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Abstract

Cohesive scientific evidence from molecular, animal,
and human investigations supports the hypothesis
that constitutive overexpression of cyclooxygenase-2
(COX-2) is a ubiquitous driver of mammary carcinogen-
esis, and reciprocally, that COX-2 blockade has strong
potential for breast cancer prevention and therapy. Key
findings include the following: (1) COX-2 is constitu-
tively expressed throughout breast cancer development
and expression intensifies with stage at detection, can-
cer progression and metastasis; (2) essential features
of mammary carcinogenesis (mutagenesis, mitogen-
esis, angiogenesis, reduced apoptosis, metastasis and
immunosuppression) are linked to COX-2-driven pros-
taglandin E2 (PGE-2) biosynthesis; (3) upregulation of
COX-2 and PGE-2 expression induces transcription of
CYP-19 and aromatase-catalyzed estrogen biosynthesis
which stimulates unbridled mitogenesis; (4) extrahe-
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patic CYP-1B1 in mammary adipose tissue converts
paracrine estrogen to carcinogenic quinones with muta-
genic impact; and (5) agents that inhibit COX-2 reduce
the risk of breast cancer in women without disease and
reduce recurrence risk and mortality in women with
breast cancer. Recent sharp increases in global breast
cancer incidence and mortality are likely driven by
chronic inflammation of mammary adipose and upregu-
lation of COX-2 associated with the obesity pandemic.
The totality of evidence clearly supports the supposition
that mammary carcinogenesis often evolves as a pro-
gressive series of highly specific cellular and molecular
changes in response to induction of constitutive over-
expression of COX-2 and the prostaglandin cascade in
the “inflammogenesis of breast cancer”.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Mammary carcinogenesis often evolves as a
series of highly specific cellular and molecular changes
in response to induction of constitutive over-expression
of cyclooxygenase-2 (COX-2) and the prostaglandin
cascade; reciprocally, agents that block COX-2 have
significant value in the chemoprevention and therapy of
breast cancer.
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INTRODUCTION

More than a century ago, Virchow ez al*? suggested that

October 10, 2014 | Volume 5 | Issue 4 |



Harris RE et a/. COX-2 and breast cancer

chronic inflammation leads to cancer development by
increasing cellular proliferationm. Various models of car-
cinogenesis have been proposed involving inflammatory
stimuli and mediators of wound healingﬂ'(’]. The recent
discovery of the inducible cyclooxygenase-2 (COX-2)
gene has rekindled interest in the causal link between
inflammation and cancet, and various models of carci-
nogenesis have been proposed involving inflammatory
stimuli and COX-2 expression[lm].

The current review synthesizes and interprets the ac-
cumulating body of evidence supporting COX-2 driven
inflammogenesis as a general model of breast cancer
development and the use of anti-inflammatory com-
pounds that block COX-2 for breast cancer prevention
and therapy. Evidence from molecular studies and meta-
analyses of COX-2-inhibiting agents and breast cancer
are discussed and based upon results, a general model of
inflammogenesis of breast cancer is proposed involving
induction of constitutive COX-2 over-expression and up-
regulation of the prostaglandin cascade.

COX, PROSTAGLANDINS AND
INFLAMMATION

Vane ¢t al'" discovered that the anti-inflammatory effects
of aspirin [and all other nonsteroidal anti-inflammatory
drugs (NSAIDs)] are primarily due to their inhibition of
cyclooxygenase, the rate-limiting enzyme of the prosta-

glandin cascade. Metabolism of the essential fatty acid,
arachidonic acid, »ia the cyclooxygenase pathway pro-
duces various prostaglandins that have a diverse array
of physiologic activities throughout the human system.
Indeed, these short lived molecules appear to control not
only the inflammatory response, but they also help regu-
late constriction of blood vessels, contraction of smooth
muscle, aggregation of platelets, sensitization of neurons
to pain, flux of intracellular calcium, cell division, apop-
tosis, and many other molecular events that are critical
for homeostatic physiology.

Two primary genes encode cyclooxygenase, a constitu-
tive gene (COX-7) and its inducible isoform (COX-2)"*",
The inducible COX-2 gene is the master switch that ac-
tivates the inflammatory response. Induction of COX-2
by any inflammatory stimulus (eg., tobacco, alcohol, isch-
emia, trauma, pressure, foreign bodies, toxins, bacteria,
viruses, lipopolysaccharides, e#.) quickly results in the
biosynthesis of prostaglandins of the E-series, particu-
latly prostaglandin E2 (PGE-2), and these prostaglandins
in turn orchestrate the inflammatory response.

The cyclooxygenase pathway produces various
prostaglandins, prostacyclins and thromboxanes from
arachidonic acid and other fatty acids. In the initial step,
COX catalyzes the oxidation of arachidonic acid to pros-
taglandin H-2 (PGH-2) which is rapidly converted to bio-
logically active prostaglandins by specific enzymes. For
example, PGH-2 is converted to the chief inflammatory
prostaglandin, PGE-2, by PGE-2 synthetase.

Prostaglandin structure and function depend upon
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the cell of origin and the level and type of catalytic COX
enzyme. COX-1 is constitutively expressed at basal levels
in many cells throughout the body, eg., gastrointestinal
epithelium, renal tubules, vascular smooth muscle and
blood platelets. Ordinarily, COX-1 expression is consti-
tutive and sustains low levels of prostaglandins that are
cytoprotective and maintain homeostasis. Conversely, the
COX-2 gene is silent (not transcribed) unless induced by
inflammatory stimuli. Induced COX-2 transcription and
expression markedly amplify the biosynthesis of PGE-2
which is the chief effector molecule of inflammation"”.

