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The Src family kinase inhibitor 
dasatinib delays pain-related 
behaviour and conserves bone in a 
rat model of cancer-induced bone 
pain
Camilla Kristine Appel1, Simone Gallego-Pedersen1, Line Andersen1, Sophie Blancheflor 
Kristensen1, Ming Ding2, Sarah Falk1, Manasi Sayilekshmy1, Charlotte Gabel-Jensen3 & Anne-
Marie Heegaard1

Pain is a severe and debilitating complication of metastatic bone cancer. Current analgesics do not 
provide sufficient pain relief for all patients, creating a great need for new treatment options. The Src 
kinase, a non-receptor protein tyrosine kinase, is implicated in processes involved in cancer-induced 
bone pain, including cancer growth, osteoclastic bone degradation and nociceptive signalling. Here we 
investigate the role of dasatinib, an oral Src kinase family and Bcr-Abl tyrosine kinase inhibitor, in an 
animal model of cancer-induced bone pain. Daily administration of dasatinib (15 mg/kg, p.o.) from day 
7 after inoculation of MRMT-1 mammary carcinoma cells significantly attenuated movement-evoked 
and non-evoked pain behaviour in cancer-bearing rats. Radiographic - and microcomputed tomographic 
analyses showed significantly higher relative bone density and considerably preserved bone micro-
architecture in the dasatinib treated groups, suggesting a bone-preserving effect. This was supported by 
a significant reduction of serum TRACP 5b levels in cancer-bearing rats treated with 15 mg/kg dasatinib. 
Furthermore, immunoblotting of lumbar spinal segments showed an increased activation of Src but not 
the NMDA receptor subunit 2B. These findings support a role of dasatinib as a disease modifying drug in 
pain pathologies characterized by increased osteoclast activity, such as bone metastases.

Pain is a common, feared and serious complication of cancer occurring in more than 70% of patients with 
advanced stage cancer1–3. Bone cancer most often arises when cancerous cells from a primary tumour e.g. breast, 
prostate or lung metastasize to the bone4. In the clinic, patients with cancer-induced bone pain describe the 
pain as heterogeneous and gradually increasing with disease progression5. Current treatment options include 
non-steroidal inflammatory drugs (NSAIDS), opioids and antiresorptive agents such as bisphosphonates1, 6. 
Although opioids have a key role in pain management, opioids are associated with the development of tolerance, 
thereby increasing the required dose, leading to severe adverse effects, including nausea, dizziness, constipation, 
respiratory depression, sedation as well as the risk of addiction6. Other treatment options include radiotherapy or 
radioisotopes7. Radiotherapy has proven to be one of the most efficient treatments for relieving pain in patients 
suffering from uncomplicated bone metastases. Up to 60% of patients receiving treatment report significant pain 
relief and 25% experience complete pain relief7. However, there is a need for improved treatment options and the 
mechanisms underlying cancer-induced bone pain is still not fully understood.

