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Abstract

There are conflicting epidemiologic data on whether chronic aspirin (ASA) use may reduce 

melanoma risk in humans. Potential anticancer effects of ASA may be mediated by its ability to 

suppress prostaglandin E2 (PGE2) production and activate 5’-adenosine monophosphate–activated 

protein kinase (AMPK). We investigated the inhibitory effects of ASA in a panel of melanoma and 

transformed melanocyte cell lines, and on tumor growth in a preclinical model. ASA and the 

COX-2 inhibitor celecoxib did not affect melanoma cell viability, but significantly reduced colony 

formation, cell motility, and pigmentation (melanin production) in vitro at concentrations of 1 

mmol/L and 20 μmol/L, respectively. ASA-mediated inhibition of cell migration and pigmentation 
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was rescued by exogenous PGE2 or Compound C, which inhibits AMPK activation. Levels of 

tyrosinase, MITF, and p-ERK were unaffected by ASA exposure. Following a single oral dose of 

0.4 mg ASA to NOD/SCID mice, salicylate was detected in plasma and skin at 4 hours and PGE2 

levels were reduced up to 24 hours. Some human melanoma tumors xenografted into NOD/SCID 

mice were sensitive to chronic daily ASA administration, exhibiting reduced growth and 

proliferation. ASA-treated mice bearing sensitive and resistant tumors exhibited both decreased 

PGE2 in plasma and tumors and increased phosphorylated AMPK in tumors. We conclude that 

ASA inhibits colony formation, cell motility, and pigmentation through suppression of PGE2 and 

activation of AMPK and reduces growth of some melanoma tumors in vivo. This preclinical model 

could be used for further tumor and biomarker studies to support future melanoma 

chemoprevention trials in humans.

Introduction

Aspirin (acetylsalicylic acid, ASA) has long been recognized for its antipyretic and anti-

inflammatory activities that have been attributed largely to its ability to inhibit the 

prostaglandin-endoperoxide synthase, or COX enzymes (1). ASA inhibits COX by 

acetylating the enzymatic active site, which prevents binding of arachidonic acid (2). Two 

COX isoforms (COX-1 and COX-2) are responsible for catalyzing conversion of arachidonic 

acid to prostaglandins (1); whereas COX-1 expression tends to be constitutive, COX-2 is 

upregulated in inflammation and cancer (3). Selective COX-2 inhibitors (e.g., celecoxib) 

were developed to target inflammation and pain while not compromising COX-1–mediated 

activities such as protection of gastric mucosa, but their cardiac toxicity precludes chronic 

administration for chemoprevention (4). Prostaglandin E2 (PGE2) is particularly relevant to 

carcinogenic progression, being implicated in angiogenesis (5), tumor cell proliferation (6), 

migration (7), and invasion (8). ASA has also been shown to activate the 5’-adenosine 

monophosphate–activated protein kinase (AMPK; ref. 9), which has been associated with 

promotion (10) and inhibition (11) of the mTOR in various malignant cell types.

ASA has demonstrated safety and chemopreventive activity for colon cancer (12), as well 

gastric (13), breast (14), and prostate cancer (15). The effect of chronic ASA administration 

on melanoma risk has largely been investigated in retrospective cohort and case–control 

studies that have yielded inconsistent results (16). Several large prospective studies (17, 18) 

examining subject-reported ASA use and cancer risk found protective effects for colon and 

other cancers, but not for melanoma. In contrast, Gamba and colleagues (19) found that 

regular ASA use was significantly associated with reduced melanoma risk in 

postmenopausal women. Several preclinical studies have examined ASA-mediated 

chemoprotection in animal models of melanoma (20–22). PGE2 may be a reasonable target 

in melanoma, given the presence of COX-2 in most melanomas but not benign nevi (23), and 

its association with melanoma progression (24) and poor patient survival (25).

We investigated various inhibitory effects of ASA in a panel of melanoma and melanocyte 

cell lines, and the role of PGE2 and AMPK in this context. Moreover, we developed a 

preclinical model based on daily oral ASA administration to investigate the potential effect 

in melanoma chemoprevention and treatment.
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Materials and Methods

Cell lines and culture

Human melanoma patient-derived xenografts (PDX) were established under protocol 

#10924, approved by the University of Utah Institutional Review Board (IRB). Melanoma 

PDX cell lines were propagated in Mel2 medium (26) containing 2% FBS and antibiotics in 

a humidified incubator at 37°C. The PDX lines MTG2 (HCIMel002) and MTG4 

(HCIMel004) express an NRASQ61R or BRAFV600E mutation, respectively. The MTG5 

(HCIMel005) line expresses both TP53R213X and PDGFR-AD846N mutations. A375 and 

WM3311 human melanoma cells, expressing a BRAFV600E mutation or no known 

melanoma driver mutations, respectively, and mouse B16-F10 cells were obtained from the 

ATCC and maintained in DMEM with 5% FBS and antibiotics (culture medium). YUSAC-2 

(YU2) human melanoma cells have been described previously (27). Normal human 

melanocytes were prepared from discarded foreskins under IRB protocol #8476 and 

propagated as described previously (28). Human melanocyte lines transformed and 

immortalized by expression of activated c-Met receptor and telomerase (Mel-STM) or 

SV40ER, HRASG12V and telomerase (Mel-STR), as described elsewhere (29), were 

generously provided by Robert Weinberg (Whitehead Institute, Cambridge, MA) and 

maintained in culture medium.

