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Abstract

Oral squamous cell carcinoma is common in cats and humans and invades oral bone. We 

hypothesized that the cyclooxygenase-2 inhibitor, meloxicam, with the bisphosphonate, zoledronic 

acid (ZOL), would inhibit tumor growth, osteolysis and invasion in feline oral squamous cell 

carcinoma (OSCC) xenografts in mice. Human and feline OSCC cell lines expressed 

cyclooxygenase (COX)-1 and 2 and the SCCF2 cells had increased COX-2 mRNA expression 

with bone conditioned medium. Luciferase-expressing feline SCCF2Luc cells were injected 

beneath the perimaxillary gingiva and mice were treated with 0.1 mg/kg ZOL twice weekly, 0.3 

mg/kg meloxicam daily, combined ZOL and meloxicam, or vehicle. ZOL inhibited osteoclastic 

bone resorption at the tumor-bone interface. Meloxicam was more effective than ZOL at reducing 

xenograft growth but did not affect osteoclastic bone resorption. Although a synergistic effect of 

combined ZOL and meloxicam was not observed, combination therapy was well tolerated and 

may be useful in the clinical management of bone-invasive feline OSCC.
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Introduction

Oral squamous cell carcinoma (OSCC) is an extremely aggressive cancer in cats, and is the 

most commonly diagnosed oral malignancy in this species.1 There is currently no effective 

treatment for feline OSCC, and cats typically live an average of only 2 months following 

diagnosis.2 In most cases of gingival OSCC there is invasion and lysis of adjacent bone 

which is characterized by osteoclastic bone resorption.3 Since most cats present with deep 

invasion of bone, treatment options are limited because feline OSCC is resistant to both 

chemotherapy and radiation.2
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Human OSCC has been shown to produces cytokines that can serve as agonists of 

osteoclastic bone resorption including prostaglandin E2 (PGE2),4,5 parathyroid hormone 

related-protein (PTHrP),6,7 tumor necrosis factor-alpha (TNF-α), interleukin-6 and 

interleukin-11.8,9 In human OSCC, high levels of PGE2 are due to up-regulation of 

COX-2.10 As cancer-induced bone lysis occurs, TGF-β can be released from the bone matrix 

and induces further secretion of tumor-derived factors that promote bone resorption 

including PTHrP11–13 and PGE2
14 and can increase the expression of PTHrP receptors.15 

The authors have shown that feline OSCC produces PTHrP in vitro and in vivo,3,6,16 and 

others have shown that COX-2 is also over-expressed in feline OSCC.17 This combination 

of bone resorption and stimulation of OSCC cells to produce osteolytic factors may fuel a 

‘vicious cycle’ of cancer growth and bone loss.11

Up-regulation of COX-2 and increased synthesis of prostaglandins are known to promote 

cell proliferation,18 angiogenesis19 and tumor invasiveness20 while inhibiting immune 

surveillance21 and apoptosis.20 Additionally, PGE2 has been shown to stimulate 

osteoclastogenesis through the up-regulation of RANKL and IL-1 expression in osteoblasts, 

bone marrowstromal cells, and periodontal ligament cells.22–24

Nitrogen-containing bisphosphonates such as zoledronic acid (ZOL) exert anti-resorptive 

effects by interference with the mevalonate pathway within osteoclasts.25–28 The authors 

have previously shown that ZOL therapy reduced OSCC xenograft tumor growth and tumor-

associated bone resorption in a nude mouse model of feline OSCC.29 Additionally, YM529 

(a nitrogen-containing bisphosphonate) prevented bone invasion and inhibited tumor growth 

of human OSCC xenografts in a nude mouse model.30 The ability of COX-2 inhibitors to 

reduce tumor growth has been documented in rodent models of human OSCC31–33 as well 

as in lung adenocarcinoma34, bladder transitional cell carcinoma35 and mammary 

carcinoma.36 Piroxicam, in particular, prevented tumors in a rat model of 4-nitroquinoline 1-

oxide-(4-NQO)-induced tongue carcinogenesis.37

There are no published reports of a bisphosphonate being used in combination therapy for 

bone invasive OSCC, in humans or domestic animals. The hypothesis of this study was that 

the combination of ZOL and a selective COX-2 inhibitor (meloxicam) will reduce bone 

resorption and tumor growth in a unique, orthotopic model of bone invasive feline OSCC in 

nude mice.

