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Abstract

The progesterone receptor (PR) has been reported to play important roles in lung development and 

function, such as alveolarization, alveolar fluid clearance (AFC) and upper airway dilator muscle 

activity. In the lung, pulmonary neuroendocrine cells (PNECs) are important in the etiology and 

progression of lung neuroendocrine tumors (NETs). Women with lung NETs had significantly 

better survival rates than men, suggesting that sex steroids and their receptors, such as the PR, 

could be involved in the progression of lung NETs. The PR exists as two major isoforms, PRA 

and PRB. How the expression of different PR isoforms affects proliferation and the development 

of lung NETs is not well understood. To determine the role of the PR isoforms in PNECs, we 

constructed H727 lung NET cell models expressing PRB, PRA, Green Fluorescence Protein (GFP) 

(control). The expression of PRB significantly inhibited H727 cell proliferation better than that 

of PRA in the absence of progestin. The expression of the unrelated protein, GFP, had little to 

no effect on H727 cell proliferation. To better understand the role of the PR isoform in PNECs, 

we examined PR isoform expression in PNECs in lung tissues. A monoclonal antibody specific 

to the N-terminus of PRB (250H11 mAb) was developed to specifically recognize PRB, while 

a monoclonal antibody specific to a common N-terminus epitope present in both PRA and PRB 

(1294 mAb) was used to detect both PRA and PRB. Using these PR and PRB-specific antibodies, 

we demonstrated that PR (PRA&PRB) and PRB were expressed in the PNECs of the normal 

fetal and adult lung, with significantly higher PR expression in the fetal lung. Interestingly, PRB 

expression in the normal lung was associated with lower cell proliferation than PR expression, 
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suggesting a distinct role of PRB in the PNECs. A better understanding of the molecular 

mechanism of PR and PR isoform signaling in lung NET cells may help in developing novel 

therapeutic strategies that will benefit lung NET patients in the future.
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antibody

Introduction

It is well established that sex steroids and their receptors play a key role in the development 

and homeostasis of endocrine and reproductive tissues. However, little is known about 

the roles of sex steroids and their receptors in nontraditional endocrine tissues. Recently, 

several pieces of evidence have suggested that sex steroids may play significant roles 

in lung development, maturation and the maintenance of normal lung functions. In 

newborn piglets, treatment with estrogen and progesterone receptor antagonists impairs 

alveolarization and amiloride-sensitive alveolar fluid clearance (AFC) (1). In the immature 

rat, the administration of progesterone together with estrogen increases the level of mRNA 

encoding rat epithelial Na channels (rENaC), a key factor for reabsorbing alveolar fluid 

(2). Sex steroids have also been shown to be involved in lung maturation. In cultured 

primary fetal lung epithelial cells, treatment with estradiol in combination with progesterone 

enhances the expression of VEGF and surfactant proteins (SP)-B and -C (3), which are 

markers of lung maturation (4). In the normal adult lung, progesterone has been shown to 

play an important role in respiratory functions. In male and female adult cats, progesterone 

acts as a respiratory facilitation (5). In male rats, treatment with estrogen and progesterone 

leads to an increase in tidal volume, a decrease in arterial PCO2 and an enhancement of the 

ventilatory response to CO2 inhalation (6). Sex steroids mediate their biological functions 

through their receptors, suggesting that steroid hormone receptors, including the estrogen 

and progesterone receptor (ER and PR), may play significant roles in lung development and 

maturation.

The expression of all sex steroid receptors, including the estrogen receptor (ER) and the 

progesterone receptor (PR), has been found in normal lung tissues (7). In mice, ER and PR 

mRNA expressions are at the highest levels in the prenatal lung and significantly decrease 

in the postnatal and adult lung (8). In normal human and rodent lung tissues, the ER and 

estrogen play important physiological functions in promoting proliferation and alveolar 

formation during the development and maintenance of pulmonary diffusion capacity, while 

the androgen receptor (AR) and androgens delay lung maturation (9, 10). PR mRNA has 

been shown to be expressed in normal lung tissue. PR expression in non-malignant/normal 

lung tissues was 3-fold higher than that of adenocarcinoma or squamous cell carcinoma 

(11). The PR was shown to be regulated by progesterone in airway smooth muscle cells 

(ASMC) (12). Progesterone treatment resulted in an increase in upper airway dilator muscle 

activity and a significant increase in genioglossus electromyogram (EMGgg) after hormone 
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replacement therapy in postmenopausal women, protecting them from the development of 

obstructive sleep apnea (13).

Interestingly, among normal lung cells, pulmonary neuroendocrine cells (PNECs) contribute 

significantly to overall lung neuroendocrine functions and play a key role in lung 

development (14). PNECs represent less than 1% of total lung epithelial cells (15) and were 

more often found during fetal and neonatal development (16, 17) than in adult cells (18). 

PNECs are amine- and peptide-producing cells (19, 20) and help promote lung branching 

morphogenesis (21), growth and maturation (22, 23). Transcription factors, such as helix 

loop helix and notch/notch ligands, have been shown to be involved in the differentiation of 

neuroendocrine cells in fetal lung epithelium (24). Interestingly, lung neuroendocrine tumors 

(NETs) often arise from PNECs (25).

Lung NETs are relatively rare but have gained attention in recent years (26, 27). There 

has been an unexplained but substantial increase in the incidence of lung NETs over the 

past 30 years (26), with an incident of approximately 0.2 to 2 per 100,000 patients per 

year (28). Lung NETs account for 1–2% of lung cancers (29) and 25–30% of all NETs 

(26, 30). According to the 2015 World Health Organization (WHO) classification, there 

are four types of lung NETs, including typical carcinoid (TC), atypical carcinoid (AC), 

large cell neuroendocrine carcinoma (LCNEC), and small cell lung cancer (SCLC) (31). 

LCNEC and SCLC have been shown to be strongly related to smoking history, whereas 

TC and AC showed no association with smoking history (26, 27). Interestingly, evidence 

suggests that the 5-year survival rates of women and men with lung NETs are quite different. 

The prognosis of women with lung NETs was far better than that of men (32), suggesting 

that sex steroids and/or their receptors contribute significantly to the development and 

progression of lung NETs. How the expression of steroid hormone receptors, such as the PR, 

affects lung NETs is unclear.

The PR exists as two isoforms in most tissues, PRA and PRB. PRA lacks the first 

164 amino acids at the N-terminus of PRB (33). Based on the phenotypes of the PR 

isoforms in selective knockout mice, PRB was shown to be more important for the 

proliferative responses to progesterone in the mammary epithelium, while ovarian and 

uterine development and function relied primarily on PRA (34). An increase in the 

relative levels of the PRA isoform over PRB is often found in a high fraction of atypical 

hyperplasia, ductal carcinoma in situ (DCIS), and invasive breast cancers (35, 36). The 

forced overexpression of a high PRA:PRB ratio in breast cancer cell lines led to an alteration 

of progestin-dependent effects on the cytoskeleton and cell motility (37). The overexpression 

of PRA or PRB in the mammary glands of transgenic mice results in abnormal mammary 

gland development (38). Thus, altered progesterone signaling through changes in the normal 

ratios of the two PR isoforms could significantly affect breast cancer progression (39).

