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Abstract

Aspirin, along with its analgesic-antipyretic uses, is now also being considered for prevention of

cardiovascular disease, cancer, and treatment of human immunodeficiency virus infection.

Although many of aspirin's pharmacological actions are related to its ability to inhibit

prostaglandin biosynthesis, some of its beneficial therapeutic effects are not completely

understood. Transcription factor activator protein 1 (AP-1) is critical for the induction of

neoplastic transformation and induction of multiple genes involved in inflammation and infection.

We have used the JB6 mouse epidermal cell lines, a system that has been used extensively as an in

vitro model for the study of tumor promotion and anti-tumor promotion, to study the anti-

carcinogenesis effect of aspirin at the molecular level. Aspirin and aspirin-like salicylates inhibited

the activation of AP-1 in the same dose range as seen for the inhibition of tumor promoter-induced

transformation. The inhibition of AP-1 and tumor promoter-induced transformation in JB6 cells

occurs through a prostaglandin independent- and an Erk1- or Erk2-independent pathway. The

mechanism of AP-1 and transformation inhibition in this cell culture model may involve the

elevation of H+ concentration. The inhibition effects on the activation of AP-1 activity by aspirin

and aspirin-like salicylates may further explain the anti-carcinogenesis mechanism of action of

these drugs.

Acetylsalicylic acid (aspirin) was introduced as a potent anti-inflammatory and analgesic

drug in 1892. Since then, aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs)1

or salicylates have been shown to exhibit additional effects. For example, administration of

low dose aspirin to physicians and patients suffering from angina pectoris significantly

reduced the rate of heart attack and stroke (by up to 50%) (1). Long term use of aspirin in

men and women has also been reported to protect against the development of colon cancer
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(40% decrease in risk) and other digestive system cancers, including cancers of the

esophagus and stomach (2–5). In animal studies, NSAIDs were found to inhibit chemically

induced tumors of colon, tongue, esophagus, pancreas, bladder, breast, liver, skin, and

various sarcomas (6–14). The experimental evidence of NSAIDs is strongest for inhibiting

colon carcinogenesis in rodents, a model that closely resembles human colon cancer. Since

plants, particularly fruits and vegetables such as apples, apricots, cherries, grapes, peaches,

plums, cucumbers, peppers, and tomatoes contain natural salicylates, it has been suggested

that these naturally occurring salicylates contribute to the reduced risk of human stomach

and colorectal cancer associated with fruit and vegetable consumption (15).

The effectiveness of NSAIDs to treat inflammation and to prevent cancer has been attributed

to their ability to inhibit prostaglandin production by inhibiting the cyclooxygenase enzyme

prostaglandin H (PGH) synthase (16, 17). However, other mechanisms cannot be excluded

(18). For example, aspirin doses used to treat chronic inflammatory diseases or prevent

cancer are higher than those required to inhibit prostaglandin synthesis (19–21).

Furthermore, because aspirin inhibits PGH synthase by irreversibly acetylating it, salicylic

acid and sulindac sulfone are ineffective as PGH synthase inhibitors. Nevertheless, they are

able to reduce inflammation or cancer rate at doses comparable with aspirin (19, 20, 22).

More recently, both PGH synthase cyclooxygenase 1 (COX-1)- and cyclooxygenase 2

(COX-2)-deficient mice have been developed (23, 24). Both animals showed the same

swelling response in the ear to the tumor promoter TPA as did wild-type mice (23, 24) and

they also exhibited a normal inflammatory response to bacterial invasion of the peritoneum

(23–25).

The JB6 mouse epidermal cell system of clonal genetic variants that are promotion-sensitive

(P+) or promotion-resistant (P–) allows the study of genetic susceptibility to transformation

promotion and progression at the molecular level. These P–, P+, and transformed (Tx)

variants are a series of cell lines representing earlier-to-later stage of preneoplastic-to-

neoplastic progression. P– variants gain P+ phenotype upon transfection with mutated p53

(26, 27). The P+ cells gain Tx phenotype irreversibly upon TPA, epidermal growth factor, or

other tumor promoter treatment or with c-jun overexpression (28–30). Transformed variants

grow under anchorage-independent conditions and are tumorigenic in nude or BALB/c mice

in the absence of tumor promoting conditions. One of the few molecular events known to

distinguish P– and P+ cellular responses to tumor promoters is the activation of AP-1 driven

transcriptional activity in P+ cells but not in P– cells (31, 32). There are no mutations of ras,

p53, or WAF-1 in P–, P+, or Tx cells (26, 27). Furthermore, we have demonstrated that

induced AP-1 activity appears to be required in the tumor promoter-induced transformation

in P+ cells (30). That is, P+ cells revert to P– phenotype when AP-1 induction is blocked