MTT assays

Cells in 96-well plates were incubated in 90 μL culture medium containing ASA (Sigma, 

crystalline, purity >99%) or celecoxib (Sigma, purity >98%) for either 24 or 48 hours; then, 

10 μL MTT (5 mg/mL stock, Thermo Fisher Scientific) was added at a final concentration of 

1.2 mmol/L and cells were returned to the incubator for 4 hours. After removing the 

medium, 120 μL of DMSO was added to each well and mixed thoroughly by pipetting, and 

the plate was then gently shaken in the dark for 20 to 30 minutes. Absorbance was read at 

540 nm (with background subtraction at 630 nm) using a BioTek Synergy HT reader and 

Gen5 2.00 software. Values were normalized to control for each cell line.

Colony formation

Colony formation assays were performed as described previously (30). Briefly, the 

underlayer was composed of 0.8% SeaPlaque Genetic Technology Grade agarose (50111, 

Lonza) in DMEM medium containing 10% FBS and antibiotics. Cells were suspended in 

0.4% agarose in DMEM medium containing 5% FBS in the overlayer. Medium with or 

without ASA (1 mmol/L) was replenished twice weekly.

Motility assays

Cell migration and invasion assays were performed as described previously (31). Briefly, 

cells were pretreated with mitomycin C (10 μg/mL, Sigma) and ASA or PGE2 (1 μmol/L, 

Cayman Chemical, #14010, purity >98%) for 2 hours or Compound C (Comp C; 

dorsomorphin, 0.5 μmol/L, Cayman Chemical, #11967, purity >98%) for 3 hours, then 

plated onto transwell fibronectin-coated polycarbonate membranes (#3422, Costar) with 

serum-free medium. Fresh medium containing ASA, 1 μmol/L PGE2, or 0.5 μmol/L Comp 
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C was replaced in the lower chamber. For invasion assays, BD BioCoat invasion chambers 

(354480, Discovery Labware) were used.

Melanin assay

Cells were plated in 6-well dishes plates and incubated with ASA (1 μmol/L), PGE2 (1 

μmol/L), or Comp C (0.5 μmol/L) for 24 hours. After washing with PBS, cells were lysed in 

each well by the addition of 0.12 mL lysing solution consisting of 1 N sodium hydroxide 

and 10% DMSO. Lysates were collected and stored at −20 °C. Melanin content was assayed 

after incubating the lysate at 80°C for 1 hour with occasional vortexing. A synthetic melanin 

standard (M8631, Sigma) was used to generate a standard curve. Samples were analyzed on 

a BioTek Synergy HT reader at 470 nm using Gen5 2.00 software. Lysate protein content 

was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and 

melanin content was normalized to the protein for each sample.

Mice

NOD/SCID (NOD.CB17-Prkdcscid/J) mice purchased from The Jackson Laboratory were 

maintained in standard conditions. At 7 to 9 weeks of age, animals were given 100 μL of 

either water or water containing 0.2 to 0.4 mg ASA by oral gavage daily using a sterile 

stainless steel 20-gauge gavage needle (Cadence Science). ASA was dissolved in sterile 

distilled water at final concentrations of 1 to 4 mg/mL, and prepared freshly each day. Mice 

were euthanized by carbon dioxide asphyxiation. Skin was removed using scissors, cut into 

small pieces, and stored at −80 °C. Blood was obtained by direct cardiac puncture using a 

sterile 23-gauge hypodermic needle and transferred to EDTA-containing vials (Sarstedt AG 

& Co.) on ice. Aliquots of whole blood were placed on ice for immunoprofiling (described 

below). Plasma was obtained by brief centrifugation at 3,000 RPM at 4°C, aliquoted, and 

immediately frozen at −80 °C. All procedures were conducted under protocol #16–05007, 

approved by the Institutional Animal Care and Use Committee at the University of Utah 

(Salt Lake City, UT). Approximately equal numbers of male and female mice were used. We 

did not observe any differences in response to ASA in male compared with female mice.

Detection of salicylate and PGE2 by LC/MS

Plasma samples and skin samples were extracted with methyl tert-butyl ether prior to 

reverse-phase chromatography and analysis by mass spectrometry. Detailed methods are 

provided in Supplementary Information.