We used real-time reverse transcriptase polymerase chain reaction to measure expression of 

COX-1 and COX-2 in feline and human OSCC cell lines, and determined that culture of 

SCCF2 cells (feline bone-invasive OSCC) in bone conditioned medium stimulated 

expression of COX-2. The effect of ZOL and meloxicam therapy on OSCC growth and 

tumor-associated osteolysis was investigated using bioluminescent imaging, Faxitron 

radiography, micro-computed tomography and maxillary histomorphometry. We found that 

combination therapy of ZOL and meloxicam reduced tumor growth (attributed to 

meloxicam) and bone loss (attributed to ZOL), was well tolerated, and may be an effective 

treatment for bone-invasive OSCC.
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Materials and Methods

Cells and reagents

Feline OSCC cell lines (SCCF1, laryngeal SCC; SCCF2, gingival SCC and SCCF3, lingual 

SCC) and feline OSCC tumor-associated fibroblasts (TAF) were derived as previously 

described.29 Human cell lines (A253, salivary squamous cell carcinoma; SCC25, lingual 

squamous cell carcinoma) and murine preosteoblast cells (MC3T3-E1). The human 

laryngeal squamous cell carcinoma cell line, UMSCC12, was provided by Dr. Thomas 

Carey at the University of Michigan. Maintenance of cell lines was previously described.16 

Zoledronic acid (Zometa; Novartis, East Hanover, NJ) was purchased from the James 

Cancer Center at The Ohio State University. Meloxicam (Metacam; Boehringer Ingelheim, 

Ridgefield, CT) was purchased from the Veterinary Medical Center at The Ohio State 

University. SCCF2 cells were previously transfected with a luciferase-yellow fluorescent 

protein (YFP) fusion construct (pCDNA3.1(+) Luc-YFP), kindly provided by Christopher 

Contag (Stanford University, Stanford, CA), as previously described.29

Real-time RT-PCR

OSCC cells (UMSCC12, A253, SCCC25, SCCF1, SCCF2 and SCCF3) were evaluated 

using real-time reverse transcriptase polymerase chain reaction (RT-PCR) for expression of 

COX-1 and COX-2 mRNA relative to β-2 microglobulin mRNA. RNA extraction, reverse 

transcription, PCR, and real-time RT-PCR were performed as previously described.38 The 

feline primers for real-time RT-PCR included β2-microglobulin (B2M) (forward: 

CTACTTCTGGCGCTGCTCTG and reverse: CCTGAACCTTTGGAGAATGC), COX-1 

(forward: CTGGGGTGATGAGCAACTCT and reverse: GGAAGTAACCGCTCAACTGC) 

and COX-2 (forward: AGGACTGGGCCATGGGGTGG and reverse: 

CTGGCCCACAGCAAACCGCA). The human primers included COX-1 (forward: 

GAGCAGCTTTTCCAGACGAC and reverse: GCAGGAAATAGCCACTCAGC) and 

COX-2 (forward: GCAGTTGTTCCAGACAAGCA and reverse: 

GCCACTCAAGTGTTGCACAT). Primer sequences for human B2M were previously 

described.38

OSCC cells were seeded at 1x105 cells per well in six-well plates and grown for 48 hours in 

growth medium followed by overnight serum starvation and 6-hour stimulation with serum-

containing growth medium. Gene expression was expressed as relative expression compared 

to the cell line with lowest expression.

To determine if bone-conditioned medium contained factors that stimulate COX-2 

expression, SCCF2 cells were cultured in serum-free, MC3T3-conditioned medium (murine 

preosteoblasts), or murine bone-conditioned medium. Bone-conditioned medium was 

prepared by culturing 1 calvarium per 2 ml of serum-free medium (high glucose DMEM). 

Medium was harvested every 96 hours for 8 days. MC3T3-conditioned medium was 

prepared from confluent cultures grown in serum free high-glucose DMEM every 96 hours 

for 8 days. Conditioned medium was filter sterilized and stored at −30°C until use. 

Unconditioned medium was prepared as conditioned medium except there were no cells or 

bone in the flasks. SCCF2 cells were seeded in 6-well plates at a density of 1x105 cells per 

Martin et al. Page 3

Vet Comp Oncol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



well in growth medium for 48 hours followed by serum-free medium for 24 hours. Medium 

was replaced with 50% unconditioned serum-free medium and 50% conditioned serum-free 

medium for 3 hours. RNA extraction, reverse transcriptase PCR and real-time PCR was 

performed as described above.

Animals and treatments

All animals were 6-week-old male nu/nu mice (NCI, Frederick, MD). Mice were housed in 

micro-isolator cages and provided with food pellets and water ad libitum. Animal care 

procedures were approved by the Institutional Lab Animal Care and Use Committee using 

criteria based on both the Animal Welfare Act and the Public Health Services “Guide for the 

Care and Use of Laboratory Animals”. Mice were systematically randomized to 1 of 6 

groups; nontumor-bearing vehicle-treated mice, nontumor-bearing ZOL-treated mice, 

tumor-bearing vehicle-treated mice, tumor-bearing meloxicam-treated mice, tumor-bearing 

ZOL-treated mice, and tumor-bearing combination-treated mice.

