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Abstract
Lung cancer has become increasingly common in women, and gender differences in the physiology
and pathogenesis of the disease have suggested a role for estrogens. In the lung recent data have
shown local production of estrogens from androgens via the action of aromatase enzyme and higher
levels of estrogen in tumor tissue as compared with surrounding normal lung tissue. High levels of
aromatase expression are also maintained in metastases as compared with primary tumors. Consistent
with these findings, clinical studies suggest that aromatase expression may be a useful predictive
biomarker for prognosis in the management of non-small cell lung cancer (NSCLC), the most
common form of lung malignancy. Low levels of aromatase associate with a higher probability of
long-term survival in older women with early stage NSCLC. Treatment of lung NSCLC xenografts
in vivo with an aromatase inhibitor (exemestane) alone or combined with standard cisplatin
chemotherapy elicits a significant reduction in tumor progression as compared to paired controls.
Further, lung cancer progression is also governed by complex interactions between estrogen and
growth factor signaling pathways to stimulate the growth of NSCLC as well as tumor-associated
angiogenesis. We find that combination therapy with the multitargeted growth factor receptor
inhibitor vandetanib and the estrogen receptor antagonist fulvestrant inhibit tumor growth more
effectively than either treatment administered alone. Thus, incorporation of antiestrogen treatment
strategies in standard antitumor therapies for NSCLC may contribute to improved patient outcome,
an approach that deserves to be tested in clinical trials.
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Introduction
Lung cancer is currently the leading cause of cancer-related mortality worldwide. Despite
recent advances in the clinical management of lung cancer, the prognosis for lung cancer
patients remains unacceptably poor.1 A causal relationship between smoking and lung cancer
is well established, but differences in smoking patterns of men and women are not sufficient
to explain apparent biological differences between genders in lung cancer incidence and
prognosis.2 Among patients who never smoked women seem to have a higher incidence of
lung cancer and to clinically respond better to use of epidermal growth factor receptor (EGFR)
inhibitors such as gefitinib and erlotinib.3 Such differences in the clinicopathological
characteristics of non-small cell lung cancer (NSCLC) between men and women suggest that
gender-dependent factors may play a role in the etiology and progression of NSCLC.4,5

Emerging evidence suggests that estrogen signaling is involved in the pathogenesis of lung
cancer, but the exact role of estrogens in this process is unclear. Women are more likely to
develop NSCLC, especially adenocarcinoma, and they generally present with the disease at an
earlier age and less advanced stage than that found in men.6 It is reported that both endogenous
and exogenous estrogens may play a role in the etiology and progression of lung cancer.
However, studies investigating exogenous estrogen as a risk factor for lung cancer development
have been controversial, with some studies demonstrating an increased incidence of lung
cancer with the use of hormone replacement therapy (HRT)7–9 and others suggesting a
protective effect.10–12 Schwartz et al.10 determined that postmenopausal hormone exposure
is associated with a reduced risk for the later development of NSCLC expressing estrogen
receptor-alpha (ER-α) and estrogen receptor-beta (ER-β). In contrast, Ganti et al.9 report that
the survival of women with lung cancer who actively took HRT was significantly lower than
the survival of those women with lung cancer who were not exposed to exogenous estrogens.
9 Thus, it is possible that differences in the tumorigenic effects of estrogens in these studies
may be related to the time of administration of estrogens relative to the development or presence
of malignancy.

Lung cancer progression is also governed by complex interactions between estrogen and
growth factor signaling pathways to stimulate the growth of NSCLC as well as tumor-
associated angiogenesis. In the present study we have examined how estrogen signaling can
influence NSCLC growth and how interactions with growth factors signaling pathways
promote lung cancer. Further, new findings are presented to show that selective targeting of
these complex, intersecting pathways can effectively inhibit the growth of human NSCLC.