In lung cancer, several lines of evidence suggested the significance of PR expression in non-

small-cell lung cancer (NSCLC). Previous studies demonstrated that the expression of the 

PR in NSCLC is correlated with a less aggressive and more favorable prognosis (40-42), but 

another study failed to show such a correlation (43). Progesterone treatment of PR-positive 

NSCLC cells inhibited cell proliferation both in vitro and in a mouse xenograft model 
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(41, 42). Treatment with anti-progestin (Mifepristone or RU-486) reduced the progression 

of spontaneous lung tumors in mice (44). Lung tumors with little or no PR expression 

were shown to be highly aggressive (41) and to correlate with EGFR amplification (45). 

Our previous study demonstrated that PRB expression reduced EGF-induced NSCLC cell 

proliferation and the activation of ERK1/2 in the absence of progestin (46). While PR 

expression has previously been demonstrated in normal lung and lung NETs (47, 48), the 

role of the PR in the lung, especially in PNECs and lung NETs, remains unclear. As a first 

step towards understanding the role of the PR and PR isoforms in neuroendocrine cells of 

the lung, we examined the role of the PR and PR isoforms in PNECs of fetal and adult lung 

and determined how the differential expression of the PR isoforms affected lung NET cell 

proliferation.

Materials and Methods

Cell culture

HEK293T, T47D, and H727 cell lines were purchased from the American Type Culture 

Collection (ATCC). Cell line identities were confirmed by genomic DNA comparison to 

the ATCC database. HEK293T is a human embryonic kidney 293T cell line and was used 

for lentiviral production. T47D is a human breast ductal epithelial tumor cell line that 

expresses high levels of both PRA and PRB isoforms and was used as a positive control 

for PR expression. H727 is a PR-null bronchial carcinoid cell line that expresses p53 

and EGF receptors and was used to construct a Tet-inducible PRA or PRB expression 

cell model. HEK293T and T47D cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM; HyClone Laboratories, Logan, UT, USA) supplemented with 10% fetal 

bovine serum (FBS; Merck Millipore, Darmstadt, Germany) and 1% penicillin/streptomycin 

(Pen/Strep; HyClone Laboratories, Logan, UT, USA). H727 cells were maintained in 

Roswell Park Memorial Institute medium (RPMI; HyClone Laboratories, Logan, UT, USA) 

containing 10% FBS and 1% Pen/Strep. All cell lines were cultured in a 5% CO2 humidified 

atmosphere at 37°C. All cell lines were routinely tested for mycoplasma contamination and 

were negative for mycoplasma contamination.

Real-time PCR

Real-time PCR was performed as previously described (46). Total RNA was 

extracted from T47D and H727 cell lines using GENEzol reagent (GeneAid, 

Taiwan). cDNA was generated from one microgram of total RNA using AccuPower 

RT Premix (Bioneer, Korea). cDNA was analyzed by real-time PCR with PR 

gene primers (forward primer: 5’TGGAAGAAATGACTGCATCG3’, reverse primer: 

5’TAGGGCTTGGCTTTCATTTG3’) with a 195 bp PCR product (46) and GAPDH 

gene primers (forward primer: 5’ACATCGCTCAGACACCATG3’, reverse primer: 

5’TGTAGTTGAGGTCAATGAAGGG3’) (49). PR and GAPDH amplifications were 

performed by using Green Star PCR Master Mix (Bioneer, Korea). The PCR gene product 

for the PR was analyzed by gel electrophoresis. T47D breast cancer cell cDNA was used as 

a positive control for PR expression. GAPDH served as an internal control. Samples without 

RNA templates were used as a negative control for genomic DNA contamination.
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Lentiviral particle production

pHAGE-GFP, pHAGE-PRA, pHAGE-PRB, psPAX2, and pMD2 gene constructs were used 

to produce lentiviral particles by a method we previously described (46). cDNAs encoding 

PRA and PRB were amplified from pcDNAI-PRA and -PRB vectors, respectively (50). The 

pHAGE-Dest lentiviral vector, which is a Tet-On vector, encodes a recombinant tetracycline-

controlled transcription factor (rtTA3) gene (51). Tet-inducible pHAGE-GFP, pHAGE-PRA 

or pHAGE-PRB lentiviral constructs in combination with psPAX2 (packaging plasmid) and 

pMD2.G (envelope plasmid) was used to construct lentiviral particles. psPAX2 contains 

genes that encode the following proteins and enzymes: Gag, Pro and Pol; pMD2.G encodes 

the gene VSV-G, which develops the lentiviral envelope; both plasmids were HIV-1-based.

To produce lentiviral particles carrying constructs for the Tet-inducible expression of GFP, 

PRA or PRB, HEK293T cells were seeded at 200,000 cells per well in 6-well tissue 

culture plates. After 24 hours, HEK293T cells reached 50–60% confluence and were 

treated with Opti-MEM I (Gibco/Life Technologies, Gaithersburg, MD, USA) mixed with 

packaging plasmid (psPAX2), envelope plasmid (pMD2.G), a DNA construct (pHAGE-GFP, 

pHAGE-PRA, pHAGE-PRB), and the X-tremeGENE HP DNA transfection reagent (Roche, 

Mannheim, Germany). psPAX2 and pMD2.G plasmids were provided by Didier Trono 

(Addgene plasmid #12260 and # 12259, respectively). The ratio of lentiviral DNA constructs 

with psPAX2:pMD2G was 1:2:2, and the ratio of DNA construct:XtremeGENE HP DNA 

transfection reagent was 1:3. Viral particle-containing media were collected 48 hours 

after transfection, filtered with 0.45 μM sterile filter PVDF membranes (Merck Millipore, 

Ireland), and stored at −80°C (52).

H727 cells expressing GFP or PRA or PRB by tetracycline-dependent construction

H727 cell models were constructed with modifications to a previously described method 

(46). Briefly, H727 cells were seeded at 500,000 cells per 100 x 20 mm tissue culture dish 

and incubated for 24 hours to achieve 50–60% confluence. Next, cells were treated with 2.5 

ml of DMEM containing pHAGE-GFP, pHAGE-PRA or pHAGE-PRB viral particles mixed 

with 2.5 ml of serum-free RPMI medium and 8 μg/ml of polybrene transfection reagent 

(Merck Millipore, Darmstadt, Germany). Then, the cells in the virus-containing medium 

were incubated at 37°C for 4 hours, 5 ml of RPMI containing 10% FBS was added, and the 

cells were incubated overnight. The next day, the medium was changed to 10 ml of RPMI 

with 10% FBS, and the cells were incubated for an additional 48 hours. Transduced H727 

cells were selected in RPMI medium with 10% FBS and 500 μg/ml of G418 (Gibco/Life 

Technologies, Gaithersburg, MD, USA) for 14 days. Doxycycline (Dox; Merck Millipore, 

Darmstadt, Germany) was added to induce GFP, PRA and PRB protein expression in the 

H727-GFP, H727-PRA and H727-PRB cell models (53). GFP expression in H727 cells was 

confirmed by GFP localization using fluorescence microscopy. H727-PRA and H727-PRB 

cell models have validated PRA or PRB protein expression, localization and transcriptional 

activity.