One mouse died of undetermined cause within 24 hours of injection, 2 mice were removed 

because of significant leakage of tumor suspension, 3 mice were removed because of low 

initial signal (ROI bioluminescence < 1x107 photons), and one mouse was removed because 

it was a high BLI outlier at day 0 (Grubbs’ test). In order to evaluate the effect of treatment 

on OSCC-associated bone resorption, all mice were microscopically evaluated at the end of 

the study to confirm contact between the xenograft and the maxilla. Mice with xenografts 

demonstrating minimal-to-no histologic contact with the maxillary bone were removed from 

the study and not included in the analyses. This included four vehicle-treated mice, four 

meloxicam-treated mice, four zoledronic-acid-treated mice, and two combination-treated 

mice. There was no apparent treatment-related effect on bone contact based on the relatively 

equal numbers of mice removed from each group.

The final number of mice included in each group was 5 nontumor-bearing, untreated mice; 5 

nontumor-bearing, ZOL-treated mice; 11 vehicle-treated, tumor-bearing mice; 11 

meloxicam-treated, tumor-bearing mice; 12 ZOL-treated, tumor-bearing mice; and 10 

combination-treated, tumor-bearing mice. The xenograft of 1 mouse completely regressed 

(meloxicam monotherapy group), and was not removed from analysis because there was 

evidence of prior contact with bone (resolving bone resorption and surface remodeling) and 

statistical analysis (Grubbs’ test) did not identify the mouse as a bioluminescent outlier. One 

meloxicam-treated mouse met early removal criteria for weight loss at day 21, but had tumor 

growth and bone invasion similar to other mice in the group and was kept in the analysis.

Mice were anesthetized with isoflurane and injected with 1x106 SCCF2Luc cells suspended 

in 0.1 ml of sterile PBS below the maxillary gingiva adjacent to the maxillary incisors as 

previously described.16 Nontumor-bearing mice were similarly anesthetized and injected 

with cell-free PBS. Treatment was initiated 3 days following injection of SCCF2Luc cells, 

and consisted of twice weekly subcutaneous injections of ZOL at 0.1 mg/kg diluted in 0.9% 

sodium chloride (saline). Meloxicam was diluted in saline and administered by 

intraperitoneal (ip) injection at a dose of 0.3 mg/kg once daily. Vehicle-treated mice 

received daily ip injections of saline. Mice were weighed weekly. Bioluminescent images 

were collected at the onset of treatment and following 14 and 21 days of treatment. Mice 
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were euthanized by carbon dioxide inhalation and cervical dislocation following 25 days of 

treatment (28 days of xenograft growth). Tissues were fixed in 4°C 10% buffered formalin 

for 48 hours, followed by storage in 4°C 70% ethanol until routine histologic processing and 

evaluation.

Bioluminescent imaging

Mice were injected ip with 4.3 mg D-Luciferin (Caliper Life Sciences, Hopkinton, MA) 

dissolved in sterile PBS, and imaged while under isoflurane anesthesia. In vivo 

bioluminescent imaging was performed using an IVIS 100 system (Caliper Life Sciences) 

and analyzed using LivingImageR software, version 2.2 (Caliper Life Sciences) as 

previously described.16,39 Region of interest (ROI) bioluminescence photon values were 

normalized by dividing values at day 28 by the values at the onset of treatment for each 

mouse and are expressed as the fold-change.

Faxitron radiography and micro-computed tomography

Five random mice from each tumor-bearing group, and all 5 mice in each of the nontumor-

bearing groups, were selected for Faxitron radiography and microcomputed tomography 

(using a random number generator from www.random.org). The mandible was removed 

from each skull and the degree of maxillary and premaxillary bone loss was evaluated 

qualitatively using a Faxitron cabinet X-ray system (Hewlett-Packard, McMinnville, OR) as 

previously described.16 Bone loss was measured using microcomputed tomography 

(microCT) (Siemens Inveon Preclinical CT scanner and Inveon Research Workplace 3-

Dimensional Image Software, Siemens AG, Munich, Germany).

Images were acquired in 400 exposures over 360 degrees, at 80 KVp, 500MA, 175 

millisecond exposure, Bin 4 and a pixel width of 38.8 μm. Image data were reconstructed 

using Cobra software (Exxim, Pleasanton CA) and analyzed using 3D analysis software 

(Inveon Research Workplace 3-Dimensional Image Software, Siemens). A 2 mm thick ROI 

that extended caudally from the rostral commissure of the palatine fossae and included the 

region of xenograft growth was selected. Intensity thresholds for extracting bone and teeth 

from surrounding soft tissue were kept constant for all mice. ROI bone volume was 

compared between treatment groups. Higher resolution acquisitions were taken for figures.

