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Abstract
Tolfenamic acid (TA) is a nonsteroidal anti-inflammatory
drug that inhibits pancreatic cancer cell and tumor growth
through decreasing expression of specificity protein (Sp)
transcription factors. TA also inhibits growth of erbB2-
overexpressing BT474 and SKBR3 breast cancer cells;
however, in contrast to pancreatic cancer cells, TA
induced down-regulation of erbB2 but not Sp proteins.
TA-induced erbB2 down-regulation was accompanied by
decreased erbB2-dependent kinase activities, induction
of p27, and decreased expression of cyclin D1. TA also
decreased erbB2 mRNA expression and promoter activity,
and this was due to decreased mRNA stability in BT474
cells and, in both cell lines, TA decreased expression of
the YY1 and AP-2 transcription factors required for basal
erbB2 expression. In addition, TA also inhibited tumor
growth in athymic nude mice in which BT474 cells were
injected into the mammary fat pad. TA represents a novel
and promising new anticancer drug that targets erbB2 by
decreasing transcription of this oncogene. [Mol Cancer
Ther 2009;8(5):1207–17]

Introduction
Breast cancer is one of the major causes of premature death
in women; however, the combination of early detection cou-

pled with improved treatment has significantly improved
survival from this disease (1–3). Antiestrogens and aroma-
tase inhibitors are highly effective endocrine therapies used
for treating early stage estrogen receptor–positive breast
cancer. Compounds that include tamoxifen, raloxifene, ful-
vestrant, and their combinations or sequential use provide
successful outcomes for patients with hormone-responsive tu-
mors (2–7). Later stage or less-differentiated estrogen receptor–
negative breast cancers are more aggressive; patient survival is
relatively low; and various therapeutic regimes are less effec-
tive (8–11). Improvements in the effectiveness of chemothera-
pies have been obtained using drug combinations and
differences in the timingof drugdelivery (11). In addition, new-
er mechanism-based anticancer drugs that target critical ki-
nase, survival, and growth-promoting and angiogenic
pathways are also promising new chemotherapies for treating
breast and other tumor types (10, 11).
Epidermal growth factor receptors are receptor tyrosine ki-

nases overexpressed in many cancers, and erbB2/HER2/neu is
an oncogene overexpressed in 20% to 30% of all breast cancers.
ErbB2-positive tumors tend to be aggressive with a poor prog-
nosis for patient survival, and the recombinantmonoclonal an-
tibody trastuzumab (Herceptin) has beenusedas a single agent
and in combination therapy for successfully treating patients
with breast tumors overexpressing erbB2 (12–15). Because
Herceptin targets the extracellular domain of erbB2, there is a
decrease in receptor tyrosinekinase activity andvarious down-
stream targets that are important for erbB2-dependent tumor
growth and survival. For example, treatment of breast cancer
cells overexpressing erbB2 with Herceptin decreased erbB2
phosphorylation and also mitogen-activated protein kinase
(MAPK)- and phosphatidylinositol-3-kinase–dependent phos-
phorylation of MAPK and Akt, respectively (16).
Tolfenamic acid (TA) is a nonsteroidal anti-inflammatory

drug (NSAID) used for treatment of migraine headaches
and alcohol-induced hangovers (17); however, recent stud-
ies have shown the efficacy of this drug for cancer chemo-
therapy (18, 19). TA inhibits pancreatic cancer cell growth
in vitro and tumorgrowth in vivo through inducingproteasome-
dependent degradation of specificity protein (Sp)1, Sp3, and
Sp4 proteins, which are overexpressed in these cells and
tumors (18–20). The effectiveness of TA is associated with
repression of Sp proteins and Sp-dependent genes such as
vascular endothelial growth factor and vascular endothelial
growth factor receptor 1. The antiangiogenic activity of TA
correlated with the inhibition of liver metastasis in an or-
thotopic model for pancreatic cancer (17). In this study, we
show that TA also inhibits growth of erbB2-overexpressing
BT474 and SKBR3 breast cancer cells; however, this is not ac-
companied by a coordinate repression of Sp proteins. Inhibi-
tion of erbB2-overexpressing breast cancer cell and tumor
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growth by TA is associated with down-regulation of erbB2.
This novel observation highlights the possibility that erbB2-
overexpressing breast tumors and tumors derived from other
tissues may be targeted by TA and structurally related
NSAIDs that exhibit relatively low toxicity.