(30). AP-1 is an inducible eukaryotic transcription factor containing products of the jun and

fos oncogene families (33, 34). AP-1 is activated in response to a number of stimulants

including the tumor promotors phorbol esters (TPA), epidermal growth factor, tumor

necrosis factor-α, and interleukin-1 (33). Some of the genes known to be regulated by AP-1

are involved in the immune and inflammatory responses, tumor promotion, and tumor

progression. These include cytokines such as interleukin-1, tumor necrosis factor-α,

granulocyte-macrophage colony-stimulating factor, collagenase IV, and stromelysin (35–
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39). Salicylic acid also plays a role in transcription of the pathogenesis-related genes in

plants and heat shock transcription factor in mammalian cells (40–43). More recently, it has

been reported that aspirin and sodium salicylate inhibit transcription factor NF-κB activity

that may be relevant in treatment of patients with human immunodeficiency virus (20).

Here, we have investigated the possible involvement of AP-1 transcriptional activity in the

anti-tumor promotion of aspirin in JB6 cells, a well developed cell culture model for

studying tumor promotion and anti-tumor promotion.

EXPERIMENTAL PROCEDURES

Materials

Eagle's minimum essential medium and fetal bovine serum were from Whittaker

Biosciences; L-glutamine was from Life Technologies, Inc.; gentamicin was from Quality

Biological, Inc; aspirin, salicylic acid (SA), and diethylstilbestrol (DES) were from Sigma;

dimethyl sulfoxide (Me2SO) was from Pierce. T-150 flasks were from Corning (Corning,

NY); formamide was from Fluka; luciferase assay substrate was from Promega.

Cell Culture

Mouse epidermal JB6 P+ Cl41 and its AP-1 luciferase reporter stable transfectant 41–19

cells were grown at 36 °C in Eagle's minimal essential medium supplemented with 5% heat-

inactivated fetal bovine serum, 2 mM L-glutamine, and 25 mg/ml gentamicin (30–32, 44).

Immunoblot Assay

Immunoblot assays were carried out as described in the PhosphoPlus MAPK antibody Kit or

the PhosphoPlus c-Jun Kit (New England Biolabs) using antibodies against Erk1 and Erk2

(p44 and p42), phosphorylated tyrosine 204 of p44 and p42 MAPKs (45, 46), and

phosphorylated c-Jun protein at Ser-63/-73 (47).

Soft Agar Assay

JB6 P+ cells or H-ras12 or c-jun-transformed JB6 cells were exposed to 0.01% Me2SO,

TPA, inhibitors, or TPA with inhibitors in 1.5 ml of 0.33% agar medium over 7 ml of 0.5%

agar medium as described previously (29, 30). Colonies were scored at 14 days. The size of

colonies counted by the computerized image analyzer was more than 8 cells.

Transfection and Luciferase Assay of AP-1 Activity

Col-Luc plasmid DNA was used as the AP-1 reporter plasmid. Col-Luc is the 73/63

collagenase promoter driving luciferase containing an AP-1 binding site at –73/63 (48).

AP-1 activity was assayed in both transient transfected Cl41 cells or in a stable Col-Luc

transfectant in JB6 P+ cells, 41-19 (32). For Col-Luc stable transfectants, after seeding

overnight, the cells were exposed to TPA with or without aspirin for 24 h, and cells were

harvested by lysis buffer. The results are expressed as the relative rate of acetylated product

production. Relative AP-1-dependent activity was calculated as described previously (30).

Luciferase activity was measured by a luminometer (Monolight 2010, Analytical

Luminescence Laboratory) 10 s after mixing the extract and luciferase assay reagent.
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Prostaglandin E Enzyme Immunoassay

5 × 104 P+ cells were seeded in each well of 6-well plates and cultured overnight. Then the

cells were washed with serum-free medium and changed to 2 ml of serum-free medium plus

1 mg/ml delipidized bovine serum albumin with or without indomethacin or TPA. After 3

days of culture, the medium was aspirated from each well for prostaglandin E enzyme

immunoassays with a prostaglandin E EIA Assay Kit (PerSeptive Diagnostics, Cambridge,

MA). The assay was performed according to the manufacturer's instructions. The plates

were read at 405 nm by a spectrophotometer (Multiskan MS, Labsystems, Helsinki,

Finland). The prostaglandin concentrations derived from a standard curve were expressed as

picograms of prostaglandin per ml of culture medium.

