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Abstract
Lung cancer is the most common cancer in the world. It is a
highly lethal disease in women and men, and new treatments
are urgently needed. Previous studies implicated a role of
estrogens and estrogen receptors in lung cancer progression,
and this steroidal growth-stimulatory pathway may be
promoted by tumor expression and activity of aromatase,
an estrogen synthase. We found expression of aromatase
transcripts and protein in human non–small cell lung cancer
(NSCLC) cells using reverse transcription-PCR and Western
immunoblots, respectively. Aromatase staining by immunohistochemistry was detected in 86% of archival NSCLC tumor
specimens from the clinic. Further, biological activity of
aromatase was determined in NSCLC tumors using radiolabeled substrate assays as well as measure of estradiol
product using ELISA. Significant activity of aromatase
occurred in human NSCLC tumors, with enhanced levels in
tumor cells compared with that in nearby normal cells. Lung
tumor aromatase activity was inhibited by anastrozole, an
aromatase inhibitor, and treatment of tumor cells in vitro
with anastrozole led to significant suppression of tumor cell
growth. Similarly, among ovariectomized nude mice with
A549 lung tumor xenografts, administration of anastrozole
by p.o. gavage for 21 days elicited pronounced inhibition of
tumor growth in vivo. These findings show that aromatase is
present and biologically active in human NSCLCs and that
tumor growth can be down-regulated by specific inhibition
of aromatase. This work may lead to development of new
treatment options for patients afflicted with NSCLC. (Cancer
Res 2005; 65(24): 11287-91)

Introduction
Lung cancer is the leading cause of death from cancer in both
women and men in the United States. In view of the recent surge
in female death rates from lung cancer (1), the potential role of
both exogenous and endogenous estrogens in lung cancer
development, especially adenocarcinoma in women, requires
further investigation (1–3). Estrogens contribute to differentiation
and maturation in normal lung (4) and also stimulate growth and
progression of lung tumors (3, 5). These biological effects are
mediated by estrogen receptors (ER), with ER transcripts and
proteins reported in most non–small cell lung cancers (NSCLC;
refs. 3, 5–10). Moreover, as in breast, aromatase, a cytochrome
P450 enzyme complex, mediates synthesis of estrogens in lung
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tissues (5, 11), and local production of estrogens in women and in
men could affect lung tumor progression in ER-expressing
malignancies (5, 12). Potent third-generation aromatase inhibitors,
such as anastrozole, interact competitively with heme groups of
cytochrome P450 components of aromatase. As in breast cancer
(12), aromatase inhibitors may prove useful to block estrogen
synthesis and estrogen-induced growth in lung cancers. Thus, we
investigated the role of aromatase in lung cancer by assessing
expression and biological activity of the estrogen synthase in lung
cancers and we confirmed tumor expression of ER. In addition,
antitumor efficacy of anastrozole was tested in experiments with
human lung tumors growing in vitro and as xenografts in nude
mice.

Materials and Methods
Cell lines and reagents. NSCLC cells H23, A549, A427, A125, H2122,
H1299, H157, H647, H460, H1650, H3255, and H226, and control breast
cancer cells SKBR3, MCF-7, and T47D were from the American Type
Culture Collection (Manassas, VA). Cells were maintained as before (5, 13).
Anastrozole was from AstraZeneca (Wilmington, DE) and TeamLife
Research (New York, NY), whereas testosterone and androstenedione
were from Steraloids (Newport, Rhode Island) and Casodex (bicalutamide)
was from AstraZeneca.
Antibodies and Western blotting. Antiaromatase antibody (CYP19)
C-16 was from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to
ERa (1D5) and ERh (D7N) were from Invitrogen/Zymed (Carlsbad, CA).
Cells were prepared for electrophoresis and Western blotting as before
(5, 13).
RNA isolation and reverse transcription-PCR assay of aromatase.
Total RNA was extracted from cells using TRIzol reagent (Invitrogen) as
before (14). In brief, 2 Ag total RNA were reverse transcribed to firststrand cDNA with SuperScript II reverse transcriptase (Invitrogen). PCR
was done with Platinum Taq polymerase using the ‘‘Hot Start’’ method
(95jC/3 minutes) followed by 40 cycles of 94jC/15 seconds, annealing of
60jC/30 seconds ( for aromatase), and 50jC/30 seconds [for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)], 68jC/30 seconds, followed by
a final extension of 68jC for 10 minutes.
Aromatase activity in cell lines and archival tumor specimens.
Aromatase activity was assessed by use of radiolabeled substrate,
[1h-3H]androst-4-ene-3,17-dione (Perkin-Elmer, Boston, MA) with established methods in lung cells (16) as well as in previously frozen lung
NSCLC specimens (17). Controls included use of cells or tissues without
[1h-3H]androst-4-ene-3,17-dione and deletion of cells or tissues.
As aromatase catalyzes conversion of androstenedione and testosterone to estrone and estradiol, respectively, its activity was determined by
production of estradiol after treatment with testosterone. Cells were
plated in RPMI medium with 10% fetal bovine serum (FBS). After
reaching 50% confluence, cells were rinsed with PBS and incubated with
phenol red-free medium with 1% dextran-coated, charcoal-treated FBS
for 48 hours to deplete estrogen (5, 13). Thereafter, medium was
refreshed and cells were treated with testosterone for 48 hours. Estradiol
production was measured with ELISA (ALPCO Diagnostics, Windham,
NH) using the instructions of the manufacturer in four independent
experiments.

