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Abstract
Polyamines are essential for cell proliferation. Their production is dysregulated in many cancers
and polyamine depletion leads to tumor regression in mouse models of SCC. The purpose of this
study was to determine the maximally tolerated dose of the polyamine transport inhibitor, MQT
1426, when combined with the ornithine decarboxylase inhibitor, DFMO, and to determine
whether this therapy results in reduction in tumor polyamine levels. Thirteen cats with oral SCC
received both drugs orally and serial tumor biopsies were obtained for polyamine measurement.
Cats were monitored for response to therapy and toxicity. A maximum tolerated dose of MQT
1426 when combined with DFMO was determined. Dose limiting toxicity was vestibular in
nature, but was fully reversible. Spermidine and total polyamine levels decreased significantly in
tissues, 2 cats experienced objective tumor regression, and 6 cats had stable disease. These results
suggest that further study of polyamine depletion therapies is warranted.

The polyamines putrescine, spermidine, and spermine are required for cell proliferation and
growth. They are produced as a result of myc oncogene signaling and play a role in
epigenetic gene regulation through DNA stabilization and RNA processing. Polyamine
metabolism is known to be dysregulated in many cancers and neoplastic cells require higher
levels of polyamines than normal tissues for growth and replication.1 Polyamines are
obtained by cells through de novo synthesis as well as through transport from the extra-
cellular fluid.2 Ornithine decarboxylase (ODC) is the main enzyme involved in polyamine
production within the cell and is overexpressed in many cancers, including breast and colon
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cancers and squamous cell carcinoma (SCC). This enzyme has been extensively evaluated as
a target for cancer treatment and prevention during the last decade.3

2-difluoromethylornithine (DFMO) is an irreversible inhibitor of ODC that has been studied
for its role as a possible cancer therapeutic or chemopreventative agent. Studies testing the
effect of DFMO on cancer cell lines and in murine tumor models have shown promising
results, but clinical trials in humans using DFMO to treat established tumors have met with
limited success.4,5,6 One mechanism of cellular resistance to DFMO is through polyamine
uptake from the extracellular fluid through a membrane transport system. 3 Compounds are
now being synthesized to inhibit this polyamine transporter and MQT 1426 is an example.
7,8 In a study using a murine model of SCC and treatment with a combination of DFMO and
MQT 1426, 13 of 18 tumors resolved completely and 2 additional tumors responded
partially (>50%).8 These data suggest that effective treatment of SCC will require
prevention of both polyamine uptake and de novo synthesis.

Head and neck cancer represents 3-5% of cancers in the United States and is the 6th most
commonly diagnosed cancer worldwide. It usually arises in adults secondary to prolonged
exposure to tobacco, alcohol, and/or other carcinogens.9 Additionally, the incidence is
increasing in the population under 40 years of age and epidemiologic studies suggest this is
due to human papillomavirus infections.10 The vast majority of head and neck cancers are
SCC and they are both locally invasive and have a high metastatic rate. Treatment consisting
of surgery and chemoirradiation is effective as front-line intervention, but those patients
with recurrent or treatment refractory tumors have few effective therapeutic options.9

Research is ongoing to identify new therapeutic targets for patients with treatment refractory
SCC of the head and neck. Studies in vitro and in vivo using inbred immunodeficient mouse
models can often show misleadingly positive results. Consequently, recent attention has
been given to the advantages of research using spontaneous models of cancer, particularly in
pet animals.11 SCC represents at least 70% of tumors of the feline mouth.12 Similar to the
human disease, feline oral SCC is extremely locally aggressive exhibiting extension into
bone causing pain, ptylism, and inability to eat and, without treatment, usually leads to death
or euthanasia within 4-8 weeks of diagnosis.13 The majority of cats present with tumors too
large to be amenable to surgical resection and studies have shown that radiation therapy and
chemotherapy are largely ineffective at prolonging life beyond 3-4 months.12,14 Because of
the demonstrated similarities in biologic behavior between feline oral SCC and treatment
refractory head and neck SCC in humans, the domestic cat may be a more predictive model
of response to novel cancer therapies than mouse models.

