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Abstract 

 

The inducible inflammatory enzyme cyclooxygenase-2 (COX-2) and its product 

prostaglandin E2 (PGE2) are prominent tumour promoters, and expression of COX-2 is 

elevated in a number of tumours of both humans and canines. Targeting COX-2 in cancer is 

an attractive option due to readily available non-steroidal anti-inflammatory drugs (NSAIDs), 

and there is a clear epidemiological link between NSAID use and cancer risk. In this study 

we aim to establish the anti-tumourigenic effects of the selective, long-acting COX-2 

inhibitor mavacoxib. We demonstrate here that mavacoxib is cytotoxic to a panel of human 

and canine osteosarcoma, mammary and bladder carcinoma cancer cell lines; that it can 

induce apoptosis and inhibit the migration of these cells. Interestingly, we establish that 
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mavacoxib can exert these effects independently of elevated COX-2 expression. This study 

highlights the potentially novel use of mavacoxib as a cancer therapeutic, suggesting that 

mavacoxib may be an effective anti-cancer agent independent of tumour COX-2 expression.  

 

Keywords: canine; comparative oncology; COX-2; COX-2 independent effects; mavacoxib 

 

Introduction 

 

The cyclooxygenase (COX) enzymes (COX-1 and COX-2) are key in the synthesis of 

prostaglandins, prostacyclin and thromboxane from arachidonic acid. COX-2 is an inducible 

enzyme stimulated as part of an immune response by inflammatory cytokines and growth 

factors, and produces inflammatory prostaglandins involved in pain signalling and swelling 
1
. 

In cancer, COX-2 is overexpressed with adverse consequences; tumours with elevated COX-

2 levels are more aggressive, with increased incidence of metastasis and resistance to 

therapeutics.  Many cancer types (both human and canine) have increased expression of 

COX-2, including breast 
2–5

, lung 
2,6

, skin 
7
, colon 

2,8,9
 and bone cancer 

10–13
. The COX-2 / 

prostaglandin axis targets many downstream factors that play important roles in tumourigenic 

pathways. Prostaglandins, particularly PGE2, are involved in enhancing tumour growth and 

progression through increasing cancer cell proliferation 
11,14

, increasing the metastatic and 

invasive potential of cancer cells via increased mobility 
15,16

 and enhancing angiogenesis via 

stimulation of vascular endothelial growth factor (VEGF) 
17

. PGE2 signalling mechanisms are 

also involved in the ability of cancer cells to evade apoptosis. This occurs due to the 

deregulation of apoptotic proteins via the loss, damage or inhibition of the tumour suppressor 

protein p53, and by increasing the expression of anti-apoptotic proteins and reducing the 

expression of pro-apoptotic proteins 
15

. The ability to avoid controlled cell death allows 

damaged cancer cells to grow rapidly to form an aggressive tumour.  
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Non-steroidal anti-inflammatory drugs (NSAIDs) inhibit the COX enzymes, and coxibs 

are a family of NSAIDs which selectively target COX-2. The use of NSAIDs to treat 

inflammatory conditions such as arthritis is universally accepted. Experimentally, both 

NSAIDs and coxibs have been shown to inhibit tumorigenesis 
8,18–20

 by inhibiting cancer cell 

growth and proliferation 
14,21

, modulating apoptotic activity 
22–24

, reducing the metastatic and 

invasive potential of cells 
16,25,26

 and by inhibiting angiogenesis 
27–29

. Positive results from 

pre-clinical and clinical trials in which coxibs have been used as a preventative agent or as a 

therapeutic in combination with either chemotherapeutics or surgery demonstrates the 

potential of using such drugs as cancer therapeutics 
17,30–33

. In veterinary medicine mavacoxib 

(Trocoxil) is of interest because it is currently licensed to treat pain and inflammation 

associated with canine osteoarthritis where long term (up to 6 months) treatment is required 

34
. Mavacoxib is unique in the family of NSAIDs and coxibs as it exhibits a low clearance 

rate, a relatively large distribution volume and a long plasma half-life, resulting in a reduced 

dosing regimen. Consequently, the potential clinical benefit of using mavacoxib is high.  

 

There is limited research into the potential anti-cancer effects of mavacoxib. We have 

previously shown that mavacoxib exhibits anti-proliferative and pro-apoptotic effects in a 

panel of canine cancer cell lines and cancer stem cells in-vitro 
35,36

. Here, we investigate the 

effects of mavacoxib on a panel of canine and human cancer cell lines. The cancers studied 

include osteosarcoma, mammary carcinoma and transitional cell carcinoma (TCC) of the 

urinary bladder, which exhibit cross species similarities. COX-2 has an important role in 

disease progression in these cancer types and in both species the use of NSAIDs has shown 

positive therapeutic effects 
2,4-5,11,20,35,37–48

. We aim to determine if mavacoxib is directly 

cytotoxic to, and is able to inhibit the migration of these particular cell lines. We aim to begin 
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to establish not only if mavacoxib has potential as an anti-cancer agent against these cancer 

types, but also if this response is comparable between species. 

Materials and methods 

Cell culture 

 

The canine osteosarcoma cell lines, KTOSA5 
35

 and CSKOS 
49

 (gifted from Chand 

Khanna (NIH)) were maintained in Dulbecco‟s modified Eagle‟s medium (DMEM) 

(ThermoFisher Scientific, Massachusetts, USA). The human osteosarcoma cell line U2OS 

was grown in McCoys 5A modified medium (ThermoFisher Scientific). Canine mammary 

carcinoma cells REM134 (REM) 
50

 were maintained in DMEM. Canine inflammatory 

mammary carcinoma cells LILY (gifted from Dr De Maria Raffaella, University of Turin) 

were grown in RPMI medium 1640 (ThermoFisher Scientific) supplemented with 10 μg/mL 

human insulin (Sigma-Aldrich, Missouri, USA) and 10 ng/mL human recombinant EGF 

(Peprotech, London, UK). Canine transitional cell carcinoma of the urinary bladder cell lines 

K9TCC, K9TCC-AXA, K9TCC-In and K9TCC-Sh (gifted from Deborah Knapp and Jane 

Stewart (Purdue University)) were maintained in DMEM/F-12 (ThermoFisher Scientific) 

containing HEPES and L-glutamine. Human transitional cell carcinoma of the urinary 

bladder cell lines T24, 5637 and HT-1376 cells were gifted from Anne Kiltie (Oxford 

University). The T24 cell line were maintained in McCoy‟s 5A (modified) medium, 5637 cell 

line were maintained in RPMI-1640 medium (ATCC modification) (ThermoFisher Scientific) 

and the HT-1376 cell line were maintained in Advanced MEM (minimum essential medium) 

(ThermoFisher Scientific) supplemented with 1% glutamine. All cell culture medium was 

supplemented with 10% fetal bovine serum (FBS) and 100 μg/mL penicillin/streptomycin 

(ThermoFisher Scientific) and were maintained at 37°C in a humidified 5 % CO2 incubator.  
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Cytotoxic drug treatment 

 

Mavacoxib (Trocoxcil
™

, Zoetis, London, UK) was dissolved in DMSO and diluted in 

media immediately before use. Vehicle controls were included in all experiments.  

 

Cell viability assay 

 

The CellTiter-Glo
®

 Luminescent Cell Viability Assay (Promega, Madison, WI, USA) 

was used according the manufacturer‟s instructions. Briefly, 500 cells per well were seeded 

in a 96-well plate in triplicate. Cells were incubated for 24 hours at 37
o
C, 5% CO2. Serial 

dilutions of mavacoxib (0 – 200 M) were added and cell viability was assayed after 72 

hours. Luminescence was recorded by a spectrophotometer (WPA Biowave, Biochrom, 

Cambridge, UK) using the Viktor3 software (PerkinElmer, Massachusetts, USA). Data was 

averaged and normalized against the average signal of vehicle control treated samples and a 

dose-response curve was produced. The IC50 for each cell line treated with mavacoxib was 

calculated using GraphPad Prism version 7.0c for Mac OS X (GraphPad software, CA USA) 

using the log(inhibitor) vs response variable slope equation. 

 

Colony formation assay 

 

Cells were seeded as single cells at low density (250 cells / 10 cm plate for CSKOS, 

REM, K9TCC, K9TCC-AXA, K9TCC-In, K9TCC-Sh cells and 100 cells / 10 cm plate for 

KTOSA5 cells) and treated with 0, 25, 50 or 75 M mavacoxib while still in suspension. 

Plates were incubated at 37°C in humidified 5% CO2 incubator for 10-14 days. Cell culture 

media was changed once a week. Colonies were fixed by incubating with methanol for 5 
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minutes at room temperature and stained with Giemsa stain at 1:20 dilution (ThermoFisher 

Scientific). For each concentration tested, plates were set up in triplicate or quadruplicate. 

