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Participation of Regulatory Factors and the Coregulator Brm in the 

Combinatorial Control of Transcription 

 

Karin Buser Engel 

 

 

ABSTRACT 

 

 Metazoan transcriptional regulation is governed by combinatorial control, 

in which distinct multifactor regulatory complexes composed of various 

combinations of factors assemble at different genomic sites.  The vast number of 

unique combinations enables, in principle, a virtually inexhaustible roster of 

specific transcription patterns.  However, it is unclear what directs combinatorial 

assembly of regulatory complexes that may have a hundred or more different 

proteins and what distinguishes different complexes in both composition and 

function.  To begin addressing this problem, we probed pairs of factors that 

reside together in subsets of functionally distinguishable complexes.  We tested 

whether we could use this “paired analysis” of the occupancy and activities of just 

two factors to functionally classify large complexes.  Specifically, we analyzed the 

composition, activities, and determinants of multifactor complexes containing the 

glucocorticoid receptor or NFκB and the coregulator Brm at differentially 

regulated genes.  Our results showcase the complexity of combinatorial 

regulation and open pathways to further analysis and understanding.  
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INTRODUCTION 

 

 Transcription, the first step in gene expression, is the process of 

synthesizing a complementary strand of RNA from DNA.  Unlike DNA replication 

where every base pair (bp) is copied once and only once every cell cycle, 

transcription involves highly gene-specific regulation in which certain regions of 

DNA are transcribed multiple times, and others not at all.  In addition, the amount 

of transcription at a given gene can differ dramatically depending on 

developmental time, cell type, and physiological conditions.  This transcriptional 

regulation can increase or decrease the amount of RNA being produced, leading 

to gene activation or repression, respectively.  Such changes in gene expression 

allow continual adaptation throughout an organism’s lifetime. 

 Prokaryotes are single-celled organisms with relatively simple regulatory 

circuits.  Gene expression of the well-studied prokaryote E. coli is directed by a 

five subunit RNA polymerase (RNAP) on a single circular chromosome, 

containing about 6,000 genes.  Since the regulatory regions of these genes are 

small (typically <50 bp) and immediately upstream of or overlapping with the 

promoter, control generally depends on DNA-binding regulatory factors directly 

interacting with or occluding RNAP.  Although precise mechanisms remain 

uncertain, activators achieve positive control either by providing favorable 

contacts to increase RNAP:promoter affinity or by increasing RNAP initiation 

activity, perhaps by inducing favorable allosteric conformational changes.  In 

contrast, repressors accomplish negative regulation by binding to sequences 
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within or overlapping with the promoter, thus preventing RNAP binding.  Moving 

a regulatory factor binding site by as little as a single base pair relative to the 

promoter can disrupt regulation, suggesting that the precise “phasing” of 

regulator:RNAP interactions is set by their binding to DNA.  Such “short-range 

regulation” would seem to preclude multiple signal inputs.  Instead, prokaryotic 

genes are generally responsive to only one or two signals; transcriptional 

regulation at the lac operon in E. coli is controlled by an activator responding to 

the absence of glucose and a repressor responding to the presence of lactose. 

 Although simple regulatory circuits exist in prokaryotes, one activator and 

one repressor regulating a given gene is insufficient to define more complicated 

systems.  A single cell within an organism must respond in a gene-specific 

manner to a variety of cues.  In addition, a given gene must be able to respond 

differently in individual cell types.  Such discrete patterns of gene regulation 

cannot be explained merely by invoking the actions of cell-specific regulatory 

factors, as the existence of such factors demands explanation for their own cell-

specificity.  Instead, combinatorial regulation is the likely explanation: diverse 

multifactor regulatory complexes containing different combinations of broadly 

expressed factors can generate distinct patterns of gene expression. 

 Although metazoans contain more genes than prokaryotes (compare 

25,000 in humans to 6,000 in E. coli), this increase is modest when considering 

the gains in organism complexity.  Instead, diversity is produced through 

transcriptional regulation, and complex regulatory circuits define metazoan gene 

expression.  The DNA of metazoan multi-chromosomal systems is packaged 



3 

 

around proteins into chromatin, which provides an opportunity for regulation not 

available in prokaryotes.  Therefore, in addition to a twelve subunit RNAP, 

transcription in humans requires general transcription factors, the Mediator 

complex, and chromatin remodeling complexes exerting combinatorial control.  

The sheer quantity of factors involved in metazoan transcription necessitates 

multifactor regulatory complexes containing DNA-binding regulatory factors, as 

well as coregulators associated through protein:protein interactions.  Complexes 

located at different positions on the genome can themselves associate, 

producing DNA loops and super-complexes.  In this manner, combinatorial 

regulation can direct interactions within and between different regulatory regions 

to build diverse multifactor regulatory complexes.  In all, metazoan genes are 

typically controlled by many (even hundreds) of proteins within these multifactor 

complexes. 

 A given factor within different multifactor regulatory complexes contributes 

to the control of many genes, and multiple regulatory factors act in combination 

to regulate a given gene.  Through combinatorial control, relatively few regulatory 

factors can generate huge biological diversity.  What drives broadly expressed 

factors to assemble into specific, distinct complexes?  One key to the answer is 

that many of these factors receive signaling inputs of various types and that 

signaling information differentially modulates their functions, including their 

capacity to bind and act within some complexes but not others.  Importantly, one 

such signal is the precise DNA sequences with which a regulatory factor 



4 

 

associates, thus providing a mechanism for that factor assembling into diverse 

complexes even at adjacent genomic sites within a single nucleus. 

