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Abstract

Manganese superoxide dismutase (MnSOD), a critical anti-oxidant enzyme, detoxifies the 

mitochondrial-derived reactive oxygen species, superoxide, elicited through normal respiration or 

the inflammatory response. Proinflammatory stimuli induce MnSOD gene expression through a 

eutherian-conserved, intronic enhancer element. We identified two prototypic enhancer binding 

proteins, TEAD1 and p65, that when co-expressed induce MnSOD expression comparable to pro-

inflammatory stimuli. TEAD1 causes the nuclear sequestration of p65 leading to a novel 

TEAD1/p65 complex that associates with the intronic enhancer and is necessary for cytokine 

induction of MnSOD. Unlike typical NF-κB-responsive genes, the induction of MnSOD does not 

involve p50. Beyond MnSOD, the TEAD1/p65 complex regulates a subset of genes controlling 

the innate immune response that were previously viewed as solely NF-κB-dependent. We also 

identified an enhancer-derived RNA (eRNA) that is induced by either proinflammatory stimuli or 

the TEAD1/p65 complex, potentially linking the intronic enhancer to intra- and interchromosomal 

gene regulation through the inducible eRNA.
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Introduction

Manganese superoxide dismutase (MnSOD) is the first line of defense against reactive 

oxygen species produced in normal cellular respiration and as a consequence of the 

inflammatory response [1]. MnSOD is a nuclear encoded, mitochondrial protein which 

catalyzes the rapid dismutation of superoxide radicals into molecular oxygen and hydrogen 

peroxide [2]. The pathophysiological relevance of MnSOD is highlighted by the phenotype 

of MnSOD−/− mice on two background strains: the first dies by P10 with dilated 

cardiomyopathy, liver/skeletal muscle steatosis, and metabolic acidosis [3]; while in the 

second strain, lethality occurs after P21 with derangement of myocardial mitochondria, 

degeneration of brainstem and basal ganglia neurons, severe anemia and progressive motor 

disturbances [4]. Of equal import, elevated MnSOD levels are cytoprotective by: 

suppressing the malignant phenotype in various cancer cell lines and tumor formation in 

xenograft and transgenic mouse models [5, 6]; protecting against beta-amyloid-induced 

neurodegeneration [7] and NMDA-mediated neuronal death [8]; inducing radioresistance [9, 

10]; and blocking apoptosis from etoposide [11], IL-3 withdrawal [12], TNFα exposure 

[13], and TRAIL-mediated events [14].

We and others have demonstrated that proinflammatory mediators, e.g. TNF-α, IL-1β, and 

LPS, induce MnSOD expression through a proximal promoter [15–18] and intronic 

enhancer element [19, 20]. The proximal promoter of the rat MnSOD gene contains binding 

sites for 10 constitutively bound regulatory factors, as assessed by in vivo footprinting [15]. 

The transcription factor CEBPβ and the NF-κB complex are believed to interact with sites 

within the MnSOD enhancer [17, 20, 21]. In an attempt to identify and characterize 

functionally important cognate transcription factors associated with enhancer function, we 

employed a yeast one-hybrid assay. Our studies uncovered a previously unidentified pairing 

of transcription factors (TEAD1/p65) which form a novel complex, are bound to active 

chromatin and, most relevantly, cooperatively induce endogenous MnSOD gene expression. 

Classically, many genes regulated by the proinflammatory response were associated solely 

with NF-κB-dependent regulation. We showed in fact that the regulation of a subset of these 

genes is dependent on not only p65, but also its direct interaction with TEAD1. We also 

identified an enhancer-derived RNA (eRNA) [22] that is induced in response to either 

proinflammatory stimuli or by the TEAD1/p65 complex, potentially linking this eRNA to 

intra- and interchromosomal gene regulation.

EXPERIMENTAL PROCEDURES

Cell Culture and Transient Transfection

Rat pulmonary epithelial cells, L2, human alveolar adenocarcinoma cells, A549, and human 

lung fibroblast cells, HFL-1, were grown in complete Ham’s F12K medium (Life 

Technologies) supplemented with 10% fetal bovine serum, 10 μg/ml penicillin G, 0.1 mg/ml 

streptomycin, and 0.25 μg/ml amphotericin B at 37°C in humidified air with 5% CO2. For 

all transfections, 1.5 μg of DNA was added to 4.5 μl of FuGENE 6 (Roche) in serum-free 

medium to a final volume of 288 μl which was added to cells for 3 h, after which cells were 

rinsed with PBS and medium was refreshed. For transfection of hGH reporter constructs and 

overexpression studies, cells were batch-transfected with equimolar amounts of the indicated 
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construct to control for transfection efficiency and seeded into separate plates 12 h after 

transfection and allowed to recover for 12 h, after which they were either left untreated or 

stimulated. L2 cells were utilized for all experiments unless otherwise noted.

Dimethyl Sulfide (DMS) in vivo Footprinting

In vivo footprinting was done as described [23] with modifications followed by ligation-

mediated PCR and gel electrophoresis. Intact cells were untreated (control) or treated with 

DMS for 1–2 min, and DNA was purified by phenol/chloroform extraction and digested 

with BamH I followed by an additional phenol/chloroform extraction. DNA was then treated 

with piperidine and heated at 90°C to cleave modified guanine residues followed by ethanol 

precipitation and resuspension in TE. Samples were then subjected to ligation-mediated 

PCR (LMPCR). Briefly, following a first-strand synthesis step, a linker was ligated to the 

resulting cleaved fragment. This double stranded fragment was amplified with a primers to 

the linker and the BamH I cleavage site prior to visualization by genomic sequencing 

(Church and Gilbert, 1984).

Yeast One-hybrid Screening

Screening was done using tandem triplicate repeats of the MnSOD intronic enhancer 

fragment (5′-GGAAATTACCACATTCTGGAAATTTTAC-3′) in the Matchmaker yeast 

one-hybrid system (Clontech). Briefly, oligomeric fragments were cloned into pHISi or 

pLazZi vectors and transformed into the yeast YM4271 strain. Integration was confirmed 

through plating on auxotrophic media. Subsequent transformation of the library was 

confirmed similarly with drop-out media and increasing 3-AT (3-amino-1,2,4-triazole) 

concentrations and 108 cfu/ml were screened from a human brain library (Clontech).