Materials and Methods
Chemicals, Antibodies, Plasmids, and Reagents

TA, mefenamic acid, flufenamic acid, N- flumic acid, and
diclofenac were purchased from LKT Laboratories, Inc. Lac-
tacystin, cycloheximide, and β-actin antibody were pur-
chased from Sigma-Aldrich. Antibodies against erbB2
(C-18), Sp1 (PEP2), Sp3 (D-20), Sp4 (V-20), Akt (H-136),
p-Akt (Ser473), MAPK (C-14), p-MAPK (E-4), cyclin D1
(M-20), p27 (C-19), PEA3 (16), AP-2α (C-18 and 3B5), and
YY1 (H-10) were obtained from Santa Cruz Biotechnology;
the erbB2 (Ab-3) antibody was obtained from Calbiochem;
and the early endosome antigen 1 antibody was purchased
from Upstate. The perbB2-500 construct was kindly provid-
ed by Dr. Christopher C. Benz (University of California, San
Francisco, CA) and the full-length AP-2 cDNA construct
TFAP2Awas purchased from Open Biosystem. Reporter ly-
sis buffer and luciferase reagent for luciferase studies were
purchased from Promega. β-Galactosidase reagent was ob-
tained from Tropix. Lipofectamine reagent was supplied by
Invitrogen. Western lightning chemiluminescence reagent
was from Perkin-Elmer Life Sciences.
Cell Lines

Human mammary carcinoma cell lines MDA-MB-231,
MCF-7, BT474, and SKBR3 were obtained from the Ameri-
can Type Culture Collection. Cell lines were cultured with
10% fetal bovine serum in DMEM (BT474, MDA-MB-231,
and MCF-7) or McCoy's 5A medium (SKBR3). Cells were
maintained at 37°C in the presence of 5% CO2.
Cell Proliferation Assay

Cells (2-3 × 104 per well) were plated in 12-well plates and
allowed to attach for 24 h. The medium was then changed
to DMEM/Ham's F-12 medium containing 2.5% charcoal-
stripped fetal bovine serum, and either vehicle (DMSO) or
different concentrations of TA were added. Fresh medium
and compounds were added every 48 h, and cells were then
trypsinized and counted at the indicated time points using a
Coulter Z1 cell counter. Each experiment was done in trip-
licate, and results are expressed as means ± SE for each set
of experiments.
Western Blotting

Cells were rinsed with PBS and collected by scraping cells
from the culture plate in 200 μL of lysis buffer. The cell
lysates were incubated on ice for 1 h with intermittent vor-
tex mixing and then centrifuged at 40,000 g for 10 min at
4°C. Equal amounts of protein were separated on SDS-
polyacrylamide gels. Proteins were transferred to Immobi-
lon P membranes (Millipore) using a Bio-Rad Trans-blot
apparatus and transfer buffer (48 mmol/L Tris, 39 mmol/L
glycine, 0.0375% SDS, and 20% methanol). After blocking
in TBST-Blotto [10 mmol/L Tris-HCl, 150 mmol/L NaCl
(pH 8), 0.05% Triton X-100, and 5% nonfat dry milk] for

30min, the membranes were incubated with primary antibo-
dies overnight at 4°C and then with horseradish peroxidase–
conjugated secondary antibody for 2 h at room temperature.
Proteins were visualized using the chemiluminescence sub-
strate (Perkin-Elmer Life Sciences) for 1 min and exposed to
Kodak X-OMATAR autoradiography film (Eastman Kodak).
For protein quantitation, band intensities were normalized to
β-actin (loading control) and comparedwith band intensities
for the DMSO (control) set at 1.0% or 100%.

Quantitative Real-time PCR

Total RNA was purified using RNeasy Mini kit (Qiagen),
and cDNA was prepared using Reverse Transcription Sys-
tem (Promega). Each PCR was carried out in triplicate in
a 30-μL volume using SYBR Green Mastermix (Applied Bio-
systems) for 15 min at 95°C for initial denaturing, followed
by 40 cycles of 95°C for 30 s and 60°C for 1 min in the Ap-
plied Biosystems 7900HT Fast Real-time PCR System. The
ABI Dissociation Curves software was used following a
brief thermal protocol (95°C for 15 s and 60°C for 15 s, fol-
lowed by a slow ramp to 95°C) to control for multiple spe-
cies in each PCR amplification. Values for each gene were
normalized to expression levels of TATA-binding protein.
Primers were obtained from Integrated DNA Technologies.
The primers used were as follows:

hNeu(F): 5′-ACC GGC ACA GAC ATG AAG CT-3′.
hNeu(R): 5′-AGG AAG GAC AGG CTG GCA TT-3′.
TATA-binding protein (F): 5′-TGC ACA GGA GCC AAG
AGT GAA-3′.