 In this study, we set out to determine whether we could place such diverse 

complexes into distinct classes, as a first step in understanding the determinants 

of combinatorial specificity.  Our strategy was to define the interactions between 

a small number of factors (as few as two) within a set of complexes, with respect 

to occupancy and function.  In doing so, we anticipated that we would gain a 

fundamental new understanding about the selected factors themselves, as well 

as opening a generalized pathway toward dissecting combinatorial regulation. 
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CHAPTER 1: 

The Glucocorticoid Receptor and the Coregulator Brm Selectively Modulate 

Each Other’s Occupancy and Activity in a Gene-Specific Manner 

 

 

ABSTRACT 

 The diverse transcriptional patterns that distinguish metazoan cells are 

specified by multifactor regulatory complexes containing distinct combinations of 

factors that assemble at genomic response elements.  To investigate 

combinatorial control, we examined a set of GR-regulated genes bearing nearby 

regulatory complexes that include both the glucocorticoid receptor (GR) and the 

coregulator Brm, an ATPase subunit of the Swi/Snf chromatin remodeler.  We 

analyzed how GR and Brm affect each other’s occupancy and activity by utilizing 

glucocorticoid treatment and Brm knock-down to modulate GR-mediated 

transcriptional regulation and Brm-mediated chromatin remodeling, respectively.  

GR occupancy and activity were altered differentially by Brm knock-down at 

specific activated and repressed primary GR target genes.  Brm knock-down 

decreased GR occupancy at activated Brm-dependent genes, whereas we 

identified two classes of repressed genes, at which Brm knock-down either 

increased or decreased GR occupancy.  Glucocorticoid treatment increased both 

Brm occupancy and chromatin accessibility at Brm-dependent and Brm-

independent GR-regulated genes.  However, chromatin remodeling activity 

decreased after Brm knock-down only at genes with Brm-dependent 
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transcription.  Our study revealed multiple distinct patterns of GR and Brm 

interdependence.  Thus, monitoring as few as two factors within regulatory 

complexes is sufficient to reveal functionally distinct assemblies, providing an 

analytical method for gaining insights into combinatorial regulation. 

 

 

INTRODUCTION 

 Transcriptional regulation in multicellular organisms is a sophisticated 

process governed by combinatorial control (6, 28, 58).  According to this view, 

multifactor regulatory complexes, comprised of DNA-binding regulatory factors 

and associated coregulators, assemble at specific genomic response elements to 

control gene transcription (57, 59); occupancy at particular response elements is 

dependent on cell type and physiological conditions (2, 51).  Despite the 

remarkable specificity of gene expression programs, most regulatory factors are 

broadly expressed.  Thus, by assembling factors in variable combinations at 

different genomic sites, multifactor regulatory complexes direct diverse 

transcriptional outputs.  This implies that even factors common to multiple 

regulatory complexes may function in response element-specific ways.  

However, the rules governing the assembly and function of multifactor regulatory 

complexes remain unknown.  As a first step toward understanding response 

element-specific combinatorial regulation, we focused on a set of differentially 

regulated genes that utilize two factors: the glucocorticoid receptor (GR) and the 

Swi/Snf ATPase Brm. 
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 GR is a ligand-dependent transcriptional regulatory factor that is involved 

in the precise control of metabolism, development, and the inflammatory 

response.  Upon glucocorticoid binding, GR translocates to the nucleus where it 

interacts with primary glucocorticoid response elements (GREs), functional 

regions of DNA that confer a glucocorticoid response by mediating GR activity 

through receptor occupancy.  GR selectively binds specific genomic regions, 

which vary depending on cell type (S. B. Cooper and K. R. Yamamoto, 

unpublished data).  Binding to slightly different sequences alters GR 

conformation and transcriptional activity (31), through differential recruitment of 

coregulators with distinct activities (33).  The composition of these combinatorial 

GR-assembled regulatory complexes contributes to the nature of the 

transcriptional response (29). 

 The Swi/Snf chromatin remodeling complex is a well-characterized GR 

coregulator.  Swi/Snf proteins from budding yeast were shown to interact with rat 

GR in vitro and to facilitate the transcriptional activation of GR-mediated reporter 

constructs (60).  More recent studies have demonstrated that GR-mediated 

activation of a chromatin template requires Swi/Snf remodeling activity through 

the recruitment of its ATPases (Brm or Brg1), which are highly homologous and 

mutually exclusive subunits (15, 21, 50).  Swi/Snf has also been shown to direct 

GR-mediated transcription in vivo (23, 36).  The Brm and Brg1 ATPases regulate 

transcription by sliding or ejecting nucleosomes, which alters the accessibility of 

binding sites to regulatory factors such as GR (8, 9, 35, 43). 
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 In this study, we investigated the mechanisms of combinatorial control by 

which a regulatory factor (GR) functions with a known coregulator (Brm) at 

specific genes to direct diverse transcriptional responses.  Since GR modulates 

transcription and Brm remodels chromatin structure, these activities can be 

separately probed through glucocorticoid control of GR and knock-down of Brm.  