Measurement of Intracellular pH (pHi)

Intracellular pH was determined by fluorescence of 2′,7′-bis(2-carboxyethyl)-5,6-

carboxyfluorescein (BCECF) (49–51). The cells were loaded with the acetoxymethyl ester

of BCECF (BCECF-AM) for 30 min. Unlike BCECF, BCECF-AM is not fluorescent, but

highly permeable to cell membranes, and is readily cleaved by intracellular esterases to

become BCECF. The fluorescence intensity of BCECF is exquisitely pH-dependent,

increasing with alkalinity. 5 × 105 Cl41 JB6 cells were seeded into each well over a

coverslip of the 6-well plate. After overnight culture, the medium was changed to serum-free

medium, and the cells were exposed to BCECF-AM (1 μg/ml) for 30 min. After this

incubation, cells were rinsed with serum-free medium and incubated in dye-free medium for

20 min to ensure complete ester hydrolysis and allow stabilization after the dye-loading

procedure. Fluorescence intensity was determined using a FluoroMax spectrofluorometer

(SPEX Industries, Edison, NJ) with a coverslip containing cells that were mounted in a

cuvette. Different concentrations of aspirin or SA were added into the cuvette. Sample

temperature was maintained at 37 °C with a water-jacketed cuvette holder via a circulating

water bath. The pHi-dependent fluorescence emission peak at 525 nm (emission slits = 1

nm) was measured by using an excitation of 500 nm (excitation slits = 1 nm). The pHi was

calculated using an internal calibration curve. For the internal calibration, the cells were

lysed with Triton X-100 (0.05%, v/v final), and the pH of the medium was changed stepwise

by addition of small volumes of concentrated acid (e.g. 1 M MES) or base (e.g. 1 M Tris),

while monitoring fluorescence and measuring pH by inserting a small combination probe

into the cuvette. The data were plotted in a linear graph of pH versus fluorescence intensity

(in arbitrary units). The pHi values of the test samples were then directly interpolated from

the resulting calibration curve as described previously (49–51).

Assay for Cell Proliferation

The cell proliferation was determined by [3H]thymidine incorporation assay. 5 × 103 of JB6

Cl41-19 cells were seeded in 96-well microtiter plates in the presence of aspirin or SA. After

36 h culture, [3H]thymidine ([3H]TdR) (0.5 μCi/well) was added to each well. The cells

were harvested 12 h later, and incorporation of [ 3H]thymidine was detected using a liquid

scintillation counter. The results were presented as counts per min (cpm). Each bar indicates

the average and standard deviation of assays from the triplicate wells.
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Northern Blot Analysis

Northern analysis was performed as described previously (26–27). Briefly, total RNA was

fractionated on a denaturing formaldehyde-agarose (1.2%) gel and transferred to Zetabind

membrane (Cuno, Inc., Meriden, CT). Then the membranes were hybridized with random-

primed, 32P-labeled cDNA probes. The cDNA probes utilized are 350 base pairs (+189 to

520) fragment of mouse tissue inhibitor of metalloproteinase-1 (TIMP-1) (52).

RESULTS

Aspirin and SA Inhibit TPA-induced Transformation

One of the most important anti-carcinogenesis mechanisms of aspirin is anti-tumor

promotion (17). The mouse epidermal JB6 cell system is a well developed model for

studying tumor promotion. We therefore have used the JB6 cell model as a cell culture

model to test the anti-tumor promoting effect of aspirin and SA. As shown in Fig. 1, aspirin

and SA inhibit tumor promotor (TPA)-induced transformation in a concentration-dependent

manner. The inhibiting concentration range of aspirin and SA was from 0.5 to 5 mM for

which no cytotoxic effects on JB6 cells were observed by trypan blue exclusion (data not

shown). There were no significant effects of aspirin or SA on the [3H]TdR incorporation

into DNA (Fig. 2).

Aspirin and SA Inhibit TPA-induced AP-1 Activity

Previously we showed that induced AP-1 activity is required for neoplastic transformation in

JB6 cells. To test whether the inhibition of transformation by aspirin and SA involves the

inhibition of AP-1 activity, we used both stably transfected and transiently transfected JB6

cells with AP-1 reporters. By using the Col-Luc stable transfectant Cl41-19, we found that

TPA-induced AP-1 activity was inhibited by aspirin or SA (Fig. 3). Inhibition of AP-1

transcriptional activity was also seen in other tested AP-1-Luc P+ stable transfectants or in

transiently transfected P+ Cl41 cells using either the Col-Luc or 4 × TPA-responsive

element luciferase reporters (data not shown). In JB6 cells, the inhibition of AP-1 by aspirin

or SA was relatively specific, since both compounds did not affect the Rous sarcoma virus

promoter-dependent transcriptional activation (data not shown). A previous report indicated

that the same concentration of aspirin or SA did not affect the transcription and translation

of a cytomegalovirus early promoter and T7 promoter-dependent luciferase gene (20).

We also investigated the effect of aspirin on the expression of the TIMP-1 gene that is

normally regulated by AP-1. As shown in Fig. 4, aspirin or SA inhibited TPA-induced

TIMP-1 mRNA expression.