Under normal conditions, acute inflammation is a
tightly controlled self-limiting response to the offending
stimulus. The process involves the integration of multiple
cell types of the vascular and immune systems for the
purpose of targeting, capturing, degrading, and removing
the offending agent from the tissue under attack. Con-
current with acute inflammation, COX-2 expression and
PGE-2 production by endothelial cells, epithelial cells,
stromal cells, monocytes and lymphocytes increases up
to 100 fold of basal levels. Amplification of the COX-2
inflammatory cascade is triggered by recognition of pro-
inflammatory stimuli by toll-like receptors on the cell
membranes of exposed cells and activation of nuclear
factor kappa 3 (NF-«f3) which is often touted as a univer-
sal transcription factor'. In addition, a variety of cyto-
kines are secreted by infiltrating macrophages and other
cells of the innate immune system. In particular, tissue
necrosis factor @, y-interferon and interleukins 1 and 6
(IL-1 and IL-6), stimulate the production of acute phase
proteins such as C-Reactive protein, Amyloid A and com-
plement, which assist in the inflammatory responsem

With abatement of the inflammatory stimulus, specific
cytokines, particularly IL-1 and IL-0, exert feedback inhi-
bition causing COX-2 expression and PGE-2 production
to cease and the inflammatory process to subside. How-
ever, with sustained exposure to pro-inflammatory stimuli,
continued overexpression of the COX-2 inflammatory
cascade promotes the transition from acute to chronic
inflammation. Molecular studies suggest that specific cy-
tokines such as 11.-6 and 11.-1f are responsible for recruit-
ing monocytes to chronically inflamed tissues which may
in turn disrupt the inhibitory feedback loop by secreting a
variety of other pro-inflammatory cytokines"*'”,

Constitutive expression of the COX-2 gene and sus-
tained biosynthesis of PGE-2 appear to be irrevocably
linked to the initiation and promotion of mammary car-
cinogenesis. This review builds upon the evidence from
molecular studies of COX-2, the rate-limiting enzyme of
the prostaglandin cascade, reflecting its virtually ubiqui-
tous role in mammary carcinogenesis, and reciprocally,
epidemiologic studies documenting the beneficial impact
of COX-2 blockade in breast cancer prevention and
therapy.

Molecular studies are reviewed and updated data com-
piled to elucidate the role of COX-2 in the progression
of breast cancer”. Epidemiologic studies are reviewed
and composite estimates derived by meta-analysis to
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Figure 1 Cyclooxygenase-2 expression in the progression of breast can-
cer. COX-2: Cyclooxygenase-2.

quantify the impact of selective and non-selective agents
that reduce breast cancer risk by inhibition of COX-2",
Convincing evidence is presented showing that mammary
carcinogenesis often evolves as a progressive series of
highly specific cellular and molecular changes in response
to induction of constitutive over-expression of COX-2
and the prostaglandin cascade in the “inflammogenesis
of breast cancer”.

MOLELCULAR EVIDENCE: COX-2 IN
MALIGNANT AND PREMALIGNANT
MAMMARY NEOPLASMS

Molecular studies using immunohistochemistry and re-
verse transcriptase polymerase chain reactions (RT-PCR)
reveal that over-expression of COX-2 is a prominent fea-
ture of all stages of breast cancer. Furthermore, COX-2
is commonly found in premalignant lesions (dysplasia
and atypia), carcinoma iz situ, invasive cancer, and in par-
ticular, metastatic disease. In stark contrast to mammary
cell populations that are in various stages of carcinogen-
esis, COX-2 is ordinarily not detectable in normal (non-
inflamed) mammary tissues” "

The first investigation of COX-2 in human breast
cancer specimens was conducted using immunohisto-
chemistry and a human COX-2 primerm]. The study re-
vealed the presence of COX-2 protein in 13 of 13 inva-
sive human breast tumors, but not in samples of normal
breast tissue. There was a statistically significant linear
association between COX-2 and high (> 50%) tumor cell
density (P < 0.01) with COX-2 protein localized to tumor
cells.

Subsequently, molecular biologists from multiple inde-
pendent laboratories have consistently observed COX-2
over-expression in all stages of breast cancer™ ", Figure 1
shows the mean frequency of specimens over-expressing
COX-2 in the progression of mammary carcinogenesis.
Among studies of invasive breast cancer, 87% of speci-
mens were positive for COX-2 and 57% had high levels
of COX-2 expression. Significantly elevated frequencies
of specimens with high COX-2 expression were also ob-
served in premalignant lesions such as atypical hyperplasia
(44%) and ductal carcinoma 7 situ (65%). Furthermore,
several of the studies suggest that COX-2 expression is
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correlated with the metastatic spread of breast cancer and
has strong potential as a prognostic indicator of disease
severity and progression”"*>" ¥ By
studies have found negligible or very weak focal COX-2
expression in normal tissues. It is indeed remarkable that
high levels of COX-2 expression are evident throughout
mammary carcinogenesis.

In an important prospective study conducted by
Hartmann ¢z a/* at the Mayo Clinic, COX-2 expres-
sion was measured by immunohistochemistry in biopsy
specimens from 235 women with atypical hyperplasia of
the breast. Forty-one (17%) of the 235 women subse-
quently developed breast cancer during a median follow-
up of 15 years. Notably, COX-2 expression at baseline
was a significant predictor of risk. Compared to women
without atypia, the cumulative incidence of breast cancer
increased with increasing COX-2 expression, relative risk
(RR) = 2.6 for weak or negligible expression, RR = 3.6
for moderate expression and RR = 5.7 for strong expres-
sion. The authors concluded that “COX-2 appears to
be a biomarker that further stratifies breast cancer risk
among women with atypia and may be a relevant target
for chemoprevention strategies”[43’44].

The molecular evidence clearly demonstrates that
COX-2 over-expression is not only an early event in the
genesis of breast cancer, but is present throughout the
entire evolutionary process of breast cancer development
and progression. Thus, COX-2 may be a useful biomark-
er of impending cancer and a prime target for molecular
intervention in breast cancer prevention and therapy™.

comparison, all

COX-2 BLOCKADE IN BREAST CANCER
PREVENTION AND THERAPY

The molecular evidence suggests that induction and con-
stitutive upregulation of COX-2 and the prostaglandin
cascade play a significant role in mammary catcinogen-
esis. But if inflaimmogenesis of breast cancer is to be
upheld as a viable model, then the reciprocal relationship
must also be true, vis a vis., blockade of COX-2 should
have significant inhibitory impact against mammary car-
cinogenesis. Critical evidence from animal and human
investigations is discussed next.