TATA-binding protein (R): 5′-CAC ATC ACA GCT CCC
CAC CA-3′.

DNA Transfection and Luciferase Assays

Cells were plated in 12-well plates at 1 × 105 per well and
cultured as described above. After growth for 16 to 20 h,
transfections were carried out by using Lipofectamine
(Invitrogen) according to the manufacturer's protocol. After
5 h of transfection, the transfection mix was replaced with
complete media containing either vehicle (DMSO) or TA for
20 to 22 h. Cells were then lysed with 100 μL of 1× reporter
lysis buffer, and 30 μL of cell extract were used for lucifer-
ase and β-galactosidase assays. Lumicount was used to
quantitate luciferase and β-galactosidase activities, and
the luciferase activities were normalized to β-galactosidase
activity.

Immunofluorescence Microscopy

Cells were fixed immediately in 4% paraformaldehyde,
added with 0.3% Triton X-100 (Roche Molecular Biochem-
icals) for 10 min, permeabilized in PBS with 0.3% Triton
X-100 for 10 min, and preincubated for 1 h with 10% nor-
mal goat serum (Vector Laboratories). Cells were incubat-
ed with anti-erbB2 antibody (1:80) or anti-early endosome
antigen 1 antibody (1:200) overnight and incubated with
FITC-conjugated or Cy5-conjugated secondary antibody
(1:200; Chemicon) for 1 h. The two-well chambers were
mounted with mounting medium (Vector Laboratories).
The slides were viewed using an LSM 510 Meta confocal
microscope (Carl Zeiss) equipped with ×40 and ×63
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objectives. Images were analyzed and processed using the
LSM software v. 3.2 (Carl Zeiss) and occasionally Adobe
Photoshop 7.0.
Animals and Orthotopic Implantation of Breast Tumor

Cells

Female ovariectomized athymic nu/nu mice (5- to 7-wk-
old) were purchased from the Animal Production Area of
the National Cancer Institute Frederick Cancer Research
and Development Center. The mice were housed and main-
tained under specific pathogen-free conditions in facilities
approved by the American Association for Accreditation
of Laboratory Animal Care and in accordance with current
regulations and standards of the U.S. Department of Agri-
culture, U.S. Department of Health and Human Services,
and the NIH. Under anesthetic condition, a 0.72-mg
60-day release 17β-estradiol pellet (Innovative Research)
was implanted into the interscapular region of each mouse.
One day later, BT474 cells (3 × 106 cells) were injected s.c.
under the mammary fat pad area of each mouse. The tumor
sites were monitored twice a week, and when palpable
(12 d), mice were randomized into 2 groups of 5 mice per
group and dosed by oral gavagewith corn oil or 25mg/kg/d
TA for 27 d. The mice were weighed, and tumor size was
measured at the indicated time with calipers to permit
calculation of tumor volumes: V = LW2/2, where L and W
were length and width, respectively. Final body and tumor
weights were determined at the end of the dosing regi-
men, and tumor blocks were obtained for histopathologic
analysis.

Immunohistochemistry

Tissue sections (4- to 5-μmol/L thick) mounted on poly-L-
lysine–coated slide were deparaffinized by standard meth-
ods. Endogenous peroxidase was blocked by the use of 2%
hydrogen peroxide in PBS for 1 min. Antigen retrieval for
erbB2 and p-MAPK staining was done for 10 min in
10 mmol/L sodium citrate buffer (pH 6) heated at 95°C in
a steamer followed by cooling at room temperature for
15 min. The slides were washed with PBS and incubated
for 30 min at room temperature with a protein blocking so-
lution (VECTASTAIN Elite ABC kit; Vector Laboratories).
Excess blocking solution was drained, and the samples were
incubated overnight at 4°C with one of the following: a 1:60
dilution of erbB2 antibody or a 1:80 dilution of p-MAPK,
AP-2, and YY1 antibodies. Sections were then incubated
with biotinylated secondary antibody followed by strepta-
vidin (VECTASTAIN Elite ABC kit). The color was devel-
oped by exposing the peroxidase to diaminobenzidine
reagent (Vector Laboratories), which forms a brown reaction
product. The sections were then counterstained with Gill's
hematoxylin. ErbB2, AP-2, YY-1, and p-MAPK expression
were identified by the brown cytoplasmic staining. H&E
staining was determined as previously described (18–20).