Histopathology, TRAP histochemistry and histomorphometry

Skulls were decalcified and processed for microscopic examination as previously 

described.29 The degree of invasiveness was determined by visually identifying tumor cells 

at the level of the periodontal ligament of the maxillary incisor, and within the nasal cavity 

(tumor cells observed immediately beneath nasal respiratory epithelium). HE-stained slides 

were scanned using the Aperio ScanScope slide scanner (Aperio, Vista CA). The degree of 

maxillary bone loss was measured by expressing bone area on the tumor-bearing side as a 

percentage of bone area on the nontumor-bearing side. Maxillary bone was classified as 

either pre-existing (mature) bone or new bone (immature) based on collagen pattern (woven 

or lamellar), osteocyte density, and anatomic location.
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Enzymatic histochemistry for tartrate-resistant acid phosphatase (TRAP, Sigma-Aldrich kit 

387A, St. Louis, MO) was completed as previously described.27 Bone histomorphometry 

was performed with Imagescope software (Aperio). The average percentage of eroded bone, 

number of activated osteoclasts, osteoclast area and number of nuclei per osteoclast were 

determined for the lateral aspect of the maxillary bone at the invasive tumor and compared 

between treatment groups.

Statistical analysis

Results are displayed as means ± standard error. Normalized gene expression data (ΔCT) 

was analyzed for statistical significance using one-way ANOVA and Bonferroni’s post hoc 

test, and graphically represented by showing relative expression compared to the cell line 

with the lowest expression. Data from the in vivo experiment was analyzed by comparing 

each treatment group to the control group using Student’s t-test. In the event that data was 

not normally distributed, a Wilcoxon rank sum (Mann-Whitney) test was performed. The in 

vivo data was evaluated by comparing each treatment group to the vehicle group using three 

separate tests; therefore, a standard P value of 0.05 divided by 3 was considered significant 

(adjusted for multiple comparisons, P value of 0.017). Categorical data (presence of 

invasion) was analyzed using Fisher’s exact test. All comparisons were performed with 

STATA intercooled 10 (Cary, NC). Outliers were detected using Grubbs’ test (GraphPad 

QuickCalcs; www.graphpad.com).

Results

OSCC expression of COX-1 and COX-2

In order to determine if feline OSCC cell lines expressed COX-1 and COX-2, semi-

quantitative real-time RT-PCR was performed on a panel of feline and human OSCC cell 

lines. We previously reported that SCCF2 cells and UMSCC12 cells induced the greatest 

degree of osteoclastic bone resorption16 compared to SCCF1, SCCF3 and A253 cells. 

COX-1 expression was detected at the mRNA level in all OSCC cell lines (figure 1A), but 

was not associated with the osteolytic phenotype (SCCF2 and UMSCC12 expressed the 

lowest levels of COX-1). Interestingly, TAF cells (feline OSCC tumor-associated 

fibroblasts) expressed the highest amount of COX-1. COX-2 mRNA was detectable in all 

OSCC cell lines (figure 1B). Similar to COX-1, COX-2 was not associated with osteolytic 

activity (A253 and SCCF3 expressed the most COX-2, but did not stimulate the most bone 

resorption).

In order to determine if COX-2 could be stimulated by factors in bone-conditioned medium, 

SCCF2 cells were cultured for 24 hours in various types of conditioned medium; 

unconditioned (control medium), MC3T3 (murine preosteoblasts) or murine bone-

conditioned medium. Bone-conditioned medium stimulated COX-2 expression in SCCF2 

cells but MC3T3-conditioned medium did not (figure 1C).

Effect of therapy on tumor growth and invasion

At the 21st day of treatment, meloxicam reduced tumor bioluminescence by 32% compared 

to vehicle-treated mice (P=0.0143, 2-tailed t-test), and combination therapy reduced 
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bioluminescence by 36% (P=0.0134, 2-tailed t-test, figure 2). ZOL monotherapy resulted in 

a non-statistically significant 17% reduction in bioluminescence (P=0.1509, 2-tailed t-test, 

figure 2). This degree of tumor growth suppression is comparable to what we observed in 

our previous study of ZOL monotherapy following 3 weeks of treatment.29

SCCF2Luc xenografts were composed of islands and cords of malignant epithelial cells 

demonstrating variable degrees of squamous differentiation and keratinization with regions 

of central necrosis. Maxillary bone loss was most evident in vehicle- or meloxicam-treated 

mice compared to ZOL- and combination-treated mice (figures 3A and 3B). There was no 

difference in the incidence of tumor invasion into the sulcus of the maxillary incisor 

between treatment groups (figure 3B), which was observed in 90% of vehicle-treated mice, 

91% of meloxicam-treated mice, 92% of ZOL-treated mice, and 80% of combination-treated 

mice. ZOL, alone or combined with meloxicam, caused a non-statistically significant 

reduction in the incidence of tumor invasion into the nasal cavity; which was observed in 

64% of vehicle-treated mice, 73% of meloxicam-treated mice, 33% of ZOL-treated mice 

and 40% of combination-treated mice (P=0.192, Pearson chi square).

Xenograft invasion into bone was associated with numerous TRAP-positive osteoclasts in 

resorption pits at the tumor-bone interface (figure 3C). Cytoplasmic vacuolation of some 

osteoclasts was observed in ZOL-treated mice (alone and in combination with meloxicam).