Plasmid Construction and Mutagenesis

A 360 bp fragment spanning the rat MnSOD intronic enhancer from intron 2 was subcloned 

into the NdeI site of the human growth hormone (hGH) reporter plasmid and mutagenized 

by Quikchange mutagenesis. TEAD1, TEAD4 and p65 cDNA’s were subcloned from the 

pACT2 Clontech vector into the pcDNA3.1 mammalian expression vector. The p65 

transactivation (TA) deletion and p50 constructs were kind gifts of Dr. Mary Waltner-Law 

(University of Florida). Myc-tagged constructs were created by subcloning the indicated 

cDNA into StrataClone Mammalian Expression Vectors (Stratagene).

RNA Isolation and Analysis

Total RNA was isolated as described by Chomczynski and Sacchi [24] with modifications 

[1] and analyzed by northern analysis and qRT-PCR. For northern analysis, RNA was size-

fractionated on a 1% agarose-formaldehyde gel and electrotransferred to a charged nylon 

membrane (Zetabind, Cuno Laboratory Products) followed by UV cross linking. The 

membrane was hybridized with restriction digested randomly primed 32P-labeled probes 

using the Random Primers DNA labeling system (Gibco BRL). Membranes were hybridized 

and washed in 40 mM NaHPO4 pH 7.2, 1 mM EDTA, and 1% SDS. Membranes were 

analyzed by autoradiography. for qRT-PCR, total RNA was reverse-transcribed using the 

SuperScript™ first-strand synthesis kit (Invitrogen) with oligo(dT) or a gene-specific 
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antisense MnSOD intron 2 primer for eRNA evaluation. 2 μl of the resulting cDNA was 

used for qPCR analysis using SYBRR Green Supermix with ROX™ (Bio-Rad Laboratories) 

in an ABI 7000 Sequence Detection System and analyzed by the ΔΔCT method normalized 

to cyclophilin A as described previously [10, 11]. Crossing threshold (CT) values from both 

cyclophilin A and respective target genes were used in the ΔΔCT method to calculate 

relative fold inductions [10, 11].

Chromatin Immunoprecipitation (ChIP)

ChIP was performed with the indicated antibodies and analyzed by gel electrophoresis or 

qPCR and quantified relative to input prior to immunoprecipitation. Briefly, cells were 

crosslinked with 1% formaldehyde for 10 min at 25°C and quenched with 125 mM glycine 

prior to chromatin isolation. The chromatin lysate was sonicated, centrifuged at 15,000×g 

for 5 min at 4°C, and immunoprecipitated overnight with the indicated antibodies; the no 

antibody controls being processed in the same manner lacking any antibodies. Resulting 

complexes were captured by incubation with either Protein A or G for polyclonal or 

monoclonal antibodies, respectively. Captured complexes were washed and eluted, and the 

DNA-protein cross-links were reversed at 65°C for 4 h. Purified DNA was then subjected to 

traditional PCR or qPCR with primers specific to the MnSOD intron 2 enhancer: (top strand: 

5′-CAGGTCTGGGAAACGGGTTGAGTAATTG3′, bottom strand: 5′ 

GAGGAAAGTTGTCAGATGTCACCTTAGAGG3′), and the MnSOD promoter (top 

strand: 5′-CAAGGCGGCCCGAGAAGAGGCGGGG-3′; bottom strand: 5′-

CTTGGACACA-GCTAGGCGCTGAC-3′. Traditional PCR fragments were fractionated on 

a 1.5% agarose gel, transferred to a nylon membrane, hybridized with a γ-ATP32 

radiolabeled oligonucleotide specific to a region within the amplified region, and visualized 

by autoradioagraphy.

Immunoblot Analysis

Protein was isolated from treated cells in lysis buffer containing Complete™ Mini protease 

inhibitor (Roche) and the protein concentration was determined by a BCA (bicinchoninic 

acid) assay (Pierce). 20 μg of protein was separated on a 7.5% Tris/HCl Ready-Gel (Bio-

Rad Laboratories) and electrotransferred on to a Trans-Blot® (Bio-Rad Laboratories) 

charged nitrocellulose membrane. Membranes were stained with Ponceau S (Sigma-Aldrich) 

to verify even loading. Membranes were blocked in 5% non-fat milk in TTBS, probed with 

the indicated antibodies, subjected to ECL (enhanced chemiluminescence) (GE Healthcare) 

and visualized by exposure to Hyperfilm™MP (GE Healthcare).

Immunoprecipitation

L2 cells were transfected with either TEAD1 and p65 or Flag-TEAD1 and myc-p65 at 65–

70% confluency using FuGENE 6 (Roche). Protein was isolated 48 h post-transfection with 

RIPA lysis buffer and split into equal fractions One fraction received no antibody and the 

other was immunoprecipitated with either p65 or c-myc antibody for 1 h at 4°C. Complex 

capture was completed by the addition of 25 μl of Protein A/G beads and incubation for 1 h 

at 4°C. Samples were boiled in Laemelli buffer for 5 min and subjected to immunoblot 

analysis as described above.
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Immunohistochemistry

L2 cells were grown on cover slips and treated with LPS (0.5 μg/ml) or IL-1β (2 ng/ml) for 

0.5 h or transfected with the indicated construct. The cells were incubated for 24–48 h, 

washed twice with serum free media and fixed with 4% Paraformaldehyde for 10 min at 

25°C. The cells were then washed once with serum free media, 3× with PBS, and 

additionally fixed with 100% methanol for 5 min at −20°C. The fixed cells were washed 

twice with PBS, blocked with 10% goat serum/PBS and incubated with primary antibodies 

overnight at 4°C. Secondary antibodies (Alexa fluorochrome conjugated anti-mouse FITC or 

anti-rabbit Texas Red) were incubated at 25°C for 1 h in the dark along with Hoescht dye at 

