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High expression of vascular endothelial growth factor

(VEGF) in patients with breast cancer has been associated

with a poor prognosis, indicating that VEGF could be linked

to the efficacy of chemotherapy and radiotherapy. It has

also been suggested that radiation resistance is partly due

to tumour cell production of angiogenic cytokines,

particularly VEGF receptor (VEGFR). This evidence

indicates that inhibition of VEGFR might enhance the

radiation response. Sorafenib tosylate (Bay 54-9085) is an

oral, small-molecule multikinase inhibitor of several targets

including RAF/MEK/ERK MAP kinase signalling, VEGFR-2,

VEGFR-3 and platelet-derived growth factor receptor-beta.

Sorafenib has shown clinical efficacy in treating solid

tumours such as renal cell and hepatocellular carcinomas.

However, strategies are yet to be identified to prolong and

maximize the anticancer effect of this multikinase inhibitor.

The objective of this study was to determine whether a

combination of Sorafenib and radiation will enhance the

treatment response in vitro and in vivo. Radio-modulating

effect of Sorafenib was assessed by performing

clonogenic assays. In addition, cell cycle analyses as well

as annexin-V apoptosis assays were performed 24 and 48 h

after treatment, respectively. To confirm our in-vitro results,

tumour growth delay assays were performed. Our results

showed a strong and supra-additive antitumour effect of

radiation combined with Sorafenib in vitro (dose

enhancement factor of 1.76). The combined therapy

demonstrated a strong and significant G2/M cell cycle

arrest (combined treatment vs. irradiated alone: P < 0.0008).

Moreover, annexin-V staining showed a significant increase

in the level of apoptosis (combined treatment vs. irradiated

alone: P < 0.0004). Study of the syngeneic model

demonstrated the superior potency of the Sorafenib

combined with radiotherapy. Our results demonstrate

that higher antitumour activity can be achieved when

radiation and Sorafenib are combined. Anti-Cancer Drugs
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Introduction
Radiation is a mainstay of nonsurgical cancer treatment.

Approximately two-thirds of cancer patients receive

radiation therapy. During the last decades, radiation

therapy has advanced mainly due to technological

improvements in radiotherapy planning and delivery

methods; however, efforts made towards understanding

the biological parameters that affect the overall ther-

apeutic outcome have not achieved the same success.

Thus, radiotherapy is delivered without considering the

potential differences within and between the tumours.

Although an understanding of the biological basis could

have a significant impact on clinical radiation oncology,

this knowledge could also be exploited to develop

new treatment protocols and perhaps novel combined

therapies.

Radiotherapy is relatively well tolerated by patients and

has been successful in local tumour control [1,2].

However, the overall rate of patient survival improves

when radiation therapy is combined with chemother-

apy [3]. Notably, secondary cancers, skeletal complica-

tions, radiation-induced heart disease and lung disease

are the common side effects of radiation therapy [4–6].

Therefore, due to the toxicity of radiation, considerable

focus has been placed on improving its cancer cell

specificity. This includes the effort to develop agents that

sensitize cancer cells to radiation or protect normal cells

from damage induced by radiation [2,6,7].

Over the last decade, the combination of ionizing

radiation with chemotherapy has led to marked improve-

ment in local control, organ preservation and survival for

locally advanced solid tumours. However, this strategy is

limited by the toxicity resulting from each respective

treatment and their combination. Therefore, targeting

tumour-specific defects should provide an advantage over

conventional therapy in which the major drawback is

normal tissue toxicity [8].
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Sorafenib tosylate (Nexavar, Bay 54-9085) is an oral,

small-molecule multikinase inhibitor of several targets

including vascular endothelial growth factor receptor-2

(VEGFR-2), VEGFR-3 and platelet-derived growth factor

receptor-beta, RAF-1 and BRAF [9]. Sorafenib has shown

clinical activity against metastatic renal cell carcinoma

and is considered to be a standard second-line therapy for

patients with metastatic renal cell carcinoma [10,11].

Moreover, combination therapy with Sorafenib in phase I

and II clinical trials has shown some promising results in

melanoma patients [12]. Importantly, Sorafenib has been

shown to significantly increase the overall survival rate of

patients (nearly 3 months) with advanced hepatocellular

carcinoma (HCC) [13]. Patients with HCC in hepatitis

B-endemic areas may also benefit from single-agent

Sorafenib treatment as a phase II clinical trial has shown

fairly good efficacy and acceptable tolerability in these

patients [14]. However, the effect of Sorafenib is

temporary and the continuous dose for Sorafenib is

needed to inhibit tumour growth for longer [15].

