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Data analysis of clinical samples suggests that higher estrogen receptor o
(ERa) expression could be associated with worse overall survival in some
patients with non-small-cell lung cancer (NSCLC). Immunofluorescence
results further showed that higher ERa expression was linked to larger
numbers of infiltrated macrophages in NSCLC tissues. However, the
detailed mechanisms underlying this phenomenon remain unclear. Results
from in vitro studies with multiple cell lines revealed that, in NSCLC cells,
ERa can activate the CCL2/CCR2 axis to promote macrophage infiltra-
tion, M2 polarization, and MMP9 production, which can then increase
NSCLC cell invasion. Mechanistic studies using chromatin immunoprecipi-
tation and promoter luciferase assays demonstrated that ERo could bind
to estrogen response elements (EREs) on the CCL2 promoter to increase
CCL2 expression. Furthermore, ERa-increased macrophage infiltration can
induce a positive feedback mechanism to increase lung cancer cell ERa
expression via the up-regulation of the CXCL12/CXCR4 pathway. Target-
ing these newly identified pathways, NSCLC ERa-increased macrophage
infiltration or the macrophage-to-NSCLC CXCLI12/CXCR4/ERa signal,
with anti-estrogens or CCR2/CXCR4 antagonists, may help in the develop-
ment of new alternative therapies to better treat NSCLC.

1. Introduction

Non-small-cell lung cancer (NSCLC) has long been
the type of cancer with the highest mortality across
the world. Among various factors linked to this dis-
ease, the contributing role of estrogen and estrogen-

Abbreviations

related pathways has also been suggested in the past
decade. Direct evidence came from population studies
showing that postmenopausal women live longer than
men at similar ages (Albain et al., 1991), while hor-
mone replacement therapy is associated with more
rapid progression of the disease (Ganti ez al., 2006;
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Slatore et al., 2010). These suggest that estrogens and
estrogen receptors (ERs) play promoting roles in the
progression of NSCLC.

There are two major types of ERs, ERa and ERp.
Previous work from our laboratory has proved that
ERp can promote the NSCLC via inducing vasculo-
genic mimicry and invasion in lung cancer cells (Yu
et al., 2018). We then were interested in testing
whether ERa was independently involved in the pro-
gression of NSCLC by studying the underlying mecha-
nisms. Here, we used two specific ERa shRNAs,
shERao#1 and shERa#2, together with an ERa-specific
antagonist, to demonstrate the role of ERa in NSCLC.
Although there have been controversies on the role of
ERa on the pathogenesis of NSCLC, the majority of
literature studies using resected NSCLC samples show
that expression of ERa is associated with poorer over-
all survival after surgery (Kawai et al., 2005). In accor-
dance with the above notion, patients with higher ERa
expression are less likely to gain benefits from adju-
vant chemotherapy and radiation therapy (Brueckl
et al., 2013; Rades et al., 2012). Regarding the possible
faults due to subjective measurement of immunohisto-
chemistry in the above studies, a study employing
gqPCR shows similar results that ERa mRNA levels
are significantly associated with worse NSCLC prog-
nosis (Olivo-Marston et al., 2010). This study also
proved a relationship between specific single nucleotide
polymorphisms (SNPs) leading to high ERa expression
and poor NSCLC outcomes. On the other hand, one
similar study using qPCR indicated that ERa could be
a good prognostic factor for metastatic NSCLC
(Brueckl et al., 2013). However, deeper scrutiny reveals
that this difference could be due to the more advanced
stages of the samples included in the study.

In the case of breast cancer, ERa is a driving factor
for the initiation and earlier progressive stages of the
disease, while may also confer a positive response to
endocrine therapy employed in more advanced stages
(Busonero et al., 2018). For NSCLC, ERa expressed
in earlier stages may boost tumor initiation, growth,
and invasion, while as the disease progresses to a later
stage, its role can be different. Thus, the overall evi-
dence provided by clinical studies pointed to a pro-
moting role of ERa in NSCLC initiation; however, the
underlying mechanisms remain largely unknown.
Recently, tumor-associated macrophages (TAMs) have
been proven to play an important role in NSCLC cell
growth and invasion (Schmall ez al., 2015), supporting
a protumor role of macrophages in the tumor
microenvironment. Interestingly, one report shows that
ERa expressed in tumor cells can promote macro-
phage infiltration (Svensson et al., 2015). Thus, it is
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rational to hypothesize that ERo could function
through regulating macrophage infiltration or func-
tions to affect NSCLC progression.

Moreover, previous reports also show that macro-
phages can influence the expression of ERa in tumor
cells (Ning et al., 2016; Stossi et al., 2012; Tong et al.,
2016). While infiltrated macrophages can elicit loss of
ERa expression in breast cancer cells (Stossi et al.,
2012), ERa expression is induced by macrophages in
endometrial cancer (Ning et al., 2016; Tong et al.,
2016). These highlight the importance of the interac-
tion between ERa and macrophages in the progression
of tumors. Nevertheless, the effect of infiltrating
macrophages on ERo expression or activity in lung
cancer cells, as well as its role in NSCLC progressions,
is largely unknown.

In this study, we tested our hypothesis that ERa
may function via interaction with macrophages to trig-
ger NSCLC invasion, as well as the possible molecular
mechanisms involved, and thereafter could provide
tumor-supporting signals to stimulate progression of
NSCLC. We first analyzed the online TCGA database
and our clinical samples, and then applied the transwell
system and molecular biology methods for phenotype
and mechanistic studies. Later, animal models with
tumor xenografts were used to test possible therapies
targeting the related pathways. Our study may improve
our understanding of the role of ERa in NSCLC and
may provide some hints for future therapy.

2. Materials and methods

2.1. Cell lines and human tissue samples

Human NSCLC cell lines A549 (ATCC CCL-185),
H1299 (ATCC CRL-580), human acute monocytic leu-
kemia cell line THP-1 (ATCC TIB-202), and mouse
Lewis lung carcinoma cell line LLC1 (ATCC CRL-
1642) were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA). A549 and
H1299 were maintained in RPMI-1640 media with
10% FBS and 1% penicillin/streptomycin. LLC1 was
maintained in DMEM media with 10% FBS and 1%
penicillin/streptomycin. THP-1 cells were maintained
in RPMI-1640 medium with 10% heat-inactivated
FBS, 1% penicillin/streptomycin, and 2-mercap-
toethanol to a final concentration of 0.05 mm. All cul-
tures were grown in a humidified 5% CO, incubator
at 37°C. Human tissue samples were provided by
Department of Thoracic Surgery, Wuhan Union
Hospital. All samples were collected for use in research
after patients signed the Informed Consent.