1:1000 to stain nuclei. The cells were washed a final time with PBS, and the coverslips were 

mounted using the Prolong Antifade kit (Molecular Probes). The immunofluorescence 

analysis was performed on a Zeiss Axioplan 2 microscope using a 20× objective. For 

comparative pictures, gains were kept at the same level for primary pictures and secondary 

antibody only controls. For analysis of tagged proteins, fixation was done with 100% 

methanol for 5 min at −20°C; all remaining procedures were identical.

siRNA

L2 cells at ~40% confluency were transfected with a final concentration of 100 nM 

Dharmacon siRNAs for p65 using DharmaFECT 1 siRNA transfection reagent, and A549 

cells were transfected with Qiagen siRNAs for TEAD1, TEAD2 and TEAD4 using 

Hiperfect transfection reagent. After 72 h, cells were collected and immunoblot and/or qRT-

PCR analysis was used to assess protein knockdown, followed by qRT-PCR for each 

transcription factor or MnSOD.

Data Analysis

Densitometry of autoradiographs was performed using ImageJ software and qPCR was 

analyzed by the ΔΔCT method [10, 11]. Significance in three or more independent 

experiments was determined by a Student’s t-test as p≤0.05 (*) and p≤0.005 (**).

Results

In vivo footprinting analysis of the MnSOD intronic enhancer and identification of cognate 
transcription factors by yeast one-hybrid

We and others identified a cytokine-dependent intronic enhancer region that controls 

MnSOD gene expression. Interestingly, this enhancer exhibits a high level of nucleotide 

identity over ~500 bp across mammalian species [19, 20, 25]. We provide a comparison of 

MnSOD intronic enhancer sequences from 23 eutherians, which by definition are placental 

mammals, compared to human (Fig. 1A). An in silico search using the 466 bp human 

MnSOD intronic fragment only found a high level of sequence identity amongst eutherians 

for which complete MnSOD gene sequences are available (Ensembl, WTSI/EBI) with no 

similar region identified in insect, fish, amphibian, reptile, bird, monotreme, or marsupial 

MnSOD genes.

We previously demonstrated that MnSOD induction by proinflammatory mediators TNFα 

and IL-1β [1] requires this intronic enhancer element [19]. To identify the interaction of 
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potential regulatory factors with this conserved intronic enhancer, we utilized dimethyl 

sulfate in vivo footprinting [15, 23] in a rat pulmonary epithelial cell line, L2, in the control 

and cytokine treated cells. We utilized rat L2 cells because all of our past studies on 

MnSOD, most importantly the previous characterization of the enhancer were performed in 

these cells. A summary of the in vivo footprinting data demonstrates protection (○), 

enhancement (●), or partial enhancement (●) of guanine and adenine residues indicating 

contacts with regulatory proteins (Fig. 1B). Specific contacts are observed that are unique to 

either TNFα or IL-1β treatment.

To identify cognate transcription factors that interact with the MnSOD enhancer, we utilized 

a yeast one-hybrid system to screen a human brain cDNA library to find relevant regulatory 

factors in a eukaryotic cellular setting. Figure 1C shows the rat sequence that we employed 

in the yeast one-hybrid screening. This screen identified three transcription factors, two of 

which are family members, transcriptional enhancer factor-1 (TEF1/TEAD1) and TEF3/

TEAD4. TEAD1, the evolutionally conserved prototypic member of the family, was 

originally identified as the factor regulating the GT-IIC and Sph (I+II) enhansons of the 

simian virus 40 (SV40) enhancer [26]. The third cDNA identified from our one-hybrid 

screen encoded the gene for p65/RelA [27]. Historically, p65 functions as a homodimer or 

as a heterodimer with p105/50, classically defined as NF-κB. The canonical TEAD and p65 

binding sequences are shown in Figure 1C. Residues within each of these putative binding 

sites were mutated in the context of a 360 bp rat MnSOD enhancer fragment in a human 

growth hormone (hGH) reporter plasmid also containing the 2.5 kb rat MnSOD promoter 

[19]. These constructs were transfected into L2 cells and evaluated in response to either 

TNFα or IL-1β by northern analysis, demonstrating the functional importance of these 

sequences (Figure 1D,E).

Analysis of TEAD1 and p65 enhancer binding and protein interaction

To evaluate the specificity of TEAD1 and p65 DNA binding, we generated TEAD1 and p65 

glutathione-S-transferase (GST) fusion proteins which were expressed and isolated from E. 

coli using a glutathione affinity column. The purified proteins were used for EMSAs in the 

presence of nuclear extracts to assess enhancer specific DNA binding. Both proteins form 

shifted complexes with a fragment spanning the putative TEAD and p65 binding sites 

(Figures 1C and S1A). Specific binding of TEAD1 and p65 at these sites was confirmed by 

mutational analysis. Mutation of the central TEAD site (M-TEAD) eliminated all of the 

complexes (Figure S1A, middle). Analogously, the p65-GST protein forms two complexes, 

while a fragment where the 5′-most p65 site is mutated (M-p65) displays the loss of one 

shifted band with an intensification of the topmost band (Figure S1A, right), presumably 

through increased binding to the remaining 3′ p65 site (Figure 1C).

To further substantiate the results from the original yeast one-hybrid assay and verify the 

association of TEAD1 and p65 in mammalian cells with the intronic enhancer element, we 

utilized chromatin immunoprecipitation (ChIP) assays to identify protein-DNA interactions 

in native chromatin in L2 cells. A representative ChIP analysis for both the MnSOD intronic 

enhancer and promoter is shown in Figure 2A. As illustrated, TEAD1 is found at the 

enhancer in both the unstimulated and IL-1β-treated cells, while p65 is only found on the 
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enhancer following IL-1β stimulation. We previously reported the constitutive interaction of 

the transcriptional activator Sp1 with three separate sites within the proximal MnSOD 

promoter by ChIP [16]. The results shown in Figure 2A confirm Sp1 interaction with the 

promoter region and demonstrate a reduced interaction of Sp1 with the enhancer region, 

similar to other studies [28]. As a negative control we also performed ChIP analysis utilizing 

primers flanking intron 3 and exon 4 (Figure S1B).