Western blot analysis

PRA and PRB protein expression were analyzed by western blot analysis as previously 

described (54). Briefly, cells were washed once with ice-cold phosphate buffered saline 
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(PBS; HyClone Laboratories, Logan, UT, USA). Cells were lysed with RIPA lysis buffer 

(Merck Millipore, Billerica, MA, USA), which contains a proteinase inhibitor cocktail 

(Roche, Mannheim, Germany), on ice for 5 min, scraped and collected. Equal amounts of 

protein in the cell lysate were separated by 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE), and then, proteins were transferred to PVDF membranes. 

The membranes were incubated overnight at 4°C with a 1:2500 dilution of a primary 

antibody recognizing the PR (1294 PR, a specific mouse monoclonal antibody) (55), which 

detects PR isoforms A and B, or with a mouse monoclonal antibody IgG1 (250/H11 PR-B) 

that is specific for the PR-B isoform. The 250/H11 antibody was prepared against the 

purified amino-terminal domain of human PR (aa 1-535) as an antigen and was selected 

during a screening of hybridomas by high content immunofluorescence microscopy as 

previously described (56). As detected by western blotting in T47D whole cell lysate 

and immunofluorescence microscopy, the 250/H11 Mab has specificity for PR-B and 

fails to react with PR-A in different cell types engineered to express PR-A or PR-B 

separately. GAPDH antibody (Santa Cruz Biotechnology, CA, USA) at a 1:10000 (v/v) 

dilution was used as a loading control. Blots were washed with TBST buffer and incubated 

with the following secondary antibodies: anti-mouse IgG HRP-linked antibody (Cell 

Signaling Technology, Danvers, MA, USA) or anti-rabbit IgG HRP-linked antibody (Cell 

Signaling Technology, Danvers, MA, USA). Protein bands were detected on X-ray film 

by chemiluminescence reaction using Pierce® ECL Western Blotting Substrate (Thermo 

Scientific, Rockford, IL, USA).

Immunofluorescence

H727-PRA, H727-PRB and T47D cells (positive controls for PR expression (57, 58)) were 

seeded at 350,000 per well in 6-well tissue culture plates with coverslips in each well 

and were incubated at 37°C overnight to determine PRA and PRB protein localization. 

H727-GFP, H727-PRA, and H727-PRB cells were treated with 700 ng/ml of Dox for 24 

hours to induce maximum GFP and PR expression. Then, H727-PRA and H727-PRB cells 

were treated with 10 nM progestin agonist R5020 (PerkinElmer, Boston, MA, USA) for 1 

hour. Cells were then fixed in 4% paraformaldehyde for 20 min, washed with PBS three 

times, permeated with Triton X-100 for 10 min, washed with PBS three times and blocked 

with 1% FBS-PBS (Merck Millipore, Billerica, MA, USA) for 1 hour. Cells were incubated 

with a primary antibody against PR (1294 PR; mouse monoclonal antibody; 1:3000 dilution, 

1% BSA-PBS (v/v)) or PRB (250H11 PRB-specific mouse monoclonal antibody; 1:1000 

dilution, 1% BSA-PBS (v/v)) at 4°C overnight. Cells were washed and stained with 

secondary rabbit anti-mouse IgG-Alexa568 antibody at 1:5000 in 1% BSA-PBS (v/v) and 

counterstained with DAPI (4’,6-diamino-2-phenylindole) at 1:5000 in PBS (v/v) for 10 min. 

Cells were mounted onto slides with Prolong® Gold antifade reagent (Invitrogen, Carlsbad, 

CA, USA) and viewed on an LSM700 laser confocal scanning microscope (Carl Zeiss 

Microscopy GmbH, Oberkochen, Germany). Images were analyzed using ImageJ v 1.50 

software (National Institute of Health, USA). The fluorescence intensities for each cell were 

obtained by selecting an area of interest of PR and PRB staining around the whole cell or 

nucleus, as previously described (46).
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Immunocytochemistry of H727 cells

H727 cells were seeded 800,000 cells in a 10-cm tissue culture dish and incubated for 72 

hours or approximately 80% confluency. Cells were transfected with 12.5 μg of pHAGE-

GFP, pHAGE-PRA or pHAGE-PRB constructs. Twenty-four hours after transfection, 

cells were treated with 700 ng/ml of Dox for 24 hours to induce GFP or PR isoform 

expression. Cells were trypsinized, pelleted by centrifugation and fixed with 10% formalin 

for 10 min at room temperature. Large cell pellets were embedded in iPGell (Genostaff, 

Tokyo, Japan) and cut into thin paraffin sections. A Histofine Kit (Nichirei) was used 

for immunostaining as described by the manufacturer. PR (1294 PR; mouse monoclonal 

antibody; 1:1000 dilution) or PRB (250H11 PRB-specific mouse monoclonal antibody; 

1:2000 dilution) were used to stain cell pellet sections. Cells were stained with a DAB (3,3′-
diaminobenzidine tetrahydrochloride) solution to visualize the antigen-antibody complex in 

cells and counterstained with hematoxylin.

Luciferase assay

The transcriptional activities of PRA or PRB in H727, H727-PRA, and H727-PRB cells 

were examined. Cells were seeded at 100,000 cells per well in 24-well plates with RPMI 

supplemented with 5% DCC-FBS (Dextran-coated charcoal stripped FBS; Gibco/Life 

Technologies, Gaithersburg, MD, USA) and 1% Pen/Strep and were incubated overnight. 

Cells were transfected with 50 ng of pRL-CMV (Renilla) and 450 ng of PRE2-TK luciferase 

reporter constructs (54). Transient transfections were performed by using TurboFect™ 

Transfection Reagent (Thermo-Fisher Scientific, Waltham, MA, USA). After 24 hours, cells 

were treated with 700 ng/ml of Dox for 24 hours and then treated with 10 nM R5020 or 

ethanol (vehicle control) for an additional 24 hours. Next, cells were lysed with lysis buffer 

on ice, and cell lysates were collected and centrifuged at 8,000 x g for 10 min at 4°C. The 

luciferase activities of the cell lysates were analyzed using the Dual-Glo® Luciferase Assay 

System (Promega, Madison, WI USA) according to the manufacturer’s recommendations.

