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Abstract 

 

MUC5B is one of the major mucin genes expressed in the respiratory tract. Previous 

studies in our laboratory have demonstrated that MUC5B is expressed in human lung 

adenocarcinomas and during lung morphogenesis. Moreover, in human lung adenocarcinoma 

tissues, a converse correlation between MUC5B and TTF-1 expression, a lung-specific 

transcription factor, was established. However, the molecular mechanisms that govern the 

regulation of MUC5B expression in the lung are largely unknown. In order to better 

understand the biological role of MUC5B in lung pathophysiology, we report now the 

characterization of the promoter region of the mouse Muc5b mucin gene. The promoter is 

flanked by a TATA box (TACATAA) identical to that in the human gene. Human and murine 

promoters share 67.5% similarity over the first 170 nucleotides. By RT-PCR, co-transfection 

studies and gel-shift assays we show that Muc5b promoter activity is completely inhibited by 

TTF-1 whereas factors of the GATA family (GATA-4/-5/-6) are activators. Altogether, these 

results demonstrate for the first time that Muc5b is a target gene of transcription factors (TTF-

1, GATA-6) involved in lung differentiation programs during development and 

carcinogenesis and identifies TTF-1 as a strong repressor of Muc5b. The characterization of 

the structural and functional features of Muc5b mucin gene will provide us with a strong base 

to develop studies in murine models aimed at identifying its biological role in lung 

pathophysiology. 

 

Keywords: mucin, Muc5b, TTF1, GATA, lung, differentiation 
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Introduction 

 

Mucins are high molecular weight glycoproteins that are synthesized by specialized 

epithelial cells and are thought to promote tumor cell invasion [1]. In the tracheobronchial 

tree, the main mucin genes are MUC5B and MUC5AC, that encode two secreted mucins, and 

MUC4, that encodes a transmembrane mucin [2]. MUC5B and MUC5AC are expressed in 

mucus-producing cells with MUC5AC in the surface goblet cells and MUC5B in the mucous 

cells of the submucosal gland whereas MUC4 is found in a wide array of epithelial cells [3-7]. 

MUC5B expression, in the developing lung, is seen as of 13 weeks of gestation in the 

epithelial folds of the surface epithelium [8]. At a later stage, MUC5B is found in cells of the 

gland ducts and mucous glands [9]. In the adult lung, the expression of MUC5B follows a 

restricted pattern with a positive gradient from the surface to the glands and a decrease in 

intensity from the tracheo-bronchus toward the bronchioles, with no signal in small 

bronchioles and pneumocytes [10]. The murine Muc5b mucin gene was recently characterized 

in our laboratory and was shown to be expressed in mucous cells of the laryngeal glands [11]. 

In lung adenocarcinomas, MUC5B is frequently expressed in mucus-secreting carcinomatous 

cells [12]. In mucinous type of bronchioloalveolar carcinoma, MUC5B expression is the most 

intense along with that of MUC5AC. The expression of MUC5B is lost in poorly 

differentiated and non mucinous lung carcinomas [12]. From these studies, it appears that 

MUC5B may be used as a marker of cytodifferentiation in the lung associated with mucous 

differentiation [5]. 

The early expression of mucin genes before mucous cell differentiation or during the 

process of differentiation suggests that they may be the targets of transcription factors 

responsible for those programs [13]. Accordingly to that hypothesis, we recently showed that 

MUC2 and MUC4 are transcriptionally regulated by Cdx homeodomain proteins and GATA 
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factors [14-16]. The thyroid transcription factor-1 (TTF-1) is an important factor during lung 

morphogenesis [17-20] and drives the expression of several lung-specific genes such as 

surfactant proteins [21], CCSP [22] and CC10 [23]. Moreover, we have recently shown a 

converse correlation between MUC5B and TTF-1 expression in human lung 

adenocarcinomatous tissues [24], suggesting a negative regulation of MUC5B by this 

transcription factor. GATA factors also possess a restricted pattern of expression during lung 

development [25]. GATA-6 seems to be involved during different phases of the development 

[26] whereas GATA-5 plays a role in transcriptional programs in the earliest steps of lung 

development [27]. Moreover, synergistic mechanisms between homeoprotein TTF-1 and zinc-

finger GATA-6 have been recently described [21,28]. 

Having found (i) binding sites for these factors in both the human [29] and murine (this 

report) MUC5B mucin genes, (ii) a restricted pattern of MUC5B expression in the respiratory 

tract [5] and (iii) expression of MUC5B, TTF-1 and GATA-6 in lung adenocarcinomas 

[12,24,30,31], we undertook to study the regulation of the Muc5b promoter by TTF-1 and 

GATA factors. By this approach we aimed to show transcriptional regulation of Muc5b by 

these two transcription factors thereby providing a strong base for the development of studies 

aimed at identifying the biological role of Muc5b in the lung using mouse models.  
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Results 

 

Characterization of the sequence of the promoter of the murine Muc5b mucin gene 

The sequence covering 1210 nucleotides upstream of the transcription initiation site is 

shown in Fig. 1A. It is characterized by the presence of a TATA box (TACATAA) at -28/-22. 

The immediate sequence is GC-rich and contains a few putative binding sites for Sp1-like 

factors (GC-boxes and CACCC boxes). We also note the presence of putative binding sites 

for the lung-specific factor TTF-1 throughout the sequence. GATA putative binding sites are 

present both in the proximal and distal parts of the promoter. 

Alignment of the human and mouse promoter sequences showed that there is a high 

homology (67.5 %) over the first 157 nucleotides flanking the TATA box (Fig. 1B) and that 

the sequence of the TATA box (TACATAA) is identical in the two species. 

