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Abstract

Environmental pollutants including cooking oil fumes, cigarette
smoke, and automobile emissions are the major causes of lung
cancer. Some of chemical carcinogens (environmental hormones)
in lung cancer such as dioxins can affect the endocrine system
especially the sexual development. It has been suggested that
other factors such as sex steroids may act as cocarcinogens,
especially in lung adenocarcinoma, the most common histologic
type among women. It was proposed that carcinogenesis induced
by environmental hormones and the gender differences in lung
adenocarcinoma were based on different genetic background
induced by sex hormones and their receptors. Although research
has clearly shown that environmental hormones can act at multiple
sites via multiple mechanisms, receptor-mediated mechanisms
have received the most attention. Therefore, it is very important to
investigate the effects of sex steroid hormone receptors during
carcinogenesis in lung adenocarcinoma induced by chemical
carcinogens. In human tissue array study, we have demonstrated
that AR can be detected in nuclei of lung adenocarcinoma cells.
AR was expressed in lung adenocarcinoma cell line CL1-0, CL1-5,
A549, and H1299 by western blotting and RT Q-PCR. The cell
proliferation in CL1-5 cells was suppressed and G2/M arrest was
induced by lentivirus-mediated knockdown of AR expression. We
have obtained conditional androgen receptor knockout mice and
crossed back with A/J mice from Jackson lab to establish NNK-
induced lung adenocarcinoma mouse model. Our results at the
first time demonstrate AR regulates cell growth and carcinogenesis
in lung adenocarcinoma and further suggest the therapeutic
potential of AR pathways in lung adenocarcinoma.

Keywords: conditional knockout, lentivirus, androgen receptor
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introduction

Lung cancer is the leading cause of cancer death worldwide including
Taiwan and adenocarcinoma is the most common histological subtype. The
pathogenesis of lung adenocarcinoma is still unclear. The development of
lung adenocarcinoma is usually linked with tobacco in the smokers and
associated with cook hum in the nonsmokers.

Environmental hormones (endocrine disruptors, endocrine-disrupting
compounds, EDCs) are exogenous agents that change endocrine function
and cause adverse effects at the level of the organism, its progeny, and/or
subpopulations of organisms. An increased risk for all cancers combined is
seen in the cohort studies of dioxins. An increased risk for lung cancer is also
present in the most informative cohort studies, especially in the more highly
exposed sub-cohorts. The relative risk for lung cancer in the combined highly
exposed sub-cohorts was estimated to be 1.4. It is possible that lung cancer
relative risks of this order could result from confounding by smoking, but only
if there were a pronounced difference in smoking habits between the exposed
population and the referent populations, a difference which seems unlikely. It
therefore seems unlikely that confounding by smoking can explain all the
excess lung cancer risk, although it could explain part of it.

Lung adenocarcinoma is associated with strong gender-difference in its
prevalence, prognosis, and therapeutic response to targeted therapy. The
molecular mechanism of gender difference in lung adenocarcinoma is also
poorly understood. Estrogen receptors, both ERa and ERpB, have been
identified in both riormai lung tissue and lung tumors. Interactions between ER
and EGFR pathways have been identified. A study demonstrates enhanced
anti-proliferative effects with combined targeting of the estrogen receptor and
EGFR using fulvestrant and gefitinib in NSCLC. However, the expression and
molecular role of androgen receptor in human lung cancer is still poorly
understood.

Materials and Methods
Animals



Homozygous flox-ar/ar female mice were a gift from Chawnshang Chang in
University of Rochester. Pathogen-free A/J, Mx-1-cre, Actb-cre mice were
purchased from Jackson Lab. Athymic NCr-nu/nu male homozygous nude
mice, 6 to 9 weeks of age, were purchased from Charles River Laboratories
(Wilmington, MA). All experiments were in compliance with the NIH Guide for
the Care and Use of Laboratory Animals and according to the institutional
guideline of Taipei Medical University. Homozygous flox-ar female was mated
with a male A/J mouse for they F1 offspring. The heterozygous flox-ar female
F1 was crossed back with male A/J mice for F2 offspring. The heterozygous
flox-ar female F2 was crossed back with male A/J mice again for F3 offspring.
After 7 generation, the heterozygous flox-ar F7 female offspring was mated
with Actb-cre or Mx-1-cre male mice. The male offsprings contain both cre
gene and recombinant ar allele was used as AR-deficiency mice for NNK-
treatment. Male littermates contained the wild ar allele was the wild type AR
mice for NNK-treatment.

NNK Treatment

NNK was purchased from ChemSyn Labs (San Diego, CA). Mice were
injected intraperitoneally with three doses of NNK (100 mg/kg/d in 0.1 ml PBS)
on three alternate days. Control animals received an equivalent volume of
PBS. Mice will be sacrificed 9 weeks later.

