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Summary
In this study we show that GATA-6 is a novel repressor of TN-C gene expression. We demonstrated
that overexpression of GATA-6 in fibroblasts inhibited basal levels, as well as markedly decreased
IL-4- and TGF-β-induced TN-C mRNA and protein levels. A GATA-6 response element was mapped
to position −467~ −460 of the TN-C promoter. In addition, we showed that GATA-6 binds this site
both in vitro and in vivo.
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1. Introduction
TN-C is a modular extracellular matrix glycoprotein composed of a series of epidermal growth
factor-like repeats, fibronectin type III-like repeats and a C-terminal fibrinogen-like globular
domain [1]. TN-C is highly expressed during development in organogenesis and at sites of
epithelial-mesenchymal transition [2]. In the adult, TN-C expression is less abundant, but is
induced during wound healing and in pathological conditions such as tumorigenesis, vascular
hypertension and myocardial infarction [3–6]. TN-C is an important regulator of cell adhesion,
migration and proliferation during tumorgenesis and vascular remodeling. In cell culture, TN-
C interferes with integrin-dependent spreading of most cell types by binding to fibronectin and
preventing its interaction with syndecan-4 [7]. Syndecan-4, a transmembrane heparan sulfate
proteoglycan, works in synergy with integrin α5β1 to activate Rho signaling and subsequently,
actin stress fiber assembly and cell spreading on fibronectin [8]. Disruption of syndecan-4
signaling in cancer cells stimulates a migratory behavior and proliferation [9,10]. TN-C also
plays a critical role in the vascular remodeling during pulmonary arterial hypertension (PAH)
by promoting proliferation and survival of vascular smooth muscle cell (VSMC) via its ability
to cross-modulate the activity of EGF and FGF-2 receptors [11]. Given the importance of TN-
C during the development and progression of tumorigenesis and vascular disease, identification
of factors that regulate TN-C expression is important in understanding the site-specific and
transient nature of its expression during these pathological conditions.

The GATA family of transcription factors is an evolutionary conserved family of DNA-binding
proteins that contain two tandem zinc fingers that interact with other transcriptional regulators
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and bind to the canonical DNA motif (G/A)GATA(A/T) [12]. Six family members have been
identified in vertebrates and based on their sequence homology and expression patterns are
divided into two subfamilies: GATA-1, -2, and -3, which are involved mainly in the
development of hematopoietic cells and GATA-4, -5 and -6, which function in the development
of mesoderm- and endoderm-derived organs such as the heart and gastrointestinal tract,
respectively [13]. Human GATA-6 is expressed in a wide array of adult tissues including heart,
lung, liver, kidney, pancreas, spleen, ovary and small intestine, where it is believed to maintain
the differentiated phenotypes of cells within these tissues [12,14]. Loss of GATA-6 in ovarian
carcinomas leads to a loss of epithelial-specific markers like laminin and Disabled-2 (Dab2)
[15]. It has been suggested that GATA-6 is a regulator of the cell cycle in vascular myocytes
and embryonic fibroblasts [14,16,17]. In VSMCs, GATA-6 mRNA is downregulated after
mitogenic stimulation and forced expression of GATA-6 inhibits cell proliferation [18].
GATA-6 has also been shown to be downregulated in balloon-injured rat carotid arteries and
when restoration of GATA-6 levels was performed with transduction of a GATA-6-encoding
adenovirus, vessels exhibited a higher degree of VSMC differentiation and a reduced level of
intimal hyperplasia [18]. Furthermore, GATA-6 has been shown to regulate genes involved in
cell-cell and cell-matrix interactions associated with synthetic VSMC function, such as the
response to vascular injury [19]. Therefore, GATA-6 may be one of the key regulators of the
VSMC phenotype during proliferative vascular diseases like PAH and atherosclerosis.