 

Characterization of Muc5b promoter activity 

Mouse Muc5b transcriptional regulation at the promoter and mRNA levels was studied 

in the murine CMT-93 colorectal cancer cell line that is commonly used to study murine 

mucin gene regulation since it is known to express several mucin genes [15,32] and of interest 

in this study expresses Muc5b mRNA (Fig. 2A). Since no murine lung epithelial cell line 

expressing Muc5b is available at this time we also studied mMuc5b promoter regulation in the 

human lung NCI-H292 cell line that expresses MUC5B as we previously demonstrated [33]. 

To define essential regions that drive transcription of the Muc5b promoter, six deletion 

mutants, that cover 1.2 kb of the promoter, were constructed in the promoterless pGL3 basic 

vector (Fig. 2B). Data indicate that the promoter is active both in murine intestinal CMT-93 

and human lung NCI-H292 cell lines. The four deletion constructs tested (-169/-1, -478/-1, -

717/-1 and -1195/-1) have similar luciferase activities in each cell line, which suggests that 
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the proximal region -169/-1 is sufficient to drive maximal activity of the promoter in these 

cells (Fig. 2C). The influence of the 5’-UTR on the promoter activity was studied using the 

constructs -478/+47 and -717/+47. When the 5’-UTR region +1/+47 was included, the 

activity of the promoter remained similar (compare activities of -478/-1 to -478/+47 and of -

717/+47 to -747/-1). 

 

TTF-1 is a strong repressor of Muc5b expression 

Overexpression of TTF-1 in CMT-93 cells led to a strong decrease of the amount of 

Muc5b mRNA (75 % loss, Fig. 3A). Co-transfection experiments in the presence of the 

pCMV-TTF-1 expression vector showed that overexpression of TTF-1 also led to a dramatic 

decrease (60-75 %) of the activity of Muc5b promoter both in CMT-93 and NCI-H292 cells 

(Fig. 3B). The decrease was even more pronounced in NCI-H292 cells (80 % loss). The 

strong inhibition was seen with all the constructs tested in this work suggesting that the -477/-

1 region is sufficient to convey the repression of Muc5b promoter by TTF-1. TTF-1 binds to 

the -CAAG- consensus sequence. Putative binding sites were found throughout the sequence 

of the Muc5b promoter (see Fig. 1A). EMSAs were performed with several probes containing 

TTF-1 consensus binding sites found in the murine promoter (Table 2) as well as with their 

mutated version (CAAG to GTAT). The probe T211 contains two putative TTF-1 binding 

sites at -358/-355 and -353/-350 and the probe T212 contains two sites at -709/-706 and -

700/-697, respectively. The probes T213, T238 and T242 contained one predicted site at -

112/-109, -325/-322, and -417/-414, respectively. Incubation of T211 and T212 radiolabeled 

probes with nuclear proteins from NCI-H292 cells produced one specific shifted band (Fig. 

3C, lanes 2 and 8). Specificity of the complex was confirmed by the loss of the shifted band 

(indicated by an asterisk) when cold probes, in a 50x excess, were incubated with nuclear 

proteins before adding the radiolabeled probe (lanes 3 and 9). Moreover, no competition 
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could be observed when mutated probes were used in the competition (lanes 4 and 10). 

Implication of TTF-1 in the complex formation was further confirmed when mutated probes 

were radiolabeled and incubated with nuclear extracts. In that case, no binding was visualized 

(lanes 6 and 12). The probe T238 did not produce any shift and the probes T213 and T242 

that contained a predicted TTF-1 site did not bind TTF-1 (not shown). 

 

Role of GATA factors in the regulation of Muc5b expression 

Besides TTF-1, GATA factors and especially GATA-6 are important factors in lung 

morphogenesis and are known to (i) regulate TTF-1 and (ii) synergize with TTF-1 to activate 

transcription of their target genes. Analysis of the sequence of the promoter of Muc5b showed 

that putative binding sites for GATA factors were present throughout the sequence (see Fig. 

1A), which is in favor of a possible role in the regulation of Muc5b. 

At the mRNA level, we observed an increase of Muc5b expression with GATA-5 (4 

fold) and GATA-6 (14 fold) once we had overexpressed those transcription factors in CMT-

93 cells (Fig. 4A). There was no effect visualized with GATA-4. To localize the GATA 

responsive elements we then performed co-transfection experiments both in the CMT-93 (Fig. 

4B) and NCI-H292 (Fig. 4C) cell lines. Overexpression of GATA-5 in CMT-93 cells induced 

a strong activation of the three constructs of the Muc5b promoter (4-, 4- and 6-fold activation 

on -478/-1, -717/-1 and -1195/-1 constructs, respectively, p<0.05). Overexpression of GATA-

4 and GATA-6 in these cells also induced transactivation of -717/-1 and -478/-1 Muc5b 

promoter constructs, respectively (2-4 fold activation, p<0.05) (Fig. 4B). In lung NCI-H292 

cells, the profile was slightly different in that the strong transactivating effect of the three 

GATA factors on the -717/-1 region went down with the -1195/-1 deletion construct (Fig. 

4C). This suggests that some inhibitory factors binding to the -1195/-718 region of the 

promoter may interfere with GATA function in these cells. 
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GATA cis-elements within the promoter of Muc5b were then identified by performing 

EMSA experiments with DNA probes containing GATA putative binding sites located at -

411/-408 (T242), -454/-449 (T254) and -1143/-1140 (T84), respectively. As shown in Fig. 