Materials and Methods
Cell Culture and Cell Proliferation Assays

Human NSCLC cells NCI-H23 and NCI-A549 were obtained from the American Type Culture
Collection (ATCC; Manassas, Virginia). Cell lines were routinely maintained in RPMI 1640
medium with 10% fetal bovine serum (FBS, Invitrogen/Life Technologies) and 1% antibiotic–
antimycotic solution 100X, (Mediatech, Herndon, Virginia). For estrogen-free conditions,
media were changed 48 h before experiments to phenol-red free RPMI 1640 with 0.1%
dextrancoated, charcoal-treated (DCC) FBS, as before.13

For proliferation assays cells were cultured in estrogen-free conditions for 48 h, then treated
with vehicle, 10 nM estradiol-17β, 1 μM fulvestrant (Faslodex, ICI 182,780; AstraZeneca), or
a combination of both agents. After 72 h, cells were counted manually to estimate rates of cell
proliferation, with data from four independent experiments.
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Assay of Aromatase by Immunohistochemistry in Human Lung Tumors
Patient specimens and information were collected under Institutional Review Board-approved
and Health Insurance Portability and Accountability Act (HIPAA)-compliant protocols at the
University of California at Los Angeles Medical Center.

Formalin-fixed, paraffin-embedded tissue specimens were cut in 4-μm sections and placed on
slides. Standard immunohistochemical (IHC) procedures were then followed for staining.14 In
brief, sections were deparaffinized in xylene and hydrated in graded alcohols. Antigen recovery
was done in 10 mM sodium citrate buffer (pH 6.0) in a heated water bath at 90°C for 30 min.
Slides were incubated with anti-aromatase antibody C-16 (Santa Cruz Biotechnology) for 1 h.
Primary antibody detection was accomplished using a secondary anti-goat-peroxidase antibody
followed by incubation with the DAB500 chromogen system (Biocare Medical).

Aromatase Activity Assay
Cells were grown to 50% confluence and then starved for 48 h in phenol-red free RPMI with
0.1% DCC FBS. After serum starvation, cells were treated with experimental agents for 48 h.
Aromatase activity was assessed by use of radiolabeled substrate, [1β-3H]androst-4-ene-3,17-
dione (Perkin-Elmer, Boston, Massachusetts) with established methods.15 Controls included
use of cells without [1β-3H]androst-4-ene-3,17-dione and with deletion of cells or tissues.

Western Blot
Before each experiment NSCLC cells were maintained in estrogen-free conditions as described
before. After 48 h, cells were treated with experimental agents for 24 h. Then, 40 μg of total
protein lysates were separated by SDS-PAGE and transferred to nitrocellulose membranes.
Immunodetection was done with anti-aromatase antibody C-16 at a 1:100 dilution (Santa Cruz
Biotechnology). For a loading control, membranes were probed with anti-actin antibody.
Visualization was done with enhanced chemiluminescence reagents from Amersham
Biosciences.

In Vivo Growth of Human NSCLC Xenografts in Nude Mice
Ovariectomized nude mice at 6 weeks of age were obtained from Harlan Sprague Dawley. To
prepare human lung tumor xenografts, 2 × 108-H23 NSCLC cells were injected subcutaneously
in each nude mouse. When tumors grew to 50–75 mm3, animals were randomized to different
treatment groups. In experiments to determine the antitumor effects of fulvestrant (Faslodex,
AstraZeneca) and vandetanib (Zactima, AstraZeneca) alone and in combination, mice were
primed with extended-release pellets of estradiol-17β (Innovative Research of America) before
cells were implanted subcutaneously. Then, at the time of randomization for therapy, mice
were treated with control, fulvestrant (5 mg subcutaneous weekly for 21 days), vandetanib (75
mg/kg/day by oral gavage daily for 21 days), or a combination of both agents. In experiments
to assess the antitumor activity of exemestane (Aromasin; Pfizer) and cisplatin (Platinol;
Bristol-Meyers Squibb), mice were injected with androstenedione (0.1 mg/mouse)
subcutaneously (sc) daily throughout the experiment to provide substrate for aromatase.
Cisplatin (6 mg/kg/week IP for 21 days) and exemestane (0.15 mg/mouse/day sc for 6 weeks)
were then administered either alone or as a dual therapy.

