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Abstract: 

Metastatic breast cancer is prevalent worldwide, and one of the most common sites of 

metastasis are long bones. Of patients with disease, the major symptom is pain, yet 

current medications fail to adequately result in analgesic efficacy and present major 

undesirable adverse effects. In our study we investigate the potential of a novel 

monoacylglycerol lipase (MAGL) inhibitor, MJN110, in a murine model of cancer induced 

bone pain (CIBP). Literature has previously demonstrated that MAGL inhibitors function 

to increase the endogenous concentrations of 2-arachydonylglycerol, which then activate 

CB1 and CB2 receptors inhibiting inflammation and pain. We demonstrate that 

administration of MJN110 significantly and dose-dependently alleviates spontaneous 

pain behavior during acute administration compared to vehicle control. In addition, the 

MJN110 maintains its efficacy in a chronic dosing paradigm over the course of 7 days 

without signs of receptor sensitization. In vitro analysis of MJN110 demonstrated a dose 

dependent and significant decrease in cell viability and proliferation of 66.1 breast 

adenocarcinoma cells and to a greater extent than KML29, an alternate MAGL inhibitor, 

or the CB2 agonist JWH015. Chronic administration of the compound did not appear to 

affect tumor burden evidenced by radiograph or histological analysis. Together, these 

data support the application for MJN110 as a novel therapeutic for cancer induced bone 

pain.  
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Significance Statement: 

Current standard of care for metastatic breast cancer pain is opioid-based therapies with 

adjunctive chemotherapy, which have highly addictive and other deleterious side effects. 

The need for effective, non-opioid based therapies is essential and harnessing the 

endogenous cannabinoid system is proving to be a new target to treat various types of 

pain conditions. We present a novel drug targeting the endogenous cannabinoid system 

that is effective at reducing pain in a mouse model of metastatic breast cancer to bone.  
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Introduction: 

Multiple types of malignant tumors preferentially metastasize to bone including sarcomas 

and carcinomas of the lung, breast, prostate, kidney and thyroid (Luger et al., 2001; 

Coleman, 2006). The most commonly reported symptom of cancer metastasis to bone is 

pain (Luger et al., 2005). These tumors can display either an osteo-lytic, -blastic or mixed 

phenotype. Local destruction of the bone by the tumor causes severe, chronic pain that 

will lead to secondary fractures and/or hypercalcemia. This resulting persistent pain state 

that arises from destruction of the tumor bearing bone significantly reduces the functional 

status of the patient, decreases quality of life (Jimenez-Andrade et al., 2010) and is 

associated with increases in morbidity and mortality.  

Currently, the treatment for bone cancer pain is multidisciplinary due to the fact that it is 

difficult to manage and displays aspects of inflammatory and neuropathic pain. In addition 

to treating the tumor burden with radiation, hormonal, biologic and bisphosphonate 

adjuvant therapies, the pain is managed using analgesics (Mercadante and Fulfaro, 

2007). Analgesic therapy is stratified by the severity of the pain and prevalence of 

breakthrough pain and can include nonsteroidal anti-inflammatory (NSAID) and opiate 

therapies, both of which have downsides. NSAID therapies are effective against mild to 

moderate pain and target only the inflammatory pain of the cancer. As the disease 

progresses, these become ineffectual. In addition, chronic therapy can increase risk of 

gastritis, ulcers, renal dysfunction and cardiovascular events (Jin, 2015). Opiate 

therapies, while effective for the resolution of acute, severe pain, when used chronically 

display a wide array of severe side effects including constipation, sedation, respiratory 

depression, tolerance, paradoxical hyperalgesia and addiction (Vanderah et al., 2000). 
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Additionally, preclinical models have demonstrated that chronic morphine treatment of 

animal cancer models accelerate bone loss and increased risk of fracture compared to 

non-opiate treated controls (King et al., 2007; Lozano-Ondoua et al., 2013a). 

Cannabinoid compounds have been demonstrated to act as potent analgesics in models 

of acute, chronic and neuropathic pain (Malan et al., 2001; Ibrahim et al., 2005; Ibrahim 

et al., 2006; Whiteside et al., 2007). These compounds activate the CB1, the CB2 

receptor, or a combination of both. CB2 receptor (CB2R) agonists produce both anti-

inflammatory and anti-nociceptive effects (Lozano-Ondoua et al., 2010; Lozano-Ondoua 

et al., 2013a).  Recently, CB2R signaling was demonstrated to have positive effects on 

bone mineral density, which makes this receptor a desirable target for patients with bone 

cancer pain (Ofek et al., 2006; Lozano-Ondoua et al., 2013a). Studies with CB2R deficient 

mice demonstrated enhanced loss of trabecular bone, cortical thinning and an 

osteoporotic phenotype (Ofek et al., 2006); providing evidence for the endogenous 

cannabinoid system in the development and maintenance of the skeletal system.  