Results
TA Inhibits Proliferation of BT474 and SKBR3 Cells

Figure 1A and B illustrate the effects of TA on prolifera-
tion of erbB2-overexpressing BT474 and SKBR3 breast

Figure 1. Effects of TA and related compounds on cell proliferation. TA-mediated inhibition of BT474 (A) and SKBR3 (B) cell growth. Cells were treated
with different concentrations of TA for up to 6 d, and the number of cells in each treatment group were determined as described in the Materials and
Methods. Significant (P< 0.05) inhibition of cell growth was observed for 50 and 100 μmol/L TA. Inhibition of BT474 (C) and SKBR3 (D) cell proliferation
by TA and related compounds. Cells were treated with 50 μmol/L TA and related compounds as described above and significant (P < 0.05) growth
inhibition is indicated (*). Results, are means for at least three replicate determinations for each treatment group; bars, SE.
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cancer cell lines. The lowest concentration of TA (25 μmol/L)
had minimal effects, whereas 50 and 100 μmol/L TA inhib-
ited growth of BT474 and SKBR3 cells, and IC50 values were
41.5 and 52.5 μmol/L, respectively. These results are similar
to those previously reported in pancreatic cancer cells (18)
and in ongoing studies in other cancer cell lines. The growth
inhibitory effects of TA were also observed in other breast
cancer cell lines, and Supplementary Fig. S16 shows that
TA inhibits proliferation of MCF-7 and MDA-MB-231 cells.
The effects of TA and other substituted biphenylamine-1-
carboxylic acids on proliferation of BT474 and SKBT3 cell
was also determined (Fig. 1C and D). A comparison of the
growth inhibitory effects of 50 μmol/L TA, and structurally
related mefanamic acid, flufenamic acid, N-flumic acid, and
diclofenac indicated that mefanamic acid was the least

active among these 5 structurally related analogues. Differ-
ences among the other four substituted biphenylamine-1-
carboxylic acid NSAIDs were not large; however, TA was
the most active compound in BT474 cells as previously ob-
served for these compounds in and was used as the pro-
totype for the remaining studies. We also investigated the
effects of mefanamic acid on BT474 cell proliferation (Sup-
plementary Fig. S2)6 and the results show that 50 μmol/L
mefanamic acid did not inhibit cell proliferation. Higher
concentrations (≥100 μmol/L) were growth inhibitory
(data not shown).
TA Down-Regulates erbB2 and erbB2-Dependent

Responses

The growth inhibitory activity of TA and related com-
pounds in cancer cells has been correlated with down-
regulation of Sp1, Sp3, and Sp4 proteins (18–20); however,
results in Fig. 2A and B show that up to 100 μmol/L TA did
not appreciably affect Sp3 or Sp4 expression in BT474
or SKBR3 cells, and 75 to 100 μmol/L TA decreased Sp1

6 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Figure 2. Effects of TA on Sp, erbB2, and erbB2-dependent proteins. Sp protein expression in BT474 (A) and SKBR3 (B) cells treated with TA. Cells
were treated with different concentrations of TA for up to 72 h and whole cell lysates were analyzed by Western blots as described in the Materials and
Methods. ErbB2 and erbB2-dependent protein expression in BT474 (C) and SKBR3 (D) cells treated with TA. Cells were treated as described in A and B,
and whole cell lysates were analyzed by Western blots as described in the Materials and Methods. Bar graphs compare protein expression (normalized to
β-actin) relative to DMSO (set at 1.0); columns, means for three replicate determinations for each treatment group; bars, SE. Significant (P < 0.05)
decreases in protein expression are indicated (*).
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protein only after treatment of BT474 cells for 72 hours. Be-
cause erbB2 is a major driving force for the growth and sur-
vival of both cell lines, we also examined the effects of TA
on erbB2 protein expression (Fig. 2C and D). TA induced a
time- and concentration-dependent decrease in erbB2 pro-
tein in BT474 cells, and this was accompanied by decreased
phosphorylation of MAPK and Akt. As a control for this ex-
periment, we also observed that mefanamic acid decreased
erbB2 and phosphorylation of MAPK and Akt but at higher
concentrations than required for TA (Supplementary Fig. S2).6