Therefore, we independently examined how GR and Brm affect the activity and 

occupancy of each other, focusing on transcriptional start sites (TSSs) and 

GREs. 
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RESULTS 

 Brm knock-down affects both activation and repression of specific 

primary GR target genes.  GR binds to specific response elements and recruits 

multifactor regulatory complexes, composed of various coregulators, to direct 

combinatorial regulation.  To study those complexes containing GR and the 

coregulator Brm, we knocked down expression of the Brm Swi/Snf ATPase in 

A549 cells using two short hairpin-mediated RNA (shRNA) constructs.  One 

targeted the coding sequence of the gene (“shBrm”), while the other targeted the 

3’ untranslated region (“shBrm 3’UTR”).  Each construct reduced Brm mRNA 

levels by ~90%, but no reduction in Brg1 mRNA levels was observed (Fig. 1.1A), 

demonstrating that the constructs were specific for the Brm ATPase.  Similarly, 

Brm protein was depleted in shRNA-treated cells, while GR protein levels were 

not affected (Fig. 1.1B). 

 In order to investigate the role of Brm in mediating the transcriptional 

activity of GR, we looked at the effects of Brm knock-down on the expression 

levels of candidate genes selected from previous studies profiling GR expression 

and binding (41, 46, 54, S. B. Cooper and K. R. Yamamoto, unpublished data).  

Treatment of cells with the synthetic glucocorticoid dexamethasone (dex) led to 

transcriptional activation (Fig. 1.1C and D) or repression (Fig. 1.1E).  Knock-

down of Brm did not affect the regulation of some activated genes (Fig. 1.1C), 

while it reduced the activation of others (Fig. 1.1D).  These observations indicate 

that GR requires Brm for proper regulation of only a subset of activated genes.  

Unlike the activated genes, all of the repressed genes we investigated showed 
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decreased repression upon Brm knock-down (Fig. 1.1E).  The two shRNA 

constructs showed agreement at all tested genes.  Our results suggest that the 

Brm Swi/Snf ATPase is an important coregulator of GR-mediated repression.  In 

contrast, the Brg1 ATPase is thought to only play a minor role in the repression 

of GR target genes (23). 

 Primary GR targets are glucocorticoid-regulated genes with a nearby GR 

binding region (GBR).  We assume that one or more of the proximal GBRs are 

functional GREs.  Chromatin immunoprecipitation (ChIP) confirmed GR 

occupancy near the activated Brm-independent (Fig. 1.1F), activated Brm-

dependent (Fig. 1.1G), and repressed Brm-dependent (Fig. 1.1H) genes in a 

dex-dependent manner, suggesting that all these genes are primary GR targets.  

Patterns of GR occupancy were confirmed to be similar at two different times 

following dex treatment (Fig. S1.1)  Multiple GBRs have been verified for some 

activated (46) and repressed (Fig. S1.2) genes.  These results indicate that Brm 

modulates both the transcriptional activation and repression activities of GR at 

specific GR primary targets. 
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FIG. 1.1.  Brm knock-down affects both activation and repression of specific 
primary GR target genes.  (A) Short hairpin-mediated RNA (shRNA) knock-down 
of Brm is specific to that Swi/Snf ATPase, as it does not alter Brg1 mRNA levels.  
Data is shown relative to scrambled shRNA ± SEM [number of independent 
experiments (n) = 4].  (B) Immunoblots demonstrating that efficient knock-down 
of Brm does not affect GR protein abundance levels.  (C–E) Glucocorticoid-
stimulated expression levels after Brm knock-down are Brm-independent at 
some activated genes (C), Brm-dependent at other activated genes (D), and 
Brm-dependent at some repressed genes (E).  Cells were treated with vehicle 
(EtOH) or 100 nM dex for 4 hours.  Data is plotted in log2 scale relative to EtOH 
± SEM (n = 4).  (F-H) ChIP showing GR occupancy at activated Brm-independent 
(F), activated Brm-dependent (G), and repressed Brm-dependent (H) genes.  
Cells were treated with EtOH or 100 nM dex for 4 hours.  Data is displayed as 
enrichment of GBRs near the corresponding gene relative to IgG ± SEM (n = 4).  
The location of the GBR relative to the transcriptional start site (TSS) is indicated. 
  



12 

 

 Brm knock-down decreases GR occupancy at GR-activated Brm-

dependent genes and has disparate effects on GR occupancy at GR-

repressed Brm-dependent genes.  To understand the role of Brm on GR 

occupancy, we performed GR ChIP after Brm knock-down.  As expected, ChIP of 

activated Brm-independent genes showed no change in GR occupancy upon 

Brm knock-down (Fig.1. 2A).  In contrast, all the activated Brm-dependent genes 

showed a decrease in GR occupancy upon Brm knock-down (Fig.1. 2B), 

indicating that Brm facilitates GR recruitment at these genes.  This decreased 

GR occupancy may be insufficient to produce the level of transcriptional 

response seen in control cells.  Since the Brm ATPase subunit of Swi/Snf has 

chromatin remodeling activity, we hypothesized that the observed deficiency in 

GR occupancy could be due to altered chromatin structure.  In particular, GR 

may bind chromatinized GBRs with varying affinity, and some of this initial 

binding may require GR-independent Brm-mediated chromatin remodeling.  GR 

occupancy may be accompanied by recruitment of Brm, which would produce 

increased local Brm activity and result in more accessible DNA around the GBR.  

This would in turn allow additional GR to bind. 

 Interestingly, we observed two distinct classes of GR occupancy at 

repressed Brm-dependent genes upon Brm knock-down (Fig. 1.2C).  Several 

GBRs showed decreased GR occupancy, as was seen at activated genes.  