CB1 and CB2 receptor activation by endogenous cannabinoids is well described. The 

most studied endocannabinoids (eCBs) are those found in the highest concentration in 

the human body: anandamide and 2-archyidonoylglycerol (2-AG). 2-AG is synthesized by 

phospholipase C and diacylglycerol lipase (DAGL), which are found tethered to the 

intracellular side of the plasma membrane on post-synaptic terminals and can act as a 

retrograde signal (Ohno-Shosaku et al., 2012). 2-AG is degraded by the enzyme 

monoacylglycerol lipase (MAGL) into arachidonic acid (AA) and glycerol (Dinh et al., 

2002; Dinh et al., 2004), where AA is able to enter the pathways leading to synthesis of 

inflammatory prostaglandins. The pharmacological inhibition of enzymes responsible for 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 13, 2020 as DOI: 10.1124/jpet.119.262337

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262337 

8 
 

the degradation of eCB, thereby increasing the amount of eCBs, have been shown to be 

effective in inhibiting thermal, chemical and neuropathic pain (Hohmann et al., 2005; 

Suplita et al., 2005; Wilkerson et al., 2016; Curry et al., 2018). MAGL is overexpressed in 

many human cancer cells and its expression is associated with increased metastatic 

potential and invasiveness (Kohnz and Nomura, 2014). Taken together, the inhibition of 

MAGL has been suggested to both inhibit pain and promote bone integrity, while lowering 

the pathogenicity of solid tumors (Nomura et al., 2010; Hanlon et al., 2016)  

In this study, we demonstrate that inhibition of MAGL has viable therapeutic application 

in alleviating cancer-induced bone pain in a murine model of metastatic breast cancer.  

The inhibition of MAGL significantly decreases spontaneous pain behaviors and 

simultaneously decreases the in vitro cancer cell viability. Together, our data suggests 

that MAGL inhibition may be an effective strategy to inhibit the multimodal bone pain 

associated with metastatic cancer.  
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Materials and Methods: 

In vivo 

Animals: All procedures were approved by the University of Arizona Animal Care and Use 

Committee and conformed to the Guidelines for the Care and Use of Laboratory Animals 

of the National Institutes of Health and the International Association for the Study of Pain. 

Female BALB/cAnNCrl mice aged 7-9 weeks and weighing between 15-20g at the time 

of testing (n=8-12 animals per treatment group after exclusion) were obtained from 

Charles River (Willmington, ME). All animals were maintained on a 12-hour light/dark 

cycle in a climate-controlled room and were provided access to Teklad NIH-31 (Envigo, 

#7913, Madison, WI) and water ad libitum. Animals were housed in standard cages and 

housed 3-4 mice to a pan and were housed with animals receiving the same treatment. 

Animals were weighed on days 0 (day of surgery), 7, 10 and 14. Animals were all 

monitored for clinical signs of morbidity, including but not limited to: paralysis and rapid 

weight loss (>20% in 1 week). To determine statistical significance, a power analysis was 

performed using GPower3.1 software to verify the number of animals needed per 

experiment to achieve 80% power to detect a treatment effect of 30% compared to a 

baseline response of 5% at a level of alpha =0.05. After testing was completed, all mice 

were humanely sacrificed under deep ketamine/xylazine anesthesia by cutting the 

diaphragm to perform cardiac puncture for serum draw, followed by a rapid cervical 

dislocation. 

Intramedullary Implantation of 66.1 cells into mouse femur: Surgical procedure was 

performed as previously described (Sukhtankar et al., 2011; Lozano-Ondoua et al., 

2013a). Mice were anesthetized with ketamine/xylazine (9.0mg/mL:1.0mg/mL, i.p.). A 
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lateral incision was performed to expose the thigh muscle. An arthrotomy was performed 

and the condyles of the right distal femur were visualized. A hole was drilled in the 

intercondylar space to enter the medullary cavity. 8 x 10
4
 66.1 breast adenocarcinoma 

cells (P10-20) suspended in 5 µL of OPTI-MEM were injected into the intramedullary 

cavity with an injection cannula affixed via plastic tubing to a 10-µL Hamilton syringe. 

Proper placement of the injector was affirmed through use of Faxitron X-ray imaging. After 

implantation of cells, the hole in the distal femur was sealed with bone cement. The 

arthrotomy was closed using 5-0 Vicryl suture and the skin incision was closed using 

wound clips. Animals were allowed 7 days to recover prior to behavioral testing.  Wound 

clips were removed on D7. 