Retrospective analysis of patients with breast cancer has

shown an unfavourable prognosis in patients with high

expression levels of VEGF [16,17]. This indicates that

VEGF could be associated with the efficacy of che-

motherapy and radiotherapy. It has also been shown that

radiation resistance is partly due to tumour cell produc-

tion of angiogenic cytokines, particularly VEGF, which

protects endothelial cells through survival path-

ways [18,19]. Moreover, it has been shown that VEGF

inhibition combined with radiation enhances radiation

control of bone destruction and the pain associated with

cancer progression in bone metastases [20].

Here, we studied the efficacy of Sorafenib combined with

radiation and determined whether this treatment mod-

ality could enhance tumour growth inhibition.

Materials and methods
Reagents

The cell culture reagents were obtained from Gibco,

Invitrogen (Burlington, Ontario, Canada). Foetal bovine

serum was purchased from Wisent Inc., (St Bruno,

Quebec, Canada). Propidium iodide (PI) was obtained

from Sigma-Aldrich (Oakville, Ontario, Canada). Sorafe-

nib tosylate (Bay 54-9085) was provided by Bayer

Pharmaceutical Corp. (West Haven, Connecticut, USA)

and was reconstituted in dimethyl sulfoxide for in-vitro

use and in ethanol/Cremephore L (Sigma-Aldrich) (50 : 50)

for in-vivo use at 4� concentration. The 4� solution of

Sorafenib was freshly prepared every day. The final dosing

solution was prepared by diluting the 4� solution to 1�
in sterile water (Gibco, Invitrogen) every day before its

administration to the animals. The concentrations of

dimethyl sulfoxide were maintained lower than 0.2% in

all in-vitro experiments.

Cell culture

The highly metastatic mouse mammary cancer cell line,

4T1, was a generous gift from Dr Fred Miller, Karmanos

Cancer Institute, Wayne State University, Michigan, USA.

Cells were cultured in Dulbecco’s modified Eagle’s medium

supplemented with 10% foetal bovine serum, penicillin–

streptomycin 1% and kept at 371C in 95% air/5% CO2.

Irradiation

Irradiation for in-vitro and in-vivo experiments was

carried out at room temperature using a Theratron

T-780 60Co irradiator (MDS Nordion, Kanata, Ontario,

Canada). The dose delivered in each experimental set-up

used in this work was verified by the radiochromic film

dosimetry protocol developed by Tomic et al. [21].

Colony-forming assay

Cells were plated at specific cell numbers in six well

plates. At a 0 Gy radiation dose, 100 cells per well were

used and for each subsequent radiation dose (2, 4, 6 and

8 Gy), 200, 400, 800 and 1600 cells were seeded,

respectively. They were treated with Sorafenib alone (5

and 7.5mmol/l for 2 h) and in combination with radiation

(2, 4, 6 and 8 Gy) [22]. After 6–8 days of incubation, the

colonies were fixed and stained with methylene blue. Only

colonies containing more than 50 cells were counted. The

plating efficiency was calculated by dividing the number of

colonies formed in the untreated control plates by the

number of cells plated. Survival fractions were calculated

by counting the number of colonies for each specific

radiation dose and dividing by the number of cells seeded

at the same dose multiplied by plating efficiency. In order

to plot the survival curve, the survival fractions were

normalized according to the controls (nonirradiated).

Radiosensitivity was measured by determining the dose

enhancement factor, which is the ratio of the radiation

doses at a survival fraction of 0.1 or 0.01 of non-drug-

treated cells to drug-treated cells [23,24].

Flow cytometry analysis

Cell cycle analysis

Cells were treated with Sorafenib (5 and 7.5 mmol/l) and

were irradiated as described. The cells were harvested

and washed 24 h after treatment, after which they were

fixed with ethanol, labelled with PI and analysed by flow

cytometry (BD Biosciences, San Jose, California, USA).

Cell cycle distribution was analysed using the Mod-Fit

LT software package (Verity Software House, Topsham,

Maine, USA).

