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Steroid receptor coactivators (SRC) are transcriptional coactivators. Among SRCs, SRC-3 is the most 
studied in relation to different types of tumors. However, the role of SRC-3 in early lung development 
and lung cancer has not been well studied. The expression profiles of SRC-3 showed that SRC-3 con-
tributed to bronchial and alveolar development in embryonic lung development. SRC-3 was strongly 
expressed in Clara cells and type II alveolar cells during fetal lung development (E17.5- E18.5), and 
SRC-3 was expressed in both cell types in the adult lung. TTF-1 was expressed in the lungs of hetero-
zygote SRC-3 mice and Clara cell-specific-CCSP-TAg tumor mice, along with SRC-3 expression. The 
expression of TTF-1 was localized at transformed Clara cells and multifocal adenocarcinomas in lung 
cancer mice. However, SRC-3 was not expressed in the multifocal adenocarcinomas, suggesting that 
SRC-3 might not be involved in the invasiveness of lung cancer. Cotransfection of TTF-1 in Clara 
cell-specific mtCC cell lines resulted in significant activation of CCSP expression. However, co-
transfection of SRC-3 had no significant effects on transient transfection. These in vivo and in vitro 
results suggest that SRC-3 does not play a significant role in lung tumor progression. In conclusion, 
SRC-3 is involved in bronchial and alveolar development in fetal and adult lungs, but it does not play 
an important role in the progression of Clara cell-derived lung cancer.
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Introduction

According to lung cancer fact sheet by the American Lung 

Association lung cancer is the leading causes of cancer-re-

lated death in the United States. The main primary lung can-

cer types are small-cell lung carcinoma and non-small-cell 

lung carcinoma (NSCLC) [1]. Most primary lung cancers are 

carcinomas that derive from epithelial cells and ad-

enocarcinoma is neoplasia of epithelial tissue that has glan-

dular origin [18]. Adenocarcinoma, a subclass of NSCLC, is 

one of the leading causes of lung cancers in the United States 

[10, 18]. Pulmonary adenocarcinoma might arise from Clara 

cells from epithelium of airways of the lung [7, 11, 18] and 

Clara cells are constantly exposed to the external toxic chem-

icals and carcinogens [8, 10]. In order to investigate mouse 

model for lung adenocarcinoma originated from Clara cells, 

the Clara cell-specific oncogenic mice was previously devel-

oped [4]. This mouse developed Clara cell-specific tumor by 

inserting the SV40-T antigen in the promoter region of the 

mouse Clara cell secretory protein (CCSP) gene [4, 13]. 

CCSP, also known as CC-10 or uteroglobin, is produced in 

non-ciliated epithelial cells of conducting airways [14] and 

CCSP could function as a differentiation marker of Clara cell 

of the lung [15, 23]. This CCSP- specific oncogenic mouse 

model is resembling with a NSCLC of human lung cancer 

and provides tools for the study of molecular interaction 

with other protein involved in the process of lung cancer 

[11, 12]. 

The steroid receptor coactivator-3 (SRC-3) interacts with 

steroid receptor and several other transcriptional factors [16, 

21]. SRC-3, also known as AIB1 (amplified in breast cancer), 

was reported originally in breast cancer in which gene am-

plification was occurred frequently and the expressions of 

SRC-3 were observed in several human tumors including 

breast cancer [2, 5, 6, 9]. Temporal and spatial expressions 

of SRC-3 are coincident with CCSP expression pattern in the 

Clara cells of the lung [12] and in which CCSP could play 

an important role in the early lung development [22]. 

However, the role of SRC-3 has not been studied in the early 

lung development and correlation of expression profiles of 

SRC-3 and CCSP might suggest the functional role of SRC-3 
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in early lung development. 

Thyroid transcription factor-1 (TTF-1), also known as a 

NK2 homeobox 1 (NKX2.1), is a homeodomain transcription 

factor and plays a role in the regulation of the genes which 

are expressed in the lung [3, 24]. TTF-1 is expressed in the 

epithelial cells of the developing lungs [17, 19] and TTF-1 

is predominately expressed in pulmonary adenocarcinoma 

[20] and it suggests that TTF-1 can serve as a differentiation 

marker protein in early lung development and lung cancer. 