11287

Cancer Res 2005; 65: (24). December 15, 2005

Downloaded from cancerres.aacrjournals.org on January 19, 2019. © 2005 American Association for Cancer
Research.

Cancer Research
Immunohistochemical assays. Formalin-fixed, paraffin-embedded
lung tumor samples from 53 patients were obtained, and immunohistochemistry was done by established methods (5). Negative controls
(deletion of primary antisera as well as IgG isotype control) and

positive controls (tissues with known aromatase) were prepared in
parallel.
Cell proliferation assays. Lung tumor cells were plated in RPMI
medium with 10% FBS. After cells reached 50% confluence, they were
rinsed with PBS and incubated with phenol red–free medium with 1%
dextran-coated, charcoal-treated FBS for 48 hours (13). Then, the medium
was refreshed and cells were treated with anastrozole. In addition,
androstenedione or estrogen was added to some cells without drugs. After
72 hours, cells were counted manually (13).
Inhibition of aromatase in cell lines. A549 cells were plated and
grown to 50% confluence (13); cells were then washed and treated with
anastrozole for 48 hours. Aromatase activity was assessed in triplicate
(16), with untreated A549 cells used as controls.
In vivo tumor xenograft studies. Ovariectomized nude mice at 6
weeks of age were from Harlan Sprague-Dawley (Indianapolis, IN).
Animals were housed in a pathogen-free environment with controlled
light and humidity and received food and water ad libitum. To prepare
lung tumor xenografts, A549 cells (2  108 per mouse) were injected s.c.
with 1 tumor/mouse (13). Androstenedione (0.1 mg/mouse) was injected
s.c. daily in each mouse throughout the experiment to provide substrate
for aromatase. After tumors reached 50 to 75 mm3, mice were
randomized into uniform groups based on animal weight and tumor
volume for treatment with control or anastrozole (13, 18). Anastrozole
was administered by daily p.o. gavage at 0.1 mg/kg (20 Ag/mouse) in
water. Treatment duration was 21 days. Tumor volumes were measured
every 3 to 4 days, with tumor volume calculated by (l  w  h), where
l is tumor length, w is tumor width, and h is tumor height in mm.
Statistical analyses. Data were analyzed using ANOVA and Student’s
t tests (18). Tests of statistical significance were two-sided, with
differences significant if P < 0.05.
Clinical samples. Patient specimens and information were collected
under Institutional Review Board–approved and Health Insurance
Portability and Accountability Act–compliant protocols at University of
California at Los Angeles Medical Center.