PGE2 detection by ELISA

PGE2 content was determined by ELISA using a PGE2 Assay Kit (KGE004B, R&D 

Systems) according to the manufacturer’s instructions. Frozen tumor samples were 

homogenized in the supplied buffer, and PGE2 content was assayed and normalized to 

protein using the BCA Kit. The ELISA plate was read at 450 nm on a BioTek Synergy 

spectrophotometer and data were analyzed using Gen5 2.00 software.
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Cytokine analysis

Cytokines were simultaneously measured in plasma samples (25 μL) using a ProcartaPlex 

Multiplex Immunoassay Kit (Invitrogen EPXR360-26092-901) following the manufacturer’s 

instructions. Samples were read on a MAGPI platform Milliplex Map with Luminex 

xPonent software (MilliporeSigma) for sample acquisition and data were analyzed using 

accompanying Analyst software.

Tumor production

Mice were shaved on the flank prior to subcutaneous injection of 1–2 × 106 melanoma cells 

suspended in 75 μL Matrigel (Corning #354234), which were kept on ice until implanted. 

Alternatively, while animals were under inhaled isoflurane anesthesia, the implantation site 

was prepared on shaved skin with alternating betadine and alcohol scrubs. A small incision 

was made in the skin and 2-mm tumor tissue fragments (that had been stored at −80 °C) 

were implanted under the skin using sterile technique. For the duration of surgical 

procedures, mice were kept on a water-circulated heated mat at 37°C. Incisions were then 

closed with 9-mm wound clips, which remained in place until the wounds had completely 

healed. Measurements of tumor length, width, and height were recorded twice weekly for 

tumor volume estimation. Tumors were excised at experimental endpoints and divided into 

portions stored either at −80 °C or in 10% formalin (Thermo Fisher Scientific) at room 

temperature.

Analysis of tumor proliferation and apoptosis

Tumors were harvested 2 to 4 hours following ASA gavage. Formalin-fixed tumors were 

subjected to IHC as described previously (30). Briefly, for assessment of proliferation, 

sections were stained with a 1:200 dilution of rabbit anti-MIB1 (Ki67, Thermo Fisher 

Scientific) and a rabbit HRP Kit (Dako K4011), following the manufacturer’s instructions. 

For assessment of apoptosis, TUNEL staining was performed as described previously (32) 

using an ApopTag Plus Peroxidase In Situ Apoptosis Kit (EMD Millipore), following the 

manufacturer’s instructions.

Western blotting

Western blotting was performed as described previously (31). Briefly, cell pellets were 

suspended in SDS lysis buffer. Frozen tumor tissues were homogenized in RIPA lysis buffer 

containing 1.0% NP40, 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 8.0), 0.5% sodium 

deoxycholate, 0.1% SDS, and protease and phosphatase inhibitors. After centrifugation, 

supernatant was collected and protein estimation was performed by BCA assay. Equal 

amounts of protein were resolved on 10% SDS polyacrylamide gels, transferred to PVDF 

membranes, and blocked with 5% nonfat dry milk for 1 hour at room temperature. 

Thereafter, membranes were probed with primary antibodies against phosphorylated 5’ 
adenosine monophosphate–activated protein kinase (pAMPK, Cell Signaling Technology 

2535, 1:1,000), total AMPK (Santa Cruz Biotechnology sc-74461, 1:2,000), b-actin (Sigma 

A5316, 1:10,000), tyrosinase (Santa Cruz Biotechnology sc-20035, 1:1,000), MITF (Abcam 

C5 ab12039, 1:500), phosphorylated ERK (p-ERK, Cell Signaling Technology 9101, 

1:1,000), ERK (Cell Signaling Technology 4695, 1:2,000), or tubulin [horseradish 
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peroxidase (HRP)–tagged, Abcam ab21058, 1:10,000] overnight at 4°C. Membranes were 

washed, incubated with HRP-conjugated secondary antibody (PerkinElmer, 1:10,000), and 

then protein bands were visualized using enhanced chemiluminescence (PerkinElmer).

Immunoprofiling of peripheral blood

Whole blood (50 μL) was transferred to flow cytometry tubes and incubated for 30 minutes 

in the dark at room temperature with 50 μL antibody master mix prepared in PBS containing 

0.5% BSA (flow buffer). Red blood cells were then lysed by two rounds of incubation with 2 

mL of High-Yield Lyse buffer (Life Technologies) followed by centrifugation at 500 × g. 

Cells were resuspended in flow buffer and analyzed by flow cytometry using either LSRFor-

tessa or FACSCanto instruments (BD Biosciences). Antibodies against CD3ε (Brilliant 

Violet 421, #100335), CD49b/DX5 (FITC, #108905), and CD11b (APC/Fire 750, #101261) 

were obtained from BioLegend and used according to the supplier’s instructions. Natural 

killer (NK) cells were identified as the CD3ε-negative, CD49b/DX5– positive population. 

Neutrophils/monocytes were identified as the CD11b-positive population.