To determine if TEAD1 and p65 interact directly with each other in cells, we employed co-

immunoprecipitation (co-IP) studies. Figure 2B displays a total cellular p65-IP from L2 cells 

overexpressing both proteins followed by immunoblot for TEAD1, demonstrating an 

association between the two proteins in cells. To study stimulus-dependent nuclear 

interactions of these proteins, we used nuclear fractions from control and IL-1β-stimulated 

cells and performed a reciprocal co-IP using the TEAD1 antibody, confirming the stimulus-

dependent formation of aTEAD1/p65 complex (Fig. 2C). These results are consistent with 

our ChIP results (Fig. 2A), demonstrating the presence of both proteins at the enhancer only 

after stimulation. To corroborate the specificity of the co-IP results, we overexpressed 

tagged proteins, FLAG-TEAD1, FLAG-TEAD4 and Myc-p65 in L2 cells followed by IP 

with a Myc antibody and immunoblotting with a FLAG antibody (Fig. S1C), confirming the 

presence of p65 in complexes with both TEAD1 and TEAD4.

TEAD1 sequesters p65 in the nucleus

As part of the endogenous regulation of NF-κB activity, p65 homo- or heterodimers are 

sequestered in the cytosol through interaction with inhibitor of κB (IκB) subunits, with 

cellular stimulation releasing p65 and allowing translocation to the nucleus [29]. In control 

cells, endogenous p65 is found predominantly in the cytosol with TEAD1 exclusively 

nuclear as illustrated by immunoblot analysis of cellular fractions and 

immunohistochemistry (Fig. S2A–C). As documented, LPS or IL-1β treatment causes p65 

translocation to the nucleus (Fig. S2A,D,E) [29]. Expression of p65 alone does not alter its 

cytosolic localization (Fig. 3A); however, coexpression of TEAD1 and p65 in L2 cells 

causes the efficient retention of p65 in the nucleus (Fig. 3B–D). To confirm these results, we 

overexpressed FLAG-TEAD1 and Myc-p65 alone or together (Fig. 3E–L). We also 

performed a similar experiment with the untagged proteins (Fig. S2F–L). These results 

demonstrate that TEAD1 is capable of sequestering p65 (Figs. 3, S2) in the nucleus through 

a complex containing these proteins (Figs. 2, S1). Our results are consistent with the ability 

of TEADs to mediate nuclear retention of the transcriptional activators YAP and TAZ, 

involved in the Hippo tumor suppressor pathway [30].

TEAD1 and p65 cooperatively induce endogenous MnSOD mRNA levels

Having demonstrated that TEAD1 and p65 interact with each other and with the intronic 

MnSOD enhancer, we next tested the functional relevance of these interactions to 

endogenous MnSOD gene regulation. We previously showed that the rat MnSOD gene 

expresses five messages resulting from alternative polyadenylation [31]. A representative 

northern analysis shown in Figure 4A illustrates a striking induction of MnSOD mRNA 

levels when TEAD1 and p65 are coexpressed. p65 alone causes a small induction (~2×) 

while TEAD1/p65 results in a 4.4× induction of endogenous MnSOD mRNA levels (Fig. 
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4B). To further substantiate that these overexpressed proteins were directly affecting 

transcription through the enhancer, we overexpressed the tagged proteins, FLAG-TEAD1 

and Myc-p65, and performed ChIP analysis with the respective Myc or FLAG antibodies 

followed by qPCR (Fig. 4C). As demonstrated, overexpression of p65 alone results in an 

increased association of the protein with the enhancer, while coexpression of TEAD1 and 

p65 potentiates an increased association, consistent with the northern analyses where 

coexpression of TEAD1 and p65 induces significantly higher MnSOD expression than p65 

alone (Fig. 4A–C).

We next evaluated the effects of coexpression of TEAD1 and p65 within the context of 

stimulation with pro-inflammatory stimuli. As shown, combined overexpression of TEAD1 

and p65 causes an induction of endogenous MnSOD mRNA comparable to that of LPS 

alone, which is not further enhanced by LPS, TNF-α, or IL-1β, implying that these 

mechanisms of induction contain overlapping components, most likely the transcription 

factors TEAD1 and p65 (Fig. 4D). Furthermore, the induction of MnSOD mRNA by 

TEAD1 and p65 is accompanied by increased MnSOD protein levels (Fig. 4E). As our yeast 

one-hybrid screen identified another TEAD family member, TEAD4, we performed 

comparable experiments with this factor. The TEAD1/4 family members alone or in 

combination had no effect on MnSOD expression (Fig. S3A,B); however, similar to the 

results seen for TEAD1, TEAD4 in combination with p65 also induces endogenous MnSOD 

mRNA to a level comparable to proinflammatory stimuli, implying redundancy of TEAD 

family members (Fig. S3C).

To further solidify the specificity of the TEAD/p65-mediated effects on gene expression, 

TEAD1 was coexpressed with C/EBPβ, another transcription factor we identified from a 

separate yeast one-hybrid screen that is also associated with cytokine-dependent induction of 

MnSOD [32]. TEAD1-C/EBPβ coexpression had no effect on MnSOD expression (Fig. 

S3D). To determine if our observations were specific to rat cells, we also tested the 

induction of MnSOD in response to TEAD1 and p65 in a human fetal lung fibroblast cell 

line, HFL-1, where coexpression elicited a similar induction of endogenous MnSOD (Fig. 

S3E).