Cell viability assay (MTT Assay)

Cell viability was examined using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide) assay. In MTT assays, cellular dehydrogenase enzymes in 

live cells react with the substrate (MTT) and produce a purple formazan dye. H727-GFP, 

H727-PRA, and H727-PRB were seeded at 15,000 cells per well in a 96-well tissue culture 

plate with RPMI medium supplemented with 5% DCC-FBS (Gibco/Life Technologies, 

Gaithersburg, MD, USA) and 1% Pen/Strep and incubated for 24 hours to achieve 50–60% 

confluence. Then, cells were treated with increasing concentrations of Dox (0, 50, 200, 500, 

700 and 1000 ng/ml) for 48 hours to determine the optimal concentration for maximum PRA 

and PRB effects. In subsequent experiments, the effects of PRA or PRB protein expression 

were determined at the following time points: 0, 24, 48 and 72 hours. H727-PRA and H727-

PRB were grown for 24 hours and treated with Dox (700 ng/ml); then, percent cell viability 

was measured at 0, 24, 48 and 72 hours after Dox treatment. To determine the effects of 

progestin and anti-progestin, cells were pretreated with Dox for 24 hours, treated with 10 

nM R5020, 100 nM RU486 or a combination of R5020 and RU486 (59) and then incubated 

and measured at 0, 24, 48, and 72 hours. After treatment, 10 μl of MTT reagent (5 mg/ml) 
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(AppliChem, Darmstadt, Germany) was added to each well and incubated for 3 hours. 

The insoluble formazan in each well was dissolved with 100 μl of 10% SDS overnight. 

Plate absorbances were measured at 570 nm using a microplate spectrophotometer (Biotek 

Synergy Mx microplate reader, Biotek, USA), and all experiments were carried out in 

triplicate. Data were calculated from three independent experiments as the means ± SEM. 

The results are presented as percent cell viability relative to the control value of each 

experiment.

Tissue collection

We obtained 9 normal fetal (14–18 weeks old) and 10 adult tissue sections from the bronchi 

area of the lungs. Fetal cases were one female, one male, and seven unidentified sex. Adult 

cases were five females and 5 males. Normal lung tissues were serially prepared to compare 

staining between synaptophysin (SYN) and a double immunohistochemistry of SYN with 

PR or PRB. The Ethics Committees of Tohoku University Graduate School of Medicine and 

all participating institutions approved the protocol, No. 2018-1-32, used in this study.

Immunohistochemistry

Immunohistochemistry was conducted as previously described (60). Briefly, specimens 

were formalin-fixed and paraffin-embedded. A streptavidin-biotin amplification method 

via a Histofine Kit (Nichirei) was used for SYN immunohistochemistry. Paraffin-

embedded specimens were cut into 3-μm-thick sections, mounted onto APES-coated slides, 

deparaffinized in xylene and rehydrated in alcohol. Antigen retrieval was performed by 

treating specimens with citrate buffer (2 mM citric acid and 9 mM trisodium citrate 

dihydrate, pH 6.0) and autoclaving at 121°C for 5 min. After antigen retrieval, samples 

were incubated with a rabbit-blocking solution (Nichirei Bioscience, Tokyo, Japan) at room 

temperature for 30 min. The slides were incubated at 4°C overnight with primary antibodies 

recognizing synaptophysin (DAKO, Tokyo, Japan). Next, the slides were incubated in 

peroxidase-conjugated streptavidin (Nichirei Bioscience) for 30 min at room temperature. 

Antigen-antibody complexes were visualized with 3,3′-diaminobenzidine tetrahydrochloride 

solution (1 mM DAB, 50 mM Tris-HCl buffer, pH 7.6, and 0.006% H2O2) and then 

counterstained with hematoxylin. Negative controls were obtained by incubation with rabbit 

immunoglobulin (DakoCytomation, Glostrup, Denmark; ref. No. X0936).

Double immunohistochemistry

Double immunohistochemistry staining was conducted as previously described (60). Fetal 

and adult normal lungs were fixed in 10% formalin and embedded in paraffin wax. 

Paraffin-embedded specimens were cut, mounted onto APES-coated slides, deparaffinized 

in xylene and rehydrated in alcohol. Antigen retrieval was performed by treating specimens 

with citrate buffer (2 mM citric acid and 9 mM trisodium citrate dihydrate, pH 6.0) and 

autoclaving at 121°C for 5 min. Then, samples were incubated with rabbit-blocking solution 

(Nichirei Bioscience, Tokyo, Japan) at room temperature for 30 min, incubated with primary 

antibody recognizing SYN (DAKO, Tokyo, Japan; 1:5000) or Ki-67 (DAKO, Tokyo, Japan; 

1:100) at 4°C overnight and incubated with peroxidase-conjugated streptavidin (Nichirei 

Bioscience) for 30 min at room temperature. For the first antibody, antigen-antibody 

complexes were visualized with 1 mM DAB (50 mM Tris-HCl buffer, pH 7.6, and 
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0.006% H2O2). The same slides were subjected to antigen retrieval by treatment with 

citrate buffer (2 mM citric acid and 9 mM trisodium citrate dihydrate, pH 6.0), and then, 

samples were microwaved for 20 min. Samples were incubated with a rabbit-blocking 

solution at room temperature for 30 min. Then, samples were incubated at 4°C overnight 

with a primary antibody recognizing PR/PRB (1294 PR, a specific mouse monoclonal 

antibody) (55) or PRB (250H11 PRB-specific mouse monoclonal antibody). Next, the slides 

were incubated with biotin-labeled anti-mouse IgG and then with preformed avidin-biotin-

alkaline phosphatase complexes. Vector Blue® (Vector Laboratories, Burlingame, CA) was 

used to visualize the PR (1294) or PRB (250H11) antibodies (blue) compared to SYN 

(brown).

Immunoreactivity scoring

Double immunohistochemistry staining of SYN+PR+, SYN+PRB+, Ki-67+PR+, and 

Ki-67+PRB+ was counted in each field and used to compare with SYN+ 

immunohistochemistry by two observers (T. A and R.S). SYN+ staining was used for 

comparison with the negative epithelial cells in the bronchi area. All normal lung staining 

was calculated as the ratio mean (60). Double immunohistochemistry and H-score analysis 

were defined by >2000 tumor cell counts.

Statistical analysis

Statistical analysis was conducted using JMP Pro software version 13.0.1 (SAS Institute, 

Cary, NC, USA) (61). Paired t-test or one-way ANOVA methods were used to evaluate 

associations among variables. Bonferroni’s post hoc test correction was used when 

appropriate. Values were calculated from three independent experiments as the means ± 

SEM. Statistical significance was defined as p-values < 0.05 using a two-sided test.

Results

Characterization of Dox-inducible PRA and PRB expressing lung NET cell models

In a previous study, we demonstrated that PRB expression in NSCLC inhibits cell 

proliferation by interfering with the epidermal growth factor signaling (46). Whether the 

expression of the PR or PR isoform affects the growth of lung neuroendocrine cells is not 

known. Currently, there is no normal lung neuroendocrine cell line available for an in vitro 
study. In this study, we chose a bronchial carcinoid cell line (H727) as an in vitro model to 

examine the role of the PR and PR isoforms in normal/carcinoid lung neuroendocrine cells. 