However, some GBRs showed increased GR occupancy.  This suggests that two 

different mechanisms exist for Brm-mediated repression of primary GR target 

genes.  It is possible that these disparate effects on GR occupancy are due to 
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distinct modes of Brm-mediated chromatin remodeling, such that the DNA 

becomes more or less accessible at different GBRs.  Alternatively, chromatin 

remodeling may increase the occupancy of factors that compete with GR binding.  

At two of the repressed genes (AMIGO2 and PDE4B), we witnessed both 

classes of GR occupancy upon Brm knock-down at different GBRs near the 

same gene.  Consistent results were observed with both of the shRNA constructs 

at all tested GBRs.  In summary, we found that Brm alters GR occupancy at both 

activated and repressed Brm-dependent genes, and Brm-mediated repression 

may occur through two different mechanisms.  Thus, the role of Brm in 

modulating GR occupancy appears to be important for regulating the expression 

of specific primary GR target genes. 
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FIG. 1.2.  Brm knock-down decreases GR occupancy at GR-activated Brm-
dependent genes and has disparate effects on GR occupancy at GR-repressed 
Brm-dependent genes.  (A-C) ChIP of GR after Brm knock-down at activated 
Brm-independent (A), activated Brm-dependent (B), and repressed Brm-
dependent (C) genes.  Cells were treated with 100 nM dex for 4 hours.  Data is 
displayed as enrichment of GBRs near the corresponding gene relative to IgG ± 
SEM (n = 4).  The location of the GBR relative to the transcriptional start site 
(TSS) is indicated. 
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 Brm occupies GR binding regions of GR-regulated genes in a dex-

stimulated manner.  To examine how GR modulates Brm occupancy, we 

performed ChIP assays in the presence and absence of dex stimulation to look 

for Brm-containing Swi/Snf complexes at the GBRs near our genes of interest.  

As a negative control, a region of the housekeeping gene RPL19 was analyzed 

by ChIP and showed only basal levels of Brm occupancy in the presence of 

ethanol or dex (Fig. 1.3A).  However, ChIP showed increased Brm occupancy at 

the GBRs of activated Brm-independent genes after dex treatment (Fig. 1.3B), 

even though GR activity and occupancy were both unaffected by Brm knock-

down.  At these genes, Brm-containing Swi/Snf complexes may be inactive or 

performing functions that do not affect the transcriptional response.  Alternatively, 

redundancy may exist such that another remodeler (possibly a Brg1-containing 

Swi/Snf complex) can compensate for Brm knock-down. 

 ChIP confirmed dex-stimulated Brm occupancy at all tested GBRs near 

activated Brm-dependent genes (Fig. 1.3C).  Dex-stimulated Brm occupancy was 

also observed at one or more GBR for each repressed Brm-dependent gene 

(Fig. 1.3D).  This result suggests that GR can localize Brm-containing Swi/Snf 

complexes to GBRs of both activated and repressed primary GR target genes.  

Two GBRs (NAV3 +17 kb and PDE4B -46 kb) showed a dex-stimulated increase 

in Brm occupancy, but this occupancy did not significantly exceed the basal 

levels observed in RPL19.  Conversely, one GBR (PTGS2 -36 kb) experienced 

no increase in Brm occupancy upon dex treatment but was well above RPL19 

levels in the presence of ethanol or dex.  Brm-containing Swi/Snf complexes may 
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be present at basal levels throughout the genome, and GR appears to increase 

the local concentration of these complexes at specific regions.  These results 

show that Brm occupancy of at least one GBR of the studied activated and 

repressed GR-regulated genes is dex-dependent, suggesting that GR may be 

involved in recruiting Brm to these regions.  Since Brm is an ATPase subunit of 

the Swi/Snf chromatin remodeling complex, we propose that the Brm-dependent 

effects are due to chromatin remodeling. 
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FIG. 1.3.  Brm occupies GR binding regions of GR-regulated genes in a dex-
stimulated manner.  (A) RPL19 serves as a negative control for Brm ChIP.  (B-D) 
ChIP showing Brm occupancy at activated Brm-independent (B), activated Brm-
dependent (C), and repressed Brm-dependent (D) genes.  This antibody does 
not cross-react with Brg1 (10, 13).  Cells were treated with EtOH or 100 nM dex 
for 2 hours.  Data is displayed as enrichment of GBRs near the corresponding 
gene normalized to input samples ± SEM (n ≥ 3).  The location of the GBR 
relative to the TSS is indicated.  Fold change is displayed above the bar graphs.  
*, P ≤ 0.05 by Welch’s t-test. 
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 Chromatin becomes more accessible upon dex treatment at GR-

regulated genes and undergoes decreased remodeling at Brm-dependent 

genes following Brm knock-down.  To monitor changes in chromatin 

accessibility (the readout for remodeling activity), we employed an assay using 

micrococcal nuclease (MNase), which preferentially cleaves linker DNA between 

nucleosomes, as well as nucleosome-free DNA.  The MNase assay measures 

the relative protection at a given region of DNA by comparing the amount of 

MNase-digested DNA to an undigested control (38, 44).  We titrated the 

concentration of MNase to yield predominantly mononucleosome-sized 

fragments (Fig. S1.3) and tiled primers amplifying roughly 100 bp regions that 

were 50bp apart along the regions of interest.  Analysis of the housekeeping 

gene RPL19 did not show dex-induced changes in chromatin structure (Fig. 

S1.4). 