Because TN-C and GATA-6 have been shown to be key players in both cancer and vascular
remodeling, and the human TN-C promoter contains seven putative GATA binding sites, we
decided to investigate whether GATA-6 can regulate TN-C gene expression. In this study, we
demonstrate that GATA-6 is a functional repressor of TN-C transcription and binds to at least
one GATA site within the TN-C promoter in vivo.

2. Materials and Methods
2.1 Cells

Human foreskin fibroblast cultures were obtained from foreskins of healthy newborns and
propagated as previously described [20]. 293T cells were purchased from ATCC (Manassas,
VA, USA) and grown in the same conditions.

2.2 Adenovirus and Immunoblotting
Gata-6 adenovirus (Ad-CMV-GATA-6) was purchased from Vector biolabs. Cell extracts were
prepared in radioimmune precipitation buffer and subjected to sodium dodecyl sulfate
acrylamide gel electrophoresis (SDS-PAGE). Nitrocellulose membranes were blocked with
either 0.1% BSA or 1% nonfat dry milk in Tween/Tris-buffered saline for TN-C and GATA-6,
respectively and then probed overnight with anti-TN-C (kindly provided by Dr. Stan Hoffman)
or anti-GATA-6 (Santa Cruz) at 4°C. The blots were incubated for one hour with the
appropriate horseradish peroxidase coupled-secondary antibodies (1:3000) and developed
using the Chemiluminescent detection kit (Pierce). Band intensities were determined by
densitometric analysis.

2.3 Plasmids, Transient transfections and chloramphenicol acetyltransferase assays
A series of 5′ deletions of the TN-C promoter linked to the chloramphenicol acetyltransferase
reporter gene were generated as previously described (Shirasaki et al., 1999). The site-specific
mutation of the −516 TNC-CAT deletion construct was generated using the Site-directed
mutagenesis kit (Stratagene). Briefly, the GATA site was mutated from TTATCT to TTACTT
using the following 5′ oligo: GCTTTTGAAGGGCTTTACTTCCTCTTTCCAGGAACTGG.
pcDNA3.GATA-6 was a gift from Dr. Mike Xu (Fox Chase Cancer Center).
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Human foreskin fibroblasts were transfected using Fugene6 (Roche Applied Bioscience) with
2 μg of various TNC-promoter-CAT constructs and 0.5 μg of pCDNA3.GATA-6. PSV-β-
galactosidase control vector (Promega) was co-transfected to normalize transfection
efficiencies. CAT assays were performed at least three times, as previously described [21]. The
T-test was used to determine statistical significance.

2.4 Quantitative Reverse Transcription-PCR
Real time PCR was performed as previously described [20]. TN-C primer sequences used were:
forward 5′-TTTCTGACATAACTCCCGAGAGC-3′ and reverse 5′-
AGATATGGGCAGTTCGTTCAGC-3′.

2.5 DNA affinity precipitation assay (DAPA)
DAPA was performed as previously described [21] using RIPA extracts from 293T cells
transfected with 2 μg of pCDNA3.GATA-6. Four oligonucleotides labeled with biotin on the
5′end of the sense strand were used in this assay. The following biotin-labeled oligonucleotides
were used: (1) 3XGATA oligo, 5′-
TCGAGAGCAGATAACAAGGAGCAGATAACAAGGAGCAGATAACACTCGAG, a
trimer of the GATA consensus binding site; (2) 3XGATA-M oligo, 5′-
TCGAGAGCAGTAAACAAGGAGCAGTAAACAAGGAGCAGTAAACACTCGAG, the
trimer of the GATA consensus binding site with the core GATA site mutated; (3) TN-C oligo,
5′-AACCCCCCAGGCTTTTGAAGGGCTTTATCTCCTCTTTCCAGGAACT
GGGCTCAGTCCC, which contains positions −491 to −434bp of the human TN-C promoter;
(4) TN-C-M oligo, 5′-AACCCCCCAGGCTTTTGAAGGGCTTTACTTCC
TCTTTCCAGGAACTGGGCTCAGTCCC, which has a mutated GATA motif in the TN-C
oligo. Protein-DNA-streptavidin-agarose complexes were washed and subjected to SDS-
PAGE. GATA-6 was detected with the anti-GATA-6 antibody (1:500).

