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Letter

Elucidation of the ELK1 target gene network
reveals a role in the coordinate regulation of core
components of the gene regulation machinery
Joanna Boros,1,4 Ian J. Donaldson,1,4 Amanda O’Donnell,1 Zaneta A. Odrowaz,1

Leo Zeef,1 Mathieu Lupien,2,5 Clifford A. Meyer,3 X. Shirley Liu,3 Myles Brown,2

and Andrew D. Sharrocks1,6

1Faculty of Life Sciences, University of Manchester, Manchester M13 9PT, United Kingdom; 2Division of Molecular and Cellular

Oncology, Department of Medical Oncology, Dana-Farber Cancer Institute and Department of Medicine, Brigham and Women’s

Hospital and Harvard Medical School, Boston, Massachusetts 02115, USA; 3Department of Biostatistics and Computational Biology,

Dana-Farber Cancer Institute and Harvard School of Public Health, Boston, Massachusetts 02115, USA

Transcription factors play an important role in orchestrating the activation of specific networks of genes through targeting
their proximal promoter and distal enhancer regions. However, it is unclear how the specificity of downstream responses is
maintained by individual members of transcription-factor families and, in most cases, what their target repertoire is. We
have used ChIP-chip analysis to identify the target genes of the ETS-domain transcription factor ELK1. Two distinct modes
of ELK1 target gene selection are identified; the first involves redundant promoter binding with other ETS-domain family
members; the second occurs through combinatorial binding with a second transcription factor SRF, which specifies a
unique group of target genes. One of the most prominent groups of genes forming the ELK1 target network includes classes
involved in core gene expression control, namely, components of the basal transcriptional machinery, the spliceosome and
the ribosome. Amongst the set of genes encoding the basal transcription machinery components, are a functionally linked
subset of GTFs and TAFs. Our study, therefore, reveals an unsuspected level of coordinate regulation of components of
the core gene expression control machinery and also identifies two different modes of promoter targeting through binding
with a second transcription factor or redundant binding with other ETS-domain family members.

[Supplemental material is available online at http://www.genome.org. The ChIP-chip data from this study have been
submitted to ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae) under accession nos. E-MEXP-1527 and E-MEXP-
2084.]

Eukaryotic transcriptional activator and repressor proteins control

gene expression through altering the local chromatin structure

around promoters and/or the recruitment of the basal transcrip-

tion machinery and the subsequent engagement of RNA poly-

merases. Many transcriptional regulators respond to extracellular

signals by acting as targets of signal-transduction cascades, which

often leads to the modification of their activity through phos-

phorylation (for review, see Yang et al. 2003; Rosenfeld et al. 2006).

The basal transcription machinery is thought to be a passive player

with regard to responding to signaling pathways. However, recent

studies suggest that the basal machinery is itself regulated, most

notably demonstrated by the switching of TFIID for an alternative

promoter recognition complex containing TBPL2 (also known as

TRF3) and TAF3 during muscle differentiation (Deato and Tjian

2007). Other recent studies indicate that the expression of TBP, the

core component of the TFIID promoter binding complex, is regu-

lated in response to signaling via the MAP kinase pathways (Zhong

et al. 2007). A key transcription factor controlling the expression of

TBP under these conditions was identified as ELK1.

ELK1, along with ELK4 (also known as SAP1) and ELK3 (also

known as SAP2/Net), is a member of the ternary complex factor

(TCF) subfamily of ETS-domain transcription factors (for review,

see Sharrocks 2002; Shaw and Saxton 2003). There are 27 differ-

ent ETS-domain transcription factors expressed in mammalian

cells, and their relative expression differs according to cell type

(Hollenhorst et al. 2004). These transcription factors all bind to

variants of the GGAA/T motif embedded in a larger 10-bp con-

sensus sequence in vitro, suggesting that they might exhibit a high

degree of redundancy in vivo. Indeed, chromatin immunoprecipi-

tation with microarray hybridization (ChIP-chip) analysis suggested

that this was the case for ETS1, ELF1, and GABPA (also known as

GABPa) (Hollenhorst et al. 2007). This study noted, however, that

many of the ETS-domain transcription-factor targets identified

were apparently not bound by ELK1, suggesting that ELK1 might

target a distinct subset of genes. This family of transcription factors

is characterized by the presence of an ETS DNA-binding domain,

but the TCF subfamily also contains a short protein interaction

motif known as the B-box, which enables them to interact co-

operatively with a second transcription factor SRF (Dalton and

Treisman 1992; Shore and Sharrocks 1994; Hassler and Richmond

2001). The unique ability of the TCF proteins to bind to SRF is

thought to confer distinctive promoter recognition specificity to

these proteins. Several target genes have been identified for ELK1

(see Supplemental Table S1), which reflect its combinatorial in-

teraction with SRF, although other genes are apparently regulated
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in an SRF-independent manner. However, more global analysis of

ELK1-binding events is lacking, and our current models are ex-

trapolated from a limited number of examples.

In this study we identified over 1000 new gene promoters

that are bound by ELK1. Two distinct modes of binding were

identified where ELK1 co-occupies promoters in combination with

SRF and also binds a large proportion independently from SRF. Our

data also uncover a previously unsuspected route for the coor-

dinate regulation of gene expression, through ELK1 potentially

controlling groups of genes involved in transcription, splicing, and

translation.