Cancer-induced bone pain contains components of both neuropathic and inflammatory pain but also has 
its own distinctive characteristics making it a unique pain state8, 9. When the tumour grows in the bone it dam-
ages the surrounding nerves and tissue; produces a wide range of cytokines and growth factors; stimulates 
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inflammatory infiltration, and increases bone degradation10, 11. Simultaneously, a reorganization of the central 
nervous system in the areas receiving information from the cancer-bearing area takes place, driving a central sen-
sitization, i.e. increased response and activity of dorsal horn neurons to nociceptive inputs12, 13. The unique neu-
rochemical identity of cancer-induced bone pain may explain why cancer pain often is refractory to traditional 
analgesics14–16. One potential future analgesic target is the non-receptor tyrosine kinase Src which is a member of 
the Src kinase family. Src is a widely expressed kinase potentially involved in several of the processes leading to 
cancer-induced bone pain17–20. Src is encoded by the Src gene and was the first identified proto oncogene. Src has 
been implicated in cancer growth, angiogenesis and metastasis17 and increased expression and activity of Src has 
been correlated to advanced cancer and poor prognosis in a variety of human cancers21, 22. Furthermore, Src is a 
key regulator of normal bone homeostasis18, 23. It is crucial for the resorbing function of osteoclasts23 and targeted 
deletion of the Src gene in mice yields osteopetrotic mice, i.e. mice with increased bone mass18. Finally, Src fam-
ily kinases are ubiquitously expressed in the central nervous system and abundant in neurons24. Src is involved 
in several fundamental signalling pathways, e.g., epidermal growth factor (EGF), extracellular regulated kinase 
(ERK) and EphrinB225, 26. In regards to pain pathologies, Src has been demonstrated to play an important role, 
due to its attachment to the N-methyl-D-aspartate (NMDA) receptor 2B subunit (NR2B) in the NMDA receptor 
complex. Phosphorylation of Src induce phosphorylation of the NMDA receptors which up-regulates the recep-
tor activity and increases its channel open time and its opening probability27–29. It has been shown that activation 
of Src contributes to inflammatory pain through phosphorylation of the NR2B in rats30, 31. Furthermore, Liu 
and colleagues reported in 2008 that blocking the interaction between Src and the NMDA receptor complex 
with a peptide mimicking the amino acid sequence of the unique domain of Src ameliorates inflammatory and 
neuropathic pain32, 33 and recently Felice et al. reported that the multi-kinase inhibitor saracatinib inhibits ther-
mal hyperalgesia in cancer-induced bone pain34. Thus employing a Src kinase inhibitor could be an optimal 
way of targeting cancer-induced bone pain in a multi-targeted manner. Dasatinib is a multi-kinase inhibitor 
approved for the treatment of chronic myeloid leukaemia, imatinib-resistant or -intolerant chronic myelogenous 
leukaemia and Philadelphia positive acute lymphoblastic leukaemia35. Dasatinib is a highly potent inhibitor of 
the Src kinase family as well as other kinases such as BCR-Abl, Fyn, c-Kit, platelet-derived growth factor receptor 
(PDGFR) alpha and –beta, and the ephrin receptor kinase36. Pre-clinically dasatinib has been shown to inhibit 
tumour growth37–39, osteoclast function40 and induce osteoblast activity41, 42. Clinically the effect of dasatinib has 
been studied in solid tumours43, 44 and in combination with zoledronic acid for the treatment of breast-cancer 
bone metastasis45. The latter clinical study concluded that combination therapy was beneficial in hormone 
receptor positive breast cancers in regards to bone response and tumour growth45. Dasatinib is already clini-
cally approved for treatment of chronic myeloid leukaemia and is a well-tolerated therapy. We hypothesize that 
dasatinib treatment could attenuate cancer-induced bone pain. Therefore, using a rat model of cancer-induced 
bone pain, we sought to determine whether inhibition of Src family tyrosine kinases by dasatinib would decrease 
tumour burden, decrease bone degradation, and reduce pain-related behaviours. Using a combination of behav-
ioural, imaging, and immunoblotting assays we show that dasatinib acts as a disease modifier that delays onset of 
cancer-induced bone pain by preserving bone mass.

Results
High dose dasatinib delays onset of pain-related behaviours.  To test the analgesic potential of 
dasatinib on cancer-induced bone pain, the limb use test and the weight-bearing test was used to assess pain-re-
lated behaviours. Animals inoculated with mammary cancer cells and treated with vehicle developed a significant 
reduction in limb use score from day 16 (p � 0.0001). Daily oral administration of high dose (15 mg/kg) dasatinib 
significantly delayed the onset of movement-evoked pain demonstrated by a significant difference in limb use 
score on day 16 (p � 0.005) and 18 (p � 0.0103) compared to the vehicle treated cancer-bearing group (Fig. 1a). 
In addition, on day 16 (p � 0.018) and 18 (p � 0.0053) there was a significant difference between the high and 
low dose dasatinib cancer-bearing groups in the limb use test. These data were supported by the weight-bearing 
test. Cancer-bearing animals treated with vehicle demonstrated a significant weight-bearing deficit from day 16 
post inoculation compared to sham-operated rats (p � 0.0005). Rats treated with high dose dasatinib had a sig-
nificantly improved weight-bearing ratio compared to both low dose treated rats (p � 0.0351, day 18) and vehicle 
treated rats (p � 0.0296, day 20) (Fig. 1b). Low dose (5 mg/kg) dasatinib had no effect on development of pain-re-
lated behaviour. The two sham groups did not show pain-related behaviour in any of the two tests.

Dasatinib affects spinal Src phosphorylation but not NMDA receptor subunit 2B phosphoryl-
ation.  To investigate if dasatinib inhibits phosphorylation of Src in the spinal cord western blots were per-
formed. Cancer-bearing animals treated with vehicle had a significant increase in Src phosphorylation compared 
to vehicle treated controls (p � 0.0374). Dasatinib significantly reduced the pSrc/Src ratio back to baseline levels 
in both the high (p � 0.0204) and low (p � 0.0256) treatment group (Fig. 2a,b); however this did not translate 
into an effect on phosphorylation of the NR2B. No difference was detected in phosphorylation of NR2B in the 
dasatinib treated groups compared to the control groups in the advanced disease state (Fig. 2c,d). To further test 
whether cancer-induced bone pain is associated with an increased phosphorylation of Src and the NR2B during 
early disease development, western blot analyses were performed on spinal cords from untreated cancer-bearing 
and sham animals on day 7, 12 and 16 post inoculation. The Src level was unchanged (P � 0.05) between cancer 
and sham groups (Fig. 2b), making the pSrc/Src level indicative of the amount of Src phosphorylation. No differ-
ence in pNR2B/NR2B or pSrc/Src ratio was detected between the two groups as disease progressed (Fig. 2e,f) or 
at advanced-stage disease (Fig. 2a and c).