 IGFBP1, an activated Brm-independent gene, displayed a dex-dependent 

decrease in protection around both the TSS and GBR (Fig. 1.4A, dark blue vs. 

light blue line).  (These graphs are shown with error bars in Fig. S1.5.)  This 

corresponding increase in accessibility is consistent with activation, as it would 

allow GR and the transcriptional machinery increased access to the gene.  We 

performed the MNase assay after Brm knock-down to investigate the role of Brm 

on these dex-dependent changes in chromatin structure.  IGFBP1 showed no 

Brm-dependent remodeling (Fig. 1.4A, dark red and light red vs. dark blue and 

light blue lines and Fig. S1.6A), which concurs with the Brm-independent GR 

transcriptional activity (Fig. 1.1C) and occupancy (Fig. 1.2A) observed at this 
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gene.  Interestingly, Brm is recruited to IGFBP1 (Fig. 1.3B) even though it does 

not appear to function as a chromatin remodeler at the regions we observed with 

the MNase assay. 

 At MT2A, an activated Brm-dependent gene, we also witnessed a 

decrease in protection around the TSS and GBR upon dex treatment (Fig. 1.4B, 

dark blue vs. light blue line), consistent with GR-mediated transcriptional 

activation.  In addition, we observed strongly diminished dex-dependent 

remodeling upon Brm knock-down at both the TSS and GBR (Fig. 1.4B, dark red 

vs. light red line and Fig. S1.6B), suggesting that Brm-mediated chromatin 

remodeling accounts for the Brm-dependent GR transcriptional activity (Fig. 

1.1D) and occupancy (Fig. 1.2B) at MT2A.  Brm knock-down in ethanol-treated 

samples had no significant effect on some regions (particularly around the GBR), 

whereas it decreased protection at other regions (particularly upstream of the 

TSS) (Fig. 1.4B, dark blue vs. dark red line).  These results imply that Brm is 

protecting chromatin in the MT2A promoter from MNase digestion in the absence 

of dex.  Presumably, this decrease in MNase accessibility is due to Brm-

mediated repositioning of nucleosomes into the promoter (20).  Although Brm 

occupancy increased at the GBR of MT2A in a dex-stimulated manner (Fig. 

1.3C), a basal activity of Brm may account for this GR-independent remodeling.  

Upon dex treatment, all regions were more protected in shBrm cells than in 

control cells (Fig. 1.4B, light red vs. light blue line), suggesting that Brm is 

deployed in a GR-dependent manner to make DNA more accessible.  Thus, at 

MT2A, the chromatin remodeling activity of Brm appears to protect the DNA from 
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MNase digestion in the absence of dex and to decrease this protection in the 

presence of dex. 

 CCL2, a repressed Brm-dependent gene with reduced GR occupancy 

upon Brm knock-down, displayed a dex-dependent decrease in protection 

around the TSS and GBR, similar to what was observed at the activated genes 

IGFBP1 and MT2A (Fig. 1.4C, dark blue vs. light blue line).  However, at CCL2, 

this Brm-mediated increase in accessibility leads to repression, rather than 

activation.  Brm knock-down again resulted in decreased remodeling following 

dex treatment (Fig. 1.4C, dark red vs. light red line and Fig. S1.6C), indicating 

that Brm contributes both to the regulation of GR-mediated transcription (Fig. 

1.1E) and GR occupancy (Fig. 1.2C) at CCL2 by altering chromatin structure.  

Although Brm knock-down in ethanol-treated samples had no effect on most 

regions, it did cause increased protection at a region around the GBR (Fig. 1.4C -

2800 to -2400 bp, dark blue vs. dark red line), suggesting that basal levels of Brm 

can act in a GR-independent manner to remove or reposition nucleosomes (43).  

In both ethanol- and dex-treated cells, protection from MNase increased upon 

Brm knock-down relative to control cells at the GBR (Fig. 1.4C -2800 to -2400 bp, 

dark red and light red vs. dark blue and light blue lines).  Thus, decreased access 

of GR to its GBR upon Brm depletion may account for the decreased GR 

occupancy at this site after Brm knock-down (Fig. 1.2C). 

 As with the other GR-regulated genes, the DNA around the TSS and GBR 

of GDF15, a repressed Brm-dependent gene with increased GR occupancy upon 

Brm knock-down, showed a dex-dependent decrease in protection (Fig. 1.4D, 
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dark blue vs. light blue line).  In contrast to the other Brm-dependent genes, only 

a mild decrease in chromatin remodeling was observed at GDF15 upon Brm 

knock-down (Fig. 1.4D, dark red vs. light red line and Fig. S1.6D).  While some 

regions experienced a mild degree of chromatin remodeling, the GBR and TSS 

were largely unprotected regardless of Brm knock-down or dex treatment (Fig. 

1.4D, -6300 to -5600 and -400 to 0 bp, all lines).  Thus, GR occupancy at this 

GBR appears relatively independent of chromatin remodeling.  Since the DNA in 

this region appears to be particularly accessible under all observed conditions, 

the increase in GR occupancy following Brm knock-down (Fig. 1.2C) may be due 

to binding site competition between GR and some other factor, such as Brm. 

 In summary, dex treatment decreased DNA protection from MNase 

digestion in every GR-regulated region we examined (also see Fig. S1.7).  Brm 

knock-down decreased the dynamic range of chromatin accessibility for both 

activated and repressed genes with Brm-dependent transcriptional regulation.  