Tumor volumes for mice in experimental and control groups were measured every 3 to 4 days,
with tumor volume calculated by (l × w × h), for tumor length l, tumor width w, and tumor
height h in mm. Data were presented as the mean ±SEM for tumor volumes measured in cubic
mm. Data were analyzed by use of Student’s t-test and ANOVA statistical approaches as before.
13,16,17 All studies with animals were approved by our institutional Animal Research
Committee.
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Results
Estrogen Stimulates Growth of Human NSCLC

Both ER-α and ER-β have been demonstrated to be expressed and active in several NSCLC
cell lines and in normal and tumor specimens from the clinic.17–23 As shown in Figure 1,
treatment with estradiol promotes a significant twofold increase in the growth of human
NSCLC cells grown in vitro. Moreover, this estrogen-induced effect is blocked by the pure
antiestrogen fulvestrant, indicating the specificity of this action (Fig. 1).

Aromatase Is Expressed in NSCLC Tumors and Their Loco-Regional Metastasis
We previously showed aromatase expression by immunohistochemistry in human NSCLC
tumor specimens. In order to determine if aromatase is also expressed in metastatic tissues, we
evaluated aromatase expression in primary tumors and their loco-regional metastases (Fig. 2).
Specific staining for aromatase is present in primary and paired metastatic lesions, with
representative examples in Figure 2. Moreover, aromatase expression is enriched in 60% of
the metastases as compared with that detected in primary tumor from the same patient.

Dual Cisplatin and Exemestane Block in Vivo Growth of Lung Tumor Xenografts and
Enhance Time to Tumor Progression

Aromatase enzyme is critical in the synthesis of estrogens in vivo, and blockade of aromatase
activity may adversely impact estrogen signaling. Thus, in preclinical laboratory studies the
nonsteroidal aromatase inhibitor anastrazole reduced lung tumor cell growth in vitro and in
human NSCLC xenografts in vivo.14 To assess the in vivo antitumor effect of a steroidal
aromatase inhibitor, exemestane, and to compare its activity with that of cisplatin, a standard
chemotherapy for NSCLC,24 H23 lung tumor cells were grown as xenografts in ovariectomized
nude mice treated daily with aromatase substrate androstenedione (Fig. 3). After tumors grew
to a limiting size, mice were divided into four treatment groups including control, exemestane,
cisplatin, or a combination of both agents and then treated. As expected, NSCLC growth was
significantly suppressed by administration of cisplatin in vivo. Notably, growth of tumors was
also significantly reduced by treatment with exemestane (P < 0.001) alone, and administration
of exemestane together with cisplatin chemotherapy elicited an apparent synergistic effect in
blocking NSCLC progression as compared to that achieved with either treatment given alone
(P < 0.001).

EGF Increases Expression and Activity of Aromatase
To further investigate interactions between growth factor receptor and ER signaling pathways
in NSCLC,16,17,20,21,41 we assessed the influence of growth factor signaling pathways on the
expression and activity of aromatase. H23 lung tumor cells were treated in vitro with EGF
alone, estrogen alone, or a combination of both agents. The results show that EGF and estrogen
both acted to increase aromatase expression, and these effects were inhibited by the
multitargeted growth factor receptor inhibitor vandetanib (Fig. 4A). Further, aromatase activity
was determined in A549 lung tumor cells treated with EGF alone or in the presence of the
EGFR inhibitor erlotinib. As shown in Figure 4B, EGF elicits a marked increase in aromatase
activity (P < 0.001), and this EGF-induced effect is significantly suppressed by erlotinib (P <
0.001) (Fig. 4B). Thus, another link between growth factor receptor and estrogen signaling
may depend on regulation of aromatase by growth factor signaling in NSCLC.
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Dual Antiestrogen and Antigrowth Factor Therapies Inhibit Growth of Lung
Tumor Xenografts