The primary purpose of this study was to determine the maximum tolerated dose of MQT
1426 when paired with a fixed dose of DFMO and to determine whether this combination
therapy results in a reduction in tumor polyamine levels in vivo. A secondary purpose was to
assess the potential efficacy of this dual therapy in head and neck SCC using the pet cat as a
relevant spontaneous, immune-competent large animal tumor model.

Materials and Methods
Study design

The owners of pet cats presenting to the Veterinary Medical Teaching Hospital (VMTH) at
the University of California, Davis with a histologic diagnosis of oral SCC were offered
entry into the study, which was approved by the institution's Animal Care and Use
Committee. Prior to enrollment, cats were evaluated through physical exam, complete blood
count, serum biochemistry, thoracic radiographs and, when indicated, regional lymph node
aspirates. Cats were excluded from the study if they had concurrent disease expected to limit
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life to less than 4 months. Concurrent anti-neoplastic therapy was not allowed, but
concurrent use of non-steroidal anti-inflammatory drugs, antibiotics, and opioid analgesics
was allowed.

Dose escalation
Cats were initially enrolled in cohorts of 3 based on planned dose escalation of one of the
two study drugs (MQT 1426). DFMO and MQT 1426 were formulated into a single fish
flavored, water-based liquid for oral administration. The dose of DFMO was fixed at 100
mg/kg/day (divided twice daily) based on efficacy data in murine models and a previous
study in cats where this dose was determined to be safe (Lewis J, manuscript submitted,
2010). The dose of MQT 1426 was escalated in 3 cat cohorts starting at 50 mg/kg/day
(divided twice daily) and escalated by 25 mg/kg/day increments until dose-limiting toxicity
was reached and maximum tolerated dose (MTD) was determined. Once the MTD was
determined, all further cats were enrolled at this dose level.

Tissue collection and polyamine measurement
Cats were briefly anesthetized on day 0 and 2-3 4 mm punch biopsies were collected from
tumor tissue for baseline polyamine levels. At the end of the 2 month study period or at
early study withdrawal, cats were again briefly anesthetized and 2-3 4mm punch biopsies
were collected for polyamine level measurement. Tissues were extracted with 0.2 N
perchloric acid and polyamines were then derivatized with dansyl chloride and, following
extraction with methanol, analyzed using high performance liquid chromatography equipped
with fluorescence detection as previously described.15

Response and toxicity evaluation
Cats returned to the VMTH every 2 weeks for a total study period of 2 months to evaluate
response to therapy and treatment-related toxicity. Between hospital visits, pet owners were
asked to monitor and report, in writing, the activity level, appetite, vomiting, diarrhea, and
changes in hearing, behavior and skin appearance. A complete blood count was run at each
of the 4 rechecks and a biochemistry screen was run at the one and two month rechecks or at
the last visit if the cat was removed from the study due to progressive disease or toxicity.
Toxicities were graded according to the published Veterinary Co-operative Oncology Group
common terminology criteria for adverse events (VCOG-CTCAE).16 Dose limiting toxicity
was defined as any grade 3 or greater toxicity. Pre-treatment tumor volume was estimated
with three orthogonal caliper measurements. Response to therapy was determined at each
recheck visit by measurement of the longest tumor diameter using published Response
Evaluation Criteria in Solid Tumors (RECIST).17 By these criteria, complete response (CR)
was defined as disappearance of all tumors confirmed at 4 weeks, partial response (PR) was
defined as a 30% decrease in the sum of the longest tumor diameters confirmed at 4 weeks,
stable disease (SD) was defined as meeting neither PR nor progressive disease (PD) criteria,
and PD was defined as a 20% increase in the sum of the longest tumor diameters.