4D, incubation of these three probes with nuclear proteins from CMT-93 cells produced one 

specific shifted complex (GATA) (lanes 2, 9 and 15, respectively). Specificity was confirmed 

by complete inhibition of the complex formation when unlabelled competition was performed 

with a 50x excess of the cold probe (lanes 3, 10 and 16). GATA-4 and GATA-6 were both 

able to bind the GATA element present in T254 and T84 probes since a supershift was 

visualized upon addition of a GATA-4 (lanes 11 and 17) or GATA-6 (lanes 13 and 19) 

antibody in the mixture. GATA-4 is involved in the complex formation with the T242 probe 

since a supershift was observed upon addition of the anti-GATA-4 antibody in the reaction 

mixture (lane 5). No supershift was seen when anti-GATA-5 antibody was used (lanes 6, 12 

and 18). However, we can not conclude that this factor does not bind to these sites since it 

also did not induce a supershift when a commercial consensus GATA probe was used (not 

shown). ChIP assay was carried out on -503/-261 region of Muc5b promoter containing 

notably T242 (-411/-408) and T254 (-454/-449) binding sites. Binding of GATA-4, GATA-5 

and GATA-6 to the Muc5b promoter was observed in CMT-93 cells (Fig. 4E). Specificity of 

the binding was confirmed by complete absence of PCR amplification using IgGs. 

In order to show a possible synergistic mechanism of regulation between TTF-1 and 

GATA-6, co-transfections with those two factors were carried out in CMT-93 cells with the  

-478/-1, -717/-1 and -1195/-1 Muc5b promoter constructs (Fig. 4E). As previously shown, 

overexpression of GATA-6 transactivated the three deletion mutants, whereas overexpression 

of TTF-1 strongly repressed the transcriptional activity of the three constructs. When co-

transfected together, TTF-1 inhibited the transactivating effect of GATA-6, which led to a 
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loss of the transactivation of the Muc5b promoter. The same result was obtained in NCI-H292 

cells (not shown). 

 

Expression of MUC5B, TTF-1 and GATA-6 in well-differentiated mucus-secreting lung 

adenocarcinomas 

Immunohistochemical analyses revealed that in well-differentiated mucus-secreting 

lung adenocarcinomas, MUC5B expression was intense and cytoplasmic (Fig. 5A), whereas 

there was no expression of TTF-1 in MUC5B-positive cells (Fig. 5B). In a papillary 

adenocarcinoma, MUC5B was not detected (Fig. 5D). On the contrary, TTF-1 was expressed 

in the nucleus of all these papillary adenocarcinomatous cells (Fig. 5E). In a non-mucinous 

type of bronchioloalveolar carcinoma, TTF-1 was expressed in the majority of the 

carcinomatous cells (Fig. 5H). In contrast, these TTF-1 positive cells did not express MUC5B 

(Fig. 5H, inset). Interestingly, in another region of the same bronchioloalveolar carcinoma, 

that was focally mucus-secreting, we found expression of MUC5B in a few mucus-secreting 

tumor cells (Fig. 5G). In these MUC5B-expressing cells, TTF-1 was not expressed (Fig. 5G, 

inset). Immunohistochemical studies on the same lung tumor tissues indicated that GATA-4 

was not expressed in these samples (not shown) whereas GATA-6 was consistently expressed 

in the cytoplasm of MUC5B-expressing cells (Fig. 5C, F and I). 
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Discussion 

Human MUC5B mucin gene is one of the main mucin genes expressed in the respiratory 

tract, in which it is mainly found in the mucous cells of the submucosal glands. Recently, we 

have characterized the human MUC5B promoter [29,34] and studied its expression both 

during lung development [8] and lung carcinogenesis [12]. From these studies it appears that 

the MUC5B promoter contains several putative binding sites for transcription factors playing 

critical roles in the formation, differentiation, and function of cells lining the respiratory tract 

such as TTF-1 and GATA factors [13]. Moreover, expression studies revealed a somewhat 

surprising early expression of MUC5B in the developing lung concomitant to mucous cell 

differentiation [8] and altered patterns of expression in lung adenocarcinomas [5,12,24].  

The regulation of MUC5B by these transcription factors is however unknown and 

development of murine models of lung diseases are necessary to gain insight into, and 

understand, the regulation of the murine homologue of MUC5B. In the present study, we have 

isolated and characterized the promoter of the murine Muc5b mucin gene in order to study its 

transcriptional regulation by TTF-1 and GATA transcription factors. This approach will 

provide necessary knowledge to study Muc5b regulation in murine models and more 

particularly its biological role in lung pathophysiology. 

Analysis of the promoter sequences of the murine Muc5b and the human MUC5B genes 

showed that they are highly similar over the first 170 nucleotides and more importantly that 

the TATA box is identical. This suggests that conserved regulatory mechanisms exist for 

these two genes throughout evolution and especially between mouse and human species. 

Furthermore, in this report we demonstrate that TTF-1, which plays an important role in 

lung morphogenesis, lung repair after injury, or during carcinogenesis [20,35,36] and is a 

strong repressor of Muc5b expression at the promoter level. These results corroborate with 

our data in human tissues from different subsets of lung carcinoma in which we have also 
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shown a converse expression of TTF-1 and MUC5B proteins ([24] and this report) and with 

another study that showed that mucinous parts of lung carcinomas expressing MUC5B are 

TTF-1 negative [24,37]. Altogether, these results identify, for the first time, Muc5b as a direct 

target gene of TTF-1, which most likely is responsible for the repression of MUC5B in certain 

types of lung adenocarcinomas. 

The main consequence of MUC5B repression by TTF-1 will be a modification in the 

composition of the respiratory mucus since most of the mucus secretion in the lung comes 

from mucous cells of the submucosal glands that secrete MUC5B [5,38]. The rheological 

properties of the mucus and its ability to maintain a normal defense line against bacterial 

infection, immune recognition of the cancer cell [1] or during development or repair [5] will 

then be greatly impaired. In future studies, it will be interesting to determine whether 

repression of MUC5B by TTF-1 represents a more general mechanism in lung diseases. 