Measurement of spontaneous pain behaviors: Spontaneous pain (flinching and guarding) 

were measured both acutely and chronically. All behaviors for all treatment paradigms 

were performed at the same time of day approximately within the first hour of the light 

cycle beginning (0800). Flinching is characterized by the rapid flexing of the ipsilateral 

hind paw while the animal was not moving and is counted by the number of flexing 

movements made. However, if the mouse shook its foot while walking, this was also 

counted as a flinch. Guarding is characterized by the animal holding the ipsilateral hind 

paw into a retracted position near or under the torso. All mice were baselined for these 

behaviors at day 0 prior to surgery. All animals that were included in the study were 

selected for measurements of spontaneous pain. Each animal was observed for 2 

minutes at all time points and both flinching and guarding were recorded (Lozano-Ondoua 

et al., 2010; Sukhtankar et al., 2011). For acute studies, the pain behaviors were 

measured at 0, 30, 60, 90, 120, 180 and 240 minutes after a single dose of MJN110 was 
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administered into the intraperitoneal space (i.p.). Measurements for the acute behaviors 

were measured from time 0-2 minutes, 30-32 minutes, 60-62 minutes, 90-92 minutes, 

120-122 minutes, 180-182 minutes and 240-242 minutes following i.p. injection of 

MJN110. For chronic studies, the animals were baselined at day 0  (before surgery) and 

tested at days 7, 10 and 14 after femoral cancer implants for spontaneous pain behaviors 

at the time point that corresponded to maximal response to drug from the acute study. 

The chronic administration of the various drugs were given at approximately the same 

time daily (0800) from days 7-14 post surgery. Chronic pain behaviors were all measured 

60 minutes following injection of the compound(s) at days 7, 10 and 14 post surgery. 

Subsequent injections of test compounds were made on alternating sides to reduce 

damage to soft tissues. Antagonists studies were performed as previously described 

(Lozano-Ondoua et al., 2013a): animals were pretreated with the CB1 antagonists, 

SR141716A (1 mg/kg), or the CB2 antagonist, SR144528 (1 mg/kg), 10 minutes prior to 

the injection of MJN110 (10 mg/kg). All behaviors were performed and analyzed by 

treatment-blinded observer throughout the course of the study and was designated to 

perform all behaviors to ensure consistency.  

Radiographic Analysis: Mice were anesthetized using ketamine/xylazine prior to obtaining 

radiographs using digital Faxitron system. The images were obtained on days 0 (prior to 

surgery), 7, 10 and 14 and evaluated using a 5-point bone rating scale by think 

independent and blinded observers; scores were averaged. The bone scoring scale was 

as follows: 0 = normal bone, 1 = 1-3 lesions with no fracture, 2 = 4+ lesions with no 

fracture, 3 = uni-cortical, full thickness fracture, 4 = bi-cortical, full thickness fracture. 

Animals with full cortical fracture before day 14 were euthanized, and their data was 
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excluded from analysis. 8-12 animals per group were analyzed for radiographic evidence 

of bone lesions to determine an average bone score.  

In vitro and ex vivo  

Cell Culture: Murine 66.1 breast adenocarcinoma cells were obtained from Dr. Amy M. 

Fuller (Walser et al., 2006) and were maintained in Dubucco’s Modified Eagle Medium 

containing 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were passaged 

every 4-5 days, harvested and used for experiments or surgical implantation between 

passages 10 and 20. Cells were incubated at 37°C with 5% CO2. 

Cell Viability Assay: 66.1 adenocarcinoma cells were plated in 96-well plates at a 

concentration of 1x10
4
/well in full serum media. After 24 hours, the cells are then treated 

with respective pharmacological treatments in serum free media. The treatments utilized 

were: serum free-medium alone, vehicle (0.1% DMSO), KML29 (100nM, 1µM, 10µM) or 

MJN110 (100nM, 1µM, 10µM) for another 24 hours. Cell viability and sensitivity to various 

drug treatments were evaluated with the tetrazolium salt XTT cell proliferation assay 

according to manufacturer’s protocols (Cat# 30-1011K, ATCC, Manassas, VA). 

Histomorphogenic Analysis and Tumor Burden: Animals were anesthetized with 

ketamine/xylazine intraperitoneally, euthanized on post-surgical day 14 and femurs 

harvested for histology. Animals were perfused transcardially using 0.1M PB followed by 

a 4% paraformaldehyde solution in 0.1M PB. Femurs were harvested, post fixed in 4% 

paraformaldehyde overnight at 4°C and decalcified in 10% EDTA solution (RDO-Apex, 

Aurora, IL) for two weeks. The EDTA buffer was changed every three days. Femurs were 

imbedded in paraffin and sliced into 5μm frontal sections. Slides were rehydrated in 
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progressively more dilute ethanol solutions and stained with hematoxylin and eosin 

(H&E). Images were captured under bright-filed microscopy using a Nikon E800 at 4x 

magnification. Bone morphology and percent tumor burden between the epiphyseal 

plates in the intramedullary cavity was assessed using ImageJ.  