1780 Molecular Oncology 14 (2020) 1779-1799 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



M. He et al.

2.2. Isolation and primary culture of
macrophages from B6 mice

B6 mice were euthanized by CO, asphyxiation, which
was followed by cervical dislocation. After sterilization
in 70% ethanol, femur bones were isolated and washed
with PBS. Bones were cut at both ends, and bone mar-
row was flushed out by syringes with RPMI media
containing 10% heat-inactivated FBS. Then, bone
marrow fluid was centrifuged at 250 g for 10 min, and
cells were collected and then cultured in RPMI media
containing macrophage colony-stimulating factor (M-
CSF 20 ng-mL™"). With 6 days of culture, primary
macrophages were mature for later experimentation.

2.3. Reagents and materials

The GAPDH (6C5) and B-actin (C4) antibodies were
purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). The anti-human ERa (D8HS), ERKI1/2
(137F5), p-ERK1/2 (197G2), AKT (11E7), p-AKT
(244F9), and p-STAT3 (D3A7) antibodies for western
blot were purchased from Cell Signaling Technology
(Boston, MA, USA); MMP-9 (ab38898) antibody was
from Abcam (Cambridge, MA, USA). The anti-mouse
ERa (E115) for western blot was from Abcam. The
CXCLI12 (AF-310-NA) antibody for western blot was
from R&D Systems (Minneapolis, MN, USA). Anti-
mouse/anti-rabbit secondary antibody for western blot
was from Invitrogen (Carlsbad, CA, USA). Normal
rabbit IgG was also from Santa Cruz Biotechnology.
MPP (CAS 911295-24-4) was from Bio-Techne Corpo-
ration (Minneapolis, MN, USA). PMA (CAS 16561-
29-8) and CCR2 antagonist (CAS 445479-97-0) were
from MilliporeSigma (Burlington, MA, USA).
AMD3100 (CAS 155148-31-5) was from Bio-Techne
Corporation. U0126 (CAS 109511-58-2) was from Cell
Signaling Technology. MK-2206 (CAS 1032350-13-2)
and fulvestrant (CAS 129453-61-8) were from Sel-
leckchem (Houston, TX, USA).

2.4. Lentiviral infection

The cDNA was cloned into Pmel site of pWPI lentivi-
ral vector, and shRNA was cloned into Agel site of
pLKO.1 lentiviral vector. The 293T packaging cells
were transiently transfected with pMD2.G, psPAX2,
and pWPI vector/pWPI-cDNA, or pLKO vector/
pLKO-shRNA to produce lentiviral particles. The
supernatants containing lentiviral particles were col-
lected 48 h post-transfection of 293T cells. The lentivi-
ral supernatants were then filtered and used to
transduce NSCLC or THP-1 cells for 48 h.
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2.5. Migration assay

Migration assay was carried out as was described pre-
viously (Yeh et al., 2016). Briefly, NSCLC cells were
cultured in the bottom wells of 24-well plates 24 h
prior to the seeding of THP-1 or primary B6 Mg cells
into the inserted transwells. To differentiate THP-1
cells into macrophages, THP-1 cells were treated with
50 ngmL~" PMA for 48 h. The number of migrated
THP-1 or B6 Mg cells was examined after 48 h co-in-
cubation. The inserted transwells were washed with
PBS and then fixed with methanol. Then, transwells
were stained with 1% crystal violet (w/v, prepared in
PBS) and the migrated macrophages can be shown.
The THP-1 or B6 Mg cells that were recruited by
NSCLC cells to the bottom side of the membranes
were counted under microscopy, and the average num-
bers of six representative areas (x100 fold) were
recorded.

2.6. Coculture experiment

To collect conditioned media (CM) and test the phe-
notype change of cocultured THP-1 or B6 Meo cells,
NSCLC cells and PMA-treated THP-1 or primary B6
Mo were seeded in the bottom and upper wells of 6-
well transwell plates, respectively (pore size is 0.4 um),
at the density of 1 x 10°well and cultured for 48 h.
Then, the CM or cells were collected for later experi-
ments.

2.7. Invasion assay

CM was first collected from the 48 h coculture of
NSCLC cells and THP-1/B6 M¢ or from control
NSCLC cells. NSCLC cells were seeded in the bottom
wells of 6-well plates, and macrophages were seeded in
the inserted transwells (pore size is 0.4 um). Then, CM
from different coculture groups was added into new
24-well plates, with transwells coated with Matrigel
(0.2 mg-mL~", 100 pL, air-dried for 2 h) and NSCLC
cells (A549, H1299, and LLCI, as in figures) seeded
into each inserted transwell at the density of 5 x 10
150 pL. The incubation time was 24 h, and the trans-
wells were then washed, fixed, and stained, and
invaded NSCLC cells were counted as shown in the
migration assay (Yeh er al., 2016).

2.8. Immunohistochemistry and
immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence
staining was carried out as the routine procedure by
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our team, which has been described previously (Chen
et al., 2009). Briefly, the slices were first incubated with
the primary antibodies, anti-ERa (Abcam, ab93021 for
IHC, E115 for immunofluorescence, Cambridge, MA,
USA), anti-CD68 (total human macrophage marker;
Abcam, ab955), anti-CD163 (M2 macrophage marker;
Abcam, ab87099), or anti-F4/80 (total mouse macro-
phage marker; Abcam, ab16911) in 3% BSA in PBS
overnight at 4°C followed by secondary antibodies.
Protein expression levels were calculated as the number
of immunopositive cells x 100% divided by total
number of cells/field in six randomly selected fields
through microscope at 400x magnification.

2.9. Protein extraction and western blot

Proteins were collected through lysing of cells in RIPA
buffer. Equal amounts of protein from each experi-
mental group were loaded into SDS/PAGE gel, which
were then separated and transferred onto PVDF mem-
branes (Millipore, Billerica, MA). The membranes
were then blocked with nonfat milk, incubated with
appropriate dilutions of specific primary antibodies,
and with HRP-conjugated secondary antibodies. Visu-
alization was through the ECL system (Thermo Fisher
Scientific, Rochester, NY, USA).

