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Lung adenocarcinoma is a leading cause for female
cancer deaths in Taiwan. Epidemiological evidence
shows that female never smokers have a higher risk of
lung adenocarcinoma than male counterparts. Estrogen
signaling may play an important role in lung
adenocarcinoma development and progression. Our
studies found that estrogen receptor a (ERa )-
positive lung adenocarcinoma cells expressed higher
levels of tumor necrosis factor a (TNFa ) receptor
than ER @ -negative adenocarcinoma cells under a
physiological concentration of estrogen. Compared to
ER @ -negative adenocarcinoma cells, ERa -positive
lung adenocarcinoma cells also exhibited a sharper
dose-dependent response to TNFa in terms of NF-kB
activation. Knockdown of ERa decreased TNF a -induced
NF-kB activity. Antiestrogen fulvestrant could not
suppress the stimulatory effect of ERa on TNFa -
induced NF-kB activity. In contrast, fulvestrant
enhanced TNF a -induced NF-kB activity as 175-
estradiol (E2). These results suggested that ER«
facilitated TNFa to activate the NF-kB signaling
pathway via a nongenomic action in addition to
upregulation of TNFa receptor transcriptional
expression. Activation of NF-kB in response to
E2/TNF a cotreatment was accompanied with synergistic
increase in expression of interleukin-8 (IL-8) and
intracellular adhesion molecule 1(ICAM-1) involved in
pulmonary inflammation.

lung adenocarcinoma, estrogen receptor, TNFa, NF-kB
signaling, inflammation
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Abstract

Lung adenocarcinoma is a leading cause for female cancer deaths in Taiwan.
Epidemiological evidence shows that female never smokers have a higher risk of lung
adenocarcinoma than male counterparts. Estrogen signaling may play an important role in
lung adenocarcinoma development and progression. Our studies found that estrogen
receptor o (ERa)-positive lung adenocarcinoma cells expressed higher levels of tumor
necrosis factor a (TNFa) receptor than ERa-negative adenocarcinoma cells under a
physiological concentration of estrogen. Compared to ERa-negative adenocarcinoma cells,
ERa-positive lung adenocarcinoma cells also exhibited a sharper dose-dependent response
to TNFa in terms of NF-kB activation. Knockdown of ERa decreased TNFa-induced
NF-kB activity. Antiestrogen fulvestrant could not suppress the stimulatory effect of ERa
on TNFa-induced NF-kB activity. In contrast, fulvestrant enhanced TNFa-induced NF-kB
activity as 17B-estradiol (E2). These results suggested that ERa facilitated TNFa to activate
the NF-kB signaling pathway via a nongenomic action in addition to upregulation of TNFa
receptor transcriptional expression. Activation of NF-kB in response to E2/TNFa
cotreatment was accompanied with synergistic increase in expression of interleukin-8 (IL-8)

and intracellular adhesion molecule 1(ICAM-1) involved in pulmonary inflammation.

Keywords: lung adenocarcinoma, estrogen receptor, TNFa, NF-kB signaling, inflammation
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INTRODUCTION

Lung cancer is a leading cause for female cancer deaths in Taiwan, and about 70 % of female lung cancer
cases are adenocarcinoma. Re-examining the distribution of females and males among nonsmoker patients
documented in a number of epidemiological studies, Dr. Jill Siegfried found that the female to male ratio
ranged from 1.25 to 5.21 and the ratio among the total cases was 2.46 (Siegfried, 2001). A large-scale
nurse/health professional USA cohort study (1986-2000) also reported that nonsmoking women had a 33%
higher incidence of lung cancer than nonsmoking men (Bain et al., 2004). High body estrogen probably

predisposes women to lung adenocarcinoma.