Pharmacological agents: Animals received MJN110, the monoacylglycerol lipase (MAGL) 

inhibitor that was designed, synthesized and gifted to the Vanderah lab from the 

laboratory of Dr. Benjamin Cravatt at the Scripps Research Institute (Niphakis et al., 

2013). The CB1 specific antagonist, SR141716A and SR144528 respectively, were 

obtained from Tocris and were delivered intraperitoneal at a dose of 1 mg/kg. All 

intraperitoneal (i.p.) injections were made at a volume of 10 mL/kg. Acute studies 

employed one injection of MJN110 (1, 3 or 10 mg/kg, i.p.) and/or antagonists (1 mg/kg, 

i.p.). Chronic studies consisted of once daily i.p. injections of MJN110 (1, 3 or 10 mg/kg) 

with and without antagonists (1 mg/kg, i.p.) from days 7-14 post surgery; side of injection 

alternated daily. MJN110 and antagonists were dissolved in a vehicle solution of 10% 

dimethyl sulfoxide (DMSO), 10% Tween-80 and 80% normal saline for all animal studies. 

Control animals received vehicle solution alone following the same dosing regimen. 

Statistical Analysis: All data was analyzed using either one-way or ordinary and repeated 

measure two-way ANOVA depending on experimental protocol with Bonferroni post-hoc 

corrections. Power analysis was performed on cumulated data using GPower3.1 software 

and we found the adequate statistical separation for each group to detect 0.80 between 

groups at p<0.05. Data were expressed as mean ± SD or SEM with data analysis 

performed using GraphPad Prism 7.0 (Graph Pad Inc., San Diego, CA, USA).  All studies 

were performed in blinded to treatment manner. 
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Results: 

MJN110 is effective at relieving acute pain behaviors in a murine model of metastatic 

breast cancer 

To study the effects of MJN110 on bone pain derived from metastatic breast cancer, we 

used an established murine model that reliably replicates long bone pain due to cancer 

(Lozano-Ondoua et al., 2013a). In this syngeneic model, the 66.1 breast adenocarcinoma 

cell line was introduced into the medullary canal of healthy female BALB/c mice and 

allowed to seed the site for 7 days. On day 7, flinching and guarding behaviors were 

observed and recorded to obtain a post-cancer baseline (CIBP). All animals were injected 

with either vehicle, 1mg/kg, 3mg/kg or 10mg/kg and behaviors were recorded at 30, 60, 

90, 120, 180, and 240 minutes following injection to construct a dose response curve. 

Compared to vehicle control, the MJN110 dose dependently decreased the observed 

spontaneous flinching behaviors. Significant decreases from time matched vehicle 

controls was achieved by the 10mg/kg dose at the 30, 60, 90, and 240 minute time points 

(Figure 1A). There was no significant difference at any time point or dose following 

MJN110 administration for the guarding behaviors (Figure 1B). The time point where 

maximal effect was observed for flinching was 60 minutes; hence, the time point used for 

the chronic studies. 

A dose response curve was generated at the time of maximal effect for flinching (60 min). 

The percent anti-nociception was calculated for each dose, and the EC50 was determined 

to be 2.093 mg/kg (95% CI 1.246 – 3.34 mg/kg) for flinching behavior (Figure 1D). 

Chronic MJN110 dosing causes significant reduction in pain behaviors  
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Following the acute studies, the groups were dosed once daily in the morning with vehicle 

or MJN110 (1mg/kg, 3mg/kg or 10mg/kg) from days 7-14 post surgery to study the effects 

of chronic treatment on pain and disease progression. Behavior was measured on days 

10 and 14 post-surgery at baseline and up to 90 minutes post injection in order to monitor 

efficacy of MJN110 over time. As in the acute study, on D10 post-surgery, the injections 

dose-dependently decreased flinching behaviors 60 min following injections. Compared 

to time-matched vehicle control and to CIBP baseline, all 3 doses significantly lowered 

the flinching behaviors observed (2.69, 2.11 and 1.93 flinches vs. 5.75 p<0.01Figure 2A). 

The maximal effect was still observed at 60 minutes post injection as was observed in the 

acute studies. As in the acute study, no significant differences in guarding behaviors were 

noticed across all the groups and time points (Figure 2B).  

On day 14 post-surgery, flinching and guarding behaviors were observed again at 60 

minutes post injection. Following the trend from both acute and D10 studies, treatment 

with MJN110 at 3mg/kg and 10mg/kg significantly decreased the flinching behaviors 

observed compared to vehicle control (1.89 and 2.69 flinches vs 6.25 flinches, 

respectively; p<0.01), but no significant difference with the 1mg/kg dose (Figure 2A). The 

guarding behaviors were not significantly different from vehicle at any dose tested (Figure 

2B). Moving forward, only flinching behavior was assessed and reported for the 

antagonist studies. 