Dasatinib significantly preserves bone mass.  To test if the observed delay in pain development was 
mediated by a bone preserving effect of dasatinib, x-ray photos of the ipsilateral tibia were captured on the day 





www.nature.com/scientificreports/

4SCIENTIFIC REPOrTS�������}�ã 4792 �������������ã�w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�w�}�æ�v�{�v�x�•�æ�w

Chronic treatment of 30 mg/kg dasatinib induces severe adverse events.  The general health status 
of the rats was assessed by determining the use of the cancer-bearing limb, grooming behaviour and by measuring 
body weight every third day (Fig. 8). In the sham-operated group receiving high dose dasatinib (15 mg/kg), 4 out 

Figure 2.  Increased spinal cord Src phosphorylation in cancer-induced bone pain is blocked by dasatinib. 
Ratios of spinal expression of phosphorylated Src (pSrc) to total Src (a,e) and phosphorylated NMDA receptor 
subunit 2B (pNR2B) to total NR2B (NR2B) (b,f). (a) Cancer-induced bone pain induces an increase of spinal 
pSrc/Src ratio expression at the time of euthanasia. Both high and low dose dasatinib significantly decreases the 
level of phosphorylation of Src compared to vehicle treated control. B: Representatives of Western Blot. (c) No 
significant changes of spinal pNR2B/NR2b ratio expression were observed between the five treatment groups 
at the time of euthanasia. (d) Representatives of Western Blot. (e,f): Timeline study of cancer-induced bone. No 
significant change in the expression of spinal pSrc/Src (e) or pNR2B/NR2B (f) is observed during development 
of cancer-induced bone pain in the female rat. One-way ANOVA followed by Bonferroni’s multiple comparison 
test. Data are displayed as mean � SEM, n � 4–10. The blots displayed are cropped and the full-length blots are 
available in the Supplementary Information file.
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of 10 animals exhibited adverse events (e.g. gastro intestinal side effects and fatigue) resulting in euthanasia of 
one rat on day 16 and three on day 20. A higher dose of 30 mg/kg, previously tested by Tokuhisa et al., 2014 for 
advanced extremity melanoma46, was initially included in the study. However, the dose lead to severe adverse 
events (e.g. distension of the gastrointestinal tract with gas/fluid/digesta, weight loss and fatigue) in both sham 
and cancer-operated animals and the animals were euthanized on day 15 or 16. Data from the 30 mg/kg rats have 
hence not been included in the data analyses. The dose of 5 mg/kg dasatinib did not lead to any adverse events.

Discussion
Despite improvement in treatment options, many patients with advanced- or metastatic cancer experience 
unsatisfactory pain relief which severely compromises their quality of life2, 14. Various pre-clinical studies have 
demonstrated that dasatinib significantly inhibits tumour growth and osteoclast function, and increase osteoblast 
activity. Thus, our original hypothesis was that inhibition of Src family tyrosine kinases by dasatinib would reduce 
pain-related behaviour through a decrease in NMDAR mediated central sensitization, tumour burden and bone 
degradation. Indeed, the current study supports a potential therapeutic role for dasatinib in cancer-induced bone 
pain. Administration of 15 mg/kg dasatinib efficiently delayed onset of movement-evoked and non-evoked pain 
compared to the vehicle group in the MRMT-1 model of cancer induced bone pain.

To elucidate the mechanism underlying the analgesic effect of dasatinib kinase inhibition, we tested the 
hypothesis that the delay in pain-related behaviour was induced by inhibition of Src mediated phosphorylation of 
NR2B in the spinal cord. In the dorsal horn, Src holds a critical regulatory role in the generation and maintenance 
of central sensitization through activation of NMDAR function by phosphorylation of the NR2B subunit31, 47. The 

Figure 3.  Dasatinib conserves bone mass in cancer-bearing rats. (a) Two-way repeated-measurement ANOVA 
followed by Bonferroni’s multiple comparison test showed that the cancer vehicle group is significant decrease 
in relative bone density compared to the sham operated group on day 13, 18�23. High dose (15 mg/kg) 
dasatinib preserved bone density throughout the experiment compared to vehicle treated cancer control. (b–d) 
Microcomputed tomographic analysis of cancer-bearing tibia analysed by a one-way repeated-measurement 
ANOVA followed by Bonferroni’s multiple comparison test. (b) High dose dasatinib preserves the bone 
surface density compared to the cancer vehicle group. (c) High dose dasatinib treatment lowers the trabecular 
separation significantly compared to the cancer vehicle control group. (d) Low dose dasatinib decreases the 
bone surface-to-volume ratio compared to cancer vehicle control. Data are displayed as mean � SEM, n � 10–
11. #Cancer-bearing group treated with vehicle compared to sham group treated with vehicle; �Cancer-bearing 
rats treated with 15 mg/kg dasatinib compared to the vehicle treated cancer-bearing group; �Cancer-operated 
rats treated with vehicle compared to cancer-operated rats treated with 5 mg/kg dasatinib.
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