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Abstract
Background—Cyclooxygenase-2 (COX-2) plays a key role in breast cancer progression and
metastasis. Effective therapeutic targeting of COX-2 would require the knowledge of whether a tumor
is addicted to COX-2, and if we can counter the potential resistance to anti-COX-2 therapy. Herein
we tested the hypothesis that celecoxib-resistance involves selection of cancer cells that overexpress
COX-2.

Materials and Methods—We selected celecoxib-resistant (CER) variants from two metastatic
cell lines, SUM149 inflammatory breast cancer (IBC) cell line and MDA-MB-231-BSC60 cell line,
by culturing them in the presence of celecoxib. We measured the relative levels of COX-2 protein
and its network components Bcl-2, Bcl-xL, and Bax in the parental cell lines and their CER variants
by western blotting. To determine whether celecoxib-resistance would increase tumorigenicity, we
performed an in vitro clonogenicity assay. We determined the statistical significance of differences
between the groups using the two-sample t-test.

Results—Both the celecoxib-resistant cell lines SUM149-CER and BSC60-CER produced
significantly higher levels of COX-2 protein than their parental counterparts (p < 0.05). The CER
variants produced a reduced level of pro-apoptosis protein Bax (both cell lines) and increased levels
of anti-apoptosis proteins Bcl-2 (BSC60) or Bcl-xL (SUM149). Importantly, the CER variants had
significantly higher clonogenicity than their parental cell lines (p < 0.05). The siRNA-mediated
COX-2 knockdown in SUM149-CER cell line resulted in a significant decrease in clonogenicity and
in Bcl-xL and Bcl-2 protein levels, thus supporting our hypothesis.

Conclusion—Celecoxib-resistant variant cells present in breast cancer cell lines overexpress
COX-2, which is robustly linked with survival pathways and clonogenicity. Since COX-2 is
important in the variant cancer cells of aggressive nature, it represents a good therapeutic target.

Keywords
Breast cancer; inflammatory breast cancer; tumor heterogeneity; COX-2; metastasis; apoptosis;
targeted therapy; therapy resistance

© 2010 Elsevier Inc. All rights reserved.
2To whom correspondence and reprint requests should be addressed at the Department of Surgical Oncology, Unit 444, The University
of Texas M.D. Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, TX 77030, USA. Phone: 713-563-1871; Fax:
713-792-4689; alucci@mdanderson.org.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Surg Res. Author manuscript; available in PMC 2011 October 1.

Published in final edited form as:
J Surg Res. 2010 October ; 163(2): 235–243. doi:10.1016/j.jss.2010.04.061.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Cyclooxygenase-2 (COX-2), a mediator of inflammation, is expressed in premalignant and
malignant breast epithelial cells, where it plays a key role in breast cancer progression and
metastasis [1,2]. COX-2 blockade is effective for both cancer prevention and therapy [reviewed
in 3]. Retrospective epidemiological studies indicate a correlation between the use of specific
and non-specific COX-2 inhibitors and the reduced breast cancer incidence. As an example, a
case-controlled study showed that exposure to selective COX-2 inhibitors celecoxib or
rofecoxib produced a significant (71%) reduction in the risk of breast cancer, underscoring
their strong potential for breast cancer chemoprevention [4]. An extensive meta-analysis
(involving 38 studies) performed recently supports an inverse association between non-
steroidal anti-inflammatory drugs (NSAID) use and risk of breast cancer [5].

Overexpression of COX-2 induces genomic instability in premalignant breast epithelial cells
and in breast cancer cells [6,7]. Others have shown that COX-2 promotes the progression of
ductal carcinoma in situ to invasive breast carcinoma [8], and that the COX-2 gene is a part of
the gene expression signatures for metastases to lungs and brain [9,10]. We have investigated
the role of COX-2 protein in metastasis of breast cancer to bone, which is the major site of
metastasis seen in breast cancer. In a preclinical mouse model, we have shown that COX-2 is
active in metastasis of breast cancer to bone via production of prostaglandin E2 (PGE2),
interleukin-8 (IL-8), interleukin-11 (IL-11), and urokinase plasminogen activator (uPA) [11–
14]. Furthermore, expression of COX-2 in stages I–III of breast cancer correlates with the
presence of disseminated tumor cells (DTC) in the bone marrow [15], which are independent
predictors of clinical metastases [16]. It is interesting that we also detected COX-2 protein in
solitary DTCs present in the bone marrow of breast cancer patients, further supporting a role
of COX-2 in bone marrow micrometastasis (BMM) [15].