CB1 and CB2 receptors mediate MJN110 effects on spontaneous pain behaviors 

To elucidate the receptor dependency of the effects in vivo, we used the SR141716A and 

SR144528, to selectively inhibit CB1 and CB2 activation, respectively. Previously 

published work from our lab have demonstrated that these antagonists, alone, do not 
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elicit effects for the outcome measures that we are reporting (Lozano-Ondoua et al., 

2013a). All behavioral tests for the antagonists were performed at 60 minutes post 

injection, the time point where maximal effect was seen for MJN110. On day 7 post CIBP 

surgery, the pharmacological inhibition of either CB1 or CB2 receptor blocked the 

analgesic effects of MJN110 at the 10 mg/kg dose (flinch count =4.78 and 5.40 vs. 1.79, 

p<0.01). This same finding was seen with chronic dosing at days 10 and 14. On day 14, 

blockade with CB1 antagonist SR141716A followed by MJN110 administration caused 

flinching behavior to increase significantly higher than vehicle and or the CB2/MJN110 

groups (Figure 3, 11.00 vs. 6.46 and 5.90, respectively p<0.01). 

Chronic MJN110 has no effect on bone disease as observed on radiographic analysis 

In order to assess bone morphology and disease progression, radiographs were obtained 

via Faxitron throughout the duration of the study. Pre-surgery, there was no difference 

between the groups (p>0.999). At day 14 post surgery, there was no significant difference 

between any of the groups tested therefore suggesting MJN110 has no effect on bone 

disease progression as determined by radiographic evaluation (Figure 4). 

66.1 Cell Viability is decreased in response to MJN110 in vitro 

In order to assess the effects of MJN110 on cancer cell viability, an XTT assay was 

performed in presence of varying concentrations of MJN110. MJN110 was able to 

significantly decrease the cell viability of 66.1 cells in a dose dependent manner at doses 

of 100nM (p<0.05), 1uM (p<0.05) and 10uM (p<0.0001) when compared to 0.1% DMSO 

as vehicle control (Figure 5A). These experiments were then repeated with an alternate 

MAGL inhibitor (KML29) and a CB2 agonist (JWH015). Each drug modestly decreased 
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the viability of 66.1 cells compared to MJN110 over the same concentrations while 

significance was only seen at the highest dose (data not shown). A dose response curve 

was generated for the three compounds and MJN110 was shown to be more potent and 

efficacious at decreasing 66.1 cell viability in vitro over the tested concentrations (Figure 

5B).  

66.1 Cell Proliferation is decreased in response to MJN110 in vitro 

In order to better ascertain if the decrease in viability seen in the XTT assay was due to 

changes in proliferation or due to direct cytotoxicity of the drug, we performed a BrdU 

assay on 66.1 cells in varying concentrations of MJN110. MJN110 was able to 

significantly decrease the proliferation of 66.1 cells at the highest dose tested (10uM, 

p<0.0001, Figure 5C). Similar to the XTT assay, we repeated the experiment with an 

alternative and chemically distinct MAGL inhibitor, KML29, and the CB2 agonist JWH015. 

KML29 had no effect at any tested dose on proliferation of the 66.1 cells (data not shown), 

while JWH015 had a similar effect at decreasing proliferation as MJN110 at the highest 

dose, but not to the same degree (Figure 6A). A dose response curve was generated for 

the compounds and it was demonstrated that MJN110 and JWH015 decreased cellular 

proliferation (Figure 6B).  

Tumor burden in vivo is not reduced by chronic MJN110 treatment 

On day 14, mice were sacrificed, and femurs were collected for histology to assess how 

the treatments affected the tumor burden within the bone. Bones were harvested, fixed 

and decalcified prior to paraffin embedding and sectioning prior to H&E staining. Using 

ImageJ software (NIH), the tumor burden was quantified by measuring the tumor area 
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within the medullary canal between the epiphyseal plates. Bones were collected from the 

vehicle and 10mg/kg animals and analyzed for tumor burden to capture the effects of 

MJN110 at the highest tested dose. Chronic dosing of MJN110 at 10mg/kg in animals did 

not produce a significant change in the tumor burden measured within the sections 

compared to vehicle control (Figure 7A and 7B, p=0.47). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 13, 2020 as DOI: 10.1124/jpet.119.262337

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262337 

19 
 

Discussion:  

Due to limited therapies available for metastatic bone cancer pain, identification and 

validation of potentially disease modifying therapeutics is necessitated. Studies above 

evaluated whether increasing endogenous cannabinoid tone by inhibiting MAGL would 

attenuate nocifensive behaviors in a murine model of metastatic breast cancer. Here we 

report that the MAGL inhibitor, MJN110, dose-dependently decreased cancer-induced, 

spontaneous pain behaviors in mice suggesting that targeting the endocannabinoid 

system may be a novel strategy to mitigate CIBP.  

