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ABSTRACT

Previously, we have shown that forced expression of prostaglandin

endoperoxide synthase-2 (also called cyclooxygenase (COX) 2] leads to
inhibition of programmed cell death in intestinal epithelial cells. More
recently, we have demonstrated that growth of human colonic cancer
xenografts is Inhibited by treatment with a highly selective COX-2 inhib
itor in tumors that express COX-2 (HCA-7) but not in those that lack
COX-2 expression (HCT-116). To explore the biochemical mechanisms
involved in these effects, we have evaluated the role of COX-2-derived

elcosanoid products on programmed cell death in human colon cancer
cells. Here we report that PGE2 treatment of human colon cancer cells
leads to increased clonogenicity of HCA-7, but not HCT-116 cells. Treat
ment with a highly selective COX.2 inhibitor (SC-58125) decreases colony
formation in monolayer culture and this growth inhibition was reversed

by treatment with PGE2. Additionally, PGE2 inhibits programmed cell
death caused by SC-58125 and induces Bcl-2 expression, but did not affect

Bcl-x or Bax expression In human colon cancer (HCA-7) cells. Therefore,
decreased cell death caused by PGE2 would enhance the tumorigenic
potential of intestinal epithelial cells. Thus, these results may help to
explain a component of the mechanism by which COX inhibitors prevent

colorectal cancer in humans.

INTRODUCTION

Numerous epidemiological and clinical studies have been published
that demonstrate a 40â€”50%reduction in the relative risk of colorectal
cancer in humans who take NSAIDs3 on a regular basis (1). The
precise mechanism for the chemoprotective effects of NSAIDs is
unknown. However, one common effect of NSAIDs is the inhibition
of prostaglandin synthase enzymes. It seems clear that inhibition of
prostaglandin production results in the anti-inflammatory effects of
NSAIDs (2). Several reports have noted elevated levels of prostag
landins in colorectal carcinoma tissue when compared to normal
colonic mucosa (3â€”6).A recent study found a statistically significant
elevation of POE2 in 2 1 surgically excised colorectal cancers com
pared to the accompanying normal colorectal mucosa (7). Therefore,
the COX pathway of arachidonic acid metabolism may play an
important role in the chemoprotective effect of NSAIDs.

Two isoforms of prostaglandin synthase have been identified and
are often referred to as COX-l and COX-2 (8). COX-2 levels have
been reported to increase dramatically in human colorectal adenocar

cinomas (9â€”12),in adenomas taken from APC mutant mice (13, 14),
and in intestinal tumors from carcinogen-treated rats (15). Forced
expression of the COX-2 gene in intestinal epithelial cells results in
resistance of the cells to undergoing apoptosis and increased levels of
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Bcl-2 protein (16). Additionally, the COX-2 pathway has been used as
a target for treatment with highly selective COX-2 inhibitors, resulting
in a reduction of size and number of premalignant and malignant
lesions in a number of animal models (14, 17, 18). The molecular
events that result in the reduction of tumor size and number via
inhibition of the COX-2 pathway is an area of intense research
interest. Here, we report the results of studies aimed at understanding
the molecular mechanism(s) for the reduction in tumor growth via
inhibition of COX-2.

We have evaluated a number of human colon cancer cell lines and
have found that some maintain high levels of constitutive COX-2
expression, whereas other cell lines lack COX-2 expression com
pletely (18). In nontransformed intestinal epithelial cells, COX-2 is
rapidly induced by treatment with growth factors or tumor promoters
but is expressed transiently (19, 20). COX-2 was initially cloned as a
transiently expressed immediate early gene in phorbol ester-stimu
lated fibroblasts or in Src-transformed chicken embryo fibroblasts (21,
22). One of the human colon cancer cell lines we have studied
(HCA-7) maintains high constitutive COX-2 expression and prostag
landin production in long-term culture (18, 23). Recently, we reported
that treatment of HCA-7 cells with a highly selective COX-2 inhibitor
blocked growth of HCA-7 xenografts in nude mice (18). Here, we
show that treatment of the HCA-7 cells with a highly selective COX-2
inhibitor, SC-58125, increases the relative rate of programmed cell
death, and that this is reversed by exogenously administered PGE2.
Additionally, PGE.@treatment of HCA-7 cells resulted in a 4â€”5-fold
increase in Bcl-2 protein levels and an activation of MAPK. There
fore, the mechanism by which COX-2 expression leads to inhibition
of apoptosis may relate to the modulation of Bcl-2 expression by the
COX-2-derived eicosanoid PGE2.