COX-2 is highly expressed in inflammatory breast cancer (IBC), an aggressive subset of breast
cancers [17]. We are particularly interested in IBC because of an urgent need for effective
therapies against this disease. COX-2 may be a driver of IBC as indicated by the analysis of
60 NF-κB targets in non-IBC versus IBC, which revealed that COX-2 was one of the only two
genes, (the other one being CXCL1), that were also expressed in metastases in addition to
primary tumors [17]. Effective therapeutic targeting of COX-2 would require the knowledge
of whether a tumor is addicted to COX-2 and whether the potential resistance to anti-COX-2
therapy can be countered. A clearer understanding of the mechanisms of celecoxib resistance
should identify new models for COX-2 inhibition as a therapeutic approach for IBC and other
aggressive forms of breast cancer that overexpress COX-2.

MATERIALS AND METHODS
Cell lines and culture

The SUM149 inflammatory breast cancer cell line, originally obtained from Dr Stephen Ethier
(Barbara Ann Karmanos Cancer Institute, Detroit, MI, USA), was grown in Ham’s F-12
medium supplemented with 5% fetal bovine serum (FBS), 5 µg/ml of insulin, 1 µg/mL of
hydrocortisone, 100 U/ml of penicillin, and 100 µg/ml of streptomycin in a humidified 5%
CO2 atmosphere. The MDA-MB-231-BSC60 (abbreviated to BSC60) cell line, a metastatic
variant of MDA-MB-231 isolated in our laboratory after two passages in female nude mice by
cardiac ventricle inoculation followed by cell culture from bone metastases [12,14], was grown
in RPMI 1640 medium supplemented with 10% FBS.
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Selection and culture of celecoxib-resistant variants
We added celecoxib (10 µM final concentration; LKT Laboratories, Inc., St. Paul, MN) to the
culture medium soon after the SUM149 cells (passage 16) were trypsinized and plated. The
medium was changed with new medium containing celecoxib two times to remove dead
floating cells. After 15 days, we pooled the colonies of surviving cells by trypsinization, and
plated into the medium with 20 µM celecoxib for 16 days followed by 10µM celecoxib for 11
days. After a selection with celecoxib for 3 rounds, the variants were considered celecoxib-
resistant (named SUM149-CER passage 0), and were maintained in the presence of 10 µM
celecoxib unless specified otherwise. All experiments were carried out within 6 passages after
the initial selection on celecoxib.

The MDA231-BSC60-CER variant was established with 5 rounds of selection with celecoxib.
The BSC60 cells (passage 16) were treated with 20 µM for 17 days, 40 µM for 14 days, and
3 passages with 10 µM for 10, 11,and 10 days respectively. After selection, these cells were
considered celecoxib-resistant, named BSC60-CER passage 0, and were maintained in the
presence of 10 µM celecoxib unless specified otherwise. All experiments were carried out
within 11 passages after the initial selection on celecoxib.

Western immunoblotting
Expression of COX-2 protein was detected by western blot analysis, as described previously
[6]. Samples with equal amounts of protein were separated on an 8% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a 0.45-µm
nitrocellulose membrane. The COX-2 protein was detected with a monoclonal antibody
(Cayman Chemical, Ann Arbor, MI) and with the ECL Advance western blot detection reagents
(Amersham Biosciences). To analyze Bcl-2, Bcl-xL, and Bax protein by western blotting, they
were resolved on a 12% gel, transferred to a 0.2-µm nitrocellulose membrane, and detected
with monoclonal antibodies (all from Cell Signaling Technology, Danvers, MA). The filters
were stripped by incubating the membrane in 0.5% Triton X-100 and were re-probed with a
monoclonal β-actin antibody (Sigma-Aldrich, St. Louis, MO) to serve as gel-loading controls.
We performed each western blot at least 3 times. We quantified the COX-2, Bcl-2, Bcl-xL,
Bax, and beta-actin protein bands on X-ray films by the ImageJ image processing program
(National Institutes of Health).