2.10. RNA extraction and quantitative real-time
PCR analysis

Total RNA was extracted by TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. 1 pg
of RNAs from each experimental group was used for
reverse transcription by qScript cDNA SuperMix
(Quantabio, Beverly, MA, USA). The obtained
cDNAs were applied for gPCR using a SYBR Green
Bio-Rad CFX96 system. Gene mRNA expression
levels were normalized to the mRNA level of GAPDH
(NSCLC cells) or B-actin (THP-1 or B6 Mg cells). Pri-
mers used are listed in supplementary data (Table S1).

2.11. Chromatin immunoprecipitation assay
(ChIP)

Cell lysates were cleared by sequential incubation with
normal rabbit IgG (sc-2027, Santa Cruz Biotechnol-
ogy) and protein A-agarose. 2.0 pg of anti-ERa anti-
body was then added and incubated with the cell
lysates at 4°C overnight. Equal amounts of IgG were
used in the negative control group, which was incu-
bated under the same condition. The PCR was done,
and products were identified by agarose gel elec-
trophoresis.
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2.12. CCL2 promoter luciferase assay

The promoter luciferase assay was done as described
previously (Yu et al., 2018). The human promoter
region of CCL2 was constructed into pGL3-basic vec-
tor (Promega, Madison, WI, USA). Cells were plated
in 24-well plates, and the cDNAs were transfected
using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. The pRL-TK was used as
internal control. Luciferase activity was measured by
Dual-Luciferase Assay (Promega) according to the
manufacturer’s instruction.

2.13. Mouse model of orthotopic tumor
implantation and drug administration

Eight-week-old female nude mice were purchased from
NCI. Logarithmically growing A549 cells were trans-
duced with luciferase and with/without lentiviral ERa
(oeERa). Lung cancer cells (2 x 10°) were suspended
in 50 pL. Matrigel (Becton Dickinson, CA, USA) and
injected into the left lateral thorax of the mice as
described previously (Yu et al., 2018). After 7 days of
tumor development, mice were randomized into five
groups and treated every other day by intrathoracic
injection. The five groups were (1) pWPI-A549 cells
with DMSO, (2) oeERa-A549 cells with DMSO, (3)
0eERa-A549 cells with CCR2 antagonist (50 pg-kg™"),
(4) 0eER0-A549 cells with AMD3100 (5 mgkg™),
and (5 o0eERa-A549 cells with fulvestrant
(5 mg-kg™"). Tumor development was monitored by
Fluorescent Image (IVIS Spectrum, Caliper Life
Science, Hopkinton, MA, USA). After 28 days of
treatments, the mice were imaged by IVIS and sacri-
ficed, and tumors were collected, weighed, and pre-
pared for further analysis. We performed the
experiment with eight mice per group of treatment. In
each group, the mice with the highest and the lowest
luciferase signals were removed to eliminate any out-
liers. In order to confirm the results, we replicated the
animal experiment 3 independent times. All animal
experiments were performed in accordance with the
guidelines of the University of Rochester Medical Cen-
ter Animal Care and Use Committee for animal exper-
iments.

2.14. Survival analysis for NSCLC patients

Survival data for NSCLC patients based on ERa
mRNA expression were obtained from the TCGA
database. The TCGA project collected gene expression
information together with general clinical information
including age, gender, and tumor staging. The cutoff
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point to differentiate high and low expression is deter-
mined by median ERa mRNA level. Survival data for
NSCLC patients based on ERa protein expression
were retrieved from medical records of Wuhan Union
Hospital. The TCGA program has made sure that
every contributing clinical site verified that IRB
approval has been received, and the ethical policies are
posted on the project website (https://www.cancer.gov/
about-nci/organization/ccg/research/structural-genomic
s/tcga/history/policies). Also, all patients enrolled in
the Union Hospital cohort provided Informed Con-
sent. Patient information and tissue samples were col-
lected according to the ethical guidelines set by the
Internal Review Board of Wuhan Union Hospital.
General characteristics of the patients analyzed are
also shown in Tables S2 and S3. The study methodolo-
gies on human patients also conformed to the stan-
dards set by the Declaration of Helsinki.

2.15. Statistical methods

All experiments were performed in triplicate and at
least three times. Data were presented as mean £+ SD.
Statistical analyses involved were carried out using
Student’s ¢-test, and log-rank (Mantel-Cox) test with
SPSS 22 (IBM Corp, Armonk, NY, USA) or GRAPH-
PAD PRISM 6 (GraphPad Software, La Jolla, CA, USA).
P < 0.05 was considered statistically significant.

3. Results

3.1. ERa is correlated with a worse prognosis
and increased macrophage infiltration in the
early-stage NSCLC patients

We first performed the human clinical survey via ana-
lyzing the TCGA database for the association between
ERa expression and the overall survival of NSCLC
patients. The results revealed that for both lung adeno-
carcinoma (LUAD) and lung squamous cell carcinoma
(LUSC), there is a significant linkage between ERa
mRNA expression and worse overall survival in the
early-stage patients (TNM stage IA-IIB) (Fig. 1A,B).
As estrogen levels are higher in female patients, we are
interested to see whether the significant linkage is
impacted by the gender difference. The results from
multiple analyses revealed that higher ERo is a worse
prognostic factor in LUAD (Fig. 1C,D) and LUSC
(Fig. 1E,F) from both male and female NSCLC
patients. Also, we analyzed the association between
ERa protein expression and overall survival through
immunohistochemistry method in a patient cohort from

ERa regulated cytokines in NSCLC microenvironment

Wuhan Union hospital, in which ERo-negative and
ERoa-positive patients are 1 : 1 matched (Fig. SIA-B,
Table. S3). Similar to the results obtained from TCGA
database, ERa protein expression also correlates with
significantly worse overall survival in this Wuhan Union
Hospital cohort. Together, results from human clinical
surveys (Figs. IA-F, SIA-B) suggest that higher activa-
tion or expression of ERa may lead to worse prognosis
in both male and female NSCLC patients.

To explore the underlying mechanisms why ERa is
associated with a worse prognosis of NSCLC, we first
performed immunofluorescence assay and IHC staining
to test the subcellular location of ERa, which shows
that ERa can be mainly stained in the nuclei with rela-
tively weak cytosol staining in NSCLC cells (Figs. S1B,
S2). We then performed MTT growth assay and Matri-
gel invasion assay on the lung A549 (vector or oecERa)
cells cultured in regular media with 10% FBS and
H1299 cells cultured in charcoal-stripped FBS media
treated with mock, 17f-estradiol (E2), and with ER
antagonist fulvestrant or specific ERa antagonist MPP.
The results showed that overexpression of ERa, treat-
ment with agonist (E2) and/or antagonists (fulvestrant
and MPP), does not have significant effects on cell
growth or invasion (Fig. S3A-D). Also, the expression
levels of ERa in A549 and H1299 cells are shown in
Fig. S4A, which indicates that A549 cells have rela-
tively lower, while H1299 cells have relatively higher,
endogenous expression of ERa. The expression of ERa
in A549 (vector or oeERa) is also shown in Fig. 2A.