Statistics
Paired pre- and post-treatment tissue putrescine, spermidine, spermine and total polyamine
levels were compared using the Wilcoxan signed rank test. Changes in individual and total
polyamine levels were compared between treatment cohorts using the Kruskal-Wallis test.
Changes in individual and total polyamine levels were compared between responders (PR
and SD) versus non-responders (PD) using the Mann-Whitney U test. Statistical significance
was set at a p value of .05.
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Results
Patient characteristics

Thirteen cats with head and neck SCC were enrolled. Mean age was 11.7 years. Eight were
castrated males and 5 were spayed females. Eleven cats were mixed breed, 1 was a Persian
and one was a Burmese. The mean body weight at diagnosis was 3.7 kg. Five cats had SCC
involving maxillary bone, 4 involving tongue, 2 involving mandibular bone, and 2 involving
buccal soft tissues at the time of diagnosis. Median tumor volume was 5.4 cm3 (range, 0.3
cm3 -17.2 cm3). There was no evidence of lymph node or lung metastasis in any cat at the
time of diagnosis. Nine cats received treatment with meloxicam during the study period.

Dose escalation and toxicity (Table 1)
No hematologic or clinicopathologic toxicity occurred. Reversible vestibular toxicity was
seen in 5 cats including 3 grade 2 and 2 grade 3 toxicities. These cats acutely developed
generalized ataxia, most obvious in the pelvic limbs. Symptoms began as early as 2 days and
as late as 80 days after starting oral therapy with DFMO and MQT 1426. The first cat to
develop vestibular symptoms underwent a complete neurologic exam and Brain Auditory
Evoked Response (BAER) testing. BAER results indicated a bilaterally symmetrical central
vestibular dysfunction. Polyamine depletion therapy was discontinued in this cat and it was
neurologically normal within 48 hours. A post-treatment tumor biopsy was not collected
from this cat.

Both grade 3 vestibular toxicities occurred in cats on the 3rd dose level. Based on this
finding, the maximum tolerated dose of MQT 1426 was determined to be 75 mg/kg/day
when divided twice daily and combined with 100 mg/kg/day DFMO (dose level 2).

Two cats experienced grade 2 anorexia and 1 cat had grade 1 vomiting, all occurring during
episodes of vestibular toxicity. Four cats experienced hair loss including 1 grade 1 alopecia
and 3 grade 2 alopecia (Table 1).

Polyamine tissue levels
The mean±SD pre-treatment tumor polyamine level for all cats was 3.99±1.92 nmol/mg
protein. Mean pre-treatment putrescine, spermidine, and spermine levels were 0.24±0.15,
1.89±1.02, and 1.85±0.92 nmol/mg protein, respectively. Statistically significant decreases
in total tissue polyamines (p=.03) and spermidine (p=.01) were found in post-treatment
tumor samples, but not in putrescine or spermine levels (Figure 1). There were no significant
differences found between changes in individual or total polyamine levels depending on
dose cohort or response to treatment.

Tumor response
Two PRs were documented, 6 cats had SD, and 4 had PD. One cat's response was not
evaluable because therapy was discontinued after 2 days due to vestibular toxicity. The
median overall progression free interval was 50 days (range, 13-83 days). In the 6 cats with
SD, the median progression free interval was 57.5 days (range, 41-83 days). Three cats
classified as SD experienced reduction in tumor diameter less than 30%. The cats
experiencing PR both had buccal soft tissue tumors with starting tumor volumes of 5.4 and
17.2 cm3. PR lasted 76 and 80 days, but progressive disease occurred in both cats after
temporary discontinuation of polyamine depletion therapy due to vestibular toxicity. After
resolution of symptoms, both cats were able to restart therapy and the dose was slowly
escalated to their original dose. Second less complete and less durable tumor responses (52
and 86 days) were documented in both cats after restarting therapy. These cats remained on
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therapy until death and survived to 108 and 398 days. Concurrent treatment with meloxicam
occurred in 1 of 2 cats with PR, 4 of 6 with SD, and 4 of 5 with PD.