The total number of colonies was manually counted and the average number of colonies for 

each condition calculated.  

 

Cellular migration assay 

 

Scratch assay. Cells were grown until 80-90% confluent in 10 cm plates. The cell culture 

media was replaced and plates were treated with 0 – 125 M mavacoxib and incubated at 

37°C in humidified 5% CO2 incubator overnight. A scratch was made in the confluent 

monolayer of cells down the centre of each plate with a pipette tip.  

 

Migration assay. Cells were seeded at 3 x 10
5 
cells / well of the cell culture insert in a 

volume of 70 μl cell culture medium. Plates were incubated for 24 hours at 37°C, 5% CO2. 

Once confluent, cell culture medium was removed from each well and replaced with new cell 

culture medium containing 0 – 125 M mavacoxib and incubated at 37°C, 5% CO2 for 24 

hours. After 24 hours incubation each insert was removed from its well. One ml of cell 

culture medium was added to each well.  

 

In both assays the width of the gap was measured at 6 points using the Axiovert 40 CFL 

microscope coupled with an AxioCAM HRm camera (Carl Zeiss Ltd, Cambridge, UK) and 

an average taken. Measurements were made at 0, 4, 8, 24, 28, 32 and 48 hours. Scratch width 

was converted to „relative migration distance‟ of cells, where the distance is a percentage of 

the initial wound width at 0 hours.  
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Apoptosis assay 

 

Apoptotic activity was measured using the Caspase-Glo
®

 3-7 Assay (Promega) 

according to the manufacturer‟s instruction. Briefly, cells were seeded at 500 cells per well in 

96-well plates and incubated for 24 hours at 37
o
C, 5% CO2. Serial dilutions of mavacoxib (0 

– 200 M) were added to appropriate wells. Apoptotic activity was measured 48 hours post-

treatment. Luminescence was recorded by a spectrophotometer (WPA Biowave, Biochrom) 

using the Viktor3 software (PerkinElmer). Luminescence is proportional to the amount of 

caspase activity present. Data was averaged and normalized against the average signal of 

vehicle control treated samples. 

 

PGE2 ELISA 

 

The Canine Prostaglandin E2 ELISA Kit from BlueGene (AMS Biotechnology, 

Abingdon, UK) was used to determine the amount of PGE2 exported from the cells into the 

cell culture media. Cells were seeded in equal numbers using the relevant cell culture media 

which was replaced with fresh cell culture media when the cells reached 50% confluency. 

After 24 hours incubation the cell culture media was removed from each flask, centrifuged 

and the ELISA carried out following the manufacturer‟s protocol. Optical density of the 

samples was measured at 450 nm using the spectrophotometer (WPA Biowave, Biochrom) 

with Viktor3 software (PerkinElmer). A standard curve was produced by plotting the 

standards (a linear relationship was determined) and the equation of the line was used to 

calculate the concentration of the samples. 
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Western blot analysis 

 

Cells were treated with 0, 25, 50 or 75 M mavacoxib for 24 hours prior to harvesting 

for western blot analysis. Cells were harvested and cell pellets were lysed with urea lysis 

buffer (7 M urea, 0.1 M DTT, 0.05% Triton X-100, 25 mM NaCl, 20 mM Hepes pH 7.5). A 

Bradford assay was used to quantify protein concentrations of samples prior to all western 

blotting using Quick Start™ Bradford 1x Dye Reagent (Bio-Rad Laboratories, California, 

USA). Equal amounts of protein (30 g) were resolved based on their molecular weight by 

SDS polyacrylamide gel electrophoresis (SDS PAGE) 
51

, transferred to Amersham
™

 Hybond-

C
™

 nitrocellulose membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK) and 

hybridised to an appropriate primary antibody and HRP-conjugated secondary antibody for 

subsequent detection by enhanced chemiluminescence (Amersham
™ 

ECL
™

, Amersham 

Pharmacia Biotech).  

 

The following primary antibodies were utilized to assess protein expression: COX-2 

(C-terminus of COX-2 of human origin, sc-1745) from Santa Cruz Biotechnology (Texas, 

USA); ERK1/2 (p44/42 MAPK (137F5)), phosphorylated-ERK1/2 (phospho-p44/42 MARK, 

dually phosphorylated at Thr202/Tyr204), Akt (Akt1, Akt2 and Akt3), phosphorylated-Akt 

(Akt1 phosphorylated at Ser473, and Akt2 and Akt3 when phosphorylated at corresponding 

residues) all from Cell Signalling Technology (Massachusetts, USA); and β-actin (N-terminal 

of the beta isoform of actin, ab6276) from Abcam (Cambridge, UK). Secondary antibodies 

were HRP-conjugated swine anti-rabbit IgG, rabbit anti-mouse IgG and rabbit anti-goat IgG 

from Dako, Agilent Technologies (CA, USA). 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Statistical analysis 

 

Data were expressed as mean  SD. Statistical analysis of student‟s t-test or Mann-

Whitney test were performed using Minitab® statistical software (PA, USA). Spearman‟s 

correlation for nonparametric analysis was performed using GraphPad Prism version 7.0c for 

Mac OS X (GraphPad software, CA USA). Differences were deemed significant with a p-

value of less than 0.05. 

 

Results 

 

Characterization of COX-2 expression and PGE2 production in a panel of canine and 

human cancer cell lines 

 

A panel of canine and human cancer cell lines were characterised by cellular 

morphology and doubling time (Supplementary table 1). We showed a spectrum of 

morphology from classic cobblestone morphology associated with epithelial cells (for 

example, the mammary carcinoma cell line REM and the human bladder transitional cell 

carcinoma cell lines K9TCC, K9TCC-AXA, K9TCC-In and K9TCC-Sh) and elongated 

protrusions associated with mesenchymal cells (for example, the canine osteosarcoma cell 

lines CSKOS and KTOSA5 and the inflammatory mammary carcinoma cell line LILY). 

There was also a range in doubling time from 7.0 (T24 cells) to 10.6 hours (K9TCC-In cells) 

(Supplementary table 1).  
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The expression of COX-2 protein in each cell line was determined by western blotting 

(Figure 1A). COX-2 expression was negligible in U2OS (human osteosarcoma), CSKOS 

(canine osteosarcoma) and T24 (human bladder TCC) cell lines, whereas low level COX-2 

expression was detected in KTOSA5 (canine osteosarcoma), LILY (canine inflammatory 

mammary carcinoma) and HT-1376 (human bladder TCC) cell lines and high COX-2 

expression was detected in REM (canine mammary carcinoma), 5637 (human osteosarcoma) 

and in K9TCC, K9TCC-AXA, K9TCC-In and K9TCC-Sh (canine bladder TCC cell lines). 

COX-2 expression was quantified from western blot analysis relative to -actin for each cell 

line and this data is displayed in Table 1. One of the main products of the COX-2 enzyme 

reaction is PGE2 and we confirmed the amount of PGE2 produced by each cell line by ELISA 

(Table 1). We show that bladder TCC cell lines produce more PGE2 than the osteosarcoma 

and mammary carcinoma cell lines (Table 1). To determine if there is a correlation between 

PGE2 production and COX-2 expression we utilized the Spearman‟s statistical test due to the 

nonparametric nature of the data. Here, we confirmed that COX-2 expression and PGE2 

production are positively correlated (r=0.7478, Figure 1B) and that this correlation is 

statistically significant (p=0.0071).  

 

Mavacoxib is cytotoxic to human and canine cancer cell lines and induces replicative 

cell death  

 

To determine if mavacoxib is cytotoxic to cancer cells we treated a panel of cancer 

cell lines with increasing doses of mavacoxib and assessed cell viability 72 hours after 

treatment. We showed that cell viability was reduced in a dose-dependent manner by 

mavacoxib in all cell lines tested indicating that mavacoxib is cytotoxic (Figure 2Ai-v. Data 

shown is representative of all cell lines). However, sensitivity to mavacoxib varied between 
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the cell lines, with IC50 values ranging from 34.5 M (K9TCC-AXA) to 157.7 M (HT-

1376) (Table 2). To determine if there is a correlation between COX-2 expression and 

sensitivity to mavacoxib, Spearman‟s statistical test was used to assess correlation between 

IC50 values and COX-2 expression. There was no statistically significant correlation between 

these factors (r = -0.2222, p = 0.4839), suggesting that mavacoxib may be an effective 

cytotoxic agent against these cell types, including those with low COX-2 expression.  