Results

Identification of the ELK1 target gene network

ELK1 was originally identified as a key regulator of immediate-early

genes, such as FOS, which are rapidly and transiently induced

following exposure to extracellular ligands that activate the MAP

kinase pathways (for review, see Sharrocks 2002; Shaw and Saxton

2003). To broaden our knowledge of the regulatory potential of

ELK1, we performed ChIP-chip analysis to identify a more com-

prehensive ELK1 target gene network. ChIP analysis was per-

formed for endogenous ELK1 in serum-starved HeLa cells (Sup-

plemental Fig. S1). Bound material was detected using Affymetrix

human promoter arrays that contain around 10 kb of DNA se-

quence surrounding each of 23,000 promoters. The raw ChIP-chip

fluorescence intensity data were processed using Model-based

Analysis of Tiling Arrays (MAT) (Johnson et al. 2006). The resulting

MATscore is a statistical method for defining regions enriched on

tiling arrays. A total of 1823 ELK1-binding regions corresponding

to 1712 nonredundant promoters were identified, which corre-

sponded to a MATscore of 2.94, a P-value of 0.00001 and an FDR

value of 25.29 and were ranked according to the P-value (Supple-

mental Table S2A,B). To establish the validity of these targets, we

randomly selected 32 binding regions from throughout the list and

verified these by qPCR–ChIP; 20/32 (63%) of the tested genes were

verified as true positive. The data set can be further partitioned

based on computational FDR values, and 18/23 (78%) were vali-

dated within the binding regions with FDR values < 10 (FDR < 10

data set) (Fig. 1; Supplemental Fig S2). We therefore focused on the

FDR < 10 data set as a high-confidence group of ELK1 targets (1053

ELK1-binding regions representing 1112 potential promoters), al-

though there are clearly a large number of additional potential

targets amongst the other binding regions identified by ChIP-chip

analysis. Subsequent analysis of further genes in this data set

confirmed the high true-positive rate of this subset of targets (see

Fig. 3C, below). Further partitioning of the data set into lower FDR

scores had little impact on the downstream analysis of the binding

site features (data not shown); therefore, we selected regions

scoring FDR < 10 for subsequent analysis to retain a large number

of targets and refer to this group as the ELK1 FDR < 10 data set.

Features of the ELK1 target regions

To gain possible insights into the mechanisms through which

ELK1 might function on its target promoters, we searched for over-

represented DNA-binding motifs in the FDR < 10 data set se-

quences. The most common motifs resembled those recognized by

ETS-domain transcription factors (Supplemental Fig. S3). The top

scoring 10-bp motif shows very high similarity to the in vitro se-

lected optimal ELK1-binding site (Fig. 2A; Treisman et al. 1992;

Shore and Sharrocks 1995). Indeed, ELK1-binding regions are sig-

nificantly enriched for this motif compared with a random set of

promoter sequences, and 3% contain exact matches to this 10-bp

sequence (P < 0.0001) (Fig. 2B; Supplemental Table S4). Further

searching with hexameric variants of this motif revealed even

greater enrichment, with at least one motif present in over 89% of

ELK1 target regions (P < 0.0001) (Supplemental Table S4). A total of

31% of ELK1-binding regions contain a motif that is an exact

match to the composite octamer (CCGGAAGT). A previous study

indicated that ELK1 can select for GGAT as well as GGAA in the

central motif, especially when in combination with SRF (Treisman

et al. 1992). However, although searching for GGAA and GGAT

motifs gave little discriminatory power, there was a clear over-

representation of GGAA motifs over GGAT in the ELK1-derived

data set compared with a background promoter data set (Supple-

mental Fig. S4; Supplemental Table S4). Collectively, this analysis

further emphasizes the quality of our data set and demonstrates

that the in vitro and in vivo binding specificities of ELK1 are very

similar.

Studies on other transcription factors have indicated that

they can be found in a variety of locations, often many kilobases

away from the transcription start site (TSS), as exemplified by the

estrogen receptor (Carroll et al. 2005). However, the peaks of the

Figure 1. Validation of ELK1 targets identified by ChIP-chip. (A) MAT
profiles of ELK1 binding to the novel BTAF1, ELF2, and PDLIM5 promoters,
the known target MCL1, and the nontargeted promoter GNGT1. (B) qPCR-
ChIP validation of ELK1 binding to the same set of promoters. Fold en-
richment over IgG control precipitations is shown above each graph. Data
are the average of duplicate samples and representative of three in-
dependent experiments.
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ELK1-binding regions were centered around the TSS with 71%

being within 1 kb of the TSS (Fig. 2C), and this is consistent with

the locations of the predicted ELK1-binding motifs that tightly

cluster around the TSS (Supplemental Fig. S5B). While other

transcription factors such as SMAD2/3 also show clustered binding

close to the TSS, the distribution of binding region locations is

broader than observed for ELK1 (Koinuma et al. 2009; Supple-

mental Fig. S5A). Moreover, when either a data set of random

promoters (Supplemental Fig. S5C) or a series of random motifs

with the same base composition as the ELK1-binding motifs

(Supplemental Fig. S5D) was analyzed, a broader distribution of

motif locations relative to the TSS was observed. Thus, promoter-

proximal binding seems to be an important facet of ELK1 function

and is in agreement with a recent in silico study that identified

motifs resembling the ELK1-binding sites as common features lo-

cated close to the TSS (Fitzgerald et al. 2004).

Previous studies indicated that a different ETS-domain tran-

scription factor, GABPA, displays multiple ETS motifs in each of its

binding regions (Valouev et al. 2008). Similarly, we find multiple

potential binding motifs in the ELK1-binding regions with up to

12 hexameric potential ELK1-binding motifs, and the majority

containing at least two motifs (Fig. 2D). This contrasted sharply

with the lower frequency occurrence of these motifs in random

datasets (Fig. 2D) or with a series of inverted motifs in the ELK1

FDR < 10 data set (Supplemental Fig. S6). For example, only 33% of

ELK1-binding regions had one or no ELK1-binding motifs com-

pared with over 70% of promoter regions from the random data

set. Thus, an important characteristic of binding regions identified

for ELK1 and other ETS-domain transcription factors is the pres-

ence of multiple binding motifs.

Coordinate control of a set of basal transcription factors

To classify the ELK1 target genes and identify potential pathways

that might be controlled by ELK1, we carried out gene function

analysis of the ELK1 target gene list using DAVID (Dennis et al.