Discussion
This study identified the maximum tolerated dose of the polyamine transport inhibitor MQT
1426 when combined with a fixed dose of DFMO when administered orally twice daily to
pet cats with spontaneous oral SCC. Overall, the combination of DFMO and MQT 1426 was
well tolerated with no hematologic or clinicopathologic toxicities observed. The dose
limiting toxicity in this study was vestibular in nature, a toxicity not documented in human
clinical trials with DFMO at doses similar to those used in this study. The vestibular signs
were quickly reversible with all cats recovering within 24-48 hours of discontinuing
polyamine depletion therapy. Two cats experiencing vestibular toxicity were able to restart
the drug combination with a gradual escalation to the previous dose and without return of
vestibular symptoms.

Polyamines have been identified as modulators of N-methyl-D-aspartate (NMDA) excitatory
amino acid receptors, which mediate vestibular synaptic plasticity.18,19 Vestibular
symptoms have not been documented in human clinical trials of polyamine depletion
therapies, but severe vestibular dysfunction occurs in transgenic mouse models that have a
complete lack of polyamines when treated with DFMO.20 In addition, DFMO prevents
vestibular compensation that occurs after surgical labyrinthectomy in several species.18 It is
possible that systemic polyamine depletion achieved with the combination therapy in this
study was more significant than in previous studies of DFMO alone, resulting in vestibular
signs. Additionally, it is possible that cats are more sensitive to vestibular dysfunction
caused by polyamine depletion than are other species.

Another possible mechanism for the vestibular toxicity is damage to vestibular hair cells.
DFMO has long been known to damage cochlear hair cells leading to reversible hearing loss
in all species.21 In human clinical trials using doses of DFMO comparable to those used in
this study, hearing loss is common and may be incomplete or fluctuate over time.22

Although owners of cats were asked to monitor for signs of hearing loss, symptoms of
deafness were not noted. It is likely, however, that the cats did experience hearing loss that
was not detected by the owners due to their sedentary indoor lifestyle. BAER testing
performed in the first cat to develop vestibular toxicity did confirm hearing loss and results
were consistent with cochlear hair cell dysfunction. Further study is needed to determine the
exact mechanism of the vestibular toxicity seen in this trial and to determine if an alternative
dosing scheme could minimize the symptoms.

The results of this study also suggest that combination therapy with DFMO and the
polyamine transport inhibitor MQT 1426 can result in significant reductions in polyamine
levels within tumor tissues. We measured statistically significant reductions in total
polyamine levels and spermidine levels in tumor tissue after therapy. These results support
the findings of a previous study using these agents in a murine model of SCC where
depletion of spermidine, putrescine, and total polyamines occurred with this combination
therapy.8 Pre-treatment total and individual polyamine levels were highly variable between
cats, suggesting significant heterogeneity in polyamine metabolism between tumors.
Likewise, changes in polyamine levels between cats were highly variable and did not
correlate statistically with dose or tumor response, though sample size was small. This may
reflect the variability expected in a spontaneous tumor model and further study with a larger
cohort is necessary to determine whether pre-treatment polyamine levels or ODC expression
could predict response to polyamine depletion therapy. Additionally, there is evidence that
other factors not controlled for in this study, including increasing age and dietary factors,
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can affect tissue polyamine levels, at least in mice.23 Despite these limitations, the results of
this study suggest that the combination of DFMO and MQT 1426 may reduce tumor
polyamine levels and support further study of this therapy.

The results of this study also suggest that dual agent polyamine depletion therapy can result
in objective tumor responses in spontaneously occurring SCC. Overall, the anti-tumor effect
of the ODC inhibitor, DFMO, on human malignancies has been disappointing. DFMO has
been studied in cats with oral SCC as a single agent and significant reductions in tissue
polyamines and objective tumor responses did not occur (Lewis J, manuscript in
preparation, 2011). It appears that the addition of a polyamine transport inhibitor may allow
for more complete depletion of polyamines in tumor cells by also preventing uptake of
polyamines from the extracellular space.