Thus, TA specifically decreased expression of erbB2 pro-
tein and erbB2-dependent phosphorylation pathways in
BT474 and SKBR3 cells. We also observed some treat-
ment-related changes in MAPK and Akt proteins (Supple-
mentary Fig. S3)6 in BT474 cells, and this was particularly
evident for MAPK (but not Akt) after treatment for
72 hours. Cyclin D1 and p27 are two proteins up- and
down-regulated by erbB2-dependent kinases, respectively
(16), and results in Fig. 3A show that TA also decreased
cyclin D1 and increased p27 expression in BT474 and
SKBR3 cells. Previous reports indicate that geldanamycin

and ansamycins decrease erbB2 protein through destabi-
lizing interactions with chaperones resulting in enhanced
proteasome-dependent degradation of erbB2 (21–23). Initial
studies with the proteasome inhibitor MG132 gave conflic‐
ting results because MG132 alone decreased erbB2 protein
in BT474 and SKBR3 cells (data not shown). Studies with
lactacystin, another proteasome inhibitor, showed that TA-
induced down-regulation of erbB2 protein was not inhibited
after cotreatment with lactacystin (Fig. 3B). Treatment of
BT474 and SKBR3 with 50 μmol/L TA for 2, 6, and 12 hours
resulted in a time-dependent decrease in erbB2 mRNA levels
(Fig. 3C) and in cells transfectedwith perbB2, a construct con-
taining the −0.5 kB region from the erbB2 promoter, TA also
decreased luciferase activity in both cell lines (Fig. 3D). The
results show that TA acts, in part, by decreasing erbB2 tran-
scription in BT474 and SKBR3 cells.
Mechanisms of erbB2 Down-Regulation by TA

The mechanisms of TA-dependent inhibition of erbB2
transcription were investigated in BT474 and SKBR3 cells
treated with TA alone or in combination with the protein
synthesis inhibitor cycloheximide (Fig. 4A). Cycloheximide

Figure 3. TA decreases erbB2-dependent genes and erbB2 gene expression. Effects of TA on cyclin D1/p27 (A) and erbB2 (B) protein levels. BT474 and
SKBR3 cells were treated with TA alone or TA in combination with 2 μmol/L lactacystin for 48 or 72 h as indicated, and whole cell lysates were analyzed by
Western blots as described in the Materials and Methods. C, TA decreases erbB2 mRNA levels. BT474 and SKBR3 cells were treated with DMSO or
50 μmol/L TA for different times, and erbB2 mRNA levels were determined by reverse transcription-PCR as described in the Materials and Methods.
Columns, means for 3 replicate determinations for each treatment group and significantly (P < 0.05) decreased mRNA levels are indicated; bars,
SE. D, TA decreases luciferase activity. Cells were transfected with perbB2, treated with DMSO, or 50 μmol/L TA, and luciferase activity (relative to
β-galactosidase) was determined as described in the Materials and Methods. Columns, means for 3 replicate determinations for each treatment group
and significant (P < 0.05) decreases in activity are indicated (*); bars, SE.
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did not affect TA-dependent erbB2 mRNA down-regulation
in either cell line, suggesting that TA does not induce an in-
hibitory protein that acts on erbB2 transcription. However,
in studies on erbB2 mRNA stability carried out in the pres-
ence or absence of the transcriptional inhibitor actinomycin
D, TA significantly decreased erbB2 mRNA stability in
BT474 cells over the 8 hours duration of this experiment
(Fig. 4B). In contrast, only minimal effects were observed
in SKBR3 cells, demonstrating cell context–dependent ef-
fects of TA on erbB2 mRNA stability. Previous studies show
that the transcription factor PEA3 suppresses erbB2 expres-

sion (24, 25). Therefore, we investigated the effects of TA on
PEA3 expression in BT474 and SKBR3 cells (Supplementary
Fig. S4)6 and did not observe any changes in expression of
this transcription factor. YY1 and AP-2 cooperatively regu-
late erbB2 expression in erbB2-overexpressing cells (26), and
Fig. 4C summarizes the effects of TA on expression of these
transcription factors in BT474 and SKBR3 cells. TA de-
creased YY1 and AP-2 protein levels in BT474 and SKBR3
cells and, in cells cotreated with TA plus the proteasome in-
hibitor lactacystin, TA-dependent down-regulation of YY1
and AP-2 proteins was not reversed. These results indicate