2003). A number of pathways were identified as being significantly

over-represented amongst the ELK1 target genes. These include

several associated with controlling gene expression, such as the

ribosome, basal transcription factors, and the spliceosomal path-

way. Between 20% and 43% of each category was represented

amongst the ELK1 target gene list compared with only 6% of total

possible genes found on the array (Fig. 3A; Supplemental Fig. S7;

Supplemental Table S5). Furthermore, several Gene Ontology (GO)

terms associated with transcriptional and translational control

were identified amongst the molecular function (level 3) GO cat-

egories, and the terms transcription and translation also ranked

highly amongst the biological processes (level 5) GO categories

(Supplemental Table S5). The specificity of ELK1 linkage to path-

ways associated with gene expression is further emphasized by

analysis of a series of ChIP-chip experiments with different tran-

scription factors that failed to identify the ribosome, basal tran-

scription factors, and the spliceosomal pathway as enriched GO

categories (Supplemental Table S6). Moreover, although genes

from these pathways were identified as direct targets of different

transcription factors, the overlap with ELK1-binding events was

low. For example, although NFY binds to 10 genes in the basal

transcription factor category, only two of these are in common

with those bound by ELK1 (Supplemental Table S6). Further in-

spection of the basal transcription machinery class targeted by

ELK1 revealed that these represented a subset of basal transcription

factors involved in initial promoter recognition (TBP, GTF2A1/2,

and GTF2B) and a subset of TAFs that mainly form peripheral parts

of the TAF complex distinct from the core (Fig. 3B; Supplemental

Fig. S7) (Wright et al. 2006). Many of these TAFs also have a role in

promoter recognition (Albright and Tjian, 2000). Thus, ELK1-

binding regions are preferentially found in the promoters of a dis-

tinct subclass of basal transcription factors.

To establish a functional link between ELK1 and the regula-

tion of target gene expression, we focused on the genes in the basal

transcription factor class. Verification of ELK1 binding by qPCR

confirmed that seven out of nine genes were bound by ELK1 in

vivo (Fig. 3C). TBP had previously been identified as an ELK1 target

Figure 2. Features of the ELK1-binding regions. (A) Sequence logo
representation of the top 10-bp sequence identified by de novo searching
the ELK1 FDR < 10 data set for over-represented motifs. The sequence of
the optimum in vitro-selected ELK1-binding site (Shore and Sharrocks
1995) is shown and the inverted core GGAA ‘‘ETS binding motif’’ is boxed.
(B) Over-representation of the optimal 10-bp ELK1-binding motif in the
ELK1 FDR < 10 data set in comparison to a background data set. **P # 1 3

10�4. (C ) Location of the most significant probe of the ELK1-binding re-
gions with respect to the closest transcriptional start site (TSS). The dis-
tances corresponding to each of the regions were grouped into bin sizes of
100 bp for quantification. (D) The number of nonredundant occurrences
of the hexameric motifs CCGGAA, CGGAAG, and GGAAGT in each
binding region in the ELK1 FDR < 10 (black lines) and background datasets
(gray lines) was determined, and the distribution of the frequency of oc-
currence of numbers of motifs in each data set plotted.

ELK1 targets the core gene regulation machinery
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and its expression was shown to be enhanced in response to JNK

pathway signaling (Zhong et al. 2007). The majority of genes

within the basal transcription machinery class were up-regulated

upon treatment with the JNK pathway activator anisomycin

(Supplemental Fig. S8). Importantly, ELK1 was required for aniso-

mycin-mediated up-regulation of this set of genes, as all of these

genes showed reductions in expression upon knockdown of ELK1

with siRNA (Fig. 3D,E). In contrast, the expression of several other

genes encoding basal transcription factor components that were

not identified as direct ELK1 targets by ChIP analysis (TAF4,

GTF2E1, and GTF2F1) were unaffected by ELK1 depletion (Fig. 3E).

In addition to the basal transcription factors, many other

genes exhibit changes in gene expression upon anisomycin treat-

ment. We therefore compared the ELK1 FDR < 10 data set with

gene clusters containing genes whose expression is up-regulated

following anisomycin treatment (Hori et al. 2008). A significant

overlap was observed between these two data sets; 8% of all genes

in these clusters (37/422; Z-score 3.12; P-value 0.0018) showed

direct ELK1 binding by ChIP-chip analysis. Thus, our data indicate

that ELK1 likely participates more widely in the response to cellular

stresses such as anisomycin treatment. To probe associations with

other datasets, we focused on melanomas, as these are associated

with hyperactivated Ras/ERK pathway signaling, which is known

to result in activation of ELK1 transactivation capacity (for review,

see Sharrocks 2002; Shaw and Saxton 2003). Recent metadata

analysis identified a signature of overexpressed genes that are

characteristic of melanoma cell lines (Hoek 2007). There was sig-

nificant overlap (13%, 148/1112) between genes in this data set

and genes identified as being directly bound by ELK1 (FDR < 10

data set). This was substantially more than was observed in com-

parison to a set of a 1000 randomized gene lists of the same size

(8%, 89/1112; Z-score = 8.01). Subsets of the promoters we iden-

tified as bound by ELK1 may therefore represent targets of de-

regulation in disease states such as melanomas.

Specificity and redundancy of ELK1 binding

Due to the overlapping DNA-binding specificities of different ETS-

domain proteins, it is possible that some redundancy of function

might be observed. Indeed, such a scenario was demonstrated in

a recent ChIP-chip study that suggested a large overlap in promoter

binding by the family members ETS1, ELF1, and GABPA (37% with

respect to ETS1; Hollenhorst et al. 2007). However, qPCR-ChIP

studies on candidate ETS target genes were unable to detect sub-

stantial ELK1 occupancy at any of the sites tested, suggesting that

ELK1 either bound to a different set of target genes or binding was

excluded in Jurkat cells (Hollenhorst et al. 2007). ELK1 is expressed

in Jurkat cells, suggesting that the lack of binding was not due to its

absence in this cell type (Hollenhorst et al. 2004).

ELK1 is a member of the distinct TCF subfamily of ETS-

domain proteins, suggesting that redundancy of promoter bind-

ing might be operational amongst members of this subfamily. To

Figure 3. Coordinate regulation of a subset of general transcription factors by ELK1. (A) Pie charts illustrating the frequency of occurrence of ELK1-
binding events (light-shaded segment) in the total number of genes (represented by annotated gene symbols) on the promoter array (total), or in
pathways identified by KEGG (‘‘basal transcription factors’’ and ‘‘ribosome’’) or BioCarta (‘‘spliceosomal assembly’’) pathway analysis. (B) Subunits of the
basal transcription machinery are shaded, with shading representing subunits whose promoters are bound (light) or not bound (dark) by ELK1. (C ) qPCR-
ChIP verification of ELK1 binding to promoters of the indicated genes. The dotted line represents average binding across all IgG control precipitations. Data
are representative of two independent experiments and the average of triplicate samples. (E ) RT-PCR analysis of expression of the indicated genes
following treatment with anisomycin for 60 min in HeLa cells in the presence and absence of control (GAPDH) (gray bars) or ELK1-specific (black bars)
siRNA duplexes. A Western blot showing the expression of ELK1 and the levels of active JNK (P-JNK1/2) in each sample is shown in D. Error bars represent
standard deviations calculated from three biologically independent replicates and the average of two samples. Asterisks denote differences with statistical
significances (*P < 0.05; **P < 0.01) relative to the control sample for each gene (siGAPDH ), as determined by the Students t-test.
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investigate this possibility, we tested the binding of the closely