Two cats had significant reductions in tumor size and prolonged survivals and additional
cats had more minor responses or temporary disease stabilization. It is worth noting that
both cats that experienced partial responses also had tumor progression when vestibular
toxicity necessitated therapy discontinuation. Additionally, responses occurred again in both
cats when therapy was re-started. These second responses were less complete and durable,
perhaps due to cautious dosing of the drug combination to avoid vestibular symptoms. These
findings suggest a direct correlation between tumor response and polyamine depletion
therapy.

The tumor responses to this therapeutic strategy seen in this study were less robust and
durable than those seen published studies of murine models of SCC treated with the same
therapy. Naturally occurring oral SCC in cats represents a heterogeneous tumor population
that is more similar to spontaneous human cancers, making the disease in cats an excellent
model for human head and neck SCC. It is expected that responses to experimental cancer
therapies will be less significant in spontaneous, heterogeneous tumors than in experimental
murine models. Additionally, it should be noted that the etiology of the previously tested
murine SCC is known to be driven by an ODC transgene.8 The etiology of spontaneous
feline (and human) oral SCC may be less dependent on overexpression of ODC or other
mechanisms of polyamine dysregulation, which may also explain the less robust responses
to polyamine depletion therapy.

The drug dosing scheme used in the present study was different from that used in previously
published murine studies. This may have contributed to the less significant reductions in
tissue polyamine measurements and tumor responses seen in the feline study. Previous
studies mixed DFMO into the drinking water of subjects and the polyamine transport
inhibitor was administered twice daily intraperitoneally. The authors of the present study
chose a pulse-dosing scheme (orally twice daily) for both drugs that would be most likely to
be adhered to by pet owners. Pulse dosing of these drugs may have resulted in depletion of
tissue polyamines for only short periods of time and reduced the overall efficacy of the
treatment protocol, but further study is necessary. Additionally, the time between oral dosing
and post-treatment tissue biopsies was not standardized in this study, which may have
affected the results of polyamine measurements in tissues.

Concurrent treatment with medications such as non-steroidal anti-inflammatories (NSAIDs),
opioid pain medications, and antibiotics were allowed in this study to help maintain quality
of life in study subjects. Although objective tumor regression of feline oral SCC due to
NSAIDs has not been reported in the literature, it should be noted that NSAIDs could
possibly reduce intratumoral inflammation enough to reduce tumor measurements. In
addition, NSAIDs such as aspirin and indomethacin have been shown to decrease polyamine
levels in colon cancer cell lines, but the effect of NSAIDs on polyamines in naturally-
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occurring SCC tumors is unknown.24,25 Because the majority of cats in this study received
meloxicam during the study period, it is impossible to completely eliminate the possibility
that this drug may have confounded study results. Many cats received meloxicam therapy
prior to study enrollment, which should minimize the confounding effect.

Further investigation into the role of DFMO and polyamine transport inhibitors as therapy
for the various forms of feline and human SCC is indicated. Additionally, there may be a
role for polyamine depletion therapy in other tumors such as bladder, breast or prostate
cancer.1 Newer, more potent polyamine transport inhibitors and drugs with other
mechanisms of polyamine depletion are becoming available and may serve as additional
agents for future investigations.7

In conclusion, the combination of DFMO and MQT 1426 was safe and effective in reducing
total tissue polyamine levels. Additionally, objective tumor responses were observed.
Further study of SCC and other tumor types is necessary to determine an optimal dosing
scheme to minimize vestibular toxicity and maximize tumor responses.
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Figure 1.
Line graph plotting pre-and post-treatment tumor tissue putrescine, spermidine, spermine,
and total polyamine levels in each of the 13 cats. Post-treatment measurements were not
available for one cat. Statistically significant differences (noted by asterisk) between pre-
and post-treatment spermidine and total polyamine tissue levels were found.
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