Clonogenicity assay
To determine the tumorigenic potential of cancer cells, we performed clonogenicity assays as
described previously [7] with some modifications. Subconfluent cultures of SUM149 and
SUM149-CER were dissociated with trypsin-EDTA and plated at 7,500 cells/10 cm dish in
Ham’s F-12 medium supplemented with 0.5% fetal bovine serum, 0.5 µg/ml of insulin, and
0.1 µg/mL of hydrocortisone. These cells were grown for 25 days and then were stained for
15–30 minutes in 0.1% crystal violet (w/v) plus 6% glutaraldehyde fixative (v/v) dissolved in
water [18]. The plates were rinsed in water 5–10 times, until no more dye was detected in the
rinse. After air drying the colonies, we counted the colonies with the Bio-Rad Gel
Documentation System XR equipped with Quantity One version 4.6.1 software and
photographed them with a digital camera.

We performed the clonogenicity assays with BSC60 and BSC60-CER cells as described above,
but in RPMI 1640 complete media with 10% FBS (7,500 cells/10 cm dish plated, and colonies
stained after 13 days). In the second assay involving low-serum, the cells were plated at 30,000
cells/10 cm dish in RPMI 1640 medium supplemented with 3% FBS, and colonies were stained
after 15 days.
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COX-2 knockdown with siRNA
We performed COX-2 knockdown in SUM149-CER cell line using COX-2 specific Silencer
Select siRNAs s11472 and s11473, and a Silencer Select negative control #1 siRNA (all from
Applied Biosystems, Foster City, CA). Soon after trypsinization to dissociate cells on a
confluent culture dish, we transfected 120,000 cells plated in 15 ml low-serum medium (see
clonogenicity assay) in a 10 cm culture dish with 20 nM siRNAs (final concentration) that were
pre-incubated with 30 µL siPORT NeoFX transfection agent (Applied Biosystems) in 1.2 ml
OPTI-MEM serum-free medium (Invitrogen, Carlsbad, CA), according to manufacturer’s
instructions. After 15 days, colonies were stained with crystal violet. For the western blot
analysis of COX-2 and other proteins after siRNA transfection, 240,000 SUM149-CER cells
were transfected as above, in parallel to the clonogenicity assay. We prepared cell lysates at
16 days after transfection, and subjected them to western blotting analysis.

Statistical analysis
We performed statistical analysis of western blots and clonogenicity assays using the two-
sample t-test. For western blots, we normalized the relative protein levels by dividing with β-
actin signal. We used the normalized values from three bots to determine average ± standard
deviation, and to determine p-value. P ≤ 0.05 was considered significant.

RESULTS
Selection of celecoxib-resistant variants

To gain an understanding of how resistance to therapy may develop in breast cancer when
COX-2 is inhibited with celecoxib, we chose two appropriate cell line models: 1) the SUM149
IBC cell line since COX-2 has a dominant role in IBC, and 2) the BSC60 metastatic variant of
MDA-MB-231 that has a functional COX-2 network [11–14]. We treated both the cell lines
with celecoxib as described in Materials and Methods and selected the surviving variants that
grew and gave rise to stable cell lines that grow continuously in the presence of 10 µM
celecoxib. One significant morphological difference we noted was between BSC60-CER and
BSC60; when cells were grown to confluency, the CER variants grew to a significantly higher
cell density than the parental cells (compare the images in Fig. 1). This difference was due to
the fact that the BSC60 cells stopped dividing at a lower cell density than the BSC60-CER did.
If left on the dish for a long period after confluency, the parental BSC60 would come off the
dish, while the CER variants continued to pile up on each other, thus reaching a higher cell
density. As an example, the average cell count per 10 cm dish after 17 days of culture, beyond
the confluency stage, was more than double in BSC60-CER than BSC60 (5.7 million cells
versus 2.3 million cells, respectively).