Inhibition of Anchorage-independent Growth of H-ras12- and c-jun-Transformed JB6 Cells
by Aspirin or SA

Transformation of cells by H-ras is dependent on AP-1 activation. Also, overexpression of

the AP-1 protein, c-Jun, causes transformation of JB6 cells. Comparison study of aspirin and

SA on H-ras-transformed and c-jun-transformed JB6 cells may provide information of the

molecular mechanisms of the anti-transformation effects of aspirin or SA. We therefore have

investigated the effects of aspirin or SA on the anchorage-independent growth of H-ras12-
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and c-jun-transformed JB6 cells. Aspirin or SA inhibited the anchorage-independent growth

of both cell lines in a concentration-dependent manner (Table I). Inhibition of the

anchorage-independent growth of c-jun-transformed JB6 cells appears more sensitive than

that of H-ras12-transformed cells (Table I).

Indomethacin, a Potent Cyclooxygenase Inhibitor, Did Not Inhibit TPA-induced AP-1
Activity and Transformation

PGH synthase is the rate-limiting enzyme in prostaglandin biosyn-thesis. PGH synthase has

two enzymic activities as follows: a dioxygenase (cyclooxygenase) activity, which site-

specifically and stereospecifically inserts two molecules of oxygen into one molecule of

arachidonic acid to generate the hydroperoxyendoperoxide prostaglandin G2, and a

hydroperoxidase activity that attacks the peroxide group of prostaglandin G2 to yield

prostaglandin H2 (17). Prostaglandin H2 is the precursor of prostaglandin E2 (PGE2) and

prostaglandin 2α (PGF2α), the major prostaglandins found in skin (1, 17, 53, 54).

Cyclooxygenase is the exclusive target of aspirin but not SA, which lacks an acetyl group,

and therefore is ineffective as a PGH synthase inhibitor. Since both aspirin and SA inhibit

AP-1 activity and transformation in JB6 cells, we hypothesized that the anti-transformation

effect of NSAIDs does not occur through cyclooxygenase and prostaglandins. To test this

hypothesis, we investigated the effects of indomethacin, a potent cyclooxygenase inhibitor,

in JB6 cells. As shown in Fig. 5, indomethacin did not inhibit TPA-induced AP-1 activity

over the concentration range that inhibited cyclooxygenase or at a concentration much

higher than the one required to inhibit cyclooxygenase (Fig. 6). If there is any effect of

indomethacin on TPA-induced transformation, it is an increase rather than a decrease of the

transformation rate in JB6 P+ cells.

Prostaglandins E1, E2, or F2α Did Not Induce AP-1 Activity Nor Increase Transformation of
JB6 Cells

The above results suggested that the anti-AP-1 or anti-transformation effects of aspirin may

not occur through a PGE synthesis inhibition event. To clarify this issue further, we directly

determined the role of PGE1, E2, and F2α in the induction of AP-1 activity and

transformation in JB6 cells. As summarized in Table I, prostaglandins have no effect on the

basal or TPA-induced level of AP-1 activity. They did not induce transformation nor

increase TPA-induced transformation (Table II). A high concentration of prostaglandins (4

μg/ml) caused a decrease of soft agar colonies due to the cytotoxic effect (Table II and data

not shown). These results and the data with indomethacin clearly demonstrate that

cyclooxygenase and prostaglandins are not involved in the inhibitory effect of aspirin/SA on

TPA-induced AP-1 activity or transformation in JB6 cells.

Inhibition of AP-1 and Transformation by Aspirin and SA Is Not through the Inhibition of
Erk1 or Erk2 or Phosphorylation of c-jun

Since MAPKs, especially Erk1 and Erk2 (p44 and p42 MAPK), have been reported as major

activators for AP-1 proteins (Jun/Fos) in TPA- or growth factor-induced signal transduction

pathways, we tested whether aspirin or SA inhibits AP-1 and transformation through the

inhibition of Erk1 or Erk2 or kinases upstream of them. Using antibodies specific for p44
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and p42mapk and phospho-specific for the phosphorylated tyrosine 204 of p44 and of

p42mapk, we studied the total p44 and p42 protein and the protein phosphorylation in p44

and p42. Aspirin and SA did not affect the protein levels of Erk1 and Erk2 or the

phosphorylation level of the two proteins (Fig. 7 and data not shown). Even pretreating the

cells with aspirin or SA for 24 h still showed no effect on the protein levels of Erk1 or Erk2

(Fig. 7 and data not shown). This indicated that inhibition of AP-1 is through an Erk1- or

Erk2-independent pathway. This also suggested kinases upstream of Erk1 or Erk2 may not

be involved in the aspirin-mediated inhibition of AP-1.

Extracellular signals, including growth factors, phorbol ester, transforming oncoproteins,

and UV irradiation (47), also stimulate phosphorylation of c-Jun at Ser-63/-73 by

SAPK/JNK and activate c-Jun-dependent transcription. Mutation of Ser-63/-73 renders c-

Jun nonresponsive to stress-induced signaling pathways (47). Since JNK MAPKs may also

be involved in the activation of AP-1 by phosphorylation of c-Jun protein Ser-63 and Ser-73,

we examined the phosphorylated c-Jun protein levels by specific antibodies against the

phosphorylation of c-Jun at Ser-63 or Ser-73. As shown in Fig. 7, E and F, aspirin or SA did

not affect the phosphorylation of c-Jun at Ser-63/-73. Since SAPK/JNK can direct activated

c-Jun-dependent transcription by phosphorylation of c-Jun at Ser-63/-73, this result also

suggested that SAPK/JNK is not involved in the inhibition effect of aspirin or SA on AP-1

activation.