To assess the potential benefit of combining multitargeted therapies in NSCLC management,
we tested the antitumor activity of dual administration of vandetanib and the estrogen receptor
antagonist, fulvestrant (Faslodex; ICI 182, 780). Ovariectomized female nude mice were
injected with 2 × 108H23 NSCLC cells after implantation of estradiol pellets. When tumors
reached 50–100 mm3 in size, mice were randomized to different treatment groups and treatment
was initiated with control, vandetanib, fulvestrant, or a combination of both agents (Fig. 5).
Inhibition of tumor growth was observed after therapy with either vandetanib or fulvestrant
alone as compared with controls, but the maximal antitumor response and time to tumor
progression was achieved with dual treatment with vandetanib and fulvestrant (P < 0.001). At
about 3 months after termination of antitumor drug treatments, animals in the combination
therapy group remained free of recurrent disease (Fig. 5).

Discussion
Although the lung was not previously considered a target organ for sex steroids, new evidence
clearly shows that estrogen signaling plays an important role in lung biology.9,16–18,20–23,35

In studies of specific [3H]-estradiol binding in subcellular fractions of human NSCLC cells
after controlled homogenization and quantitative cell fractionation,20 specific estrogen binding
was enriched predominantly in cell nuclei, but significant binding also occurred in extranuclear
fractions. Estrogen binding in NSCLC cells was saturable, ligand-specific and displayed high-
affinity characteristics of an estrogen receptor. These findings are consistent with earlier work
showing high-affinity estrogen binding in rat lung25 and are confirmed by recent findings of
high-affinity, limited capacity ER in human NSCLC cells20 and by significant nuclear
expression of ERα and ERβ in archival NSCLC specimens from the clinic.17,19–22

Studies with the ER-β knockout mouse show that ER-β is important in normal lung physiology
and homeostasis. Female ER-β−/− mice have markedly abnormal lung structure and systemic
hypoxia.26,27 More recently, studies with a genetically defined mouse model of lung
adenocarcinoma indicated that estrogen significantly increases tumor number and volume in
ovariectomized females and in males. A difference was also observed between ovary-intact
females that exhibited higher grade tumors than did males or ovariectomized females.28 In this
laboratory model both normal and tumorous lung tissues expressed ER-β, as demonstrated on
Western blots by a prominent band at 59 kDa. Further, it has been reported in carcinogen-
induced animal models that females have higher tumor multiplicity as compared with male
animals.29,30 Thus, current evidence suggests a basis for sex-related differences in normal lung
and lung cancer, and further investigation is clearly needed to better understand the role of
estrogens in lung cancer.8,22,31

Aromatase is one of the cytochrome P450 enzymes that catalyze the synthesis of estrogens
from androgens. It is responsible for aromatization of the A-ring of C19 steroids, resulting in
formation of the phenolic A-ring characteristic of estrogens.32 It is expressed in a number of
tissues such as ovary, testis, brain, bone, and adipose tissue of both males and females.33 More
recently, it has also been shown to be expressed in lung, in particular in NSCLC.14,22,34,35

Aromatase occurs in about 86% of female and male NSCLC as determined by
immunohistochemistry, and aromatase activity was found to be higher in tumor tissue as
compared to that in surrounding normal tissue.14 Further, we have now evaluated aromatase
expression in archival primary human tumors and their loco-regional metastases. Aromatase
as assessed by IHC is not only maintained in metastatic lesions as compared with primary sites
from the same patient, but aromatase is enriched in most metastases examined to date. This
suggests that estrogens synthesized in metastatic tumors are available to further promote

Márquez-Garbán et al. Page 5

Ann N Y Acad Sci. Author manuscript; available in PMC 2009 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



malignant progression that may, in turn, be susceptible to aromatase inhibitors. This finding
is important for future targeting of advanced NSCLC using endocrine therapies.14 Further,
aromatase expression in NSCLC as assessed by immunohistochemistry was found to be a
strong prognostic factor by Mah et al.,35 with lower levels of aromatase predicting a greater
chance of long-term survival in women 65 years and older. This association seems very
significant for women with no history of smoking in which lower aromatase levels were a
strong predictor of survival.35 These findings implicate aromatase as an early-stage predictor
of survival and suggest that aromatase inhibitors may prove useful in the clinic for the treatment
of lung cancer.