H727 cells are well-differentiated bronchial carcinoid cells that express the NMB peptide 

and have p53 levels comparable to those found in the normal lung and demonstrate several 

aspects of normal neuroendocrine cells. Using RT-PCR and western blotting analyses, we 

showed that H727 cells did not express either isoform of the PR (PRA and/or PRB), and we 

could not detect any PR mRNA or protein in the H727 lung NET cells (Fig 1A-1C). These 

data demonstrated that H727 does not express endogenous PRs, allowing us to examine 

the role of these PR isoforms without interference from endogenous PRs by ectopically 

expressing inducible PRA or PRB in the H727 cells.
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To examine how the expression of PRA or PRB affected the biological properties of 

H727, we constructed Dox-inducible PRA and PRB expression plasmids and introduced 

these constructs into H727 lung NET cells. Dox-inducible PRA or PRB (H727-PRA and 

H727-PRB) H727 cell models were constructed by transducing H727 cells with lentiviral 

constructs expressing Tet-inducible PRA or PRB, as described in the Materials and Methods 

section. Currently, most antibodies against the PR detect both PR isoforms, making it 

difficult to associate clinical outcomes with specific PR isoform expression in patient 

samples. To examine the role of PRB and PRA in lung neuroendocrine cells and in clinical 

specimens, we generated a new PRB-specific mouse monoclonal antibody (250H11 mAb) 

using a PRB-specific peptide as an immunogen, as described in the Materials and Methods 

section. As shown in Fig 2A by western blot analysis, the 250H11 mAb detected only 

PRB, while the 1294 mAb detected both the PRA and PRB isoforms in the H727-PRA 

and H727-PRB cells, respectively. Using immunofluorescence staining, we found that the 

PRB-specific antibody (250H11 mAb) stained the PR only in H727-PRB cells and not 

in H727-PRA cells (Fig 2B, panels D-F and J-L), while the 1294 mAb stained both PR 

isoforms (PRA and PRB) in the H727-PRA and H727-PRB cells (Fig 2B, panels A-C 

and G-I). We further examined the specificity of PR-250H11 by immunocytochemistry 

staining of H727-expressing GFP, PRA, or PRB cell paraffined sections with PR-250H11. 

As shown in Fig 2C, the PR-250H11 antibody stained only the cells expressing PRB with 

no cross-reactivity with cells expressing PR-An or GFP, while the PR antibody (1294 mAb) 

detected H727 cells expressing both isoforms of the PR (PRA and PRB) with no reactivity 

with cells expressing GFP (Fig 2C). Together, these data demonstrated the specificity of the 

250H11 mAb in detecting the PRB isoform in cells by western blot and immunostaining.

We next examined the expression of Tet-inducible PR in the H727 cell model by western 

blot analyses. H727-PRA and H727-PRB cells were treated with increasing concentrations 

of a tetracycline analog (Doxycycline, Dox) at various time points (0, 24, 48, 72 and 96 

hours). Cell lysates were analyzed for PR expression using a PR(PRA and PRB)-specific 

antibody, 1294 mAb. As shown in Fig 3A, the maximum PRA and PRB expression levels 

were observed when cells were treated with 700 ng/ml of Dox for 24 hours (Fig 3A).

To determine whether the Tet-inducible PRA and PRB properly localized inside the cells, we 

examined the intracellular localization of ectopic PRA and PRB in H727 cells. H727-PRA 

and H727-PRB cells were treated with 700 ng of Dox for 24 hours before treatment with 

R5020 for 60 mins. Cells were fixed, stained with PR (1294 mAb) and PRB (PRB-specific; 

250H11 mAb) and analyzed by immunofluorescence. No PR staining was observed in the 

H727-PRA or PRB cells in the absence of Dox. Dox treatment induced PRA and PRB 

expression. PRA localized mainly in the nucleus, and progestin (R5020) treatment increased 

PRA nuclear localization, as detected by PR-specific 1294 mAb (Fig 2B, panels A-C); 

no PRA was detected by the PRB-specific 250H11 mAb (Fig 2B, panels D-F). PRB was 

distributed evenly between the nucleus and cytoplasm, and R5020 treatment promoted PRB 

nuclear localization, as detected by both the PR-specific 1294 mAb (Fig 2B, panels G-I) 

and PRB-specific 250H11 mAb (Fig 2B, panels J-L). Both H727-PRA and H727-PRB cells 

showed normal PR localization and proper nuclear translocation in response to the R5020 

treatment, which was similar to the endogenous PR in T47D breast cancer cells (Fig 2B, 
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panels M-O). These data indicated that the expression and localization of the PR in H727 

cells were similar to those of endogenous PR in T47D breast cancer cells.

To test whether the inducible PRA and PRB expressed in H727 cells were functional and 

transcriptionally active, H727-PRA and H727-PRB cells were transiently transfected with 

a PRE-luciferase reporter construct. Cells were then treated with 700 ng/ml of Dox for 

24 hours prior to treatment with 10 nM R5020 for an additional 24 hours. The R5020 

treatment significantly increased PRE-dependent luciferase activities over 10-fold in H727-

PRB and only two-fold in H727-PRA (Fig 3B). Together, our data demonstrated that the 

PR isoforms expressed in H727 lung NETs were functional and had transcriptional activities 

similar to those expressed in breast cancer cells (62), with stronger PRB and weaker PRA 

transcriptional activities.

PRB and PRA expression inhibits H727 cell proliferation

It is unclear whether PR expression plays a role in lung neuroendocrine cell 

proliferation. Therefore, we examined the role of PRA and PRB expression on H727 cell 

proliferation. H727-GFP, H727-PRA, and H727-PRB cells were treated with increasing 

Dox concentrations (0, 50, 200, 500, 700 and 1000 ng/ml) for 24 hours. Cell proliferation 

was determined using an MTT assay as previously described (46). Dox treatment dose-

dependently inhibited H727-PRA and H727-PRB cell proliferation with little to no effect on 

H727-GFP cells. The largest inhibition of cell proliferation was observed in H727-PRB cells 

treated with 700 ng/ml of Dox compared to H727-PRA and H727-GFP cells treated with 

a similar dose of Dox (Fig 4A). To determine the optimal time that PR isoform expression 

affected cell proliferation, H727-PRA and H727-PRB cells were treated with Dox 700 

ng/ml for 24, 48 and 72 hours, and cell proliferation was determined by MTT assays at 

each time point (46). Dox-induced expression of PRA and PRB significantly decreased cell 

proliferation at all time points. The expression of PRB inhibited H727 cell proliferation 

more significantly than the expression of PRA at all time points tested (Fig 4B & 4C). 

The extent of PRB- and PRA-mediated inhibition of cell proliferation was comparable at 

all time points tested. The maximum percent inhibition of cell proliferation in H727 cells 

expressing PRB and PRA compared to parental H727 cells was 30.1 ± 3.1% and 19.2 

± 3.3%, respectively, and was observed at 48 hours after Dox induction (Fig 4B & 4C). 

Interestingly, the PR agonist (R5020) and antagonist (RU486) treatment of H727-PRA and 

H727-PRB had little to no effect on the inhibition of H727 cell proliferation. Together, 

these data suggested that the expression of PRA and PRB inhibited H727 lung NET cell 

proliferation and that the majority of the PR-mediated inhibition was dependent on receptor 

expression but independent of the PR ligand (Fig 4D and 4E).