As recent studies indicated that infiltrated macro-
phages could affect the tumor progression, we then per-
formed the immunofluorescence staining of 20 human
NSCLC samples with antibodies to ERa and macro-
phage markers (CD68 and CD163) to examine their
relationship in the microenvironment. The results from
immunofluorescence staining indicated that higher ERa
is linked to higher level of infiltrated macrophages in the
tumor microenvironment (Fig. 1G).

Together, results from Fig. IA-G and Figs. S1-S4
suggest that ERa may increase NSCLC progression
via increasing the number of infiltrated tumor-associ-
ated macrophages.

3.2. Mechanism dissection of why a higher ERa
expression in lung cancer cells could promote
the macrophage infiltration

Macrophages have been linked to the promotion of
cancer cell invasion (Joyce and Pollard, 2009; Li et al.,
2017), and our above human clinical sample survey
also linked ERa to the infiltrating macrophages.
Therefore, we applied the transwell migration assay
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Fig. 1. Estrogen receptor o is correlated with worse prognosis and macrophage infiltration in early-stage NSCLC patients. (A,B) Survival
curve based on TCGA database indicated that high levels of ERa mRNA are associated with shorter overall survival in both LUAD and
LUSC. (C-F) Differential analysis based on gender showed that ERa mRNA is associated with poorer overall survival both in male (C, E) and
in female (D, F) NSCLC patients. (G) Immunofluorescence assay comparing ERa, CD68, and CD163 in human ERa-positive and ERa-
negative NSCLC samples. Nuclei (blue), ERa (red), CD68 (green), and CD163 (green) were shown. 200x magnification was shown for the
left image, and 400x magnification was shown for the right image. Log-rank (Mantel-Cox) test was applied to compare survival data in
Fig. TA-F, and Student’s t-test was used to compare the means between groups in Fig. 1G. Experiments were done at least in 3 replicates.

Results were presented as mean + SD, ***P < 0.001.

with NSCLC cells seeded in the lower chamber and
PMA-treated THP-1 or primary B6 macrophages
(Mo) seeded in the upper wells (Fig. 2A) to examine
the impact of NSCLC ERa expression on the

1784

recruitment of macrophages. Our results revealed that
increasing ERa in A549 cells via ectopic transfection
of ERa-cDNA led to an increased THP-1 recruitment
(Fig. 2A, middle left). In contrast, decreasing ERa in
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Fig. 2. E2/ERa signals in lung cancer cells could promote the macrophage recruitment to induce cancer invasion. (A) The carton (left)
illustrates macrophage migration systems. PMA-activated THP-1 or primary B6 Mg cells were seeded in the upper chambers, and lung
cancer cells were seeded in the lower chambers of the 24-well transwell migration systems. Migrated THP-1 cells/B6 M¢ were checked
after 48 h incubation. (B) E2 pretreated ERa-positive cells can promote the macrophage recruitment. H1299 (vector or shERa #1, #2), A549
(vector or oeERa), or LLC1 (vector, or shERa #1, or shERa #2) cultured in charcoal-stripped FBS media were treated with control and 10 nm
E2, with/without 1T pm MPP, with/without 10 pwm fulvestrant for 48 h, and then seeded in the lower chamber of transwell migration systems
for checking the ability to recruit THP-1 cells or B6 Mg, respectively. (C) CMs were collected from coculture of lung cancer cells with/
without THP-1 or B6 Mo cells (4 : 1) for 48 h. The CMs were then added to the bottom well of 24-well plates. Lung cancer cells were
seeded into inserted transwells precoated with Matrigel. After 24 h incubation, invaded lung cancer cells were counted and compared. (D)
CMs were collected from coculture of Ab49 (vector or oeERa) or H1299 (vector, or shERa #1, or shERa #2) cells with PMA-activated THP-1
cells. The CMs were then added in the lower chambers of transwells to test the effect on lung cancer cell (A549 and H1299) invasion. (E)
CMs were collected from coculture of LLC1 (vector or oeERa) or LLC1 (vector, or shERa #1, or shERa #2) cells with primary B6 Me cells.
The CMs were then added in the lower chambers of transwells to test the effect on lung cancer cell (LLC1) invasion. 100 x magnification
of images was shown for the migration and invasion assay. Student’s t-test was used to analyze data in Fig. 2A-E. Experiments were done

at least in 3 replicates. Results were presented as mean + SD, **P < 0.01, ***P < 0.001. ns, not significant.

H1299 cells via adding 2 separate ERa-shRNAs led to
a reduced macrophage recruitment (Fig. 2A middle
right). Similar results were also gained when we
replaced THP-1 cells with B6 M¢. Increasing ERa in
LLCI cells via ectopic transfection of ERa-cDNA led
to an increased B6 Mo recruitment (Fig. 2A, lower
left), and decreasing ERa in LLCI1 cells via adding 2
different ERo-shRNAs led to a reduced B6 Mo
recruitment (Fig. 2A lower right). To further validate
the involvement of ERa activation in the attraction of
macrophages, we cultured ERa-negative cells (A549,
vector or oeERa) and ERa-positive cells (H1299 and
LLC, vector or shERa) in charcoal-stripped FBS
media with or without 17f-estradiol (E2) and treated
the cells with or without antagonist, fulvestrant or
MPP (Harrington et al., 2003) (Fig. 2B). The results
proved that ligand activation of ERa is necessary for
its role in promoting macrophage recruitment by
NSCLC cells.

We then applied the Matrigel transwell assay to
compare the effect of control and THP-1/B6 Me-CM
on lung cancer cell invasion (Fig. 2C). Results showed
that THP-1 CM indeed could significantly increase
A549 and H1299 invasion compared with control CM,
and B6 Mo CM could significantly increase LLCI
invasion compared with control CM. Furthermore, we
collected CM from coculture of THP-1 with lung can-
cer A549 cells (vector or oeERa) or H1299 cells (vec-
tor or shERw), and the results revealed that CM from
coculture of macrophages with lung cancer A549/
oeERa had better capacity to increase the lung cancer
cell invasion (Fig. 2D, upper panel), and CM from
coculture of macrophages with lung cancer H1299/
shERa had reduced capacity to stimulate the lung can-
cer cell invasion (Fig. 2D, lower panel). Similar results
were also obtained when we replaced THP-1 cells with
primary B6 M¢ and human lung cancer cells with
mouse LLCI cells (Fig. 2E).