 

To elucidate the downstream signalling pathways involved in cell survival that may 

be affected by mavacoxib we treated cells with increasing doses of mavacoxib for 24 hours 

and probed for ERK, phosphorylated-ERK (p-ERK), Akt and phosphorylated-Akt (p-Akt) 

(Figure 2B. representative data shown). COX-2 is known to activate the MAPK/ERK and 

PI3K/Akt pathways by the action of PGE2 via EP2/EP4 receptors 
52–54

. Dual phosphorylation 

of both ERK and Akt is required for activation, which both then go on to phosphorylate 

numerous transcription factors downstream that are involved in promoting cell growth and 

cell cycle progression. Several studies have demonstrated that COX-2 inhibitors induce 

apoptosis and reduce cell proliferation and survival via the ERK and Akt pathways 
55,56

. The 

response of these pathways to increasing doses of mavacoxib in the cell lines tested here was 

variable. In CSKOS cells, p-Akt was downregulated with increasing does of mavacoxib, as 

was total Akt in U2OS cells. In REM cells both p-ERK and p-Akt were increased in 

expression with increasing doses of mavacoxib, and in K9TCC cells p-ERK expression was 

also increased with mavacoxib treatment. This result suggests that mavacoxib may inhibit the 

Akt pathway in canine osteosarcoma cell lines (CSKOS and U2OS) to reduce cell viability. 

Interestingly, other studies have noted that the activation of the ERK pathway, which is 

usually associated with enhancing cell proliferation and survival, can induce anti-proliferative 

effects and that this can occur with the use of COX-2 inhibitors 
24,57,58

. Further investigation 
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into these and other proliferation pathways will be required to determine the downstream 

mechanisms responsible for the reduction in cell viability caused by mavacoxib in other cell 

types. 

 

To substantiate the previous data, we determined the effect of mavacoxib on colony 

forming ability as an assay of replicative cell death. We showed that mavacoxib treatment 

significantly reduced colony formation in a dose-dependent manner in all cell lines tested 

(Figure 3A-C). The ability of mavacoxib to induce replicative cell death is comparable 

between canine and human bladder TCC cell lines, with a dose-dependent decrease in colony 

forming ability detected across the panel (Figure 3C). The induction of replicative cell death 

by the COX-2 inhibitor mavacoxib supports previous data demonstrating a reduction in cell 

viability with treatment of this drug.  

 

Mavacoxib can induce caspase-dependent apoptosis in canine and human cancer cell 

lines 

 

Cancer cells have the ability to evade apoptosis by deregulating apoptotic pathways, 

allowing damaged cancer cells to grow rapidly to form an aggressive tumour. Here, we 

demonstrate that mavacoxib can induce caspase-dependent apoptosis in all cell lines tested 

when treated at 100 μM or above (Figure 4). A dose-dependent increase in the number of 

apoptotic cells is detected in KTOSA5, U2OS, REM and K9TCC cells (Figure 4A-C and 4E), 

however only the highest dose of mavacoxib produced a statistically significant response in 

LILY (Figure 4D) and T24 cells (Figure 4F). LILY and T24 cells express low levels of COX-

2, however KTOSA5 and U2OS cells also express low levels of COX-2 and these cell lines 

remain more sensitive to mavacoxib induced caspase-dependent apoptosis. Mavacoxib was 
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able to reduce cell viability in LILY and T24 cells at lower concentrations, suggesting that 

these cell lines may be inherently resistant to mavacoxib-induced caspase-dependent 

apoptosis, but other apoptotic pathways may be involved. 

 

Cellular migration is inhibited by mavacoxib in a cell-line dependent manner 

 

The ability of mavacoxib to inhibit the migration of human and canine cancer cell 

lines in-vitro was investigated (Figure 5). Either a standard scratch assay (KTOSA5, U2OS, 

REM and LILY cell lines (Figure 5Bi-iv)) or the Ibidi
® 

Culture-Insert migration assay 

(K9TCC and T24 cell lines (Figure 5 Bv-vi)) was used to measure the migration of cancer 

cells incubated with mavacoxib for 24 hours. Here, we demonstrate that mavacoxib reduces 

the migration of human and canine cancer cell lines in-vitro (Figure 5B). The lowest 

concentration of drug to yield a statistically significant result is shown for each cell line, with 

a representative image of the assay conducted in K9TCC cells shown in Figure 5A. The 

canine and human osteosarcoma cell lines (KTOSA5 (Figure 5Bi) and U2OS (Figure 5Bii) 

respectively) respond in a comparable manner, however the human bladder TCC cell line 

(T24) requires a higher concentration of mavacoxib to yield a significant result (Figure 5Bvi) 

compared to the canine bladder TCC cell line (K9TCC) (Figure 5Bv). The inflammatory 

mammary carcinoma cell line LILY required higher doses of mavacoxib and a larger initial 

gap width before a significant response was detected, consistent with this cell line being more 

resistant to mavacoxib (Figure 5Biv). These results indicate that mavacoxib inhibits cell 

migration in cell-line dependent manner. 
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Discussion 

 

This study highlights a novel use for mavacoxib as a potential anti-cancer agent in 

canine patients. The link between inflammation, COX-2 and cancer is well established; when 

inflammation and oncogenic activation converge, inflammatory transcription factors are 

activated in tumour cells, which produce inflammatory mediators, cytokines and chemokines, 

including COX-2, that recruit and activate inflammatory immune cells. These cytokines 

activate the same key transcription factors in inflammatory cells, tumour cells and stromal 

cells, resulting in a surge of inflammatory mediators giving rise to a cancer related 

inflammatory microenvironment 
59,60

. This smouldering inflammatory environment has many 

tumour promoting effects, including enhancing proliferation and survival, promoting EMT, 

metastasis and invasion, encouraging angiogenesis and lymphangiogenesis, inhibiting the 

adaptive immune response and altering responses to hormones and chemotherapeutic agents 

60,61
. 

This study demonstrates that mavacoxib is able to reduce cancer cell survival and 

induce cell death. To further understand the mechanisms behind this, the activation of ERK 

and Akt were investigated after cell treatment with mavacoxib. We demonstrate a variable 

response in the phosphorylation status of both ERK and Akt after treatment with mavacoxib, 

with phosphorylation increasing with treatment in some cell lines (REM and K9TCC) and 

decreasing in others (CSKOS and U2OS). Generally, it has been shown that the inhibition of 

COX-2 decreases phosphorylation of both ERK and Akt which in turn inhibits proliferation, 

induces apoptosis and results in cancer cell death. However, several studies have also 

demonstrated that inhibition of COX-2 increases the phosphorylation of these molecules and 

incongruously, this increase in phosphorylation was also associated with apoptosis 
24,57,58,62

. 

Various NSAIDs have been shown to induce changes in ERK phosphorylation between 4 and 
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24 hours of incubation 

24,62,63
. Yip-Schneider et al (2003) discuss that short term incubation (1 

hour) of pancreatic carcinoma cells with suldinac did not induce changes in phosphorylation 

but 24-hour incubation did, suggesting that long-term rather than transient activation of this 

pathway was occurring. The basal activation level of the ERK and Akt pathways may also 

influence the extent to which cells may respond in this way to NSAIDs 
62

. Therefore, the 

response of each cell line to the ERK / Akt phosphorylation effects of NSAIDs may be time 

and cell type dependent. Future studies should include cell lines with low and high basal 

activation of these pathways incubated with various different NSAIDs for various times in 

order to investigate what causes the active or suppressive response.  

 

Mavacoxib can induce caspase-dependent apoptosis in a number of cell lines tested 

here (Figure 4). This occurs at higher drug concentrations than the reduction in cell viability, 

suggesting at lower concentrations, mavacoxib may induce caspase-independent cell death 

mechanisms. Caspase-independent cell death has been previously characterised, highlighting 

that caspase inhibitors do not prevent cell death through autophagy, necrosis and apoptosis-

like cell death 
64

. Previous studies have noted similar results with NSAIDs in cancer cell 

lines, with caspase-independent and BAX-independent apoptosis suggested as a possible 

explanation 
35,37,65

. We have previously shown that increased Bcl-2 levels after COX-2 

inhibition may be the result of a mitochondrial-independent apoptotic pathway 
35

. Further 

investigation into the mechanisms driving mavacoxib-induced cell death should include 

methods able to detect early stage apoptosis that may be caspase-independent. 

 

The survival rate of patients with metastatic cancer is greatly reduced in comparison to 

those with a primary tumour. COX-2 has been implicated in the process of epithelial to 

mesenchymal transition (EMT), which allows epithelial primary tumour cells to gain invasive 
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and metastatic potential by converting to a mesenchymal phenotype with enhanced mobility 

66
. Several studies have established potential for utilizing COX-2 inhibitors to induce 

mesenchymal to epithelial transition (MET), thereby inhibiting migration and invasion of 

cancer cells. In human bladder cancer, the T24 cell line exhibits a strong EMT phenotype 

which can be reversed by the COX-2 inhibitor etodolac 
67

. Che et al. (2017) have 

demonstrated in lung cancer cells that migration and invasion are stimulated via interleukin-6 

(IL-6) upregulation of COX-2/PGE2 
68

, with a similar finding in head and neck squamous cell 

carcinoma 
69

. In this study, we report that mavacoxib can inhibit migration of a panel of 

canine and human cancer cell lines and that this action is cell line dependent. To establish 

whether mavacoxib exerts its anti-migration effects by reversing EMT, future studies should 

determine the expression of E-cadherin in each cell line before and after mavacoxib 

treatment, along with expression of EMT transcription factors and mesenchymal markers.  