Tumor-bearing mice occasionally demonstrated mild to moderate bone necrosis at the 

invasive front of the tumor. Bone necrosis was observed in 5 of 10 ZOL + meloxicam 

treated-mice, 5 of 12 ZOL-only treated mice, 1 of 10 meloxicam-only treated-mice, and 1 of 

11 vehicle-treated mice. Bone necrosis was only observed in xenografts with significant 

bone resorption. Bone and tooth necrosis was not observed on the non-tumor-bearing side of 

the maxilla, and was not observed in ZOL-treated, non-tumor-bearing mice. Two (2) 

combination treated mice and 1 ZOL-only treated mouse had evidence of tooth necrosis in 

addition to bone necrosis, and only occurred in mice with pronounced tumor invasion.

Zoledronic acid decreased loss of bone volume

In order to demonstrate the effect of treatment on maxillary bone loss, Faxitron radiography 

and microcomputed tomography (microCT) were performed. There was a qualitative 

reduction in bone loss and increased periosteal new bone formation in the region of 

xenograft growth in the ZOL-treated mice (monotherapy or combined with meloxicam) 

compared to vehicle-treated mice (figures 4A and B). MicroCT of 5 randomly selected mice 

from each treatment group was performed to quantify changes in bone volume in a 2mm 

thick region of interest adjacent to the xenograft. Meloxicam monotherapy had no effect on 

bone volume compared to vehicle-treated mice; however, ZOL therapy (alone and combined 

with meloxicam), was associated with significantly increased maxillary bone volume 

compared to vehicle-treated mice (figure 4B; P<0.0167, Students t-test). Combination 

treatment did not result in an additional increase in bone volume compared to ZOL-

monotherapy. Additionally, ZOL-treatment resulted in increased bone volume compared to 

vehicle-treated, non-tumor-bearing mice (dashed line) and ZOL-treated, nontumor-bearing 

mice (solid line). The increased bone volume was attributed to new bone formation.
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Effect of zoledronic acid and meloxicam on bone area

Maxillary bone area on the nontumor-bearing side and tumor-bearing side was measured 

using Imagescope software. Total bone (pre-existing bone and new bone combined) on the 

tumor-bearing side was expressed as a percentage of bone area on the nontumor-bearing side 

(figure 5A). Xenograft growth in vehicle-treated mice was associated with a 47% reduction 

in total bone area compared to the non-tumor-bearing side (dashed line). There was no effect 

of meloxicam treatment on bone area (loss of 46%) compared to vehicle-treated mice. ZOL 

monotherapy and ZOL-meloxicam combination therapy reduced loss of total bone compared 

to vehicle-treated mice (P<0.00001 for both comparisons, 2-tailed t-test). Mice treated with 

ZOL or combination therapy had increased total bone compared to the nontumor-bearing 

side (15% and 27% more total bone, respectively).

Xenograft growth was associated with a 65% reduction in pre-existing bone compared to the 

nontumor-bearing side (dashed line, figure 4.5B). Meloxicam treatment resulted in a small 

reduction in pre-existing bone loss (56% compared to 65% in vehicle-treated mice) that did 

not reach statistical significance. Mice treated with ZOL monotherapy retained greater pre-

existing bone compared to vehicle-treated mice (P=0.0003, Wilcoxon rank-sum, 

corresponding to a loss of 4.7%). Loss of pre-existing bone was inhibited by ZOL + 

meloxicam (P=0.0002, Wilcoxon rank-sum). To determine how much of the bone on the 

tumor-bearing side was composed of immature, reactive periosteal bone, the area of new 

bone was measured and expressed as a percentage of the total bone on the tumor-bearing 

side (figure 5C). New bone represented the lowest percentage of total bone in the ZOL and 

ZOL + meloxicam-treated mice (P=0.0013 and P=0.0054, 2-tailed t-tests) which was 

attributed the high retention of pre-existing bone. P values < 0.0167 were considered 

statistically significant (adjusted for multiple comparisons). There was no difference in body 

weights between the treatment groups.

Zoledronic acid reduced the number of osteoclasts and increased osteoclast size and 
number of nuclei

Tissue sections were evaluated for the presence of activated osteoclasts at the xenograft-

bone interface using TRAP enzyme histochemistry. Osteoclasts appeared as multinucleated 

TRAP-positive cells in resorption pits on the bone surface. ZOL monotherapy and ZOL-

meloxicam combination therapy significantly reduced osteoclast number (P<0.0001 for both 

comparisons, 2-tailed t-test, figure 4.6A). There was no effect of meloxicam monotherapy 

on the number of osteoclasts per millimeter of bone surface. Addition of meloxicam to ZOL 

did not reduce osteoclast number compared to ZOL monotherapy.

