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Abstract
Latent TGFβ-binding protein 1 (LTBP-1) is a key regulator of TGFβ targeting and activation in the
extracellular matrix. LTBP-1 is recognized as a major docking molecule to localize, and possibly to
activate, TGFβ in the extracellular matrix. Despite this relevant function, the molecular mechanisms
regulating Ltbp-1 transcription remain largely unknown. Previous results from our laboratory
revealed that mouse embryonic fibroblasts (MEF) lacking dioxin receptor (AhR) had increased
Ltbp-1 mRNA expression and elevated TGFβ activity, suggesting that AhR repressed Ltbp-1
transcription. Here, we have cloned the mouse Ltbp-1 gene promoter and analysed its mechanism of
transcriptional repression by AhR. Reporter gene assays, AhR over-expression and site-directed
mutagenesis showed that basal Ltbp-1 transcription is AhR-dependent. Chromatin
immunoprecipitation (ChIP) and RNA interference (RNAi) revealed that AhR regulates Ltbp-1
transcription by a mechanism involving recruitment of co-activators such as CREB1 and co-
repressors such as HDAC2 to the Ltbp-1 promoter. In AhR-expressing (AhR+/+) MEF cells, the
recruitment of HDAC1, 2 and 4 correlated with decreased K8H4 acetylation and impaired binding
of pCREBSer133 to the Ltbp-1 promoter, likely maintaining a constitutive repressed state. AhR−/−
MEF cells had the opposite pattern of HDACs and pCREB1Ser133 binding to Ltbp-1 promoter, and
therefore, over-expressed Ltbp-1 mRNA. In agreement, siRNA for HDAC2 increased Ltbp-1
expression and K8H4 acetylation in AhR+/+ but not in AhR−/− MEF cells. We suggest that HDAC2
binding keeps Ltbp-1 promoter repressed in AhR+/+ MEF cells, whereas in AhR-null MEF cells the
absence of HDAC2 and the binding of pCREBSer133 allow Ltbp-1 transcription. Thus, epigenetics
can contribute to constitutive Ltbp-1 repression by a mechanism requiring AhR activity.
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Introduction
Transforming growth factor-βs (TGFβ) are dimeric, multifunctional cytokines, having a
relevant role in cell homeostasis. They function by signalling through membrane-bound serine/
threonine kinase coupled receptors.1 TGFβ is secreted from producing cells in a latent form
that must be activated before the soluble molecule becomes competent for receptor binding2.
Because altering TGFβ activity in the extracellular matrix (ECM) appears strongly associated
to inheritable disorders and to human diseases such as cancer,3,4 a great effort is ongoing to
understand its synthesis, association to latency proteins, secretion, localization and activation
in the ECM. The initial step in the control of TGFβ activity occurs before secretion and involves
the formation of a latent complex with the propeptide LAP. In most cells, however, the LAP-
TGFβ latent complex will associate to a third protein called latent TGFβ binding protein
(LTBP).5 This process will synthesize the large latent TGFβ complex (one molecule of LTBP
bound to a dimer of TGFβ-LAP) that will be secreted outside the cell.2,6,7 Initially considered
a protein to localize latent TGFβ to the ECM, increasing experimental evidence indicate that
LTBP also contributes to the assembly, secretion and activation of the cytokine.5-10

Four forms of LTBP have been cloned and characterized from humans and rodents. They have
differences in gene organization and structure, alternative splicing and use of alternative
promoters that produce complex cell-specific patterns of expression.11-16 Two isoforms of
LTBP-1, LTBP-1L (long) and LTBP-1S (short), have been cloned in humans12 and mice.17,
18 LTBP-1L and LTBP-1S are transcribed from a single gene by the use of alternative
promoters. After transcription, and during hnRNA processing, the Ltbp-1L transcript is formed
by alternative splicing to an internal acceptor site in exon 1 of Ltbp-1S.12,17,18 Nevertheless,
although the murine Ltbp-1L and Ltbp-1S genes have been cloned and their gene structure
determined, the mechanisms regulating their transcription still remain largely unknown.

The aryl hydrocarbon (dioxin) receptor (AhR) is a transcription factor belonging to the basic-
helix-loop-helix (bHLH) family of transcriptional regulators. Studies analysing the role of AhR
in dioxin-induced toxicity and carcinogenesis have identified a battery of AhR-regulated genes.
These include xenobiotic metabolizing enzymes such as cytochromes P450 1A1, 1A2, 1B1,
2S1, UDP-glucurono-syltranferase 1 and NAD(P)H: quinone acceptor oxidoreductase.19-23

The increasing relevance of AhR in cell physiology and in the control of endogenous
processes24-28 has also prompted the search for new transcriptional targets. Microarray
experiments have identified many genes that could be potentially regulated by AhR29-31 and
previous studies have shown that constitutive expression of DNA polymerase kappa,32 N-
myristoyltransferase 2,33 p2734 and Bax35 is AhR-dependent. These genes support AhR as a
constitutive activator of gene expression, albeit this receptor can also repress transcription.
Thus, AhR downregulates T-cadherin in smooth vascular cells,36 c-Myc in breast tumor cells
and E2F-regulated genes in Hepa 1 cells.38 Mechanistically, AhR-dependent transcription
involves receptor activation and translocation to the cell nucleus, dimerization with the bHLH
protein aryl hydrocarbon receptor nuclear translocator (ARNT) and binding to xenobiotic
responsive elements (XREs) located upstream in the promoter of target genes.39,40

AhR is functionally related to TGFβ. In vivo, liver tissue from AhR−/− mice had increased
levels of TGFβ that were coincident with portal fibrosis.41-43 In cell culture, AhR−/− mouse
embryonic fibroblasts (MEFs) produced high levels of active TGFβ that decreased their
proliferation rates.44 AhR is also functionally linked to the control of Ltbp-1 expression. We
have found that AhR−/− MEF over-expressed Ltbp-1 and secreted high levels of LTBP-1
protein.45 Furthermore, downregulation of Ltbp-1 by small interfering RNAs (siRNA)
decreased the secretion of active TGFβ in AhR-null MEF cells and supported the contribution
of LTBP-1 to TGFβ activation.46 Interestingly, AhR can also maintain lower TGFβ mRNA
levels in fibroblast cells by a mechanism controlling RNA stability through the tristetraprolin
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RNA-binding protein (TTP).47 Altogether, these data support a role for AhR in TGFβ activation
and identify Ltbp-1 as a yet uncharacterized AhR-regulated gene.

In this study, we have cloned the mouse Ltbp-1L gene promoter (hereafter Ltbp-1) and
characterized its mechanism of transcriptional regulation by AhR. Promoter analysis revealed
that AhR expression is required to maintain constitutive repression of the mouse Ltbp-1 gene.
Epigenetics have a relevant role in the regulatory mechanism, since preferential binding of
transcriptional repressors (e.g. histone deacetylase (HDAC)) versus activators e.g. pCREB1:
(CREB, cAMP responsive element-binding protein)) to the Ltbp-1 promoter, in the presence
of AhR, maintains repression and low levels of constitutive gene expression. We propose that
AhR has a role in the control of constitutive Ltbp-1 transcription and, as consequence, in
maintaining TGFβ activity.