Analysis of apoptosis by annexin-V binding

Cells were treated with Sorafenib (5 and 7.5mmol/l) and

were irradiated to a dose of 4 Gy. They were harvested

and washed with PBS 1� (Gibco, Invitrogen) at 48 h after

treatment. They were labelled with annexin V–FITC

and PI according to the manufacturer’s protocol (TACS

apoptosis kit; R&D Systems, Minneapolis, Minnesota,
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USA). Cells were analysed by flow cytometry (BD

Bioscience) and characterized as follows: cells appearing

at the lower left quadrant of the dot plot were considered

viable. Those observed at the lower right quadrant were

identified as early apoptotic. The late apoptotic and

necrotic cells appeared at the upper right and the upper

left quadrants, respectively.

Western blot analysis

The 4T1 cells were incubated in two sets of six well

plates with serum-free media for 18 h and were subse-

quently exposed to the 5 and 20 mmol/l of Sorafenib for

2 h and 4 Gy of radiation. To test whether Sorafenib is still

effective in the case of overactivation of receptor tyrosine

kinases (RTKs) such as VEGFR, one set of the plates was

subsequently treated with 25 ng/ml of VEGF for 20 min

and cells were harvested within 1 h, after which the whole

cell lysates were prepared. Fifty micrograms of protein

was loaded onto Bis-Tris gradient gels (Invitrogen,

Carlsbad, California, USA). Western blot analysis was

performed using antibodies for p-Erk 1,2 and Erk 1,2 as

well as tubulin (Cell signaling Technology Inc., Beverly,

Massachusetts, USA).

In-vivo tumour model

Six to eight-week-old female BALB/c mice (Charles River

Laboratories, Montreal, Canada) were used in this study.

Mice were caged in groups of five or less. 4T1 tumour

cells (2� 106 cells) were injected subcutaneously into

the right hind leg. All protocols were approved by the

McGill University Animal Care Committee following the

guidelines of the Canadian Council on Animal Care.

Tumour growth delay assay

When tumours reached a mean volume of 144 mm3, mice

were randomized into four groups: vehicle, Sorafenib

alone, irradiation (15 Gy) alone, and Sorafenib plus

irradiation [25]. A single dose of Sorafenib (60 mg/kg)

was administered by gavage daily for 7 days [9,26]. The

drug was administered 6 h before local tumour irradiation

(15 Gy) on day 3 (schedule A). In case of schedule B,

radiation was delivered 24 h before the start of drug

treatment. To obtain tumour growth curves, perpendi-

cular diameter measurements of each tumour were made

every 2–3 days with digital callipers, and volumes were

calculated using the formula (L�W 2)/2. Tumours were

followed until the mean tumour volume reached

B2400 mm3, after which the animals were sacrificed.

The relative tumour volume was calculated by dividing

each individual animal’s tumour volume by the mean

tumour volume of the same group. Each experimental

group included six to eight mice.

Statistical analysis

The effects of various treatments in all experiments were

compared using a two-tailed t-test (GraphPad prism 5;

GraphPad software Inc., California, USA). Differences

with a P value less than 0.05 were considered statistically

significant. The data presented are means and SEM from

multiple independent experiments.

Results
Sorafenib increases the sensitivity of 4T1 cells to

radiation in vitro

To evaluate whether Sorafenib has an effect on the ability

of cancer cells to form colonies in vitro, clonogenic assays

were performed. As shown in Fig. 1, the dose enhance-

ment factor was as high as 1.39 and 1.76 when Sorafenib

was combined with radiation at 5 and 7.5 mmol/l

concentrations, respectively. To test whether this effect

is schedule-dependent, three schedules were used: (a)

Sorafenib 24 h before radiation, (b) Sorafenib concurrent

with radiation and (c) radiation 24 h before Sorafenib ad-

ministration. Interestingly, pretreatment with Sorafenib

(schedule A) and the concurrent schedule (schedule B)

seemed to be more effective in vitro (Fig. 2a and b).

Sorafenib combined with radiation induces G2/M arrest

To assess the effect of Sorafenib in combination with

radiation on cell cycle progression, cell cycle analysis was

performed. As shown in Fig. 3, Sorafenib in combination

with radiation had a significant and strong effect on cell

cycle arrest at G2/M. Consequently, the G1 and S

population was significantly decreased.