The GATA family of transcription factors is composed of several factors [25]. In the 

lung it has been shown that GATA-4/-5/-6 are expressed in a restricted manner. These factors 

participate in epithelial cell differentiation during embryonic development and establishment 

of cell lineages derived from primitive intestine [39]. Previous work in our laboratory has 

allowed identification of GATA factors as activators of mucin gene expression [15,16], such 

as GATA-4 for Muc2 in intestinal cells [15], with obvious association between mucin 

activation by GATA factors and terminal differentiation of the specialized epithelial cell in 

which the mucin expression is activated. In this work, it appears that GATA-5 and GATA-6 

are also activators of Muc5b transcription. GATA-4 only had a moderate effect on the 

promoter activity. Previously, when we looked at GATA-4 expression in human lung tissues, 

we could not find any expression of GATA-4. This is in agreement with a recent report that 

showed that GATA-4 expression in lung carcinomas was repressed by hypermethylation of its 

promoter [40]. Thus GATA-4 does not appear to be a candidate for MUC5B regulation in the 
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lung. Moreover, we consistently found positive cytoplasmic staining of GATA-6 in MUC5B-

expressing cells in the same sections used for TTF-1. A positive correlation was found 

between GATA-6 and MUC5B expression in the same cells. However, despite the fact that 

GATA-6 is a strong inducer of Muc5b transcription, its localization in the cytoplasm of 

MUC5B-expressing lung carcinoma cells underscores its role as a major regulator of MUC5B 

expression in the types of lung carcinomas studied in this report. Alteration of GATA-6 

expression and aberrant cytoplasmic localization in ovarian cancer cells was recently 

proposed to contribute to dedifferentiation of the tumor cells seen in the process of adaptation 

to neoplastic progression [41]. 

Regulation of Muc5b expression by transcription factors expressed early during lung 

development, such as TTF-1 and GATA-6, may have a critical role both in normal and 

cancerous differentiation processes. From our data and others, the regulation of mucin genes 

by GATA factors seems to be more general and may affect the expression of other mucin 

genes, like MUC2, MUC3 and MUC4, since their promoters also contain cis-elements for 

these transcription factors [6,13,42,43]. Since GATA factors are expressed in endodermal 

tissues, we hypothesize that this mechanism of regulation will occur in tissues derived from 

endoderm and primitive gut including the lung but also the digestive tract as we have already 

shown for Muc2 expression by GATA-4 [15], MUC4 by GATA-4/-5/-6 [16] and MUC6 by 

GATA-5/-6 (I Van Seuningen, unpublished observations) in intestinal goblet cells. MUC4, 

encodes a membrane-bound mucin expressed as early as 6.5 weeks after gestation, by the 

primitive epithelial cells, and have the potential to differentiate in all the epithelial cell types 

of the conducting airways and alveolar epithelium. In the lung, we think that MUC4 may be a 

good candidate [8]. TTF-1 and GATA-6 are required for the formation and differentiation of 

distal epithelium [20,44,45]. In normal adult tissue, MUC4 is preferentially expressed by the 
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epithelium of the tracheobronchial tract and is probably downregulated in alveolar cells [10]. 

Future studies have to confirm this hypothesis. 

 

In conclusion, we have characterized the 5’-flanking region of the murine Muc5b 

mucin gene and showed that the proximal part is highly homologous to its human counterpart. 

We also showed that Muc5b is a direct target of and is transcriptionally regulated by the TTF-

1 (inhibitor) and GATA-6 (activator) transcription factors which are known to regulate cell 

fate during lung morphogenesis. Altogether, the characterization of these structural and 

functional features of the Muc5b mucin gene will allow studies in murine models 

(inflammatory or cancerous) to define the biological role of Muc5b in lung pathophysiology. 
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Material and methods 

 

Construction of Muc5b-pGL3 deletion mutants 

The murine Muc5b-pGL3 deletion mutants covering 1194 nucleotides upstream of the 

first ATG were constructed into pGL3 basic vector (Promega, Charbonnières-les-Bains, 

France) using a PCR-based method as previously described [29]. PCR reactions were carried 

out on Ali2 cosmid clone, previously used to isolate Muc5b 5’-flanking region [11]. Internal 

deletion mutants were generated by PCR using pairs of primers bearing specific restriction 

sites at their 5’ and 3’ ends (Table 1). PCR products were digested, gel-purified (QIAquick 

gel extraction kit, Qiagen, Courtaboeuf, France) and subcloned into the pGL3 Basic vector 

that had been previously cut with the same restriction enzymes. All clones were sequenced on 

both strands on an automatic LI-COR sequencer (ScienceTech, France) using infra-red 

labeled RV3 and GL2 primers (Promega). The promoter sequence was submitted to Genbank 

(accession number AY744445). Plasmids used for transfection studies were prepared using 

the Endofree plasmid Mega kit (Qiagen). 

 

Cell culture 

Murine rectal cancer cell line CMT-93 was a kind gift of Dr. D. Podolsky (Boston, 

USA). This cell line was cultured as previously described [15,32]. Human lung NCI-H292 

cell line was cultured as previously described [33]. 

 

RT-PCR 

Total RNAs from cultured cells were prepared using the QIAamp RNA blood mini-kit 

from Qiagen. Total RNA (1.5 µg) was used to prepare first strand cDNA (Advantage
TM

 RT-
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for-PCR kit, BD Biosciences Clontech, Montigny-le-Bretonneux, France). PCR was 

performed on 2 µl of cDNA using specific pairs of primers as previously described [14]. The 

annealing temperature was 58°C. Muc5b forward primer: 5’-

GAGGTCAACATCACCTTCTGC-3’, Muc5b reverse primer: 5’-

TCTCATGGTCAGTTGTGCAGG-3’. β-actin was used as an internal control, mouse β-actin 

forward primer: 5’-TCACGCCATCCTGCGTCTGGACT-3’, mouse β-actin reverse primer: 

5’-CCGGACTCATCGTACTCCT-3’. Muc5b [11] and β-actin PCR product sizes are 319 and 

582 basepairs (bp), respectively. 100 bp DNA ladder was purchased from Amersham 

Bioscience (Orsay, France). Densitometric analyses of PCR band for mMuc5b and β-actin 

were performed using gel analyst software (Clara Vision, Paris, France). 