Results
The mouse Ltbp-1 gene promoter contains XRE and CRE regulatory elements

We showed earlier that LTBP-1 is over-expressed in MEF cells and in liver tissue of AhR−/
− mice. Since over-expression involved the LTBP-1 protein and the Ltbp-1 mRNA, we
suggested that AhR repressed Ltbp-1 transcription.43,45,46

A 4725 bp genomic fragment containing 4547 bp of the Ltbp-1 mouse gene promoter was
cloned in pGL2 Basic to generate the pGL2-LTBP-1 full-length construct. Transcription start
sites were analysed by primer extension. Among the four putative sites found, C381 (numbered
upstream from the translation start codon) appeared to be the predominant +1 position
(underlined C in Fig. 1 and results not shown). Sequence alignment of the mouse Ltbp-1
promoter with those from rat, human and chimpanzee revealed variable degrees of homology
among species: mouse was 87%, 55% and 30% homologous to rat, human and chimpanzee,
respectively (Fig. 1). Consensus regulatory elements were identified also in the Ltbp-1
promoter. Three XRE sequences for AhR binding were found, one direct (XRE2, 5′GCGTG3′)
and two inverse (XRE1 and XRE3, 5′CACGC3′). XRE1 was located in the proximal promoter
(−347) whereas XRE2 (−2749) and XRE3 (− 2821) were located distal from +1. In addition,
two cAMP-responsive elements (CRE), annotated as CRE1 (−49) and CRE2 (−657), were also
identified (Fig. 1). Sequence alignment indicated that only the proximal XRE1 and CRE1 were
conserved among mouse, human and chimpanzee. This conservation of XRE and CRE in the
proximal Ltbp-1 promoter awaits further experiments.

Constitutive Ltbp-1 repression is AhR-dependent
Real-time RT-PCR showed that, in agreement with our previous results, AhR−/− MEF cells
over-expressed Ltbp-1 mRNA (Fig. 2a). To confirm that AhR was able to downregulate
Ltbp-1 expression and to inhibit Ltbp-1 promoter activity, we used the mouse hepatoma Hepa
1 cell line and its variant clones c2 (less than 10% wild type AhR expression) and c4 (lacking
ARNT expression). In agreement with the results obtained in AhR−/− MEF cells, c2 cells, with
low levels of AhR, had high constitutive expression of Ltbp-1 mRNA. ARNT-lacking c4 cells
had also increased Ltbp-1 mRNA expression (Fig. 2b). We then determined the effect on
Ltbp-1 promoter activity of over-expressing AhR and ARNT using the pGL2-LTBP-1 full-
length construct (Fig. 2c). Transfection of c2 cells with AhR (pcDNAI-B6AhR) or c4 cells
with ARNT (pcDNAI-ARNT) decreased basal luciferase activity in either cell line. Co-
transfection of AhR and ARNT in c2 or c4 cells had additive effect further decreasing luciferase
activity. Similar results were found after transfection of these constructs in wild type Hepa 1
cells. In agreement with their constitutively elevated Ltbp-1 mRNA expression, basal luciferase
activity was also higher in c2 and c4 than in Hepa 1 cells. Thus, AhR and ARNT are required
to maintain constitutive repression of the mouse Ltbp-1 gene.
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XRE sequences are involved in the constitutive repression of Ltbp-1
It is known that XRE and CRE elements are involved in AhR-mediated transcription of target
genes.48,49 To analyse the importance of XRE and CRE on Ltbp-1 promoter activity, we have
produced constructs containing deletions of these conserved elements and performed luciferase
activity assays in Hepa 1 cells (Fig. 3a, upper). Two main patterns of regulation were found:
(i) deletions that increased luciferase activity and lacked XRE1 (−652/−329), XRE2 and 3
(−3174/−2221) or all three XRE sequences (−3174/−2221 −652/−329), having the deletion of
all three XREs an additive effect on luciferase activity (Fig. 3a, lower); (ii) deletions that
decreased luciferase activity and lacked CRE1 (−289/−30) or CRE2 (−652/−43) (Fig. 3a,
lower). Therefore, regions containing XREs had repressive activity whereas those having CRE
elements activated Ltbp-1 transcription. To analyse the contribution of XRE sequences per
se on the regulation of the Ltbp-1 promoter, site-directed mutagenesis was done (Fig. 3b, upper
panel and Table 1). Single mutation of XRE1, XRE2, or XRE3 did not increase luciferase
activity above basal levels (Fig. 3b, lower). However, the combined mutation of XRE1+2 or
XRE1+3 increased luciferase activity markedly, with the double mutant XRE1+3 having the
largest effect. Because XRE is the canonical binding site for AhR, these data suggest that this
receptor participates in the molecular mechanism maintaining Ltbp-1 repression. In addition,
the additive effect observed after deletion or mutation of proximal and distal XRE sequences
suggests that AhR could be part of a protein complex maintaining constitutive Ltbp-1
repression. However, using ChIP assays we have failed to immunoprecipitate AhR bound to
XREs in the Ltbp-1 promoter (using experimental conditions that detected AhR bound to the
mouse Cyp1a1 promoter as positive control; data not shown). Since our data suggest strongly
that AhR and XREs are relevant for Ltbp-1 repression, we think that the existence of a
multimeric protein complex on the Ltbp-1 promoter could mask AhR, making it difficult for
the antibody to reach its target in vivo.

CREB1 binding to the mouse Ltbp-1 promoter is AhR-dependent
CREB and AhR are functionally related in the control of gene expression.48,49 Because deletion
of CRE elements decreased Ltbp-1 promoter activity (Fig. 3a), we have analysed the
contribution of CREB1 to the control of Ltbp-1 expression. ChIP assays showed increased
binding of CREB1 to the Ltbp-1 promoter in AhR−/− than in AhR+/+ MEF cells (Fig. 4a).
Consistently, the phosphorylated, active pCREB1Ser133 was also recruited more efficiently to
the Ltbp-1 promoter in AhR-null MEF cells (Fig. 4a). The differences in pCREB1Ser133 binding
were not due to changes in the amount of phosphorylated protein as determined by Western
blotting (Fig. 4b). Treatment of AhR+/+ and AhR−/− and AhR−/− MEF cells with forskolin,
which activates pCREB1Ser133 by raising the concentration of cAMP, increased Ltbp-1 mRNA
levels in both genotypes (Fig. 4c), suggesting that pCREB1Ser133 had a role in regulating
constitutive transcription of Ltbp-1. In agreement, the increase in Ltbp-1 expression induced
by forskolin was concomitant with enhanced pCREB1Ser133 binding to the promoter (Fig.
4c). Thus, Ltbp-1 expression was positively regulated by CREB1 activation and
pCREB1Ser133 binding to its promoter. Furthermore, decreased pCREB1Ser133 binding to the
Ltbp-1 promoter in AhR+/+ MEF cells could contribute to their lower constitutive Ltbp-1
expression.