Figure 4. Effects of TA on erbB2 expression and transcriptional regulatory proteins. Effects of cycloheximide (A) and actinomycin D (B) on erbB2 mRNA
levels and stability in cells treated with TA. BT474 and SKBR3 cells were treated with 50 μmol/L TA alone or in combination with cycloheximide or ac-
tinomycin D, and erbB2 mRNA levels were determined at various time points as described in the Materials and Methods. Results are expressed as means
for 3 replicate determinations for each treatment group and significant (P < 0.05) decreases are indicated (*); bars, SE. C, effects of TA on YY1/AP-2
protein levels. BT474 and SKBR3 cells were treated with TA for the indicated times and whole cell lysates were analyzed by Western blot analysis as
indicated in the Materials and Methods. D, AP-2 activates the erbB2 promoter. BT474 cells were transfected with empty vector (PGL3) or the perbB2-luc
construct, and one treatment group was cotransfected with AP-2 expression plasmid. Luciferase activity was determined as described in the Materials and
Methods. Columns, means for 3 separate determinations and significant (P < 0.05) induction of luciferase activity by AP-2 is indicated (*); bars, SE.
Western blot analysis of lysates shows that the AP-2 expression plasmid increases AP-2 protein.
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that down-regulation of these transcription factors was
proteasome-independent.
We also investigated the effects of TA on subcellular local-

ization of erbB2 because many drugs that decrease erbB2
protein induce erbB2 delocalization from the plasma mem-
brane into the cytoplasm (27–29). In solvent (DMSO)-treated
SKBR3 cells, erbB2 staining was primarily on the plasma
membrane (Fig. 5), whereas the endosome marker, early en-
dosome antigen 1, staining was on the endosome and did
not colocalize with erbB2. After treatment with 50 μmol/L
TA for 24 hours, the erbB2 plasma membrane staining was
observed and, in the merge of both erbB2 and early endo-
some antigen 1, it was evident that TA did not significantly
induce internalization of erbB2 as reported for other agents
(27–29). Similar results were observed in BT474 cells dem-
onstrating that TA did not induce internalization and subse-

quent degradation of erbB2 in the erbB2-overexpressing
breast cancer cell lines. BT474 cells were transfected with
PGL3 empty vector or the perbB2-luc construct (Fig. 4D).
In cells, cotransfected with an AP-2 expression plasmid,
there was a significant induction of luciferase activity dem-
onstrating that AP-2 expression activates the erbB2 promot-
er and shows the importance of AP-2 for erbB2 expression.
TA Inhibits Tumor Growth in Athymic Nude Mice

Bearing BT474 Xenografts

We also investigated the in vivo antitumorigenic activity
of TA (20 mg/kg/day), which was administered orally by
gavage to female athymic nude mice bearing BT474 cells in-
jected into the mammary fat pad. Tumor size was determine
over the treatment period (Fig. 6A), and there was a signif-
icant decrease in mice treated with TA compared with
those treated with the solvent alone. In addition, TA also

Figure 5. Immunostaining of erbB2. SKBR3 and BT474 cells were treated with 50 μmol/L TA for 24 h, and cells were fixed, immunostained with erbB2
or early endosome antigen 1 (EEA1) antibodies and analyzed by confocal microscope and softwares as described in the Materials and Methods.
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decreased mammary tumor weight compared with solvent
treated animals (Fig. 6B). H&E staining (Fig. 6C) shows that
tumors from untreated mice consisted of nests of cells in a
semiorganized fashion with nuclear molding and high nu-
clear to cytoplasmic ratio. In addition, cells with marked
atypical features such as anisocytosis, anisokaryosis, and
multiple variably sized nucleoli were also noted. Tumors
from TA-treated mice consisted of neoplastic cells similar

to that noted from the untreated mice. However, the nests
of tumor cells were highly disorganized with multiple nu-
clear fragmentations and condensations; in addition, epithe-
lial atypia was decreased. Treatment of mice with TA also
decreased expression of erbB2, phospho-MAPK, AP-2, and
YY-1 in tumors compared with levels in tumors from mice
treated with corn oil (Fig. 6C). Thus, results of both in vivo
and in vitro data show that TA inhibits tumor and cancer cell