 

Interestingly, the LILY cell line migrated faster and was more inherently resistant to 

mavacoxib than the other canine mammary carcinoma cell line tested. The LILY cell line was 

derived from a canine inflammatory mammary carcinoma, a fast growing, highly malignant 

cancer type in which COX-2 has been shown to be overexpressed with increased risk of 

metastasis and lymph node invasion 
70–72

. Here, we suspect an inflammatory response by the 

LILY cell line, whereby the act of scratching a confluent layer of inflammatory mammary 

carcinoma cells with a pipette tip results in an apoptosis induced inflammatory response that 

stimulates cell proliferation and migration. There is increasing evidence that cells undergoing 

apoptosis signal their presence to the surrounding tissues to elicit tissue repair and 

regeneration 
73

. This phenomenon of tissue damage initiating tissue repair has been coined 

the “phoenix rising pathway” 
74

 and a seminal study in bladder cancer has demonstrated 

evidence for the involvement of the COX-2/PGE2 pathway in cancer stem cell (CSC) 
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repopulation of residual tumours in response to chemotherapy-induced damages 

75
. Further 

investigation is required to assess apoptotic activity after damage induction in the LILY cell 

line, along with the expression of COX-2 and release of PGE2.  

 

Many NSAIDs and COX-2 selective inhibitors have demonstrated COX-2 independent 

anti-cancer effects. Here, we show that mavacoxib can exert anti-tumourigenic effects on cell 

lines with low COX-2 expression, advocating that mavacoxib may exert some of its anti-

tumour effects in a COX-2 independent manner. Aside from their COX-inhibitory function, 

NSAIDs have a demonstrated a number of properties that make them attractive anti-cancer 

therapeutics, including anti-proliferative and pro-apoptotic activity 
76

, anti-thrombotic 
77

 and 

anti-angiogenic effects 
78

. Potential mechanisms of these non-COX-2 inhibitory actions 

include the inhibition of carbonic anhydrase and polyamines. For example: De Monte et al. 

(2015) discuss the ability of sulphonamide COX-2 selective inhibitors to inhibit several 

carbonic anhydrase isoforms, enzymes which are important in cancer cell survival in hypoxic 

environments 
79

; and indomethacin, a NSAID, has also been shown to increase the catabolism 

of polyamines, regulators of tumour cell proliferation, by upregulating the activity of 

spermidine/spermine-acetyltransferase (SSAT) in human colon cancer cell lines 
80

. 

Interestingly, derivatives of NSAIDs that lack the ability to inhibit the COX enzymes retain 

their anti-tumour activity 
81–83

 and these COX-independent targets have been associated with 

apoptotic, proliferative, angiogenic and metastatic pathways 
81

 but have yet to be fully 

elucidated. An interesting future research avenue would be to confirm the COX-2-dependent 

and COX-2-independent effects of mavacoxib by producing a mavacoxib derivative that 

lacks COX-2 inhibitory action, and to determine whether mavacoxib inhibits the carbonic 

anhydrase or polyamine pathways.  
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Currently, there are a number of NSAIDs approved for clinical use. With ample 

epidemiological evidence demonstrating an inverse correlation between NSAID use and the 

incidence and progression of cancer, there have been numerous trials attempting to validate 

these drugs for use as cancer therapeutics. Aspirin, celecoxib, ibuprofen and piroxicam have 

all demonstrated positive anti-neoplastic effects during clinical trials 
76,84–90

. However, the 

use of these drugs for cancer prevention and therapy remains controversial. Many clinical 

studies have not indicated a significant benefit to the patient, and in combination with the 

side-effects associated with NSAIDs (which can range from moderate GI toxicity to severe 

cardio toxicity), there is limited enthusiasm for their use 
91

. Given these controversies it is 

unlikely that COX-2 inhibitors in particular will be utilized as a monotherapy for cancer, 

however, they may be effective adjuvants when used in conjunction with other therapeutic 

approaches. For example, dual modality treatments are currently offered for several human 

cancer types, including colorectal and prostate cancer 
92–94

. 

 

In the field of veterinary oncology, numerous trials are attempting to elucidate the 

potential of NSAIDs as a cancer treatment for dogs, both as a single treatment and as part of 

dual modality or metronomic chemotherapy treatment options. Piroxicam, a non-selective 

COX inhibitor used in human medicine, has been one of the most widely studied. Piroxicam 

as a single mode treatment has been established as an effective anti-cancer agent in the 

treatment of transitional cell carcinoma of the urinary bladder in dogs, with cases of both 

complete and partial remission noted 
95

. In canine prostatic carcinoma, both piroxicam and 

carprofen (a preferential COX-2 inhibitor; this class of drugs affects both COX-1 and COX-2 

but is more selective towards COX-2) significantly increased survival time as single agents 

when compared to untreated dogs in both early stage and metastatic disease 
96

. As part of 

dual modality treatment and metronomic chemotherapy, piroxicam significantly increased 
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survival time and incidences of complete or partial remission compared to the same 

treatments without piroxicam in a range of cancer types 
97

 including invasive urothelial 

carcinoma 
98

 and primary lung carcinoma 
99

. A recent review on canine mammary carcinoma 

concludes that including NSAIDs in treatment significantly improves survival, especially in 

inflammatory mammary carcinomas when NSAIDs are used alone as palliative treatment or 

in combination with chemotherapy 
100

. However, conflicting evidence still remains. Studies 

in transitional cell carcinoma of the urinary bladder, nasal carcinomas and multicentric 

lymphoma utilizing combinations of chemotherapeutics or radiotherapy with piroxicam and 

firocoxib demonstrated no significant difference in progression free and overall survival 

compared to other treatment regimens 
101–103

. A study in mammary carcinoma demonstrated 

that surgery plus adjuvant chemotherapy significantly improved overall survival time 

compared to surgery alone, but there was no significant difference when chemotherapy was 

combined with or without NSAIDs 
104

. COX-2 expression was found to be a significant 

factor in survival time in this study and the author suggests that immunohistochemical score 

of COX-2 should be included as a predictive factor for this cancer type 
104

. Interestingly, 

Knapp et al. (2016) noted that when vinblastine treatment was followed by piroxicam as two 

single agents there was a significant increase in overall survival time compared to dogs 

receiving the same agents simultaneously. It is suggested that this could be the consequence 

of drug resistance developing separately for each drug over time rather than concurrently, 

which raises the interesting possibility that chemotherapy may sensitize the tumour to the 

action of COX inhibitors 
98

. After chemotherapy treatment, resistant cells can go on to 

repopulate the tumour, a process that has been shown to involve the COX-2 pathway 
75

. 

Therefore, chemotherapy may select for a clone of tumour cells with increased COX-2 

activity, rendering them more sensitive to the actions of COX inhibitors. If this occurs, even 
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tumours with low COX-2 expression initially may benefit from a treatment program 

consisting of chemotherapy and NSAIDs sequentially.  

 

One of the recurring topics across many of the studies mentioned above is that of 

quality of life, a primary concern when treating veterinary cancer patients. In many cases 

curative treatment is not an option and palliative care is opted for. In the studies mentioned 

above, several factors used to assess quality of life (including appetite, activity levels and 

pain) were all noted to be improved in patients treated with NSAIDs (reported through owner 

questionnaires),  even in cases where NSAIDs showed no improvement in survival time 

compared to other treatment options 
95,99,101,102

. In one study, most owners requested that their 

dogs remain on piroxicam treatment even if tumour remission did not occur, due to their 

subjective improvement in quality of life 
95

. Given the importance of quality of life, this is 

clinically relevant finding and should be taken into consideration when decisions are made 

regarding treatment options in veterinary cancer care. 

 

Currently the use of mavacoxib in the clinic is unorthodox as a result of the long half-

life of the drug potentially resulting in side-effects which are problematic for the patient. The 

usual dosing regimen for mavacoxib comprises of administration at monthly intervals after 

initial doses of 2 mg/kg at day 0 and day 14, maintaining plasma concentrations at a steady 

state of around 0.52 – 1.11 μg/μl (1.35 – 2.88 μM) 
105,106

. Studies have demonstrated that the 

safety profile of mavacoxib is comparable to other veterinary NSAIDs 
107,108

, and suggests 

that the benefits of reduced dosing should be exploited. Although the concentrations of 

mavacoxib utilized in this study are higher than plasma concentrations, there is currently a 

concerted research effort to develop targeted drug delivery systems for cancer therapies 

which would allow increased concentrations of therapeutic agents to target the tumour site 
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while minimising undesirable side-effects. These include using nanoparticles to encapsulate 

therapeutic agents and release them in a controlled manner to target diseased cells with 

increased specificity 
109–111

. If the challenges of dosing and toxicity for drugs like mavacoxib 

can be diminished by improved drug delivery systems, their anti-cancer potential may be 

exploited. 