Results

Figure 1. Estrogen receptors and aromatase are expressed in human lung
cancer cells. A, using gel electrophoresis with Western blot, ERa expression is
shown in six representative lung NSCLC cell lines. MCF-7, positive control,
breast cancer cell line MCF-7 with known high expression of ERa. H23,
H2122, H1650, A549, A427 , and A125, lung cancer cell lines as noted. Most
samples are from male donors, except for H2122. Bottom, actin loading controls.
B, using electrophoresis with Western blot, expression of ERh is shown in
most NSCLC cell lines. In addition, breast cancer cell line T47D also contains
abundant ERh. Bottom, actin loading controls. C, using electrophoresis and
Western blot, aromatase expression in six representative lung cancer cell lines is
shown. The first lane is a positive control breast cancer cell line SKBR3 with
known high levels of aromatase (CON). The remaining lanes contain the
specified lung NSCLC cells. Top, aromatase; bottom, actin loading control.
D, RT-PCR amplification for assay of aromatase mRNA from NSCLC cells. Total
RNA was isolated from NSCLC cells as noted and the breast cancer cell line
SKBR3, with cDNA amplification and PCR done as before (14). PCR
amplification of cDNA was done using the following primers: ARO-3 (forward):
5V-GAATATTGGAAGGATGCACAGACT-3V and ARO-4 (reverse):
5V-GGGTAAAGATCATTTCCAGCA TGT-3V resulting in a 294 bp product (15).
For control of RNA integrity and relative abundance normalization, GAPDH was
amplified (14) with an expected 355 bp product. Amplicons resolved on
agarose gels were visualized by ethidium bromide staining. The size of the
expected aromatase fragment (aromatase) is 294 bp. Corresponding analyses
of GAPDH (364 bp fragment) confirmed integrity of the RNA samples. Note
that the same representative lung cancer cell lines were used for RT-PCR and for
Western immunoblots, whereas different breast cancer controls were used to
determine ER or aromatase expression.
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Aromatase and estrogen receptor expression in non–small
cell lung cancer cell lines. Expression of ERa and ERh proteins
in lung tumor cells was assessed by Western immunoblotting,
with results for six representative lung cell lines and for selected
breast cancer controls shown in Fig. 1A. The classic 67 kDa ERa,
as well as a 46 kDa variant, occurs in MCF-7 breast cells. The
several lung cancer cells also express these ERa forms, albeit at
lower levels than breast cells. Lung cells also contain a larger 80
kDa ERa form that may represent another variant with an inframe duplication of exons 6 and 7 (2). As shown in Fig. 1B, ERh
forms at predominantly 59 kDa were found in lung cancer cells,
as well as in breast cells (2, 5).
Expression of aromatase protein in lung tumor cells was
assessed, with results for six representative cell lines shown
(Fig. 1C). As in SKBR3 breast cancer cells with known high
aromatase expression, the enzyme occurred in most lung cancer
cells, with molecular size f54 kDa (12). To confirm these
findings, reverse transcription-PCR (RT-PCR) was used to detect
aromatase transcripts in lung cells. As shown in Fig. 1D, a 294 bp
transcript was detected in all lung cancer cells examined,
consistent with earlier reports (15). A similar RT-PCR product
was detected in SKBR3 cells with high aromatase levels.
Aromatase activity in human lung tumors. To assay aromatase activity, we measured conversion of androstenedione substrate
to estrogens (16). Activity occurred in all lung cancer cell lines
tested and ranged from 0.37 to 3.21 pmol/mg/h, with average
aromatase activity of 1.49 F 0.23 pmol/mg/h (see Fig. 2A). As
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expected, SKBR3 cells had high activity, 5.84 pmol/mg/h, a
level exceeding that of most breast cells. In our study, MCF-7
breast cells had <5% of SKBR3 cell activity (not shown), as in
previous reports (16). Among a total of 12 human NSCLC cell lines

Figure 3. Aromatase expression by immunohistochemistry is present in most
archival lung NSCLC tumor specimens. A, representative examples of positive
aromatase staining (>15% of cells with specific staining) in different tumor
specimens, including bronchioalveolar carcinoma (1 ); adenocarcinoma (2 );
squamous carcinoma (3 ); and breast cancer control (4 ). Specific staining was
verified by established methods, including exclusion of primary antibody, use of
a specific blocking peptide (Santa Cruz Biotechnology) and use of negative
control cells, MCF-7, with negligible aromatase (5). Aromatase staining localized
predominantly in tumor epithelial cells, with less staining in surrounding
stromal tissues; specific staining was never or rarely observed in lymphocytes or
interstitial surrounding tissue, respectively. B, summary of aromatase
expression by immunohistochemistry in 53 human tumor samples. Using a cutoff
score of 15% total cell staining for aromatase positivity, 86% of lung NSCLC
specimens overall expressed aromatase, with 88% of female and 86% of male
samples positive (see display and text for details).