Figure 6. TA inhibits tumor (BT474 xenografts) growth. Inhibition of tumor volume (A) and weight (B). Athymic nude mice bearing BT474 cells as
xenografts were treated with TA (25 mg/kg/d) and tumor volumes and weights were determined as described in the Materials and Methods. Significantly
(P< 0.05) decreased tumor weights are indicated (*). C, H&E staining and immunostaining. Tumors from vehicle control-treated (corn oil) and TA-treated
mice were fixed and stained (H&E) and immunostaining for erbB2, phospho-MAPK, YY1, and AP-2 as described in the Materials and Methods. D, a
schematic model summarizing the effects of TA on erbB2 in BT474 and SKBR3 cells.
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growth through down-regulating erbB2 expression, sug-
gesting that this relatively nontoxic NSAID may represent
a novel clinical approach for treatment of cancers that over-
express this oncogene.

Discussion
The development of Herceptin as a biotherapy for erbB2-
overexpressing breast cancer patients has been an important
innovation for treating this subset of individuals (12–15).
Moreover, combination therapy of Herceptin plus other
drugs including paclitaxel are also being used as adjuvant
therapy for breast cancer. Herceptin is not without side ef-
fects, and cardiotoxicity has been reported in a small num-
ber of patients (15). Based on the success of targeting erbB2
for cancer chemotherapy, other chemotherapeutic agents
have been developed for blocking activity of this receptor,
and these include both selective and nonselective tyrosine
kinase inhibitors, geldanamycin, and compounds that inter-
fere with chaperones such as heat shock protein 90, fatty
acid synthase inhibitors, and orlistat, a drug used in weight
loss (14–16, 21–23, 27–36). These compounds all block acti-
vation of erbB2 and erbB2-dependent downstream re-
sponses, although their overall mechanisms of action are
highly variable. TA is a relatively nontoxic NSAID used
for treatment of migraine headaches in humans, and TA
has multiple applications in veterinary medicine. Develop-
ment of this drug for cancer chemotherapy is promising due
to the relatively low toxicity of TA and related compounds.
Previous studies in this laboratory reported that the antican-
cer activity of TA in pancreatic cancer cell lines is associated
with their repression of Sp proteins and Sp-dependent
genes (18–20), and we hypothesized that TA may be effec-
tive in treatment of erbB2-positive breast cancer through a
comparable mechanism.
Sp proteins are overexpressed in estrogen receptor–

positive and estrogen receptor–negative breast cancer cell
lines including SKBR3 and BT474 cells (37), and Fig. 1 shows
that TA inhibits growth of both cell lines with potencies sim-
ilar to that observed for this compound in pancreatic cancer
cells (18–20). However, treatment of SKBR3 and BT474 cells
with TA did not appreciably affect Sp1, Sp3, and Sp4 protein
levels, although we did observe a consistent 20% to 30% de-
crease in Sp1 in BT474 cells treatedwith 75 to 100 μmol/LTA
for 3 days. These results contrast to ongoing studies in pan-
creatic and other cancer cell lines where TA decreases Sp1,
Sp3, and Sp4 proteins (data not shown). However, further
analysis of protein expression in BT474 or SKBR3 cells trea-
ted with TA showed that erbB2 protein expression was de-
creased (Fig. 2), and these results are consistent with the
growth inhibitory effects of TA in cells, where their growth
and survival are erbB2-dependent. Herceptin and other clas-
ses of drugs that block phospho-erbB2 formation/activation
or degrade erbB2 exhibit similar effects on erbB2-dependent
downstream responses including decreased phosphoryla-
tion of Akt and MAPK, down-regulation of cyclin D1, and
induction of p27 (16, 27–36). Figures 2C, D, and 3A illustrate
that TAalso exhibits an identical pattern of responses in BT474

and SKBR3 cells, which is consistent with TA-dependent
down-regulation of erbB2 protein.
We also compared the effects of TA with other agents