MJN110, a prototypic MAGL inhibitor, has shown to be effective at alleviating neuropathic 

pain in animal models (Burston et al., 2016; Wilkerson et al., 2016). Cancer-induced bone 

pain (CIBP) displays characteristics of neuropathic and inflammatory pain (Lozano-

Ondoua et al., 2013b; Slosky et al., 2016); thus targeting pain of inflammatory and 

neuropathic origin is rational. MAGL inhibition increases 2-AG levels to inhibit nociceptive 

fibers via activation of CB1/CB2 receptors and reduces levels of arachidonic acid, the 

precursor for pro-nociceptive/inflammatory prostaglandins (Nomura et al., 2011).  

Cancer patients often experience pain at rest or while ambulating, suggesting that 

spontaneous or movement-evoked pain behaviors more accurately reflect types of daily 

pain a patient would experience compared to mechanically-evoked measures such as 

von Frey (Delaney et al., 2008; Currie et al., 2013). Our hypothesis was that in acute and 

chronic dosing, systemic administration of MJN110 would significantly attenuate pain 

behaviors of flinching or guarding as compared to vehicle; typically animals will display 

either flinching (spontaneous pain), guarding (on-going pain) or mixed behaviors. While 

flinching and guarding often are grouped together as “spontaneous” behaviors, our 
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studies demonstrated that these maybe distinct. Our data demonstrate a single injection 

MJN110 decreased flinching behaviors compared to vehicle up to 90 minutes after 

systemic administration at 10mg/kg. This is consistent with the literature as studies have 

demonstrated antiallodynia and antinociceptive effects of MAGL inhibition only evaluate 

behavior in the chronic setting or at least 2 hours after systemic administration (Ghosh et 

al., 2013; Burston et al., 2016; Wilkerson et al., 2016). Interestingly, four hours post-

injection, MJN110 at 3mg/kg and 10mg/kg emerged as significantly different from vehicle 

suggesting either an active metabolite or latent effects of the parent compound due to 

compartmental release. Given that MJN110 inhibits MAGL up to 70% following a single 

dose and this inhibition is maintained for 12 hours (Niphakis et al., 2013), the resurgence 

of antinocifensive activity at higher doses may represent a novel PK interaction with other 

molecular systems.  

The efficacy of MJN110 after chronic administration increased over time. This is in 

contrast to reports, where high doses of MJN110 leading to CB receptor desensitization 

caused the drug to lose efficacy during chronic treatment, but it’s consistent with studies 

demonstrating lower doses maintain efficacy with persistent treatment (Schlosburg et al., 

2010; Burston et al., 2016). Different from the acute study, all three doses demonstrated 

significant difference from time-matched vehicle, while acutely, only 10mg/kg showed 

significant difference at 60 minutes. These results demonstrate that chronic dosing 

regimens promote sensitization to the drug during CIBP to elicit a more profound effect 

at lower doses.  Our behavioral data suggest that in CIBP, CB receptors may not lose 

their sensitivity to [2-AG] when MAGL is inhibited.  Additionally, in metastatic cancer, there 

is on-going proliferation and increases in inflammatory factors and tissue damage (David 
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Roodman, 2003; Landskron et al., 2014) that may be reduced not only by CB receptor 

activation but also by reduction in production of prostaglandins by chronic MAGL 

inhibition. 

It’s suggested that MAGL inhibitors elicit their acute analgesic effects through the CB1 

receptors (Long et al., 2009), yet reports in  neuropathic and inflammatory pain models, 

the CB2 receptor has a more prominent role in antihyperalgesic effects (Manzanares et 

al., 2006). Since CIBP displays aspects of inflammatory and neuropathic pain, it’s 

reasonable that both CB1 and CB2 receptors may be viable targets for inducing 

analgesia. Following neuropathic injury, CB2 receptor expression increases in the spinal 

dorsal horn and sensory neurons, which makes this a viable target (Beltramo et al., 2006). 

Mice pretreated with CB1 antagonist SR141716A or CB2 antagonist SR144528 

demonstrated significant attenuation in MJN110 antihyperalgesia suggesting both CB1 

and CB2 receptors are contributing. As previously reported, these antagonists have no 

effect on spontaneous pain behaviors alone in this model (Lozano-Ondoua et al., 2013a) 

suggesting that 2-AG levels may be low due to the lack of production or the enhanced 

breakdown of 2-AG by MAGL, which has been shown to increase following injury 

(Wilkerson et al., 2012), resulting in increased production of AA that may lead to increased 

prostaglandins and inflammation. 