HDAC2 recruitment to the mouse Ltbp-1 promoter is AhR-dependent
HDACs differentially affect CREB-regulated genes by inducing or repressing transcription.
50 For instance, chromium repressed gene expression by preventing HDAC1 release and
CREB-binding protein (CBP) recruitment to the proximal Cyp1a1 promoter51. On the basis of
these data, we then analysed whether Ltbp-1 expression and CREB1 binding concurred with
recruitment of HDACs to the Ltbp-1 promoter in MEF cells. As shown in Fig. 5a, HDAC1,
−2, and −4 were recruited to the proximal Ltbp-1 promoter in AhR+/+ but not in AhR −/−
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MEF cells (upper panel). HDAC2 was also bound to more distal regulatory regions but only
in AhR-expressing MEF cells (middle panel). Negative control experiments for HDAC1, −2
and −4 binding were performed using the mouse Gapdh promoter (lower panel). The relevance
of HDACs on the regulation of Ltbp-1 was analysed by RNA interference (RNAi) for HDAC2
due to its prevalent binding on the Ltbp-1 promoter. Decreasing HDAC2 protein levels by two
different siRNA molecules (Fig. 5b, upper panel) increased Ltbp-1 mRNA expression in AhR
+/+ but not in AhR−/− MEF cells (Fig. 5b, lower panel).

The difference in HDAC2 binding to the Ltbp-1 promoter in AhR+/+ and AhR−/− MEF cells
was not due to changes in protein expression as determined by Western blotting (Fig. 6a).
Additionally, the increase in Ltbp-1 mRNA expression produced by HDAC2 siRNA in AhR
+/+ but not in AhR−/− MEF cells was not due to differences in HDAC2 deacetylase activity
between both genotypes (Fig. 6b). Thus, HDAC1, −2 and −4 constitutively bind to the
Ltbp-1 proximal promoter in AhR+/+ but not in AhR−/− MEF cells. Among these HDACs,
HDAC2 appears relevant to modulate AhR-dependent repression of Ltbp-1 because HDAC2
downregulation by siRNA restored Ltbp-1 mRNA levels in AhR+/+ but not in AhR−/− MEF
cells, which had undetectable HDAC2 binding to the promoter.

HDAC2 recruitment modulates K8H4 acetylation in the proximal Ltbp-1 promoter
We next analysed whether HDAC2 recruitment to the proximal Ltbp-1 promoter modified
histone acetylation marks associated to the inhibition of gene transcription. Acetylation status
of specific marks was determined by ChIP assays. Histone H4 acetylation (AcH4) was
increased in AhR−/− with respect to AhR+/+ MEF cells (Fig. 7a, upper panel). Systematic
analyses of acetylable Lys residues in the histone H4 N-terminal tail revealed a specific increase
in Lys8 acetylation (AcK8H4) in the proximal promoter of Ltbp-1 in AhR−/− MEF cells (Fig.
7a, lower panel). We investigated Lys9 dimethylation in histone H3 (2mK9H3) as an additional
marker associated with gene repression. In agreement with their lower Ltbp-1 transcription,
2mK9H3 was present in the proximal Ltbp-1 promoter in AhR+/+ but not in AhR−/− MEF
cells (Fig. 7b). Differences in AcH4, AcK8H4 and 2mK9H3 between AhR+/+ and AhR−/−
MEF cells were not due to altered protein expression as determined by Western blotting (Fig.
7c). Thus, AhR+/+ MEF cells constitutively repress Ltbp-1 transcription by a coordinated
mechanism in which impaired pCREBSer133 binding is associated with HDAC2 recruitment,
decreased K8H4 acetylation and increased K9H3 dimethylation in the proximal promoter.

To determine the relevance of HDAC2 in decreasing K8H4 acetylation in the proximal
Ltbp-1 promoter, HDAC2 was downregulated by siRNA and AcH4 and AcK8H4 levels
analysed in AhR+/+ MEF cells by ChIP (Fig. 8a). Results were also quantified as the
percentage of the input fraction (Fig. 8b). HDAC2 siRNA affected AcH4 acetylation only
marginally. However, it significantly increased AcK8H4 in AhR+/+ MEF cells. Thus, HDAC2
binding to the Ltbp-1 promoter in AhR+/+ MEF cells maintained low levels of K8H4
acetylation. These data support a coordinated mechanism of recruitment of co-activators and
co-repressors to the Ltbp-1 promoter that depends on AhR. Proteomic analyses are underway
to identify differential protein complexes on the Ltbp-1 promoter in AhR+/+ and AhR−/− MEF
cells.

Discussion
AhR has been characterized extensively as a transcription factor that regulates the expression
of XRE-containing genes.27,40 Classical AhR-regulated genes include those coding for
xenobiotic metabolizing enzymes such as cytochromes P450, transferases and
oxidoreductases.21,23,39,52 The study of AhR within a physiological context (i.e. xenobiotic-
unrelated) has identified new target genes constitutively regulated by this receptor, including
cell-cycle inhibitor p27,34 pro-apoptotic protein Bax35 and the modifying enzyme N-
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myristoyltransferase.33 Interestingly, recent reports have shown that AhR represses gene
transcription. This repressive activity can be xenobiotic-dependent, as for T-cadherin in
vascular smooth muscle cells,36 or constitutive and xenobiotic-independent, as for c-Myc in
mammary tumor cells37 and TGFβ in mouse fibroblasts.47

Earlier, we reported that Ltbp-1 mRNA was constitutively over-expressed in AhR-null MEF
cells,43,45,46 and that AhR knock-down increased the levels of active TGFβ in MEF cells,44,
45 primary hepatocytes53 and liver tissue.43 Because Ltbp-1 is an important regulator of
TGFβ activity, and the mechanism controlling Ltbp-1 synthesis (i.e. transcription) is largely
unknown, we have cloned the mouse Ltbp-1 gene promoter to characterize its mechanism of
transcriptional regulation by AhR.

Experiments performed in MEF cells and in mouse hepatoma Hepa 1 cells supported the
hypothesis that AhR is required to maintain constitutive repression of Ltbp-1. In fact, MEF
and Hepa 1 cells lacking AhR had constitutive over-expression of Ltbp-1 mRNA, and AhR re-
expression was able by itself to restore repression on the Ltbp-1 promoter. Among the
consensus sequences present in the Ltbp-1 promoter, three XREs and two CRE elements were
identified. Deletion of these regulatory elements differentially affected Ltbp-1 promoter
activity: whereas XRE sequences contributed to repress the Ltbp-1 promoter, CRE elements
maintained its constitutive transcriptional activity. These results again suggested that AhR is
a component of the regulatory complex repressing Ltbp-1 transcription. Site-directed
mutagenesis on XRE elements produced interesting results. While mutation of each XRE did
not significantly affect Ltbp-1 promoter activity, combined mutation of one proximal (XRE1)
and one distal (XRE2 or XRE3) element released repression and increased promoter activity.
Furthermore, an additive effect was observed after deletion or mutation of proximal and distal
XRE sequences, suggesting that XRE1, −2 and −3 cooperate in maintaining Ltbp-1 repression.
However, we could not immunoprecipitate AhR bound to the XRE sequences in the Ltbp-1
promoter. Considering the evidence supporting the involvement of AhR and XREs in Ltbp-1
repression, and since XREs are the canonical binding sites for AhR, we think that AhR is
included in a multiprotein regulatory complex that masks recognition by its antibody in ChIP
assays in vivo. Altogether, a consistent set of data supports the role of AhR in constitutive
Ltbp-1 repression: (i) Ltbp-1 mRNA was constitutively over-expressed in AhR−/− MEF cells;
(ii) Hepa 1 cells with a very low level of AhR (c2) had increased constitutive Ltbp-1 expression;
(iii) Hepa 1 cells lacking the dimerization protein ARNT (c4) had Ltbp-1 over-expression; (iv)
re-expression of AhR in c2 or ARNT in c4 Hepa 1 cells restored repression and decreased
constitutive Ltbp-1 mRNA levels and (v) deletion or combined mutation of XRE sequences
released repression on the Ltbp-1 promoter.