Increased level of COX-2 protein in CER variants
To investigate the mechanism behind the celecoxib-resistance, first we analyzed the target of
celecoxib, COX-2. One obvious mechanism of resistance would be that the CER variants
overexpress COX-2 thus escaping the cytotoxic effects of celecoxib. Our past investigations
involving dose-dependent inhibition with celecoxib indicated that a small percentage of the
COX-2 protein would be resistant (B Singh and A Lucci, unpublished data); therefore, CER
variants overexpressing COX-2 may be expected to contain a higher overall pool of celecoxib-
resistant COX-2 than the parental cell line. To test our prediction, we compared the level of
COX-2 protein in CER variants and their parental cell lines by western blotting. Both SUM149-
CER and BSC60-CER produced significantly higher level of COX-2 protein than their parental
counterparts (Figs. 2 and 3). Although the basal level of COX-2 expression was superior in
SUM149 cell line than BSC60, the relative increase was higher in BSC60-CER (3.9-fold as
determined by densitometry of bands, 0.2819 ± 0.0439 versus 0.0732 ± 0.0139, p < 0.05) than
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SUM149-CER (2.9-fold, 0.4494 ± 0.0344 versus 0.1566 ± 0.0246, p < 0.05) as compared to
their parental cell lines.

Evidence of increased survival signaling in CER variants
Apart from supporting our hypothesis regarding the mechanism of celecoxib resistance, our
CER variants may provide an opportunity to investigate the COX-2 networks that are functional
in the context of aggressive and metastatic disease. In this regard, we focused on some known
members of anti-apoptosis/apoptosis machinery that appear to be linked with COX-2 in breast
cancer, namely Bcl-2, Bcl-xL, and Bax [19]. This linkage is based on findings from tumors in
MMTV-LTR-COX-2 transgenic mice and from COX-2 transfected MCF7 breast cancer cell
line [7]. Another reason we chose to analyze these proteins is for their well-known involvement
in pan-resistance to anti-cancer therapy [20].

We found by western blot analysis that the level of anti-apoptosis protein Bcl-xL increased
(2.2-fold increase in a representative blot) and the level of pro-apoptosis protein Bax decreased
(45% decrease in a representative blot) in SUM149-CER as compared to SUM149 (Fig. 2).
The Bcl-2 protein is produced at a relatively low level in SUM149 cell line, which did not
change significantly in the CER variant (Fig. 2). A similar analysis performed with BSC60-
CER showed that the level of Bcl-2 anti-apoptosis protein is increased (63% increase in a
representative blot) and the level of Bax protein is decreased (71% decrease in a representative
blot) in BSC60-CER as compared to BSC60 (Fig. 3B and 3C). The Bcl-xL protein is produced
at a comparable level in BSC60 and BSC60-CER. Overall these results indicate that the
increased level of COX-2 protein produced in CER variants is functional and linked with the
components of survival network in way which would be consistent with increased survival.

There is a noteworthy point regarding the Bcl-2 protein increase in BSC60-CER. This increase
as compared to the parental cell line was not observed in normal growth medium with 10%
FBS, but was observed when the cells were shifted to the low-serum medium for 24 h (Fig.
3B). This result implies that serum-mediated signaling may mask COX-2 specific signaling
under these growth conditions. Another important point pertains to the Bax protein decrease
in BSC60-CER. The decrease in Bax protein was not observed in an early passage (passage 4)
even though the COX-2 protein level was high at this stage (Fig. 3A); however, it was observed
in late passage (passage 11; Fig. 3C). The simple explanation of this result would be that
continued COX-2 expression may trigger some epigenetic alterations that are responsible for
a subsequent Bax decrease. Alternatively, COX-2 overexpression may trigger pro-apoptotic
effects in some subpopulations during early passage, thus causing an increase in Bax at this
stage, which would mask a decrease in true stable CER variants.