PR expression in the pulmonary neuroendocrine cells (PNECs) of normal fetal and adult 
lung

While PR expression has been documented in the lung, the role of the PR in the 

neuroendocrine cells of the lung remains unclear. As a first step towards a better 

understanding of the role of the PR in lung neuroendocrine cells, we examined how 

the expression of the PR or PRB isoform in normal fetal and adult lung affected PNEC 
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proliferation during development. Fetal and adult lung tissues were collected and cut into 

three serial sections. The middle (second) section was single-stained with a monoclonal 

antibody against synaptophysin (SYN) to locate the neuroendocrine cells in lung tissues (Fig 

5A & 5D). The top (first) and bottom (third) sections were double-stained with SYN and 

PR (1294) or PRB (250H11) mAb, respectively (Fig 5B-5C and 5E-5F). The number of 

SYN-positive cells in normal fetal lung was significantly higher than that in normal adult 

lung (Fig 5A and 5D). Double staining of SYN & PR and SYN & PRB demonstrated that 

a subset of SYN-positive PNECs expressed the PR and PRB. The PR (PRA and PRB) 

was significantly expressed more than PRB alone in PNECs in both the fetal and adult 

lung (Table 1). Among SYN-positive PNECs, there was a significantly higher percentage 

of cells that stained positive for PR (75.86±17.21%) and PRB (56.05±19.78%) in the fetal 

lung compared to the percentage of cells that stained positive for PR (56.62±26.12%) and 

PRB (32.54±18.31%) in the adult lung (Fig 5B, 5C, 5E and 5F) (Table 1 and 2). To our 

knowledge, this is the first report demonstrating PR and PRB expression in the PNECs of 

normal fetal and adult lungs. Further studies are needed to determine the biological role of 

the PR and progesterone in PNECs and in lung development.

PRB expression is associated with lower cell proliferation in fetal and adult 
lung PNECs.—Since the PR was found to be expressed in fetal and adult lung 

PNECs, we next examined how PR or PRB expression affected PNEC proliferation using 

immunohistochemistry of serial sections from fetal and adult lung tissues. Fetal and adult 

lung tissues were serially cut into three sections. The middle section was single-stained with 

a monoclonal antibody against SYN to locate the SYN-positive PNECs in lung tissue (Fig 

6A & 6B). The top and bottom sections were double-stained with Ki-67 & PR (1294 mAb) 

or Ki-67 & PRB (250H11 mA), respectively (Fig 6B-6C and 6E-6F). As shown in Fig 5, 

fetal lung PNECs showed a higher percentage of cells stained positive for PR and PRB 

compared to adult PNECs. (Fig 5A-5F) (Table 2). However, both PR and PRB expression 

among the SYN-positive PNECs in the adult lung were significantly associated with cell 

proliferation, with significantly higher numbers of Ki-67-positive cells than those found 

in the fetal lung. The percentages of cells stained positive for both PR and Ki-67 were 

91.53±7.34% and 57.64±7.71% in the adult and fetal lung, respectively. The percentages 

of cells stained positive for both PRB and Ki-67 were 57.37±13.02% and 41.27±7.91% in 

the adult and fetal lung, respectively (Fig 6B, 6C, 6E, and 6F) (Table 2). Together, our 

data suggests that PR expression was significantly associated with a higher cell proliferation 

than PRB expression in SYN-positive PNECs in both the fetal and adult lung (Table 1). 

Interestingly, the expression of PRB affected cell proliferation more than the expression of 

PR in the adult lung compared to the fetal lung. As shown in Table 1, the percentage of 

positive cell differences between PR+:Ki-67 and PRB+:Ki67 was 34.16±18.17% in the adult 

lung and 16.37±10.78 in the fetal lung. Together, our data suggests that the expression of the 

PR isoforms could significantly affect PNEC proliferation, especially in the adult lung.

Discussion

The PR is expressed in several tissues in the body, including both reproductive and 

nonreproductive tissues (63-67) . While the roles of the PR and PR isoforms have been 
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well studied in reproductive tissues, their roles in nonreproductive tissues are not well 

understood. We and others have shown that PRB expression in NSCLC is correlated with 

lower cell proliferation and associated with a better prognosis (46). However, whether the 

PR is expressed and how PR and PR isoform expression affect PNECs is largely unexplored. 

To better understand the role of PR and PR isoform expression in PNECs in vitro, H727, a 

well-differentiated bronchial carcinoid cell line with several features similar to PNECs in the 

lung, was used as a model. Using a Tet-inducible PR expression system, we demonstrated 

that PRA and PRB in the H727 cell line showed normal receptor localization and were 

transcriptionally active, similar to those found in breast cancer cells (68). In the absence of 

progesterone, PRB was evenly distributed in both the nucleus and cytoplasm, while PRA 

localized mainly in the nucleus with very limited cytoplasmic localization. Both PRA and 

PRB translocated to the nucleus upon addition of progestin. We further showed that both 

PRA and PRB were transcriptionally active and capable of trans-activating PRE-dependent 

gene expression (Fig 3B) in H727 cells. PRB was transcriptionally more active than PRA in 

H727, similar to PRs expressed in breast cancer cells (Fig 3B) (33, 69).

We used the Tet-inducible expression of GFP, PRA or PRB in H727 cell models so that 

we could directly determine and compare the role of PR and PR isoform expression on 

PNEC proliferation. The expression of both PR isoforms inhibited H727 cell proliferation, 

while the expression of the unrelated protein, GFP, had no effect on H727 cell proliferation 

(Fig 4A). Furthermore, the expression of PRB significantly inhibited H727 cell proliferation 

better than that of PRA (Fig 4A-4C). Interestingly, the addition of PR ligands, either 

agonist R5020 or antagonist RU486, had no significant effects on the cell expressing both 

PR isoforms, suggesting that the PR-mediated inhibition of H727 was dependent on the 

expression of the PR but independent of the expression of its ligand.

The PR has been shown to function in a ligand-independent manner. Most studies to date 

have shown PR-stimulated transcription or cell proliferation in the absence of PR ligands in 

breast cancer cell models. Several studies demonstrated a ligand-independent PR activation 

in breast cancer cells (70). The phosphorylation of Ser400 in the PR by CDK2 was shown 

to induce PR nuclear localization and transcriptional activity (71). PR phosphorylation and 

sumoylation were shown to induce PR transcription, independent of ligand, and promote 

breast cancer cell proliferation (72). We previously demonstrated that PRB expression, 

independent of ligand, inhibited cell proliferation and blunted EGFR-mediated signaling 

in the A549 NSCLC cell model (46). We further showed that the expression of PRB 

with a mutation in the polyproline domain (PPD), a ligand for SH3 domains, (PRBΔSH3) 

abolished the ability of PRB to inhibit NSCLC cell proliferation and interfere with EGFR 

signaling. Thus, PR extranuclear signaling through PPD-SH3 interactions may contribute 

significantly to the PR-mediated inhibition of H727 cell proliferation by interfering with 

growth factor signaling, as shown in the NSCLC cell model (46).