related protein, ELK4, to a subset of ELK1 target regions. Binding of

ELK4 could be detected on all the tested regions (Fig. 4A). However,

the relative ratio of binding changed from favoring ELK1 on the

highest ranking ELK1-binding regions (e.g., RPS27A) to favoring

ELK4 on lower ranking regions (e.g., BCL10). Testing of additional

sites occupied by ELK1 revealed that they were invariably scored

positive for ELK4 binding in ChIP assays ( J Boros, A O’Donnell, ZA

Odrowaz, and AD Sharrocks, unpubl.). Thus, among the TCF

subfamily, redundancy of binding can be observed, although the

degree of selectivity differs amongst ELK1 target genes.

Recently, a chromatin immunoprecipitation with massively

parallel sequencing (ChIP-seq) study identified the genomic

binding regions for the ETS-domain transcription factor GABPA in

Jurkat cells (Valouev et al. 2008). To establish whether we could

detect more general overlaps in promoter occupancy between

ELK1 and this more divergent ETS-domain protein, we compared

the locations of the binding regions for ELK1 from our ChIP-chip

data (FDR < 10) to the GABPA-binding regions in the ChIP-seq data

set that overlap with the tiled regions on the promoter array we

used. Unexpectedly, we found a large overlap, with over 50% of

binding regions (with respect to ELK1) common to both factors

(Fig. 4B; Supplemental Table S3). In keeping with this finding, de

novo motif searching returned virtually identical top-scoring

motifs, which closely resembled a generic ETS-domain transcrip-

tion factor binding motif in both the ELK1 and GABPA datasets

(Fig. 4C).

One explanation for the large overlap in promoter occu-

pancy might be due to cell type specificity, with ELK1 binding

predominating in HeLa cells and GABPA in Jurkat cells. Indeed,

while GABPA levels are similar in both cell types, there are rela-

tively much higher levels of ELK1 in HeLa cells (Supplemental

Fig. S9A). We therefore compared ELK1 binding to a set of regions,

identified as commonly bound by ELK1 and GABPA, in both HeLa

and Jurkat cells. As expected, all of the regions were bound effi-

ciently by ELK1 in HeLa cells (Fig. 4D, black bars). However, while

significant promoter occupancy compared with background was

observed, the overall magnitude of ELK1 binding was much lower

in Jurkat cells (Fig. 4D, gray bars), consistent with the observation

that GABPA occupies these promoters in this cell type. In contrast,

Figure 4. Redundant promoter occupancy by ELK1 and other ETS-domain transcription factors. (A) qPCR-ChIP analysis of ELK1 and ELK4 binding
to ELK1 target regions. The position of the binding region on the ranked target list is shown next to the gene name. Data are the average of duplicate
samples and representative of three independent experiments. Relative binding ratios of ELK4 versus ELK1 are shown above the bars corresponding to
ELK4. (B) Overlap in binding regions between ELK1 (FDR < 10) and GABPA ChIP-seq (Valouev et al. 2008) datasets. Comparisons were made with GABPA-
binding regions that overlap with the tiled regions on the Affymetrix promoter arrays. The overlap between ELK1-binding regions and random equiva-
lently sized promoter datasets is given for comparison. The total number of genes in each sector is shown, with percentages provided relative to the total
number of ELK1 targets. (C ) Sequence logo representation of the top 8-bp sequence identified by de novo searching the top 1000 binding regions
identified as GABPA targets by ChIP-seq (6100 bp of midpoint) or the ELK1 FDR < 10 ChIP-chip datasets by Weeder. (D) qPCR-ChIP analysis of ELK1
binding to a set of promoters identified as binding to both ELK1 and GABPA. Data are presented as percent input bound in either HeLa (black bars) or Jurkat
(gray bars) cells. Fold enrichment over IgG control precipitations is shown above each graph. Data are the average of duplicate samples from three
independent experiments.
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a comparison of promoter occupancy by GABPA showed similar

levels of binding in both HeLa and Jurkat cells, in keeping with

its similar expression levels in these cell types (Supplemental

Fig. S9B).

Together, these data demonstrate that a large proportion of

promoters bound by ELK1 could also be occupied by alternative

ETS transcription factors, suggesting a potential redundancy of

function at these promoters. However, another set of promoters

are bound by ELK1 independently from other ETS proteins such as

GABPA, pointing to a different mode of regulation.

Combinatorial promoter targeting by ELK1 and SRF

Many of the ELK1 target genes characterized to date contain

composite binding sites for ELK1 (or other subfamily members)

and for SRF (for review, see Sharrocks 2002; Shaw and Saxton

2003). However, a growing number of genes appear to be regulated

by ELK1 independently from SRF. To probe for potential functional

cooperativity with SRF, we examined our experimentally de-

termined ELK1-binding regions for the presence of SRF CArG-box

binding motifs. Using a stringent SRF consensus [CC(A/T6)GG]

we detected statistically significant over-representation of poten-

tial binding sites in 11% of the ELK1-

binding regions; this value increased to

34% with a less-stringent motif, which al-

lows for a single non-A/T nucleotide any-

where in the core region (Fig. 5A; Sup-

plemental Table S7). Thus, a co-occurrence

of SRF-binding sites with ELK1-binding

regions is potentially a common event,

although a substantial number of regions

do not appear to contain obvious con-

sensus binding motifs for SRF.

To experimentally test whether

ELK1 and SRF coregulation of target genes

is a common event, we investigated a se-

ries of ELK1 target promoters for activa-

tion by constitutively active versions of

ELK1 or SRF (Fig. 5B; Supplemental Fig.

S10; Supplemental Table 8). Activation

was assessed in the context of promoter-

reporter constructs, which contained ;1

kb of sequence upstream from the TSS

linked to a luciferase reporter gene. A total

of 27/50 (54%) of the promoters were

activated by Elk-VP16. In contrast, only

1/50 (2%) were consistently activated by

SRF-VP16. This result was consistent with

the lack of SRF-binding motifs found in

these promoters (Fig. 5B). To further in-

vestigate the response to SRF-VP16, dose-

response experiments were performed.