Stability of COX-2 protein overexpression in the CER variants
One important question that would be important in the clinical setting is whether the increased
COX-2 expression observed in the CER variants persists after celecoxib is not added to the
culture medium. Interestingly, we observed that lack of celecoxib for 8 days did not result in
any significant decrease in COX-2 protein level in SUM149-CER (Fig. 4A). In contrast, COX-2
overexpression in BSC60-CER cells was highly dependent on the continued presence of
celecoxib as a withdrawal of celecoxib for 5 days caused a dramatic decrease in the COX-2
protein level (Fig. 4B). One reason for this difference between the cell lines may be due to the
difference in the maximum amount of COX-2 tolerated by the cell lines.

Increased clonogenicity in the CER variants
Next, we investigated whether an increase in the COX-2 protein and associated increase in
Bcl-2/Bcl-xL, and decrease in Bax, would translate into increased clonogenicity of the CER
variants. The results of this in vitro assay often correlate with tumorigenicity in vivo and also
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with pan-resistance to anti-cancer therapies. We performed these assays under low-serum
conditions to increase the likelihood that the effects of survival pathways altered in CER
variants are observed and that the serum-mediated effects are minimized. We observed a
significant increase in the clonogenicity of both SUM149-CER and BSC60-CER as compared
to their parental counterparts (Fig. 5). As a technical issue, although both the cell lines yielded
similar results, this assay is better suited for SUM149-CER than for BSC60-CER. The BSC60-
CER requires a high concentration of FBS (minimum 3%) in this assay, and therefore the effects
of serum-mediated signaling are not minimized to the same degree as in case of SUM149-CER
(which requires only 0.5% FBS).

Effect of COX-2 knockdown
If increased COX-2 level is responsible for increased survival signaling in the CER variants,
specific knockdown of COX-2 should reverse this effect. To test this, we performed the siRNA
transfection experiment to knockdown COX-2. We performed these experiments with two
different COX-2 specific siRNAs (Silencer Select siRNAs s11472 and s11473 from Applied
Biosystems, Foster City, CA). The s11473 siRNA caused a superior knockdown of COX-2
than s11472 did (data not shown). The data presented in Figure 6 showed that s11473 siRNA
specifically knocked down COX-2 (69% decrease in normalized COX-2 amount based on β-
actin levels compared to the negative control siRNA transfected SUM19-CER cells in a
representative blot) and there was a corresponding decrease in Bcl-xL and Bcl-2 protein levels
(40 and 69% decrease in normalized amounts based on β-actin levels, respectively, in
representative blots) (Fig. 6A). Of importance, COX-2 knockdown resulted in a dramatically
reduced clonogenicity in SUM149-CER cell line (Fig. 6B). The decreased clonogenicity was
observed both as reduced number of colonies (a 76% decrease from 301 to 70 colonies per 10
cm dish in a representative experiment) and as reduced size of colonies in COX-2 siRNA-
transfected cells as compared to negative control siRNA-transfected cells. Transfection with
COX-2 specific siRNA also caused COX-2 knockdown under normal growth conditions (in
culture medium with 5% FBS; data not shown). We chose previously established clonogenicity
assay conditions, involving growth on low-FBS medium for this experiment to minimize the
effects of FBS.

Inhibition of CER variants with celecoxib plus chemotherapeutic drugs
The important issue from the translation perspective is how to deal with the problem of
celecoxib resistance. It seems logical that the problem may be easier to address sooner rather
than later, i.e., incorporate celecoxib therapy as a combination therapy early in the treatment
to minimize the expansion of CER variants. Our results indicate that since COX-2 (network)
is highly functional in CER variants, celecoxib may be beneficial against them when combined
with other therapy, e.g., chemotherapy. In this regard, a combination of celecoxib to either
paclitaxel or doxorubicin was significantly more effective in inhibiting clonogenicity of the
CER variants than the either chemotherapy drug alone (Fig. 7). We also noted that although
SUM149-CER cells are resistant to celecoxib for growth in their medium with 5% FBS,
celecoxib inhibited them significantly in the clonogenicity assay performed in medium with
0.5% FBS (Figs. 7A and 7B). We obtained a similar result with BSC60-CER, i.e., celecoxib
inhibited them in a clonogenicity assay performed under low-FBS (Figs. 7C and 7D). However,
this inhibition was less pronounced in BSC60-CER than that observed in SUM149-CER, which
could be partly because of the confounding effect of FBS since it was not technically possible
to reduce the FBS concentration below 3% for clonogenicity assays with BSC60. BSC60 cells
were unable to survive in this assay with less than 3% FBS concentration.
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DISCUSSION
COX-2 in the context of a heterogeneous disease