 

In conclusion, we show that mavacoxib is an effective cytotoxic agent on a range of 

tumour types and across species. We highlight that mavacoxib can exert anti-tumour effects 

on cells expressing a low level of COX-2, however further mechanistic studies are required to 

understand the COX-2 dependent and COX-2 independent actions of mavacoxib. Further in 

vivo and preclinical studies will be required to fully elucidate the potential of mavacoxib as 

an anti-cancer agent in conjunction with its clinical benefits as an anti-inflammatory drug.  

 

 

Conflict of interest 

The authors declare that there are no conflicts of interest. 

  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
References 

 

1.  Clària J. Cyclooxygenase-2 biology. Curr Pharmaeutical Des. 2003;9(27):2177–90.  

2.  Soslow R, Dannenberg J, Rush D, Woerner B, Khan K, et al. COX-2 is expressed in 

human pulmonary, colonic, and mammary tumors. Cancer [Internet]. 2000 Dec 

15;89(12):2637–45. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11135226 

3.  Hwang D, Scollard D, Byrne J, Levine E. Expression of Cyclooxygenase-1 and 

Cyclooxygenase-2 in Human Breast Cancer. J Natl Cancer Inst. 1998;90(6):455–60.  

4.  Dore M, Lanthier I, Sirois J. Cyclooxygenase-2 Expression in Canine Mammary 

Tumors. Vet Pathol [Internet]. 2003 Mar 1 [cited 2014 Jun 21];40(2):207–12. 

Available from: http://vet.sagepub.com/lookup/doi/10.1354/vp.40-2-207 

5.  Millanta F, Citi S, Della Santa D, et al.. COX-2 expression in canine and feline 

invasive mammary carcinomas: correlation with clinicopathological features and 

prognostic molecular markers. Breast Cancer Res Treat [Internet]. 2006 Jul [cited 2014 

Jun 26];98(1):115–20. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16538539 

6.  Hida T, Yatabe Y, Achiwa H, et al. Increased Expression of Cyclooxygenase 2 Occurs 

Frequently in Human Lung Cancers , Specifically in Adenocarcinomas. Cancer Res. 

1998;58(17):3761–4.  

7.  Buckman S, Gresham A, Hale P, et al. COX-2 expression is induced by UVB exposure 

in human skin: implications for the development of skin cancer. Carcinogenesis 

[Internet]. 1998 May;19(5):723–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9635856 

8.  Maier TJ, Schilling K, Schmidt R, et al. Cyclooxygenase-2 (COX-2)-dependent and -

independent anticarcinogenic effects of celecoxib in human colon carcinoma cells. 

Biochem Pharmacol [Internet]. 2004 Apr 15 [cited 2014 May 26];67(8):1469–78. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/15041464 

9.  Williams CS, Smalley W, Dubois RN. Aspirin Use and Potential Mechanisms for 

Colorectal Cancer Prevention. J Clin Invest. 1997;100(6):1325–9.  

10.  Urakawa H, Nishida Y, Naruse T, et al. Cyclooxygenase-2 overexpression predicts 

poor survival in patients with high-grade extremity osteosarcoma: a pilot study. Clin 

Orthop Relat Res [Internet]. 2009 Nov [cited 2014 May 26];467(11):2932–8. 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2758970&tool=pmcentrez

&rendertype=abstract 

11.  Lee EJ, Choi EM, Kim SR, et al. Cyclooxygenase-2 promotes cell proliferation, 

migration and invasion in U2OS human osteosarcoma cells. Exp Mol Med [Internet]. 

2007 Aug 31;39(4):469–76. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17934334 

12.  Rodriguez N, Hoots W. COX-2 expression correlates with survival in patients with 

osteosarcoma lung metastases. J Pediatr Hematol Oncol [Internet]. 2008 [cited 2014 

Jun 19];30(7):507–12. Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2771732/ 

13.  Mullins MN, Lana SE, Dernell WS, et al. Cyclooxygenase-2 expression in canine 

appendicular osteosarcomas. J Vet Intern Med [Internet]. 2004;18(6):859–65. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/15638270 

14.  Sheng H, Shao J, Washington MK, DuBois RN. Prostaglandin E2 increases growth 

and motility of colorectal carcinoma cells. J Biol Chem [Internet]. 2001 May 25 [cited 

2014 May 26];276(21):18075–81. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11278548 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
15.  Tsujii M, DuBois RN. Alterations in cellular adhesion and apoptosis in epithelial cells 

overexpressing prostaglandin endoperoxide synthase 2. Cell [Internet]. 1995 Nov 

3;83(3):493–501. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8521479 

16.  Tsujii M, Kawano S, DuBois RN. Cyclooxygenase-2 expression in human colon 

cancer cells increases metastatic potential. Proc Natl Acad Sci U S A [Internet]. 1997 

Apr 1;94(7):3336–40. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=20370&tool=pmcentrez&r

endertype=abstract 

17.  Xu L, Stevens J, Hilton MB, et al. COX-2 Inhibition Potentiates Antiangiogenic 

Cancer Therapy and Prevents Metastasis in Preclinical Models. Cancer. 2014;6(242).  

18.  Gurpinar E, Grizzle WE, Piazza G a. NSAIDs inhibit tumorigenesis, but how? Clin 

Cancer Res [Internet]. 2014 Mar 1 [cited 2014 Jun 11];20(5):1104–13. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/24311630 

19.  Cha YI, Dubois RN. NSAIDs and Cancer Prevention: Targets Downstream of COX-2. 

Annu Rev Med. 2007;58:239–52.  

20.  Harris RE, Alshafie GA, Abou-issa H, Seibert K. Chemoprevention of Breast Cancer 

in Rats by Celecoxib , a Cyclooxygenase 2 Inhibitor. Cancer Res. 2000;60:2101–3.  

21.  Sheng H, Shao J, Kirkland SC, et al. Inhibition of human colon cancer cell growth by 

selective inhibition of cyclooxygenase-2. J Clin Invest [Internet]. 1997 May 

1;99(9):2254–9. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=508057&tool=pmcentrez&

rendertype=abstract 

22.  Baek SJ, Kim K, Nixon JB, et al. Cyclooxygenase Inhibitors Regulate the Expression 

of a TGF- ␤ Superfamily Member That Has Proapoptotic and Antitumorigenic 

Activities. Mol Pharmacol. 2001;59(4):901–8.  

23.  Sheng H, Shao J, Morrow JD, Cells CC, Morrow D, Daniel R, et al. Modulation of 

Apoptosis and Bcl-2 Expression by Prostaglandin E 2 in Human Colon Cancer Cells. 

Cancer Res. 1998;58:362–6.  

24.  Elder DJE, Halton DE, Playle LC, Paraskeva C. The MEK/ERK pathway mediates 

COX-2-selective NSAID-induced apoptosis and induced COX-2 protein expression in 

colorectal carcinoma cells. Int J Cancer [Internet]. 2002 May 20 [cited 2014 May 

26];99(3):323–7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11992399 

25.  Chen WS, Wei SJ, Liu JM, et al. Tumor invasiveness and liver metastasis of colon 

cancer cells correlated with cyclooxygenase-2 (COX-2) expression and inhibited by a 

COX-2-selective inhibitor, etodolac. Int J Cancer [Internet]. 2001 Mar 15;91(6):894–9. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/11275997 

26.  Attiga FA, Fernandez PM, Weeraratna AT. Inhibitors of Prostaglandin Synthesis 

Inhibit Human Prostate Tumor Cell Invasiveness and Reduce the Release of Matrix 

Metalloproteinases. Cancer Res. 2000;60:4629–37.  

27.  Wei D, Wang L, He Y. Celecoxib Inhibits Vascular Endothelial Growth Factor 

Expression in and Reduces Angiogenesis and Metastasis of Human Pancreatic Cancer 

via Suppression of Sp1 Transcription Factor Activity. Cancer Res. 2004;64:2030–8.  

28.  Masferrer JL, Leahy KM, Koki AT, et al. Antiangiogenic and Antitumor Activities of 

Cyclooxygenase-2 Inhibitors. Cancer Res. 2000;60:1306–11.  

29.  Leahy KM, Ornberg RL, Wang Y, et al. Cyclooxygenase-2 Inhibition by Celecoxib 

Reduces Proliferation and Induces Apoptosis in Angiogenic Endothelial Cells in Vivo. 

Cancer Res. 2002;62:625–31.  