Animal studies of breast cancer and COX-2 blockade

In the past quarter century, several independent investiga-
tions employing animal models of mammary carcinogen-
esis have generated compelling evidence that NSAIDs
have significant and consistent chemopreventive effects
against breast cancer development.

Karmali ez a/***" first observed chemopreventive
effects of NSAIDs against breast cancer and also eluci-
dated differential effects of essential dietary fatty acids in
prostaglandin (PG) biosynthesis and tumor promotion.
Their studies showed that dietary supplementation with
the n-6 fatty acid, linoleic acid, promoted tumor growth
and development zia enhanced arachidonic acid metabo-
lism and elevated levels of PG activity, whereas the n-3
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Figure 2 Effects of selective cyclooxygenase-2 blockade on DMBA-induced
breast cancer in Sprague-Dawley rats®",

essential fatty acid, linolenic acid, had the opposite effect.

In several subsequent preclinical investigations of
chemically induced breast cancer, supplemental admin-
istration of general NSAIDs such as aspirin, ibuprofen,
piroxicam, sulindac, and others, in the diet or drinking
water consistently reduced the growth and progression
of breast tumors™™. The molecular basis for the anti-
neoplastic effects of these general NSAIDS is linked to
their inhibition of cyclooxgenase gene expression and
enzyme activity. However, general NSAIDs have nonse-
lective activity against both COX-1 and COX-2.

It is therefore important to note that recent preclinical
studies have demonstrated even stronger antineoplastic
effects of selective COX-2 inhibitors such as celecoxib,
rofecoxib, valdecoxib, and nimesulide against breast can-
cer. Harris and colleagues initially reported that celecoxib
markedly reduced the incidence of DMBA-induced
breast cancer in Sprague-Dawley female rats™'. In their
study, celecoxib reduced the incidence of breast cancer
by 70% compared to controls. In the same trial, ibupro-
fen reduced the incidence of breast cancer by 40% (Figure
2). Further evidence for the primary role of COX-2 in
mammary carcinogenesis comes from transgenic mouse
models in which the overexpression of COX-2 is suf-
ficient to induce malignant transformation of normal
epithelial cells of the mammary gland[szl.

In summary, animal models of carcinogenesis provide
compelling evidence that NSAIDs inhibit growth and
development of breast tumors. While preclinical inves-
tigations provide consistent evidence that both selective
and nonselective NSAIDs inhibit chemically induced car-
cinogenesis of mammary epithelial tumors, the strongest
antineoplastic effects are clearly the result of intervention
by administration of COX-2 blocking agents.

Human studies of non-selective COX-2 inhibitors and
breast cancer

Meta-analysis of NSAIDs and breast cancer: Inde-
pendent estimates from 37 studies were used in an updat-
ed meta-analysis of over-the-counter NSAIDs (primarily
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aspitin or ibuprofen) and breast cancer™ ", These reports
were ascertained by a search of MEDLINE in the pe-
riod 1970-2013 using combinations of key words: breast
cancer with NSAIDs, aspirin and ibuprofen. Methods
developed by Schlesselman and Greenland were adapted
for combined analysis of the data from these studies”>”.
Estimates of RR and 95% confidence intervals wete con-
verted to In(RR) with corresponding variance estimates
(v). The combined estimate of risk in logarithmic form,
InRR*)=YIn(RR)w/Y w, was obtained by weighting indi-
vidual estimates by w=1/v. A Zz test of heterogeneity was
utilized to test for differences among studies.

RR with 95%Cls from these reports are shown in Fig-
ure 3. Among the 37 estimates, 25 were significantly less
than 1.0 and only one was significantly greater than 1.0.
The test for heterogeneity was not significant and the com-
posite estimate shows a 25% reduction in the relative risk
of breast cancer with regular use of aspirin or other OTC
NSAIDs (Combined RR = 0.75, 95%CI: 0.67-0.84, P <
0.001).

Our review and meta-analysis of data from the epi-
demiologic literature therefore provides compelling evi-
dence that regular intake of NSAIDs that nonselectively
block COX-2 protects against the development of breast
cancet. When data are combined by meta-analysis, it is
estimated that regular NSAID intake is associated with
a 25% reduction in overall breast cancer risk. This esti-
mate is similar to the results of earlier meta-analysis by
Gonzalez-Pérez et al™ who reported a 23% reduction in
breast cancer risk with NSAID use”™. The available data
suggest that significant reductions in breast cancer risk
occur with 5 or more years of using low dosages of as-
pirin or other NSAIDs on a regular basis and long term
studies suggest that the risk declines to maximal levels
with regular intake for 10-20 years"!. It is also notable
that some studies have found that NSAIDs may have a
greater effect against estrogen receptor positive breast

[72,77,80,86]
cancer

, and in one such study, a genetic poly-
morphism of the COX-2 gene was associated with a sig-
nificant reduction in the risk of estrogen positive breast

[80]
cancer

Study of selective COX-2 inhibitors and breast cancer
Based on the epidemiologic evidence that nonselective
NSAIDs reduce human breast cancer risk, we initiated a
case control study of selective COX-2 inhibitors to as-
sess their effects on the relative risk of breast cancer. The
study was conducted for women diagnosed with breast
cancer during the window of time (1998-2004) in which
two selective COX-2 inhibitors, celecoxib and rofecoxib,
were available by prescription in the United States. In the
study, 323 cases with pathologically confirmed invasive
breast cancer were compared to 649 controls without
cancer who were frequency-matched at a 2:1 rate to the
cases by age and county of residence”

Results of the investigation are shown in Table 1.
Coxib use reduced the risk of breast cancer development
by 71% (OR = 0.29, P < 0.01). Significant reductions in
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Combined RR = 0.75, 95%CI: 0.67-0.84

Figure 3 Meta-analysis of breast cancer and nonsteroidal anti-inflammatory drugs. Estimates of relative risk (RR) and 95%Cl are shown for individual studies.
The horizontal dotted line reflects the combined estimate of RR = 0.75, 95%Cl: 0.67-0.84, P < 0.001.