Cancer is a heterogeneous disease at several levels, including heterogeneity at the level of
tumor cell populations, a finding also observed in breast cancer cell lines. As a result, when
any therapy (targeted therapy, chemotherapy, or radiation therapy) is applied, some pre-
existing variants of the target cell population do not respond to therapy. This appears to be the
major cause of “pan-resistance” often encountered in the clinic, although it is possible that
therapy itself may modify the target cell population thus leading to resistance.

From the perspective of this study, cells are heterogeneous in a given breast cancer cell line
with regards to COX-2 expression, and COX-2 may contribute to heterogeneity via its role in
cancer stem-like phenotype [21]. Since COX-2 is involved in breast cancer metastasis, and
relatively safe COX-2 inhibitors are available, we decided to investigate the mechanisms of
potential resistance to COX-2 targeted therapy in the clinic. To increase the likelihood of
translation, we chose cell lines for this study that have been selected for metastasis and that
have robust COX-2 networks. Experimental models built on such cell lines would be ideal for
evaluating promising new therapies.

Apart from learning more about the mechanism of celecoxib resistance, the CER variants may
be valuable in evaluating new novel therapies since they have elevated level of functional
COX-2 (and associated networks that control cell survival) in the relevant background of
aggressive disease-causing ability. This is important because the COX-2 network can have
very different functional output depending upon the cell background, ranging from growth
arrest to cell survival and cell proliferation [e.g., see references 13,22]. Our CER variants and
their parental cell lines represent suitable isogenic pairs for investigating COX-2 signaling and
its therapeutic targeting. As an important conceptual point, we view COX-2 as a component
of networks wherein individual components of a network exhibit specific context-dependent
relationships, e.g., cooperation with NF-κB pathway and antagonism with p53 signaling at an
advanced stage of breast cancer [22]. The networks, rather than linear signaling better explain
the role of COX-2 in cancer.

In most models of cancer wherein COX-2 has a role, including mouse models of breast cancer,
COX-2 inhibition results in partial inhibition of tumor progression [e.g., see 14,23,24]. Similar
to our results in this study, two recent studies with mouse models of breast cancer, involving
C3 (1)-SV40 tumor antigen transgenic mice and 4T1 xenografts in mammary fat pad of BALB/
c and COX-2 knockout mice, provided evidence that an escape from COX-2 specific inhibitors
involves COX-2 overexpression in tumor cells [23,24]. Pertaining to the origin of CER variants
in our study and possibly the similar variants that drive escape from COX-2 inhibition in mouse
models [23,24], we favor a model wherein the variants and/or their precursors preexist prior
to celecoxib therapy. There is a significant cellular heterogeneity within cell lines with regards
to COX-2 protein level [21]. A high level of COX-2 protein may contribute to cellular
heterogeneity through several mechanisms, including genomic instability [6,7]. The cells with
a high level of COX-2 protein may also be endowed with a robust pro-survival network [19,
this study]. In addition, the results obtained after COX-2 knockdown (Fig. 6) support the
interpretation that a high level of COX-2 protein is linked with the anti-apoptosis apparatus in
SUM149-CER cell line. Such cells may survive both anti-COX-2 therapy and other therapies,
particularly if they are applied one at a time.