This diminished chromatin remodeling correlated with decreased transcriptional 

activation or repression (Fig. 1.1D-E).  The two classes of GR occupancy upon 

Brm knock-down at repressed genes (Fig. 1.2C) may reflect different native 

chromatin states at the GBRs of these genes (Table 1.1).  At the CCL2 GBR, 

Brm remodeled chromatin structure in such a way to decrease protection, thus 

exposing the GBR to facilitate GR binding (Fig. 1.4C and Fig. S1.6C).  

Conversely, at GDF15, the GBR was packaged in relatively accessible 

chromatin, so Brm performed only mild remodeling activity (Fig. 1.4D and Fig. 

S1.6D). 
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FIG. 1.4.  Chromatin becomes more accessible upon dex treatment at GR-
regulated genes and undergoes decreased remodeling at Brm-dependent genes 
following Brm knock-down.  (A-D) MNase assay showing fraction protected at 
IGFBP1 (A), MT2A (B), CCL2 (C), and GDF15 (D).  Cells were treated with EtOH 
or 100 nM dex for 10 min.  Data is displayed as fraction of MNase protection by 
calculating a fold difference between MNase-treated and untreated samples (y-
axis), plotted against the location relative to the TSS (x-axis) (n = 3).  Error bars 
are omitted for clarity, but they are shown in Fig. S5.  The horizontal line with 
GBR written above it represents the region of GR binding, and the vertical line 
shows the location of the canonical GR binding motif.  The motif is not present at 
CCL2 or GDF15.  
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TABLE 1.1.  Summary of GR and Brm interdependence.  + indicates an 
increase, and – a decrease, relative to that seen in the absence of Brm or GR. 
 

Gene 
GR 

Response 

Brm-Dependent GR-Dependent 

GR 
Occupancy 

GR 
Regulation 

Brm 
Occupancy 

Brm 
Remodeling 

IGFBP1 activation no change no change + no change 

MT2A activation + + + + + 

CCL2 repression + + + + + 

GDF15 repression – + + + 

 

DISCUSSION 

 Different metazoan cell types are distinguished by extensive gene- and 

cell-specific transcription.  This remarkable complexity of expression is not 

accomplished by a corresponding expansion in gene number (1) or by cell-

specific regulatory factors (58).  Instead, these selective and sophisticated 

patterns of transcription are generated by multifactor regulatory complexes 

comprised of different combinations of broadly expressed regulatory factors (4, 

28).  Although this concept of combinatorial regulation is long established (6), we 

understand relatively little about how common factors assemble into regulatory 

complexes that differ in composition, geometry, and function.  Indeed, even the 

total number of proteins associated in a given complex, and the dynamics of their 

interactions, have not been determined.  However, it is apparent that mammalian 

transcriptional regulatory complexes, for example, may contain fifty to one 

hundred or more different proteins that associate on demand at genomic 

response elements (18). 
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 In this study, we sought to determine whether as few as two proteins, GR 

and Brm, both residing in a select set of regulatory complexes, could serve as 

probes to functionally distinguish different roles of those complexes.  The 

activities of GR and Brm can be monitored separately, since GR activates or 

represses transcription, whereas Brm remodels chromatin.  Within a set of GR-

activated and GR-repressed genes, we independently controlled the actions of 

the two proteins using glucocorticoid-dependence of GR and knock-down of Brm, 

and we monitored the effects of GR and Brm on each other’s occupancy and 

activity.  At genes with GR-dependent Brm occupancy, we observed striking 

differences in the effects of Brm on GR occupancy and regulation (Table 1.1).  

Investigation of chromatin architecture at four such differentially controlled genes 

revealed distinct and unanticipated classes of chromatin remodeling.  For 

example, in the absence of dex Brm maintained either increased protection or 

increased accessibility, dex-dependent chromatin remodeling was Brm-

independent or Brm-dependent, and the magnitude of Brm-dependent 

remodeling spanned a broad range.  Overall, our analysis of four genes in A549 

cells revealed four distinct patterns of transcriptional response, factor occupancy, 

and activity (Table 1.1).  Thus, monitoring only two proteins within regulatory 

complexes is sufficient to identify functionally discrete assemblies. 

 At IGFBP1, an activated gene, Brm occupancy increased at the GBR in a 

GR-dependent manner, yet we cannot identify any activity associated with the 

recruitment of Brm to this regulatory region.  Brm knock-down had no effect on 

GR occupancy, transcription, or chromatin remodeling, although Brm may 
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remodel chromatin outside of the GBR and TSS regions that we analyzed.  

Previous studies have shown that increased GR and coregulator occupancy do 

not always correlate with their known activities (29, 55).  In these cases, GR and 

coregulators may bind unproductively, or they may serve as scaffolds to recruit 

additional factors.  Brm may be inactive at this site due to altered Swi/Snf subunit 

composition (39, 42, 56) or post-translational modifications of the Swi/Snf 

complex (5, 45).  Since the two Swi/Snf ATPases possess distinct functions in 

certain settings (14, 24, 32, 40), future studies could determine whether Brg1-

containing Swi/Snf complexes are responsible for the dex-dependent remodeling 

at IGFBP1.  Alternatively, both Brm and Brg1 may participate in chromatin 

remodeling at this gene, but functional redundancy between these ATPases may 

allow Brg1-containing Swi/Snf complexes to compensate for Brm knock-down 

(11, 48).  The choice between two ATPases with both redundant and distinct 

functions may increase the specificity and versatility of Swi/Snf-containing 

multifactor regulatory complexes.  Preliminary ChIP assays indicate that Brg1 

occupancy increases upon dex treatment at a subset of GBRs in tandem with 

Brm (Fig. S1.8). 