 

Transfections 

Transfection and co-transfection experiments were performed using Effectene
®

 reagent 

(Qiagen) as previously described [34]. Total cell extracts were prepared after a 48h incubation 

at 37°C using 1X Reagent Lysis Buffer (Promega) as described in the manufacturer’s 

instruction manual. Luciferase activity (20 µl) was measured on a Turner Design 20/20 

luminometer (Promega). Total protein content in the extract (4 µl) was measured using the 

bicinchoninic acid method in 96-well plates as described in the manufacturer’s instruction 

manual (Perbio Sciences, Brebieres, France). Relative luciferase activity was expressed as 

fold activation of luciferase activity by each deletion mutant compared with that of empty 

pGL3 basic vector. In co-transfection experiments, 1 µg of the deletion mutant of interest was 

transfected with 0.25 µg of the expression plasmid encoding the transcription factor of 

interest. Results were expressed as fold activation of luciferase activity of the transcription 

factor of interest compared to the co-transfection performed in the presence of the 

corresponding empty control vector. Each plasmid was assayed in triplicate in three separate 
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experiments. To study the effect of transcription factor overexpression on endogenous Muc5b 

mRNA level, cells (0.5 x 10
6
) were transfected as before [15] with 4 µg of the expression 

vectors of interest and cultured for 48h before being lysed and processed for total RNA 

preparation and RT-PCR analysis. These experiments were performed in triplicate in three 

independent series. The Muc5b/β-actin ratio was calculated by densitometric analysis of the 

DNA bands on the agarose gel by using the GelAnalyst-GelSmart software (Clara Vision). 

 

Nuclear extract preparation 

Nuclear extracts from the CMT-93 and NCI-H292 cells, that express the different 

transcription factors of interest, were prepared as described by Van Seuningen et al. [46], and 

kept at -80°C until use. Protein content (2 µl of cell extracts) was measured using the 

bicinchoninic acid as described above. 

 

Oligonucleotides and DNA probes 

The sequences of the oligonucleotides used for electrophoretic mobility shift assays (EMSA) 

are indicated in table 2. They were synthesized by MWG-Biotech (Ebersberg, Germany). 

Putative binding sites were identified using MatInspector (www.genomatix.de) and Match 

and AliBaba 2.1 (www.gene-regulation.com) softwares. Consensus GATA probe was 

purchased from SantaCruz laboratories. Equimolar amounts of single-stranded 

oligonucleotides were annealed and radiolabeled using T4 polynucleotide kinase (Promega) 

and [γ32
P]-dATP. Radiolabeled probes were purified by chromatography on a Bio-Gel P-6 

column (Bio-Rad, Marnes-la-Coquette, France). The commercial GATA probe 5’-CAC TTG 

ATA ACA GAA AGT GAT AAC TCT-3’ was purchased from Santa Cruz Laboratory (sc-

2531). 
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Electrophoretic mobility shift assay 

EMSA were carried out as before [14]. Briefly, nuclear proteins (8 µg) were pre-

incubated for 20 min on ice in 20 µl binding buffer with 1 µg of poly dI-dC (Sigma-Aldrich, 

Saint-Quentin Fallavier, France) and 1 µg sonicated salmon sperm DNA. Radiolabeled DNA 

probe was added (60,000 c.p.m.) and the reaction was left for another 20 min on ice. For 

super-shift analyses, 1 µl of the antibody of interest (anti-GATA-4, anti-GATA-5, anti-

GATA-6, 0.2 mg/ml, SantaCruz Biotechnology, Tebu-Bio, Le Perray en Yvelines, France) 

was added to the proteins and left for 30 min at RT before adding the radiolabeled probe. 

Cold competition was performed by preincubating the nuclear proteins with a 50x excess of 

the unlabeled probe before adding the radioactive probe. Reactions were stopped by adding 2 

µl of loading buffer. The GATA consensus probe was purchased from Santa Cruz Laboratory 

(sc-2531). Samples were loaded onto a 4% non-denaturing polyacrylamide gel and 

electrophoresis conditions were as described in [29]. Gels were vacuum-dried and 

autoradiographed overnight at -80°C. 

 

Chromatin Immuno Precipitation (ChIP) 

The Chromatin Immuno Precipitation (ChIP) assay was carried out as previously 

described [47] using 4 mg of anti-GATA-4, anti-GATA-5 (R&D) and anti-GATA-6 (N18 

from Santa Cruz Biotechnology) antibodies or normal rabbit IgGs (Upstate, Millipore, St 

Quentin en Yvelines, France) with slight modifications. Immuno-precipitation was performed 

using Dynabeads® magnetic beads A and G (Invitrogen) with Dynabeads® rack (Invitrogen) 

following manufacturer’s protocol. For the PCR, primers were designed to selectively amplify 

a -503/-261 region of Muc5b promoter. Forward primer 5’-CAG ACC CTC AGA AGC TAC 

A-3’ and reverse primer 5’-CTA TGG GGT GGG TAT TTG-3’. PCR was carried out in a 30 
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µl volume containing 50 ng of DNA, 5U of AmpliTaq Gold (Applied Biosystems, 

Courtaboeuf, France), 0.5 mM of each primer, 2.5mM MgCl2 and 5% dimethylsulphoxide 

using the following protocol: 3 min at 95°C followed by ((95°C) 15 s, (55°C) 15 s, (72°C) 15 

s) for 34 cycles, and 72°C for 5 min. 242 bp PCR products were analysed on a 1.2 % (w/v) 

agarose gel containing ethidium bromide. 