The cellular response to estrogen is mainly mediated by estrogen receptor alpha (ERa) and beta (ERp).
ERP expression was frequently detected in well and moderately differentiated lung adenocarcinoma
specimens and correlated with better survival (Omoto et al., 2001; Kawai et al., 2005; Schwartz et al., 2005;
Ali et al., 2008; Nose et al., 2009). In contrast, ERa expression in lung tumors remains inconclusive. While
some studies reported no ERa expression detectable in lung tumors (Omoto et al., 2001; Schwartz et al., 2005;
Wau et al., 2005), some suggested an association between positive ERa expression and poor prognosis (Kawai
et al., 2005; Raso et al., 2009; Olivo-Marston et al., 2010). In addition, ERa expression was detected more
frequently in tumors from females (Kaiser et al., 1996; Fasco et al., 2002; Raso et al., 2009). Inconsistence

among laboratories in detection sensitivity and specificity probably contributes to the data discrepancy.

Aside from epidemiological association, our animal study indicated that estrogen promoted xenograft
tumor growth of ERo" lung adenocarcinoma cells but inhibited that of ERa  cells. Estrogen-bound ERa
probably influenced cancer development by regulation of transcription of cancer-related genes, e.g., VEGF-A,
via binding to an estrogen responsive element (ERE) (Lin et al., 2012). Estrogen may also increase lung
adenocarcinoma risk via a nongenomic action. 178-estradiol (E,) has been shown to rapidly activate cAMP,

Akt, and MAPK signaling pathways in human lung adenocarcinoma 201T cells (Zhang et al., 2009).

Elevated TNFa level has been found in tumor tissues and serum of cancer patients (Ferrajoli et al., 2002;
Szlosarek et al., 2006). Crosstalk between the estrogen and TNFa signaling pathways is relevant in
carcinogenesis. A study reported there was an inverse correlation between the protein levels of ERa and the
NF-kB subunits RelB in human breast cancer tissues and cell lines. RelB-induced Bcl-2 expression enhanced
the invasive capability of ERa-negative breast cancer cells (Wang et al., 2006). In addition, TNFa was shown
to antagonize E,/ERa-induced cell proliferation by down-regulation of ERa in MCF-7 breast cancer cells. The
TNFa-induced ERa down-regulation involved the PI3K/Akt pathway but not proteasome-dependent
proteolysis (Lee and Nam, 2008). In U20S osteosarcoma cells, estrogen repressed TNFa autoinduction by
conversion of ERa from a transcriptional coactivator of NF-kB to a corepressor (Cvoro et al., 2006). ERa
exhibited a direct protein-protein interaction with the NF-kB subunits p65, particularly in the presence of E;
(Cvoro et al., 2006; Quaedackers et al., 2007). Positive crosstalk between estrogen and TNFa was also found.
E,/TNFa cotreatment caused a more than additive up-regulation of ~60 genes, including the anti-apoptotic
BIRC3 gene, in breast cancer cells. Overexpression of the positive crosstalk gene set was associated with
worse disease outcome (Frasor et al., 2009). We are interested in knowing how estrogen and TNFa crosstalk
in ERa-positive and negative lung adenocarcinoma cells and whether the crosstalk affects tumor progression

and transformation.

MATERIALS AND METHODS
Reporter Transfection Analysis



ER activity was determined by transiently transfection of cells with pERE-Luc and pSV40-Bgal using
Lipofectamine™ 2000 (Life Technologies), whereas NF-kB activity was assayed by infection with adenoviral
NF-kB luciferase reporter. Cells were recovered overnight in phenol red-free RPMI-1640 medium
(Sigma-Aldrich) plus 3% charcoal/dextran-treated fetal bovine serum (Life Technologies) followed by

indicated treatments.

Gene Expression Analysis
RNA extraction and real-time RT-PCR was performed as described previously (Lin et al., 2012). Gene

expression levels were normalized to B-actin expression levels. Gene specificity was confirmed by sequencing
PCR products.

Immunoblotting.

Protein extraction and immunoblotting were performed as described previously (Kuo et al., 2013). Primary
antibodies used in this study are mouse anti-ERa (D-12), anti-f-actin (C4) from Santa Cruz Biotechnology,
and rabbit anti-TNFR1 (3736) from Cell Signaling Technology.

Statistical analysis.
Results are presented as mean + SE. One-way ANOVA plus Turkey’s post hoc test (SPSS) was used to
calculate the significance of a difference.