Previous studies demonstrated that exogenous agonism of the CB1/CB2 receptors 

improve bone health in CIBP models (Lozano-Ondoua et al., 2010; Lozano-Ondoua et 

al., 2013a). After 7 days of MJN110 intervention, a modest, but insignificant decrease, in 

the bone scores for the 1mg/kg but not the 3mg/kg and 10mg/kg groups suggest lower 

doses of MJN110 may preserve bone. It remains unknown why higher doses are not 
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demonstrating a similar trend. One possibility is the loss of arachidonic acid and 

prostaglandin production that results from MAGL inhibition. While AA and prostaglandins 

are known to promote inflammatory pain, they are necessary for maintaining the integrity 

of bone. Orthopedic literature indicates that chronic use of NSAIDs, which inhibit COX 

enzymes, deter bone healing (Ho et al., 1999; Krischak et al., 2007; Giannoudis et al., 

2015). Prostaglandins play a role in healing by modulating osteoblasts and osteoclasts. 

PGE2 was shown to be a potent stimulator of bone resorption by enhancing osteoclast 

formation via indirect action through stromal cells, and by acting at osteoclast EP4 

receptors directly (Brandstrom et al., 1998). Other studies demonstrated that PGF2 and 

PGE2 stimulate osteoblast proliferation and differentiation (Hakeda et al., 1987). 

Quantitative, unbiased measurements of different prostaglandins in the bone-tumor 

microenvironment as well as prostaglandin receptor type and location need to be further 

explored.  

Cannabinoid receptor agonism reduces tumor burden in preclinical CIBP models 

(Lozano-Ondoua et al., 2010; Lozano-Ondoua et al., 2013a; Lozano-Ondoua et al., 

2013b). Moreover, it was demonstrated that MAGL overexpression increased the 

metastatic potential of normally non-aggressive tumors  (Nomura et al., 2010). Following 

repeated MJN110 exposure, we examined tumor burden by measuring the percent tumor 

occupying the medullary cavity. We did not find a significant difference between vehicle 

and the highest dose tested, nor did we observe any distant metastasis in either group. 

Literature suggests that MAGL is highly expressed in aggressive, metastatic tumors, 

including breast cancers and is a marker for invasiveness in various tumor cell lines 

(Nomura et al., 2010; Baba et al., 2017). Our minimal observed effects of MJN110 on 
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tumor growth and burden warrant further investigation at multiple doses before ruling out 

whether MJN110 may alter tumor burden in this model. To further evaluate the effects of 

MJN110 on tumor cell viability and proliferation, we examined the effects of two MAGL 

inhibitors on 66.1 cell viability. We demonstrated that JWH015, KML29 and MJN110 can 

decrease in vitro viability, but MJN110 was more potent than the other MAGL inhibitor or 

a CB2 agonist alone. Additionally, we tested the effects of MJN110 on proliferation by 

BrdU assay, and noticed MJN110 significantly decreased  proliferation of 66.1 cells, which 

indicated the decrease in cell viability was likely due to decreased cellular proliferation 

rather than cytotoxicity. This increased observed potency is likely due to the differential 

chemistry between KML29 and MJN110 and how they bind and inactivate serine 

hydrolases (Niphakis et al., 2013). The discrepancy between the in vitro studies  and the 

in vivo tumor burden was surprising. We hypothesize that it could be due to differences 

in pharmacokinetics when administered in vivo that lead to a sub-threshold dose at the 

tumor site to elicit the anti-proliferative effects; higher doses may be tried to elicit the anti-

tumor effects. Other anti-cancer therapeutics that demonstrate strong in vitro anti-tumor 

abilities can have minimal effects in vivo depending on dose and routes of administration 

(Theiner et al., 2015). Therefore, pharmacokinetics and administration route should be 

considered and higher doses may elicit antitumor effects, although these have not been 

studied to date.  

In this first report using MJN110 in a mouse CIBP model, results strongly suggest that 

MAGL inhibition is effective at reversing pain behaviors by indirectly activating CB1 and 

CB2 receptors. The novel finding that MJN110 works acutely (within 30 minutes) and 

chronically (after few hours to days) introduces an option that is effective against 
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breakthrough and ongoing pain while lacking analgesic tolerance. Additionally, we have 

shown that MJN110 may increase potency when administered chronically, while 

maintaining efficacy at high doses. This is promising for the fact that, compared to other 

MAGL inhibitors, MJN110 elicits antinociception without demonstrating cannabimimetic 

effects like hypothermia, catalepsy or hypomotility (Ignatowska-Jankowska et al., 2015). 