Intracellular H+ May Be Involved in the Inhibition of AP-1 and Transformation by Aspirin
and SA

Recently, Lis and Giardina (43) have reported that a H+ pump inhibitor, diethylstilbestrol

(DES), could affect the transcription factor for heat shock protein (43). Increasing the

intracellular pH by overexpression of a proton-pumping ATPase PMA1 protein in 3T3 cells

caused neoplastic transformation of the 3T3 cells and elevated the level of AP-1 activity

(55). We therefore hypothesized that the inhibition of AP-1 activity and transformation by

aspirin and SA may occur through elevation of the intracellular H+ concentration. By using

the H+ pump inhibitor DES, we observed that AP-1 activities were inhibited in a dose-

dependent manner (Fig. 8A). Furthermore, DES also inhibited the TPA-induced

transformation in a similar dose range (Fig. 8B). This inhibition on anchorage-independent

growth is disassociated with the anchorage-dependent growth as measured by [3H]TdR

incorporation to DNA (Fig. 9).

To test directly the effect of aspirin or SA on intracellular pH, we used the BCECF

fluorescence assay (49–52). The fluorescence intensity of BCECF is exquisitely pH-

dependent and increases with alkalinity. To load and trap BCECF into viable cells, the

nonfluorescent acetoxymethyl ester derivative of BCECF was used. After incubation,

intracellular esterases rendered the BCECF fluorescent and entrapped (see “Experimental

Procedures”). As shown in Table III, the same dose ranges of aspirin, SA, or DES that

inhibited TPA-induced AP-1 activity or cell transformation caused decreases in intracellular

pH. For instance, we noted that a DES-induced pH change to 6.8 resulted in over an 80%

decrease in TPA-induced AP-1 activity (Fig. 8A). A similar aspirin- or SA-induced pH

change to 6.8 or 6.7, respectively, reduced the TPA-induced AP-1 activities by 90% or more
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(Fig. 3, A and B). In the case of TPA-induced cell transformation, changes in pH to 6.8 by

DES resulted in a 60% inhibition (Fig. 8B), whereas changes in pH to 6.8 or 6.7 by aspirin

or SA, respectively, were over 95% inhibitory. These results suggest that the noted changes

in pH are sufficient to account for a substantial part of the effect of aspirin or SA on cells.

DISCUSSION

Our results indicate that aspirin and SA inhibit transcription factor AP-1 activity and tumor

promoter-induced transformation through a mechanism independent of prostaglandin

synthesis. The concentrations of salicylates required to exert these effects in vitro (1–3 mM)

approach those required for the clinical effects in vivo (1, 2, 20). Inhibition of AP-1

luciferase activity by aspirin or SA is relatively more sensitive than the inhibition of cell

transformation. This probably is due to one of the following reasons: (i) the luciferase assay

is more sensitive for measuring transcriptional dependent activity than are other methods

such as measuring RNA levels or chloramphenicol acetyltransferase activity, or (ii) the

decay of aspirin or SA in the long term soft agar anti-transformation assay (14 days).

Previously, we have reported that induced AP-1 activity is required for tumor promoter-

induced transformation (30). Therefore, the inhibition of AP-1 activity may be functionally

linked to the anti-cancer effect of salicylates.

The prostaglandins are a diverse group of autocrine and paracrine hormones. These lipid-

derived signaling molecules are critical regulators of immune response, inflammation, and

other cellular and physiological processes. One well-characterized activity of aspirin is its

ability to inhibit prostaglandin synthesis. Hence, many biological effects of aspirin have

been attributed to this inhibition activity on prostaglandin synthesis (16, 17). However, the

ability of SA to influence prostaglandin-independent signaling processes is well documented

(18–21). It is unlikely that the inhibition of prostaglandin synthesis is the mechanism

responsible for the inhibition of AP-1 transactivation and neoplastic transformation. We

have further excluded the involvement of the prostaglandin pathway in the inhibition of

AP-1 and transformation by salicylates by using the potent cyclooxygenase inhibitor

indomethacin. In the dose range that inhibited the PGE2 synthesis (Fig. 6), indomethacin did

not inhibit basal or TPA-induced AP-1 activity (Fig. 5A). If indomethacin has any effect on

TPA-induced transformation, it is an enhancement of the transformation rate (Fig. 5B). This

result agrees with the clinical report that indomethacin did not induce the regression of

polyposis, whereas sulindac did (17). Fisher et al. (56) have reported that indomethacin did

not inhibit skin tumor promotion in SENCAR mice. Furthermore, we have investigated

prostaglandins in vitro to test their involvement in transformation and AP-1 activity of JB6

cells in this report. This work has also shown that prostaglandins PGE2 and PGF2α, major

isoforms in epidermal cells, as well as PGE1 did not induce AP-1 activity or increase

background or TPA-induced transformation (Table II). If there is any effect of PGEs or

PGF2α, it is a decrease in the AP-1 activity and transformation rate caused by their cytotoxic

effect at high doses. Therefore, we concluded that the inhibition of transformation in JB6

cells by aspirin and other salicylates is a pros-taglandin/cyclooxygenase-independent event.

