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ABSTRACT: Overexpression of cyclooxygenase-1 (COX-1) is associated
with the initiation and progression of ovarian cancer, and targeted imaging
of COX-1 is a promising strategy for early detection of this disease. We
report the discovery of N-[(S-carboxy-X-rhodaminyl)but-4-yl]-3-(1-(4-
methoxyphenyl)-S-(p-tolyl)-1H-pyrazol-3-yl)propenamide (CMP) as the
first COX-1-targeted optical agent for imaging of ovarian cancer. CMP
exhibits light emission at 604 nm (4,,), thereby minimizing tissue
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autofluorescence interference. In both purified enzyme and COX-1-

expressing human ovarian adenocarcinoma (OVCAR-3) cells, CMP inhibits

COX-1 at low nanomolar potencies (ICs, = 94 and 44 nM, respectively). CMP’s selective binding to COX-1 in OVCAR-3 cells
was visualized microscopically as intense intracellular fluorescence. In vivo optical imaging of xenografts in athymic nude mice
revealed COX-1-dependent accumulation of CMP in COX-1-expressing mouse ovarian surface epithelial carcinoma (IDS8-
NGL) and OVCAR-3 cells. These results establish proof-of-principle for the feasibility of targeting COX-1 in the development
of new imaging and therapeutic strategies for ovarian cancer.
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he cyclooxygenase enzymes (COX-1 and COX-2)

catalyze the initial, rate-limiting step in the conversion
of arachidonic acid to prostaglandins (PGs) and thromboxane.
Expression patterns of the two enzyme isoforms support the
hypothesis that COX-1 plays a predominantly homeostatic
role, whereas COX-2 is a key modulator of inflammation,
cellular proliferation, and tumorigenesis.l‘2 In fact, COX-2
overexpression is a well-documented phenomenon in many
forms of cancer.”* An exception to these generalities, however,
is seen in the case of ovarian cancer, in which COX-1 is
frequently overexpressed and believed to contribute signifi-
cantly to disease initiation and progression.” For example, Li
and co-workers reported COX-1 expression in seven out of
nine ovarian carcinoma cell lines, whereas COX-2 expression
was not detectable.® In addition, elevated COX-1 but not
COX-2 expression was detected in genetically engineered
murine ovarian cancer cell lines that lack pS3 and overexpress
either myc and K-ras or myc and akt. Tumors derived by
orthotopic implantation of these cell lines in nude mice also
expressed high levels of COX-1, and growth of one of them in
vivo was suppressed by the COX-1-selective inhibitor SC-560,
but not the COX-2-selective inhibitor celecoxib.” Studies
suggest that PGs derived from COX-1-dependent oxygenation
of arachidonic acid play an important role in multiple events
associated with growth, survival, and metastasis of ovarian
cancer.” Motz et al. reported that COX-1-derived PGE,
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diffuses from ovarian cancers and cooperates with vascular
endothelial growth factor to induce release of Fas ligand from
vascular endothelial cells. Fas ligand acts on CD8" T cells to
induce apoptosis, thereby preventing their cytotoxic action on
ovarian cancer cells. Thus, the combination of a vascular
endothelial growth factor receptor kinase inhibitor with aspirin
(a nonselective COX inhibitor) dramatically inhibited the
growth of ovarian cancers in vivo.” Recently, a large
consortium that pooled analyses of 12 studies demonstrated
that daily low-dose aspirin confers a 20 to 34% reduction in the
risk of developing ovarian cancer.'’ Furthermore, large
observational studies in patients show that regular use of
aspirin, even at low doses, reduces the long-term risk of distant
metastases, particularly in the case of adenocarcinomas.''
These results support the functional significance of COX-1 in
ovarian cancer and the potential value of COX-1-targeted
imaging and therapeutic agents in the management of this
neoplastic disease.