While the ACTA2 (also known as SM-a

actin) promoter was strongly activated,

PTGS2 was only weakly activated and the

E2F4 and CHMP5 promoters were barely

affected (Supplemental Fig. S10C). These

results provide additional validation of

ELK1 target promoters identified by

ChIP-chip analysis and suggest that only

a small subset of these promoters are also

targeted by SRF.

To provide more direct evidence for co-occurrence of SRF and

ELK1-binding events, we tested a subset of four ELK1 target genes

in the basal transcription factor cluster for SRF binding in vivo by

ChIP analysis. While all of the targets tested were validated as ELK1

targets (see Fig. 3C), only two of these were also shown to be strong

SRF targets (Fig. 5C), indicating that the ELK1 target promoters

could be classified into two types: either bound by ELK1 alone or

by ELK1 and SRF.

While this limited ChIP analysis demonstrated co-occurrence

of SRF and ELK1-binding events on a subset of promoters, the

wider significance of this finding was investigated by searching for

in vivo SRF-binding events on a genome-wide scale. ChIP-chip

analysis was performed for endogenous SRF in serum-starved HeLa

cells to mirror the conditions we used for detecting ELK1-binding

events. We focused on the most significant SRF-binding regions

and used a cut-off FDR value of <10 to match the cutoff used to

analyze the ELK1 data set. The SRF FDR < 10 data set contained

a total of 1266 SRF-binding regions, corresponding to 948 non-

redundant promoters (Supplemental Table 9). Comparison of the

SRF FDR < 10 and ELK1 FDR < 10-binding regions demonstrated

a substantial overlap with 22% of all ELK1-binding regions (232/

1053) also bound by SRF (Fig. 6A). Moreover, comparison of

Figure 5. SRF-dependent and independent ELK1 target promoters. (A) Over-representation of the
CC(W )6GG SRF-binding motif in the ELK1 FDR < 10 data set in comparison to a background data set. **P
# 1 3 10�4. (B) Reporter gene analysis in 293 cells of a panel of promoters containing ELK1-binding
regions. Cells were cotransfected with the indicated reporter plasmids and plasmids encoding either
ELK1–VP16 or SRF–VP16. Data are shown from two independent experiments (Exp1/2) and the levels of
reporter activity are color coded according to fold activation by ELK1–VP16 or SRF–VP16. The numbers
of ELK1 (nonredundant hexamers derived from CCGGAAGT motif) and SRF (CC(W )6GG) binding motifs
in each promoter is shown on the right, and genes also found in the high confidence SRF ChIP-chip FDR
< 1 data set are indicated by asterisks. (C ) qPCR-ChIP analysis of SRF binding to the indicated promoters.
The dotted line represents average binding across all IgG control precipitations. Data are the average of
duplicate samples and representative of three independent experiments.
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nonredundant gene symbols associated with each set of binding

data enabled us to assess co-occupancy by ELK1 and SRF at the

promoter level. Again, a substantial amount of overlap was ob-

served (28% of ELK1-bound promoters), which was considerably

more than the 6% overlap of binding expected at random (Fig. 6B).

Furthermore, when the locations of the ELK1 and SRF-binding

events were plotted relative to their positions on the promoter,

there was a very close colocalization, with 84% (196/234) of the

Figure 6. Co-occupancy of promoters by SRF and ELK1 is a common event. (A,B) Overlap between binding events from the ELK1 FDR < 10 and SRF FDR
< 10 datasets, when either binding regions (A) or co-occupancy of promoter regions (B) are considered. The overlap between ELK1-binding regions and
random equivalently sized promoter datasets is given for comparison in B. The total number of genes in each sector is shown, with percentages also
provided relative to the total number of ELK1 targets. (C ) Scatter plot of the location of the peak binding positions of ELK1 FDR < 10 and SRF FDR < 10
binding regions relative to their closest and shared gene promoter TSS. The black and dotted lines indicate a distance of 0 and 500 nucleotides between the
most significant probes in the ELK1- and SRF-binding region, respectively. (D) Cluster analysis of the ELK1 FDR < 10 and SRF FDR < 10 datasets (set to
produce four clusters, C0–C3). The color variations between blue and yellow identify nonbound to strong binding events, respectively (as defined by
normalized MAT scores). The percentage overlap of ELK1-binding regions in the four clusters that overlap with all GABPA ChIP-seq regions is shown on the
right. The associated Z-score is based upon the chance of observing the same overlap using 1000 random sets of the ELK1 FDR < 10 binding regions
compared with the observed overlap between the ELK1-binding regions in the cluster that overlap GABPA-binding regions. Clusters 0–3 contain 208,
1220, 577, and 86 binding regions, respectively. (E ) SRF-like motifs identified in each of the four clusters (C0–C3) by Weeder analysis are shown on the left.
The percentage occurrence of the CC(W )6GG and more degenerate CC[N(W )5]GG SRF binding motifs in each of the clusters (C0–C3) in comparison to
a background data set is shown on the right.
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regions being within 500 bp of each other, irrespective of their

locations relative to the TSS (Fig. 6C). Thus, ELK1 and SRF represent

a closely associating module found within promoters.

To further partition our data, we used a novel clustering ap-

proach that uses MAT scores as surrogates for assessing the quality

of the binding events where high scores correspond to high-

probability binding events. Four clusters were identified (Fig. 6D):

‘‘SRF-specific’’ promoters (C0; high SRF binding and low ELK1

binding); ‘‘ELK1-specific’’ promoters (C2; high ELK1 binding and

low SRF binding); promoters that are co-bound by ELK1 and SRF

(C3; high SRF binding and high ELK1 binding); and an additional

cluster, C1 that contained promoters with low-confidence binding

events for both SRF and ELK1.

We searched for binding motifs in the SRF-binding regions

contained in each of the four clusters; SRF motifs were readily

identified using Weeder analysis in clusters C0, C2, and C3, but no

obvious SRF-like motifs were identified in cluster C1 (Fig. 6E).

These conclusions were further substantiated by searching for the

occurrence of SRF-binding motifs in each of the clusters (Fig. 6E).