COX-2 signaling in IBC versus non-IBC
To briefly discuss similarities and differences between the IBC and non-IBC cell lines in their
response to celecoxib, both cell lines respond in a fundamentally similar manner, but with some
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differences. Both cell lines yield CER variants with a high COX-2 protein level; however, the
elevated level of COX-2 protein was more stable in SUM149-CER cell line upon celecoxib
withdrawal than in BSC60-CER cell line (Fig. 4). One reason for this difference between the
cell lines may be due to the difference in the maximum amount of COX-2 tolerated by the cell
lines. Our limited analysis of pro- and anti-apoptosis proteins showed that COX-2 is linked
with increased pro-survival signaling in both the backgrounds. This is not surprising given the
similarity of IBC gene expression signature with the aggressive non-IBC gene expression
signatures [25]. The difference between the CER variants was in the specific members of the
Bcl-2 family; BSC60-CER had an elevated level of Bcl-2 while SUM149-CER had an elevated
level of Bcl-xL (Figs. 2 and 3).

Both the CER variants had a decrease in pro-apoptosis protein Bax; this decrease occurred
sooner (early passage) in SUM149-CER than in BSC60-CER, the latter depending possibly
on an “evolution” that was forced by a high COX-2 expression in this background (Fig. 3A
and 3C). One simple explanation for this result is that continued COX-2 expression may trigger
some epigenetic alterations that are responsible for a subsequent Bax decrease. Alternatively,
COX-2 overexpression may trigger pro-apoptotic effects in some subpopulations during early
passage, thus causing an increase in Bax at this stage, which would mask a decrease in true
stable CER variants. It is noteworthy that MMTV-LTR-COX-2 transgene-driven breast tumors
have elevated Bcl-2 and reduced level of Bax as observed in the BSC60-CER variants in our
study [19]. However, the tumors in the transgenic mice have reduced level of Bcl-xL as opposed
to an increase in SUM149-CER. The explanation of this difference may lie in the epigenetics
of specific subpopulations of cancer cells. Finally, we noted that the BSC60-CER variants grew
to a significantly higher cell density on the dish than the parental cells. Such a property of the
CER variants may be indicative of their relative aggressiveness.

COX-2 addiction in aggressive breast cancer
There were several reasons to pursue our current study. The key issue is whether the breast
cancer cells that express COX-2 protein are addicted to it. The answer to this question may
produce different results depending upon the nature of COX-2 networks that could be
influenced by genetic and epigenetic changes within specific subpopulations of breast cancer
cells. Therefore, we thought it was important to analyze this issue in important disease contexts,
e.g., a human breast cancer cell line selected to metastasize (BSC60), and a human
inflammatory breast cancer cell line (SUM149). The previous cited studies were performed
with a transgenic mouse model and with a xenograft model in mice inoculated with a mouse-
derived breast cancer cell line. Furthermore, unlike our study analyzing COX-2 protein, the
COX-2 protein was not analyzed in any of those studies; it was inferred from the changes in
COX-2 RNA [23] or from circulating levels of prostaglandin F1α [24]. Thus our study is a
significant contribution to address the important issue of COX-2 addiction, and suggests that
COX-2 addiction may be a general phenomenon in the context of aggressive disease.