MATERIALS AND METHODS

Cell Culture. Human colon cancer lines (HCA-7 and HCT-ll6) were
maintained in McCoy's 5A medium supplemented with 10% FCS as described
previously (24, 25). The MAPK kinase inhibitor (26), PD 098059, was ob
tamed from Calbiochem (San Diego, CA).

Prostaglandin Production. For these experiments, subconfluent cell cul
tures were established and treated with different concentrations of SC-58 125

Il-[(4-methylsulfonyl)phenyl]-3-trifluoromethyl-5-[(4-fluoro)phenyl]pyra
zole; G. D. Searle and Co., St. Louis, MO} for 24 h. Serum-free medium was
supplemented with 15 j@Marachidonic acid (Cayman Chemical, Ann Arbor,
MI) 1 h prior to collection of samples for eicosanoid measurements. PGE@was
quantified in medium from cell incubations using stable isotope dilution

techniques using gas chromatography/negative ion chemical ionization mass

spectrometry as described (19, 23). The limit of sensitivity for detection of
either PGE@ is 4 pg/ml, and the results are expressed as ng of PGE@ per 106
cells.

Immunoblotting. Immunoblot analysis of cell protein lysates was per

formed as described previously (27). Briefly, the cells were lysed for 30 mm
in radioimmunoprecipitation assay buffer (1 X PBS, 1% NP4O, 0.5% sodium

deoxycholate, 0.1 % SDS, 10 mg/mI phenylmethylsulfonyl fluoride, 10 @.tg/ml
aprotinin, and I nmisodium orthovanadate), and then clarified cell lysates (100
@xg)were denatured and fractionated by 12.5% SDS-PAGE. The proteins were

transferred to nitrocellulose filters after electrophoresis, and the filters were

probed with an antihuman COX-2 antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) and developed by the enhanced chemiluminescence system
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(Amersham, Arlington Heights, IL). Quantitation was carried out by video
densitometry. The Bcl-2, Bax, and Bcl-x antibodies (Santa Cruz Biotechnol
ogy, Santa Cruz, CA) were used at a dilution of 1:250, and the antiactive
MAPK antibody (Promega, Madison, WI) was used at a dilution of 1:1000.

ColonyMorphology.HCA-7orHCT-ll6 cellsweresuspendedin0.5 ml
of 1:2 diluted Matrigel (Collaborative Biomedical Products, Bedford, MA).
The mixture was then plated into 24-well plates and incubated for 2 weeks. The
colonies were fixed with 10% formaldehyde and stained with H&E.

Plating Efficiency Assay. HCA-7 or HCT-l 16 cells were plated in T-25
cell culture flasks at a density of 3000 cells/flask, with McCoy's medium
containing 10% FCS. SC-58125 or PGE@ was added daily to selected cells, and

the mediumwas replacedevery 2 days. Cells were incubatedfor 14 days, and
then colonies were visualized by staining with 0.2% methylene blue and
counted manually.

Tumor Xenografting. Cells were suspended in 0.2 ml of DMEM and were
injected into the dorsal s.c. tissue of athymic nude mmcc (Sprague-Dawley

na/nu; Harlan Sprague Dawley, Inc., Indianapolis, IN). The animals were
sacrificed 42 days following implantation of the cells. The tumors were
collected and subjected to routine histological examination.

Apoptosis Measurements. Subconfluent HCA-7 cultures were established
in 35-mm plates. PGE@ (0.7 gxM) was added to the cells 2 days prior to

SC-58125 treatment. The cells were then exposed to SC-58125 (25 @xM)for
48 h. The floating cells and attached cells were collected separately and stained
with a DNA-specific fluorochrome bis-benzimide trihydrochloride (Hoechst
33258; Sigma Chemical Co.). After fixing with glutaraldehyde, the cells were

stained in 167 @AMbis-benzimide and observed under fluorescent mmcroscopy,
as described previously (16). Cells with three or more nuclear chromatin