The role of p50 in the regulation of MnSOD gene expression

To determine whether the classic component of NF-κB and dimerization partner for p65, 

p50 [29], has any involvement in MnSOD expression, p50 was expressed alone or in 

combination with TEAD1 or p65. p50 was unable to induce endogenous MnSOD in any of 

these conditions (Fig. 4F), despite protein overexpression significantly higher than 

endogenous levels (Fig. 4F, inset). As verification of functionality, overexpressed p50 

causes an increase in its own endogenous p50 precursor mRNA (p105) (Fig. 4F), consistent 

with previous studies [33]. Therefore, p50 was undetectable in the control lanes because, 

similar to the immunoblot, the endogenous levels are low as compared to the overexpressed 

and induced endogenous p50 mRNA levels detected by northern analysis (Fig. 4F). To 

further evaluate any p50 contribution to stimulus-dependent MnSOD gene expression, we 

utilized a cell-permeable synthetic peptide inhibitor, SN50, that blocks nuclear translocation 

of the p50 subunit of NF-κB [34] (Fig. S3F). These data confirm the lack of contribution 
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from p50 to the LPS, TNFα, or IL-1β inductions of MnSOD. Interestingly, p50 appears to 

inhibit the induction by p65 when they are coexpressed (Fig. 4F), and inhibition of p50 with 

SN50 accentuates the stimulus-dependent induction of specific rat MnSOD mRNA species 

(Fig. S4F).

siRNA-mediated knockdown of p65 and TEAD1 inhibits cytokine induction of MnSOD

To evaluate the requirement of p65 or TEAD1 in cytokine-dependent stimulation of 

MnSOD, we first used siRNA knockdown of p65 in L2 cells stimulated with IL-1β. We 

confirmed knockdown of p65 protein levels by immunoblot (Fig. S4A). p65-specific siRNA 

effectively blocks induction of MnSOD mRNA levels in response to IL-1β signaling (Fig. 

5A). TEAD1 and TEAD4 can interchangeably function in the induction of MnSOD (Figs. 4, 

S3) and redundant roles of TEAD1 and TEAD2 have previously been shown [35], therefore 

we analyzed the effect of knockdown of these three TEADs. Unfortunately, siRNAs were 

not available for all rat TEAD genes, therefore siRNA-mediated knockdown of human 

TEADs was performed in a human lung adenocarcinoma cell line, A549. Of note, A549 

cells endogenously express equally high levels of TEAD1 and TEAD2, with lower TEAD4 

levels (data not shown). Knockdown of each gene was verified by qRT-PCR, causing a 

72%, 73% and 35% reduction of TEAD1, 2 and 4 mRNA, respectively (Fig, S4B). The 

induction of MnSOD mRNA in A549 cells by TNF-α was inhibited 48% and 28% by 

siRNA for TEAD1 and TEAD2, respectively, with no effect on induced MnSOD mRNA by 

a TEAD4 siRNA (Fig. 5B). The intermediate effectiveness of siRNA-mediated cytokine-

dependent knockdown may be due to the inherent redundancy of the TEAD family [35] and 

the high level of affinity by each TEAD for the consensus sequence.

The Rel homology domain and transactivation domains of p65 are required for 
cooperation with TEAD1

NF-κB transcriptional activity can be modulated through p65 phosphorylation in response to 

different stimuli [36, 37]. Prominent phosphorylation sites include S276, S529 and S536, 

which we have tested in the context of MnSOD regulation and found to not be involved 

(data not shown). We have however identified a serine residue in p65 at position 180 (S180, 

Fig. 5C) that, when mutated (S180P), abolishes the ability of p65 to induce MnSOD mRNA 

levels (Fig. 5D). The S180P protein was expressed in L2 cells (Fig. S4C) and, based on IP 

followed by immunoblot with anti-TEAD1 antibody, this mutant still binds to TEAD1, 

analogous to WT p65 (Fig. 5E). Mutation of S180 to threonine restores the MnSOD 

induction observed with WT p65 protein, supporting a hypothesis that this is indeed a 

phosphorylation site (Fig. 5F).

p65 contains two transactivation domains (TA1 and TA2) and a Rel homology domain 

(RHD) that contains the dimerization region and binding sites for IκB and DNA (Fig. 5C). 

To determine the relevance of theses domains to MnSOD induction, we expressed p65 

constructs lacking either the RHD (ΔRHD) or the TA domains (ΔTA) (Fig. 5C) and verified 

expression by immunoblot and northern analysis (Fig. S4D,E). Northern analysis was used 

to verify expression of ΔRHD because the antibody epitope is deleted in this construct (Fig. 

S5E). The ΔRHD deletion, when coexpressed with TEAD1, is unable to elicit any induction 
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of MnSOD, whereas the ΔTA construct with TEAD1 only causes a minor increase in 

MnSOD levels (Fig. 5G).

Stimulation of MnSOD transcription through the intronic enhancer occurs concurrently 
with induction of an enhancer-derived RNA (eRNA)

We previously demonstrated that both the human and rat MnSOD intronic enhancers drive 

stimulus-specific expression of a reporter construct, acting as its own promoter [19]. Since 

both the human and rat enhancer fragments were capable of initiating transcription from a 

site internal to the element in response to LPS, TNFα and IL-1β, we referred to this element 

as a prohancer [19]. Recently, Kim et al. [22] identified Pol II-dependent enhancer-

associated transcripts which were bidirectional, relatively short, nonpolyadenylated, and in 

regions occupied by p300/CBP with high H3K4me1 but devoid of H3K4me3, calling these 

transcripts eRNAs. Similarly, genome-wide studies by De Santa et al. [38] showed that 

canonical enhancers represent 70% of extragenic Pol II localization. Enhancers are now 

considered to be the most common noncoding genomic elements undergoing transcription in 

higher eukaryotes. In 2013, several studies demonstrated a critical role of extragenic eRNAs 

in enhancer function [39–44]. Notably, Li et al. [43] and Hah et al. [39] showed that 

estrogen-activated ER-α causes genome-wide increases in eRNA transcription from 

enhancers controlling estrogen-regulated genes. These functional eRNAs act in long 

distance chromatin interactions by strengthening enhancer-promoter specific chromatin 

looping initiated by ER-α binding. Similarly, Melo et al. [41] demonstrated that p53-bound 

enhancers intrachromosomally regulate neighboring genes, requiring p53-dependent eRNAs 

to cause cell-cycle arrest. These elements are characterized by transcription of short eRNA 

messages that are necessary for transcriptional activation of the target gene(s). Due to the 

innate promoter activity of the MnSOD prohancer in a reporter construct, we hypothesized 

that this element may possess similar endogenous activity. We first tested whether RNA Pol 