Considering that the level of conservation was higher in the proximal Ltbp-1 promoter, and
since it contains XRE and CRE elements, we performed further analyses in this region. The
proximal Ltbp-1 promoter contains two CRE elements whose deletion decreased promoter
activity. CRE elements are recognized by CREB, a DNA-binding protein that is a co-activator
of AhR in the regulation of the Cyclooxygenase-2 gene,48 and an intermediate molecule to
recruit CREB-binding protein CBP to the Cyp1a1 promoter.49 Studies in osteoblastic cells
have shown that parathyroid hormone induces Ltbp-1 by increasing cAMP levels, which
suggested the involvement of CREB.54 Thus, CREB could participate in the regulation of
constitutive Ltbp-1 expression in MEF cells. Forskolin, through adenyl cyclase, increases gene
expression by inducing CREB phosphorylation at Ser133.55 Consistent with these previous
data, forskolin treatment increased Ltbp-1 mRNA expression in AhR+/+ and AhR−/− MEF
cells and promoted pCREBSer133 binding to the Ltbp-1 promoter, indicating that CREB
signalling was involved in Ltbp-1 regulation. ChIP experiments demonstrated that AhR−/−
MEF cells had higher levels of active pCREBSer133 bound to the Ltbp-1 promoter than AhR+/
+ MEFs. These results support the suggestion that AhR+/+ MEF cells, having diminished
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binding of pCREBSer133 to the Ltbp-1 promoter also had lower constitutive Ltbp-1
transcription, and sustain that Ltbp-1 over-expression in AhR−/− MEF cells can be due to
increased pCREBSer133 recruitment to the promoter. In agreement with our hypothesis,
previous studies have shown that the transcriptional induction of the mouse C/EBPβ gene by
TCDD is AhR-dependent and requires the recruitment of protein kinase A-activated CREB to
the C/EBPβ promoter, despite the fact that such a mechanism does not seem to involve AhR
binding to the proximal XRE sequence located downstream from the CREB-binding site.56,
57 Thus, certain endogenous genes can be regulated by AhR through mechanisms that differ
from the classical AhR/XRE pathway.

Several studies have linked histone deacetylases (HDACs) to the inhibition of CREB-
dependent transcription. It was shown that HDAC1 induced pCREB dephosphorylation and
inhibited its transcriptional activity.58 Certain nuclear receptors also use similar epigenetic
mechanisms to regulate gene expression. For example, glucocorticoid receptor directly
inhibited CREB-dependent CBP activity and recruited HDAC2 to the histone acetylase
complex in the GM-Csf promoter.59 A recent report has shown that the CRE elements located
in the promoter of the Interleukin-2 and c-Fos genes were important to regulate HDAC1
binding and their level of transcriptional activity.60 On the basis of these data, we have analysed
if CREB1 binding to the Ltbp-1 promoter correlated to HDACs recruitment and whether this
mechanism was dependent on AhR expression. Indeed, the absence of binding of
pCREBSer133 coincided with recruitment of HDAC1, −2 and −4 in the proximal Ltbp-1
promoter in AhR+/+ MEF cells. As expected, AhR−/− MEF cells did not show significant
recruitment of these HDACs to the Ltbp-1 promoter. HDAC2 had stronger and prevalent
binding on the Ltbp-1 promoter than HDACs 1 and 4. The relevance of HDAC2 in maintaining
Ltbp-1 repression was based on the fact that RNAi relieved repression of Ltbp-1 but only in
AhR+/+ MEF cells having HDAC2 bound to the promoter. HDAC2 has some overlapping
activity with HDAC1 and possibly with other HDACs. However, the effect of simultaneous
RNAi for HDAC1, −2 and −4 could not be measured, since co-transfection with the
corresponding siRNAs severely compromised the viability of MEF cells. Thus, at least HDAC2
contributes to the constitutive repression of Ltbp-1 in AhR+/+ MEF cells. In agreement, a
similar mechanism has been proposed for the inhibition of benzo-[a]-pyrene-dependent (B[a]
P) activation of Cyp1a1 by chromium. Chromium inhibited B[a]P-induced release of HDAC1
from the Cyp1a1 promoter and blocked recruitment of p300.51 The lower level of binding of
pCREBSer133 to the Ltbp-1 promoter in AhR+/+ MEF cells can be explained by earlier studies
showing that HDAC1 inhibits pCREBSer133 phosphorylation in cAMP-stimulated HEK293
cells.58 Thus, HDAC2 bound to the Ltbp-1 promoter could contribute to the in situ
dephosphorylation of pCREBSer133 and to decreased Ltbp-1 expression in AhR+/+ MEF cells.

HDACs bound to promoter regions have been associated with deacetylation of specific lysine
residues in histones and with gene repression. In A549 cells, glucocorticoid receptor inhibited
GM-Csf expression by a mechanism in which recruitment of HDAC2 blocked interleukin-1β-
dependent acetylation of K8H4 and K12H4.59 In agreement, increased binding of HDAC2 to
the Ltbp-1 promoter in AhR+/+ MEF cells concurred with decreased K8H4 acetylation and
lower Ltbp-1 gene expression. Moreover, HDAC2 has a role in K8H4 deacetylation since its
down-regulation by RNAi restored K8H4 acetylation in the Ltbp-1 promoter. The regulation
of the Ltbp-1 promoter is complex, as the methylation marker associated with gene repression
2mK9H3 was also increased in proximal promoter regions in AhR+/+ but not in AhR−/− MEF
cells.