Statistical analysis

Comparisons between experimental groups were analyzed using Student t tests with Prism 

software (GraphPad), Version 7. For multiple group comparisons, ANOVA was also used. 

Error bars indicate SEM of triplicate (unless stated otherwise) determinations. P values of 

≤0.05 were considered statistically significant.

Results

ASA inhibits colony formation and motility of melanoma cells and transformed 
melanocytes

We initially assessed the toxicity of ASA in human melanoma cell lines, transformed human 

melanocytes, and normal human melanocytes by MTT assay. Although ASA was cytotoxic 

for normal melanocytes at concentrations >1 mmol/L, the viability of melanoma cells and 

transformed melanocytes was not affected by ASA over 24 to 48 hours at concentrations 

below 1.5 mmol/L (Supplementary Fig. S1). The ability to form colonies in soft agar is a 

surrogate for tumor growth. We assessed the capacity of ASA to block colony formation, 

which was significantly reduced in ASA-treated A375 and MTG2 cells (Fig. 1A) and Mel-

STR cells (Fig. 1B). In transwell assays, 1 mmol/L ASA significantly inhibited the 

migration of A375, YU2, WM3311 (not shown), and MTG2 cells (Fig. 2A), as well as Mel-

STM and Mel-STR cells (Fig. 2B). Similarly, in Matrigel invasion assays, melanoma cells 

(Fig. 2C) and transformed melanocytes (Fig. 2D) were significantly inhibited by ASA. In 

addition, we observed that the COX-2–specific inhibitor, celecoxib, significantly inhibited 

migration of A375 and Mel-STM cells at concentrations of 20 or 40 μmol/L (Supplementary 

Fig. S2A), which did not affect cell viability in MTT assays (Supplementary Fig. S2B). 

Thus, it is likely that ASA blocks cell migration through inhibition of COX-2.

Rescue of ASA-mediated inhibition of migration by Comp C and PGE2

Several reports have demonstrated activation of AMPK by ASA (9) and suggested that 

AMPK activation contributes to the antitumor effects of ASA (10, 11). Consistent with these 
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prior reports, we found that ASA activated AMPK in A375, MTG2, and Mel-STM cells, as 

reflected by 3- to 5-fold increase in the phosphorylated species (Fig. 3A). Treatment with the 

AMPK inhibitor Comp C reduced levels of phosphorylated AMPK to that of control cells 

(Fig. 3A). We confirmed that ASA suppressed synthesis of PGE2 in these cells (Fig. 3B). 

Although addition of Comp C alone also suppressed PGE2 production (but to a lesser extent 

than ASA), its addition partially restored PGE2 levels in ASA-treated cells (Fig. 3B), 

suggesting that AMPK activation is at least partially responsible for ASA-mediated 

suppression of PGE2. In migration assays, addition of Comp C restored the migratory 

capacity of ASA-treated A375 (Fig. 3C), Mel-STM (Fig. 3D), and MTG2 cells (Fig. 3E) to 

that of untreated cells. Similarly, addition of PGE2 also restored the migratory capacity of 

ASA-treated A375 (Fig. 3C), Mel-STM (Fig. 3D), and MTG2 cells (Fig. 3E). Thus, 

inhibition of migration by ASA appears to be mediated by activated AMPK and suppression 

of PGE2, as inhibition of AMPK activation or addition of PGE2 was able to rescue ASA-

treated cells in the migration assay.

ASA inhibits melanin synthesis

The ability to synthesize melanin is a unique property of melanocytic cells. Both ASA and 

celecoxib treatment reduced pigmentation in B16 and MTG2 cells, which could be 

appreciated by visual examination of cell pellets (Fig. 4A). Melanin production, quantitated 

spectroscopically, was significantly reduced in ASA or celecoxib-treated B16, MTG2, and 

WM3311 cells (Fig. 4B). We next examined whether ASA-mediated inhibition of melanin 

production could be rescued by either addition of Comp C or PGE2. Although Comp C and 

PGE2 caused some reduction in melanin production in B16 cells, the addition of either 

resulted in significantly higher levels of melanin in ASA-treated cells (Fig. 4C). Similarly, 

both Comp C and PGE2 were independently able to rescue ASA-mediated inhibition of 

melanin production in MTG2 cells (Fig. 4D). Despite the significant effects on melanin 

production, ASA treatment did not markedly affect levels of tyrosinase, MITF, or p-ERK in 

either MTG2 or WM3311 cells (Fig. 4E).

Chronic orally delivered ASA is well tolerated

Next, we developed an animal model to investigate the antitumor effects of ASA in vivo. In 

a pilot experiment, we assessed the tolerability of daily ASA gavage over a period of one 

month by monitoring body weight. As shown in Supplementary Fig. S3, chronic daily 

gavage with 100 μL water or 100 μL water containing 0.2 to 0.4 mg ASA was well tolerated 

in NOD/SCID mice, which we planned to use as hosts for PDX lines as described below.