In addition, TTF-1 could serve as a major regulator of CCSP 

gene expression [17, 24], and it has been reported that TTF-1 

could interact with the SRC [22]. Thus, TTF-1 might play 

important role in the lung development and lung tumor pro-

gression in combination with SRC-3. 

However, little is known for the role of SRC-3 in combina-

tion with TTF-1 in early lung development and in lung 

cancer. In order to further study the role of the SRC-3 in 

early lung development, the expression of endogenous 

SRC-3 was examined in the early embryonic mouse lung 

from SRC-3 heterozygotes. The role of SRC-3 in combination 

with TTF-1 in lung cancer progression were examined in 

Clara cell-specific lung cancer model in vivo. In addition, 

functional roles of SRC-3 and TTF-1 for the expression of 

CCSP gene in lung cancer were also examined in vitro using 

Clara cell specific mouse transformed Clara cells by transient 

transfection assays. 

Materials and Methods

Animals and histochemical staining

Lung samples were collected at various days of embry-

onic (E) mouse (E11.5, E12.5, E13.5, E15.5, E17.5, and E18.5) 

and adult mouse lung. The expression profiles of SRC-3 in 

the lung during embryonic development and in adult were 

analyzed by the expression of LacZ of the heterozygous 

SRC-3 mice, in which contain the lacZ reporter gene driven 

by the endogenous mouse SRC-3 gene [21]. Bi-transgenic 

mice were generated previously, which express the SV40 T 

antigen driven by mouse CCSP promoter (CCSP-TAg) and 

SRC-3 knockout background [4, 12, 13, 21]. The lung tissue 

samples embedded in paraffin from above mice were kindly 

provided by Dr. Francesco J. DeMayo at Baylor College of 

Medicine, Houston, TX. Mouse lung tissue samples were 

fixed in 4% paraformaldehyde and washed with 10, 15 and 

20% sucrose in Hanks' balanced salt solution (HBSS) at 40C 

for 24 hr, consecutively. Histochemical staining for X-gal for 

the expression of LacZ in the lung of SRC-3 was performed 

in the lung of heterozygotes of SRC-3 mice [12. 21]. After 

perfusion, lung samples were fixed in 4% paraformaldehyde 

overnight at 40C. Lung samples at various stage of develop-

ment in embryonic mouse (E11.5, E12.5, E13.5, E15.5, E17.5 

and E18.5) and adult lung embedded in paraffin were sec-

tioned at 5 µm thick. Samples were stained for β

-galactosidase activity with X-gal activity at room 

temperature. Histochemical staining for TTF-I was per-

formed in the lung tissue samples from ten week old mice 

of SRC-3 heterozygote and CCSP-TAg. Lung samples were 

inflated with 10% buffered formalin, then dehydrated in 70% 

ethanol. Fixed lung tissues were embedded in paraffin, then, 

cut into 5 µm sections and histochemical staining for TTF-1 

from lung sections of SRC-3 heterozygotes and CCSP-TAg 

mice were performed using anti-sera against TTF-1 (1:5,000) 

at room temperature.

Cell culture and transient transfection assays

Mouse transformed Clara Cells (mtCC) were used for 

transient transfection assays [4, 12, 14]. MtCC cells were cul-

tured at 37oC in a humidified atmosphere with 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 

10% fetal calf serum (FCS), penicillin (100 IU/ml), and strep-

tomycin (0.1 mg/ml). DMEM and FCS were purchased from 

Gibco BRL (Gaithersburg, MD, USA). Trypsin, and anti-

biotic-antimycotic (ABAM) were obtained from Sigma 

Chemical Co. (St. Louis, MO, USA).

MtCC cells were grown to 60-70% confluency on 24 well 

culture dishes and transfected with a mixture of 0.5 µg 

CCSP- Luciferase reporter plasmids and 5 ul of the Superfect 

transfection reagent (QIAGEN, Valencia, CA, USA) as rec-

ommended by the manufacturer. For transfection assays 

with SRC-3 or TTF-1, the cells were transfected with a 50 

ng of expression vector and empty eukaryotic expression 

vector was used as a control in co-transfection studies. 