The largest osteoclasts (figure 6B) were observed in combination-treated mice (P=0.0018, 2-

tailed t-test, unequal variances), followed by ZOL-monotherapy-treated mice (P=0.0001, 2-

tailed t-test, equal variances). There was a trend for meloxicam monotherapy to result in 

larger osteoclasts compared to vehicle-treated mice, but there was no statistical difference 

(P=0.0594, 2-tailed t-test). The effect of treatment on the number of nuclei per osteoclast 

(figure 6C) was similar to the effect on osteoclast size. ZOL-monotherapy and ZOL-

meloxicam-combination therapy resulted in the highest numbers of osteoclast nuclei 

(P=0.004 and P=0.007 respectively, 2-tailed t-tests).
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There was no statistically significant difference in the ratio of eroded to total bone surface 

between each of the treatment groups and the vehicle-treated group (figure 6D), despite an 

apparent trend for reduced eroded surfaces in ZOL-treated mice and ZOL + meloxicam-

treated mice (P=0.0218 for combination-treated mice, 2-tailed t-test, greater than the 

adjusted P value of 0.0167).

Discussion

The purpose of this study was to determine if the inhibitory effect of ZOL on OSCC tumor 

growth and bone invasion could be enhanced by the addition of a preferential COX-2 

inhibitor, Meloxicam. We previously reported that ZOL monotherapy reduced tumor growth 

and osteoclastic bone resorption in an orthotopic mouse model of maxillary invasive 

OSCC,16 and COX inhibitors have been shown to reduce tumor growth in rodent models of 

OSCC.31–33

COX-1 and COX-2 mRNA were detectable in all human and feline OSCC cell lines; 

however, there was no apparent association with osteolytic activity. For example, COX-1 

and COX-2 expression was greatest in SCCF3 cells, but SCCF3 cells were not associated 

with a strong osteoclastic response.29 The OSCC cell lines that were associated with robust 

in vitro bone resorption and osteoclast formation (UMSCC12 and SCCF2) had relatively 

low COX-1 and COX-2 expression. These findings suggest that COX expression in OSCC 

cell lines is not important in the pathogenesis of bone invasion; however, Cox-1 and Cox-2 

proteins and enzyme activities were not measured in this study and the SCCF2 cells did have 

increased COX-2 mRNA expression when stimulated with bone-conditioned medium. It is 

possible that OSCC cells have greater COX-2 enzymatic activity and produce more PGE2, 

when in close proximity with resorbing bone. Interestingly, feline tumor-associated 

fibroblasts expressed much more COX-1 mRNA compared to feline OSCC cells, suggesting 

that the tumor stroma or periodontal fibroblasts may be a significant source of PGE2, which 

could be available to stimulate bone resorption regardless of PGE2 production from the 

tumor cells themselves.

SCCF2 cells expressed more COX-2 when exposed to bone-conditioned medium. In 

gastrointestinal tumors, increased COX-2 expression has been attributed to transcriptional 

and post-translational regulation rather than copy number gain of the COX-2 gene.40 

Transcriptional factors that have been associated with increased COX-2 expression include 

nuclear factor kappaB (NFκB), cAMP response element-binding protein (CREB), nuclear 

factor of activated T-cells (NFAT), activator protein-1 (AP-1), peroxisome proliferator-

activated receptor (PPAR) and hypoxia-inducible factor 1, alpha subunit (HIF1A).40

The mechanism by which meloxicam inhibited tumor growth in this model is unknown. 

PGE2 has been shown to be increased in a variety of tumor tissues, and has been shown to 

stimulate tumor cell proliferation while inhibiting apoptosis, in addition to promoting 

angiogenesis, tumor invasiveness, escape from immune surveillance, and resistance to 

chemotherapeutic drugs.40 The antiproliferative and pro-apoptotic effects of cyclooxygenase 

inhibitors have been associated with both COX-dependent and COX-independent 

mechanisms.41
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COX-2 inhibitors have demonstrated antiproliferative effects on OSCC in vitro, albeit at 

concentrations higher than needed to inhibit PGE2 production.41 While there are no 

published reports of the effects of meloxicam on clinical or preclinical in vivo OSCC 

studies, Meloxicam has been shown to induce tumor cell apoptosis in human patients with 

esophageal cancer42 and reduce tumor growth in animal models of other forms of cancer 

including osteosarcoma,43 hepatocellular carcinoma44 and ovarian carcinoma.45

Tumor cell expression of COX-2 and subsequent production of PGE2 is not the only target 

of a systemically administered COX-2 inhibitor. Meloxicam administration may have 

reduced PGE2 production in the tumor stroma or in the resorbing bone (COX expression 

was demonstrated in feline OSCC-associated fibroblasts). Regardless of the source, PGE2 

activation of prostaglandin E (EP) receptors is capable of transactivating epidermal growth 

factor receptor (EGFR), potentially leading to increased angiogenesis, tumor invasion, and 

reduced apoptosis.40 EGFR is known to be overexpressed in human OSCC,46,47 and EGFR 

expression has been demonstrated in spontaneous feline OSCC tumors48 and in the three 

feline OSCC cell lines used in this study (unpublished data and Bergkvist et al.49).