Salicylate and PGE2 in blood and skin following ASA dosing

To assess the metabolism of ASA following oral dosing, blood and skin samples were 

collected from animals prior to ASA treatment (controls, 0 hour) and at time points between 

4 and 24 hours following a single dose of 0.4 mg ASA by gavage. ASA is known to be 

rapidly metabolized after digestion (33). We detected significant elevation of the immediate 

metabolite of ASA, salicylic acid (salicylate), in plasma at 4 hours posttreatment; plasma 

salicylate levels had significantly diminished by 8 hours and returned to background by 12 

hours (Fig. 5A, left). Plasma PGE2 was detectable prior to ASA exposure, significantly 

decreased by 8 hours and remained undetectable at 24 hours following ASA dosing (Fig. 
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5A, right). Similar trends were observed in mouse skin (Fig. 5B). Thus, salicylate can be 

detected in skin following oral delivery and is associated with rapid and prolonged 

suppression of PGE2 levels in blood and skin.

Sensitivity of human melanoma xenografts to ASA

MTG2 cells exhibited robust tumor formation in NOD/SCID (control) mice, while their 

tumor development was significantly delayed in animals treated with ASA beginning one 

week prior to and following cell implantation (Fig. 6A, left; Supplementary Fig. S4). Tumor 

development was also significantly delayed, although to a lesser degree, in ASA-treated 

animals implanted with MTG2 tumor fragments (Fig. 6A, right). MTG4 cells also exhibited 

significantly delayed tumor development in ASA-treated compared with control animals 

(Fig. 6B, left), although a significant difference in tumor growth was not seen in animals 

implanted with MTG4 tumor fragments (Fig. 6B, right). In contrast, both A375 and 

WM3311 melanoma cell lines were resistant to ASA, as tumor development was not 

significantly different in control versus ASA-treated animals (Fig. 6C). Similarly, tumor 

development by MTG5 cells or tumor fragments and Mel-STR cells was not significantly 

impacted by ASA treatment (Supplementary Fig. S5). Thus, some tumors were sensitive to 

ASA, whereas others were resistant, and for ASA-sensitive tumors, the inhibitory effect of 

ASA on tumor development was more pronounced when cells compared with tumor 

fragments were implanted.

ASA inhibits proliferation of sensitive tumors

To gain insight into the differential effects of ASA on tumor growth, we examined markers 

of proliferation and apoptosis in cell-implanted tumors that were sensitive (MTG2), partially 

sensitive (MTG4), and resistant (A375) to ASA. Staining for the mitotic marker Ki67 

(MIB-1) revealed significantly lower rates of proliferation in ASA-exposed compared with 

control MTG2 and MTG4 tumors, while ASA did not significantly impact proliferation of 

A375 tumors (Fig. 7A). However, staining for TUNEL-positive cells did not demonstrate 

significant differences in tumor cell apoptosis between control and ASA-exposed tumors for 

any of the three tumor types (Fig. 7B). Thus, sensitivity to ASA correlated with reduced 

proliferation rather than increased apoptosis in tumors from animals chronically treated with 

ASA.

ASA suppresses PGE2 and activates AMPK in both sensitive and resistant tumors

We next examined PGE2 levels and signaling in cell-implanted tumors that were sensitive 

(MTG2) and resistant (A375) to ASA. As shown in Fig. 7C, PGE2 levels were significantly 

reduced (by ~50%) in both MTG2 and A375 tumors, although PGE2 levels were much 

higher in ASA-resistant A375 than ASA-sensitive MTG2 tumors. Next, we assessed AMPK 

activation in control and ASA-exposed tumors. We observed increased phosphorylated 

AMPK associated with ASA exposure in both ASA-sensitive MTG2 and ASA-resistant 

A375 tumors (Fig. 7D). Thus, suppression of PGE2 and activation of AMPK are unlikely to 

explain fully the differential sensitivity of tumors to ASA, although high residual PGE2 

levels in ASA-treated A375 tumors may have contributed to ASA resistance.
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ASA inhibits growth of established tumors

Tumor fragments may be more similar to an established tumor than a cell line. Given the 

difference in tumor sensitivity of ASA between implants of cells versus fragments for 

MTG2 and MTG4, we examined whether ASA could affect growth of established tumors. 

We initiated treatment with water (control) or ASA in groups of mice one week prior to 

implantation with MTG2 cells as described above. A third group of mice (ASA-delay) was 

implanted with MTG2 cells, but daily ASA gavage was initiated when tumors reached 5 mm 

in diameter. As shown in Fig. 8A, both the ASA-treated and ASA-delay groups 

demonstrated similar patterns of tumor growth, which were significantly reduced compared 

with the control group. Levels of PGE2 in plasma and tumors (obtained at experimental 

endpoint) were comparable between the ASA-treated and ASA-delay groups and were 

significantly lower than that of the control group (Fig. 8B). Thus, ASA was able to reduce 

MTG2 tumor growth whether initiated prior to tumor cell inoculation or once small tumors 

were established.