Table 1 Breast cancer and cyclooxygenase-2 blocking agents: 0.9 - ] Aspirin
1791 [ Ibuprofen

Results of a case control study

0.7 0 Coxib
Agent OR (95%Cl) 0.6
COX-2 inhibitor 0.29 (0.14-0.59) g 05
Tbuprofen 0.37 (0.18-0.72) 0.4
Regular aspirin (325 mg) 0.51 (0.27-0.98) 0.3
Low dose aspirin (81 mg) 0.77 (0.41-1.41) 0.2
Acetaminophen 1.02 (0.39-2.20) 0.1
Selective COX-2 inhibitors: Celecoxib or Rofecoxib 0.0 p . . o
e 3(\(;6 a(\ce a(\(,e 09;\\,
s @ o © xe © ¢ o
COX-2: Cyclooxygenase-2. Be? © \)(05‘3 wee «

Figure 4 Comparison of selective and non-selective cyclooxygenase-2

. i 0
breast cancer risk were also noted for ibuprofen (63%0) inhibitors in cancer prevention. Bars represent 95%Cl of each estimate”*".

and regular 325 mg aspirin (49%) but not for low dose
(81 mg) aspirin (23%). There was no effect of acetamino-
phen, an analgesic without COX-2 inhibiting properties
(OR = 1.02). The inverse pattern of risk for acetamino-
phen, low dose aspirin, regular aspirin, ibuprofen and

inhibiting agents were also evaluated. Effects of specific
agents were quantified by estimating relative risks (or
odds ratios) adjusted for cancer risk factors with standard

coxibs was significant by a linear trend test (P < 0.05) errors and 95%Cls. Ig each study, e.stimat.es for specific
suggesting that chemopreventive effects become progres- compounds were derived by.compaﬂson with a reference
sively stronger with greater selective COX-2 inhibition. group that did not report using any type of NSAID. Fur-

thermore, acetaminophen, a commonly used analgesic
Comparative studies of breast cancer and other with little or no activity against either COX-1 or COX-2
neoplasms was always evaluated as a comparator drug. Meta-analysis

During the time period 1987-2008, we conducted a series as described above was applied to examine effects of in-
dividual compounds for each individual cancer and across

of epidemiologic studies of NSAIDs and cancers of i P 00.101]
the breast, prostate, colon and lung”™ ™| Five of all malignancies :
these studies focused on cancer of the breast. In each Figure 4 presents the individual and composite risk
investigation, information was obtained about the entire ~ €stimates for the four cancer sites with exposure to
profile of NSAID use for each participant including regular aspirin, ibuprofen or selective COX-2 inhibi-

both over-the-counter and prescription drugs. All studies tors (celecoxib or rofecoxib). Daily intake of a selective
were designed to specifically evaluate and compare the ~ COX-2 inhibitor (cither celcoxib or rofecoxib) produced
two major over-the-counter compounds, aspirin and ibu- a significant reduction in the risk for each type of cancer

profen. Following their FDA approval, selective COX-2 (71% for breast cancer, 55% for prostate cancer, 70% for
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colon cancer, and 79% for lung cancer). The observed
chemopreventive effects of coxibs wete associated with
recommended daily doses of celecoxib (median dose =
200 mg) or rofecoxib (median dose = 25 mg). Signifi-
cant risk reductions of slightly lesser magnitude were
observed for over-the-counter NSAIDs with nonselec-
tive COX-2 activity, such as regular (325 mg) aspirin and
(200 mg) ibuprofen. Daily intake of baby (81 mg) aspirin
produced marginally significant risk reductions for colon
cancer and lung cancer, but did not significantly reduce
the risk of breast cancer or prostate cancer whereas daily
acetaminophen, an analgesic without COX-2 activity, did
not produce a significant change in the risk of any of
the cancers studied. Composite risk reductions of 64%,
53% and 46% were observed for the selective COX-2
inhibitors (either celecoxib or rofecoxib), ibuprofen and
aspirin, respectively; a significant dose response pattern
that is consistent with the degree of selective COX-2
blockade (celecoxib > ibuprofen > aspirin).

Notably, selective COX-2 inhibitors (celecoxib and
rofecoxib) were only recently approved for use in 1999.
In 2004, rofecoxib (Vioxx) was withdrawn from the mar-
ketplace due to concerns about cardiovascular risk. Nev-
ertheless, even in the short window of exposure to these
compounds, the selective COX-2 inhibitors produced
significant reductions in the risk of the four major hu-
man cancers (breast, prostate, colon, and lung). It is also
important to note that ibuprofen produced effects similar
in magnitude to the coxibs which is consistent with its
high activity against COX-2. These results tend to sub-
stantiate the important role of COX-2 in catcinogenesis,
and reciprocally, the strong potential for selective COX-2
blockade in cancer chemoprevention.

Therapeutic studies of NSAIDs in human breast cancer
Randomized clinical trials of nonselective COX-2 inhibi-
tors such as aspirin and ibuprofen for human cancer
therapy are lacking. Nevertheless, since these drugs are
frequently regularly taken for pain relief in randomized
clinical trials of cancer, some investigators have examined
their therapeutic impact among patients.

Remarkably, the treatment-adjusted hazard ratios for
NSAID users show significant reductions of recurrence
risk or death in three cohorts of breast cancer patients. It
is emphasized that effects of ibuprofen and aspirin esti-
mated from these studies are adjusted for stage at cancer
detection, surgical treatment, chemotherapy, radiation
therapy and other prognostic indicators such as age, race
and gender.

Kwan ef al'" examined the association between
NSAID use and breast cancer recurrence among 2292
women diagnosed with breast cancer in the Life After
Cancer Epidemiology Study. They observed that regular
ibuprofen users experienced 44% less recurrence than
non-users after five years of follow-up.

Blair ¢z o/ examined effects of NSAID intake on
survival after invasive breast cancer diagnosis among 591
postmenopausal women ascertained through the Iowa
Women’s Health Study. Compared to nonusers, women
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who regulatly took an NSAID experienced a 36% reduc-
tion in breast cancer mortality and a 43% reduction in all-
cause mortality after approximately 10 years of followup.