fragments were considered positive for apoptosis. The results were expressed
as a percentage of total cells staining positive for apoptosis.
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Fig. I. Characterization of HCA-7 and HCT-116 cells and tumor xenografts. A. PGE.@levels were measured in the medium taken from either HCA.7 or HCT-116 cells by gas
chromatography/negative ion chemical ionization mass spectrometry. as described previously (19, 23). These measurements were taken 1 h following addition of excess arachidonate
(10 gsM)in the presenceor absence of SC-58125 (0â€”SO,xM).B. Westernblot analysisof COX-l and COX-2 levels in HCA-7 and HCT-l 16 cells. Top.controls for proteinloading
onthesamegelareshownbytheevaluationofcycin Dl andcyclin-dependentkinase4 proteinlevels.C,HCA-7andHCT-116growthinMatrigelwasevaluatedbysuspending2 X l0@'
cells diluted 1:2 in Matrigel. The mixture was then plated into 24-well plates. SC-58l25 (0 and 25 p@M)was added to the indicated wells. The control cells received only DMSO. The
mediumcoveringthecellswithSC-58125wasreplacedevery48 h at theconcentrationsindicatedbelowthe figure.Magnification.Xl00. D. morphologyof HCA-7and HCF-l16
coloniesin Matrigel(1 and3) andtumorxenografts(2 and4) by H&Estainingof sections.Magnification,X400.
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RESULTS

COX Expression and PGE2 Production in Colon Cancer Cells.
We evaluated PGE@production by HCA-7 and HCT-ll6 colon cancer
cells, and as previously reported (18, 23), the HCA-7 cells produce
significant amounts of PGE2, whereas the HCT-1l6 cells lack pros
taglandin production (Fig. 1A). Addition of a highly selective COX-2
inhibitor (SC-58l25) to the cell culture medium resulted in a dose
dependent decrease in PGE@production (Fig. lA). We observed high
levels of constitutive expression of COX-2 in the HCA-7 cells but no
expression of COX-2 protein in HCT-ll6 cells (Fig. 1B). COX-l

expression was undetectable in both HCA-7 and HCT-116 cells by
immunoblotting assays. In colony growth assays, SC-58l25 (25 pi@i)
treatment markedly reduced the number of HCA-7 colonies that
develop but had no effect on HCT-ll6 colony formation (Fig. 1C).
Interestingly, the HCA-7 cells form differentiated, cyst-like structures
when plated in extracellular matrix components, whereas the HCT
116 cells form solid noncystic colonies (Fig. 1D, 1 and 3). Both of
these cell lines will grow into solid tumors when xenografted into
nude mice (18). However, the HCA-7 tumors are much more well
differentiated than the HCT-l 16 tumors (Fig. 1D, 2 and 4) and
maintain high levels of COX-2 expression, even following xenograft
ing (18).

Effect of PGE2 Treatment on Clonogenicity of HCA-7 and

HCT-116 Cells. Because the HCA-7 cells produce significant
amounts of PGE@ (28 ng/ml), we then evaluated the effect of POE2

B
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treatment on colony formation in monolayer culture. For this exper
iment, 3000 cells were seeded in 1-25 flasks, and POE@ was added
daily at concentrations of 0.3, 1.0, 3.0, and 10.0 p.Min fresh medium.
We observed a 1.5-fold increase in HCA-7 colony number following
0.3, 1.0, and 3.0 J.LMPOE2treatmentfor 14 days (Fig. 2B) anda slight
decrease in HCT-l 16 colony number (Fig. 2A). Interestingly, the
highest dose of PGE@ (10 @.tM)did not significantly increase HCA-7
colony number but did decrease HCT-l 16 colony number. We also
determined the dose dependence of this effect and found that the
HCA-7 colony number increased at 0.3â€”3.0p.M PGE2, with a slight
decrease in HCT- 116 colony number, at all of the concentrations used
in this experiment. POE@treatment also caused a significant increase
in HCA-7 colony size (data not shown). We are currently evaluating
the POE2 receptor status of these two cell lines to determine whether
the effect on tumorigenicity in HCA-7 cells is related to PGE2
receptor activation. HCT- 116 cells may express a different set of E@
prostaglandin (EP) receptor isoforms than do the HCA-7 cells, and
this could help to explain the altered responsiveness of HCT-l 16
versus HCA-7 cells.