Our results were based on a PR-specific 1294 antibody (55) that detected both PR isoforms 

(PRA and PRB), and the new PRB-specific 250H11 antibody, which was highly specific 

for detecting PRB but not PRA. Antibody specificities were confirmed by western blot, 

immunofluorescence and immunocytochemistry analyses in T47D breast cancer cells and 

H727 cell lines expressing either PRA or PRB (Fig 3A and 3B). Unlike the previously 
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described PR isoform-specific antibodies (73-75), the 250H11 antibody does not require 

any blocking peptides to confer PRB specificity, making it easy to use in routine 

immunohistochemical examination to explore the role of the PRB isoform.

Several studies have reported that lung NETs arise from PNECs, which are often found 

in the bronchiolar epithelium of the lung (25, 76). In fetuses, PNECs are crucial for lung 

development. PNECs secrete amines and peptides such as synaptophysin or chromogranin 

A (19). It is unclear whether sex steroid hormones and their receptors, such as the PR, 

play a role in lung development. While PR expression has been documented in the lung 

(77), its role in lung development remains poorly understood. In this study, we showed the 

expression of PR (PRA and PRB) and PRB isoforms in normal fetal and adult lungs and 

in PNECs. To our knowledge, this is the first report demonstrating PR expression in the 

PNECs of normal fetal and adult lungs. PR expression in PNECs was higher in the fetal 

lung than in the adult lung. Interestingly, PRB expression was higher in the fetal lung than 

in the adult lung, suggesting that expression of PRB in the developing fetal lung could play 

a role during lung development. Moreover, our data demonstrated that PRs or PRB are often 

found in SYN-positive PNECs. PNECs have been shown to be involved in the development 

of the breathing control system (78, 79), suggesting that PRs or PRB could play a role in the 

development and function of the lung breathing control system. In addition to localizing PRs 

and PRB in PNECs, we also found that PRB expression was associated with a significantly 

lower percentage of Ki-67-positive proliferating cells compared to PR expression in PNECs. 

However, the expression of the PR and PRB in the adult lung was associated with a higher 

percentage of Ki-67-positive proliferating cells compared to the expression of the PR and 

PRB in the fetal lung. Together, our data suggests that the expression of the PR and PRB 

in PNECs affected cell proliferation in the fetal lung more than in the adult lung. A recent 

attempt to generate a normal neuroendocrine cell line failed to obtain a continuous culture in 
vitro (80). No normal neuroendocrine cell line is currently available. In this study, we used 

H727 neuroendocrine carcinoid cells as a model for normal/carcinoid PNECs. The H727 

cell line was chosen for this study because it was demonstrated in several studies to be 

superior compared to the other available bronchial carcinoid lines, with detectable levels of 

p53 mRNA, which are comparable to those found in normal lung (70)(81, 82). However, 

it is important to note that recent next generation exome-level sequencing data suggested 

that mutations and copy number variations in frequently used pulmonary neuroendocrine 

carcinoid cell lines, including H727, were more similar to those of primary high-grade 

small-cell lung cancer than those of primary pulmonary carcinoids (83). Thus, it is arguable 

whether the results obtained from the H727 cell model could be replicated in normal 

PNECs. Interestingly, we found that PRB expression in both normal fetal and adult PNECs 

is associated with low cell proliferation, similar to results observed in the H727 cell model, 

suggesting that mutations found in H727 might not significantly affect PR signaling and that 

the results obtained from the H727 cell model were physiologically relevant. Nevertheless, 

it will be interesting to evaluate and confirm the effects of the PR isoforms in primary 

organoid cultures of pulmonary PNECs in the future.

The PR has been routinely used as a marker to help classify breast cancer patients for 

targeted treatment. Currently, little is known about the role of the PR or progesterone in lung 

diseases, especially in neuroendocrine tumors (NETs). Based on our results in this study, 
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PRB expression is associated with low cell proliferation and may be used as a prognostic 

marker for lung NETs. Additionally, our results may serve as a basis for the development of 

a novel class of drugs for lung NET treatment by enhancing PRB expression. Nevertheless, 

future studies on progesterone, PR and PR isoform expression in association with patients’ 

clinical outcomes are needed to carefully examine a potential role for using the PR as a 

marker to help improve lung NET treatment in the future.

In conclusion, we demonstrated that PNECs expressing PRB are associated with a lower 

cell proliferation than PNECs expressing the PR (both PRA and PRB), both in vitro and 

in clinical samples. A better understanding of the molecular mechanisms involved in PR 

and PR isoform signaling in PNECs and lung NET cells may help in developing novel 

therapeutic strategies to treat lung diseases and benefit lung NET patients in the future.
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Fig 1. PR mRNA and protein expression in H727 and T47D cell lines.
(A) Total RNA was extracted from H727 and T47D cells, converted to cDNA and amplified 

by real time RT-PCR; results are shown as amplification plots. (B) Products from RT-PCR 

were resolved by 2% agarose gel electrophoresis: lane 1: 100 bp DNA ladder, lane 2: H727 

RNA, lane 3: T47D RNA (positive control) and lane 4: no RNA template (negative control). 

(C) Western blot analysis were conducted with 20 μg of cell lysates from H727 cells and 

3 μg of cell lysates from T47D cells using PR-specific mouse monoclonal antibody (1294 

mAb). Protein loading was normalized using GAPDH as an internal control.
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Fig 2. Characterization of the PRB-specific (250H11) monoclonal antibody by Western blot 
analysis and immunofluorescence.
(A) T47D cells expressing PRA and PRB were lysed and analyzed with PRB-specific 

mouse monoclonal antibody (250H11 mAb) and PR (PRA&PRB)-specific mAb (1294 

mAb) by Western blot analysis. (B) H727-PRA, H727-PRB and T47D were analyzed 

by immunofluorescence as described in Materials and Methods. PR-specific (1294 mAb) 

antibody was used. Panels A and G show control untreated cells. Panels B and H 

respectively show H727-PRA and H727-PRB cells treated with 700 ng/ml doxycycline 

(Dox) for 24 hours. Panels C and I respectively show H727-PRA and H727-PRB treated 

with 700 ng/ml Dox for 24 hours and 10 nM R5020 for 60 min. PRB-specific (250H11) 

antibody was used. Panels D and J show control untreated cells. Panels E and K respectively 

show H727-PRA and H727-PRB cells treated with 700 ng/ml Dox for 24 hours. Panels F 

and L respectively show H727-PRA and H727-PRB cells treated with 700 ng/ml Dox for 

24 hours and 10 nM R5020 for 60 min. T47D breast cancer cells were used as a positive 

control for PR expression. Panel M shows T47D cells incubated with secondary antibody 

alone (negative control). Panels N and O show T47D cells treated with either vehicle 

(Ethanol) or 10 nM R5020 for 60 min, respectively. Magnification, 1000x, Bars, 10 μm. (C) 
H727-GFP, H727-PRA and H727-PRB were treated with 700 ng/ml doxycycline (Dox) for 

24 hours and stained by PR (1294) or PRB (250H11) monoclonal antibody. Panels A, B 

and C show treated H727-GFP, H727-PRA and H727-PRB cells, respectively, stained with 

PR-specific (1294 mAb) antibody. Panels D, E and F show treated H727-GFP, H727-PRA 

and H727-PRB cells, respectively, stained with PRB-specific (250H11) antibody.
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Fig 3. H727-PRA and H727-PRB cell model validation of PRA and PRB protein expression by 
Western blot analysis and transcriptional activities by luciferase reporter analysis.
(A) Panels A and B, H727 cells were induced to express PRA and PRB with increasing Dox 

concentrations (0, 50, 200, 500, 700 and 1000 ng/ml). Dox dose-dependently induced PRA 

and PRB protein expression in the H727-PRA and H727-PRB cell models, respectively. 