Consistent with these findings, Niikawa et al. recently reported on intratumoral levels of
estrogen in NSCLC.22 Intratumoral estradiol concentration was significantly associated with
aromatase expression, but not with expression of 17β-hydroxy steroid dehydrogenase type 1
(17βHSD1) or type 2 (17βHSD2), as measured by RT/PCR.22 The steroid concentration in
NSCLC was significantly higher (2.2-fold) than that found in non-neoplastic tissue. This
finding was similar to that previously reported in tissue specimens from breast cancer patients.
31 The intratumoral concentration of estradiol in NSCLC was about 20 times lower than that
detected in breast carcinomas of postmenopausal women. However, the relative ratio of
intratumoral estradiol to that in corresponding non-neoplastic tissue of the same patient was
similar between these two carcinomas (2.2 in NSCLC and 2.3 in breast carcinoma).

In breast cancers this local tissue source of estrogens is not necessarily related to circulating
levels of the hormone and provides a stimulus for the growth of ER-positive tumors. It is also
notable that plasma concentrations of testosterone and androstenedione are higher in men than
in postmenopausal women, and circulating androgens are major precursor substrates for local
estradiol production by aromatase-expressing tissues.22 Consistent with this notion, Coombes
et al. reported that the development of lung cancers was reduced in breast cancer patients treated
with long-term administration of the steroidal aromatase inhibitor exemestane, suggesting that
aromatase and local estrogen production may be associated with lung cancer risk in the clinic.
36 Thus, a new approach to suppress NSCLC may be to block estrogen signaling (using
aromatase inhibitors or antiestrogens) in combination with current approved chemotherapies
or inhibitors of growth factor receptor signaling.

In preclinical laboratory studies the non-steroidal aromatase inhibitor anastrazole reduced cell
growth in vitro as it did in lung tumor xenografts in vivo.14 Additional studies now demonstrate
that the steroidal aromatase inhibitor exemestane also suppresses the growth of NSCLC
xenografts in nude mice. In addition, we find that administration of exemestane in combination
with cis-platin elicits an apparent synergistic effect in blocking NSCLC progression. These
findings point toward a potential new strategy to manage NSCLC in future clinical trials. In
breast cancer and other estrogen target tissues, the pathways that regulate aromatase expression
still need to be fully elucidated. Immunoreactivity of aromatase is detected in various types of
breast tissue cells including stromal cells, carcinoma cells, and normal duct epithelial cells,
37 and stromal–tumor cell interactions are postulated to contribute to aromatase regulation. In
addition, prostaglandin E2 (PGE2) produced in breast cancer cells stimulates aromatase
expression, and several reports suggest that cyclooxigenase-2 (COX-2) and PGE2 may act
locally in breast to stimulate aromatase expression and activity.38,39 In NSCLC preliminary
findings suggest that growth factors such as EGF and TGF-β can induce COX-2 and
consequently increase PGE2 levels in lung.40 It will be important in future work to find if this
pathway contributes to the regulation of aromatase and estrogen signaling in NSCLC.

Other significant interactions between EGFR and estrogen signaling have been documented
and are important in promoting NSCLC growth.17,20,41,42 Moreover, clinical data showing
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that combined overexpression of EGFR and ER-α correlate with poor outcome in patients with
lung cancer43 offer further support for cooperative interactions of EGFR and ER in lung cancer.