II was inducibly bound to the MnSOD intronic enhancer. Within one hour of stimulation by 

TNFα, Pol II is recruited to this element (Fig. 6A). Using strand-specific reverse 

transcription reactions, we then analyzed the presence of an antisense eRNA transcript 

originating from the MnSOD enhancer. As shown in Figure 6B, LPS, TNFα and IL-1β all 

cause a robust induction of an antisense eRNA transcript within the enhancer. Due to the 

overlap of the sense strand eRNA with MnSOD intron and thus the homology to the 

unspliced heterogeneous nuclear RNA, we were unable to selectively study any sense eRNA 

transcription from the intronic enhancer. These results provide the first insights into 

inducible production of eRNA from an intronic or intragenic enhancer (Fig. 6B).

TEAD1 and p65 cooperate to induce genes previously associated with NF-κB

Having established TEAD1/p65, not p65/p50, as cooperative regulators of MnSOD, we 

sought to determine whether other classically NF-κB-associated genes were induced in 

response to these factors. Figure 7A illustrates qRT-PCR results for a number of previously 

reported NF-κB-regulated genes in response to TEAD1/p65 coexpression. Amongst these 

genes we observed only minor increases with Tfr2 and COX-2, whereas we observed a 

significant repression (69%) of the HO-1 gene in response to TEAD1/p65. While p65 alone 

could cause an induction of genes closely linked to the innate response, coexpression of 

TEAD1/p65 caused 10, 6, 11, 48, 774 and 1222× induction of the TNFα, ICAM, IκBα, 
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CXCL3, IL-1β, and CCL20 genes, respectively (Fig. 7B–D). The selective effect of the 

unique pairing of TEAD1 and p65 implies that TEAD1 is a critical cofactor of p65 and the 

resulting complex regulates a subset of classical NF-κB-responsive genes.

Two potential mechanisms for the selective induction of these proinflammatory genes are 

gene-specific interactions of TEAD1/p65 or a TEAD1/p65-controlled master regulatory 

region which directly interacts with each of these genes. Individual eRNAs have been shown 

to interact with multiple genes to modulate their transcription [39–44]. If the MnSOD 

intronic enhancer is capable of functioning as one of these regions through its transcribed 

eRNA, then the eRNA must also be synthesized in response to TEAD1/p65 coexpression. 

Figure 7E demonstrates that this element produces an anti-sense eRNA in response to p65 

which was more strongly activated in response to TEAD1/p65 coexpression. The induction 

of MnSOD (Fig. 4), other inflammatory genes (Fig. 7), and eRNA (Fig. 7) by p65 alone is 

consistent with the basal interaction of TEAD1 with the enhancer (Fig. 2) while elevated 

induction associated with coexpression results from increased co-occupancy. This effect 

implicates the MnSOD intronic enhancer as a potential mediator of broad proinflammatory 

regulation and thus innate immunity.

Discussion

MnSOD displays a high level of amino acid conservation from archaebacteria to humans 

[45], with a highly conserved intronic enhancer element critical for transcriptional regulation 

only present in eutherians. An analysis of insect, fish, amphibian, reptile, bird, monotreme, 

and marsupial MnSOD genes did not identify any homologous DNA element. As the only 

obvious features unique to eutherians, as compared to marsupials, are complex placentas and 

more fully developed offspring at birth, the basis for the recent evolution of this regulatory 

element in eutherians is not evident.

Our analysis of the enhancer includes a yeast one-hybrid screen identifying three proteins, 

TEAD1, TEAD4 and p65. These proteins were historically prototypic enhancer regulatory 

factors. TEADs were first isolated as part of a complex binding the SV40 enhancer region 

[26] whereas p65 was identified as part of a protein complex that bound the immunoglobulin 

enhancer regions [27]. Multiple studies have shown that TEAD1 can act as either a 

transcriptional inhibitor or activator [46–48] depending on the availability of suitable 

regulatory partners. TEADs exhibit functional redundancy [35] and lack transcriptional 

activation domains. TEADs facilitate DNA binding of multiple proteins including Max [49], 

PARP [50], SRF [51], TBP [52], and MEF2 [53]. The most notable TEAD partner is YAP 

[54], which, when complexed with TEAD1, controls cellular senescence [55], tissue growth 

[56], and tumorigenesis [57] through the SWH pathway [56, 58]. Our results demonstrate 

TEAD1-dependent sequestration of p65 in the nucleus where the novel TEAD1/p65 

complex mediates cytokine-dependent regulation of MnSOD specifically through the 

intronic enhancer. Also supporting the involvement of TEAD1 in the regulation of MnSOD, 

mice deficient in either TEAD1 [35] or MnSOD [3, 4] display similar pathologies associated 

with cardiac myopathies.
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p65 is a member of the evolutionarily and structurally conserved Rel homology domain 

family of proteins, which includes c-Rel, RelA (p65), RelB, p50/p105 and p52/p100 and has 

previously been implicated in MnSOD gene regulation [17, 21]. As part of the NF-κB 

complex, p65 is sequestered in the cytosol in most cells through an interaction with IκBs, a 

family of inhibitory molecules regulated through phosphorylation in response to 

inflammatory or stress-related stimuli. This phosphorylation releases the NF-κB complex 

and allows for nuclear import, DNA binding, and gene activation. The most heralded NF-κB 

complex consists of p50 and p65 [59]. Of the NF-κB subunits, p65 possesses the most 

potent activating potential through its C-terminal trans-activation domain [60]. However, 

our results have demonstrated that, unlike coexpression of TEAD1 and p65, the p50 subunit 

does not play a role in proinflammatory-mediated MnSOD gene regulation. As with 

TEAD1, new partners outside of the Rel family of proteins have been identified that may 

form relevant complexes with p65 [61, 62], and crystallization studies [63] have 

demonstrated an inherent flexibility in its ability to bind various DNA sequences. Here we 

show that a new partner for p65, TEAD1, functions to assist proinflammatory-mediated 

induction of MnSOD expression. Interestingly, both these proteins were initially argued to 

bind the SV40 enhancer region [27, 48] but at that time no correlation was made for their 

potential direct interaction and cooperation in enhancer function as we have demonstrated 

for MnSOD gene expression. We have also identified a novel serine residue (S180) in p65 

that is required for MnSOD induction by cytokines and a S180T mutant supports this 

residue’s role as a potential phosphorylation site. Although the interaction and functional 

connection between TEAD1 and p65 has never been reported, they share a strikingly similar 

overlap in the control of physiological events including cellular senescence [55, 64], 

apoptotic resistance [65, 66], cell growth/differentiation [67, 68] and tumorigenesis [69, 70].