30.  Ng K, Meyerhardt JA, Chan AT, et al. Aspirin and COX-2 Inhibitor Use in Patients 

With Stage III Colon Cancer. J Natl Cancer Inst. 2015;107:1–5.  

31.  Yokouchi H, Ishida T, Oizumi S. Cyclooxygenase ‑  2 inhibitors for non ‑  small ‑  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
cell lung cancer : A phase II trial and literature review. Mol Clin Oncol. 2014;4:744–

50.  

32.  Mazhar D, Ang R, Waxman J. COX inhibitors and breast cancer. Br J Cancer. 

2006;94:346–50.  

33.  Brandão RD, Veeck J, Vijver KK Van De, et al. A randomised controlled phase II trial 

of pre- operative celecoxib treatment reveals anti-tumour transcriptional response in 

primary breast cancer. Breast Cancer Res. 2013;15.  

34.  Lees P, Pelligand L, Elliott J, et al. Pharmacokinetics, pharmacodynamics, toxicology 

and therapeutics of mavacoxib in the dog : a review. Vet Pharmacol Ther. 2014;38:1–

14.  

35.  Pang LY, Kamida A, Morrison KO, Argyle DJ. The long-acting COX-2 inhibitor 

mavacoxib (TrocoxilTM) has anti-proliferative and pro-apoptotic effects on canine 

cancer cell lines and cancer stem cells in vitro. BMC Vet Res. 2014;10(184).  

36.  Pang LY, Gatenby EL, Kamida A, et al. Global Gene Expression Analysis of Canine 

Osteosarcoma Stem Cells Reveals a Novel Role for COX-2 in Tumour Initiation. 

PLoS One. 2014;9(1):1–13.  

37.  Naruse T, Nishida Y, Hosono K, Ishiguro N. Meloxicam inhibits osteosarcoma 

growth, invasiveness and metastasis by COX-2-dependent and independent routes. 

Carcinogenesis [Internet]. 2006 Mar [cited 2014 May 26];27(3):584–92. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/16219634 

38.  Xia J-J, Pei L-B, Zhuang J-P, et al. Celecoxib Inhibits β -Catenin-dependent Survival 

of the Human Osteosarcoma MG-63 Cell Line. J Int Med Res. 2010;38:1294–304.  

39.  Wolfesberger B, Walter I, Hoelzl C, et al. Antineoplastic effect of the cyclooxygenase 

inhibitor meloxicam on canine osteosarcoma cells. Res Vet Sci [Internet]. 2006 Jun 

[cited 2014 Jun 17];80(3):308–16. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16182328 

40.  Wolfesberger B, Hoelzl C, Walter I, et al. In vitro effects of meloxicam with or 

without doxorubicin on canine osteosarcoma cells. J Vet Pharmacol Ther [Internet]. 

2006 Mar;29(1):15–23. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16420297 

41.  Royals SR, Farese JP, Milner RJ, et al. Investigation of the effects of deracoxib and 

piroxicam on the in vitro viability of osteosarcoma cells from dogs. Am J Vet Res 

[Internet]. 2005 Nov;66(11):1961–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16334957 

42.  Khan KN, Knapp DW, Denicola DB, Harris RK. Expression of cyclooxygenase-2 in 

transitional cell carcinoma of the urinary bladder in dogs. Am J Vet Res. 2000;61:478–

81.  

43.  Cekanova M, Uddin MJ, Bartges JW, et al. Molecular imaging of cyclooxygenase-2 in 

canine transitional cell carcinomas In Vitro and In Vivo. Cancer Prev Res. 

2013;6:466–76.  

44.  Mohammed S, Knapp D, Bostwick D. Expression of Cyclooxygenase-2 (COX-2) in 

Human Invasive Transitional Cell Carcinoma (TCC) of the Urinary Bladder. Cancer 

Res. 1999;59:5647–50.  

45.  Czachorowski MJ, Amaral AFS, Montes-Moreno S, et al. Cyclooxygenase-2 

Expression in Bladder Cancer and Patient Prognosis: Results from a Large Clinical 

Cohort and Meta-Analysis. PLoS One. 2012;7(9).  

46.  Knapp DW, Glickman NW, Denicola DB, et al. Naturally-occurring canine 

transitional cell carcinoma of the urinary bladder A relevant model of human invasive 

bladder cancer. Urol Oncol. 2000;5:47–59.  

47.  Henry CJ, Mccaw DL, Turnquist SE, et al. Clinical Evaluation of Mitoxantrone and 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Piroxicam in a Canine Model of Human Invasive Urinary Bladder Carcinoma. Clin 

Cancer Res. 2003;9:906–11.  

48.  Mohammed SI, Bennett PF, Craig BA. Effects of the Cyclooxygenase Inhibitor, 

Piroxicam, on Tumour Response, Apoptosis, Angiogenesis in a Canine Model of 

Human Invasive Urinary Bladder Cancer. Cancer Res. 2002;62(2).  

49.  Hong S, Osborne T, Ren L, et al. Protein kinase C regulates ezrin-radixin-moesin 

phosphorylation in canine osteosarcoma cells. Vet Comp Oncol. 2011;9:207–18.  

50.  Else R, Norval M, Neill W. The Characteristics of a Canine Mammary Carcinoma Cell 

Line, REM 134. Br J Cancer. 1982;46:675–81.  

51.  Laemmli U. Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature. 1970;227(5259):680–5.  

52.  Chi F, Wu R, Jin X, et al. HER2 induces cell proliferation and invasion of non-small-

cell lung cancer by upregulating COX-2 expression via MEK / ERK signaling 

pathway. Onco Targets Ther. 2016;9:2709–16.  

53.  Krysan K, Reckamp KL, Dalwadi H, et al. Prostaglandin E 2 Activates Mitogen-

Activated Protein Kinase / Erk Pathway Signaling and Cell Proliferation in Non – 

Small Cell Lung Cancer Cells in an Epidermal Growth Factor Receptor – Independent 

Manner. Cancer Res. 2005;65(14):6275–82.  

54.  Buchanan FG, Wang D, Bargiacchi F, Dubois RN. Prostaglandin E 2 Regulates Cell 

Migration via the Intracellular Activation of the Epidermal Growth Factor Receptor *. 

J Biol Chem. 2003;278(37):35451–7.  

55.  Sato A, Mizobuchi Y, Nakajima K, et al. Blocking COX-2 induces apoptosis and 

inhibits cell proliferation via the Akt / survivin- and Akt / ID3 pathway in low-grade-

glioma. J Neurooncol. 2017;132(2):231–8.  

56.  Jeon YW, Ahn YE, Chung WS, et al. Synergistic effect between celecoxib and luteolin 

is dependent on estrogen receptor in human breast cancer cells. Tumour Biol. 

2015;36:6349–59.  

57.  Stanciu M, Wang Y, Kentor R, et al. Persistent Activation of ERK Contributes to 

Glutamate-induced Oxidative Toxicity in a Neuronal Cell Line and Primary Cortical 

Neuron Cultures *. J Biol Chem. 2000;275(16):12200–6.  

58.  Pumiglia KM, Decker SJ. Cell cycle arrest mediated by the MEK/mitogen-activated 

protein kinase pathway. Proc Natl Acad Sci U S A. 1997;94(January):448–52.  

59.  Prete A Del, Allavena P, Santoro G, et al. Molecular pathways in cancer-related 

inflammation. Biochem Medica. 2011;21(3):264–75.  

60.  Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. 

2008;454(July):436–44.  

61.  Balkwill F, Charles KA, Mantovani A. Smoldering and polarized inflammation in the 

initiation and promotion of malignant disease. Cancer Cell. 2005;7(March):211–7.  

62.  Yip-schneider MT. MEK Inhibition of Pancreatic Carcinoma Cells by U0126 and Its 

Effect in Combination with Sulindac. Pancreas. 2003;27(4):337–44.  

63.  Pan M, Chang H, Hung W. Non-steroidal anti-inflammatory drugs suppress the ERK 

signaling pathway via block of Ras / c-Raf interaction and activation of MAP kinase 

phosphatases. Cell Signal. 2008;20:1134–41.  

64.  Kroemer G, Martin SJ. Caspase-independent cell death. Nat Med [Internet]. 2005 Jul 

[cited 2014 Jul 21];11(7):725–30. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16015365 

65.  Fan XM, Jiang XH, Gu Q, et al. Inhibition of Akt/PKB by a COX-2 inhibitor induces 

apoptosis in gastric cancer cells. Digestion [Internet]. 2006 Jan [cited 2014 Aug 

5];73(2–3):75–83. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16641552 

66.  Nantajit D, Lin D, Jian J. The network of epithelial – mesenchymal transition : 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
potential new targets for tumor resistance. J Cancer Res Clin Oncol. 2014;10:1697–

713.  