Immunohistochemical Stain

Two sets of tissue array for human lung adenocarcinoma were purchased
from Pantomics Inc. and Biomax Co. Two tissue array slides were incubated
with polyclonal rabbit anti-human androgen receptor antibodies (C19, Santa
Cruz, CA) for 1 hour. EnVision + system from Dako {San Francisco, CA) was
used as second antibody. After washing, tissue array slides were developed
with DAB. The mounted slides were scanned for analysis.

Cell Culture

The human lung adenocarcinoma cell lines CL1-0 and CL1-5were obtained
from Academia Sinica and maintained in growth medium RPMIi1640 and 10%
fetal bovine serum (FBS, HyClone), at 37°C in 5% CO2. 293T cells were
obtained from ATCC and were cultured in Iscove’s modified DMEM with 10%
FBS.



Western Blot Analysis
Western blot analysis was performed as described previously. Primary
antibodies used were as follows: AR, PR (Santa Cruz Biotechnology iInc.),
actin, tubulin (Sigma).

AR Knockdown and Overexpression

AR knockdown and overexpression were achieved by infecting lung
adenocarcinoma cells with lentivirus expressing AR-specific short hairpin RNA
(shRNA) and mouse AR cDNA, respectively. Lentiviral vector production and
transduction were performed according to the method modified from the
previous described. In lentiviral vector production, 293T cells were plated on a
10-cm dish in 10 mL of medium and, on the following day at 70% confluence,
were transfected with 2 pg of VSV-G packaging plasmid, 5 pg of pAVpR
packaging plasmid, and & ng of pLKO vector by calcium phosphate
precipitation. The produced virus was collected 48 hours later. Viral
supernatants were filtered through 0.45-um pore size filters and stored at -
80°C until used for transduction. In lentiviral vector transduction, cells at six-
well plates were transduced with 2 mL of the viral supermatants for 2 h in the
presence of 8 ng/mL Polybrene. After 2 h, viral supernatants were removed,
and 2 mL of medium was added to the cells. The cells were used for clone
formation assay and growth assays 1 week after the transduction.

Statistical Analysis

Data are shown as mean + SE. In the cell growth assays, differences between
means of the control and the treated group were analyzed by Dunnett's test or
unpaired Student’s f test with Holm’s correction for repeated tests. A value of
P < 0.05 was considered significant.

Results

Strong Immunohistochemical stain of androgen receptors in human lung
adenocarcinoma

Androgen receptor is expressed in human testis, prostate, and liver; however,
expression of AR in lung adenocarcinoma is unclear. We performed
immunohistochemical stain of androgen receptor on lung cancer tissue array
slides. Our results demonstrate strong DAB staining in lung adenocarcinoma



cells with both nuclear and cytoplasmic localization (Fig. 1). In some stromal
cells, androgen receptor can be localized in their nuclei, too. These results
clearly showed elevated AR expression in human Jung adenocarcinoma cells
in vivo. By western blot analysis and real-time Q-PCR, androgen receptor
expression is abundant in lung adenocarcinoma cell lines CL1-0, CL1-5, and
AS549 cells.

Role of androgen receptor in NNK-induced lung cancer

In our study, the genetic background of cre-loxP conditional AR knockout
mice was changed to A/J mice after seven generation of cross back. In order
to understand the role of androgen receptor in NNK-induced lung cancer
formation, offsprings from F7 cross with actb-cre mice were treated with NNK
intraperitoneally and the formation of lung tumor will be defined as small red
nodules on the lung pleura surface after 9 weeks. This result will avaitable
soon, because the seven back-cross generation spent more than 70 weeks.

AR knockdown and overexpression in lung adenocarcinoma cells

We have successfully knockdown and over-express androgen receptor in
CL1-5 cells. The mRNA of AR was suppressed to less than 30% in scramble
control. In western blot analysis, AR protein expression was markedly
reduced (Fig. 2).

Reduced cell proliferation after knockdown androgen receptor in lung
adenocarcinoma cells

Because AR expression is increased in CL1-5 cells, we asked whether cell
growth is affected by or dependent on AR activity. We performed lentivirus-
mediated knockdown of AR to clarify the effects of AR in cell growth. In cell
growth assays, CL1-5 cells were significantly decreased in its clone formation
capability (Fig. 3). We confirmed that reduced AR level achieved by
knockdown significantly decreased the growth rate of CL1-5 cells (Fig. 4). In
flow cytometry analysis, cell proportion in G2/M increased from 12.74% to
17.95% (Fig. 5), it imply a G2/M arrest in CL1-5 cells with knockdown in AR
expression.