Combination of Sorafenib and radiation enhances the

level of apoptosis

In order to determine whether the multi-inhibitory

activity of Sorafenib would induce high levels of apoptosis

when combined with radiation, an annexin-V binding

Fig. 1
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Analysis of cell response to the combination of Sorafenib and radiation
using a clonogenic assay. Cells were treated with Sorafenib (5 and
7.5mmol/l) with or without radiation (4 Gy). Data represent means and
SEM from three independent experiments.
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assay was performed with cells exposed to radiation and

Sorafenib alone or in combination. As shown in Fig. 4,

Sorafenib alone induced apoptosis at levels of up to 15

and 33% at 5 and 7.5 mmol/l, respectively, whereas

apoptosis induced by radiation alone was approximately

10% of the total analysed cells. When Sorafenib was

combined with 4 Gy of radiation, the level of apoptosis

reached 30 and 40% at 5 and 7.5 mmol/l concentrations.

Sorafenib with/out radiation inhibits phosphorylation

of Erk1/2 downstream of receptor tyrosine kinases

To confirm the inhibitory activity of Sorafenib in our

breast cancer model, a western blot analysis was

performed. As Sorafenib is a multikinase inhibitor of

several RTKs, we evaluated the phosphorylation of Erk 1/2

as an indicator of activation of the downstream pathway.

As in Fig. 5, Sorafenib at 5 mmol/l completely inhibits the

activation of Erk1/2 downstream of RTKs irrespective of

radiation treatment.

Sorafenib increases the tumour growth delay caused by

radiation as an early response

In order to evaluate and validate our in-vitro results, we

performed an in-vivo experiment with 4T1 mouse

mammary cancer cells. As shown in Fig. 6a and b, the

in-vivo results suggest that, in tumours treated with the

combination therapy, Sorafenib increases the delay in

tumour growth caused by radiation by almost 7 days.

Moreover, Sorafenib combined with ionizing radiation has

significantly more antitumour effect against 4T1 tumours

than Sorafenib alone in BALB/c mice.

Sorafenib was as potent as the combined treatment only

until the end of the drug treatment (day 6). Soon after

the end of the drug treatment (day 10), tumours started

to grow (Sorafenib-treated group vs. combination group:

P = 0.0406). On day 17 (Fig. 6a), the tumour volume of

the Sorafenib-treated group was significantly larger

compared with the irradiated or the combined treated

tumours (Sorafenib vs. combination: P = 0.0002). The

same pattern was observed when radiation was delivered

24 h before the start of Sorafenib treatment.

In schedule A (when radiation was delivered concurrently

with Sorafenib treatment), the tumour growth delay was

increased from 4.2 days in the control group to 11 and

10.5 days in Sorafenib alone or radiation alone, respec-

tively. The growth delay, in the case of the combination

of Sorafenib and radiation, was increased to 18 days.

Fig. 2
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Similarly, in schedule B, when radiation was delivered

24 h before Sorafenib treatment, the growth delay was

increased from 6.5 days in the control group to 13 and 14

days in Sorafenib alone and radiation alone and 20.5 days

in mice treated with both modalities.

No significant loss of body weight resulted from any of

the treatments and the treatments were well tolerated by

the end of the experiment (Fig. 6c and d).

Discussion
In this study, we demonstrated that Sorafenib induces a

greater antitumour activity when it is combined with

radiation in 4T1 cells, both in vitro and in vivo. 4T1 cells

are highly metastatic cancer cells and are considered to be

a suitable model to study the effect of antiangiogenesis

agents in vitro and in vivo [27–30].

The increased antitumour activity of Sorafenib combined

with radiation in 4T1 cells can be partially explained by

the significant cell cycle arrest we observed at G2/M.

Cancer cells show more sensitivity to ionizing radiation at

the G2/M and G1 whereas cells residing in the S stage of

the cell cycle are less radiosensitive [31]. As was shown

by our result, there was a significant decrease in the

S-phase population, which could explain the higher po-

tency of the combined treatment.

Fig. 3
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Cell cycle analysis of 4T1 cells following exposure to Sorafenib or radiation and the corresponding combination. (a) Cell distribution in G1, S and
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The increased efficacy of Sorafenib in combination with

radiation could also be due to the augmented apoptosis

level in 4T1 cancer cells treated with both Sorafenib and

radiation.