Additionally, we demonstrate that, at lower doses, MJN110 may be beneficial in the 

preservation of bone health despite cancer progression and that chronic treatment of 

MJN110 does not enhance tumor burden in vivo and may slow proliferation in vitro. 

Together, our data suggests that inhibiting MAGL to increase endogenous cannabinoid 

tone may be a viable mechanism with clinical application to treat chronic metastatic 

cancer-induced pain.  
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Figure Legends: 

Figure 1: MAGL inhibitor MJN110 acutely reverses established CIBP induced spontaneous pain. 

(A) Flinching was dose-dependently and significantly reduced by systemic injection of MJN110 

(i.p.) seven days after femoral inoculation with 66.1 breast adenocarcinoma cells. (B) Guarding 

induced by CIBP was significantly attenuated with the highest dose of MJN110 evaluated on D7 

post CIBP induction. Arrows indicate beginning of daily drug injections. (C) Area under the curve 

was determined from the acute flinching time course for each dose tested. (D) Dose-response 

curve was generated and EC50 was determined to be 2.093 mg/kg (95% CI 1.246-3.34).  *p<0.05, 

**p<0.01, n= 8-12/group (Two-way RM ANOVA, Bonferroni) 

Figure 2: MAGL inhibitor MJN110 dosed chronically reverses established CIBP induced flinching. 

(A) Flinching was dose-dependently and significantly reduced by systemic injection of 

MJN110 (once daily, 7 days) after femoral inoculation with 66.1 breast adenocarcinoma 

cells. (B) Guarding behaviors were not significantly reduced with chronic dosing of 

MJN110. Arrow indicates beginning of daily drug injections. *p<0.05; **p<0.01, n= 8-

12/group (Two-way RM ANOVA, Bonferroni test) 

Figure 3: Both CB1 and CB2 antagonists attenuate MJN110 effects against cancer induced 

flinching behaviors. Both coadministration of the CB1R antagonist SR141716A (1mg/kg) with 

MJN110 or the CB2R antagonist SR144528 (1mg/kg) significantly reversed MJN110 attenuation 

of CIBP induced flinching. **p<0.01,***p<0.001, n=8-12/group (Two-way RM ANOVA, 

Bonferroni test) 

Figure 4: MJN110 had no effect on radiographic evidence of cancer induced bone lesions. (A) 

Radiographs were taken of the ipsilateral femur at day 0 prior to surgery and at day 14 at the end 

of the study. Compared to vehicle control, there was no significant difference found between 

groups (F=1.205, p=0.4704). Images displayed are representative at D14 post-surgery. (B) Bones 
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were evaluated using a 5-point bone rating scale by 3 blinded individuals and scores were 

averaged. The bone scoring scale was as follows: 0 = normal bone, 1 = 1-3 lesions with no 

fracture, 2 = 4+ lesions with no fracture, 3 = unicortical, full thickness fracture, 4 = bicortical, full 

thickness fracture. (Two-way RM ANOVA, Bonferroni test) 

Figure 5: Effects of MJN110 on 66.1 cancer cell viability in vitro. (A) Across three concentrations 

tested, MJN110 significantly decreased the cell viability of 66.1 cells in vitro at the 10µM dose 

as assessed by XTT assay. One-way ANOVA with Bonferroni post-hoc correction *p<0.05, 

**p<0.01, ***p<0.001 (n=8).  (B) Dose-response curve was generated for MJN110 and 

compared to the CB2 agonist JWH015 and the MAGL inhibitor KML29 to determine effects on 

cell viability of 66.1 cells in vitro.  

Figure 6: Effects of MJN110 on 66.1 cancer cell proliferation in vitro. BrdU assay was performed 

in order to better assess changes in proliferation of 66.1 cells in response to MJN110 (A) Across 

three concentrations tested, MJN110 significantly decreased the proliferation of 66.1 cells in 

vitro at the 10µM dose. One-way ANOVA with Bonferroni post-hoc correction *p<0.05, **p<0.01, 

***p<0.001 (n=8/group).  (B) Dose-response curve was generated for MJN110 and compared to 

the CB2 agonist JWH015 and the alternative MAGL inhibitor KML29 to determine effects on cell 

proliferation in vitro. 

Figure 7: Effects of MJN110 on 66.1 cancer cells in vivo.  (A) Representative H&E images of 

cross sections of femurs from animals treated with vehicle or doses of 1 and 10 mg/kg MJN110 

once a day for 7 days. Imaged at 4x magnification. (B) H&E Images were then quantified for 

tumor burden which demonstrated that there was no significant change in tumor burden within 

the medullary cavity across the doses tested (F=0.1956, p=0.8297). One-way ANOVA with 

Tukey’s multiple comparisons post-hoc test (n=3/group). 
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