Immunoprofiling of mice following chronic ASA exposure

NOD/SCID mice lack functional T- and B lymphocytes associated with acquired 

immunologic memory, but retain an innate immune system constituted by NK cells and 

neutrophil/mononuclear cells (34). To assess the impact of chronic ASA exposure on the 

peripheral immune system, we performed immuneprofiling of peripheral blood taken from 

both control and ASA-treated animals (at experimental endpoint) in the MTG2 ASA-delay 

experiment described above. The NK cell (DX5+CD3−) and neutrophil/monocyte (CD11b
+GR1−) compartments were not significantly different between the control and ASA-treated 

animals (Fig. 8C). Similarly, we did not observe differences in immune cell compartments in 

control and ASA-treated animals bearing WM3311 tumors (not shown). Finally, we 

analyzed plasma cytokine profiles from these animals. As shown in Fig. 8D, levels of IFNγ 
and IL3 were reduced, whereas IL5 and IL28 were elevated in ASA-treated compared with 

control animals. Significant differences were not observed for IL4, IL6, IL17a, IL18, IL22, 

IL31, LIF, IP-10, GRO-α, MCP-1, MCP-3, MIP-2, Eotaxin, or ENA-78. The quantitative 

data for the entire panel of cytokines tested are shown in Supplementary Fig. S6. The 

following cytokines were not detected: IL1α, IL1β, IL2, IL9, IL10, IL12β, IL13, IL15, 

IL23, IL27, RANTES, TNFα, IFNα, MIP-1, G-CSF, M-CSF, and GM-CSF (not shown).

Discussion

The chemopreventive and anticarcinogenic activities of ASA have largely been attributed to 

COX inhibition resulting in reduced synthesis of PGE2, which is upregulated in cancers (3) 

and implicated in multiple carcinogenic processes (5–8). In addition, ASA has been shown 

to activate the ATM kinase (35) and block NFκB (36) and Akt pathways (37). Other 

activities of ASA include activation of AMPK (9) that may regulate mTOR pathways 

involved in autophagy (11) and apoptosis (10) in cancer cells, and inhibition of heparanase 

that was associated with reduced angiogenesis and growth of tumor xenografts (22). In some 

cases, these “COX-independent” activities were observed at much higher concentrations 

(i.e., 5 mmol/L) than required for COX inhibition and thus may not be clinically relevant 

(38). Although other cancer cell types (e.g., colon, breast) demonstrated cytotoxicity to ASA 
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at concentrations below 1 mmol/L (39), we found that ASA at a concentration of 1 mmol/L 

was not cytotoxic for our panel of melanoma lines. This concentration seems physiologically 

relevant, as plasma concentrations of ASA were not found to exceed 2 mmol/L in patients 

treated for rheumatoid arthritis (40). Here, we report that 1 mmol/L ASA was able to 

significantly inhibit melanoma cell motility and melanin synthesis, which could be reversed 

by addition of PGE2 or recapitulated by the COX-2–selective inhibitor celecoxib, suggesting 

that inhibition of COX-2/PGE2 is sufficient for these effects observed with ASA.

The ability of the AMPK inhibitor Comp C to restore (at least partially) PGE2 levels in 

ASA-treated cells and rescue ASA-mediated inhibition of migration and melanin synthesis 

suggests that the COX-2 and AMPK pathways may be interrelated. Indeed, multiple studies 

have suggested that AMPK is downstream of PGE2, although there are conflicting reports as 

to whether AMPK is positively or negatively regulated by PGE2. Funahashi and colleagues 

(41) observed that PGE2 negatively regulates AMPK phosphorylation, whereas others 

showed that PGE2 stimulated AMPK phosphorylation (42, 43). In addition, several studies 

have demonstrated a positive feedback loop in which AMPK upregulates COX-2 (44, 45). 

This regulatory circuit involving AMPK-mediated upregulation of COX-2 may be operative 

in melanoma cells, as we observed that Comp C caused a small but significant reduction in 

PGE2 levels; however, this effect was overridden in ASA-treated cells in which the addition 

of Comp C partially restored PGE2 levels, migratory capacity, and melanin synthesis. 

Although Nishio and colleagues (46) reported that melanin production was inhibited by 

ASA in B16-F10 cells at concentrations of 2 to 3 mmol/L and associated with 

downregulation of MITF and pERK, we found that 1 mmol/L ASA significantly blocked 

melanin synthesis without affecting MITF or pERK levels and could be rescued by either 

exogenous PGE2 or inhibition of AMPK.