67.  Adhim Z, Matsuoka T, Bito T, et al. In vitro and in vivo inhibitory effect of three Cox-

2 inhibitors and epithelial-to-mesenchymal transition in human bladder cancer cell 

lines. Br J Cancer. 2011;105(3):393–402.  

68.  Che D, Zhang S, Jing Z, et al. Macrophages induce EMT to promote invasion of lung 

cancer cells through the IL-6-mediated COX-2 / PGE 2 / β -catenin signalling 

pathway. Mol Immunol [Internet]. 2017;90(January):197–210. Available from: 

http://dx.doi.org/10.1016/j.molimm.2017.06.018 

69.  Fujii R, Imanishi Y, Shibata K, et al. Restoration of E-cadherin expression by selective 

Cox-2 inhibition and the clinical relevance of the epithelial-to-mesenchymal transition 

in head and neck squamous cell carcinoma. J Exp Clin Cancer Res. 2014;33:1–12.  

70.  Raposo TP, Pires I, Prada J, et al. Exploring new biomarkers in the tumour 

microenvironment of canine inflammatory mammary tumours. Vet Comp Oncol. 

2016;15(2):655–66.  

71.  Queiroga FL, Perez-alenza MD, Silvan G, et al. Cox-2 Levels in Canine Mammary 

Tumors , Including Inflammatory Mammary Carcinoma : Clinicopathological Features 

and Prognostic Significance. Anticancer Res. 2005;25:4269–75.  

72.  Souza CHDM, Toledo-piza E, Amorin R, et al. Inflammatory mammary carcinoma in 

12 dogs: Clinical features, cyclooxygenase-2 expression, and response to piroxicam 

treatment. Can Vet J. 2009;50:506–10.  

73.  Zimmerman MA, Huang Q, Li F, et al. Cell Death – Stimulated Cell Proliferation : A 

Tissue Regeneration Mechanism Usurped by Tumors During. Semin Radiat Oncol. 

2013;23(4):288–95.  

74.  Li F, Huang Q, Chen J, et al. Apoptotic Cells Activate the “ Phoenix Rising ” Pathway 

to Promote Wound Healing and Tissue Regeneration. Cell Biol. 2010;3(110):1–11.  

75.  Kurtova A V, Xiao J, Mo Q, et al. Blocking PGE2-induced tumour repopulation 

abrogates bladder cancer chemoresistance. Nat Lett [Internet]. 2014;0(0). Available 

from: http://dx.doi.org/10.1038/nature14034 

76.  Gridelli C, Gallo C, Ceribelli A, et al. Factorial phase III randomised trial of rofecoxib 

and prolonged constant infusion of gemcitabine in advanced non-small-cell lung 

cancer: the GEmcitabine-COxib in NSCLC (GECO) study. Lancet Oncol. 

2007;8(6):500–12.  

77.  Salman MC, Ayhan A. Use of anti-thrombotic agents during chemotherapy for 

epithelial ovarian cancer. Med Hypotheses. 2006;66(6):1179–81.  

78.  Monnier Y, Zaric J, Ruegg C. Inhibition of angiogenesis by non-steroidal anti-

inflammatory drugs: from the bench to the bedside and back. Curr Drug Targets 

Inflamm Allergy. 2005;4(1):31–8.  

79.  De Monte C, Carradori S, Gentili A, et al. Dual cyclooxygenase and carbonic 

anhydrase inhibition by nonsteroidal anti-inflammatory drugs for the treatment of 

cancer. Curr Med Chem. 2015;22:2812–8.  

80.  Turchanowa L, Dauletbaev N, Milovic V, Stein J. Nonsteroidal anti-inflammatory 

drugs stimulate spermidine / spermine acetyltransferase and deplete polyamine content 

in colon cancer cells. Eur J Clin Invest. 2001;31:887–93.  

81.  Gurpinar E, Grizzle WE, Piazza GA. COX-Independent Mechanisms of Cancer 

Chemoprevention by Anti-Inflammatory Drugs. Front Oncol [Internet]. 

2013;3(July):181. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3708159&tool=pmcentrez

&rendertype=abstract 

82.  Schiffmann S, Maier TJ, Wobst I, et al. The anti-proliferative potency of celecoxib is 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
not a class effect of coxibs. Biochem Pharmacol. 2008;76(2):179–87.  

83.  Stolfi C, De Simone V, Pallone F, Monteleone G. Mechanisms of action of non-

steroidal anti-inflammatory drugs (NSAIDs) and mesalazine in the chemoprevention 

of colorectal cancer. Int J Mol Sci. 2013;14(9):17972–85.  

84.  Flossmann E, Rothwell PM. Eff ect of aspirin on long-term risk of colorectal cancer: 

consistent evidence from randomised and observational studies. Lancet. 

2007;369(9573):1603–13.  

85.  Rader J, Sill M, Beumer J, et al. A Stratified Randomized Double-Blind Phase II Trial 

of Celecoxib for Treating Patients with Cervical Intraepithelial Neoplasia: The 

Potential Predictive Value of VEGF Serum Levels: an NRG Oncology/Gynecologic 

Oncology Group Study. Gynecol Oncol. 2017;145(2):291–7.  

86.  Fabi A, Metro G, Papaldo P, et al. Impact of celecoxib on capecitabine tolerability and 

activity in pretreated metastatic breast cancer: Results of a phase II study with 

biomarker evaluation. Cancer Chemother Pharmacol. 2008;62(4):717–25.  

87.  Elmets CA, Viner JL, Pentland AP, et al. Chemoprevention of nonmelanoma skin 

cancer with celecoxib: A randomized, double-blind, placebo-controlled trial. J Natl 

Cancer Inst. 2010;102(24):1835–44.  

88.  Calaluce R, Earnest DL, Heddens D, et al. Effects of Piroxicam on Prostaglandin E 2 

Levels in Rectal Mucosa of Adenomatous Polyp Patients : A Randomized Phase IIb 

Trial Effects of Piroxicam on Prostaglandin E 2 Levels in Rectal Mucosa of 

Adenomatous Polyp Patients : A Randomized Phase IIb Trial 1. Cancer Epidemiol 

Biomarkers Prev. 2000;9(December):1287–92.  

89.  Harris RE, Chlebowski RT, Jackson RD, et al. Breast Cancer and Nonsteroidal Anti-

Inflammatory Drugs : Prospective Results from the Women ‟ s Health Initiative Breast 

Cancer and Nonsteroidal Anti-Inflammatory Drugs : Prospective Results from the 

Women ‟ s Health Initiative 1. Cancer Res. 2003;63:6096–101.  

90.  Vidal AC, Howard LE, Moreira DM, et al. Aspirin, NSAIDs, and risk of prostate 

cancer: Results from the REDUCE study. Clin Cancer Res. 2015;21(4):756–62.  

91.  Rayburn ER, Ezell SJ, Zhang R. Anti-Inflammatory Agents for Cancer Therapy. Mol 

Cell Pharmacol [Internet]. 2009;1(1):29–43. Available from: 

http://www.mcpharmacol.com/index.php/Journals/article/view/11 

92.  Thun MJ, Henley SJ, Patrono C. Nonsteroidal Anti-inflammatory Drugs as Anticancer 

Agents: Mechanistic, Pharmalogic, and Clinical Issues. 2002;94(4).  

93.  Din FVN, Theodoratou E, Farrington SM, et al. Effect of aspirin and NSAIDs on risk 

and survival from colorectal cancer. Gut [Internet]. 2010;59(12):1670–9. Available 

from: http://gut.bmj.com/cgi/doi/10.1136/gut.2009.203000 

94.  Liu Y, Chen J-Q, Xie L, et al. Effect of aspirin and other non-steroidal anti-

inflammatory drugs on prostate cancer incidence and mortality: a systematic review 

and meta-analysis. BMC Med [Internet]. 2014;12(1):55. Available from: 

http://bmcmedicine.biomedcentral.com/articles/10.1186/1741-7015-12-55 

95.  Knapp DW, Richardson RC, Chan TCK, et al. Piroxicam Therapy in 34 Dogs With 

Transitional Cell Carcinoma of the Urinary Bladder. J Vet Intern Med. 1994;8(4):273–

8.  

96.  Sorenmo KU, Goldschmidt MH, Shofer FS, et al. Evaluation of cyclooxygenase-1 and 

cyclooxygenase-2 expression and the effect of cyclooxygenase inhibitors in canine 

prostatic carcinoma. Vet Comp Oncol [Internet]. 2004;2(1):13–23. Available from: 

http://doi.wiley.com/10.1111/j.1476-5810.2004.00035.x 

97.  Chon E, Mccartan L, Kubicek LN, Vail DM. Safety evaluation of combination 

toceranib phosphate (Palladia®) and piroxicam in tumour-bearing dogs (excluding 

mast cell tumours): A phase I dose-finding study. Vet Comp Oncol. 2012;10(3):184–

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
93.  