 Interestingly, two genes with opposite transcriptional responses (MT2A 

and CCL2) displayed a similar pattern of GR and Brm interdependence.  Upon 

dex treatment, Brm occupancy and Brm-mediated chromatin remodeling 

increased at both genes.  In the presence of Brm, GR occupancy increased, 

leading to the transcriptional activation or repression of MT2A or CCL2, 

respectively.  Therefore, it appears that the regulatory complexes acting at these 
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two genes similarly regulate GR and Brm occupancy as well as chromatin 

remodeling despite mediating opposite transcriptional responses.  Perhaps 

differential recruitment of DNA-binding activators or repressors, due to Brm-

mediated changes in the accessibility of their target sequences, dictates 

transcriptional activation or repression by stabilizing the associated chromatin 

conformation (26).  Alternatively, the overall composition of factors within the 

regulatory complex at the response element may specify the transcriptional 

output.  For instance, differential recruitment of coregulators may produce an 

activating or repressing complex (29), or differential recruitment of chromatin-

modifying proteins may lead to activating or repressing histone marks (19, 52).  

Future experiments could identify differences within the MT2A and CCL2 

regulatory complexes that might account for their opposite transcriptional 

outputs. 

 The reciprocal roles of GR in Brm occupancy and Brm in GR occupancy 

suggest positive feedback in which GR binds to chromatinized GBRs with low 

affinity, recruiting Brm-containing Swi/Snf complexes to these regulatory regions, 

causing local chromatin remodeling, which allows more GR, and in turn more 

Swi/Snf, to bind accessible GBRs.  Even before dex treatment, Brm appears to 

associate and function at a low level throughout the genome.  This basal level of 

Brm remodeling activity may be important for initial “pioneer” GR binding events 

to relatively inaccessible chromatin, as we observed GR-independent Brm-

mediated chromatin remodeling at the GBR of CCL2.  Consistent with previous 

studies, the GBRs of the genes we investigated appear to be in regions that are 
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relatively accessible (22, 23).  Although we only examined Brm occupancy at 

GBRs, others have suggested that Brm is also recruited to TSSs of GR-regulated 

genes in a dex-dependent manner (36), possibly through looping interactions 

between regulatory complexes and the promoter (16).  These long-range 

interactions could produce the Brm-dependent remodeling that we observe 

around the TSSs. 

 In contrast to the similarities between repressed CCL2 and activated 

MT2A, CCL2 and GDF15 are both repressed genes, yet they have very different 

patterns of GR and Brm interdependence.  Both genes showed a dex-dependent 

increase in Brm occupancy, leading to greater GR-mediated transcriptional 

repression.  While robust Brm-mediated chromatin remodeling at CCL2 allowed 

for increased GR occupancy, the mild remodeling observed at GDF15 was 

associated with decreased GR occupancy.  The multifactor regulatory complexes 

acting at these two genes apparently dictate transcriptional repression through 

different mechanisms.  At CCL2, changes in DNA accessibility regulate GR 

occupancy.  However, GR occupancy at GDF15 appears fairly independent of 

chromatin remodeling, as the GBR is relatively accessible under all observed 

conditions.  Instead, the Brm-dependent decrease in GR occupancy may reflect 

competition for binding with Brm or an unknown factor that is recruited by Brm.  If 

Brm can indeed exclude a factor such as GR without remodeling chromatin, this 

would represent a fundamentally new mechanism of Brm action.  Alternatively, 

local chromatin rearrangements not detectable by MNase digestion, might 

account for the Brm-dependent decrease in GR occupancy. 
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 Our investigation of two proteins present in functionally different regulatory 

complexes, each bearing perhaps fifty times as many components, revealed their 

distinctive roles and interdependencies in those complexes.  In doing so, we laid 

the groundwork for an experimental system to monitor combinatorial assembly 

and function, in which we can independently modify and measure factor 

occupancy and activity.  Since four genes showed four different patterns of 

transcriptional response and GR and Brm interdependence, we conclude that 

these two factors interact through multiple distinct mechanisms.  Thus, our 

results underscore the power and specificity of combinatorial regulation. 

 By what mechanisms might factors engage different physical interactions 

that create distinctive regulatory complex geometries?  One way to think about 

these results comes from the view of proteins as “mosaics” of potentially 

functional surfaces, each of which may be more “active” in some contexts than in 

others.  For example, Rogatsky et al. (41) found that GR activates transcription of 

different genes in human U2OS cells by utilizing gene-specific patterns of 

functional surfaces.  These differential patterns likely reflect, in part, allosteric 

effects on GR conformation driven by the precise DNA sequence with which GR 

interacts at each target gene (31).  However, there exist many contextual 

influences, including ligand chemistry, post-translational modifications, and 

occupancy by other DNA-binding regulatory factors and non-DNA-binding 

coregulators.  In turn, the functional surfaces so created or stabilized may confer 

enzymatic activities, serve as sites for post-translational modification or interact 

with other factors, thereby greatly expanding combinatorial diversity.  We 
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demonstrate that profiling the interactions and functions of two factors is 

sufficient to separate regulatory complexes into distinct classes, implicating 

additional context-specific interactions.  Overall, this strategy provides a general 