Previous preclinical studies examining the effects of ASA on melanoma in vivo have been 

problematic, either because extremely high nonphysiologic doses (up to 250 mg/kg) were 

delivered intraperitoneally (20, 22) or ASA was dissolved in the drinking water (21), where 

the amount of active drug delivered was sporadic and could not be controlled. In the current 

study, we avoided these pitfalls by delivering ASA by oral gavage, which was well tolerated 

and resulted in detectable levels of salicylate in both the blood and skin. At 4 hours 

following an oral dose of 0.4 mg ASA, we detected salicylate levels of approximately 4,000 

to 7,000 ng/mL above background in plasma. In comparison, using the same LC/MS 

methods, we have detected plasma salicylate levels in the range of 200 to 1,000 ng/mL in 

human subjects following oral ingestion of a single 325 mg ASA tablet (Rahman and 

Grossman, unpublished). Thus, the mouse model described here appears to be suitable for 

preclinical ASA chemoprevention studies in anticipation of human chemoprevention trials 

involving daily oral ASA dosing. Although higher oral ASA dosing could potentially be 

achieved, the salicylate concentrations we detected in plasma were physiologic and 

sufficient to suppress PGE2 levels in blood, skin, and xenografted tumors.

It is unclear why some tumors were sensitive, whereas others were resistant to ASA. 

Although ASA significantly reduced PGE2 levels in both sensitive (MTG2) and resistant 

(A375) tumors, PGE2 levels were much higher in control and ASA-treated A375 versus 

MTG2 tumors. Thus, it is possible that residual levels of PGE2 in ASA-treated A375 tumors 
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were sufficient to sustain tumor growth. Alternatively, it is conceivable that in some tumors 

redundant signaling molecules or pathways independent of PGE2 are required for tumor 

development and growth so that reduction in PGE2 levels is inconsequential. Activation of 

AMPK signaling has been associated with antitumor effects of ASA (10, 11); however, we 

observed increased levels of phosphorylated AMPK in both ASA-sensitive and resistant 

tumors. Henry and colleagues (47) reported that ASA decreased viability and anchorage-

independent growth of mutant PIK3CA (but not wild-type PIK3CA) breast cancer cells 

independently of its effects on COX-2; however, we have not characterized our panel of 

melanoma lines for PIK3CA mutations or expression.

Tumors in which growth was reduced by ASA treatment demonstrated decreased 

proliferation rather than increased apoptosis. For these ASA-sensitive tumors, the inhibition 

of tumor growth was more pronounced for cell implants compared with tumor fragments. 

This difference may reflect the importance of established tumor microenvironment and its 

constituent intercellular interactions. On the other hand, we found that for one tumor line 

(MTG2), tumor growth was inhibited as efficiently when ASA treatment was initiated after 

tumors were established. This result suggests that prolonged pretreatment with ASA may not 

be necessary for its chemoprotective effects.

Finally, the immunodeficient mouse host that was employed to accommodate human tumor 

xenografts did not exhibit marked inflammation in the skin or tumor, and there was minimal 

alteration in the percentage of NK cells and neutrophils or pattern of cytokine expression in 

the blood of ASA-treated animals. We plan to extend these studies into immunocompetent 

mouse strains with genetic susceptibility to UV-induced melanoma (48, 49). Such tumor 

models may be more amenable to ASA-mediated prevention or inhibition of tumor growth 

given the inflammation and increased PGE2 associated with UV-irradiation of the skin (50). 

In addition, such models would allow us to test the capacity of ASA to block development of 

de novo melanoma, which may be more directly relevant to chemoprevention.

In summary, we have shown that ASA inhibits melanoma cell motility, colony formation, 

and pigmentation through suppression of PGE2 and activation of AMPK, and that daily oral 

ASA suppresses PGE2 in mouse blood, skin, and tumors, although these activities were not 

sufficient to inhibit growth of some melanoma tumors in vivo. This model could be used for 

investigating other biomarkers relevant to ASA metabolism and tumor development and 

metastasis, and responses of melanoma tumors driven by different oncogenic mutations. 

Such preclinical data will be important to support future melanoma chemoprevention trials 

in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Colony formation is inhibited by ASA. A, Cells were grown in agarose in the absence 

(control) or presence of ASA; then, colonies were counted. *, P = 0.03; **, P = 0.01. Photos 

shown are of representative MTG2 plates. B, Colony formation of melanocyte lines as in A. 
*, P = 0.06. Photos shown are of representative Mel-STR plates.
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Figure 2. 
ASA impairs cell motility. A, Melanoma lines were subjected to migration assay in the 

absence (control) or presence of ASA for 24 hours. *, P < 0.001; **, P = 0.01; ***, P = 

0.007. Photos shown are of representative high-power field (HPF, ×200). B, Melanocyte 

lines were treated as in A. *, P = 0.001; **, P = 0.01. C, Melanoma lines treated as in A 
were subjected to invasion assay with or without (control) ASA for 48 hours. *, P < 0.001. 