In this study, we have also shown that radiation prolongs

the antitumour activity of Sorafenib in vivo. Tumours

implanted in mice treated with Sorafenib alone started to

grow rapidly immediately after the drug treatment was

stopped (day 6–8) whereas the inhibitory effect of

Sorafenib was longer when radiation was added (tumours

started to grow gradually starting day 14). This could be

of relevance as cytostatic agents such as Sorafenib usually

show temporary and reversible antitumour activity [15].

Fig. 4
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Fig. 5
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Western blot analysis. 4T1 cells were grown to 80% confluency in six well plates. They were serum starved for 18 h and were treated with Sorafenib or/and
radiation as indicated. Half of the plates were stimulated with vascular endothelial growth factor (VEGF) and whole-cell lysates were prepared within 1 h.
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(a, b) Tumour growth delay assay. 4T1 cells were injected into the right hind limb of BALB/c mice. When the mean volume of tumours reached
144 mm3, the animals were randomly divided into four groups. There were six to eight animals in each group. Schedule A (a): Sorafenib was given to
the animals 3 days before radiation, on the same day as irradiation and was continued for 3 days after irradiation ( + : day 17, irradiated group vs.
combined treatment: P = 0.0309; Sorafenib-treated group vs. combination: P = 0.0002; *: day 19, irradiated group vs. combined treatment:
P = 0.1710; Sorafenib-treated group vs. combination: P = 0.0255). Schedule B (b): 15 Gy of radiation was delivered 2 h before the start of Sorafenib
treatment ( + : day 19, irradiated group vs. combined treatment: P = 0.0316; Sorafenib-treated group vs. combination: P = 0.0255; *: day 21,
irradiated group vs. combined treatment: P = 0.0815; Sorafenib-treated group vs. combination: P = 0.0180). When the tumour size reached a
maximum of˜2400 mm3, the mice were euthanized. Tumour volume was calculated using: (L�W2)/2 and was normalized by dividing the tumour
volume of each animal in the treatment groups by the mean tumour volume of the same group. Error bars, SEM. (c, d) Variations of body weight of
mice treated with Sorafenib (60 mg/kg) and radiation alone and the combined treatment. Error bars, SEM.
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Moreover, in our in-vivo model, Sorafenib increased the

radiation response significantly as an early response

(Fig. 6a and b). It will be interesting to evaluate different

schedules and sequences of this combination to deter-

mine whether a longer response can be achieved.

Our in-vitro data demonstrated a higher radiation

response when Sorafenib was added before or concurrent

with radiation versus after radiation. This was in

disagreement with our in-vivo results, which showed no

significant difference between the Sorafenib treatment

after and concurrent with radiation. The difference

between our in-vitro and in-vivo outcome could be due

to the interaction of tumour cells with each other and

with their microenvironment. In-vitro assays are per-

formed in a much shorter time period than in-vivo

experiments. The difference could also be related to

hypoxia and hypoxia-induced radiation resistance.

Although antiangiogenic agents have been shown to

stabilize neovasculature and improve blood perfusion,

Sorafenib might not have done so, resulting in the

formation of hypoxic regions inside the tumours and

therefore reduced radiation response.

Recently, Suen et al. [32] and Plastaras et al. [26] have

shown that the combination of Sorafenib and radiation

enhances the radiation response in colorectal cancer cells

in vivo and this response is schedule dependent. In their

studies, irradiation before Sorafenib treatment appears to

be the most efficient schedule [26,32]. The different

outcome between their study and ours is perhaps due to

the use of different tumour models and also the different

radiation schedules. The mice in our study were

irradiated with a single radiation dose either before or

concurrent with Sorafenib administration (schedules A

and B) whereas in the two mentioned studies, fractio-

nated radiation was used over a longer period of time.

It has been shown that Sorafenib, being a cytostatic

agent [33], can induce radiation response especially in

fractionated schedules as it blocks regrowth (through its

antiangiogenic properties) between fractions [3]. Pre-

sently, in our laboratory, more in-vitro/in-vivo studies are

ongoing to test Sorafenib with fractionated radiotherapy

in metastatic breast cancer models while more micro-

environment studies will guide us through the complex

mechanism of this combination.

There are several trials combining Sorafenib with

radiation and other cytotoxic modalities [34] that are

ongoing or have been completed in the clinical setting.