Together, results from Fig. 2A-E suggest that ERa
may increase lung cancer cell invasion via increasing
the macrophage recruitment.

3.3. Mechanism dissection of how ERa could
increase infiltrated macrophages-enhanced lung
cancer cell invasion: via promoting the M2
polarization and MIMIP9 production of
macrophages

Next, to study the mechanism of how ERa could
increase infiltrated macrophages-enhanced lung cancer
cell invasion, we first focused on the M1 to M2 polar-
ization of macrophages, as early studies indicated this
polarization is associated with tumor progression
(Murray, 2017; Shapouri-Moghaddam et al., 2018).
We then examined the change of polarization markers
by qPCR detection of the M2 markers, including
ARGI1, CD163, CD206, and CCL22. After coculture
with lung cancer cells, the qPCR results revealed that
a higher ERa in lung cancer cells could indeed increase
the M2 polarization of macrophages, in both the
THP-1 cells collected from coculture with human
NSCLC cells (Fig. 3A, upper left) and primary B6 Mo
collected from coculture with mouse LLCI1 cells
(Fig. 3A, lower left). In contrast, reducing ERo in
lung cancer cells can result in a M1 polarization of
cocultured THP-1 cells or primary B6 Mo (Fig. 3A,
upper right and lower right).

As previous literature indicated that tumor-associ-
ated macrophages (TAMs) are potent producers of
many proteases, including matrix metalloproteinases
(MMPs) and cathepsins (Noy and Pollard, 2014; Qian
and Pollard, 2010), we then examined several protease
genes, including MMP1, 2, 9, and 14 and cathepsin B,
H, and L, that are related to the lung cancer cell inva-
sion (Broker et al., 2004; Merchant et al., 2017; Oku-
dela et al., 2016; Schweiger et al., 2000). Our data
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Fig. 3. Estrogen receptor o in lung cancer cells can promote the M2 polarization and macrophage MMP9 production to facilitate cancer cell
invasion. (A) THP-1 cells were collected after coculture with A549 (upper left, vector or oeERa) and H1299 (upper right, vector or shERx)
human lung cancer cells, and B6 Mg cells were collected after coculture with LLC1 (lower left, vector or oeERa) and LLC1 (lower right,
vector or shERa) mouse lung cancer cells, in order to test the change of macrophage polarization markers. (B) A group of proteases
reported to promote cancer cell invasion were tested on THP-1 cells for mRNA expression change after they were cocultured with A549
(left, vector or oeERa) and H1299 (middle, vector or shERa) by gPCR. Western blot was done to confirm the protein expression change
(right). (C,D) CMs were collected from THP-1 cells (vector or shMMP9) cocultured with (C) A549 (vector or oeERa) and (D) H1299 (vector or
oeERuo) to test the effect on lung cancer cell invasion. 100x magnification was shown for the images in the invasion assay. Student's t-test
was used to compare the means between groups in A-D. Experiments were done in at least 3 replicates. Results were presented as

mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001.

showed that increasing ERa via adding ERa-cDNA in
lung cancer A549 cells could increase the MMP9
mRNA expression in cocultured THP-1 cells (Fig. 3B,
left). In contrast, decreasing ERa via adding lentiviral
shERa #1 and shERa #2 in lung cancer H1299 cells
can reduce the MMP9 mRNA expression in cocultured
THP-1 cells (Fig. 3B, middle). Similar results were also
obtained when we replaced qPCR-mRNA assay with
western blot assay to test MMP9 expression at protein
levels (Fig. 3B, right).

Importantly, the interruption approach using
shRNA to suppress the MMP9 expression could
reverse the ERa-increased lung cancer cell invasion in
A549 (Fig. 3C) and H1299 cells (Fig. 3D) [see the
altered protein expression via western blot analysis in
Fig. 2A  and Fig. S4B-C]. Together, results from
Fig. 3A-D suggest that ERa may increase lung cancer
cell invasion via increasing M2 polarization and
MMP9 production by macrophages.

3.4. Mechanism dissection of how NSCLC ERa
can increase infiltrating M2 macrophages with
higher MIMIP9 expression: via production of CCL2

To dissect the mechanism of how ERa in the lung can-
cer cells increases the infiltrating M2 macrophages
with higher MMP9 production, we then examined
those cytokines that have been linked to the macro-
phage recruitment and polarization (Ao et al., 2017,
Izumi et al., 2013; Lee et al., 2013; Murdoch et al.,
2004; Nagarsheth et al., 2017; Sanchez-Martin et al.,
2011; Su et al., 2014; Wang et al., 2013; Yeh et al.,
2016). The results revealed that altering ERa expres-
sion via either adding ERa-cDNA or 2 separate ERo-
shRNAs in A549 and HI1299 cells, respectively, could
lead to altered expression of CCL2 at the mRNA
(Fig. 4A, left) and protein levels (Fig. 4A, right).
Moreover, treating with E2 also led to increase the
CCL2 mRNA expression in a dose-dependent manner
(Fig. 4B), and these effects could be blocked after

adding an ERa-specific antagonist MPP in H1299
(Fig. 40).

Importantly, results from the interruption approach
via adding CCL2-shRNA or CCL2-cDNA (see west-
ern blot analysis in Fig. 4D) can lead to reverse
ERa-cDNA- or ERo-shRNA-mediated effects on the
THP-1 recruitment by the A549 cells (Fig. 4E) and
H1299 cells (Fig. 4F), respectively. Similar interrup-
tion effects were also observed when we replaced the
CCL2-shRNA with C,gH;,F;N;0,S (CAS 445479-97-
0), a CCR2-specific antagonist (Cherney et al., 2008;
Ding et al., 2015; Izumi et al., 2013) in A549 cells
(Fig. 4G).

We further tested whether CCL2 could also play a
role in this ERa-increased M2 macrophage polariza-
tion, and qPCR results revealed that treatment with
CCR2 antagonist in the coculture system can partially
block the ERa-induced M2 polarization (Fig. 4H), as
well as ERa-increased MMP9 expression in the THP-1
cells (Fig. 41).