Over-representation of SRF-like binding motifs was apparent in all

clusters, but most noticeable in clusters C0 and C3. The latter ob-

servation is consistent with the designation of promoters in clus-

ters C0 and C3 as high-confidence SRF target regions.

Cluster C3 appears to specify a high-confidence set of 86

promoters that are co-bound by ELK1 and SRF. This co-association

could potentially provide a means for generating specificity of

ELK1 binding compared with other ETS-domain transcription

factors. To probe whether this is the case, we compared the overlap

between each of the clusters with the binding events detected for

GABPA by ChIP-seq analysis (Fig. 6D). Both clusters C3 and C0

(containing ELK1-binding regions associated with strong SRF-

binding regions), showed significant under-representation of

GABPA-binding events. The reciprocal was true for cluster C2,

which contained weak SRF-binding events associated with strong

ELK1-binding events, where overlap with GABPA-bound pro-

moters was enriched. These comparisons therefore demonstrate

that co-binding with SRF specifies a set of targets that are distinct

from those that are bound by GABPA, whereas those regions bound

by ELK1 in the absence of SRF tend to also be occupied by GABPA.

To extend these findings, we performed a three-way com-

parison of the overlaps between the regions identified by genome-

wide ChIP studies as bound by ELK1 FDR < 10, GABPA, and the SRF

FDR < 10 datasets (Fig. 7A; Supplemental Fig. S11). This demon-

strated a clear partitioning of the data, where significant overlaps

were seen between the ELK1- and SRF-binding regions, and be-

tween ELK1- and GABPA-binding regions, but little overlap was

seen between the SRF- and GABPA-binding regions. This difference

becomes even more apparent if a higher confidence SRF data set is

used (FDR < 1), where 38% of SRF targets are co-bound by ELK1,

while only 12% are co-bound by GABPA. Furthermore, if the ELK1

FDR < 10 data set is split into two subsets based on overlap with

GABPA-binding events (Fig. 4B) and the sequence scanned using

an SRF-binding matrix (represented by the consensus sequence

CCATATAAGG), a clear over-representation of high-confidence

matches emerges in the binding regions bound by ELK1 but not

GABPA (P = 0.0016). To further underline the functional differ-

ences between the different classes of ELK1 target genes, we first

tested the binding of GABPA to regions identified as bound by

ELK1 and GABPA (but not SRF) or by ELK1 and SRF (but not

GABPA). As predicted, GABPA occupancy was much higher on the

first of these classes of target genes (Supplemental Fig. S12A).

Conversely, we tested the effect of depleting SRF on the activities of

genes in these two classes. ELK1 and SRF binding was first verified

(Supplemental Fig. S12B). However, SRF depletion only affected

the expression of genes identified as bound by ELK1 and SRF (but

not GABPA) and did not affect those bound by ELK1 and GABPA

(but not SRF) (Supplemental Fig. S12C–E). Finally, we compared

our data to a study that identified SRF-dependent target genes

through analyzing gene expression changes in srf knockout cells

(Philippar et al. 2004), and found there was a statistically signifi-

cant over-representation in the data set containing genes bound by

ELK1 and SRF (but not GABPA) compared with the data set with

genes bound by ELK1 and GABPA (but not SRF) (Z-score = 5.73).

Together, these findings demonstrate that the SRF-ELK1 combi-

nation represents an important module that distinguishes a subset

of ELK1 target genes from those that can also be occupied by

a different ETS-domain protein, GABPA.

Discussion
The ETS-domain transcription factor ELK1 plays a pivotal role in

transducing extracellular signals into a transcriptional response

through acting as a target of the MAP kinase signaling pathway (for

review, see Sharrocks 2002; Shaw and Saxton 2003). However, as is

the case with the majority of transcription factors, our knowledge

of its regulatory potential is fragmentary due to the small number

of target genes identified to date. Here, we have used ChIP-chip

analysis to expand the number of confidently identified direct

target genes to over 1000, although there are likely to be more bona

fide targets amongst the lower confidence regions. Importantly,

there are also a number of known targets that are not detected by

our ChIP-chip analysis (Supplemental Table S1). The reasons for

this are unclear and possibly reflect, in part, cell type-specific ef-

fects with several putative targets not bound by ELK1 in HeLa cells

under the conditions analyzed. However, in other cases such as

EGR1, qPCR-ChIP clearly identifies ELK1 targets in HeLa cells, but

the same targets are completely negative in the ChIP-chip analysis

(data not shown). False-negative rates can also be influenced by

functional redundancy, where only partial promoter occupancy is

observed due to competition with other family members. Thus,

the high false-negative rate probably arises due to a combination of

Figure 7. Overlaps between promoter binding regions for ELK1, SRF,
and GABPA. (A) Venn diagrams showing the overlap in target region
binding between ELK1 FDR < 10, SRF FDR < 10, and GABPA ChIP-seq
(Valouev et al. 2008) datasets. Comparisons were made with GABPA
binding regions that overlap with the tiled regions on the Affymetrix
promoter arrays. The total number of binding regions in each sector is
shown, with percentages also provided relative to the total number of
ELK1 targets. (B) Summary of the three classes of ELK1 target genes
identified in this study, which are bound by (1) ELK1 and SRF, (2) ELK1 or
GABPA, or (3) ELK1 alone. The # symbol indicates that redundancy with
other ETS-domain proteins is likely.
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biological and technical reasons. Although we only interrogated

a limited amount of the genome, the clustering of ELK1 target sites

around the TSS suggests that the predominant mode of ELK1

function is within the context of the proximal promoter. However,

we cannot rule out that there might be additional sites in distal

enhancers, or within other noncoding regions in the genome.

Furthermore, we cannot rule out that some of the signals at the

proximal promoter are generated by looping from sites that are

located long distances away, although the co-occurrence of ELK1-

like binding motifs at the proximal promoter indicates that the

majority of binding regions we have identified represent the actual

location of ELK1 binding. Taken together, we therefore predict that

there are likely to be significantly >1000 promoters directly tar-

geted by ELK1.