Clinical diagnosis of ovarian cancer in its early stages is a
major unmet medical need. Existing strategies for diagnosis of
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Figure 1. (a) Structures of SC-560, celecoxib, and fluorocoxib A, and (b) chemical synthesis of CMP.

ovarian cancer include ultrasound, computed tomography,
magnetic resonance imaging, position emission tomography
(PET), and laparoscopy. Among these methods, only PET
employs contrast agents, such as ['*F]fluorodeoxyglucose
(["®F]EDG), for visualization. In fact, ["*F]JFDG-PET has
been evaluated for the diagnosis of ovarian cancer in a number
of clinical studies,'” but it has not demonstrated adequate
specificity or sensitivity in these settings.l‘?”14 Other imaging
agents that have been developed so far have shown some
promise in animal models of ovarian cancer, but none has
progressed into clinical trials. Our laboratory has made major
contributions to the development of targeted imaging'~"” and
therapeutic agents’””' for cancer. We discovered the first
COX-2-targeted optical imaging agent (fluorocoxib A)" and
cancer chemotherapeutic agent (chemocoxib A),”’ and we
have also discovered COX-2-targeted PET and single-photon
emission computed tomography agents for imaging of cancer
and inflammation.””** Herein, we report the first COX-1-
targeted optical imaging agent N-[(S-carboxy-X-rhodaminyl)-
but-4-yl]-3-(1-(4-methoxyphenyl)-5-(p-tolyl)-1H-pyrazol-3-
yl)propenamide (CMP) and demonstrate its feasibility in the
COX-1-dependent in vivo visualization of human ovarian
tumor xenografts.

The discovery of the COX-2-targeted imaging agent
fluorocoxib A (Figure la) was accomplished through the
conjugation of a fluorescent moiety to the carboxyl group of
the nonselective COX inhibitor indomethacin via a hydro-
carbon tether. The resulting compound exhibited COX-2-
selective inhibitory activity, and we found that we could, in
fact, generate a wide variety of fluorescent inhibitors in this
fashion.'” The X-ray crystal structures of fluorescent
indomethacin—dansyl conjugates in complex with COX-2
revealed that the indomethacin moiety adopts a binding pose
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in the enzyme’s active site very similar to that of the parent
compound and that the tether extends through a constriction
at the opening of the active site, placing the dansyl moiety in
the lobby, an alcove within the protein’s membrane binding
domain.”* The relatively spacious lobby allows it to
accommodate conjugates as large as S-carboxy-X-rhodamine
as is found in fluorocoxib A. We hypothesize that we could
apply the same general strategy to develop a COX-1-targeted
optical imaging agent, starting with the COX-1-selective
inhibitor SC-560 as a scaffold. An X-ray crystal structure of
mefozolac, a COX-1-selective diarylheterocycle similar to SC-
560, in complex with COX-1 revealed a binding orientation
that placed the inhibitor’s five-membered heterocyclic ring
close to the constriction, suggesting that attachlng the tether to
this ring would most likely lead to success.”

To test this hypothesis, we synthesized CMP using a
multistep reaction scheme (Figure 1b; full compound names
are provided in the Supporting Information). Briefly, the
Claisen condensation of compound 1 with succinic anhydride
in the presence of lithium diisopropylamide proceeded
smoothly to afford compound 2. Condensation of 2 with (4-
methoxyphenyl)hydrazine hydrochloride afforded compound
3. After the 1,5-regioisomer was separated from the minor 1,3-
regioisomer by flash chromatography, 3 was then reacted with
tert-butyl (4-aminobutyl)carbamate in the presence of ethyl-1-
[3-(dimethylamino)propyl]-3-ethylcarbodiamide to give a
carbamate intermediate, which was then treated with hydrogen
chloride gas to afford compound 4. 5-Carboxy-X-rhodamine-
acid was activated using N,N,N’,N’-tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate in the presence of
triethylamine and coupled with 4 to yield the target fluorescent
conjugate CMP (compound §5). CMP emitted bright red-
shifted fluorescence with excitation and emission maxima of A,
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Figure 2. (a) Photophysical properties of CMP; (b) purified COX-1 and COX-2 inhibition profiles of CMP; (c) cellular COX-1 inhibition profile
of CMP in OVCAR-3 cells; (d) immunoblot showing the expression of COX-1 and COX-2 in the ID8-NGL and OVCAR-3 cell lines; (e) optical
imaging of COX-1 in OVCAR-3 cells; (f) imaging of COX-1 in OVCAR-3 cells pretreated with indomethacin (S uM).