We then applied western blot assay to further prove
that the ERo/CCL2 axis in lung cancer cells can affect
MMP9 production, and results showed that adding
CCL2-shRNA or CCL2-cDNA (see western blot anal-
ysis in Fig. 4D) can lead to reverse the effect on pro-
duction of MMP9 from THP-1 cells cocultured with
A549 cells (Fig. 4] left) or H1299 cells (Fig. 4J, right).
Furthermore, A549 (vector or oeERa) cells were trans-
duced with CCL2-shRNA or treated with CCR2
antagonist in coculture system to collect CM (as
shown by carton in Fig. 3A). Transwell invasion assay
results show that CCL2-shRNA in A549 cells and
CCR2 antagonist in coculture system can partly
reverse the ERa-increased AS549 cell invasion
(Fig. 4K,L).

Together, results from Fig. 4A-L suggest that ERa
can function via increasing CCL2/CCR2 signaling to
alter the infiltrating M2 macrophages with higher
MMPY expression to increase lung cancer cell inva-
sion.
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Fig. 4. Estrogen receptor o in lung cancer cells could increase CCL2 expression to promote infiltration and MMP9 production of
macrophages. (A) A group of chemokines and cytokines related to macrophage recruitment and polarization were tested by qPCR through
overexpression and knockdown of ERa in AB49 and H1299, respectively (left and middle). Western blots confirm that CCL2 expression is
correlated with ERa expression (right). (B) Dose-dependent increase of CCL2 mRNA levels in H1299 cells with serial doses of E2
treatments for 24h. (C) CCL2 mRNA levels were checked in H1299 cells treated with vehicle or E2 (10 nm), and with/without MPP (1 pm),
for 24 h. (D) Western blot assays confirmed the efficiency of knockdown and overexpression of CCL2 in Ab49 (vector or oeERa) and H1299
(vector, or shERa#1, or shERa#2), respectively. (E,F) CCL2 was knocked down or overexpressed in A549 (vector or oeERa, E) or H1299
(vector, or shERa#1, or shERo#2, F) cells to test the effect on PMA-treated THP-1 infiltration. (G) A549 (vector or oeERa) cells were
cultured in the lower wells and incubated with 25 nm CCR2 antagonist or DMSO. After 24 h, PMA-treated THP-1 cells were added to the
upper wells for 48 h. Both the top and bottom wells contained 25 nm CCR2 antagonist. The migrated THP-1 cells were counted and
compared. (H,I) THP-1 cells were cocultured with Ab49 (vector or oeERa) +/— CCR2 antagonist for 48 h to test the change of mRNA level
change of macrophage polarization markers (H), and MMP9 (I). (J) Western blot assays to detect the THP-1 MMP9 production after
cocultured with Ab49 (vector or oeERa) with or without CCL2-shRNA or with H1299 (vector or shERa #1, #2) with or without CCL2-cDNA.
(K,L) CMs were collected from THP-1 cells cocultured with A549 (vector or oeERa) cells +/— CCL2-shRNA (K), or +/— CCR2 antagonist (L).
After 48 h coculture or treatment(s), CMs were collected to test their effects on A549 cell invasion. The images with 100 x magnification
were shown for the migration and invasion assay. Student’s t-test was used to analyze data in A-C, E-I, K-L. Experiments were done in at

least 3 replicates. Results were presented as mean + SD, *P < 0.05. **P < 0.01. ***P < 0.001.

3.5. Mechanism dissection of how ERa can
increase CCL2 expression: via altering the
transcriptional regulation

Since ERa can increase CCL2 expression at both pro-
tein and mRNA levels (Fig. 4A), we then applied the
ChIP in vivo binding assay to examine whether ERa
can alter CCL2 expression via transcriptional regula-
tion. The results revealed that ERa could transcrip-
tionally regulate CCL2 expression via binding to the
estrogen response element 3 (ERE3) on the promoter
region (Fig. 5A,B). Furthermore, results from lucifer-
ase assay with pGL3 reporter plasmids containing the
wild-type or mutant ERE3 (Fig. 5C) revealed that
increasing or decreasing the ERa expression in A549
(Fig. 5D) or HI1299 (Fig. SE) cells could lead to
increased or decreased luciferase activity for the pGL3
reporter plasmids containing the wild-type, but not
mutant ERE3 (Fig. 5C-E).

Together, results from Fig. SA-E suggest that ERa
can increase macrophage infiltration via transcriptional
regulation of the cytokine CCL2 expression in the lung
cancer cells.

3.6. ERa-increased infiltrated macrophages can
up-regulate ERa expression in lung cancer cells
via a positive feedback pattern

To explore the feedback effect of increased infiltrat-
ing macrophages on the expression of ERa in lung
cancer cells, we cultured the cells with control or
THP-1/B6 M@ CM. The results from western blots
revealed that CM from coculture of THP-1 cells or
primary B6 Mg cells with lung cancer cells could
increase the expression of ERa (Fig. 6A), and CCL2
(Fig. 6B), in lung cancer A549, H1299, and LLCI

cells. Moreover, increasing numbers of THP-1 cells
within the coculture system could also lead to
increase the expression of ERa (Fig. 6C) and CCL2
(Fig. 6D) in the lung cancer cells in a dose-dependent
manner. Together, results from Fig. 6A-D suggest
that ERa-increased infiltrating macrophages may
function via a positive feedback mechanism to
increase the ERa expression.

3.7. Mechanism dissection of how increasing
infiltrated macrophages can function via
feedback mechanism to increase ERa in lung
cancer cells: via CXCL12 expression

To further dissect the mechanism of how infiltrating
macrophages can increase the ERa expression in the
lung cancer cells, we then examined those reported
cytokines that may affect ERa expression (Farmaki
et al., 2016; Katz et al., 2013; Kirma et al., 2004;
Lazennec and Richmond, 2010; Levano et al., 2011;
Ning et al., 2016; Perez et al., 2012; Sakumoto et al.,
2017; Sauvé et al., 2009). The results revealed that
THP-1 cells might express higher CXCL12 compared
with lung cancer A549 and H1299 cells at mRNA levels
(Fig. 7A, left), which is also confirmed through western
blot on protein level (Fig. 7B, right). Moreover, adding
CXCL12-shRNA into THP-1 cells within the coculture
system can also lead to reversing the infiltrated macro-
phages-increased ERa expression in A549 and H1299
lung cancer cells (Fig. 7B) (see the altered CXCLI12
expression in THP-1 cells via western blot analysis in
the Fig. S4D).