The most prominent features of the ELK1 target gene network

include components of the core gene regulation machinery: basal

transcription complex components, spliceosome subunits, and

ribosomal proteins. We confirmed a role for ELK1 in binding to and

regulating the promoters of genes in the basal transcription-factor

cluster. This is consistent with the recent finding that the TBP

promoter is a target of ELK1 (Zhong et al. 2007), and demonstrates

a more widespread role for ELK1 in coordinately regulating the

basal transcription machinery. Previous studies have suggested

that individual promoters can respond differently to basal tran-

scription-factor components, such as TBP and GFT2B, in a con-

centration-dependent manner (George et al. 1995), thus providing

a rationale for regulating a subset of these factors. Indeed, this

appears to be the case for JUN regulation, where ELK1-mediated

TBP up-regulation plays an important role (Zhong et al. 2007). It is

also unclear why a subset of TAFs are coregulated, but as those

targeted by ELK1 are generally not part of the stable core complex,

it is possible that these might be subject to faster turnover in the

cell (Wright et al. 2006). Furthermore, the basal transcription fac-

tors we have identified have roles that are focused on promoter

recognition. This is most apparent for TFIID (which includes TBP),

TFIIB, and TFIIA, which are the first three components that bind to

TATA-box-containing promoters (the DAB complex) and initiate

the subsequent recruitment of the rest of the basal machinery

(Thomas and Chiang, 2006). As this is a key regulatory step, it

makes sense to coordinately regulate all of the components from

this complex. It is striking that none of the genes encoding pro-

teins that are recruited subsequent to formation of the DAB com-

plex, such as other basal transcription factors (TFIIE, TFIIF, and

TFIIH) or RNA polymerase II subunits, are identified as ELK1 tar-

gets. In this study, we use anisomycin as an inducer that impacts

on JNK pathway signaling, and we have shown this up-regulates

a subset of basal transcription-factor components (Supplemental

Fig. S8). Others have used oncogenic Ras, and have shown that this

also acts through ELK1 to activate TBP (Zhong et al. 2007). Im-

portantly, the JNK pathway is up-regulated by a range of cytokines

and stress signals (Weston and Davis 2007), suggesting that our

findings have more widespread biological implications for re-

sponses to various signaling events.

ELK1 is thought to work primarily through complexes with

SRF. This paradigm is chiefly based on its regulation of FOS, where

interactions with SRF are required for the recruitment of ELK1 to

suboptimal DNA recognition sites (Gille et al. 1992; Treisman et al.

1992). Here, we have used ChIP-chip analysis to significantly ex-

tend our knowledge of this combinatorially acting transcription

factor pair with over 22% of ELK1-binding regions being co-bound

by SRF. Their close colocalization within promoters is consistent

with there being a core regulatory module involving ELK1 and SRF

(Fig. 6C). Despite this substantive overlap, there are over 77% of

the ELK1-binding regions that do not appear to be occupied by SRF.

Indeed, reporter gene analysis confirmed that a large proportion of

the ELK1 target genes are not responsive to SRF. Thus, ELK1 oc-

cupancy of promoters occurs in combination with, or indepen-

dently from, SRF. Interestingly, cluster analysis of SRF and ELK1-

bound regions, and subsequent analysis of overlaps with the clus-

ters with GABPA-binding regions, indicates that co-occupancy of

ELK1 and SRF (Figs. 6D, 7A) defines a distinct category of target

genes that are largely distinct from those that are bound by ELK1 or

GABPA. Thus SRF appears to specify a unique set of ELK1 targets

that are distinct from those that can be bound by both ELK1 and

the different ETS-domain protein, GABPA.

The most closely related ETS-domain transcription-factor

family member to ELK1 is the TCF subfamily member ELK4, which

also works through complexes with SRF (for review, see Shaw and

Saxton 2003). ELK4 binding is detectable at all of the targets we

have tested for ELK1 binding (Fig. 4A; J Boros, A O’Donnell, and

AD Sharrocks, unpubl.), suggesting functional redundancy within

this subfamily, at least at the level of promoter occupancy. Indeed,

reductions in levels of ELK4 lead to increased promoter binding

by ELK1 (J Boros, A O’Donnell, and AD Sharrocks, unpubl.). In-

terestingly, the relative binding of ELK1 and ELK4 varies according

to the bound promoter. This suggests that there are specificity

mechanisms that differentiate between them, most likely at the

level of DNA sequence recognition, which subtly differs in vitro

(Shore and Sharrocks 1995). This differential promoter occupancy

might also influence our ChIP results, as genes scoring highly for

ELK4 binding are likely to then score less highly for ELK1 binding,

and might therefore be excluded from our target gene list due to

low enrichment values. Indeed, we see a reciprocal preferential

binding of ELK1 at the high-scoring target sites identified by ChIP-

chip (Fig. 4A). It is therefore likely that the number of target genes

bound by the TCF subfamily is higher than that observed for ELK1

alone.

In addition to the apparent redundancy in binding between

ELK1 and ELK4, there is also substantial overlap in promoter oc-

cupancy with another ETS-domain transcription factor GABPA

(Valouev et al. 2008; Fig. 4B), suggesting a high degree of binding

redundancy amongst ETS-domain family members. Indeed, our

data are broadly consistent with the conclusions of a recent study

that showed substantial overlap in promoter binding between

the ETS-domain proteins ETS1, ELF1, and GABPA in Jurkat cells

(Hollenhorst et al. 2007). However, the latter study was unable to

show redundancy of binding with ELK1, most likely due to the

lower levels of binding seen in Jurkat cells (see Fig. 4D). Interest-

ingly, however, despite the differing cell types, HeLa and Jurkat,

a large overlap in ELK1-binding regions is observed when com-

paring our data set to GABPA-bound regions identified by ChIP-seq

(Valouev et al. 2008). Thus, depending on the relative abundance

of ETS proteins (ELK1 is expressed at relatively high levels in HeLa,

whereas GABPA levels are similar in both HeLa and Jurkat cells;

Supplemental Fig. 9), a similar set of promoters can be targeted by

different ETS-domain family members, thereby providing poten-

tially different regulatory opportunities.