Effect of COX-2 Inhibition on Colony Number Can Be Re
versed by PGE2 TreatmenL Because we had shown previously that
both HCA-7 colony and tumor growth were inhibited by treatment
with a highly selective COX-2 inhibitor, we next sought to determine
whether this growth inhibition could be overcome by addition of
COX-2-denved eicosanoid products to the cells. For this experiment,
the plating efficiency assay was used. HCA-7 cells were treated with
various concentrations of SC-58 125, and colony number was meas

ured after 14 days of treatment. We observed a dose-dependent
decrease in colony number by 16â€”61%at 5â€”25@.LMSC-58l25 treat
ment (Fig. 3). Importantly, growth inhibition could be overcome with
POE2 (0.7 p@M)administered to HCA-7 cells treated with SC-58l25.
These results indicate that PGE.@production via the COX-2 pathway
could be an important component in maintaining colony growth.
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Fig. 2. Effect of PGE@treatment on HCA-7 and HO'- I 16 colony number. A, HCT- 116
colony number in response to treatment with PGE.@.Cells were plated in T-25 cell culture
flasks at a density of 3000 cells/flask, with McCoy's medium containing 10% FCS. Cells
were incubated for 14 days, and then colonies were visualized by staining with 0.2%
methylene blue and counted manually. The results are expressed as means (bars, SE), and
each experiment was repeated three times. B, HCA-7 colony number in response to
treatment with PGE@.Conditions were identical to those described above for the HCT- I 16
cells.
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Fig. 3. Inhibition of HCA-7 colony growth by SC-58125. HCA-7 cells were plated in
T-25 cell culture flasks at a density of 3000 cells/flask, with McCoy's medium containing
10% FCS. SC-58l25 or PGE@ was added daily, and the medium was replaced evety 2
days. Cells were incubated for 14 days, and then colonies were visualized by staining with
0.2% methylene blue and counted manually. The results are expressed as means (bars,
SE), and each experiment was repeated three times.

Effect of COX-2 Inhibition and POE2 Treatment on Pro
grammed Cell Death. The size and number of tumor colonies can be
affected by either increased proliferation of cells or decreased rates of
programmed cell death. In other cell culture systems, increased
COX-2 expression or PGE@ treatment leads to inhibition of pro
grammed cell death (16, 28, 29). However, it is well established that
PGE.@induces B cells to undergo apoptosis (30), so the net effect of
PGE@ treatment depends on the particular cell type being evaluated.
Therefore, we decided to determine the effect of PGE2 treatment on
programmed cell death in HCA-7 cells that are of epithelial origin. To
evaluate the role of apoptosis in the maintenance of colony number,
we determined the percentage of HCA-7 cells undergoing apoptosis in
the presence and absence of a COX-2 inhibitor, SC-58l25. We found,
by nuclear staining and evaluation of DNA fragmentation patterns,
that the cells that became detached from the cell culture dish were
undergoing programmed cell death (Fig. 4A). We then determined the
percentage of cells undergoing apoptosis in the presence or absence of
a SC-58125 and found a 1.5â€”1.6-foldincrease in apoptosis following
SC-58l25 treatment (Fig. 4B), which was reversed by treatment with
0.7 @.LMof POE2. Although the change in percentage of cells under
going apoptosis is relatively small, over a prolonged period of time,
this would amount to a significant reduction in tumor size based on
cell kinetic studies (31).

PGE2 Treatment Increases Bcl-2 Levels. To evaluate the molec
ular mechanisms involved in the PGE2-mediated increase in colony
number, we measured the protein levels of Bcl-2, Bcl-x, and Bax. We
observed a dramatic (4â€”5-fold)increase in Bcl-2 protein levels at 8 h
following POE@ treatment, without a significant effect on Bax or
Bcl-x (Fig. SA). Interestingly, we also observed a significant increase
in active MAPK following POE2 treatment, which was reduced mark
edly by addition of a MAPK kinase inhibitor, PD-098509 (Fig. SB). In
Fig. SB, we show the results of a Western blot assay using the
antibody that only recognizes the active form of the enzyme. At 3â€”6
h following PGE@treatment, there is a 4â€”5-foldincrease in the level
of active MAPK protein. The temporal pattern for this increase
precedes the induction of Bcl-2 expression.

DISCUSSION

Colonic neoplasms are believed to develop through a series of
sequential steps over 15â€”20years that reflect the progressive accu
mulation of mutations (32). Early in the transition from normal
colonic epithelium to adenomas, mutations of key genes occur, which
have been implicated in the transformation process. One such gene is
the adenomatous polyposis coli (APC) gene. Inactivating mutations of

PGE2 (jiM)
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explain a reduction in programmed cell death, thus increasing colony
number. In addition, POE2 treatment led to a marked activation of
MAPK, which preceded induction of Bcl-2.