As expected, ZOL therapy reduced bone loss in vivo that was characterized by increased 

bone volume and reduced numbers of osteoclasts. ZOL is known to interfere with the 

mevalonate (MVA) pathway by inhibiting farnesyl pyrophosphate synthase25,50,51 leading 

to reduced prenylation of small guanosine-triphosphate (GTP)-binding proteins required for 

osteoclast function and survival.52,53 ZOL-treatment increased osteoclast size and number of 

nuclei in this study, consistent with previously reported data.16,54 Interestingly, the presence 

of giant, hypernucleated osteoclasts has been observed in women on long term 

bisphosphonate therapy for the treatment of osteoporosis, but increased numbers of 

osteoclasts were also observed.55 The mechanism of hypernucleation is not known; 

however, Weinstein et al. speculated that inhibition of bone resorption would have caused 

reduced local calcium concentration and reduced apoptotic signals in the osteoclast, leading 

to increased duration of survival and more time for fusion of osteoclasts with mononuclear 

progenitors.55 Since we observed reduced osteoclast number in the ZOL-treated mice with 

OSCC xenografts, it is unlikely that reduced osteoclast apoptosis and increased osteoclast 

lifespan was the reason for increased osteoclast size and number of nuclei observed in this 

study.

We previously reported that ZOL reduced, but did not eliminate, loss of pre-existing bone in 

a bone invasive model of OSCC.16 In contrast, this study showed that ZOL almost 

completely inhibited loss of pre-existing bone. The improved effectiveness of ZOL in this 

study may be due to the fact that treatment was initiated earlier in the course of xenograft 

growth (3 days following tumor cell injection compared to 7 days in the previous study). 

Mice were treated earlier in this study to model smaller primary tumors compared to 

advanced cancers because zoledronic acid prevents rather than reverses cancer-induced bone 

loss. Additionally, the total duration of xenograft growth in this study was 7 days shorter 

compared to the previous study. The combination of earlier treatment and shorter duration of 

tumor growth may be the reason for the increased effectiveness of ZOL against tumor-

associated bone loss and indicates that early diagnosis and treatment in cats is desirable.
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Osteonecrosis of the jaw (ONJ) occurs in a low percentage of human cancer patients treated 

with bisphosphonates (estimated incidence of 5% to 10%).56,57 Small amounts of tumor-

associated necrotic bone within the xenografts of ZOL-treated mice was attributed to the 

retention of bone undergoing necrosis as a result of tumor infiltration, since the 

antiresorptive effects of ZOL would inhibit removal of necrotic bone. Bone necrosis was 

rarely observed in non ZOL-treated animals (1 vehicle-treated mouse and 1 meloxicam-

treated mouse). Tooth necrosis appeared as an extension of bone necrosis and was observed 

in few mice (3 of 22 mice). Bone necrosis was associated with invasive behavior, and 

suggests that OSCC patients with existing bone disease may be at increased risk for the 

development of ONJ. ONJ has not been reported in cats treated with bisphosphonates, but 

this should be considered a potential risk of bisphosphonate therapy in cats with oral cancer.

The data suggested that meloxicam mildly increased retention of pre-existing bone, reduced 

eroded surfaces and increased osteoclast size; however, the differences did not reach 

statistical significance. This trend was observed when meloxicam monotherapy was 

compared to untreated mice and when ZOL + meloxicam combination therapy was 

compared to ZOL monotherapy, suggesting that COX-2 inhibition may have had a mild 

inhibitory effect on osteoclastic bone resorption in this model of feline OSCC.

Meloxicam was more effective than ZOL at reducing xenograft growth but did not have a 

significant effect on bone resorption. The combination of meloxicam and ZOL was well 

tolerated but did not stimulate additional tumor suppression or inhibition of bone loss 

compared to meloxicam- or ZOL-monotherapy. Although a synergistic effect on tumor 

progression was not observed, the results indicate that meloxicam and zoledronic acid could 

be of benefit in the management of oral squamous cell carcinoma and support the need for 

future clinical trials in cats.
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Figure 1. OSCC cells express COX-1 and COX-2
SCCF2 and UMSCC12 cells have been previously shown to stimulate osteoclastic bone 

resorption. COX expression was measured using real-time RT-PCR and mRNA levels were 

expressed relative to the lowest-expressing cell line. A. COX-1 mRNA was detected in all 

OSCC cell lines, and was lowest in the osteolytic SCCF2 and UMSCC12 cells. TAF cells 

(feline OSCC tumor-associated fibroblasts) expressed the greatest amount of COX-1. B. 