 

Immunohistochemistry 

Immunohistochemical studies for TTF-1 and MUC5B expression in lung 

adenocarcinomas were performed as previously described [12]. TTF-1 monoclonal antibody 

was purchased from DAKO (Trappes, France). MUC5B monoclonal antibody was provided 

by Dr. D Swallow (MRC, London). The antibodies were used as followed : 1:2500 dilution of 

goat anti-GATA-4 (R&D) or goat anti-GATA-6 (R&D) in PBS containing 1 % (w/v) bovine 

serum albumin and 0.1% (v/v) Triton X-100. The sections were incubated for 1 h with 

biotinylated horse anti-goat IgG (diluted 1:2000, Vector Laboratories, Biovalley, Marne la 

Vallée, France). Sections were counterstained with haematoxylin, dehydrated and mounted. A 

positive control for GATA-4 and GATA-6 immunostainings on human small intestine was 

included in each set of experiments. 

 

Statistical analysis 

Statistical analyses were performed using Graphpad Prism 4.0 software. Data are 

presented as mean±s.d. Differences in the mean of samples were analysed using ANOVA test 

with selected comparison. P<0.05 was considered significant and indicated with an *. *** 

indicates p<0.001 
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Mariette, C and Van Seuningen, I (2007) Regulation of the human mucin MUC4 by 

taurodeoxycholic and taurochenodeoxycholic bile acids in oesophageal cancer cells is 

mediated by hepatocyte nuclear factor 1alpha, Biochem J 402, 81-91. 
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 Figure legends 

 

Figure 1: Sequence of the promoter of murine Muc5b mucin gene. (A): Muc5b promoter 

is flanked by a TATA box (double-underlined). The broken arrow indicates the position of the 

transcription start site designated +1. The first ATG is bold and italicized. Gray boxes indicate 

putative binding sites for transcription factors and boxed sequences indicate the sequences of 

oligonucleotides used in EMSA. Identified transcription factors by EMSA are in bold. (B): 

Alignment of the proximal part of mouse Muc5b and human MUC5B promoters. Conserved 

nucleotides are in gray and conserved TATA box is bold and boxed. 

 

Figure 2: Characterization of Muc5b promoter activity in CMT-93 and NCI-H292 

cancer cell lines by transient transfection. (A): Expression of Muc5b by RT-PCR in CMT-

93 cells. 2 and 10 µl of β-actin (lane 2) and Muc5b (lane 3) PCR products were respectively 

loaded on a 1.5% agarose gel containing ethidium bromide. 100 bp ladder (lane 1). (B): 

Schematic representation of the different deletion mutants used to study Muc5b promoter 

activity. Numbering refers to transcription initiation site designated as +1, (C): Luciferase 

activity diagram showing Muc5b promoter activity in CMT-93 (black bars) and in NCI-H292 

(gray bars) cells. 1 µg of each pGL3-Muc5b deletion mutant was transfected as described in 

the materials and methods section. Results are expressed as fold activation of luciferase 

activity of the deletion mutant of interest compared to the activity of empty pGL3 basic vector 

(white bar). Standard deviation represents the means of values obtained in triplicate in three 

separate experiments. 

 

Figure 3: Regulation of Muc5b promoter by TTF-1 transcription factor. Identification of 

TTF-1 cis-elements by EMSA. (A): Measurement of Muc5b mRNA level by RT-PCR in 
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CMT-93 cells transfected with either 4 µg of pCMV-TTF-1 (TTF-1) or 4 µg pCMV4 empty 

vector (Ref.). The diagram represents the calculated ratio of Muc5b/β-actin. Standard 

deviation represents the means of values obtained from three separate experiments. (B): Co-

transfection experiments in CMT-93 (black bars) and in NCI-H292 (gray bars) cells were 

performed in the presence of 1 µg of Muc5b pGL3-deletion mutants and 0.25 µg of pCMV-

TTF-1 expression vector. Ref. refers to the normalized luciferase activity of the pGL3-

deletion mutants of interest co-transfected with the empty expression vector pCMV4. 

Luciferase activity for each co-transfection is represented as fold activation compared to 

activity obtained with empty pCMV4 vector. Standard deviation represents the means of 

values obtained in triplicate in three separate experiments. (C): Identification of TTF-1 cis-

elements by EMSA. 8 µg of nuclear extracts from NCI-H292 cells were incubated with the 

radiolabeled DNA probes as indicated. Lanes 1-4, T211, TTF-1 sites at -358/-355 and -353/-

35; lanes 5-6, mutated T211; lanes 7-10, T212, TTF-1 sites at -709/-706 and -700/-697; lanes 

11-12, mutated T212. Radiolabeled probe alone (lanes 1, 5, 7, and 11). Incubation of T211, 

mut. T211, T212, or mut. T212, probes with NCI-H292 nuclear proteins (lanes 2, 6, 8, and 

12). Cold competition with 50x excess of cold T211 (lane 3), mutated cold T211 (lane 4), 

cold T212 (lane 9) or mutated cold T212 (lane 10) probes, respectively. DNA-protein 

complexes (TTF-1) are indicated by an arrow on both sides of the autoradiograms. The 

asterisk highlights the TTF-1 band decreased by T212 probe cold competition (lane 9). 

 

Figure 4: Regulation of Muc5b promoter by GATA-4/-5/-6 transcription factors. 