As noted above, cooperative interactions between growth factor receptor and ER signaling
pathways have been identified in both breast and NSCLC.41 The EGFR/HER family of
receptors as well as the insulin-like growth factor receptor (IGFR), TGF-α, and TGF-β are all
implicated in lung cancer pathogenesis.40,44–47 Signaling from these several receptors is
associated with mitogenesis, progression of malignancy, inhibition of apoptosis, and
angiogenesis. Moreover, EGFR/HER receptors regulate ligand-independent estrogen receptor
activation.13,17,41,48–51 Serine phosphorylation of steroid receptors by growth factor-activated
signaling kinases triggers activation of ER-dependent transcription.52 Recent data reveal that
cross-communication between growth factor and steroid receptors occurs in a bidirectional
way at both transcriptional and nontranscriptional levels. In addition to well-characterized
nuclear ER signaling in target tissues, membrane-associated ER forms also appear to elicit
rapid signaling in cooperation with various kinase cascades, including the EGFR and its
downstream effectors, such as mitogen-activated protein kinase (MAPK) and PI3K/AKT-
kinase.17,42,53 In lung, estrogen treatment also induces the late expression of membrane
receptor tyrosine kinase ligands, such as EGF and insulin-like growth factor (IGF-I).42

Functional interactions between ER-β and EGFR have been reported in lung cancer cells. For
example, EGFR-dependent activation of phospho-p44/p42 MAP kinase occurs in response to
estrogen treatment in NSCLC cells that express ER-β.17,42 Of special note, we find that EGF
signaling increases aromatase expression and activity in NSCLC cells. Thus, EGFR signaling
likely contributes to increased estrogen levels in tumor cells and suggests yet another mode of
bidirectional cross-talk between ER and EGFR in NSCLC.42 We and others have shown that
dual targeting of EGFR and ER signaling in lung cancer models can enhance inhibition of cell
proliferation in vitro and in vivo.17,41,42 Recently, Traynor et al. published a pilot study using
the combination of gefitinib and fulvestrant in the treatment of postmenopausal women with
advanced NSCLC. The combination therapy was determined to be well-tolerated and suggested
antitumor efficacy of the tandem treatment.54 Of special note, a phase II clinical trial of therapy
with the EGFR inhibitor erlotinib together with fulvestrant in patients with advanced NSCLC
is now underway.55

Lung cancer growth also depends, in part, on an adequate blood supply, and tumor-associated
angiogenesis is reported to have prognostic value in NSCLC.56 Vascular endothelial growth
factor (VEGF) activates endothelial signaling pathways leading to tumor angiogenesis and
promotion of cancer progression.56–58 VEGF production and secretion by tumors is elicited
by activation of both ER and EGFR/HER signaling pathways in tumors.58,59 Thus, it is
plausible that disruption of ER and EGFR/HER signaling may elicit direct and indirect
antitumor effects leading to suppression of tumor angiogenesis and inhibition of tumor growth.

EGFR blockade can cause inhibition of the secretion of VEGF and other angiogenic growth
factors, including basic fibroblast growth factor, interleukin-8, and TGF-α.58,60–62

Additionally, blockade of VEGF receptor-2, the receptor considered the key signaling receptor
for endothelial cell permeability, proliferation, and differentiation, could result in blockade of
the VEGF-induced endothelial cell proliferation and subsequent tumor angiogenesis.62