While most reports support the role of inhibition of prostaglandin in anti-carcinogenesis by

aspirin (16, 17), some experimental evidence contradicts the concept that inhibition of

prostaglandin synthesis plays a central role in the anti-tumor effects of aspirin and other
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NSAIDs. For example, instead of promoting cell growth, relatively high levels of

prostaglandins have been reported to inhibit tumor cell growth both in vitro and in vivo (57–

59). Exogenous prostaglandins were shown to inhibit basal mucosal DNA synthesis in colon

explants from animals (60). DeMello et al. (61) reported that NSAID concentrations that

inhibited cell growth in rat hepatoma cell lines in vitro correlated poorly with concentrations

that inhibited cyclooxygenase activity. Alberts et al. (22) reported that sulinac sulfone, a

NSAID lacking anti-prostaglandin synthetase activity, inhibited azoxymethane-induced

colon carcinogenesis in rats. Also, sulindac sulfone had no effect on mucosal PGE

concentrations (22). More recently, the results from COX-1 and COX-2 knockout mice

indicated that the TPA-induced ear swelling response was similar in both wild-type and

COX-1- or COX-2-deficient mice (23, 24). These data also support the concept that

inhibition of tumor promotor (TPA)-mediated effects by aspirin may be through a

prostaglandin-independent pathway.

Both p44mapk and p42mapk (Erk1 and Erk2) function in a protein kinase cascade and in the

regulation of transcription factor AP-1 proteins (Jun/Fos) (47, 62–65). It has been reported

that Erk1 and Erk2 are the major mediators for the TPA- or growth factor-induced signal

transduction pathway in many cells (47, 62–64). By contrast, JNK mediates ultraviolet

radiation (UV) and other stress-induced signal transductions by phosphorylation of c-jun at

Ser-63/-73 (66). Mutation of Ser-63/ -73 renders c-Jun nonresponsive to growth factor,

phorbol ester, and UV-induced signaling pathways (55). Activation of MAPKs occurs

through phosphorylation of threonine and tyrosine (202 and 204 of MAPK) at the sequence

T*EY* by upstream MAPK kinase (45, 46). In JB6 cells, MAPKs have been reported to

bind to the Jun·AP-1 complex (65). If aspirin or SA targets the protein kinase cascade

induced by TPA, then the aspirin or SA should decrease the phosphorylation level or the

total amount of Erk1 or Erk2. If JNK is involved in the inhibition of AP-1 activity by aspirin

or SA, then the phosphorylation of c-Jun protein at Ser-63/-73 should be decreased (47, 65)

Our data indicate that there is no inhibition of Erk1 or Erk2 kinases and phosphorylation of

c-Jun protein at Ser-63/-73 by aspirin and SA. Thus, the inhibition of AP-1 and

transformation by aspirin or SA probably does not involve Erk1, Erk2, or JNK or kinases

upstream above them (e.g. PKC, Ras/Raf, MAPK kinase). Moreover, we found that aspirin

or SA inhibited anchorage-independent growth of H-ras12 or c-jun-transformed JB6 cells.

Interestingly, AP-1 activities of these cell lines are also inhibited by aspirin or SA.2 These

data also suggest that inhibition of cell transformation by aspirin or SA might directly be

targeted at transcriptional factor AP-1 but not the kinase cascade.

Aspirin or SA causes a decrease in the intracellular pH in JB6 cells. Lis and Giardina (43)

have recently reported that intracellular H+ may be involved in yeast heat shock gene

transcription by aspirin and SA. Inhibition of the plasma membrane proton pump, either by

DES or by mutation, also inhibits heat shock gene expression (43, 67). Overexpression of

yeast proton pumping ATPase (PMA1) in NIH/3T3 cells causes neo-plastic transformation

of the cells (68). These cells have a higher intracellular pH than parental cells even in the

presence of bicarbonate (69). Interestingly, AP-1 activity also increases severalfold in the

2C. Huang and Z. Dong, unpublished data.
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PMA1-transformed cells (55). Our data indicate that aspirin, SA, or DES alter intracellular

pH over similar dose ranges required for inhibition of TPA-induced AP-1 activity and

transformation. These results suggest inhibition of AP-1 activity and transformation by

aspirin or SA may be through the elevation of intracellular H+ concentration.