Holmes ¢ /'™ examined effects of taking aspirin
or non-aspirin NSAIDs such as ibuprofen among 4164
women presenting with invasive breast cancers in the
Nurses Health Study. They found that aspirin intake after
breast cancer diagnosis was associated with a decreased
risk of breast cancer recurrence, death from breast cancer
and death from any cause. Significant decreases in breast
cancer mortality of 71% and 64% were noted for aspirin
intake 2-5 times per week and 6-7 times per week, respec-
tively. More limited results from the study suggested that
daily intake of non-aspirin NSAIDs also reduced breast
cancer mortality whereas acetaminophen use showed no
evidence of survival benefit.

MODEL OF INFLAMMOGENESIS OF
BREAST CANCER

Interaction of mammary epithelium and adipose tissue
White adipocytes are intimately and inseparably con-
nected to the parenchyma of the human female breast
throughout life"™. These cells provide the nutrients es-
sential for the morphogenesis, maturation and function
of the mammary epithelium. Homeostasis of the breast
epithelium therefore depends vitally upon the integrity
of the adipocyte population of the mammary gland. Far
from being an inert fat storage depot and energy resource
for parenchymal cells (e.g., the mammary epithelium),
white adipose tissue is an active endocrine organ that
secretes a variety of bioactive proteins collectively called
adipokines“%]

Obesity, inflammation and breast cancer

Recent data from the World Health Organization and
the International Agency for Research on Cancer reflects
a 20% increase in the global incidence of breast cancer
and a 14% increase in breast cancer mortality during the
past five years'"”. These increases are most likely largely
attributable to the global pandemic of obesity that influ-
ences breast cancer development and progression.

In molecular studies of tissues from humans and
animals, obesity leads to inflammation and infiltration of
mammary and visceral adipose tissue by macrophages
with activation of NF-kB, overexpression of COX-2 and
hypersecretion of PGE-2 and pro-inflaimmatory media-
tors and adipokines such as leptin, resistin, IL.-6, IL-13
and tumor necrosis factors (INF)-o"™""", Furthermore,
COX-2 driven PGE-2 biosynthesis induces transcription
of CYP-19 and aromatase-catalyzed production of estro-
gen in a paracrine mechanism. Local estrogen biosynthesis
in the breast parenchyma has been hypothesized to be a
key feature of breast cancer development, particularly in
postmenopausal women'" >,

Inflammogenesis of breast cancer by COX-2: Molecular

mechanisms
Various molecular mechanisms may be responsible for
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Figure 5 Model of COX-2-driven inflammogenesis of breast cancer. Key steps in the transition of normal mammary ductal epithelium to invasive cancer are as
follows: (1) Healthy mammary adipose maintains homeostasis of the mammary epithelium; (2) Pro-inflammatory stimuli (e.g., adipokines, cytokines and n-6 PUFA)
induce macrophage infiltration and chronic inflammation of the mammary stroma; (3) COX-2 is upregulated and constitutively expressed by adipocytes, immune cells
and epithelial cells; (4) COX-2-catalyzed PGE-2 induces transcription of the CYP-19 gene and aromatase-catalyzed estrogen biosynthesis by adipocytes; (5) Estrogen
stimulates estrogen receptors of epithelial cells to promote cell proliferation; (6) PGE-2 induces CYP-1B1 in epithelial cells resulting in hydroxylation of estrogen that
is converted to estrogen quinone that has mutagenic impact; and (7) PGE-2 induces a profile of genes in epithelial cells that promote angiogenesis, loss of apoptosis,
immunosuppression and metastasis (see text for discussion). COX-2: Cyclooxygenase-2; PGE-2: Prostaglandin E2; n-6 PUFA: n-6 polyunsaturated fatty acids.

the initiation and promotion of mammary carcinogenesis
by COX-2. It is indeed remarkable that the induction of
constitutive COX-2 expression and PGE2 biosynthesis
are sufficient to stimulate all of the key features of mam-
mary carcinogenesis including mutagenesis, mitogenesis,
angiogenesis, metastasis, inhibition of apoptosis and im-
munosupression with reduced antineoplastic activity of
T and B lymphocytes. These mechanisms are thoroughly
reviewed and discussed elsewhere, ¢.g., Shiff e al"™ and
Subbaramaiah ez /'

As depicted in Figure 5, continuous over-expression
of COX-2 can initiate and promote carcinogenesis by (1)
increasing production of PGE-2 and other prostaglan-
dins that strongly promote cell proliferation, e.g., correla-
tive up-regulation of the gene for aromatase (CYP19) and
estrogen biosynthesis in stromal cells, or activation of
epidermal growth factor receptor (EGFR) that stimulate
an intracellular cascade of mitogenic signaling (mitogen-
esis); (2) increasing production of estrogen quinones and
other reactive oxygen species, ¢.g., malondialdehyde, that
are carcinogenic (mutagenesis); (3) stimulation of vascu-
lar endothelial growth factor (VEGF) and platelet derived
growth factor by PGE-2 resulting in de novo formation
of blood vessels (angiogenesis); (4) increasing production
of matrix metalloproteinases (MMP) »iz co-expression of
COX-2 and the Her-2/Neu gene, thus enhancing invasive
potential (metastasis); (5) stimulating telomerase expres-
sion, decreasing bioavailable arachidonic acid pools nec-
essary for conversion of sphingomyelin to ceramide, and
stimulation of the Be/-2 gene and inhibition of the BAX
gene thereby reducing cell differentation and apoptosis
(anti-apoptosis); and (6) inhibiting proliferation of B and
T lymphocytes, particularly natural killer T' cells, thus lim-
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iting antineoplastic activity (immunosuppression). All of
these processes are discussed in some detail below.