Thus, AhR expression determines a pattern of protein recruitment to the mouse Ltbp-1
promoter, in which constitutive gene repression involves HDAC2 binding, K8H4
deacetylation, K9H3 dimethylation and CREB1Ser133 dephosphorylation. More studies need
to be done to precisely define the structure of the protein complexes involved. Current work

Gomez-Duran et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2010 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is focused on defining the differential composition of these protein complexes in AhR+/+
versus AhR−/− MEF cells. A relevant aspect of the mechanism proposed here is whether the
different upstream promoter regions of Ltbp-1 are able to regulate Ltbp-1 expression in a cell-
specific manner. This is plausible, since previous studies have shown that the upstream
promoter regions of Ltbp-1L differentially regulate reporter gene expression in WI-38 lung
fibroblasts as compared to HA human amniotic and HT-1080 fibrosarcoma cells.12

Furthermore, the analysis of deletion reporter constructs of the Ltbp-1L promoter revealed the
presence of a negative regulatory element that repressed constitutive Ltbp-1L expression in
WI-38 but not in the SV40-transformed WI-38/VA13 cell line.12 From the toxicological point
of view, Ltbp-1 could have an important role in regulating the increase in TGFβ activity induced
by the carcinogen TCDD. In this context, several reports have shown that treatment with TCDD
enhances TGFβ activation in the ECM of the thymic epithelium,61 in fibrotic myocardium in
marmosets,62 and in the malignant transformation occurring after successive divisions of
TCDD-damaged cells.63

This study provides evidence for the contribution of AhR to an epigenetic mechanism
regulating the constitutive repression of the mouse Ltbp-1 gene. In the presence of AhR,
HDAC2 binding to the Ltbp-1 promoter would decrease histone acetylation and diminish
pCREBSer133 recruitment, thus lowering constitutive Ltbp-1 transcription. In the absence of
AhR, decreased HDAC2 binding to the Ltbp-1 promoter could allow increased histone
acetylation and pCREBSer133 recruitment, resulting in elevated constitutive Ltbp-1 mRNA
expression. Defining the molecular mechanisms of Ltbp-1 transcriptional regulation is
important owing its role in TGFβ secretion, localization and activation in the ECM. Although
the precise location of AhR in this regulatory mechanism is not completely defined, our study
implicates AhR in the epigenetic control of gene repression under normal cellular conditions.

Materials and Methods
Chemicals and reagents

Dulbecco's modified Eagle's medium (DMEM), cell media supplements and SuperScript II
reverse transcriptase were from Life Technologies. Heat-inactivated fetal bovine serum (FBS)
was from Hyclone. Taq DNA polymerase was from Ecogen. SYBR Green I was obtained from
Molecular Probes, and QTaq DNA polymerase mix was from Becton-Dickinson. Antibodies
against the following proteins were used: CREB1, pCREB1Ser133, AcH4 and AcK8H4 from
Upstate Biotechnology, HDAC1, HDAC2, HDAC4, H3 and 2mK9H3 from AbCAM and
rabbit and mouse IgG-HRP from Pierce and Santa Cruz Biotechnology, respectively.
Antibodies against mouse AhR were obtained from Biomol and ABR.

Cell culture
AhR-null and wild type control mice were produced as described.42 Experiments involving
mice were done following the Regulation for Animal Care and Use set forth by the University
of Extremadura. MEF cultures were established from 14.5 dpc AhR+/+ and AhR−/− mouse
embryos as described.64 MEF cells were cultured at 37 °C in a 5% (v/v) CO2 atmosphere in
DMEM supplemented with 10% (v/v) FBS, 2 mM l-glutamine, 100 U/ml penicillin and 100
μg/ml streptomycin. MEFs at second passage were used in all experiments. Mouse hepatoma
Hepa 1 cells and its variant clones c2 (expressing less than 10% wild type levels of AhR) and
c4 (lacking ARNT expression)65 were cultured at 37 °C in a 5% CO2 atmosphere in alpha-
MEM containing 5% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin.

Cloning the mouse Ltbp-1L gene promoter
The mouse Ltbp-1L promoter was isolated by PCR from genomic DNA using the bacterial
artificial chromosome (BAC) clone RPCI23 as template (BACPAC Resources CHORI,
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Children's Hospital Oakland Research Institute). Amplification of a 4725 bp DNA fragment
containing the 5′ upstream region of Ltbp-1L was performed using the primers forward:

5′ CGACGCGTCGAGGTTCTCCTTCTGTCCTAACC 3′

and reverse:

5′ CGACGCGTGGCGCGAGCTGCTCAAGGTGAGGGTC 3′

MluI sites are underlined. PCR was carried out for 40 cycles in 50 μl of reaction mixture
containing: 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM each dNTP, 0.5
μM each primer, 2.5 units of Taq polymerase and 200 ng of DNA template. PCR conditions
were: initial denaturation at 94 °C for 1 min, denaturation at 94 °C for 1 min, annealing at 58
°C for 1 min and extension at 72 °C for 1 min. The PCR fragment obtained was digested with
MluI and cloned into the pGL2 Basic vector to generate the full-length construct pGL2-
Ltbp-1. The cloned Ltbp-1 promoter was sequenced in both strands by chromosome walking
using fluorescent dideoxyterminator chemistry in an automatic ABI Prism sequencer (Applied
Biosystems). Consensus regulatory sequences were identified in the Ltbp-1 promoter using
MatInspector software (Genomatix). Sequence alignment was performed using CLUSTAL X
(1.83) software.

Transcription start sites were identified in the mouse Ltbp-1L promoter by primer extension
using total and poly (A)+ RNA as described.12 The same oligonucleotides were used to extend
the Ltbp-1L mRNA and to sequence the upstream region of the gene: forward:

5′ CGAGCTGCTCAAGGTGAGGGTC 3′

and reverse:

5′ CCCGCCATCGCGGGCAGTCTC 3′.

Deletion mutants and site-directed mutagenesis
The transcriptional activity of the XRE and CRE elements in the Ltbp-1 promoter was analysed
by producing deletion mutants fused to the luciferase reporter gene. Deletions were located
and named with respect to the transcription start site. Constructs pGL2-Ltbp-1 (−289/−30),
pGL2-Ltbp-1 (−652/−43) and pGL2-Ltbp-1 (−4565/−430) were obtained by digesting pGL2-
Ltbp-1 with PstI, AatII and KpnI, respectively, followed by self-ligation of the linearized DNA.
pGL2-Ltbp-1 (−4565/−430, −289/−30) was subcloned from pGL2-Ltbp-1 (−4565/−430) by
digesting with PstI and self-ligation. pGL2-Ltbp-1 (−3174/−2221) was obtained from pGL2-
Ltbp-1 by digesting with BstXI and NsiI and making blunt-ended with Klenow DNA
polymerase. From this latter construct, pGL2-Ltbp-1 (−4565/ −430, −652/−43) was obtained
by digesting with AatII and self-ligation. Constructs lacking only XRE1 (pGL2-Ltbp-1 (−652/
−329)) or BTE (pGL2-Ltbp-1 (−289/−221)) were made as follows: pGL2-Ltbp-1 was digested
with AatII and PstI to delete the region containing both sites. Then, BTE was re-introduced in
pGL2-Ltbp-1 (−652/−329) and XRE1 in pGL2-Ltbp-1 (−289/−221) by PCR. Oligonucleotides
used were: for pGL2-Ltbp-1 (−652/−329) forward:

5′ TCGGATAGCCTTTTCTGGGACC 3′

and reverse:

5′ GACGTGACGTCAGGCAGCAAATC 3′

and for pGL2-Ltbp-1 (−289/−221): forward:

5′ AAAACTGCAGCTGCTAGAAGGAAAGGGC 3′

and reverse:
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5′ TGAACAGCCAATCTGCAGCAGACG 3′

(AatII and PstI sites underlined). pGL2-Ltbp-1 (−3174/ −2221, −652/−43) was cloned from
pGL2-Ltbp-1 (−652/ −329) by digesting with BstXI and NsiI, and self-ligation.