Our finding that apoptosis is regulated by treatment with a highly
selective COX-2 inhibitor, and that this is reversible upon treatment
with PGE@,indicates that COX-derived eicosanoids are likely to play
an important role in colorectal carcinogenesis. POE2 treatment could
affect colony size and number by increasing the proliferation rate
and/or decreasing the percentage of cells undergoing programmed cell
death by increasing Bcl-2 levels. Our finding that POE2 treatment
activates MAPK indicates a putative signal transduction pathway by
which Bcl-2 expression and other genes could be induced.

Overall, our findings provide additional evidence that the COX-2
pathway may provide an attractive target for developing strategies to
prevent colorectal lesions early in the adenoma-to-carcinoma se
quence. With the recent development of highly selective COX-2
inhibitors, an evaluation of the effectiveness of these agents in che
moprevention of colorectal cancer should be considered.
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this gene are known to cause colorectal cancer in patients with
familial adenomatous polyposis syndromes, and truncation mutations
in the APC gene occur somatically in a large percentage of colorectal
cancers that form spontaneously (33). Recently, it has been demon
strated that disruption of the APC gene in mice leads to increased
expression of COX-2 in intestinal tumors (13, 14). Therefore, the
increased levels of COX-2 in intestinal tumors could represent an
event downstream of an early mutation in a key regulatory gene, such
as APC. We and others have shown previously that COX-2 levels are
increased in human colorectal adenocarcinomas (9â€”12).Forced ex
pression of COX-2 in intestinal epithelial cells leads to inhibition of
apoptosis and induction of Bcl-2 expression (16). A key question we
have addressed here is whether a COX-2-denved eicosanoid product,
such as POE2, could modulate apoptosis and/or Bcl-2 expression.

Because malignant progression in cancer is thought to be related to
alterations in the biology of epithelial cells related to genetic defects,

it is of interest to determine the effect of COX-2-derived eicosanoids,
such as PGE@, on the biology of human colon cancer cells. One
obvious cellular process that could be affected involves relative rates
of cells undergoing apoptosis. To evaluate this, we determined the
effect of POE2 treatment on the number of colonies that form by
plating colonic tumor cells in monolayer culture. In addition to ob
serving an increase in the number of HCA-7 cells in response to POE2
treatment, there also was a reduction in the percentage of cells
undergoing apoptosis. To evaluate the mechanisms involved, we
determined that PGE@ treatment led to a significant induction of Bcl-2

expression, but not Bax or Bcl-x. These biochemical changes could
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Fig. 5. Effect of POE2 treatment on Bcl-2 protein levels and MAPK activation in
HCA-7 cells. Cell extracts were prepared from control cells (C in panel B) at the times
indicated following addition of 0.3 @xsiPGE@to the cell culture medium and analyzed by
Western blotting for levels of Bcl-2, Bcl-x, and Bax (A)and the level of active MAPK (B).
For the experiments in B, a MAPK kinase inhibitor, PD-098059 (75 xM), was added to
verify the validity of the assay.
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Fig. 4. Effects of SC-58135 or PGE@treatment on apoptosis of HCA-7 cells. Subcon
fluent HCA-7 cultures were established in 35-mm plates. PGE@(0.7 ,.u.t) was added to the
cells 2 days prior to SC-58 125 treatment. The cells were exposed to 25 @u@iSC-58 125 for
48 h. A, the floating cells and attached cells were collected separately and stained with a
DNA-specific fluorochrome. Cells with three or more nuclear chromatin fragments were
considered positive for apoptosis. B, the results are expressed as a percentage of total cells
staining positive for apoptosis (data are means; bars. SE).

365

REFERENCES

I. DuBois, R. N., Giardiello, F. M., and Smalley, W. E. Nonsteroidal anti-inflammatory
drugs, eicosanoids and colorectal cancer prevention. Gastroenterol. Clin. North Am.,
25: 773â€”791,1996.

2. Portanova, J. P., Thang. Y., Anderson, G. D., Hauser, S. D., Masferrer, J. L., Seibert,
K., Gregory, S. A., and Isakson, P. C. Selective neutralization of prostaglandin E2
blocks inflammation. hyperalgesia, and interleukin 6 production in vivo.J. Exp. Med.,
J84: 883â€”891,1996.