Induction of COX-2

A key event in the carcinogenic process is induction of
constitutive expression of the COX-2 gene. Molecular
studies from multiple laboratories reveal that adeno-
carcinoma of the breast is characterized by aberrant
over-expression of COX-2 by breast cancer epithelial
cells® . As shown by Karmali ez a/''® Rose ez al'"”,
and others™ arachidonic acid production, COX-2 ex-
pression, and prostaglandin biosynthesis are increased 7
vivo by dietary n-6 polyunsaturated fatty acids (n-6-PU-
FAs) such as unconjugated linoleic acid, and decreased
by n-3-PUFAs such as linolenic acid. High dietary intake
of n-6-PUFAs may therefore be an important factor in
the induction of constitutive COX-2 expression. This
mechanism is compatible with the high rates of cancers
of the breast, colon and prostate (neoplasms that char-
acteristically over-express COX-2) in populations where
n-6-PUFAs, particularly unconjugated linoleic acid, are
abundant in the diet. The COX-2 enzyme efficiently
catalyzes the conversion of essential dietary fats (prin-
cipally arachidonic acid and unconjugated linoleic acid)
into prostaglandins[mo’l13‘“8].

Obesity has reached epidemic proportions in most
industrialized nations in association with increased rates
of a variety of chronic conditions such as type 2 diabe-
tes, coronary heart disease and certain malignant neo-
plasms including breast cancer. The obese phenotype
is characterized by the presence of fat-laden adipocytes
that secrete pro-inflammatory adipokines (eg., leptin and
resistin) and stimulate infiltration of the mammary fat by
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macrophages which secrete pro-inflammatory cytokines
(e.g., IL-6 and TNF-q). Since the COX-2 gene contains
multiple promoter binding sites, these effector molecules
may also participate in signal transduction cascades to in-
duce constitutive overexpression of COX-2 and PGE-2
biosynthesis"™>'""* """ Furthermore, i vifro studies of
breast cancer tissues suggest that mutations or methyla-
tion of CpG islands at binding sites for these transcrip-
tion factors in the promoter region of the COX-2 gene
regulate the induction of COX-2 transcriptionmg]. Thus,
induction of constitutive COX-2 genetic expression may
involve synergistic interactions between a number of
micro-environmental epigenetic and genetic cofactors.

Mitogenesis

The COX-2 enzyme efficiently catalyzes the conversion
of essential dietary fats (principally arachidonic acid and
unconjugated linoleic acid) into prostaglandins. Induction
of constitutive over-expression of COX-2 in a cell pre-
dominantly increases the biosynthesis of PGE-2, which
is the chief prostaglandin of the inflammatory cascade.
This short-lived intercellular hormone is capable of in-
ducing the transcription of specific genes in the nucleus
of nearby cells. In particular, PGE-2 has been found to
stimulate the transcription of genes that have powerful
mitogenic effects.

Importantly, it has recently been discovered that there
is a strong link between prostaglandins and a paracrine
mechanism of estrogen biosynthesis. This occurs when
the chief prostaglandin, PGE-2, activates the promoter
II region of the aromatase gene (CYP-79), which is re-
sponsible for local estrogen biosynthesis catalyzed by aro-
matase'?. Furthermore, several molecular studies have
revealed a significant correlation between up-regulation
of cyclooxygenase expression and CYP-19 transcription
and aromatase-catalyzed estrogen biosynthesis in breast
cancer tissues'"'""*"'* Notably, this mechanism has
been demonstrated in other malignant neoplasms includ-
ing cancers of the lung, colon, and prostate and may in
fact be a ubiquitous feature in cancer promotion and
development“zmm. Cleatly, the established molecular link
between heightened levels of n-6 polyunsaturated fatty
acids, COX-2, PGE-2, aromatase and estrogens, provides
a basis for mammary carcinogenesis through unbridled
mitogenesis.

An additional mitogenic mechanism is PGE-2 ac-
tivation of EGFR that in turn triggers cell division
through the mitogen-activated protein kinase (MAPK)
cascade™™). Polakis ez al"™" discovered that PGE-2 rap-
idly phosphorylates EGFR and triggers the extracellular
kinase, ERK-2, thereby activating the mitogenic signaling
cascade in normal gastric epithelium and colon cancer.
Their studies indicate that PGE-2-induced EGFR trans-
activation involves signal transduction »ia TGF-o and
activated MMP. Other investigators have confirmed that
co-expression of COX-2, PGE-2, and EGFR results in
mitogenic activation in precancerous and cancerous tis-
sues of multiple anatomic sites’"™. In a recent molecu-
lar study of COX-2 and EGFR in human breast cancer
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tissues from 55 patients, COX-2 expression was detected
in cancer cells of more than 95% of specimens and
EGFR expression was found to be dependent on COX-2
upregulation*’,

Other COX-2 driven mechanisms may also be in-
volved in delimiting cell proliferation of the ductal
epithelium of mammary tissues. For example, PGE-2
expression is associated with disruption of contact inhi-
bition in malignant cells from specimens of cancerous
tissues from multiple anatomic sites.

Molecular examination of colon cancer specimens
first revealed accumulation of the cell adhesion molecule,
beta-catenin, in the nucleus of malignant cells" . Cell
adhesion is under the control of the gene for adeno-
matous polyposis coli (APC) and involves maintenance
of the integrity of a molecular cell adhesion complex
comprised of beta-catenin, APC protein, T-cell factor
and actin. Familial adenomatous polyposis is caused by
a mutation of the APC gene that causes dissociation
of these cell adhesion complexes and the migration of
beta catenin to the cell nucleus where it activates one of
the peroxisome proliferator activated receptors (PPAR
gamma) on the nuclear membrane. Castellone ez al™’
conducted a series of experiments demonstrating that
inhibition of PGE-2 biosynthesis by NSAIDs effectively
reduces the accumulation of beta-catenin and the pro-
gression of colon cancer. Based on their results, over-
expression of COX-2 with increased PGE-2 biosynthesis
and binding to its receptor in turn activates a cytoplasmic
G-protein receptor that binds axin thereby reducing
phosphorylation of beta-catenin. This chain of molecu-
lar events leads to dissociation of the adhesion complex,
accumulation of unphosphorylated beta-catenin in the
cell nucleus, activation of the nuclear receptor, PPAR-
gamma, and stimulation of cell proliferation through
transcription of cell cyclin genes. Recent molecular
studies suggest that this mechanism is not limited to the
colon; that 1s, induction of cyclooxygenase and increased
PGE-2 can result in cellular beta-catenin accumulation,
nuclear PPAR-gamma activation, and subsequent cell
proliferation and carcinogenesis in a variety of tissues in-

cluding the mammary Cpitheliumm&”g].