D, Melanocyte lines were treated as in C. *, P < 0.002; **, P < 0.001.
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Figure 3. 
ASA-mediated inhibition of migration reversed by Comp C and PGE2. A, Western blots of 

cells after treatment with ASA and/or Comp C for 24 hours. Representative blot from two 

experiments. Numbers are from densitometry scan. B, PGE2 concentrations of supernatants 

from cells incubated 24 hours with ASA, Comp C, or both (Comp C added 1 hour before 

ASA) as indicated. For ANOVA, P < 0.001 for each cell type. For t test comparisons: *, P = 

0.08; **, P = 0.009; ***, P = 0.02; ***, P = 0.05. NS, not significant. C, Migration (24 

hours) of A375 cells per high-power field (HPF) in the absence or presence 1 mmol/L ASA, 

0.5 μmol/L Comp C, and 1 μmol/L PGE2 as indicated. Comp C or PGE2 was added 1 hour 

before ASA. For ANOVA, P < 0.001. For t test comparisons: *, P = 0.004; **, P < 0.001. D, 
Migration of Mel-STM cells as in C. For ANOVA, P = 0.003. For t test comparisons: *, P = 

0.008; **, P = 0.03. E, Migration of MTG2 cells as in C. For ANOVA, P = 0.005. For t test 

comparisons: *, P = 0.05; **, P = 0.04.
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Figure 4. 
Melanin production is inhibited by ASA and rescued by PGE2. A, Melanoma cells were 

incubated in the absence (control) or presence of ASA or celecoxib for 24 hours; then, 

melanin was quantitated in cell lysates. *, P = 0.02; **, P = 0.01; ***, P < 0.001. B, 
Representative photos shown of cell pellets. C, B16 cells were incubated for 24 hours in the 

absence or presence of 1 mmol/L ASA, 0.5 μmol/L Comp C, and/or 1 μmol/L PGE2 as 

indicated. Comp C or PGE2 was added 1 hour before ASA. For ANOVA, P < 0.001. For t 
test comparisons: *, P < 0.001; **, P = 0.003; ***, P = 0.005. D, MTG2 cells were treated as 

in C. For ANOVA, P < 0.001. For t test comparisons: *, P < 0.001; **, P = 0.005. E, Western 

blots for tyrosinase, MITF, and p-ERK. Representative blot is from two experiments. 

Numbers are from densitometry scan.
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Figure 5. 
Detection of salicylate and PGE2 in mouse plasma and skin. Blood and skin were taken from 

mice (n = 3–4/group) not exposed to ASA (time 0) or 4 to 24 hours following a single oral 

dose of 0.4 mg ASA. A, Determination of salicylate (left) and PGE2 (right) in plasma by 

LC/MS. *, P = 0.01; **, P 0.02; ***, P = 0.03. B, Determination of salicylate (left) and 

PGE2 (right) in skin by LC/MS. *, P = 0.005; **, P = 0.01; ***, P = 0.08.
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Figure 6. 
ASA delays tumor growth of some cell implants. Daily oral gavage with 100 μL water 

(control) or ASA (0.4 mg) began one week prior to implantation of tumor cells or fragments 

(n = 10 mice/group), and continued daily until termination. A, Growth of MTG2 cells (left) 

and tumor fragments (right). *, P = 0.007; **, P = 0.08. B, Growth of MTG4 cells (left) and 

tumor fragments (right). *, P = 0.03; NS, not significant. C, Growth of A375 cells (left) and 

WM3311 cells (right).
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Figure 7. 
Proliferation, apoptosis, and signaling in ASA-sensitive and ASA-resistant tumors. Tumors 

were harvested from mice treated with daily water (control) or ASA gavage. A, MIB-1 

staining cells per high-power field (HPF) from 4 to 5 tumors in each group. *, P = 0.01; **, 

P = 0.02; NS, not significant. Representative photos of MTG2 sections, ×400. B, TUNEL-

positive cells per HPF from 4 to 5 tumors in each group. Representative photos of MTG2 

sections, ×400. C, PGE2 levels in tumors (n = 3 for each group). *, P = 0.001; **, P = 0.05. 

D, Western blotting of tumor lysates for p-AMPK, AMPK, and actin. Statistical analysis of 

densitometry values. *, P = 0.03.
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Figure 8. 
ASA inhibits growth and suppresses PGE2 in established tumors. Oral daily gavage with 100 

μL water (control) or ASA (0.4 mg) began one week prior to implantation of tumor cells, or 

with ASA (ASA delay) once tumors reached a diameter of 5 mm (n = 9–10 mice/group), and 

continued daily until termination. A, Tumor growth. *, P = 0.004; **, P = 0.01; NS, not 

significant. B, PGE2 levels in plasma (pg/mL) and tumors (pg/mg) at termination. *, P 
0.005; **, P < 0.001. C, Immune cell profiling of NK (DX5+CD3−) cells and neutrophils/

monocyte (CD11b+GR1−) cells in blood at termination. D, Plasma cytokines at termination. 

Levels were normalized to the control group for each. *, P = 0.03; **, P = 0.04.
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