COX-2 mRNA was detectable in all OSCC cell lines, but was highest in A253, SCCF2 and 

SCCF3 cells (A253 and SCCF3 cells had the lowest levels of osteoclast activity). (*highest 

expression compared to all other cell lines, P<0.05, ANOVA and Bonferroni post hoc test; # 

SCCF2 and SCCF3 had higher expression than the other cell lines, P<0.05 ANOVA and 

Bonferroni post hoc test). C. SCCF2 cells were cultured for 3 hours in unconditioned 

medium (control), MC3T3 conditioned medium or murine bone conditioned medium. Bone-

conditioned medium stimulated COX-2 expression in SCCF2 cells (*P<0.05 ANOVA and 

Bonferroni post hoc test), but MC3T3-conditioned medium did not (NS = not significant 

compared to control).
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Figure 2. Meloxicam reduced tumor growth
On day 21 of treatment, meloxicam reduced tumor bioluminescence by 32% compared to 

the vehicle-treated mice, and combination therapy reduced tumor bioluminescence by 36%. 

*P<0.0167. ZOL monotherapy resulted in a non-statistically significant 17% reduction in 

tumor bioluminescence.
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Figure 3. 
Zoledronic acid reduced bone loss and was associated with osteoclast vacuolar degeneration. 

A, upper panel: Maxillary bone loss was most common in vehicle- and meloxicam-treated 

mice. Bar=1000 μm. B, middle panel: Tumor invasion around the maxillary incisor occurred 

with similar frequency between treatment groups. Bar=300 μm. C, lower panel: Bone 

invasion was associated with TRAP-positive osteoclasts in resorption pits at the tumor-bone 

interface, and vacuolar degeneration of osteoclasts was observed in ZOL-treated mice (alone 

and in combination with meloxicam). Bar=100 μm. Images are representative of the mice in 

each of the groups.
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Figure 4. Zoledronic acid reduced loss of bone volume
A, upper panel: Faxitron radiography of a representative mouse from each group. There was 

reduced maxillary bone loss and increased new bone formation in the ZOL-treated mice 

(monotherapy or combined with meloxicam) compared to vehicle-treated mice and 

meloxicam-treated mice. A, lower panel: Reconstructed microCT images of a representative 

mouse from each group showing reduced maxillary bone loss and increased new bone 

formation in the ZOL-treated mice (monotherapy or combined with meloxicam) compared 

to vehicle-treated mice or meloxicam-treated mice. B, graph: Quantitative microCT analysis 

of bone volume was performed on five randomly selected mice from each treatment group. 

Meloxicam monotherapy had no effect on bone volume compared to vehicle-treated mice; 

however, ZOL therapy (alone and combined with meloxicam), was associated with 

significantly increased maxillary bone volume compared to vehicle-treated mice 

(*P<0.0167). ZOL-treatment resulted in increased bone volume compared to vehicle-treated, 

non-tumor-bearing mice (dashed line) and ZOL-treated, non-tumor-bearing mice (solid 

line). Increased bone volume was attributed to new bone formation.
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Figure 5. Zoledronic acid reduced loss of bone area
Maxillary bone area on the non-tumor-bearing side and tumor-bearing side was measured 

using Imagescope software. A: Xenograft growth in vehicle-treated mice was associated 

with a 47% reduction in total bone area compared to the non-tumor-bearing side (dashed 

line). There was no effect of meloxicam treatment on bone area (loss of 46%). ZOL 

monotherapy and ZOL-meloxicam combination therapy eliminated loss of total bone 

compared to vehicle-treated mice (*P<0.0167). Mice treated with ZOL or combination 

therapy had increased total bone compared to the nontumor-bearing side (15% and 27% 

more total bone, respectively). B: Xenograft growth was associated with a 65% reduction in 

pre-existing bone compared to the nontumor-bearing side (dashed line). Meloxicam 

treatment resulted in a non-statistically significant reduction in pre-existing bone loss. Mice 

treated with ZOL monotherapy retained greater pre-existing bone compared to vehicle-

treated mice (*P<0.0167). ZOL-meloxicam also retained more pre-existing bone compared 

to vehicle-treated mice (*P<0.0167) and completely inhibited loss of pre-existing bone area. 

C: New bone area was determined and expressed as a percentage of the total bone on the 
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tumor-bearing side. New bone represented the lowest percentage of total bone in the ZOL 

and ZOL-meloxicam combination treated mice (*P<0.0167), which was attributed the high 

retention of pre-existing bone.
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Figure 6. Zoledronic acid reduced osteoclast number and increased osteoclast size and number 
of nuclei
A. ZOL monotherapy and ZOL-meloxicam combination therapy significantly reduced 

osteoclast number (*P<0.0167) compared to vehicle-treated mice, but there was no effect of 

meloxicam monotherapy on the number of osteoclasts. B. The largest osteoclasts were 

observed in combination-treated mice (*P<0.0167), followed by ZOL-treated mice 

(*P<0.0167). There was a trend for meloxicam monotherapy to result in larger osteoclasts 

compared to vehicle-treated mice, but there was no statistical difference (P>0.0167). C. 

ZOL-monotherapy and ZOL-meloxicam-combination therapy resulted in the greatest 

number of osteoclast nuclei per cell (*P<0.0167). D. There was a trend for ZOL + 

meloxicam-treated mice to have the lowest percentage of eroded bone surface (P>0.0167).
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