98.  Knapp DW, Ruple-Czerniak A, Ramos-Vara JA, et al. A nonselective cyclooxygenase 

inhibitor enhances the activity of vinblastine in a naturally-occurring canine model of 

invasive urothelial carcinoma. Bl Cancer. 2016;2(2):241–50.  

99.  Polton G, Finotello R, Sabattini S, et al. Survival analysis of dogs with advanced 

primary lung carcinoma treated by metronomic cyclophosphamide, piroxicam and 

thalidomide. Vet Comp Oncol. 2018;16(3):399–408.  

100.  Karayannopoulou M, Lafioniatis S. Recent advances on canine mammary cancer 

chemotherapy : A review of studies from 2000 to date. Rev Med Vet (Toulouse). 

2016;167(7–8):192–200.  

101.  Marconato L, Zini E, Lindner D, et al. Toxic effects and antitumor response of 

gemcitabine in combination with piroxicam treatment in dogs with transitional cell 

carcinoma of the urinary bladder. J Am Vet Med Assoc. 2011;238(8):1004–10.  

102.  Cancedda S, Sabattini S, Bettini G, et al. Combination of radiation therapy and 

firocoxib for the treatment of canine nasal carcinoma. Vet Radiol Ultrasound. 

2015;56(3):335–43.  

103.  Mutsaers AJ, Glickman NW, DeNicola DB, et al. Evaluation of treatment with 

doxorubicin and piroxicam or doxorubicin alone for multicentric lymphoma in dogs. J 

Am Vet Med Assoc. 2002;220(12):1813–7.  

104.  Lavalle GE, Campos CB de, Bertagnolli AC, Cassali GD. Canine Malignant 

Mammary Gland neoplasm with Advanced Clinical Staging Treated with carboplatin 

and Cyclooxygenase Innibitors. In Vivo (Brooklyn). 2012;26:375–80.  

105.  Cox SR, Liao S, Payne-Johnson M, et al. Population pharmacokinetics of mavacoxib 

in osteoarthritic dogs. J Vet Pharmacol Ther. 2010;34:1–11.  

106.  Kim T-W, Giorgi M. A Brief Overview of the Coxib Drugs in the Veterinary Field. 

Am J Anim Vet Sci. 2013;8(2):89–97.  

107.  Payne-Johnson M, Becskei C, Chaudhry Y, Stegemann MR. Comparative efficacy and 

safety of mavacoxib and carprofen in the treatment of canine osteoarthritis. Vet Rec. 

2014;  

108.  Walton MB, Cowderoy E, Lascelles D, et al. Mavacoxib and meloxicam for canine 

osteoarthritis : a randomised clinical comparator trial. Vet Rec. 2014;1–8.  

109.  Xu X, Ho W, Zhang X, et al. Cancer nanomedicine : from targeted delivery to 

combination therapy. Trends Mol Med [Internet]. 2015;21(4):223–32. Available from: 

http://dx.doi.org/10.1016/j.molmed.2015.01.001 

110.  Sagnella SM, Mccarroll JA, Kavallaris M. Drug delivery : Beyond active tumour 

targeting. Nanomedicine Nanotechnology, Biol Med [Internet]. 2014;10(6):1131–7. 

Available from: http://dx.doi.org/10.1016/j.nano.2014.04.012 

111.  Pérez-herrero E, Fernández-medarde A. Advanced targeted therapies in cancer : Drug 

nanocarriers , the future of chemotherapy. Eur J Pharm Biopharm. 2015;93:52–79.  

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Tables 

 

 
Table 1. COX-2 expression and PGE2 production in a panel of canine and human cancer 

cell lines. 

Cell line 
COX-2 

expression 

PGE2 production 

(ng/mL) 

U2OS 0.00 2.44 

KTOSA5 0.24 2.32 

CSKOS 0.00 2.14 

REM 0.51 2.45 

LILY 0.36 2.61 

K9TCC 0.58 5.54 

K9TCC-AXA 0.99 5.44 

K9TCC-In 0.99 5.67 

K9TCC-Sh 0.76 6.17 

T24 0.00 5.23 

5637 0.77 5.83 

HT-1376 0.62 6.14 

 

COX-2 expression was quantified by densitometry relative to 𝛽-actin expression. PGE2 

production was assessed by ELISA using conditioned media from cells incubated for 24 

hours in fresh cell culture media. 
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Table 2. The IC50 was calculated for each cell line treated with mavacoxib. 

Cell line 
IC50 mavacoxib 

[µM] 

U2OS 52.6 

KTOSA5 89.8 

CSKOS 106.3 

REM 66.6 

LILY 97.5 

K9TCC 54.9 

K9TCC-AXA 34.5 

K9TCC-In 78.7 

K9TCC-Sh 50.7 

T24 63.4 

5637 72.5 

HT-1376 157.7 

 

IC50 values were calculated for each cell line based on response in the cell viability assay 

(Figure 2). 
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Figure legends 

 

Figure 1. COX-2 expression and PGE2 production of a panel of canine and human cancer 

cell lines. (A) COX-2 expression was assessed for each cell line by western blot analysis. 30 

µg of protein was loaded per well and 𝛽-actin was used as a loading control. (B) Spearman‟s 

nonparametric statistical test was used to assess correlation between COX-2 expression and 

PGE2 production. Spearman‟s correlation (r = 0.7478) determined that COX-2 expression and 

PGE2 production are positively correlated and this correlation is statistically significant 

(p=0.0071 **).  

 

Figure 2. Mavacoxib reduces cell viability in a dose-dependent manner. (A) All cell lines 

were subject to increasing doses of mavacoxib and incubated for 72 hours prior to measuring 

cell viability. Data is shown for two osteosarcoma cell lines (canine CSKOS (i) and human 

U2OS (ii)), one canine mammary carcinoma cell line (REM (iii)) and two bladder TCC cell 

lines (canine K9TCC (iv) and human T24 (v)). Differences were deemed significant with a p-

value of less than 0.05 (p<0.05 *, p<0.01 **, p<0.001 #). (B) Downstream markers of 

proliferation were analysed by western blot analysis after treatment with mavacoxib. Cells 

were subject to increasing doses of mavacoxib for 24 hours prior to harvesting and probed for 

COX-2, ERK, phosphorylated-ERK (p-ERK), Akt and phosphorylated-Akt (p-Akt). 30 µg of 

protein was loaded per well and 𝛽-actin was used as a loading control.  
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Figure 3. Mavacoxib induces replicative cell death in a panel of canine and human cancer 

cell lines. The colony forming ability of (A) osteosarcoma cell lines (canine CSKOS and 

KTOSA5 and human U2OS), (B) canine mammary carcinoma cell lines (REM and LILY) 

and (C) bladder TCC cell lines (canine K9TCC, K9TCC-Sh, K9TCC-In, K9TCC-AXA and 

human 5637, T24 and HT-1376) was assessed with increasing doses of mavacoxib. After 14 

days, the number of colonies were counted manually. Differences were deemed significant 

with a p-value of less than 0.05 (p<0.05 *, p<0.01 **, p<0.001 #). 
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Figure 4. Mavacoxib induces apoptosis in canine and human cancer cell lines. A panel of 

cancer cell lines (canine osteosarcoma KTOSA5 (A), canine mammary REM (C) and LILY 

(D), canine bladder TCC K9TCC (E), human osteosarcoma U2OS (B) and human bladder 

TCC T24 (F)) were subject to increasing doses of mavacoxib and apoptotic activity was 

measured 48 hours after treatment. Differences were deemed significant with a p-value of 

less than 0.05 (p<0.05 *, p<0.01 **, p<0.001 ***). 

 

Figure 5. Mavacoxib inhibits cellular migration in a cell-line dependent manner. (A) 

Representative image is of the Ibidi
® 

migration assay.  Canine bladder TCC K9TCC cells 

were seeded into each well of the insert and treated with mavacoxib. After 24 hours 

incubation, the insert is removed and the gap distance is measured at several time points up to 

48 hours. Six points were measured along the gap and the average distance calculated at each 

time point. (B) A panel of canine osteosarcoma (KTOSA5 (i)), canine mammary (REM (iii) 

and LILY (iv)), canine bladder TCC (K9TCC (v)), human osteosarcoma (U2OS (ii)) and 

human bladder TCC (T24 (vi)) cancer cell lines were treated with mavacoxib and cellular 

migration was assessed. Shown are the lowest doses of mavacoxib able to induce a 
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statistically significant response in each cell line. Differences were deemed significant with a 

p-value of less than 0.05 (p<0.05 *, p<0.01 **, p<0.001 ***). 

 

 

 

Supplementary files 

 

Supplementary table 1. Panel of canine and human cancer cell lines. The panel of canine 

and human cell lines utilised in this study, highlighting the species and cancer type. Each cell 

line was characterised by cellular morphology and doubling time. 
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