Site-directed mutagenesis of XRE1, XRE2 and XRE3 was done using the QuickChange II XL
kit (Stratagene) following the manufacturer's instructions. XREs were mutated by introducing
restriction sites for the endonucleases BamHI (XRE1 and 2) or EcoRI (XRE3) using the
oligonucleotides shown in Table 1. Double mutants for XRE1 and XRE2 or XRE1 and XRE3
were obtained by digesting each single mutant with AatII. Next, the 609 bp fragment released
from the XRE1mut (e.g. containing the mutated XRE1) was cloned into AatII-digested
XRE2mut and XRE3mut. Constructs were sequenced to confirm site-directed mutagenesis.

Real time RT-PCR
Total RNA was purified from Hepa 1 and MEF cells using the RNeasy kit (Qiagen) following
the manufacturer's instructions. The purity of the RNA was estimated by measuring the A260
nm/A280 nm ratio. After denaturation at 70 °C for 10 min, 10 μg of RNA was reverse transcribed
for 2 h at 42 °C using 2.5 μM random hexamers and a reaction mixture containing 2.5 mM
each dNTP, 10 mM DTT, 10 U RNase inhibitor and 150 U SuperScript II reverse transcriptase.
RNA was then degraded by incubation for 10 min at 70 °C in 35 mM NaOH. After
neutralization with HCl, synthesized cDNAs were ethanol-precipitated, washed in 80% (v/v)
ethanol, dried and dissolved in DEPC-treated water. Real time PCR was carried out using
SYBR Green I, QTaq DNA Polymerase Mix and 5 μl of RT template in a DNA Engine Opticon
2 System (MJ Research). PCR conditions were: initial denaturation at 95 °C for 10 min and
30 cycles of denaturation at 95 °C for 30 s, annealing at 56.5 °C for 30 s (60 °C for AcH4,
HDAC2 and AcK8H4) and extension at 72 °C for 30 s. A fusion curve was performed after
each PCR reaction by heating from 60 °C to 95 °C at a rate of 0.2 degC/s. As internal control,
β-actin mRNA was amplified and used to normalize gene expression.46 Real-time PCR for
AcH4, AcK8H4 and HDAC2 after chromatin immunoprecipitation (ChIP) was quantified as
percentage of input from a titration curve made with known concentrations of input DNA.
Negative controls were also made in the absence of cDNA.

SDS-PAGE and Western blotting
MEF cells were washed in PBS and lysed at 4 °C in buffer containing 50 mM Tris-HCl (pH
7.5), 2 mM EDTA, 2 mM EGTA, 270 mM sucrose, 10 mM β-glycerophosphate, 50 mM sodium
fluoride, 1% (v/v) Triton X-100, 0.1 mM sodium orthovanadate, 1% (v/v) β-mercaptoethanol
and 4 μg/ml Complete Protease Inhibitor Cocktail (Roche). Lysates were centrifuged and
protein concentration determined in the supernatants using Coomassie Plus protein assay
reagent and BSA as standard. Aliquots of 15–20 μg protein were denatured, separated by SDS/
8% PAGE and transferred to nitrocellulose membranes. Membranes were blocked for 2 h at
room temperature in TBS-T (50 mM Tris-HCl (pH 7.5), 10 mM NaCl and 0.5% (v/v) Tween
20) containing 5% (w/v) non-fat milk and incubated overnight at 4 °C with the corresponding
primary antibodies. Following washing in TBS-T, blots were incubated with HRP-coupled
secondary antibodies for 1 h at room temperature. After washing in TBS-T, SuperSignal
chemiluminescence substrate (Pierce) was added and the blots were exposed and developed
using a Molecular Imager FX System (Bio-Rad Labs).

Transient transfections and luciferase activity assays
Hepa 1 cells were grown at 4 × 104 cells/well and its variants c2 and c4 clones at 6 × 104 cells/
well in 24-well plates. Hepa 1 cells were transfected with 400 ng of each pGL2-LTBP-1-LUC
construct using Lipofectamine + Plus Reagent (Invitrogen) in 250 μl of alpha-MEM medium
containing 5% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. Cultures were co-
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transfected with 20 ng of pCMVβGal vector (Clontech) to normalize luciferase activity. Six
hours after transfection, fresh medium was added to the cultures for an additional 48 h. Cells
were then lysed with Reporter lysis buffer (Promega) and luciferase activity determined in a
microtiter plate lumino-meter (Dynex). β-Galactosidase activity was also measured and used
to normalize luciferase activity. pGL2 Basic (empty vector) served to determine background
luciferase activity.

To analyse the effects of AhR and ARNT over-expression on Ltbp-1 promoter activity, Hepa
1, c2 or c4 cell lines were co-transfected with 100 ng of the expression vectors pcDNAI-B6AhR
or pcDNAI-ARNT and 400 ng of full-length pGL2-LTBP-1. Luciferase activity was measured
and normalized as indicated above.

RNAi for HDAC2
siRNAs specific for HDAC2 were designed, synthesized (Qiagen) and characterized as
described.66 AhR+/+ and AhR−/− MEF cells were plated at 14 × 104 cells/35 mm plate for 24
h. Then, cells were transfected with (50 nM) one of the two siRNAs for HDAC2 synthesized.
The following sequences were used: Hs-Hdac2-1 sense:

r(GGUCAAUAAGACCAGAUAA)dTdT

and antisense:

r(UUAUCUGGUCUUAUUGACC)dGdT)

and Hs-Hdac2-2 sense:

r(GGGUUGUUUCAAUCUAACA)dTdT

and antisense:

r(UGUUAGAUUGAAACAACCC)dAdG).

Transfections were done using Oligofectamine Reagent (Invitrogen) as indicated by the
manufacturer. In brief, 2.5 μl of Oligofectamine and 2.5 μlof Hs-Hdac2-1 or Hs-Hdac2-2 were
added to 500 μl of Opti-MEM I medium. The resulting solutions were mixed gently and
incubated for 1 h at room temperature. These transfection mixtures were then added for 6 h to
MEF cells previously maintained in 500 μl of Opti-MEM I medium. After 48 h, cells were
lysed to obtain RNA or protein, or fixed for chromatin immunoprecipitation (ChIP) assays.