Identification of a GATA cis-element by EMSA. (A): Measurement of Muc5b mRNA level 

by RT-PCR in CMT-93 cells transfected with either 4 µg of pMT2-GATA-4 (GATA-4), 

pSG5-GATA-5 (GATA-5), pSG5-GATA-6 (GATA-6) or 4 µg of the corresponding empty 

vector (Ref.). The diagram represents the calculated ratio of Muc5b/β-actin. Standard 
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deviation represents the means of values obtained from three separate experiments. (B): Co-

transfection experiments in CMT-93 cells were performed in the presence of 1 µg of Muc5b 

pGL3-deletion mutants and 0.25 µg of pMT2-GATA-4 (white bars), pSG5-GATA-5 (black 

bars) or pSG5-GATA-6 (gray bars) expression vectors. Ref. refers to the normalized 

luciferase activity of the pGL3-deletion mutants of interest co-transfected with the 

corresponding empty vectors, respectively. Luciferase activity for each co-transfection is 

represented as fold activation compared to activity obtained with empty vector. Standard 

deviation represents the means of values obtained in triplicate in three separate experiments. 

Statistical analysis was performed using ANOVA test with selected comparisons. * indicates 

p<0.05. *** indicates p<0.001. (C): Co-transfection experiments in NCI-H292 cells were 

performed under the same conditions as in CMT-93 cells. (D): Identification of GATA cis-

elements by EMSA. 8 µg of nuclear extracts from CMT-93 cells were incubated with the 

T242 (GATA at –411/-408), T254 (GATA at –454/-449) and T84 (GATA at -1143/-1140) 

radiolabeled DNA probes. Radiolabeled probes alone (lanes 1, 8 and 14), incubation of T242, 

T254 and T84 probes with CMT-93 nuclear proteins (lanes 2, 9 and 15), cold competition 

with 50x excess of cold T242 (lane 3), mutated cold T242 (lane 4), cold T254 (lane 10), and 

cold T84 (lane 16), supershift analysis with anti-GATA-4 (lanes 5, 11 and 17), anti-GATA-5 

(lanes 6, 12 and 18), and anti-GATA-6 (lane 7, 13 and 19) antibodies, respectively. DNA-

protein complex (GATA) and supershift (ss GATA-4, ss GATA-6) are indicated by an arrow 

on both sides of the autoradiograms. (E) In vivo binding of GATA-4, -5, and -6 to chromatin 

by ChIP in CMT-93 cells. PCRs were carried out with specific pairs of primers covering 

GATA sites. PCR products (10 µl) were analyzed on 1.2 % (w/v) agarose gels. IgGs, negative 

control with rabbit IgGs. (F): Study of synergistic activity between TTF-1 and GATA-6 on 

Muc5b promoter. Co-transfection experiments were performed in CMT-93 cells in the 

presence of 1 µg of Muc5b pGL3-deletion mutants as indicated and 0.25 µg of pCMV-TTF-1, 
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0.25 µg of pSG5-GATA-6 or both. Results are expressed as fold activation of luciferase 

activity obtained in co-transfected with expression vector encoding the transcription factor of 

interest or both compared with cells transfected with corresponding empty vectors (Ref.). 

Standard deviation represents the means of values obtained in triplicate in three separate 

experiments. 

 

Figure 5: Expression of MUC5B, TTF-1 and GATA-6 in several types of human lung 

adenocarcinomas. Immunohistochemistry was performed as described in the materials and 

methods. Well-differentiated lung adenocarcinoma stained strongly for MUC5B (A), not for 

TTF-1 (B) and stained for GATA-6 (C), x100 magnification. Papillary lung adenocarcinoma 

stained for MUC5B (D), TTF-1 (E) and GATA-6 (F), x200 magnification. Focal mucinous 

area of a non mucinous bronchioalveolar carcinoma stained for MUC5B (G) and not for TTF-

1 (inset), x400 magnification. (H): Same tumor as in (G), non mucinous bronchioalveolar 

carcinoma stained for TTF-1 and not for MUC5B (inset) and stained for GATA-6 (I), x200 

magnification. 
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Position in 

the promoter 

Oligonucleotide sequences (5’         3’) 
Orientation 

Muc5b   

CGC GAG CTC CAC ATA GAC TTT TCC CTT S 
-1195/-1 

CGC ACG CGT GGC ACA GTG ATG TAA ATC AS 

CGC GAG CTC CCA GGG CCC TTG AGA C S 
-717/-1 

CGC ACG CGT GGC ACA GTG ATG TAA ATC AS 

CGC GAG CTC CAG GGA CCC TGC CAG S 
-478/-1 

CGC ACG CGT GGC ACA GTG ATG TAA ATC AS 

CGC GAG CTC TTG CTC CCT GGG GGC CTG S 
-169/-1 

CGC ACG CGT GGC ACA GTG ATG TAA ATC AS 

CGC GAG CTC CCA GGG CCC TTG AGA C S 
-717/+47 

CGC ACG CGT CCT GGG GGC AGT ACA AS 

CGC GAG CTC CAG GGA CCC TGC CAG S 
-478/+47 

CGC ACG CGT CCT GGG GGC AGT ACA AS 

 

Table 1: Sequences of the pairs of oligonucleotides used in PCR to produce deletion mutants 

covering murine Muc5b promoter. SacI (GAGCTC) and MluI (ACGCGT) sites (bold and 

italicized) are added at the end of the primers to direct subcloning into pGL3 basic vector. S: 

sense, AS: antisense. 
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Probe Putative binding site Sequence (5'           3') 