Transfected cells were incubated for 3 hr and then washed 

with DMEM to remove the transfecting agent. Cells were 

then fed with DMEM with 10% FCS and incubated for 24 

hr at 370C. The cells were harvested, centrifuged for 5 mi-

nutes, and re-suspended in 10 μl of passive cell-lysis buffer 

(Promega, Madison, WI, USA). The cell debris was cleared 

by centrifugation and protein concentration was measured 

using Bradford reagent (Bio-Rad, Hercules, CA, USA). 

Luciferase activities were measured by luminescent signals 

using a commercial kit (Promega, Madison, WI, USA) ac-
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Fig. 1. Expression of SRC-3 in the embryonic lung during development in mice. The fetal lung samples were collected at various 

days of embryos (E) at (A): E11.5, (B): E12.5, (C): E13.5, (D): E15.5, (E): E15.5 and (F): E18.5. Expression profile of SRC-3 

in embryonic lung was analyzed by the expression of LacZ using heterozygous SRC-3 mice. X-gal staining was performed 

for the LacZ reporter gene expression driven by the endogenous mouse SRC-3 gene. The black arrow indicates the Clara 

cell and the open arrow indicates the type II alveolar epithelial cell (Fig. 1. E-F).

cording to the manufacturer's protocol and normalized per 

μg of the protein. All transfection experiments were carried 

out in replicates of three and repeated at least three times.

Plasmid for the expression of the CCSP gene for 

transient transfection assays

The promoter region of mouse CCSP gene was cloned 

and ligated to the firefly luciferase (Luc) reporter gene, 

pGL3-Basic Luc (Promega, Madison, WI, USA) [12, 14, 17]. 

This CCSP-Luc plasmid was used to examine the effect of 

SRC-3 and TTF-1 for the expression of the CCSP gene in 

vitro by transient transfection assays. The expression vectors 

of SRC-3 and TTF-1 were provided by Dr. Francesco J. 

DeMayo (Baylor College of Medicine, Houston, TX).

Results and Discussion

Little is known regarding the role of SRC-3 in early lung 

development. In order to investigate the role of SRC-3 in 

early development of the lung in mice, the temporal and 

spatial expressions of the SRC-3 were examined using SRC-3 

heterozygous mice carrying SRC-3 driven LacZ expression. 

Lung samples at various stage of development of embryos 

(E) at E11.5, E12.5, E13.5, E15.5, E17.5 and E18.5 were exam-

ined for the LacZ expression. Weak expression of SRC-3 was 

observed as early as the day of the embryo at E11.5 in the 

pulmonary cells of the lung (Fig. 1A) and maintained at low 

levels of expression until E13.5 (Fig. 1B-C). Weak expression 

of SRC-3 was observed in the pulmonary parenchyma at ear-

lier developmental time points (E11.5-E13.5, Fig. 1A-C). The 

expression of SRC-3 gradually localized to epithelial cells lin-

ing of the upper airways (E15.5, Fig. 1D) and greater ex-

pressions of SRC-3 were observed in the Clara cells of the 

airway from the later stage of lung development (E15.5, Fig. 

1D). A strong expression of SRC-3 was observed in the Clara 

cells from the day of the embryo (E17.5-E18.5, Fig. 1E-F) and 

the expression of SRC-3 in the Clara cells were continuously 

observed throughout the adult stage (Fig. 2A). Positive cor-

relation of expression patterns of SRC-3 in the Clara cell spe-

cific manner in early lung development and in the pro-

liferation of adult lung suggests SRC-3 plays important roles 

in the differentiation and proliferation of the Clara cells of 

the bronchiolar epithelium of the lung. 

In addition, the expressions of SRC-3 were observed in 

the type II alveolar epithelial cells at later times of develop-

ment (E17.5-E18.5, Fig. 1E-F) and strong positive signals for 

SRC-3 were localized in type II cells of the adult lung (Fig. 