We therefore hypothesize that the TEAD1/p65 complex is not unique to MnSOD regulation, 

but also functions as an activator of other anti-apoptotic and anti-inflammatory genes. Our 

data demonstrate that TEAD1 and p65 regulate genes classically associated only with NF-

κB, offering new insights into a critically important yet unrecognized regulatory mechanism. 

Remarkably, this complex causes significant induction of ICAM, TNFα, IL-1β, and the 

protein most closely linked to NF-κB regulation, IκBα. We also observe a substantial 

induction of the chemokines CXCL3 and CCL20. In addition, we also observe a TEAD1/

p65-dependent repression (~69%) of the HO-1 gene. A specific linkage between p65 and 

HO-1 exists based on considerable evidence demonstrating suppression of NF-κB function 

through HO-1 anti-oxidant activity [71]. Moreover, a recent study has demonstrated that the 

Nrf2-ARE pathway is repressed through the interaction of p65 with Keap1 [72], thus 

potentially explaining the observed repression of HO-1 by TEAD1/p65. Collectively, these 

genes link the TEAD1/p65 complex to the control of the innate immune response. Many of 

these genes were associated with NF-κB based on sequence alone prior to technologies 

allowing for intracellular assessment of specific transcription factor binding and functional 

involvement. The advent of ChIP, ChIP-seq, and genome-wide transcriptional assays offer 

additional pursuits for studies involving genes coordinately-regulated by TEAD1 and p65.

The last three years of developments surrounding transcription from enhancer regions have 

uncovered a critical regulatory role for enhancer-derived non-coding RNAs. These enhancer 

elements encode small RNA transcripts referred to as eRNAs, critical to the transcriptional 
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regulation of numerous intra- and interchromosomally localized target genes. Our discovery 

of transcription initiated from within the MnSOD intronic enhancer, first in a reporter 

construct [19] and endogenously in this study, establishes the MnSOD intronic enhancer as 

an eRNA-producing element. Most significantly, our data demonstrate that eRNA is 

transcribed in response to either proinflammatory stimuli (LPS, TNFα, or IL-1β) or the 

TEAD1/p65 complex. Given the distal regulation of many genes by eRNA and the TEAD1/

p65-dependent regulation of this eRNA, we hypothesize that the TEAD1/p65-regulated 

genes identified here may be induced via this enhancer and associated eRNA.

To our knowledge, our data are the first evidence for the physical interaction and functional 

cooperation between TEAD1 and p65, prototypic enhancer binding proteins. This complex 

establishes an alternative mechanism to classic NF-κB signaling involved in the regulation 

of inflammatory and innate immune responses and substantiates a physiologically-relevant 

role for the TEAD1/p65 complex in the induction of gene expression by proinflammatory 

mediators. The identification of both the TEAD1/p65 complex and its associated eRNA 

defines a novel therapeutic target for the regulation of the inflammatory response and other 

common physiological events.
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Figure 1. Characterization of the MnSOD enhancer by in vivo footprinting, yeast one-hybrid and 
mutagenesis
(A) Pair-wise conservation at each nucleotide across a 466 bp fragment of the human 

MnSOD intronic enhancer is based on a ClustalW alignment with 23 other eutherian 

enhancer regions. The adjacent table illustrates total percent identity of the enhancer for 

each eutherian species compared to human. (B) A summary of DMS in vivo footprinting 

results depicts control and stimulus-dependent (TNFα and IL-1β) enhancements (strong: ●, 

partial: ●) and protections (○) as compared to naked genomic DNA. (C) The underlined 

sequence in (B) was used for yeast one-hybrid analysis. The positive cDNAs from the one-

hybrid screen were TEAD1, TEAD4 and p65. NF-κB and TEAD consensus binging 

sequences are provided. Two putative p65 sites and a TEAD site are marked with black bars 

on this region of the rat MnSOD intronic enhancer. Grey highlighted residues were mutated 

in functional studies. (D and E) Grey highlighted residues in (C) were mutated in a hGH 

reporter plasmid containing a rat MnSOD 360 bp enhancer fragment coupled to a 2.5 kb 

MnSOD promoter. Cells were transiently transfected with the wild type enhancer (WT), the 

mutated enhancer (Mutant) or an enhancer containing downstream mutations (Control), 

treated with TNFα (D) or IL-1β (E) for 8 h and analyzed by northern analysis. Cathepsin B 

serves as a loading control.
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Figure 2. TEAD1 and p65 associate with the MnSOD enhancer and promoter by ChIP analysis 
and with each other by co-IP
(A) Control and IL-1β (0.5 h) treated L2 cells were subjected to ChIP for p65, TEAD1 and 

Sp1. PCR of the enhancer or promoter regions was analyzed by Southern analysis. Protein A 

or G Sepharose beads served as the no antibody controls (No Ab-A/G), along with input 

DNA from each bead control (INPUT1–4) and non-sonicated genomic DNA. (B) Co-IP 

from total cell lysate from cells coexpressing TEAD1 and p65 using a p65 antibody 

followed by immunoblot analysis for TEAD1. (C) A reciprocal co-IP was performed on 

nuclear extracts from control and IL-1β-treated cells using a TEAD1 antibody followed by 

immunoblot analysis for p65. Total protein and beads alone serve as controls in (B, C).
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Figure 3. TEAD1 sequesters p65 in the nucleus based on immunohistochemistry
(A) Immunohistochemistry of overexpressed p65 demonstrates cytosolic localization using a 

high DNA transfection. (B–D) Immunohistochemistry of cells overexpressing both p65 and 