 Muc5b  

T213 TTF-1 (-112/-109) CTGCCATGGCCCCTCCCCAAGAGCAAA 

T211 TTF-1 (-358/-355; -353/-350) CGGCAAACACAAGCCAAGGTTGTTGTC 

T240 Mutated T211 CGGCAAACAGTATCGTATGTTGTTGTC 

T212 TTF-1 (-709/-706; -700/-697) TCCAGGGCCCTTGAGACCCTTGGTCATTTC 

T241 Mutated T212 TCCAGGGCCAGTAAGACCAGTAGTCATTTC 

T238 TTF-1 (-325/-322) CCCCTGATCCTTGTAGTGTCTAGT 

T84 GATA (-1143/-1140) TCTCAGAAAGATAAGGATGGGGGC 

T242 TTF-1/GATA (-417/-414; -411/-408) TCACAGCCTTGTTGATACTTTGGGGAC 

T239 Mutated T242 TCACAGCCTTGTTCTTACTTTGGGGAC 

T254 GATA (-454/-449) GCCCATGACCATCTGGAGCATAAT 

consensus 

GATA 

GATA CAC TTG ATA ACA GAA AGT GAT AAC TCT  

 

Table 2: Sequences of the sense oligonucleotides used for EMSAs. Antisense 

oligonucleotides were also synthesized and annealed to the sense oligonucleotides to produce 

double-stranded DNA. Positions of the putative binding sites are italicized and underlined. 

Mutated bases are bold and underlined. 
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-1210 A G T T T A C A G A C T T T T C A C A T A G A C T T T T C C C T T T C C T G T T C C A T C T C T A G G A A T T T A G T C

GATA-4
-1150 T C A G A A A G A T A A G G A T G G G G G C A G A C A G G G A G G G G T T T T C G T G A T A C C A A A G T C A C C T G A

-1090 A C A C T G T G C C A C T C C C T G A C A T G G C C A A C C C C T A G G A A C T T T C A G G G G T G G T C A G A T C T G

-1030 G T G T C C A T T C C T G G T G G C T A T A A C A G A A G G A A T G T G A C T G T A T T C T G T A T G T A T C T A A C A

-970 G G G A A G A G A A A C T T A G A C G T G T G C A C C C T G C T C T T T G T G G C A G T G T A G A A A C G G C G T T G G

-910 T G G A T A T G T T C A T G G T T C A G G A A A T G G C T C C C C A G A A C C C T C A G G A A A C C C A A C C A A C A C

-850 A A T T A A G A G A G C T G A G C C C C C G G G A C T C C C A T T T C A G G A T G G A C A G T G G G T C A G G A G A C T

-790 C C C G G T T A T G C C C T T G C C C C A C T G T C C C G C A G T T T G G G G T T T A C A A G T T C C A G A G C T G A G

TTF-1 TTF-1
-730 G C C T G A G G T A G G T C C A G G G C C C T T G A G A C C C T T G G T C A T T T C C T T T G T C A A G G C C C A G G G

-670 T T A A T A A G C T G A C C C T G G G A A G A G G T G G A G T C C A A C T A G A G A A G C T C A T G G C C T G C C T T G

-610 G C C A A A A C C A G T A C T G G G C C T C A T T T T C T C C A T G T G C G T G A G C T C T A C A G C A G A C A G G A G

-550 C C C A G A G A C T C A T C C T T T C T C A G A T T C T G T G A G G G T T C C C C T T C T C C A C A G A C C C T C A G A

GATA-4/-6
-490 A G C T A C A C A G A A C A G G G A C C C T G C C A G G C C C A T G A C C A T C T G G A G C A T A A T T T C C T G A G C

TTF-1 GATA-4
-430 C C A C C C T C A C A G C C T T G T T G A T A C T T T G G G G A C C C A G T G C C T A G C A C C T G G G G T C A G C T T

TTF-1 TTF-1 TTF-1
-370 C C C C G G C A A A C A C A A G C C A A G G T T G T T G T C C C T T T G C C C C T G A T C C T T G T A G T G T C T A G T

Sp1
-310 C T C C T A G A G G A G C T G A C A C A G G G C C G C C T G G C C A A A T A C C C A C C C C A T A G G C C C A G G G C T

-250 T C G A A T C C A G A G T A G T C A T C T C C C T A C C C T G T C C A C T C C C T C C C A G T T C T C A G A A G C C A C

-190 A A G G G G T G G G A G C A C T C T G G T G G C A C A G T G A T G T A A A T C C T T C C T T C T C C A T G G C C T C T T

TTF1
-130 C C T G C C A T G G C C C C T C C C C A A G A G C A A A C A C A C G T G G C T G T G C A G G G A G T A G A C C G T G C C

-70 T T A C A T G G C C A G G G A A C T G G G C T C T G G G C C A A A G C C T T T G G C T A C A T A A G T C C A G G C C C C

-10 C A G G G A G C A A G T G C C T T G T C T C A G T C C C T C C T G C C T G C C C T C T G T A C T G C C C C C A G G A T G

Muc5b G G C A C A G T G A T G T A A A T C C T T C C T T C T C C A T G G C C T C T T C C T G C C A T G G C C C C T C C C C A A
-110

MUC5B G G C A C A G A G C T G C A A A T C C T T C C T G A T C C A G G C C T C T C C C C T G C C A C A G C C C C T C C C C G A

Muc5b G A G C A A A C A C A C G T G G C T G T G C A G G G A G T A G A C C G T G C C T T A C A T G G C C A G G G A A C T G G G
-50

MUC5B G A G C A A A C A C A C G T G G C T G A G A G C G G G G A A G A G C A C G G T G C C C T G C G T G G C C T G G C C T G G

Muc5b C T C T G G G C C A A A G C C T T T G G C T A C A T A A
-22

MUC5B C T T G G G G C C A A G G C T C C C T G C T A C A T A A

+1

Figure 1 : Jonckheere et al.
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