2A). These results suggests that SRC-3 plays additional roles 

on the development of type II alveolar epithelial cells in em-

bryonic lung and on the proliferation of adult lung. Fetal 

lung maturation is influenced by many factors including ste-

roid hormones and steroid hormone acts through steroid re-
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Fig. 2. Expression of SRC-3 and TTF-1 in adult lung and lungs with CCSP-TAg induced cancer mice. (A): Histochemical staining 

of LacZ expression was performed in adult lung of SRC-3 heterozygous mice for the SRC-3 expression. (B): Histochemical 

staining for TTF-1 from lung of SRC-3 heterozygous adult mice was performed using anti-sera against TTF-1 (1:5,000). (C 

and D): Histology and histochemical staining for TTF-1 (C) and for SRC-3 (D) were performed from the adult lung samples 

of CCSP-TAg induced lung cancer mice and paraffin embedded samples were sectioned at 5 μm thick. The black arrow 

indicates the Clara cell and the open arrow indicates the type II alveolar epithelial cell (Fig. 2A).

ceptor [13] and thus SRC-3 interacts with steroid receptors 

and several other transcriptional factors as coactivator [22]. 

It suggests that SRC-3 plays a role as coactivator for the tran-

scriptional factors involved in the process of development 

of Clara cells and type II cells in embryonic lung. In con-

clusion, SRC-3 expression was localized to epithelial cells 

lining the upper airways at later time points of embryonic 

lung and adult lung, and SRC-3 plays important roles in 

the bronchial- and alveolar development and proliferation 

of the lung. 

The thuspositive pptemporal and spatial expression of 

SRC-3 (Fig. 2A) in adult lung are consistence with previous 

reports of the CCSP expression profiles in Clara cells [12, 

17], in which CCSP could function as a differentiation mark-

er protein of Clara cells. The expression of SRC-3 was clearly 

observed mainly in the nuclei, not in the cytoplasm of Clara 

cells of adult lung (Fig. 2A). In contrast, most of expressions 

of SRC-3 were localized in the cytoplasm and small samples 

showed nuclear localization of SRC-3 in human breast can-

cers study [9]. In order to further elucidate the role of the 

SRC-3 in our Clara cell-specific lung cancer model, the tem-

poral and spatial expressions of the thyroid transcription fac-

tor -1 were analyzed in along with SRC-3 expression profiles 

in the lung of CCSP-TAg tumor mice. Strong positive stain-

ing of TTF-1 was observed in normal Clara cells as well as 

type II alveolar epithelial cells in the heterozygotes of SRC-3 

mice lung (Fig. 2B). Strong expression of TTF-1 was also ob-

served in transformed Clara cells and multifocal ad-

enocarcinoma areas (Fig. 2C). Since TTF-1 might serve as 

a major regulator of CCSP expression by interacting with 

SRC in lung cancer model [17, 20, 22], these results strongly 

suggest that TTF-1 plays important roles in tumor pro-

gression and invasiveness in our Clara cell-specific lung tu-

mor model. However, the expression of SRC-3 was not ob-

served in the area of multifocal adenocarcinoma and SRC-3 

was not expressed in transformed Clara cells in the lung 

of CCSP-TAg with SRC-3 heterozygous bi-genic mice (Fig. 

2D). Although expression of SRC-3 was observed in the 

areas of non-transformed Clara cells, expression of SRC-3 

was not observed in tumor foci in oncogenic mice (Fig. 2D). 

This observation suggests that SRC-3 might not be involved 

in the invasiveness of the lung tumor progression, in agree-

ment with previous report [12]. 

Since TTF-1 might serve as a major regulator of CCSP 

expression by interacting with SRC in lung cancer model 

[17, 20, 22], TTF-1 could provide a good tool for the study 

of interaction with SRC-3 involved in the process of lung 

cancer. In order to further examine the role of SRC-3 and 

TTF-1 in CCSP gene expression in the Clara cell-specific 

manner, mouse transformed Clara cells were used for in vitro 
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Fig. 3. Effects of SRC-3 and TTF-1 on the expression of CCSP 

gene. Mouse transformed Clara cells were used for tran-

sient transfection assays for the expression of the CCSP 

gene and the CCSP gene expression was measured by 

the activities of the CCSP-Luc reporter plasmid. Co- 

transfection with SRC-3 or TTF-1 or with the combina-

tion of both were performed and empty expression vec-

tor was used as a control (cont’).

study. Co-transfection of SRC-3 exhibited no significant ef-

fects on the expression of the CCSP gene in the mtCC (Fig. 