CXCR4 is the primary binding receptor of CXCL12
(Teicher and Fricker, 2010). We then tested the change
of major downstream pathways of CXCR4 while being
acted on by CXCLI12, to identify which pathways of
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CXCR4 may be involved in the induction of ERa in ERK phosphorylation (U0126, 10 pum), inhibitor of
NSCLC cells. Western blot data reveal that THP-1- Akt phosphorylation (MK-2206, 1 uM) (Zhang et al.,
CM-cultured A549 and H1299 show higher expression 2015), as well as the specific antagonist of CXCR4
of phosphorylated ERK and Akt, while no change of (AMD3100, 1 uM) (Hatse et al., 2002), were added
phosphorylated STAT3 (Fig. 7C). Then, inhibitor of into THP-1-CM, and results show that they can all
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efficiently reverse CM-increased ERa expression in the
lung cancer cells (Fig. 7D). These results suggest that
the ERK and Akt pathways following the activation
of CXCR4 by CXCLI12 may function in the increasing
expression of ERa in NSCLC cells during coculture
with macrophages.

Together, results from Fig. 7A-D suggest that the
induction of ERa expression in the lung cancer cells
by infiltrated macrophages is through the CXCL2/
CXCR4 axis, which may also involve the downstream
ERK and Akt pathways.

3.8. Preclinical study using in vivo mouse model
with xenografted A549 cells

To confirm the above in vitro cell line data, we used
an in vivo experimental lung mouse cancer model, and
A549 cells were into the left thorax of nude mice.
A549 cells were first stably transfected with luciferase
reporter gene and then prepared with or without
oeERa. One week after tumor injection, the mice were
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**P<0.01,***P < 0.001.

randomly assigned into five groups for treatment as
follows. (1) pWPI-A549 cells with DMSO, (2) oeERa-
A549 cells with DMSO, (3) oeERa-A549 cells with
CCR2 antagonist (50 ug-kg™"), (4) oeERa-A549 cells
with  AMD3100 (5 mgkg™!), and (5) oeERa-A549
cells with fulvestrant (5 mg-kg™'). The drugs were
administered every other day. The mice were sacrificed
4 weeks after drug treatment. Tumors were weighed,
and THC was performed.

As shown by the increased IVIS luminescence detec-
tion, overexpression of ERa in A549 cells can increase
the tumor growth, which can be reduced by CCR2
antagonist, CXCR4 antagonist AMD3100, or anti-
estrogen fulvestrant in vivo (Fig. 8A). After mice were
sacrificed, the tumor weight measurements were consis-
tent with the IVIS results (Fig. 8B).

THC with antibody against F4/80 was performed to
confirm the induction of macrophage infiltration,
which can be promoted by up-regulation of ERa
expression in lung cancer cells, and can partly be
blocked by treatment with CCR2 antagonist or
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Fig. 8. Estrogen receptor o promotes lung cancer progression using the in vivo mouse model. (A) Representative IVIS imaging for mice
with AB49-Luc cells, with or without oeERa, after the respective treatments. (B) After 4 weeks of treatments, the mice were sacrificed and
tumor weights were measured. (C,D) The IHC staining (C), and quantification (D) for detection of ERa and F4/80 expressions in different
groups. 200x magnification was shown for the upper image, and 400x magnification was shown for the lower image for the IHC results.
Student’s ttest was used to analyze data in B,D. Experiments were done at least in 3 replicates. Results were presented as mean + SD,

*¥*¥p < 0.001.

fulvestrant. Our data also showed the reduction of
ERo expression by treating the mice with CCR2
antagonist, CXCR4 antagonist (AMD3100), or fulves-
trant (Fig. 8C,D).

Together, results from Fig. 8A-D of mouse lung
tumor model studies confirmed our in vitro results
showing that ERa can play a positive role in promot-
ing NSCLC progression via altering the CCR2- and
CXCR4-involved pathways.

4. Discussion

In the present study, we proved that ERa expression
in lung cancer cells can promote NSCLC invasion
through increase of and cross-talk with infiltrated
CCL2- and

macrophages via up-regulating the

e ey

(o}
macrophage “lung Ca cell
Y CCR2 Y CXCR4
® ccL2 CXCL12 @ MMP9

CXCLI12-involved signal pathways. On the one hand,
higher expression of ERa in lung cancer cells can lead
to more production of CCL2, which can then bind to
CCR2 receptor on the membrane of the infiltrated
macrophages. This was also accompanied by higher
macrophage infiltration, a better M2-type macrophage
polarization, and a higher MMP9 secretion from
macrophages. The increased macrophage infiltration
and higher MMP9 productions constitute a tumor
microenvironment for promoting the lung cancer cell
invasion. On the other hand, infiltrated macrophages
could further influence the expression of ERa in lung
cancer cells via a positive feedback mechanism. More
infiltrated macrophages would produce a higher
amount of CXCLI12, which will act on the CXCR4
receptor on lung cancer cells and lead to activation of

M1 like M2like
= O
- ®
®  mmro
®
®
® e e
®

Fig. 9. Schematic illustration of the cross-talk between lung cancer cells and macrophages showing that (i) a higher ERa activity in lung
cancer cells can promote the infiltration of macrophage via an increased CCL2 secretion, which can secrete MMP9 to promote lung cancer
cell invasion; (ii) the infiltrated macrophages can secrete CXCL12 to bind to lung cancer cell surface gene CXCR4 to increase ERa
expression.

1794 Molecular Oncology 14 (2020) 1779-1799 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



M. He et al.

p-ERK1/2 and p-Akt and a consequent increase of
ERa expression in lung cancer cells (Fig. 9).

In the past two decades, there have been several
reports on the roles of ERa in NSCLC progression
(Albain et al., 1991; Brueckl et al., 2013; Ganti et al.,
2006; Kawai et al., 2005; Moore et al., 2003; Raso
et al., 2009). While the majority of clinical evidence
pointed to a tumor-promoting role of ERa (Albain
et al., 1991; Ganti et al., 2006; Kawai et al., 2005),
ERa was also reported to have a protecting effect for
cancer progression (Brueckl ef al., 2013). However, the
report with the conclusion of ERa protecting role was
mainly based on analysis results from later stages of
clinical samples, which may require further validation.
In addition, the biphasic roles of ERa were reported
during breast cancer progression. Though commonly
regarded as a tumor-promoting factor, ERa was found
to inhibit breast cancer invasion (Gao et al., 2017,
Padilla-Rodriguez et al., 2018; Plate t et al., 2004). In
the present study, our analysis of the online TCGA
database on NSCLC samples from earlier stages
(TNM stage [A-1IB) shows significant tumor-promot-
ing effects of ERa in both LUAD and LUSC. TCGA
data analyses based on different genders also reveal
that the ERa tumor-promoting effects were observed
in male as well as in female NSCLC patients. The
above data provide strong support for our hypothesis
that ERa is a driving factor for the initiation and pro-
gression of NSCLC patients prior to the late stage.