Discussion



Lung adenocarcinoma is a malignant disorders associated with chemical
carcinogens including tobacco and environmental hormones. The incidence
and mortality of lung cancer is approximately twice in men than women.
Female patients have a better prognosis and therapeutic response than male.
Female patients in Asian population have higher incidence of EGFR mutation,
and EGFR mutation was proposed to be one of the molecular mechanism for
their better therapeutic response for targeted therapy to EGFR pathway.
EGFR is a member of ERBB receptor family. Activation of EGFR stimulates
cell proliferation, anti-apoptosis, angiogenesis, invasion and metastasis.
Several EGFR inhibitors, small molecular tyrosine kinase inhibitors (TKI),
have been developed in recent years. The clinical response of NSCLC to
EGFR-TKI, such as gefitinib and erlotinib, are dramatic among Asian female
non-smokers of adenocarcinoma cell type. Studies have identified mutation of
the EGFR catalytic domain that predicts the response to TKis of NSCLC. In
East Asia, around 30-40% of NSCLC patients have EGFR mutations and
have good responses to EGFR-TKIs. Estrogen receptors, both ERa and ERB,
have been identified in both normal lung tissue and lung tumors. Interactions
between ER and EGFR pathways have been identified. A study demonstrates
enhanced anti-proliferative effects with combined targeting of the estrogen
receptor and EGFR using fulvestrant and gefitinib in NSCLC.

In our current results, we demonstrated AR overexpression in human
lung adenocarcinoma cells both in vitro and in vivo. We found AR knockdown
suppressing cell proliferation in human lung adenocarcinoma CL1-5 cells.
CL1-5 cells have low clone formation rate and showed increased cell
proportion in G2/M arrest. In RT Q-PCR analysis, different NSCLC cells (CL1-
0, CL1-5, A549, and H1299) have different levels of AR mRNA. This is the
first report about the AR’s role in lung adenocarcinoma. The molecular role of
AR can partially explain the reasons of gender diversity in human lung
adenocarcinoma and also the different effects of environmental hormones on
lung carcinogenesis.

Conclusions and suggestions

Lung cancer is the leading cause of cancer mortality in Taiwan. This is the
first study to demonstrate that AR regulates the chemical carcinogenesis and
cell proliferation in lung adenocarcinoma. We suggest to further study the
effects of AR in invasion and metastasis of lung adenocarcinoma.



Combination therapy targeting to EGFR, receptor tyrosine kinases, and AR
pathways may have the potential to improve the therapy in lung
adenocarcinoma.

97 FEET R EEM IR M AE  BREE
LAFTECHRERT R | MR ZHEGEER IR LR
BRI -
QLAGTEHRRAHEEECRE  BETER IS
A B BRSO P A W [ E R R M A e AN 32 4 ~
PrRdE T M R E iR EWH -
3ARTENREHABORC RIRER - BRI AaHRNEE
RIA 752 an LT B RE 1 SR 2 855 RHL B BRI R T R RO B -

B3R ‘

1. Lynch TJ, Bell DW, Sordella R, et al. Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small-cell iung
cancer to gefitinib. N Engl J Med 2004,350:2129-2139.

2. Shih JY, Gow CH, Yu CJ, et al. Epidermal growth factor receptor
mutations in needle biopsy/aspiration samples predict response to gefitinib
therapy and survival of patients with advanced non-small cell lung cancer.
Int J Cancer 2006;118:963-969.

3. Kim CF, Jackson EL, Woolfenden AE, et al. Identification of
bronchioalveolar stem cells in normal lung and lung cancer. Cell
2005;121:823-835.

4. Johnson L, Mercer K, Greenbaum D et al. Somatic activation of the K-ras
oncogene causes early onset lung cancer in mice. Nature 2001,410:1111-
1116.

5. Meuwissen R, Linn SC, van der Valk M et al. Mouse model for lung
tumorigenesis through Cre/lox controlled sporadic activation of the K-Ras
oncogene. Oncogene 2001;20:6551-6558.

6. Guerra C, Mijimolle N, Dhawahir A et al. Tumor induction by an
endogenous K-ras oncogene is highly dependent on cellular context.
Cancer Cell 2003;4:111-120.

7. Hamburger AW, Salmon SE. Primary bioassay of human tumor stem cells.
Science 1977;197.461-463.

8. Vermeulen L, Sprick MR, Stassi G, et al. Cancer stem cells-old concepts,
new insights. Cell Death Differ 2008;1:1-12.



9. Hamburger A, Sakmon SE. Primary bicassay of human myeloma stem
cells. J Clin Invest 1977,60:846-854.

10.Pardal R, Clarke JE, Morrison SJ. Applying the principle of stem-cell
biology to cancer. Nat Rev Cancer 2003;3:895-802.

11.Paez JG, Janne PA, Lee JC, et al. EGFR mutations in lung cancer:
correlation with clinical response to gefitinib therapy. Science
2004;304:1497-1500.