= 580 nm and A, = 606 nm, respectively, and a quantum yield
of 095 at 604 nm (Figure 2a). The compound’s molar
extinction coefficient was 35/mM/cm at 580 nm. These
optical properties are desirable for an in vivo optical imaging
agent, as they help to minimize the problem of autofluor-
escence interference from live tissues.
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The ability of CMP to inhibit purified COX-1 or COX-2 was
evaluated in a thin layer chromatography assay using
[1-"*CJarachidonic acid as substrate."” Briefly, purified ovine
COX-1 or murine COX-2 was preincubated with vehicle or
CMP at various concentrations for 20 min followed by
substrate addition and incubation for an additional 30 s.
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Termination solution was added, and the products were
extracted, spotted, developed, and scanned for [1-'*C]-
arachidonic acid remaining. CMP displayed selective and
potent COX-1 inhibitory activity (COX-1 ICs, = 94 nM;
COX-2 ICy, > 1000 nM) (Figure 2b). Inhibition of COX-1 in
intact cells by CMP was also evaluated using a previously
described method."”” COX-1-expressing OVCAR-3 cells were
treated with vehicle or CMP at different concentrations for 30
min followed by addition of [1-'*CJarachidonic acid and
incubation for 30 min more. Aliquots of the culture medium
were transferred to termination solution, extracted, spotted,
developed, and scanned for [1-'*CJarachidonic acid remaining.
The ICs, value for inhibition of human COX-1 by CMP in
OVCAR 3 cells was 44 nM (Figure 2c).

Using commercially available specific antibodies, we tested
the levels of COX-1 and COX-2 in human OVCAR-3 ovarian
cancer cells and ID8-NGL murine ovarian surface epithelial
cancer cell lines by immmunoblot analysis. We used purified
COX-1 and COX-2 as standards and S-actin as a loading
control. We detected high levels of COX-1 expression in
OVCAR3 and ID8-NGL cells as compared to minimal COX-2
expressions in these cell lines (Figure 2d). Image] software
version 1.52K (National Institutes of Health, USA) was used
to analyze the intensity of obtained bands. The immmunoblot
data suggest these cell lines will be suitable for evaluating and
validating the feasibility of CMP in vitro and in vivo.

We evaluated the ability of CMP to fluorescently label COX-
1 in OVCAR-3 cells in culture. Following pretreatment of the
cells with vehicle or indomethacin for 30 min, the cells were
incubated with CMP for an additional 30 min, washed briefly,
and then cultured in serum-containing medium for 45 min.
The purpose of indomethacin pretreatment was to block the
active site of COX-1, thereby preventing uptake and retention
of CMP. Optical imaging under a fluorescence microscope
revealed that vehicle-pretreated cells were reproducibly labeled
by CMP (Figure 2e), whereas minimal fluorescence was
observed in indomethacin-pretreated cells (Figure 2f). The
results suggest that CMP’s fluorescence labeling in vehicle-
treated cells was COX-1-dependent. Notably, the dispersed
cytoplasmic fluorescence signals denote a diffuse expression of
COX-1 in these cells.