Mutagenesis
Accumulated mutagenic damage to DNA is believed to
contribute substantially to the etiology of breast cancer.
Notably, there is strong experimental evidence to support
the role of estrogen metabolites as carcinogenic agents.
Specifically, the metabolism of estrogens by certain en-
zymes of the cytochrome P450 system produces catechol
estrogens that can be further oxidized to form quinones
that react directly with DNA or undergo redox cycling
to generate reactive oxygen species that cause oxidative
damage to DNA. This mechanism is of major signifi-
cance in chronically inflamed breast tissue (e.g., in obese
women) wherein PGE-2 activates aromatase-catalyzed
estrogen biosynthesis.

The quinone metabolites of estrogen are formed
by the action of the same cytochrome P450 enzymes
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responsible for the metabolism of polycyclic aromatic
hydrocarbones (cytochrome P450 isoforms CYP-1A1,
CYP-1B1, and CYP-3A). While most P450 enzymes are
produced in the liver, CYP-1B1 is constitutively expressed
in the mammary gland and other extrahepatic tissues. In
the mammary gland, CYP-1B1 preferentially metabolizes
estrogen to 4-hydroxyestrogen which is oxidized to form
carcinogenic 3,4 estrogen quinone which in turn forms
unstable adducts with adenine and guanine in DNA,
leading to depurination and mutation zz vitro and in vivo.
Reduction of estrogen quinones to hydroquinones and
catechols can also form reactive oxygen species by redox
recyclingﬂm’uﬂ.

Another established mechanism of mutagenesis in-
volves constitutive COX-2 expression and intermediate
compounds formed by activation of the prostaglandin
cascade. It is well known that lipid peroxidation in the hu-
man system generates reactive electrophilic compounds
that have mutagenic potential. COX catalyze the two-step
oxidation and peroxidation of arachidonic acid to form
the intermediate prostaglandin endoperoxides, PGG-2
and PGH-2!14#5 1415148, Spontaneous breakdown of
PGH-2 yields the mutagen, malondialdehyde (MDA)
plus hydroxyheptadecatreionic acid, and specific enzymes
of the cytochrome P450 system as well as thromboxane
synthetase can also catalyze the breakdown of PGH-2
to MDA Malondialdehyde reacts with DNA under
physiological conditions to form DNA adducts, predomi-
nantly pyrimidopurinone adducts of deoxyguanosineﬂso].
Sharma e a/"" demonstrated that induction of COX-2
in human non-malignant colon epithelial cells produced
increases in PGE-2, MDA, and characteristic DNA ad-
ducts that were similar to the levels observed in malig-
nant colon epithelial cells. These findings underscore the
potential for carcinogenesis due to oxidative damage and
mutagenesis attributable to constitutive over-expression
of COX-2.

Angiogenesis

VEGTE is a potent stimulant of de novo blood vessel
formation (angiogenesis) in a variety of tissues. Once be-
lieved present only in the endothelial lining of blood ves-
sels, VEGFE has now been discovered in virtually all types
of cancers™'>. Molecular investigations of breast can-
cer tissues provide strong evidence that COX-2-derived
PGE-2 stimulates the synthesis and release of VEGF
resulting in angiogenesis and ingrowth of new blood
vessels that are immature and highly permeable thereby
facilitating metastatic spread of tumor cells"™**, Tu-
mor secretion of VEGF (and other growth factors) may
further amplify COX-2 expression in a positive feedback
loop to produce lymphangiogenesis“ss’156]. Notably, inhi-
bition of this vicious cycle by COX-2 inhibiting agents
such as celecoxib has been found to limit angiogenesis
and halt the progression and metastatic spread of tumors
in animals"",

Suppression of apoptosis
Apoptosis or controlled cell death is an important regula-
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tory mechanism for the maintenance of homeostasis in
cell populations. Dysfunctional apoptosis results in im-
mortalization of cells, a key feature of cancer cells. Inflam-
mation, COX-2 over-expression, and increased PGE-2 are
clearly anti-apoptotic, whereas, anti-inflammatory com-
pounds that inhibit COX-2 are pro-apoptotic”*>'*!1>1%,

Apoptosis is regulated by an intrinsic pathway that
originates inside the cell and an extrinsic pathway that
originates outside the cell and in molecular studies of
breast cancer tissues, both pathways are inhibited by
15916 The intrinsic pathway in-
volves mitochondrial release of cytochrome ¢ and activa-
tion of caspase 9 and other enzymes that destroy the cell.
Intrinsic apoptosis is triggered when the expression of
two nuclear genes, Bcl-2 and BAX, favors BAX. Notably,
COX-2 over-expression and prostaglandin biosynthesis
promotes Bcl-2 and inhibits BAX, thereby blocking in-
trinsic apoptosis“so’mo].

The extrinsic pathway involves activation of death
receptors on the cell membrane by TNF-q, -f§ and other
epigenetic factors. This results in activation of caspase 8
and other enzymes that destroy the cell. Over-expression

of COX-2 attenuates activation of this mechanism there-
[161]

COX-2 over-expression

by blocking extrinsic apoptosis

Compounds that inhibit COX-2 and PGE-2 appear
to enhance both intrinsic and extrinsic apoptosis and as a
consequence, COX-2 inhibitors used in combination with
radiation show beneficial synergism in the elimination of
cancer cells in inoperable solid tumors '), Nonsteroidal
anti-inflammatory drugs have also been found to increase
apoptosis by other mechanisms, e.g., by increasing bio-
available arachidonic acid pools necessary for conversion
of sphingomyelin to ceramide since ceramide accumula-
tion in the cell triggers apoptosis“(’“. In an interesting
study of a breast cell line immortalized by introduction of
the human telomerase gene, a selective COX-2 inhibitor,
celecoxib, induced apoptosis and inhibited growth in asso-

ciation with upregulation of insulin-like growth factor"®!,

Metastasis

The Her-2/Neu oncogene is a member of the EGFR
family. It is an important mediator of cancer cell growth
and metastasis. Koki e# @/ and Subbaramaiah ez a/'*"
demonstrated that COX-2 and Her-2/Neu are co-ex-
pressed in breast cancer tissues. Co-expression of COX-2
and Her-2/Neu stimulate the MAPK/AP-1 signaling cas-
cade. When the Her-2/Neu receptor protein is activated,
multiple other factors are activated that promote tumor
development and metastatic spread of cancer cells'”.
Overexpression of Her-2/Neu is now widely used by cli-
nicians as a biomarker of poor prognosis and metastasis
for patients with invasive breast cancer "\