Figure 2. Aromatase activity occurs in human NSCLCs. A, radioassay of
aromatase activity in lung NSCLC cell lines. Levels of substrate metabolism in lung
tumor cell lines (abscissa ) are compared with that in SKBR3 breast cells. See text
for details. B, aromatase activity in A549 and SKBR3 cells was measured by
production of estradiol following treatment with testosterone. The greatest
increment in the production of estradiol occurred after 48 hours treatment with
10 nmol/L testosterone in A549 lung cancer cells. Estradiol standards were
provided by the manufacturer, and negative controls included cells grown but
not treated with testosterone. C, radioassay of aromatase activity in previously
frozen archival lung tumor specimens from the clinic, with normal tissue (black
columns ) compared with tumor tissue (gray columns ) from the same donors. Lung
tumors examined were obtained from six male and four female patients, with
tumor histologies including seven adenocarcinomas, two squamous carcinomas,
and one adenosquamous carcinoma. The highest tumor aromatase activity was in
a squamous carcinoma from a male patient (sample 4), whereas the lowest
was in an adenocarcinoma from a male patient (sample 7 ).

www.aacrjournals.org

evaluated, aromatase activity was highest in H2122, A549, and
H647 (not shown) cells and lowest in H23 cells (Fig. 2A).
Aromatase activity was also quantitated by estradiol production
after treatment of A549 cells with testosterone at 1 to 10 nmol/L
(Fig. 2B). Increased testosterone levels promoted a significant
increase in estradiol biosynthesis in NSCLC cells, providing further
evidence for functional aromatase (P < 0.001).
To assess aromatase activity in clinical material, archival lung
tumor specimens were tested by radioassays with [1h-3H]androst4-ene-3,17-dione substrate (17). Paired tumor and neighboring
normal tissue was examined from 10 donors (Fig. 2C). Aromatase
activity in normal tissue averaged 0.081 F 0.052 pmol/mg/h,
whereas corresponding tumors had significantly higher activity,
averaging 0.15 F 0.03 pmol/mg/h (P = 0.001; Fig. 2C).
Immunohistochemical assay for aromatase in lung tumors.
To determine the prevalence of aromatase in human NSCLC, we
assessed 53 archival tumor specimens by immunohistochemistry.
Representative examples of specific staining patterns of different
tumor types classified as aromatase-positive, including a positive
control breast cancer specimen, are shown in Fig. 3A. Staining was
primarily in tumor epithelial cells, with distinct clusters of positivestaining tumor cells throughout (Fig. 3A). Often, adjacent normal
epithelium of bronchioles also exhibited weak aromatase staining,
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but supporting stromal tissues had little aromatase. Macrophages
contained aromatase in some samples, about twice as often in
females as in males. Aromatase staining was not observed in
lymphocytes or interstitial surrounding tissue. Using a cutoff score

of 15% total cell staining for aromatase positivity, tumor specimens
were classified as negative (V15% stained) or positive (>15%
stained), with examples of aromatase-positive lung tumors in
Fig. 3A. Using this evaluation system, 86% of lung tumor specimens
expressed aromatase (see summary; Fig. 3B). This finding was
relatively uniform among different lung NSCLC histologies
evaluated, with 88% of adenocarcinoma and 87% of squamous
carcinomas positive for aromatase. Of the limited number of
bronchioalveolar and adenosquamous samples available, 75% and
100%, respectively, scored positive (Fig. 3B). Using these scoring
criteria, 88% of female and 86% of male NSCLC samples were
positive.
Aromatase inhibitor blocks lung tumor growth in vitro and
decreases aromatase activity. As reported previously, both A549
and H23 lung tumor cells express ER (2, 5, 9). To assess estrogen
dependence of lung cells for growth, cell proliferation in response
to estrogen and androstenedione, an aromatase substrate to
promote cellular estrogen production, was tested. As shown in
Fig. 4A, increasing doses of estrogen from 1 to 20 nmol/L elicit
enhanced proliferation of A549 cells. At 20 nmol/L, estrogen
induced a significant 2.4-fold increase in cell proliferation
(P < 0.001) as before (2, 5). Similarly, androstenedione at increasing
doses significantly stimulated proliferation of A549 cells (Fig. 4A).
At 100 nmol/L, androstenedione elicited a 2.1-fold increase in A549
cell growth (P < 0.001).
To assess direct effects of an aromatase inhibitor on lung cancer
cell proliferation, tumor cells were treated with or without
anastrozole in vitro. Anastrozole significantly reduced cell growth
in a dose-dependent manner (P < 0.001; Fig. 4B). Fifty percent
growth inhibition occurred at 0.1 mmol/L anastrozole for A549 and
at 3.5 mmol/L anastrazole for H23 cells, suggesting that tumors
with both low and relatively higher levels of aromatase are sensitive
to aromatase inhibition (Fig. 4B).
The ability of anastrozole to suppress aromatase activity in lung
cells was also tested (Fig. 4C). A549 cells were treated 48 hours
with anastrozole and aromatase activity was then determined and
compared with controls. A significant dose-dependent decrease in