Tumor-associated macrophages have been shown to
promote cancer progression (Noy and Pollard, 2014).
While induction of ERa in lung cancer cells did not
seem to directly induce tumor growth or invasion,
immunofluorescence staining of human clinical sam-
ples showed that ERa in NSCLC samples is associated
with higher staining levels of macrophage markers.
This pointed to the linkage of ERa and infiltrating
macrophages in NSCLC microenvironment. Further-
more, preclinical studies from NSCLC animal models
show that lung cancer cells can induce the macrophage
infiltration through increasing CCL2 and CXCL3 pro-
duction of NSCLC cells (Schmall et al., 2015). Our
results show that CCL2 is directly regulated by ERai,
and the increased CCL2 in lung cancer cells can fur-
ther influence the M2 polarization and MMP9 produc-
tion of macrophages. Changing the CCL2 signals by
shRNA or CCR2 antagonist can significantly reverse
ERo’s induction of THP-1 infiltration (Fig. 4E,G),
MMP9 production (Fig. 41,J), and invasion-promoting
effect of CM from coculture with THP-1 (Fig. 4K,L).
Previous evidence from breast cancer studies shows
that CCL2 can be downstream of ERa to interact with
macrophages (Svensson et al., 2015), and we further

ERa regulated cytokines in NSCLC microenvironment

prove that the regulation is through a transcriptional
regulation of the CCL2 promoter. It should also be
mentioned that mRNA expression of IL-10, which is a
strong inhibitory cytokine, is also changed in correla-
tion with that of ERa; thus, we do not rule out other
paracrine pathways that may also be involved in the
NSCLC-macrophage interaction induced by ERao.

Macrophages can secrete various factors to promote
cancer cell invasion, and M2-type polarization is gen-
erally associated with greater invasion-promoting abil-
ity of macrophages (Shapouri-Moghaddam ez al.,
2018). Thus, apart from the direct effect on the infil-
tration of macrophages, it is necessary to study the
change of M2-type polarization of macrophages after
coculture with lung cancer cells with high or low
expression of ERa. While the activation of CCR2 by
CCL2 has been mainly shown to influence the recruit-
ment of macrophages, recent evidence also revealed its
effect on macrophage phenotype changes, including
the secretion of MMPs (Arendt et al., 2013; Chen
et al., 2018; Kersten et al., 2017; Okuma et al., 2004).
Indeed, our results show that blocking the ERa/CCL2
axis by shCCL2 can reduce macrophage M2 polariza-
tion and MMP9 production, which will further lead to
the change of invasion of lung cancer cells.

In addition to ERa’s effects on promoting the macro-
phage infiltration and function, previous reported data
also suggested that infiltrated macrophages may influ-
ence the ERa expression in cancer cells. While macro-
phages can reduce ERa expression in breast cancer cells
(Stossi et al., 2012), an induction effect was seen in
endometrial cancer cells (Ning et al., 2016). It is possible
that the macrophages-regulated ERa expression can be
different in different cancer scenarios. Our studies delin-
eated the underlying mechanism by which macrophages
up-regulate ERa expression in lung cancer cells. More-
over, through the lentiviral transduction of two different
shRNAs (shERa#1 and shERa#2) or the treatment with
a selective ERa antagonist, we proved that the regula-
tory pathway is through the production of macrophage
CXCLI12 to activate its receptor, CXCR4, on lung can-
cer cells. While previous literature proved the interaction
between CXCLI12 and estrogen receptor (Sauvé et al.,
2009), the detailed mechanisms were not depicted. The
effect can also be partly diminished by inhibiting the
downstream p-ERK1/2 and p-Akt of CXCR4, which is
consistent with previous literature showing that ERK
and Akt activations could lead to the induction of ERa
transcription (Li ez al., 2010; Stoica et al., 2003).

Compared with breast and endometrial cancer cells,
the percentage of ERa-positive cells in NSCLC tumor
is relatively low. However, through the feedback inter-
action with infiltrating macrophages, it is possible that
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this vicious circle can lead to significant clinical effects.
Moreover, our in vitro results, together with previous
literature (Ganti et al., 2006), prove that the ERa
expressed in lung cancer cells can respond to E2 acti-
vation, which provides further evidence that the ERa
in lung cancer cells functions well.

5. Conclusions

While surgery, chemotherapy, and recently developed
targeted therapy have been the major therapeutic
methods used in the clinic, the development of novel
therapies targeting various facets of pathogenesis is
still needed to improve the overall survival of patients.
Our study proved that ERa in lung cancer cells can
promote the signal cross-talk between lung cancer cells
and macrophages via the ERo/CCL2/MMP9 and
CXCLI12/CXCR4 pathways. This interaction can lead
to increased infiltration, M2-type polarization, MMP9
production of macrophages, and a feedback induction
of ERa expression of lung cancer cells (Fig. 8). The
above changes in lung cancer tumor microenvironment
could further lead to greater invasion of the lung can-
cer cells. NSCLC has been a great health issue world-
wide, with high levels of incidence and mortality.
Together, the interactions between lung cancer cells
and macrophages through ERo/CCL2/CCR2/MMP9
and CXCLI12/CXCR4 pathways could promote the
NSCLC progression. The development of alternative
new therapies by targeting ERo, CCR2, or CXCR4
may provide benefits for NSCLC patients in the
future.
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Fig S1. ERa protein expression is correlated with
worse prognosis in early-stage NSCLC patients.

ERa regulated cytokines in NSCLC microenvironment

Fig S2. Immunofluorescence assays of ERo in A549
(Ctrl or oeERa), H1299 and LLCI cells.

Fig S3. ERa/E2 effects on lung cancer cell growth and
invasion.

Fig S4. Representative Western Blot images of detect-
ing ERa, MMP9 and CXCLI12 expressions and
changes in lung cancer or macrophage cells.

Table S1. List of primer sequences used for qRT-
PCR.

Table S2. Characteristics of lung cancer patients from
TCGA database.

Table S3. Characteristics of lung cancer patients from
Wuhan Union Hospital.
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