12.Pao W, Miller V, Zakowski M, et al. EGF receptor gene mutations are
common in lung cancers from "never smokers” and are associated with
sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad Sci U S A
2004;101:13306-13311.

13.Mollerup S, Jorgensen K, Berge G et al. Expression of estrogen receptors
alpha and beta in human lung tissue and cell lines. Lung Cancer
2002;37:153-1589.

14. Stabile LP, Davis AL, Gubish CT et al. Human non-small cell lung tumors
and cells derived from normal lung express both estrogen receptor a and 8
and show biological responses to estrogen. Cancer Res 2002;62:2141-
2150.

15. Stabile LP, Lyker JS, Gubish CT et al. Combined targeting of the estrogen
receptor and the epidermal growth factor receptor in non-small cell tung
cancer shows enhanced antiproliferative effects. Cancer Res
2005;65:1459-1470.

16.Levin ER. Bidirectional signaling between the estrogen receptor and the
epidermal growth factor receptor. Mol Endocrinel 2003;17:309-317.

17.Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nature Genet
2003;33:245-254. .

18. Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer.
Nature Rev Genet 2002;3:415-428.

19.Bird A. DNA methylation patterns and epigenetic memory. Genes Dev
2002;16:6-21

20.Davuluri R, Grosse |, Zhang M et al. Computational identification of
promoters and first exons in the human genome. Nature Genet
2001;29:412-417.

21.Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet
2000;9:2395-2402.



22.Kim GD, Ni J, Kelesoglu N, et al. Co-operation and communication
between the human maintenance and de novo DNA (cytosine-5)
methyltransferases. EMBO J 2002;21:4183-4195.

23.Nephew KP, Huang THM. Epigenetic gene silencing in cancer initiation
and progression. Cancer Lett 2003;190:125-133.

24 Rauch TA, Zhong X, Wu X, et al. High-resolution mapping of DNA
hypermethylation and hypomethylation in lung cancer. Proc Nati Acad Sci
USA, 2008;105:252-257.

25.Tsou JA, Galler JS, Siegmund KD, et al. Identification of a panel of
sensitive and specific DNA methylation markers for lung adenocarcinoma.
Mol Cancer 2007;6:70.

26.Ho SM, Tang WY, Belmonte de Frausto J, et al. Developmental exposure
to estradiol and bisphosnol A increases susceptibility to prostate
carcinogenesis and epigenetically reguiates phosphodiesterase type 4
variant 4. Cancer Res 2006;66:5624-5632.

27.Li S, Washburn KA, Moore R, et al. Developmental exposure to
diethylstilbestrol elicits demethylation of estrogen-responsive lactoferrin
gene in mouse uterus. Cancer Res 1997,57:4356-4359.

28.Chen C, Wang XF, and Sun LZ. Expression of transforming growth factor
beta type Ili receptor restores autocrine TGF beta1 activity in human
breast cancer MCF-7 cells. J Biol Chem 1997,272:12862 — 12867.

29.Bandyopadhyay A, Agyin JK, Wang L, et al. Inhibition of pulmonary and
skeletal metastasis by a transforming growth factor-{beta} type | receptor
kinase inhibitor. Cancer Res 2006,66:6714 — 6721.

30.Thomas J, Olson J, Tapscott S, et al. An efficient and robust statistical
modeling approach to discover differentially expressed genes using
genomic expression profiles. Genome Res 2001;11:1227-1236.

31.Yan PS, Chen CM, Shih H, et al. Dissecting complex epigenetic alterations
in breast cancer using CpG island microarrays. Cancer Res 2001,61:8375-
8380.

32. Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays
applied to the ionizing radiation response. Proc Natl Acad Sci USA
2001;98:5116-5121.

33, Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell
2006;126:663-676.



Figure 1. Positive immunohistochemical stain of AR (brownish
color) was detected in nuclei of lung cancer cells. Slides of human
lung cancer with adjacent paired tissue array were obtained from
Pantomics Inc.(A) and Biomax Co.(B). Immunohistochemical
staining was performed according to supplier's protocol. Slides
were developed in DAB-H,0..
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Figure 2. Knockdown androgen receptor and progesterone
receptor by lentivirus-mediated RNA interference. (A) RT Q-PCR
of AR expression in CL1-5 cells. GAPDH was used as loading
control. (B) Western blot analysis in CL1-5 cells. Tubulin was used
as loading control.



AR2-2 knockdown Scrambled control

Figure 3. Decreased cloning formation after knockdown androgen
receptor in CL1-5 lung adenocarcinoma cells.
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Figure 4. Knockdown androgen receptor or progesterone receptor
inhibits cell proliferation in CL1-5 cells.
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Figure 5. Cell cycle profile of CL1-5 cells after AR or PR
knockdown.