3. Bennett, A., Del Tacca, M., Stamford, I. F., and Zebro, T. Prostaglandins from
tumours of human large bowel. Br. J. Surg., 35: 882â€”884, 1977.

4. Bennett, A., Civier, A., Hensby. C. N., Melhuish, P. B., and Stamford. I. F. Meat

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/362/2467727/cr0580020362.pdf by guest on 19 M

ay 2023



PROSTAGLANDINS, APOPTO5IS, AND COLON CANCER

urement of arachidonate and its metabolites extracted from human normal and
malignant gastrointestinal tissues. Gut, 28: 315â€”318,1987.

5. Lange, K.. Simmet, T., Peskar, B. M., and Peskar, B. A. Determination of l5-keto
13,14-dihydro-prostaglandin E2 and prostaglandin D2 in human colonic tissue using
a chemiluminescence enzyme immunoassay with catalase as labeling enzyme. Adv.
Prostaglandin Thromboxane Leukotriene Res., 15: 35â€”38,1985.

6. Maxwell, W. J., Kelleher, D., Keating, i. J., Hogan, F. P., Bloomfield, F. J.,
MacDonald, G. S., and Keeling, P. W. N. Measurement of arachidonate and its
metabolites extracted from human normal and malignant gastrointestinal tissues.
Digestion. 47: 160â€”166,1990.

7. Rigas, B., Goldman. I. S., and Levine, L. Altered eicosanoid levels in human colon
cancer. J. Lab. Clin. Med., 122: 518â€”523, 1993.

8. Williams, C. W., and DuBois, R. N. Prostaglandin endoperoxide synthase: why two
isoforms? Am. J. Physiol., 270: G393â€”G400, 1996.

9. Eberhart, C. E., Coffey, R. J., Radhika, A., Giardiello. F. M.. Ferrenbach, S., and
DuBois, R. N. Up-regulation of cyclooxygenase 2 gene expression in human cob
rectal adenomas and adenocarcinomas. Gastroenterobogy, 107: 1183â€”1188, 1994.

10. Kutchera, W., Jones, D. A., Matsunami, N., Groden, J., Mcintyre, T. M.. Zimmerman,
0. A., White, R. L., and Prescott, S. M. Prostaglandin H synthase-2 is expressed
abnormally in human colon cancer: evidence for a transcriptional effect. Proc. Nail.
Acad. Sci. USA, 93: 4816â€”4820, 1996.

11. Kargman. S., O'Neill, G., Vickers, P., Evans, J., Mancini, J., and Jothy, S. Expression
of prostaglandin G/H synthase- 1 and -2 protein in human colon cancer. Cancer Res.,
55: 2556â€”2559,1995.

12. Sano, H., Kawahito, Y., Wilder, R. L, Hashiramoto, A., Mukai, S., Asai, K., Kimura,
S., Kato, H., Kondo, M.. and HIa, T. Expression of cyclooxygenase-l and -2 in human
colorectalcancer,CancerRes.,55: 3785â€”3789,1995.

13. Williams. C. W., Luongo, C., Radhika, A., Thang, T., Lamps, L. W., Nanney, L B.,
Beauchamp, R. D., and DuBois, R. N. Elevated cyclooxygenase-2 levels in Mm
mouse adenomas. Gastroenterobogy, 111: 1134â€”1140, 1996.

14. Oshima, M., Dinchuk, J. E., Kargman, S. L., Oshima, H., Hancock, B., Kwong, E.,
Trzaskos, 3. M., Evans, J. F., and Taketo, M. M. Suppression of intestinal polyposis
in APCa7I6 knockout mice by inhibition of prostaglandin endoperoxide synthase-2
(COX-2). Cell, 87: 803â€”809.1996.

15. DuBois, R. N., Radhika, A., Reddy, B. S.. and Entingh, A. J. Increased cycbooxyge
nase-2 levels in carcinogen-induced rat colonic tumors. Gastroenterobogy, 110:
1259â€”1262, 1996.

16. Tsujii, M., and DuBois, R. N. Alterations in cellular adhesion and apoptosis in
epithelial cells overexpressing prostaglandin endoperoxide synthase-2. Cell, 83: 493â€”
501, 1995.

17. Reddy, B. S., Rao, C. V., and Seibert, K. Evaluation ofcycbooxygenase-2 inhibitor for
potential chemopreventive properties in colon carcinogenesis. Cancer Res., 56:
4566â€”4569.1996.