Molecular studies of breast cancer tissues have dem-
onstrated that high levels of COX-2 and PGE-2 are
correlated with amplified Her-2/Neu expression and in-
creased activity of MMP"*'", The MMP are proteolytic
enzymes that degrade basement membranes and are thus
associated with tumor invasiveness, metastasis, and poor
survival. Reciprocally, in animal models of breast cancer,
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agents that inhibit COX-2 or block membrane receptors
of PGE-2 have been found to reduce Her-2/Neu and
MMP levels thereby decreasing the metastatic potential

170,171
of cancer cells! I

Immunosuppression

Immunosuppression is a characteristic feature of cancer
patients that correlates with disease promotion and pro-
gression. It is an interesting paradox that COX-2 over-
expression and prostaglandin biosynthesis empowers
cancer cell proliferation, immortalization, and metastasis
on the one hand, while suppressing the function of im-
portant cells of the immune system on the other, thereby
creating an immunosuppressed host with little ability to
mount an immune defense against a developing tumor.
Indeed, the induction of T cell anergy is an eatly event in
the course of tumor progression' ',

Prostaglandins, particularly PGE-2, are important
modulators of immunosuppression. Pockaj ez a/'” found
that increased levels of PGE-2 suppress the immunocom-
petence of helper T-cells and dendritic cells in newly diag-
nosed breast cancer patients. Specifically, elevated levels of
PGE-2 were associated with reduced secretion of antitu-
mor factors by T-cells (intetferon-gamma, TNF-alpha, and
intetleukins IL-2 and 11.-12) and loss of immunocompe-
tence in dendritic cells (reduced secretion of stimulatory
molecules, loss of antigen-sensitizing function, reduced
phagocytic activity, and lack of maturation potential). De-
fective T-cell and dendritic cell function due to COX-2
driven PGE-2 biosynthesis is therefore an important
mechanism by which tumors evade immunosurveillance.

Web of causation of mammary carcinogenesis

It should be emphasized that the proposed “inflammo-
genesis model of breast cancer” is not mutually exclusive
and may in fact be synergistic with other mechanisms
of mammary carcinogenesis. For example, polycyclic
aromatic hydrocarbons and other carcinogens present
in tobacco smoke are mutagenic in mammary tissues' |
and acetaldehyde, the primary metabolite of alcohol
metabolism has powerful mutagenic impact in all tissues
studied" ™. The web of breast cancer causation may thus
be particularly strong in obese women who are chroni-
cally addicted to both tobacco and alcohol and regularly
consume diets with a high content of n-6 PUFA.

CONCLUSION

Cohesive scientific evidence from molecular, animal, and

human investigations supports the hypothesis that induc-
tion of constitutive COX-2 over-expression and upregu-
lation of the prostaglandin cascade play a significant role
in mammary carcinogenesis, and reciprocally, blockade
of the process has strong potential for breast cancer
prevention and therapy. A summary of the evidence sup-
porting the “inflammogenesis of breast cancer” is given
below: (1) Epidemiologic investigations have consistently
demonstrated that nonselective COX-2 inhibitors, such
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as aspirin and ibuprofen, used on a regular basis, sig-
nificantly reduce the risk of human breast cancer; (2)
Selective COX-2 inhibitors, such as celecoxib, used on a
regular basis have been shown to reduce the risk of hu-
man breast cancer; (3) Follow-up studies of women with
breast cancer have consistently demonstrated that nonse-
lective COX-2 inhibitors significantly reduce recurrence
risk and breast cancer mortality; (4) Molecular investi-
gations show that COX-2 expression is a characteristic
feature of premalignant mammary neoplasms and ductal
carcinoma #n sitn; (5) Molecular investigations show that
COX-2 expression is a characteristic feature of invasive
breast cancer and expression tends to intensify with stage
at detection and cancer progression and metastasis; (0)
All essential features of carcinogenesis (mitogenesis,
mutagenesis, angiogenesis, reduced apoptosis, metastasis,
and immunosuppression) are linked to COX-2-driven
PGE-2 biosynthesis; and (7) Most notably, upregulation
of COX-2 and PGE-2 expression induces transcription
of CYP-19 and aromatase-catalyzed estrogen biosyn-
thesis by the mammary adipose tissue which stimulates
unbridled mitogenesis of ductal epithelium, and the
extrahepatic mammary enzyme, CYP-1B1, converts para-
crine estrogen to carcinogenic quinones that have potent
mutagenic impact.

This review documents compelling evidence that
mammary carcinogenesis often evolves as a progressive
series of highly specific cellular and molecular changes in
response to induction of constitutive over-expression of
COX-2 and the prostaglandin cascade in the “inflammo-
genesis of cancer”. Based upon results, a general model
of inflammogenesis of cancer is proposed involving in-
duction of constitutive COX-2 expression and upregula-
tion of the prostaglandin cascade.

It is emphasized that encouraging results regarding
the chemopreventive and therapeutic effects of both se-
lective and non-selective COX-2 inhibiting agents against
cancer of the breast as well as other malignant neoplasms
have been tempetred by concerns about cardiovascu-
lar risk associated with taking compounds that inhibit
COX-2"", For example, data from randomized trials
suggests that high dosages of some NSAIDs or combi-
nations of such drugs may increase the risk of cardiovas-
cular disease!' . Before recommendations can be made,
more studies are needed to determine if certain COX-2
inhibiting drugs can be taken at dosages that prevent can-
cer without increasing the risk of heart conditions.
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