HDAC2 immunoprecipitation and associated deacetylase activity
AhR+/+ and AhR−/− MEF cells were washed in PBS and lysed for 30 min at 4 °C in 50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 1% (v/v) Nonidet NP-40 and 5 mM EDTA. Extracts were
centrifuged and the protein concentration was determined in the supernatants as described
above. Aliquots (3 mg) of protein were pre-cleared by incubation for 1 h at 4 °C with 40 μl of
protein G/agarose (Upstate Biotechnology). Pre-cleared extracts were then rotated gently
overnight at 4 °C with 12 μg of anti-HDAC2 antibody. Samples were rotated again for 1 h at
4 °C with 40 μl of fresh protein G/agarose. After brief centrifugation, agarose beads were
washed with high-salt buffer (50 mM Tris-HCl (pH 7.4), 450 mM NaCl, 1% Nonidet NP-40,
5 mM EDTA). An aliquot of total extract was used as a positive control (input) and fresh protein
G/agarose beads served as a negative control.

To determine HDAC2 deacetylase activity, washed beads were resuspended in 100 μl of buffer
(25 mM Tris-HCl (pH 7.5), 10% glycerol, 1 mM EDTA, 50 mM NaCl) containing 60 μgof
[3H]acetylated chicken erythrocyte histones. After incubation for 2 h at 37 °C, 37.5 μl stop
solution (1 M HCl, 0.4 M acetic acid) was added and acetylated histones were extracted by the
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addition of 700 μl of ethyl acetate. Following centrifugation, equal volumes of the organic
phase were measured using a Beckman LS-3801 scintillation counter.

Chromatin immunoprecipitation (ChIP)
ChIP assays were used to determine in vivo binding of transcription factors to the Ltbp-1
promoter and to analyse specific modifications (acetylation or methylation) of nucleosomal
histones H3 and H4. Protein-DNA interactions were crosslinked in MEF and Hepa 1 cultures
by the direct addition of 1% (v/v) formaldehyde (Sigma) during 15 min at room temperature.
Cross-linking was stopped by incubation in 0.125 M glycine for 5 min and cells were washed
and harvested in PBS containing 4 μg/ml Complete protease inhibitor. MEF and Hepa 1 cells
were then lysed on ice for 10 min in 50 mM Tris-HCl (pH 8.1), 1% (w/v) SDS, 10 mM EDTA
and 4 μg/ml Complete Protease Inhibitor Cocktail. Lysates were sonicated for 20 min in a
Bioruptor (Diagenode) set at full power with 0.5 min sonication/ 0.5 min resting. Under these
sonication conditions, DNA was fragmented in a range of 200–700 bp as determined by agarose
gel electrophoresis. Next, samples were centrifuged and diluted 1:10 in ChIP buffer (6.7 mM
Tris-HCl (pH 8.1), 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl and 4 μg/
ml Complete Protease Inhibitor Cocktail). Diluted extracts were precleared by incubation for
30 min at 4 °C with protein A/agarose containing salmon sperm DNA. Following
centrifugation, supernatants were incubated overnight at 4 °C with the corresponding
antibodies. Then, fresh aliquots of protein A/agarose were added and incubation for an
additional hour at 4 °C. Agarose beads were washed with the following buffers: low ionic
strength (120 mM Tris-HCl (pH 8.1), 0. 1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl), high ionic strength (120 mM Tris-HCl (pH 8.1), 0. 1% SDS, 1% Triton X-100, 2 mM
EDTA, 500 mM NaCl), LiCl buffer (10 mM Tris-HCl (pH 8.1), 0.25 M LiCl, 1% nonidet P40,
1% deoxycholate, 1 mM EDTA) and TE (10 mM Tris-HCl (pH 8.1), 1 mM EDTA). Protein-
DNA complexes were separated from the agarose beads by three elution steps in 0.1 M
NaHCO3 containing 1% SDS. DNA was then released from proteins by incubation for 4 h at
65 °C in 200 mM NaCl followed by incubation for 1 h at 45 °C in 40 mM Tris-HCl (pH 6.5),
10 mM EDTA and 4 μg/ml Complete Protease Inhibitor Cocktail. DNA was extracted with
phenol/chloroform and precipitated with ethanol. PCR for the Ltbp-1 promoter was performed
using the oligonucleotides: promoter region (−77/−333) forward:

5′ AGCTCACGCTACCTCGGATA 3′

and reverse:

5′ GAGATGAGCCGGAGAATGAG 3′

and promoter region (−445/−736) forward:

5′ TCATGGACTTTTGATTGCAG 3′

and reverse:

5′ CATTGGAGGGTCAAGAATGC 3′.

Amplification was done for 35 cycles in 25 μl reaction mixture containing 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM each dNTP, 0.5 μM each primer, 2.5 U Taq
polymerase and 3 μl of DNA template. Cycling conditions were: initial denaturation at 94 °C
for 5 min, denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s and extension at 72 °C
for 1 min. PCR products were visualized in agarose gels stained with ethidium bromide.
Extracts incubated in the absence of antibody (input) were used as positive controls. Fresh
protein A/ agarose was used as a negative control. In some experiments, crosslinking was
performed using 2% formaldehyde or 1% formaldehyde plus 2 mM disuccinyl glutarate or 10
mM dimethyl apidimate.
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Statistical analyses
Analysis of variance (ANOVA) was done with Instat software program (GraphPAD Sotfware,
version 1.11). Data are shown as mean ± SE.
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ARNT aryl hydrocarbon receptor nuclear translocator

ChIP chromatin immunoprecipitation

CREB cAMP responsive element-binding protein
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LTBP-1 latent transforming growth factor-binding protein 1