We validated CMP as a COX-1-targeted optical imaging
agent in two different mouse tumor models of ovarian cancer
using a protocol approved by the Vanderbilt Institutional
Animal Care and Use Committee. First, we evaluated the
ability of CMP to detect COX-1 in xenografts derived from
OVACR-3 cells. In each female athymic nude mouse, OVCAR-
3 cells were implanted subcutaneously on the left hind flanks.
The xenografts were allowed to grow to approximately 750—
1000 mm” to ensure that a vascular bed was established. Mice
were then administered CMP intraperitoneally (i.p., 1 mg/kg
in dimethyl sulfoxide (DMSO)), and at 15 min, 30 min, 1 h, 2
h, 3 h, and 4 h postinjection, they were lightly anesthetized and
placed in an IVIS imaging system. No detectable level of CMP
uptake was observed at any time points before 2 h
postinjection. However, at 3 to 4 h postinjection, we detected
reproducible, high tumor fluorescence as compared to leg
muscle signals (Figure 3a). To further check the biodistribu-
tion, after in vivo imaging, we collected tumor, muscle, kidney,
and liver from OVCAR-3 tumor-bearing animals and imaged
them ex vivo (Figure 3b). The ex vivo quantification showed
high CMP accumulation in the OVCAR-3 tumors (Figure 3c)
compared to the other tissues (n = 4, p < 0.004).
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Figure 3. (a) In vivo imaging of COX-1 in an OVACR-3 tumor by
CMP; (b) ex vivo imaging of an OVACR-3 tumor compared with leg
muscle, kidney, and liver; (c) region of interest measurements of light
emission from OVACR-3 tumor, leg muscle, kidney, and liver (CMP,
t = 3.5 h) (RFU, relative fluorescence units).

We evaluated the utility of CMP in COX-1-targeted imaging
of ovarian tumors derived from ID8-NGL cells implanted into
the left hind flanks of nude mice (n = 6 animals) using a
procedure similar to that described above. For imaging, we
administered CMP ip. (2 mg/kg in DMSO) to mice bearing
full grown tumors (750 to 1000 mm®). The animals were
imaged under light anesthesia at 3 to 4 h postinjection of
CMP. The ID8-NGL tumors exhibited strong fluorescence
signals (Figure 4a and Supplemental Figure S1). After in vivo
imaging, we euthanized the animals and collected the IDS8-
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Figure 4. (a) In vivo optical imaging of COX-1 in ID8-NGL tumor
(left mouse) and indomethacin-pretreated ID8-NGL tumor (right
mouse); (b) ex vivo imaging of ID8-NGL (left mouse) and
indomethacin-pretreated ID8-NGL (right mouse) tumors compared
with leg muscle; (c) region of interest measurements of light emission
from ID8-NGL tumor and indomethacin-pretreated ID8-NGL tumor
at 3.5 h postinjection of CMP (RFU, relative fluorescence units).

NGL tumors and surrounding muscle for ex vivo imaging
(Figure 4b). Based on the measurements of light emission, the
uptake of CMP in the ID8-NGL tumors was ~8-fold higher
than that in the muscle (Figure 4c). We elucidated the
mechanism of the COX-1-targeted delivery and binding of
CMP in ID8-NGL tumor allografts by administering a high
dose (10 mg/kg in DMSO) of indomethacin ip. to tumor-
bearing mice 1 h prior to CMP (ip., 2 mg/kg in DMSO). At 3
to 4 h post-CMP injection, optical imagining revealed
extremely low levels of fluorescence in the tumors, suggesting
effective COX-1 blockade by indomethacin (Figure 4a—c).
These findings support the hypothesis that uptake and
retention of CMP in the tumor was COX-1-dependent.

In conclusion, we describe the discovery of CMP, a COX-1-
targeted optical imaging agent. CMP exhibits light emission at
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604 nm and inhibits COX-1 at low nanomolar potencies in
both purified enzyme preparations and ovarian cancer cell
lines. In vivo optical imaging shows selective uptake of CMP in
COX-1-overexpressing mouse tumors derived from human
ovarian cancer (OVCAR-3) cells and mouse ovarian surface
epithelial carcinoma (ID8-NGL) cells. Uptake of CMP is
COX-1-dependent as confirmed by failure of CMP uptake in
indomethacin-pretreated mouse tumors derived from COX-1-
overexpressing ID8-NGL cells. These data provide support for
the feasibility of targeting COX-1 in pathological tissues. CMP
represents the first COX-1-targeted in vivo optical imaging
agent validated for visualization of tissues, such as the
neoplastic tissues in the ovary, overexpressing the enzyme.
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