2.6 Chromatin Immunoprecipitation
ChIP was performed as previously described [20]. A 170-base pair region (−507 to −338) of
the human TN-C promoter, which contains a putative GATA site, was amplified using the
following primers: Forward, 5′ GCCCAGAGAAACCTGAAA CC 3′; Reverse, 5′
TGGCTCCCCTCTTGTACTTG 3′. Band intensities were determined by densitometric
analysis.

3. Results
3.1 GATA-6 is a negative regulator of TN-C gene expression

To investigate the potential role of GATA-6 in TN-C gene regulation, fibroblasts were
transduced with a GATA-6 adenovirus. As shown in Figure 1a, overexpression of GATA-6
decreased the levels of TN-C protein in a dose-dependent manner. Previous reports have shown
that interleukin-4 (IL-4) and transforming growth factor-β (TGF-β) are inducers of TN-C gene
expression [22, 23]. Therefore, we investigated whether GATA-6 can modulate the induction
of TN-C by IL-4 and TGF-β. From the dose-response experiment (Figure 1a), we selected the
10 MOI condition and demonstrated that at this concentration GATA-6 was able to again inhibit
basal levels, as well as markedly reduce IL-4 and TGF-β-induced levels of TN-C gene
expression (Figure 1b). In addition to the protein levels, the mRNA levels of TN-C were
measured by quantitative RT-PCR (Figure 1c). GATA-6 overexpression significantly lowered
mRNA basal levels of TN-C (35%), IL-4-induced levels (36%), and TGF-β-induced levels
(25%). These data suggest that GATA-6 may be a negative regulator of the TN-C gene.
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3.2 TN-C promoter is negatively regulated by GATA-6
Examination of the TN-C promoter (−2271~ +75bp) revealed that it contains seven potential
GATA cis-acting elements (Figure 2a). To narrow our focus of potential binding sites, a series
of 5′-deletions of the TN-C promoter linked to the chloramphenicol acetyltransferase reporter
gene were cotransfected with a GATA-6 expression plasmid. In the presence of GATA-6, the
basal promoter activity of the base pair (bp) −2100~ +75 construct, which contains five putative
GATA sites was reduced by 60% (Figure 2b). GATA-6 had even a more significant repressive
effect on the −1300~ +75 bp (87%) and −516~ +75 bp (77%) constructs, which contain three
and one putative GATA site, respectively. To determine if GATA-6 is mediating its repressive
effects via the putative GATA site located at −467 within the −516~ +75 bp contruct, we
mutated the GATA core consensus sequence. Mutation of the GATA site completely abrogated
the inhibitory effect of GATA-6 on the TN-C −516~ +75 bp promoter. These data further
support the evidence that GATA-6 is a negative regulator of TN-C gene expression and reveal
that the TN-C promoter contains at least one functional GATA-6 response element.

3.3 GATA-6 binds the TN-C promoter in vitro and in vivo
Although it is known that GATA factors bind the consensus GATA motif (A/T)GATA(A/G),
a detailed study involving polymerase chain reaction site selection with GATA-6 protein
demonstrated an order of binding site preference to be GATA>GATT>GATC and that adenines
on both sides of the core confer strong binding (AGAT(A/T)A) [24]. The putative GATA site
within the −516~ +75 promoter region therefore, contains a potentially high affinity GATA-6
binding site (AGATAA). To determine if GATA-6 directly binds to the TN-C promoter, we
employed the DNA affinity precipitation assay, using a TN-C oligo containing the AGATAA
sequences positioned at −467~ −460 on the TN-C promoter (Figure 3a). As a positive control
we used the 3XGATA oligo, which is a trimer of the consensus GATA motif and as a negative
control we also used the 3XGATA-M oligo in which the GATA motifs of the 3XGATA oligo
were mutated as follows: AGATAA was changed to AGTAAA. An additional control we used
was the TN-C-M oligo in which the GATA motif of the TN-C oligo was mutated from
AGATAA to AAGTAA. The results showed that GATA-6 strongly bound to the 3XGATA
oligo and the TN-C oligo, whereas the 3XGATA-M and TN-C-M oligo were not able to bind
GATA-6 with the same high affinity (Figure 3b). This in vitro study demonstrates that GATA-6
binds the AGATAA sequences of the TN-C promoter (position −467~ −460).