Figure 4. Aromatase inhibitor, anastrozole, blocks growth of lung tumor cells
in vitro and human lung tumor xenografts in nude mice in vivo. A, effect of
estrogen (E2 ) and androstenedione (AD ) on promotion of growth in A549 human
lung cancer cells. Cells were serum deprived and treated for 48 hours with
estrogen or androstenedione. Treatment with both agents led to stimulation of
cell growth. B, anastrozole reduces growth of A549 and H23 NSCLC cells
in vitro . Both cell lines were serum deprived for 48 hours and treated with
anastrozole for 72 hours at concentrations ranging from 100 nmol/L to 25 Amol/L.
Of note, growth of A549 cells in the absence of estradiol with steroid-depleted
medium, a condition that mimics anastrozole treatment, suppresses cell
proliferation compared with controls (n = 3; P < 0.001); bicalutamide (5-50 Amol/L),
a competitive antagonist of androgen action, does not alter the antiproliferative
effect of anastrozole in A549 cells (n = 2; data not shown). C, anastrozole
inhibits aromatase activity in A549 cells. A549 cells were grown to 50%
confluence and treated with anastrozole for 48 hours at 0.1, 10, 25, or 50 Amol/L.
Aromatase activity was then measured using radioassays as described in the
text. D, aromatase inhibitor suppresses growth of human lung tumor xenografts
in vivo . A549 lung tumor cells were implanted as s.c. xenografts in
ovariectomized nude mice. Mice were supplemented with androstenedione, an
aromatase substrate, s.c. each day throughout the experiment. When tumors
achieved a limiting size of 50 to 75 mm3, mice were randomized into two
treatment groups (n = 5): control vehicle or anastrozole (20 Ag/mouse/d given by
p.o. gavage). Groups were balanced according to animal weight and tumor
volumes to achieve similar tumor volume averages and animal weights in each
group at the start of the experiment (13, 18). Treatments with anastrozole were
continued for 21 days. Significant inhibition of tumor growth was found in the
anastrozole group compared with control (P < 0.001). Points, mean for tumor
volumes in each group; bars, SE.
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aromatase activity was found, with more pronounced aromatase
inhibition at 10 to 50 Amol/L anastrozole (P V 0.01). This dose
range corresponds well with concentrations noted to be more
effective in growth inhibition in vitro (Fig. 4B).
Aromatase inhibitor suppresses growth of lung tumor
xenografts in vivo. To assess in vivo antitumor effects of
anastrozole, A549 cells that express aromatase and ERh (2, 5, 9)
and respond well to estrogen (2) were grown as xenografts in
ovariectomized nude mice treated daily with aromatase substrate,
androstenedione. After tumors grew to a limiting size of 50 to
75 mm3, mice were divided into two treatment groups, control
vehicle and anastrozole, and then treated for 21 days. Results in
Fig. 4D show that, by day 21, there was exponential growth of
tumors in control mice, whereas growth of tumors in mice
treated with anastrozole was significantly suppressed by >90%
compared with controls (P < 0.001).

Discussion
The current data and previous findings suggest that treatments
targeted to estrogen signaling pathways in lung cancer may have
previously unsuspected antitumor efficacy (2, 5, 9, 10, 19).
In nonreproductive tissues, the lung possesses among the highest
levels of ER transcripts, especially those for ERh (7). Our results
confirm that wild-type and variant forms of ERa and ERh occur
in lung tumors (2, 5, 8, 9, 19) and participate in growth
promotion in lung cancer (2, 5, 19). Moreover, we show with
different methods that local production of estrogens occurs in
lung tumor cells and NSCLC tissue samples through the action of
aromatase, and ligands generated may then bind and activate ER.
Aromatase activity occurs in most tumors from male and female
patients with different NSCLC histologic types. The majority of
lung tumors in this study were adenocarcinomas, the most
common histologic type of lung cancer in young persons, women
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