Panels C and D, cells were treated with the most effective dose of Dox (700 ng/ml) in a 

time course study (0, 24, 48, 72 and 96 hours) to induce PRA and PRB protein expression, 

respectively. Western blot analyses were carried out on cell lysates, and blots were stained 

with PR-specific antibody 1294 mAb. Thirty micrograms of protein from H727-PRA or 

H727-PRB cells were loaded in each lane. Two micrograms of T47D cell lysate was used as 

a positive control. GAPDH was used as an internal control. (B) Relative luciferase activities 

of Firefly and Renilla luciferase in H727-PRA and H727-PRB cells. Treatment with Dox 

and R5020 significantly increased the luciferase activities in H727-PRA and H727-PRB 

cells compared to cells treated with vehicle (ethanol) (*P≤0.05, **p≤0.01). Values are 

presented as the means ± SEM from independent experiments performed in triplicate (n=3).
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Fig 4. Effects of PRA and PRB on the absence and presence of progestin and antiprogestin in 
H727 lung NET cell proliferation.
(A) H727-GFP, H727-PRA and H727-PRB cells were treated with increasing concentrations 

of Dox (0, 50, 200, 500, 700 and 1000 ng/ml) for 48 hours and were analyzed by an MTT 

assay. * and ** indicate p<0.05 and p<0.01 when compared with control untreated cells, 

respectively. Values are presented as the means ± SEMs from independent experiments 

performed in triplicate (n=3). Percent cell viability represents percent cell viability of Dox-

treated cells normalize to percent cell viability of control untreated cells. (B) H727-PRA 

and H727-PRB cells were treated with 700 ng/ml Dox and incubated for 24, 48 and 72 

hours. ** and *** indicate p<0.01 and p<0.001 when compared with control untreated 

cells, respectively. Values are presented as the means ± SEMs from independent experiments 

performed in triplicate (n=3). (C) Comparison of percent inhibition of cell growth in H727-

PRA and H727-PRB cells. ** indicates p<0.01 when compared percent cell inhibition 

between H727-PRB and H727-PRA cells. Values are presented as the means ± SEMs from 

independent experiments performed in triplicate (n=3). Percent inhibition by PRA or PRB 

was calculated by setting untreated control at 100% inhibition. Effects of progestin (R5020) 

and antiprogestin (RU486) on H727-PRA and H727-PRB cell proliferation. H727-PRA (D) 
and H727-PRB (E) cells were treated with 700 ng/ml Dox, 10 nM R5020, 100 nM RU486 or 

the combination of 10 nM R5020 and 100 mM RU486 (R5020+RU486). Cells were treated 

with 700 ng/ml Dox for 24 hours, and then, the medium was changed to Dox with vehicle 

(ethanol), R5020, RU486 or R5020+RU486 and incubated for 24 and 48 hours. X-axis 

values indicate time after R5020 and RU486 treatment. Values are presented as the means ± 

SEMs from independent experiments performed in triplicate (n=3).
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Fig 5. Double immunohistochemistry of SYN, PR and PRB in serial tissue sections of normal 
fetal and adult lung.
Panels A and D, tissues were stained with SYN. Panels B and E, tissues were stained with 

SYN (brown arrow) in combination with PR (PR, 1294 mAb, blue arrow), and panels C and 

F were staining of SYN (brown) in combination with PRB-specific antibody (250H11 mAb, 

blue) (magnification 400x).
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Fig 6. Double immunohistochemistry of SYN, Ki-67, PR and PRB in serial tissue sections of 
normal fetal and adult lung.
Panels A and D, tissues were stained with SYN. Panels B and E, tissues were stained with 

Ki-67 (brown arrow) in combination with PR (PR, 1294 mAb, blue arrow), and panels C 

and F were staining of Ki-67 (brown) in combination with PRB-specific antibody (250H11 

mAb, blue) (magnification 400x).
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Table 1.

Comparison of mean ratio between double IHC of PR and PRB with SYN and Ki-67 in normal fetal and adult 

lung

Normal
lung PR+ : SYN (%) PRB+ : SYN (%) p-value PR+ : Ki-67 (%) PRB+ : Ki-67 (%) p-value

Fetal 75.86±17.21 56.05±19.78 0.038* 57.64±7.71 41.27±7.91 <0.001*

Adult 56.62±26.12 32.54±18.31 0.029* 91.53±7.34 57.37±13.02 <0.001*

PR+: SYN+ = Ratio in percent of PR positive cells with SYN positive cells in double immunohistochemistry staining

PRB+: SYN+ = Ratio in percent of PRB positive cells with SYN positive cells in double immunohistochemistry staining

PR+: Ki-67+ = Ratio in percent of PR positive cells with Ki-67 positive cells in double immunohistochemistry staining

PRB+: Ki-67+ = Ratio in percent of PRB positive cells with Ki-67 positive cells in double immunohistochemistry staining
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Table 2.

Comparison of mean ratio double IHC of PR and PRB with SYN and Ki-67 between normal fetal and adult 

lung

Ratio
Normal lung

p-value
Fetal Adult

PR+ : SYN (%) 75.86±17.21 56.62±26.12 0.079

PRB+ : SYN (%) 56.05±19.78 32.54±18.31 0.016*

PR+ : Ki-67 (%) 57.64±7.71 91.53±7.34 <0.001*

PRB+ : Ki-67 (%) 41.27±7.91 57.37±13.02 0.005*

Ki-67 : SYN (%) 67.87±16.76 72.43±15.99 0.552

PR+: SYN+ = Ratio in percent of PR positive cells to SYN positive cells in double immunohistochemistry staining

PRB+: SYN+ = Ratio in percent of PRB positive cells with SYN positive cells in double immunohistochemistry staining

PR+: Ki-67+ = Ratio in percent of PR positive cells with Ki-67 positive cells in double immunohistochemistry staining

PRB+: Ki-67+ = Ratio in percent of PRB positive cells with Ki-67 positive cells in double immunohistochemistry staining

Ki-67+: SYN+ = Ratio in percent of Ki-67 positive cells with SYN positive cells in double immunohistochemistry staining
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