MEF mouse embryonic fibroblasts

TGFβ transforming growth factor β

RNAi RNA interference

siRNA small interfering RNA
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Fig. 1.
Cloning the mouse Ltbp-1 promoter. A 4547 bp DNA fragment containing the mouse
Ltbp-1L promoter was cloned and sequenced. Transcription start sites (underlined) were
identified by primer extension and the major +1 labelled in bold upper case (cytosine located
381 upstream from ATG). Sequences from mouse, rat, human and chimpanzee were aligned
using Clustal X software and conserved nucleotides are indicated by asterisks (*). XRE and
CRE elements were located using MatInspector software and are highlighted in black. Only
nucleotide regions relevant for this study are shown. For brevity, gaps have been introduced
into the sequence shown (broken lines). The complete mouse Ltbp-1 promoter sequence
reported in this study has been deposited in GenBank with accession number EF635913.
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Fig. 2.
AhR is required to maintain constitutive repression of Ltbp-1. (a) Ltbp-1 mRNA expression
was measured in AhR+/+ and AhR−/− MEF cells by real-time PCR and data were normalized
by the expression of β-Actin. Data are shown as mean±SE from three experiments in triplicate.
(b) Hepa 1 and its variant clones c2 and c4 were analysed for Ltbp-1 mRNA expression by
real-time PCR. Data were normalized by β-Actin in the same samples. (c) The effect of AhR
and/or ARNT over-expression on Ltbp-1 promoter activity was determined by luciferase
reporter assays using the full-length pGL2-LTBP-1 construct. Co-transfections were
performed with the expression vectors pcDNAI-B6AhR and pcDNAI-ARNT. In some
experiments, both expression vectors were co-transfected with the luciferase reporter. The
experiments were done in triplicate in at least three different cultures for each cell line. The
data are shown as mean ± SE.
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Fig. 3.
XRE and CRE sequences regulate the constitutive repression of the mouse Ltbp-1 promoter.
(a) Deletion constructs were produced from the full-length Ltbp-1 promoter vector pGL2-
LTBP-1. DNA regions containing XRE or CRE elements were deleted as indicated in Materials
and Methods. Each construct was transfected in Hepa 1 cells and luciferase activity determined
and normalized by β-galactosidase activity (lower). (b) Site-directed mutagenesis was used to
analyse the role of XRE sequences in Ltbp-1 repression, (crosses mark mutated XREs). Single
and double XRE mutant constructs were transfected in Hepa 1 cells as indicated above. At
least four experiments were done in triplicate. The data are shown as mean ± SE.
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Fig. 4.
CREB1 is differentially recruited to the Ltbp-1 promoter in AhR+/+ and AhR−/− MEF cells.
(a) The binding of CREB1 and activated pCREB1Ser133 to the Ltbp-1 promoter was analysed
by ChIP in AhR+/+ and AhR−/− MEF cells. Positive controls were performed using the input
fractions whereas negative controls were made in the absence of antibody. (b)
pCREB1Ser133 protein levels were analysed in AhR+/+ and AhR−/− MEF cells by Western
blotting. β-Actin was used to determine equal loading. (c) AhR+/+ and AhR−/− MEF cells
were left untreated (DMSO) or treated with 10 μM forskolin for 6 h and Ltbp-1 mRNA
expression determined by real-time PCR. Ltbp-1 mRNA expression was normalized by β-
Actin. The binding of pCREB1Ser133 to the Ltbp-1 promoter in forskolin-treated AhR+/+ MEF
cells was analysed by ChIP as in panel a. The data are shown as mean ± SE. The experiments
were repeated three times with similar results.
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Fig. 5.
HDAC2 is differentially recruited to the Ltbp-1 promoter in AhR+/+ and AhR−/− MEF cells.
(a) The binding of HDAC1, −2 and −4 to the Ltbp-1 promoter was analysed by ChIP in AhR
+/+ and AhR−/− MEF cells. Proximal (−77/−333) and more distal (−445/−736) regions were
amplified by PCR. Positive controls included input fractions, whereas negative controls were
done in the absence of antibodies. (b) HDAC2 protein was downregulated in AhR+/+ and AhR
−/− MEF cells by transfecting two different siRNA molecules (siRNA 1 and siRNA 2). The
effect of these siRNAs on the levels of HDAC2 protein in AhR+/+ and AhR−/− MEF cells is
shown in the upper panels. The effect of HDAC2 siRNAs on Ltbp-1 mRNA expression in AhR
+/+ and AhR−/− MEF cells was determined by real-time PCR and normalized by β-Actin
(lower panels). Scramble siRNA was used as a control for RNAi specificity. The experiments
were repeated four times with similar results. The data are shown as mean ± SE.
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Fig. 6.
AhR genotype does not alter HDAC2 expression or deacetylase activity. (a) AhR+/+ and AhR
−/− MEF cells were analysed for HDAC2 protein expression by Western blotting. β-Actin
was used to determine equal loading. (b) HDAC2 deacetylase activity was measured in HDAC2
immunoprecipitates. HDAC2 was immuno-precipitated with a specific antibody and its
deacetylase activity analysed in vitro using [3H]acetylated chicken erythrocyte histones as
substrate. HDAC2 activity was quantitfied as DPM. Positive controls were done using input
extracts. Negative controls included immunoprecipitates in absence of antibody (No Ab) and
enzymatic reactions containing histones but not protein (His). The experiment was done in
duplicate in two different AhR+/+ and AhR−/− MEF cultures. The data are shown as mean
±SE.
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Fig. 7.
AhR+/+ MEF cells have acetylation and methylation markers in the Ltbp-1 promoter consistent
with a repressed state. (a) Acetylation status of histone H4 (AcH4) (upper panel) and Lys8 of
histone H4 (AcK8H4) (lower panel) in the proximal Ltbp-1 promoter was determined in AhR
+/+ and AhR−/− MEF cells by ChIP. Positive controls corresponded to input fractions,
whereas negative controls were done in the absence of antibody. (b) Methylation of Lys 9 of
histone H3 (2mK9H3) was determined in AhR+/+ and AhR−/− MEF cells by ChIP. Positive
and negative controls were performed as described above. (c) Protein levels of AcH4, AcK8H4
and 2mK9H3 were determined in AhR+/+ and AhR−/− MEF cells by Western blotting. Histone
H3 was used as loading control. The experiments were repeated three times in independent
AhR+/+ and AhR−/−MEF cultures.
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Fig. 8.
HDAC2 downregulation by RNAi increases AcK8H4 levels in the Ltbp-1 promoter in AhR+/
+ MEF cells. (a) AhR+/+ MEF cells were transfected with siRNAs for HDAC2 and ChIP
assays performed for AcH4, AcK8H4 and HDAC2. Scramble RNA was transfected as control
for RNAi specificity. Positive controls were performed using input fractions. Negative controls
were done in the absence of antibody (No Ab). (b) Quantitative real-time PCR to measure the
effect of HDAC2 siRNA on AcH4 and AcK8H4 in the proximal Ltbp-1 promoter. Levels of
AcH4, AcK8H4 and HDAC2 measured by real-time PCR were compared to a calibration curve
made with known amounts of input fraction. The experiment was repeated in duplicate using
two different AhR+/+ MEF cultures with similar results. The data are shown as mean ± SE.
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Table 1

Site-directed mutagenesis of XRE elements present in the mouse Ltbp-1 promoter

XRE1mut XRE1

Wild type 5′CCAATGGACAGCTCACGCTACCTCGGATAGCCTTTTCTGG3′

BamHI

Mutant 77.8 °C 5′CCAATGGACAGCTCAGGATCCCTCGGATAGCCTTTTCTGG3′

3′GGTTACCTGTCGAGTCCTAGGGAGCCTATCGGAAAAGACC5′

XRE2mut XRE2

Wild type 5′CAAGTGCTGGGATGAAAGGCGTGCATGACCACTGCCCA3′

BamHI

Mutant 78.1 °C 5′CAAGTGCTGGGATGAAAGGATCCCATGACCACTGCCCA3′

3′GTTCACGACCCTACTTTCCTAGGGTACTGGTGACGGGT5′

XRE3mut XRE3

Wild type 5′CTGTCCTGGAACTCACGCTGTAGACCAGGCTGGCCTTGAAC3′

EcoRI

Mutant 78.3 °C 5′CTGTCCTGGAACTGAATTCTGTAGACCAGGCTGGCCTTGAAC3′

3′GACAGGACCTTGACTTAAGACATCTGGTCCGACCGGAACTTG5′

Wild type XRE1, XRE2 and XRE3 are highlighted in bold. Base changes introduced into each XRE consensus sequence are underlined. For site-
directed mutagenesis, the mutations introduced generated restriction sites for the endonucleases indicated.
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