18. Sheng, H.. Shao, J., Kirkland, S. C., Isakson, P., Coffey, R., Morrow, J., Beauchamp,
R. D., and DuBois, R. N. Inhibition of human colon cancer cell growth by selective
inhibition of cycbooxygenase-2. J. Clin. Invest., 99: 2254â€”2259, 1997.

19. DuBois, R. N., Awad, J., Morrow, J., Roberts, L. J., and Bishop, P. R. Regulation of
eicosanoid production and mitogenesis in rat intestinal epithelial cells by transforming
growth factor-a and phorbol ester. J. Clin. Invest., 93: 493â€”498. 1994.

20. DuBois, R. N., Tsujii, M., Bishop, P., Awed, J. A., Makita, K., and Lanahan, A.
Cloning and characterization of a growth factor-inducible cyclooxygenase gene from
rat intestinal epithelial cells. Am. J. Physiol., 266: G822â€”G827, 1994.

21. Herschman, H. R. Prostaglandin synthase 2. Biochim. Biophys. Acta, 1299: 125-140,
1996.

22. Simmons, D. L, Levy, D. B., Yannoni, Y., and Erikson, R. L Identification of a
phorbol ester-repressible v-src-inducible gene. Proc. Nail. Acad. Sci. USA. 86:
1178â€”1182,1989.

23. Coffey, R. J., Hawkey, C. J.. Damstrup, L., Graves-Deal, R., Daniel, V. C..
Dempsey, P. J., DuBois, R. N., Jetton, T., and Morrow, J. EGF receptor activation
induces nuclear targeting of COX-2, basolateral release of prostaglandins and
mitogenesis in polarizing colon cancer cells. Proc. NatI. Acad. Sci. USA. 94:
657â€”662, 1997.

24. Marsh, K. A., Stamp. G. W., and Kirkland, S. C. Isolation and characterization of
multiple cell types from a single human colonic carcinoma: tumourigenicity of these
cell types in a xenograft system. J. Pathol., 170: 441â€”450, 1993.

25. Groden, J., Joslyn, G., Samowitz, W., Jones, D., Bhattacharyya, N., Spirio, L,
Thliveris, A., Robertson, M., Egan, S., Meuth, M., and White, R. Response of colon
cancer cell lines to the introduction of APC, a colon-specific tumor suppressor gene.
CancerRes., 55: 1531â€”1539,1995.

26. Alessi, D. R., Cuenda, A., Cohen, P., Dudley, D. T., and Saltiel, A. R. PD 098059 is
a specific inhibitor of the activation of mitogen-activated protein kinase kinase in
vitro and in vivo. J. Biol. Chem., 270: 27489â€”27494, 1995.

27. DuBois, R. N., Shao, J., Sheng, H., Tsujii, M., and Beauchamp, R. D. G1 delay in
intestinal epithelial cells overexpressing prostaglandin endoperoxide synthase-2. Can
car Res., 56: 733â€”737,1996.

28. Heidenreich, S., Otte, B., Lang, D., and Schmidt, M. Infection by Candida albicans
inhibits apoptosis of human monocytes and monocytic U937 cells. J. Leukocyte Biol..
60: 737â€”743,1996.

29. Rossi, A. G., Cousin, J. M., Dransfield, I., Lawson, M. F., Chilvers, E. R., and Hasleti,
C. Agents that elevate cAMP inhibit human neutrophil apoptosis. Biochem. Biophys.
Res. Commun., 217: 892â€”899,1995.

30. Brown, D. M., and Phipps, R. P. Bcl-2 expression inhibits prostaglandin E2-mediated
apoptosis in B cell lymphomas. J. Immunol., 157: 1359â€”1370, 1996.

31. Pritchard. D. M., and Watson, A. J. M. Apoptosis and gastrointestinal pharmacology.
Pharmacol. Ther., 72: 149â€”169,1996.

32. Fearon, E. R., and Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell,
61: 759â€”767,1990.

33. Nakamura, Y., Nishisho, I., Kinzler, K. W., Vogebstein, B., Miyoshi, Y., Mild, Y.,
Ando, H., and Hon. A. Mutations of the APC (adenomatous polyposis coli) gene in
FAP (familial polyposis coli) patients and in sporadic colorectal tumors. Tohoku J.
Exp. Med., 168: 141â€”147,1992.

366

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/362/2467727/cr0580020362.pdf by guest on 19 M

ay 2023