To further strengthen the hypothesis that GATA-6 binds to the endogenous TN-C promoter in
vivo, we utilized chromatin immunoprecipitation (ChIP) assays. First we overexpressed
GATA-6 in foreskin fibroblasts, immunoprecipitated with a GATA-6 antibody and analyzed
enrichment of the TN-C promoter (position −467~ −460) by PCR (Figure 3c, top panel). Our
results indicated that GATA-6, when overexpressed, occupied the TN-C promoter. Next, to
examine whether basal levels of GATA-6 occupy the TN-C promoter, we carried out the ChIP
assay with an increased amount of input DNA (Figure 3c, bottom panel). The results showed
that endogenous GATA-6 is binding the TN-C promoter in vivo.

4. Discussion
In this study we show for the first time that GATA-6 is a repressor of TN-C gene expression.
We demonstrated that forced expression of GATA-6 in dermal fibroblasts inhibited basal
levels, as well as markedly decreased IL-4- and TGF-β-induced TN-C mRNA and protein
levels. Serial 5′ deletions and the transient transfection analysis mapped a putative GATA-6
response element. The GATA-6 response element, located at −467 within the −516~ +75 bp
construct, was verified by mutational analysis. In addition, using both DNA affinity
precipitation assay and ChIP, we showed that GATA-6 binds this site both in vitro and in vivo.
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These findings demonstrate the existence of a novel GATA-6 response element in the TN-C
promoter.

TN-C can be induced by a variety of cytokines and growth factors, as well as integrins and
mechanical forces [1,9]. Signaling pathways that lead to activation of various transcription
factors, including TCF/LEF, NfκB and c-Jun, Ets and Sp1 and Prx-1, have been shown to
induce the human TN-C promoter [21,25–27]. While many activators of TN-C gene expression
have been identified, very few repressors have been studied. The homeodomain protein, OTX2
was shown to bind with high affinity to the human TN-C promoter and repress its activity in
transfected cells [28]. Interestingly, OTX2 binds the promoter within a cluster of regulatory
elements found at −530, which is in close proximity of the validated −467 GATA site and only
six base pairs away from another putative GATA site. It will be of interest to examine whether
these two proteins act together as part of a repressor complex. It has been well documented
that GATA factors interact with homedomain proteins. For example, GATA-4 has been shown
to interact with Nkx2.5 in the heart to regulate expression of the atrial natriuretic factor and
cardian α-actin promoter [29,30].

GATA-6 has been shown to regulate a set of gene programs associated with the synthetic
functions of VSMCs [19]. Transcriptional targets include genes involved in cell-cell signaling
and cell-matrix interactions, such as vascular cell adhesion molecule-1 (VCAM1), angiotensin
type1a (AT1a) receptor, and endothelin-1, as well as vascular extracellular matrix (ECM)
components, such as matrillin precursor and nidogen.

Another GATA family member, GATA-4, has been shown to be a negative regulator of the
ECM protein, α2(I) collagen (COL1A2) in murine fibroblasts [31,32]. Overexpression of
GATA-4 in NIH-3T3 fibroblasts resulted in downregulation of a −2.3kb promoter/reporter
gene construct, as well as endogenous COL1A2 mRNA levels. In addition, Electrophoretic
mobility shift assay (EMSA) studies demonstrated that GATA-4 from NIH-3T3 cells binds to
a DNase I hypersensitive (HS) site located 2.3 kb from the transcriptional start site. Further
support for the role of GATA-4 as a repressor of collagen gene expression was shown in mouse
transgenic studies, where inhibition of the transgene requires the nuclear protein-binding sites
within the intronic HS, including the GATA binding sites.