In summary, we have identified three modes of action of ELK1

(Fig. 7B): the first involves coordinate binding with a second

transcription factor SRF; the second set of promoters can be bound

by either ELK1 or a more divergent ETS-domain family member

GABPA; lastly, there are a large number of promoters that are

apparently uniquely bound by ELK1, although it is likely that ad-

ditional combinatorial interactions might occur on this class of
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target promoters. These findings have important implications for

thinking about how other transcription-factor families operate in

redundant or combinatorial ways. Importantly, here, we have

uncovered a previously unsuspected level of coordinate regulation

of a subset of genes encoding basal transcriptional regulators and

other core gene regulatory machines, including the splicing and

translational machinery. As ELK1 and other ETS-domain proteins

are targets of the Ras–ERK signaling pathway (Sharrocks 2001),

these findings might have important implications for under-

standing tumourigenesis, as this would represent a convenient route

for tumor cells to up-regulate their biosynthetic capacity.

Methods

Plasmid constructs
pRSV-Elk-1-VP16 (pAS348) encoding full-length ELK1 fused to
residues 410–490 of VP16 C-terminal sequence (Price et al. 1995),
pMLV-SRF-VP16 (kindly provided by Richard Treisman, Cancer
Research UK, London), pGL3-SM a-actin-Luc/pAS2268 (contain-
ing the rat ACTA2 promoter sequences �713 to +51 bp; kindly
provided by S. Phan; Hu et al. 2003) and pRL encoding Renilla
luciferase (Promega), have been described previously. All reporter
vectors were generated by SwitchGear Genomics, and contain ;1
kb of promoter fragment cloned into pGL3 vector (Promega)
(Supplemental Table S8).

Tissue culture, cell transfection, reporter gene assays, RT-PCR,
and RNA interference

HeLa and 293 cells were grown in DMEM supplemented with 10%
fetal bovine serum. Jurkat cells were grown in RPMI supplemented
with 10% fetal bovine serum. Where indicated, cells were serum
starved for 24 h and either analyzed immediately or stimulated
with anisomycin (250 ng/mL) for an additional time period.

For luciferase assays, 293T cells were plated on 96-well plates
(1 3 104 cells/well). Typically, 50 ng of reporter plasmid and 5 ng of
pRL were cotransfected with 10 ng of expression plasmids. Trans-
fections were carried out using PEI reagent (polyethylenimine,
Polysciences, Inc.). The Dual-Glo Luciferase Reporter Assay Sys-
tem (Promega) was used according to the supplier protocol. The
relative luciferase activity was measured as a ratio of firefly lu-
ciferase to control Renilla luciferase of ELK1-VP16 or SRF-VP16
activated promoters and presented relative to the values of
each individual basal promoter activity (cells cotransfected with
pcDNA3.1). The threshold for activated promoters was defined as
three standard deviations above the mean ratio of the negative
controls GNGT1 and DST (which were not identified in the ELK1
FDR > 10 data set) and the negative controls R1–R4 provided by
SwitchGear genomics).

Real time RT-PCR was carried out as described previously
(O’Donnell et al. 2008). The primer-pairs used for RT-PCR experi-
ments are listed in Supplemental Table S10.

siRNA against ELK1 and a matched GAPDH control were
constructed by the Silencer siRNA construction kit (Ambion). For
ELK1 silencing, a mix of two siRNA was used, using the templates
ADS1926/11927 (59-AATTCAAGCTGGTGGATGCAGCCTGTCTC-39,
59-AACTGCATCCACCAGCTTGAAcctgtctc-39) and ADS1928/1929
(59-AAGGCAATGGCCACATCATCTCCTGTCTC-39, 59-AAAGATG
ATGTGGCCATTGCCCCTGTCTC-39). To carry out RNA inter-
ference (RNAi), cells were transfected with 50 nM siRNA using
oligofectamine (Invitrogen) in Optimem (Invitrogen). Transfection
was repeated 24 h later. Cells were left for 24 h and then treated
with anisomycin (250 ng/mL) where required. For SRF knockdown

experiments, HeLa cells were transfected with 50 nM siRNA (siSRF
(h): SantaCruz; siGAPDH (h): Dharmacon) using Lipofectamine
RNAiMax in a mixture of 90% DMEM only and 10% OptiMEM.
Cells were cultured in serum-free DMEM for 48 h post-transfection,
followed by a 30-min stimulation with 10% FBS, and harvesting.

Western blot analysis

Western blotting was carried out with the primary antibodies;
ELK1 (Epitomics), phosho-JNK1/2 (Cell Signaling), JNK2 (BD
Pharminogen), GABPA (Santa Cruz), and GAPDH (Abcam). The
proteins were detected by chemiluminescence with SuperSignal
West Dura Substrate (Pierce) and visualized with a Fluor-S Multi-
Imager (Bio-Rad).

Chromatin immunoprecipitation (ChIP) assays

ChIP assays using control IgG (Upstate) or antisera specific to ELK1
(Epitomics), ELK4 (Santa Cruz), GABPA (Santa Cruz), and SRF
(Santa Cruz) were performed as described previously (O’Donnell
et al. 2008) except that cells were serum starved for 24 h before
harvesting. Bound promoters were detected by quantitative PCR
(using primers listed in Supplemental Table S10), at least in du-
plicate, from at least two independent experiments using Quan-
titect SYBR green PCR reagent (Qiagen). Results were analyzed with
Rotorgene 6.0 software (Corbett Research) relative to input using
the standard curve method.

ChIP-chip assays

Immunoprecipitated DNA was amplified using the random am-
plification method as described previously (Bohlander et al. 1992
and modified according to DeRisi and Rando labs; Kim et al. 2004)
with minor modifications. A total of 40 mL of ChIP-DNA (;20 ng)
was taken for each random priming reaction. Fragmented and la-
beled DNA targets (7.5 mg) were hybridized to Affymetrix Human
Promoter 1.0R arrays according to the manufacturers’ instructions.
The hybridized arrays were then processed using fluidics protocol
FS450_001 and scanned using a GeneChip Scanner 3000 7G.

Bioinformatics analysis.

Details of bioinformatic analysis of the ChIP-chip data, the deri-
vation of background datasets, and subsequent motif searching
can be found in the supplemental information.

Statistical analysis

Fisher’s exact x2 for 2 3 2 contingency tables (http://www.quantitative
skills.com/sisa/) was applied to determine whether ELK1-binding
region sequences where enriched with ELK1, SRF, or ETS-factor
core sequences compared with the other datasets. Statistical anal-
ysis for qRT-PCR studies and luciferase assays were performed using
paired, 2-tailed Student’s t-test. The error bars in all graphs repre-
sent standard deviation.
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