalatskaya et al. suggest that the 

binding effects of CXCL12 to CXCR7 are reinforced by the addition of AMD3100 

[44]. Although McGinn et al. could not reproduce the synergistic effects of 

CXCL12 and AMD3100 on CXCR7, the β-arrestin mediated signaling of CXCL12 

through CXCR7 was confirmed [45]. Additionally these authors reported 

that signaling occurred through EGFR transactivation, thus pointing towards 

the engagement of CXCR7 to a more proliferative, rather than a migratory 

downstream pathway. Considering these findings, we think it is interesting 

to establish whether CXCR7 receptor plays any role in the AMD3100 induced 
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cancer cell mobilization phenomenon observed in our study.

In conclusion, our experiments provide evidence that future trials including 

AMD3100 treatment to overcome microenvironment-mediated resistance to 

irradiation in prostate cancer may be challenging. Targeting CXCR4 causes 

mobilization of cancer cells from the primary tumor, which may bear risk of 

metastases formation. When this is the case, systemic treatment targeting 

those cells should be included as part of the irradiation regimen. For the 

optimal design of such a combined treatment, CXCR4-induced tumor cell 

mobilization kinetics should be studied further.
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supplementary data

Irradiation dose (Gy) PC3-Luc LNCaP

0 100, 200, 400 800, 1600, 3200

2 100, 200, 400 800, 1600, 3200

4 200, 400, 1000 8000, 16000, 40000

6 400, 1000, 2000 32000, 64000, 160000

8 2000, 4000, 8000 -

Supplementary Table 1. Numbers of PC3-luc or LNCaP plated in 6-well 
plates for the respective irradiation doses in the colony formation assay.

Irradiation (5Gy) Irradiation (5Gy) +
AMD3100 (3.5 mg/kg)

Kidney 0 3

Axillary Lymph node 1 2

Subcutaneous nodule in 
proximity of primary tu-
mor

1 2

Supplementary Table 2. Numbers of PC3-luc or LNCaP plated in 6-well 
plates for the respective irradiation doses in the colony formation assay.
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Supplementary Figure 1. The mobilizing effects of AMD3100 in prostate cancer xe-
nograft mouse model. Raw measurements of photon flux/cm2/s emitted by lucifer-
ase-transfected PC3 cells in blood samples of mice obtained before treatment injec-
tions (baseline, B), after treatment injection (post-treatment, PI) or, at the last day 
of the experiment, 6 hours after second cumulative treatment injection (cumulative 
injection, CI). The experiment design, treatment and sampling schedule is presented 
in the lower panel, with relation to the raw measurements in the respective time 
points. D- day; ctrl- control; B-baseline sample; PI- post-injection sample; CI- cumu-
lative injection sample.
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Supplementary Fig. 2 Linear relation between the cell numbers and bioluminescent signal 

measured by an in vitro detection of luciferase activity from known cell numbers of a human 

prostate cancer cell line PC3-luc spiked in 100 !l of control mouse blood (left panel) and 

visualization of a bioluminescent signal from the respective numbers of cells per well (cpw) by 

IVIS camera  (right panel). Minimal and maximal photon flux/cm2/s is indicated on the color 

scale.  
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Supplementary Figure 2.  Linear relation between the cell numbers and 
bioluminescent signal measured by an in vitro detection of luciferase activity from 
known cell numbers of a human prostate cancer cell line PC3-luc spiked in 100 µL 
of control mouse blood (left panel) and visualization of a bioluminescent signal 
from the respective numbers of cells per well (cpw) by IVIS camera (right panel). 
Minimal and maximal photon flux/cm2/s is indicated on the color scale. At least 
three measurement points from the standard curve were included in each ex vivo 
measurement to ensure that the signal of our experimental samples lies within the 
linear range of our standard points.
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