that block erbB2 signaling. Tyrosine kinase inhibitors
such as ZD1839 may or may not affect erbB2 expression
but, in the short term, their effects are primarily on de-
creased erbB2 phosphorylation (16, 30–33). In contrast,
ansamycins, proteasome inhibitors such as bortezomib,
and fatty acid synthase inhibitors all decrease erbB2 pro-
tein expression in BT474 and/or SKBR3 cells (21–23, 27–
29, 34–36), and similar responses were observed for TA
(Fig. 2C and D). However, in contrast to fatty acid
synthase inhibitors (36), TA did not induce PEA3 that inhi-
bits erbB2 expression at the transcriptional level (Fig. 4C).
Ansamycins such as geldanamycin induce proteasome-
dependent degradation of erbB2 (21–23, 27), whereas TA-
induced repression of erbB2 protein was proteasome
independent (Fig. 3A). Interestingly, geldanamycin, the
proteasome inhibitor bortezomib (Valcade), and the revers-
ible tyrosine kinase inhibitor CI-1033 decrease erbB2
expression and this is associated, in part, with intracellular
localization of erbB2 from the cell membrane, and this
process is related to the subsequent decrease in erbB2
protein (27, 28). In contrast, treatment with TA did not
induce translocation of cell membrane erbB2 into the cell
(Fig. 5), indicating that the mechanism of TA-dependent
down-regulation of erbB2 is different from these classes
of drugs.
TA clearly affected erbB2 transcription and decreased

erbB2 mRNA levels (Fig. 3C) and promoter activity in
BT474 and SKBR3 cells transfected with the perbB2 con-
structs that contained a −0.5 kB promoter insert (Fig. 3D).
The protein synthesis inhibitor cycloheximide did not affect
TA-induced repression of erbB2 mRNA levels (Fig. 4A),
suggesting that an induced “inhibitory” protein was not in-
volved. These results were consistent with the failure of TA
to induce PEA3 (Supplementary Fig. S4),6 which inhibits
erbB2 expression (24, 25) and plays a role in the reported
down-regulation of erbB2 gene expression by inhibitors of
fatty acid synthase (34–36). A previous study showed that
YY1 and AP-2 transcription factors cooperatively regulate
erbB2 expression in BT474 and other cancer cell lines (26).
Figure 4C illustrates that TA decreased expression of YY1
and AP-2 transcription factors in both BT474 and SKBR3
cells after treatment for 48 h, and this response was not re-
versed by the proteasome inhibitor lactacystin. The role of
AP-2 in basal expression of erbB2 in BT474 cells is illustrat-
ed in Fig. 4D showing that overexpression of AP-2 activates
the erbB2 promoter. Thus, TA-induced down-regulation of
erbB2 protein and mRNA levels was due to the effects of
this compound on AP-2 and YY1 expression in both cell
lines, and decreased erbB2 mRNA stability (Fig. 4B) also
contributed to these effects in BT474 cells. It is also possible
that TA affects expression of other factors in BT474 and
SKBR3 cells that decrease erbB2 transcription and these
are currently being investigated.
The effects of TA on SKBR3 and BT474 cell growth and

on erbB2 in vitro were also observed in athymic nude mice
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injected with BT474 cells into mammary fat pads (Fig. 6).
TA decreased tumor growth and weight and down-
regulated erbB2 protein and erbB2-dependent responses
(phospho-MAPK). TA also decreased immunostaining of
both AP-2 and YY-1 in TA-treated tumors (compared with
corn oil treated) and these in vivo results complemented
the cell culture studies. Thus, the anticarcinogenic activity
of TA is associated with down-regulation of Sp transcrip-
tion factors in some cell lines (18–20) and repression of the
oncogene erbB2 in breast cancer cell lines overexpressing
this oncogene. The mechanisms of action of TA are, in part,
cell context dependent because this NSAID decreases erbB2
mRNA stability in BT474 and not SKBR3 cells and this
may involve differential effects on factors that controlmRNA
stability (Fig. 6D). However, the critical TA-dependent effects
in both cell lines involves down-regulation of YY1 and AP-2
(which regulate erbB2 expression), whereas proteasome-
dependent degradation of erbB2, induction of a repressor
such as PEA3 or enhanced erbB2 endocytosis are not in-
volved in down-regulation of erbB2 by TA (Fig. 6D). The
mechanisms of TA-induced repression of YY-1 and AP-2
and the potential clinical applications for TA in treat-
ment of erbB2-overexpressing cancers are currently being
investigated.
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