Interestingly, we found that in human dermal fibroblasts, GATA-6 was the only GATA factor
detectable by microarray analysis, as well as qRT-PCR. While GATA-6 has not been
previously studied in human fibroblasts, published reports show that both stromal cells in
ovarian tissue and mesenchymal cells in embryonic day 17.5 mouse lung are positive for
GATA-6 by immunostaining [15,33]. In addition, we found that fibroblasts in both adult human
skin and lung are also immunoreactive for GATA-6 (Ghatnekar & Trojanowska, unpublished
data). Furthermore, we observed that GATA-6 overexpression significantly lowered basal
mRNA levels of COL1A2 by 50% in human dermal fibroblasts (data not shown). Thus, in
human and mouse fibroblasts, distinct GATA factors may play similar roles in regulating
matrix-related genes. GATA factors are known to regulate tissue-specific gene expression
across diverse cell types via unique interactions with other semi-restricted transcriptional
factors or cofactors. A potential cofactor for GATA-6 is Fli-1, a known transcriptional repressor
collagen gene expression in dermal fibroblasts, which has also been shown to physically
interact with GATA factors in megakaryocytes [34,35]. Therefore, the regulation of
transcriptional repressors and their possible combinatorial interactions may play an important
role in regulation of ECM remodeling in physiological and pathological conditions.
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Abbreviations
TN-C  

Tenascin-C

CAT  
chloramphenicol acetyltransferase

ChIP  
Chromatin Immunoprecipitation

IL-4  
Interleukin-4

TGF-β  
Transforming growth factor-β

ECM  
extracellular matrix

COL1A2  
α2(I) collagen
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Figure 1.
GATA-6 negatively regulates TN-C gene expression. (a) Cell lysates from fibroblasts
transduced with 5, 10, and 20 MOI of Ad-GATA-6 or 20 MOI of Ad-LacZ (control) for 48
hours were subjected to immunoblot analysis with antibodies against TN-C and GATA-6. (b)
Fibroblasts were transduced with 10 MOI of Ad-GATA-6 or control virus for 24 hours, then
treated with IL-4 (10 ng/ml) or TGF-β (2.5 ng/ml) for 24 hours. Samples were assayed by
immunoblot analysis with antibodies against TN-C and GATA-6 or (c) quantitative RT-PCR
to determine TN-C mRNA levels. One representative Western blot of four independent
experiments is shown. Band intensities were quantitated by densitometric analysis and are
shown relative to the level of untreated fibroblasts transduced with control virus. * P < 0.01.
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Figure 2.
The TN-C promoter contains at least one functional GATA-6 response element. (a) The TN-
C promoter contains seven putative GATA-binding sites. (b) Fibroblasts were cotransfected
with 2 μg of the indicated TN-C promoter deletion constructs and 0.5 μg of GATA-6 expression
vector. CAT assays were performed as described in “Materials and Methods”. Note: The −516-
M deletion construct contains a mutation in the putative GATA site (TTATCT to TTACTT).
* P < 0.05, ** P < 0.01.
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Figure 3.
GATA-6 binds position −467~ −460 of the TN-C promoter in vitro and in vivo. (a) The TN-
C promoter contains a consensus GATA binding element at position −467~ −460. (b) Cell
lysates from 293T cells transfected with pcDNA3.GATA6 were incubated with biotin-labeled
oligonucleotides as described in “Materials and Methods”. Protein-DNA complexes were
isolated using streptavidin-agarose beads, and GATA-6 was detected by immunoblotting. (c)
Fibroblasts were transduced with 10 MOI of Ad-GATA-6, immunoprecipitated with GATA-6
antibody and analyzed for enrichment by PCR (Overexpression). ChIP was also carried out
with increased amounts of “Input” DNA from untransduced cells (Endogenous).
Representative data of two independent experiments are shown for endogenous GATA-6 with
quantitative representation obtained by densitometric analysis.
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