3) and co-transfection of SRC-1 or SRC-2 in the mtCC also 

exhibited no significant effects (data not shown). In addition, 

co-transfection of SRC-1, SRC-2, or SRC -3 has no significant 

effects on the CCSP gene expression in H441, human lung 

adenocarcinomas originated from Clara cell-like cell lines 

(data not shown). However, co-transfection of TTF-1 resulted 

in a significant activation of CCSP expression in the mtCC. 

It suggests that TTF-1 plays important roles in the expression 

of CCSP gene in vitro lung cancer model. However, syner-

gistic effect was not observed by the addition of both TTF-1 

and SRC-3 in the mtCC (Fig. 3). These in vitro data demon-

strate that SRC-3 does not play a significant role in the ex-

pression of CCSP in vitro in relation with lung cancer and 

these results are in agreement with our results in vivo [12]. 

These results suggest that SRC-3 might not play a critical 

role in lung cancer progression in vivo and in vitro. In con-

clusion, SRC-3 plays roles in early bronchial- and alveolar 

development, however, SRC-3 does not play important role 

in lung cancer progression.
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록：폐의 분화와 폐암에서 SRC-3와 TTF-I의 역할

곽인석*

(신라대학교 의생명과학대학 생명과학과)

Steroid Receptor Coactivator (SRC)는 스테로이드 수용체 전사 활성화 단백질로, 이중에서 SRC-3는 많은 종류

의 종양과 관련하여 연구되었다. 그러나 현재 배아에서의 폐의 분화와 폐암 진행과정에서 SRC-3의 기능적 역할에 

대한 연구는 제한적이다. 본 연구는 SRC-3가 생쥐 배아의 폐 분화과정에서 기관지와 폐포의 분화에 중요한 역할

을 함을 보여준다. 높은 레벨의 SRC-3 유전자 발현이 클라라 세포와 type II 세포에서 배아발달 말기 시기인 E17.5 

- E18.5에서 관찰되었으며, 성체 생쥐의 폐에서도 클라라 세포와 type II 세포에서 SRC-3 유전자 발현이 관찰되었

다. SRC-3의 폐암에서의 역할을 연구하기 위하여 클라라 세포 특이적 폐암 생쥐 모델을 이용하여 관찰한 결과, 

SRC-3 잡종 생쥐의 폐와 클라라 세포 특이적 종양 생쥐의 폐에서 TTF-1 유전자와 SRC-3 유전자는 공동 발현되었

다. 위 모델에서 TTF-1 유전자 발현은 클라라 세포 유래 종양부위와 다발성 선암 영역에서 선명하게 관찰되었지

만, SRC-3 유전자 발현은 다발성 선암 부위에서는 관찰되지 않았다. 이 결과로 SRC-3가 폐암 진행과정 중 침윤성

에는 중요한 역할을 수행하지 않음을 확인하였다. SRC-3와 TTF-1의 폐암에서 역할을 클라라 세포 특이적 암 세포

주인 mtCC 세포를 사용하여 transient transfection 분석한 결과, TTF-1는 클라라 세포 특이적 단백질인 CCSP 유

전자 발현을 현저하게 활성화하였으나, SRC-3는 CCSP 유전자 발현의 활성화에 중요하게 관여하지 않음을 확인하

였다. 이 결과는 SRC-3가 폐암 진행에 필수적인 역할을 수행하는 단백질이 아님을 제시한다. 결론적으로, SRC-3

는 생쥐 배아와 성체 생쥐에서 기관지와 폐포의 분화에 중요한 역할을 수행하지만, 클라라 세포 유래의 폐암 진행

과정에서는 SRC-3는 중요한 역할을 수행하지 않는다.
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