RESULTS AND DISCUSSION

Construction of inducible ERa-expressing cell lines

In order to understand the impact of the estrogen signaling pathway on the response of lung adenocarcinoma
cells to TNFa, we have constructed cell lines that conditionally express ERa by stable transfection of the
tetracycline-regulated ERa expression system into the ERa-negative human lung adenocarcinoma CL1-5 cell
line. Two daughter cell lines were selected based on Western blotting and reporter transfection. As shown in
Figure 1A, ERa is highly expressed in each corresponding daughter line after a 24-h treatment with 1 pg/ml
Dox (a tetracycline analogue). ERE-Luc reporter transfection showed that treating CL1-5(TO-ERa)#11 and
#18 with 1 nM E2 (a physiological concentration in premenopausal women) for 24 h significantly increased
the activity of the estrogen-responsive reporter in the presence of Dox (Fig. 1B), confirming that induction of
ERa expression positively regulated the ERE-dependent transcriptional response to estrogen in these two

transgenic cell lines.
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Figure 1. (A) ERa and B-actin protein expression in CL1-5 and daughter cell lines. ERa was highly expressed
2



in the CL1-5(TO-ERa) daughter lines 24 h after addition of 1 pg/ml Dox. (B) ERa activity under a variety of
Dox (1 pg/ml) and E2 (1 nM) treatments for 24 h. # p < 0.01 between treatments.

Estrogen-inducible expression of TNF receptor in ERa-expressing lung adenocarcinoma cells

The cellular response to TNFa is initiated through the binding of TNFa to its receptor on the cell surface. We
found that the primary form of TNFa receptor, TNFR1, was induced by E2 treatment (I nM, 24 h) in
ERa-expressing CL1-5(TO-ERa) cells at both mRNA and protein levels. The E2/ERa-induced TNFR1
up-regulation could be abolished by cotreatment with an ER antagonist, ICI 180,782 (10 nM) (Fig. 2).

A : ok | B
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Figure 2. TNFR1 mRNA (A) and protein (B) expression in the absence and presence of ERa expression and

E2 treatment. The house-keeping gene B-actin was employed as a normalization control. ** p<0.005.

Elevated NF-kB activity in ERa-expressing lung adenocarcinoma cells

Activation of NF-kB transcriptional activity is one of the most important events in response to TNFa signals.
We assumed that TNFR1 up-regulation would enhance the responsiveness of cells to TNFa and, in turn,
increase NF-kB activation. Reporter assay showed that NF-kB activity was significantly increased when ERa
expression was induced by Dox pretreatment. Addition of E2 along with Dox further raised NF-kB activity.
ICI 180,782 could not block the E2/ERa-enhanced NF-kB activation, Indeed, ICI 180,782 possessed similar
positive effects on NF-kB activity as E2 (Fig 3). These data suggested that E2/ERa stimulated NF-kB
activation not simply through up-regulation of the downstream estrogen-responsive genes, such as TNFR. The
presence of ERa itself seemed to have nongenomic effects on NF-kB activation. Association with a ligand,
either agonistic or antagonistic, facilitated the nongenomic action. Dox pretreatment lacked such positive
effects on NF-kB activity in the parental CL1-5 cell line. Knockdown of ERa expression by RNA interference
further validated the stimulation by ERa.



# x Figure 3. NF-kB reporter activity
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Up-regulation of inflammatory markers in company with increased NF-kB activity

Vast activation of NF-kB activity would lead to apoptosis or inflammation. We did not detect apoptosis. On
the other hand, transcript levels of inflammatory markers, such as IL-8 and ICAM-1, were largely increased
following the increase of NF-kB activity (Fig. 4). Elevated inflammatory response has been known to promote

cancer progression.
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Figure 4. IL-8 (A) and ICAM-1 (B) mRNA expression in the absence and presence of ERa expression and E2
treatment. ** p<0.005 vs. Dox-; * p<0.05, * p<0.005 vs. E2-; * p<0.005 vs. TNFao-.
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