We have shown recently that a subpopulation of cells present within a cell line overexpress
COX-2, and that they are relatively resistant to low concentrations of celecoxib [21].
Importantly, COX-2high variants appear to behave like cancer stem cells that give rise to
COX-2low cells [21]. To explain the data presented here, we propose that the celecoxib-resistant
(CER) variants represent expansion of preexisting COX-2high variants, whereas majority of
cells are killed by celecoxib. Another possibility, which is not mutually exclusive, is that the
cancer cells are dependent on COX-2 activity for survival, and they must respond by
overproducing COX-2 protein to counter the inhibition of COX-2 enzyme activity by
celecoxib. The important point is that as long as cancer cells “depend” on COX-2 for survival,
it is a therapeutic target. The most important issue that we face is how to kill the CER variants.
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Our data in Figure 7 is informative in this regard. First, we showed that the celecoxib-resistant
variants selected in complete medium with 5% serum are inhibited dramatically with celecoxib
in clonogenicity assay which is performed under low serum (0.5%), indicating that resistance
involves cooperation with serum-mediated signaling. More importantly, we also showed
cooperation between celecoxib and chemotherapeutic drugs doxorubicin and paclitaxel. These
results could be more clearly demonstrated in SUM149-CER (which tolerates lower level of
serum than BSC60-CER for survival in this assay) than BSC60-CER (Fig. 7). Some other
studies have also provided evidence of cooperation between celecoxib and chemotherapeutic
drugs [e.g., 26–28]. We are currently pursuing several approaches to identify additional
targeted therapies to overcome celecoxib resistance.
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FIG. 1.
Morphology of cells. BSC60 (passage 9) and BSC60-CER (passage 7) cultures were allowed
to grow beyond confluency for a total 17 days, and were examined under a Nikon microscope.
Representative images of both the cultures photographed at 100X magnification with a digital
camera are shown. The CER variant reached a significantly higher cell density than the parental
cell line, which was confirmed by counting cells on day 18 (5.7 million cells/10 cm dish versus
2.3 million cells/10 cm dish respectively).
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FIG. 2.
Increased COX-2, increased Bcl-xL, and decreased Bax levels in SUM149-CER variants. The
cell lysates prepared from both the cell lines in normal growth conditions were subjected to
western blot analysis as described in Materials and Methods. Two exposures of the Bcl-2 blot
are shown- a light exposure (upper panel) identical to the Bcl-2 blot for BSC60 (Fig. 3A), and
a longer exposure to visualize the weak Bcl-2 band (lower panel). SUM149, passage 24;
SUM149-CER, passage 6.
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FIG. 3.
Increased COX-2, increased Bcl-2, and decreased Bax levels in BSC60-CER variants. The cell
lysates prepared from both the cell lines were subjected to western blot analysis as described
in Materials and Methods. A. Early passage cells grown in normal serum (10% FBS). BSC60,
passage 24; BSC60-CER, passage 4. B. Early passage cells (same as in A) were grown in
normal serum until subconfluency and then were shifted to low-serum (0.5% FBS) for 24 hours
before preparing cell lysates for a western blot. C. Late passage cells grown in normal serum
(10% FBS). BSC60, passage 13; BSC60-CER, passage 11.
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FIG. 4.
A decrease in COX-2 protein level upon celecoxib withdrawal from BSC60-CER. A. The
BSC60-CER cell line at passage 11 was cultured in parallel with or without 10 µM celecoxib
for one passage (5 days) before preparing the cell lysates for the western blot. B. The SUM149-
CER cell line at passage 6 was cultured in parallel with or without 10 µM celecoxib for one
passage (8 days) before preparing the cell lysates for the western blot.
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FIG. 5.
Increased clonogenicity in the CER variants than their parental cell lines. We performed the
assay in low-FBS medium as described in Materials and Methods. Comparison of the plates
showed that the CER variants are more clonogenic than the parental cell lines, and 2) the CER
variants are inhibited with celecoxib in this assay. Passage numbers: SUM149, 24 ; SUM149-
CER, 4; BSC60, 9; BSC60-CER, 7.
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FIG. 6.
Inhibition of survival signaling and clonogenicity in SUM19-CER cell line by COX-2
knockdown. A. SUM149-CER cell line at passage 6 was transfected with a negative control
siRNA or COX-2 specific siRNA and subjected to western blot analysis as described in
Materials and Methods. B. We performed a clonogenicity assay with SUM149-CER cells
transfected with a negative control siRNA or COX-2 specific siRNA in parallel with the
western blotting experiment shown in panel A. Representative western blotting and
clonogenicity assay results obtained in two experiments are shown.
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FIG. 7.
Inhibition of clonogenicity of the CER variants with a combination treatment. We added
Celecoxib (10 µM) or the DMSO solvent (as a control) along with different concentrations of
doxorubicin or paclitaxel (taxol) at day 1. A and B, SUM149-CER cells (passage 5) were plated
at 7,500 cells per 10 cm dish in a low FBS (0.5%) medium as described in Materials and
Methods and stained at day 25. C and D, BSC60-CER cells (passage 4) were plated at 7,500
cells per 10 cm dish in medium with normal amount of FBS (10%) and stained at day 13.
Comparison of the plates showed that 1) the CER variants are inhibited with celecoxib in this
assay, and 2) celecoxib cooperates with the chemotherapy drugs to inhibit clonogenicity.
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