Some results showed that the combination did not

improve the efficacy of treatment as 40% of the patients

did not receive Sorafenib at all due to early disease

progression. Perhaps better results can be achieved with a

better design or modified combinations. Other trials

including a phase I/II study of cisplatin and radiation in

combination with Sorafenib in cervical cancer, a phase I/II

trial of radiation therapy and Sorafenib for unrespectable

liver metastases and Sorafenib combined with radiation in

HCC are ongoing. Depending on the outcome of these

clinical trials, the protocol for patients might change

and patients with cancer might benefit from the new combi-

nation therapies. Nevertheless, a better understanding of

the mechanism of action of antiangiogenic agents and, more

specifically, multitargeting agents is crucial to better design

a clinical trial and to rationally choose the target patient

population.
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recherché du la santé Quebec (FRSQ) and McGill-CIHR

Drug Development Program for the financial support.

Conflicts of interest

This study was supported by an investigator grant from

Bayer Pharmaceuticals corp.

References
1 Belka C, Camphausen KA. Why ‘radiation oncology’. Radiat Oncol 2006;

1:1.
2 Torres-Roca JF, Stevens CW. Predicting response to clinical radiotherapy:

past, present, and future directions. Cancer Control 2008; 15:151–156.
3 Nyati MK, Morgan MA, Feng FY, Lawrence TS. Integration of EGFR

inhibitors with radiochemotherapy. Nat Rev Cancer 2006; 6:876–885.
4 Hirbe A, Morgan EA, Uluckan O, Weilbaecher K. Skeletal complications of

breast cancer therapies. Clin Cancer Res 2006; 12:6309s–6314s.
5 Munshi A. Breast cancer radiotherapy and cardiac risk: the 15-year paradox!

J Cancer Res Ther 2007; 3:190–192.
6 Goldblatt EM, Lee WH. From bench to bedside: the growing use of

translational research in cancer medicine. Am J Transl Res 2010; 2:1–18.
7 Sofou S. Radionuclide carriers for targeting of cancer. Int J Nanomed 2008;

3:181–199.
8 Wilson GD, Bentzen SM, Harari PM. Biologic basis for combining drugs

with radiation. Semin Radiat Oncol 2006; 16:2–9.
9 Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, Rong H, et al. BAY

43-9006 exhibits broad spectrum oral antitumor activity and targets the
RAF/MEK/ERK pathway and receptor tyrosine kinases involved in tumor
progression and angiogenesis. Cancer Res 2004; 64:7099–7109.

10 Escudier B, Eisen T, Stadler WM, Szczylik C, Oudard S, Siebels M, et al.
Sorafenib in advanced clear-cell renal-cell carcinoma. N Engl J Med 2007;
356:125–134.

11 Ratain MJ, Eisen T, Stadler WM, Flaherty KT, Kaye SB, Rosner GL, et al.
Phase II placebo-controlled randomized discontinuation trial of Sorafenib in
patients with metastatic renal cell carcinoma. J Clin Oncol 2006; 24:
2505–2512.

12 Eisen T, Ahmad T, Flaherty KT, Gore M, Kaye S, Marais R, et al. Sorafenib in
advanced melanoma: a phase II randomised discontinuation trial analysis.
Br J Cancer 2006; 95:581–586.

13 Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al.
Sorafenib in advanced hepatocellular carcinoma. N Engl J Med 2008;
359:378–390.

14 Yau T, Chan P, Ng KK, Chok SH, Cheung TT, Fan ST, et al. Phase 2 open-
label study of single-agent Sorafenib in treating advanced hepatocellular
carcinoma in a hepatitis B-endemic Asian population: presence of lung
metastasis predicts poor response. Cancer 2009; 115:428–436.

15 Kohno M, Pouyssegur J. Targeting the ERK signaling pathway in cancer
therapy. Ann Med 2006; 38:200–211.

16 Ghosh S, Sullivan CA, Zerkowski MP, Molinaro AM, Rimm DL, Camp RL,
et al. High levels of vascular endothelial growth factor and its receptors
(VEGFR-1, VEGFR-2, neuropilin-1) are associated with worse outcome in
breast cancer. Hum Pathol 2008; 39:1835–1843.

532 Anti-Cancer Drugs 2012, Vol 23 No 5

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



17 Longo R, Gasparini G. Challenges for patient selection with VEGF
inhibitors. Cancer Chemother Pharmacol 2007; 60:151–170.