Although the benefit of aspirin and other NSAIDs is obvious, side effects of these drugs can

be significant, including incidence of gastrointestinal toxicity and impaired renal function

(70, 71). Renal problems for patients with a variety of diseases can become especially severe

if prostaglandin synthesis is inhibited by NSAIDs (72). COX-2 message and protein are

normally undetectable in most tissues but can be rapidly induced in certain tissues by

proinflammatory agents, tumor promoters, and mitogens (25, 73). In contrast, COX-1 is a

constitutive housekeeping enzyme whose expression appears to be regulated only

developmentally and is primarily responsible for prostaglandin production in stomach and

kidney (25). COX-1 is thus believed to be the target for NSAIDs-induced side effects (25).

Indeed, selective inhibitors of COX-2 cause low to negligible levels of gastric irritation in

animal models (74, 75). However, results from COX-2 knockout mice indicate COX-2

might also be involved in the side effect of renal impairment by NSAIDs (24). The finding

of AP-1 inhibition but not prostaglandin synthesis for the inhibition of carcinogenesis in this

study may reveal additional molecular targets for development of “better NSAIDs” with

fewer side effects and more effective chemoprevention of carcinogenesis.

In summary, we have provided evidence for a novel mechanism of the anti-tumor promotion

action by aspirin and SA. Our experiments suggest that inhibition of tumor promoter

induced-neoplastic transformation in JB6 cells may be through the inhibition of AP-1

transactivation. The inhibition effects on AP-1 activity and neoplastic transformation is not

mediated through the inhibition of prostaglandin pathway nor through the inhibition of Erk1

and Erk2 pathway. Intracellular H+ concentration may be involved in the inhibition

mechanism for AP-1 and transformation by aspirin and SA. These results may provide

insight regarding the molecular basis for the development of new chemoprotective agents

for cancer.
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Fig. 1. Inhibition of TPA-induced transformation by aspirin and SA
104 JB6 P+ cells (Cl41-19) were exposed simultaneously to Me2SO (0.01%, control) or TPA with or without aspirin (A) or SA

(B) in 0.33% agar for 14 days and scored for colonies at the end of the experiment. Results are expressed as the mean of three

independent experiments ± standard error.
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Fig. 2. The effects of aspirin or SA on [3H]TdR incorporation into cells DNA
5 × 103 JB6 Cl41-19 cells were exposed to aspirin or SA for 36 h. Then [3H]TdR (0.5 μCi/well) was added to each well. The

cells were harvested 12 h later, and incorporation of [3H]TdR was detected.
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Fig. 3. Inhibition of AP-1 activity of JB6 P+ cells by aspirin and SA
Stable AP-1-Luc transfectants Cl41-19 cells were exposed to TPA with or without aspirin (A) or SA (B) at different

concentrations for 24 h. Results are expressed as the mean of three independent experiments ± standard error.
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Fig. 4. Inhibition of TIMP-1 mRNA expression by aspirin and SA
RNA from Cl41-19 cells exposed with or without aspirin or SA for 24 h was analyzed by Northern blots.
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Fig. 5. Lack of effects on TPA-induced AP-1 activity or transformation by indomethacin
For assaying AP-1 activity (A), JB6 Cl41-19 cells were exposed to 0.01% of Me2SO (the solvent control group) or TPA or

different concentrations of indomethacin for 24 h. The AP-1 luciferase enzyme activity was measured using the luminometer.

For measuring transformation activity (B), 104 JB6 P+ cells (Cl41-19) were exposed simultaneously to Me2SO (0.01%, control)

or TPA with or without indomethacin in 0.33% agar and scored for colonies at 14 days.
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Fig. 6. Inhibition of prostaglandin E2 synthesis by indomethacin
5 × 104 P+ cells were seeded in each well of 6-well plates and cultured overnight. Then the cells were washed with serum-free

medium and changed to 2 ml of serum-free medium with or without indomethacin or TPA. After 3 days culture, the medium

was aspirated from each well for prostaglandin E enzyme immunoassays with a prostaglandin E2 EIA Assay Kit (PerSeptive

Diagnostics, Cambridge, MA). The results are expressed as the mean of three independent experiments ± standard error.
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Fig. 7. Aspirin or SA does not inhibit basal or TPA-induced Erk1 or Erk2 or phosphorylated c-jun
JB6 Cl41-19 cells were pretreated with aspirin, SA, or medium alone for 24 h and then exposed to TPA with or without aspirin

or SA for 30 min (A and B) or 24 h (C and D). The cells were lysed and Erk1 and Erk2 proteins and phosphorylation proteins

were assayed by a PhosphoPlus MAPKs kit from New England Biolabs. For measuring the phosphorylation level of c-Jun

protein (E and F), protein extracts from the same samples as described in C were assayed by a PhosphoPlus c-Jun kit from New