Dual blockade of VEGF receptor-signaling, as well as EGFR signaling, appears to be a
promising therapeutic strategy. Vandetinib (ZD6474), a novel, selective dual inhibitor of the
VEGF receptor and EGFR pathways,63–65 has been tested in several randomized, controlled
phase II clinical trials, and these studies indicate that this is a promising new agent for treatment
of patients with advanced NSCLC.66–71 Our studies to assess the antitumor efficacy of the
multitargeted growth factor receptor inhibitor vandetanib in combination with the antihormone
therapy fulvestrant further indicate the potential for such dual treatment strategies in NSCLC.
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In conclusion, emerging evidence on biologic signaling pathways in human NSCLC have
established a strong rationale to move forward in targeting the ER–EGFR axis in this disease.
This work may help to unravel the mystery of why patient outcomes and responses to treatment
of NSCLC are significantly affected by sex.4,5 Current data indicate that patients managed
with standard therapy for NSCLC have a worse clinical outcome if their serum estrogen levels
are high.72 This finding is consistent with the observation that women with tumors expressing
high levels of aromatase (and consequent high local estrogen levels) similarly have a worse
prognosis.35 As in breast cancer therapy with hormonal agents, it may be possible in the future
to prescreen patients (i.e., based on ER and aromatase positivity) to select those most likely to
respond to antiestrogens and aromatase inhibitors.
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Figure 1.
Estradiol-17β stimulates proliferation of human lung NSCLC cell growth in vitro. H23 cells
were grown in estrogen-free conditions 48 h before proliferation studies. Cells were treated
with control vehicle (Con), 10 nM estradiol-17β (E2), 1 μM fulvestrant (Fx) or with estradiol
plus fulvestrant (E2-Fx) for 48 h before cell counts. Estradiol increased cell numbers to more
than 2 times control, and this estrogen-induced effect was blocked by the antiestrogen
fulvestrant (both results significantly different from control at P < 0.01 (Student’s t-test). H23
cells express ER.16
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Figure 2.
Immunohistochemistry for aromatase in primary NSCLC (left column of panels) and metastatic
lesions (right column of panels) from the same patients. Formalin-fixed, paraffin-embedded
tumors were processed for IHC using aromatase antibody (C-16, Santa Cruz Biotechnology).
Appropriate tissue and reagent controls were done to confirm specificity of the staining.
Aromatase is expressed in both primary and metastatic tumor pairs from 10 patients and is
enriched in 60% of metastasis. Representative examples of staining patterns are shown for 3
patients. In cases evaluated to date, enrichment of aromatase expression associates with tumor
spread to loco-regional sites.
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Figure 3.
Combination therapy with exemestane and cisplatin blocks growth of NSCLC tumor
xenografts. Ovariectomized nude mice (6 weeks of age) were implanted with human H23 tumor
xenografts. Mice were supplemented with androstenedione sc each day throughout the
experiment.16 When tumors reached 50–100 mm3 in size, mice were randomized to different
treatment groups, including control [◆], cisplatin, (6 mg/kg/week IP for 21 days) [DDP, ■],
exemestane (0.15 mg/mouse/day sc for 6 wks) [▲], and a combination group with cisplatin
and exemestane [●]. Tumor volumes and the time to tumor progression were then recorded for
each group. Time to tumor progression was significantly enhanced among those mice treated
with the combination of cisplatin and exemestane as compared with animals given either
control, cisplatin alone, or exemestane alone (P < 0.001). Data are presented as the mean ±SEM
for tumor volumes measured in mm3. Data were analyzed by use of Student’s t-test and
ANOVA statistical approaches, as before.13
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Figure 4.
EGF increases aromatase expression and activity. (A) H23 cells were serum-starved and then
treated with control (Con), 10 nM estradiol-17β (E2), 10 nM EGF, a combination of both (EFG
+ E2), 5 μM vandetanib (Van) and vandetanib plus EGF (EGF/Van). Western blots with anti-
aromatase antibody after 24 h treatment showed increased levels of aromatase after EGF
treatment that was inhibited by vandetanib. (B) A549 cells were cultured and preincubated in
growth factor-depleted medium prior to treatment with control (Con), 10 nM EGF (EGF), 10
μM erlotinib (Eb), or both agents (EGF/Eb). After 48 h, aromatase activity was measured by
conversion of androstenedione substrate to estrogens using a radioassay as before.14 Data on
aromatase activity are given as pmol/mg protein/h (n = 3).
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Figure 5.
Combination therapy with vandetanib and fulvestrant blocks growth of NSCLC tumor
xenografts and enhances time to tumor progression. Ovariectomized nude mice were primed
with extended-release estradiol-17β pellets (Innovative Research of America). H23 NSCLC
cells were then implanted as subcutaneous xenografts in mice as before.17 When tumors
reached 50–100 mm3, mice were randomized to different treatment groups, including control
[◆], vandetanib [■] (75 mg/kg/day, by oral gavage, daily for 21 days), fulvestrant [△] (5 mg
subcutaneous, weekly, for 21 days), and a combination group with fulvestrant and vandetanib
[●]. Data are presented as the mean ± SEM for tumor volumes measured in mm3. Data were
analyzed by use of Student’s t-test and ANOVA statistical approaches, as reported before.13
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