18 Li M, Jendrossek V, Belka C. The role of PDGF in radiation oncology. Radiat
Oncol 2007; 2:5.

19 Loriot Y, Mordant P, Dorvault N, De la motte Rouge T, Bourhis J, Soria JC,
et al. BMS-690514, a VEGFR and EGFR tyrosine kinase inhibitor, shows
anti-tumoural activity on non-small-cell lung cancer xenografts and induces
sequence-dependent synergistic effect with radiation. Br J Cancer 2010;
103:347–353.

20 Zwolak P, Dudek AZ, Bodempudi VD, Nguyen J, Hebbel RP, Gallus NJ, et al.
Local irradiation in combination with bevacizumab enhances radiation
control of bone destruction and cancer-induced pain in a model of bone
metastases. Int J Cancer 2008; 122:681–688.

21 Tomic N, Gosselin M, Wan JF, Saragovi U, Podgorsak EB, Evans M, et al.
Verification of cell irradiation dose deposition using a radiochromic film.
Phys Med Biol 2007; 52:3121–3131.

22 Jane EP, Premkumar DR, Pollack IF. Coadministration of Sorafenib with
rottlerin potently inhibits cell proliferation and migration in human malignant
glioma cells. J Pharmacol Exp Ther 2006; 319:1070–1080.

23 Kil WJ, Cerna D, Burgan WE, Beam K, Carter D, Steeg PS, et al. In vitro and
in vivo radiosensitization induced by the DNA methylating agent
temozolomide. Clin Cancer Res 2008; 14:931–938.

24 Russo AL, Kwon HC, Burgan WE, Carter D, Beam K, Weizheng X, et al.
In vitro and in vivo radiosensitization of glioblastoma cells by the poly
(ADP-ribose) polymerase inhibitor E7016. Clin Cancer Res 2009; 15:
607–612.

25 Hall EJ. Radiobiology for the radiologist, 5th edn. Philadelphia and London:
Lippincott Williams & Wilkins; 2000.

26 Plastaras JP, Kim SH, Liu YY, Dicker DT, Dorsey JF, McDonough J, et al.
Cell cycle dependent and schedule-dependent antitumor effects of
Sorafenib combined with radiation. Cancer Res 2007; 67:9443–9454.

27 Virostko J, Xie J, Hallahan DE, Arteaga CL, Gore JC, Manning HC. A
molecular imaging paradigm to rapidly profile response to angiogenesis-
directed therapy in small animals. Mol Imaging Biol 2009; 11:204–212.

28 Pysz MA, Foygel K, Rosenberg J, Gambhir SS, Schneider M, Willmann JK.
Antiangiogenic cancer therapy: monitoring with molecular US and a
clinically translatable contrast agent (BR55). Radiology 2010; 256:
519–527.

29 Holland SJ, Pan A, Franci C, Hu Y, Chang B, Li W, et al. R428, a
selective small molecule inhibitor of Axl kinase, blocks tumor spread and
prolongs survival in models of metastatic breast cancer. Cancer Res 2010;
70:1544–1554.

30 Dey JH, Bianchi F, Voshol J, Bonenfant D, Oakeley EJ, Hynes NE. Targeting
fibroblast growth factor receptors blocks PI3K/AKT signaling, induces
apoptosis, and impairs mammary tumor outgrowth and metastasis. Cancer
Res 2010; 70:4151–4162.

31 Wilson GD. Radiation and the cell cycle, revisited. Cancer Metastasis Rev
2004; 23:209–225.

32 Suen AW, Galoforo S, Marples B, McGonagle M, Downing L, Martinez AA,
et al. Sorafenib and radiation: a promising combination in colorectal cancer.
Int J Radiat Oncol Biol Phys 2010; 78:213–220.

33 Hahn O, Stadler W. Sorafenib. Curr Opin Oncol 2006; 18:615–621.
34 Hainsworth JD, Ervin T, Friedman E, Priego V, Murphy PB, Clark BL, et al.

Concurrent radiotherapy and temozolomide followed by temozolomide and
Sorafenib in the first-line treatment of patients with glioblastoma multiforme.
Cancer 2010; 116:3663–3669.

Combination of Sorafenib and radiation Heravi et al. 533

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