England Biolabs.
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Fig. 8. DES inhibits TPA-induced AP-1 activity and transformation
For assaying AP-1 activity (A), JB6 Cl41-19 cells were exposed to 0.01% of Me2SO (the solvent control group) or TPA or

different concentrations of DES for 24 h. The luciferase enzyme activity was measured using the luminometer. For assaying

transformation activity (B), 104 JB6 Cl41-19 cells were exposed to TPA with or without DES in 0.33% agar for 14 days. The

results are expressed as the mean of three independent experiments ± standard error.
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Fig. 9. The effects of DES on [3H]TdR incorporation into cells DNA
5 × 103 JB6 Cl41-19 cells were exposed to DES for 36 h. Then [ 3H]TdR (0.5 μCi/well) was added to each well. The cells were

harvested 12 h later, and incorporation of [3H]TdR was detected.
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Table I

Inhibition of anchorage-independent growth of H-ras12 -and c-jun-transformed JB6 cells
by aspirin or SA

104 H-ras12 - or c-jun-transformed JB6 cells were exposed to Me2SO (control group), aspirin, or SA in 0.33%

agar for 14 days.

Cell line Chemical
Agar colonies (104 cells seeded)

Inhibition
Experiment 1 Experiment 2 Average

mM %

H-ras12-transformed JB6 cells Control 0 3590 3380 3485

Aspirin 0.1 3040 2780 2910 16.5

Aspirin 0.5 2420 2120 2270 34.9

Aspirin 1 80 20 50 98.6

Aspirin 3 0 0 0 100.0

Aspirin 4 10 0 5 99.9

SA 0.1 2590 2100 2345 32.7

SA 0.5 1650 1720 1685 51.6

SA 1 660 450 555 84.1

SA 3 10 0 5 99.9

SA 4 0 0 0 100.0

c-jun-transformed JB6 cells (PMJ8c) Control 0 810 830 820

Aspirin 0.1 760 730 745 9.1

Aspirin 0.5 300 270 285 65.2

Aspirin 1 90 50 70 91.5

Aspirin 3 0 0 0 100.0

Aspirin 4 0 0 0 100.0

SA 0.1 730 700 715 2.8

SA 0.5 390 380 385 53.0

SA 1 70 70 70 91.5

SA 3 0 0 0 100.0

SA 4 0 0 0 100.0
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Table II
Lack of effect of prostaglandins on JB6 cell transformation

Experiments were carried out using JB6 P+ cells (C141–19) as described under “Experimental Procedures.”

PG concentration
Relative AP-1 activity Soft agar colony/104 cells

–TPA +TPA –TPA +TPA

μg/ml

PGE1

    0 1 7.67 ± 0.225 20 ± 11 906 ± 63

    0.0625 1.09 ± 0.12 6.62 ± 0.015 20 ± 11 900 ± 115

    0.25 1.12 ± 0.02 7.2 ± 0.6 40 ± 11 933 ± 76

    1 1.11 ± 0.03 6.6 ± 0.34 0 666 ± 17

    4 1.05 ± 0.02 6.1 ± 0.3 40 ± 11 580 ± 64

PGE2

    0 1 5.60 ± 0.58 20 ± 11 906 ± 63

    0.015 0.98 ± 0.01 5.12 ± 0.02
ND

a
ND

a

    0.0625 0.96 ± 0.01 5.37 ± 0.08 20 ± 11 1020 ± 11

    0.25 0.95 ± 0.02 5.05 ± 0.15 26 ± 17 800 ± 20

    1 0.98 ± 0.02 4.92 ± 0.42 40 ± 23 753 ± 52

    4 0.94 ± 0.01 4.93 ± 0.44 66 ± 38 873 ± 64

PGF2α

    0 1 5.00 ± 0.13 20 ± 11 906 ± 63

    0.015 1.2 ± 0.04 5.24 ± 0.09 ND ND

    0.0625 1.07 ± 0.18 5.23 ± 0.35 0 973 ± 37

    0.25 0.90 ± 0.02 5.05 ± 0.01 0 966 ± 88

    1 0.99 ± 0.08 4.75 ± 0.58 0 913 ± 52

    4 0.94 ± 0.08 4.7 ± 0.03 0 840 ± 40

a
ND, not done.
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Table III
The effect of aspirin or SA on pHi

pHi was determined by fluorescence of BCECF as described under “Experimental Procedures.”

Chemicals Concentrations pHi

M ± SE

Control 0 7.4 ± 0

Aspirin 1 mM 7.2 ± 0

Aspirin 2 mM 7.0 ± 0.02

Aspirin 4 mM 6.8 ± 0.03

SA 1 mM 7.2 ± 0.03

SA 2 mM 6.9 ± 0.03

SA 4 mM 6.7 ± 0.05

DES 0.5 μM 7.1 ± 0.07

DES 1 μM 6.8 ± 0.03

DES 2 μM 6.4 ± 0.06

DES 4 μM 6.1 ± 0.06
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