TEAD1 show nuclear localization of TEAD1 (B) and p65 (C) and a merged image (D) with 

high DNA transfection. (E and F) Immunohistochemistry of overexpressed FLAG-tagged 

TEAD1 shows nuclear localization consistent with Hoechst staining with low DNA 

transfection. (G and H) Immunohistochemistry of overexpressed Myc-tagged p65 shows 

cytosolic localization as compared to Hoechst staining with low DNA transfection. (I–L) 

Immunohistochemistry of cells overexpressing both FLAG-tagged TEAD1 and Myc-tagged 

p65 shows nuclear localization of TEAD1 (I) and p65 (J) at a low DNA transfection with 

merged images for FLAG/Myc (K) and FLAG/Myc/Hoechst (L). All images were taken at 

40× magnification with E–L digitally enlarged.
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Figure 4. Overexpression of both TEAD1 and p65 induces MnSOD expression comparable to 
LPS and cytokine induction but independent of p50
(A and B) Northern analysis (A) and corresponding densitometry of cells transfected with 

TEAD1, p65 or TEAD1+p65 compared to vector alone. Cathepsin B was used as a loading 

control in all northern analyses, n=6. (C) ChIP analysis at the MnSOD enhancer for FLAG, 

Myc or p65 was performed in cells overexpressing tagged proteins demonstrating increased 

association of p65 as a consequence of FLAG-TEAD1+Myc-p65 overexpression using 

qPCR. (D) Graphical summary of densitometry data from northern analyses of cells treated 

with LPS, TNFα, or IL-1β or in combination with transient transfection of TEAD1+p65. (E) 

Representative immunoblot analysis of MnSOD in L2 cells transfected with TEAD1, p65, or 

TEAD1+p65 for 48 h as compared to stimulation with LPS, TNFα, or IL-1β for 24 h. (F) 

Overexpression of p50 alone or in combination with TEAD1 or p65 does not induce 

MnSOD expression, as compared to p65 or TEAD1+p65. Inset demonstrates p50 

overexpression, NC: negative control; U:untransfected. Significance in three or more 
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independent experiments was determined by a Student’s t-test as p≤0.05 (*) and p≤0.005 

(**) with data presented as mean ±SEM.
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Figure 5. Cytokine induction of MnSOD requires TEAD1 and p65 along with serine 180 and the 
transactivation and Rel-homology domains of p65
(A) siRNA knockdown of p65 inhibits IL-1β induction of MnSOD as compared to induction 

in the presence of transfection reagent or a control siRNA (cyclophilin B). (B) siRNA 

knockdown in A549 cells of TEAD1 or 2 partially inhibits TNFα-mediated induction of 

MnSOD with no effect by TEAD4 based on qRT-PCR analysis. (C) A diagram of the p65 

protein coding region shows the location of serine 180 (S180) and the Rel homology (RHD) 

and two transactivation (TA1 and TA2) domains. (D) Representative northern analysis of 

p65 and p65 (S180P) proteins alone and coexpressed with TEAD1 demonstrating the 

importance of S180. (E) Immunoblot analysis of TEAD1 following p65 IP of cell extracts 

expressing WT p65 and the S180P mutant with TEAD1 demonstrating the ability of S180P 

to associate with TEAD1. (F) qRT-PCR analysis of MnSOD mRNA levels from total RNA 

isolated from cells coexpressing TEAD1 with WT p65, S180A, S180P and S180T, further 

Chokas et al. Page 23

Biochim Biophys Acta. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



demonstrating the importance S180 and reactivation based on threonine substitution. (G) 

Graphical summary of densitometry data from northern analyses of cells coexpressing WT 

p65, and deletions of the RHD (ΔRHD) or both TA domains (ΔTA) alone or in the presence 

of TEAD1 demonstrating the critical of importance of both regions. Significance in three or 

more independent experiments was determined by a Student’s t-test as p≤0.05 (* or †) with 

data presented as mean ±SEM.
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Figure 6. RNA Pol II inducibly associates with the MnSOD enhancer while LPS and cytokines 
stimulation causes the induction of an eRNA from the MnSOD enhancer
(A) Control and TNFα (1 h) treated L2 cells were subjected to ChIP analysis for RNA 

Polymerase II (Pol II) at the MnSOD enhancer and samples analyzed by qPCR. (B) qRT-

PCR of the enhancer-initiated eRNA from total RNA isolated from L2 cells treated with 

LPS, TNFα, or IL-1β for 8 h. Significance in three or more independent experiments was 

determined by a Student’s t-test as p≤0.05 (*) with data presented as mean ±SEM.
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Figure 7. TEAD1+p65 coexpression induces both classical NF-κB associated genes and the 
expression of eRNA from the MnSOD enhancer
(A–D) qRT-PCR of the IL-6, c-Myc, heme oxygenase I (HO-1), tumor necrosis factor 

receptor 2 (TNFR2), group IV cytosolic phospholipase A2 (PLA2G4A), cyclooxygenase 2 

(COX-2), pentraxin-related protein (PTX3), X-linked inhibitor of apoptosis protein (XIAP), 

TNF-α, Intercellular Adhesion Molecule 1 (ICAM-1), IκBα, chemokine C-X-C motif ligand 

3 (CXCL3), IL-1β, and chemokine C-C motif ligand 20 (CCL20) genes from total RNA 

isolated from L2 cells expressing p65, TEAD1 or TEAD1+p65. (E) qRT-PCR of an 

enhancer initiated eRNA from total RNA isolated from L2 cells expressing p65, TEAD1 or 

TEAD1+p65. Significance in three or more independent experiments was determined by a 

Student’s t-test as p≤0.05 (* or †) with data presented as mean ± SEM.
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