route toward the discovery of functional surfaces and components within 

regulatory complexes and showcases how combinatorial control produces 

remarkable regulatory specificity.  Understanding the functional relationships 

between regulatory complex components will eventually enable prediction, rather 

than mere observation, of the diverse outputs of combinatorial regulation. 
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FIG. S1.1.  Similar patterns of GR occupancy following 30 min (A) or 4 hours (B) 
dex treatment.  Cells were treated with EtOH of 100 nm dex.  ChIP data is 
displayed as enrichment of GBRs near the corresponding gene relative to IgG ± 
SEM (n ≥ 3).  The location of the GBR relative to the TSS is indicated. 
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FIG. S1.2.  GR occupancy at all verified GBRs of repressed genes.  Cells were 
treated with EtOH or 100 nM dex for 4 hours.  ChIP data is displayed as 
enrichment of GBRs near the corresponding gene relative to IgG ± SEM (n = 4).  
The location of the GBR relative to the TSS is indicated. 
 
 
 
 
 
 

 

FIG. S1.3.  MNase titration to achieve mononucleosome-sized DNA fragments.  
After adjusting nuclear suspensions to 3 mM CaCl2, the sample was split into five 
200 µl reactions, which were digested with a titration of 0 to 100 U MNase for 10 
min at 37°C.  After eluting purified DNA, 1 or 5 µL was run on a 2.5% agarose 
gel.  Digestion to mononucleosome-sized DNA fragments was achieved with 50 
U MNase. 
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FIG. S1.4.  Housekeeping gene RPL19 shows no chromatin changes upon 
hormone treatment, as a negative control for the MNase assay.  Cells were 
treated with EtOH or 100 nM dex for 10 min.  Data is displayed as fraction of 
MNase protection by calculating a fold difference between MNase-treated and 
untreated samples (y-axis), plotted against the location relative to the TSS (x-
axis) ± SEM (n = 3). 
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FIG. S1.5.  MNase assay showing fraction protected with error bars at IGFBP1 
(A), MT2A (B), CCL2 (C), and GDF15 (D).  Cells were treated with EtOH or 100 
nM dex for 10 min.  Data is displayed as fraction of MNase protection by 
calculating a fold difference between MNase-treated and untreated samples (y-
axis), plotted against the location relative to the TSS (x-axis) ± SEM (n = 3).  The 
horizontal line with GBR written above it represents the region of GR binding, 
and the vertical line shows the location of the canonical GR binding motif.  The 
motif is not present at CCL2 or GDF15. 
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FIG. S1.6.  Fold change of MNase protection with error propagation at IGFBP1 
(A), MT2A (B), CCL2 (C), and GDF15 (D).  Data is displayed as the fold 
difference between dex- and EtOH-treated MNase samples (y-axis), plotted 
against the location relative to the TSS (x-axis) ± variance (n = 3).  The horizontal 
line with GBR written above it represents the region of GR binding, and the 
vertical line shows the location of the canonical GR binding motif.  The motif is 
not present at CCL2 or GDF15. 
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FIG. S1.7.  Chromatin becomes more accessible upon dex treatment at another 
GR-regulated gene.  (A-B) MNase assay showing fraction protected around 
PDE4B TSS (A) and GBR regions (B).  Cells were treated with EtOH or 100 nM 
dex for 10 min.  Data is displayed as fraction of MNase protection by calculating 
a fold difference between MNase-treated and untreated samples (y-axis), plotted 
agains the location relative to the TSS (x-axis) ± SEM (n = 3). 
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FIG. S1.8.  Brg1 occupies a subset of GBRs in a dex-stimulated manner.  Cells 
were treated with EtOH or 100 nM dex for 2 hours.  Data is displayed as 
enrichment of GBRs near the corresponding gene normalized to input samples ± 
SEM (n =3).  The location of the GBR relative to the TSS is indicated.  Fold 
change is displayed above the bar graphs.  *, P ≤ 0.05 by Welch’s t-test.  
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MATERIALS AND METHODS 

Cell culture.  A549 cells were grown in Dulbecco’s modified Eagle’s medium 

(DMEM, UCSF Cell Culture Facility) with 5% fetal bovine serum (FBS, Gemini) at 

37°C in 8% CO2 in a humidified incubator.  One day before hormone treatment, 

the medium was replaced with DMEM containing 5% charcoal stripped FBS 

(Omega).  For all experiments, confluent cells were treated with either 0.05% 

ethanol vehicle or 100 nM dexamethasone (dex, Sigma) dissolved in ethanol.  

293T cells were grown in DMEM with 10% FBS and 1x penicillin-streptomycin 

(UCSF Cell Culture Facility) at 37°C in 5% CO2 in a humidified incubator. 

 

Lentiviral short-hairpin-mediated RNA.  Lentiviral short hairpin-mediated 

RNAs (shRNAs) were used to knock-down the expression of Brm as described 

previously (31).  The lentiviruses were produced with PCR products containing 

the U6 promoter and the shRNA of interest, using the following target sequences: 

Scramble, AAGGGTAGGTTCGACTAGCAGGACTCT; shBrm, 

AAGCTGACTCAGGTCTTGAACAC; and shBrm 3’UTR, 

AAGCGCTATTGAATATTGCAATC.  The PCR products were subcloned into the 

pHRCMVPUROWSin18 vector and cotransfected with pMD.G1 and 

pCMVDR8.91 (generously provided by Dr. Didier Trono, University of Geneva, 

24) into 293T cells using Lipofectamine 2000 (Invitrogen).  After 48 h and 72 h, 

the culture medium containing the shRNAs expressing lentivirus was harvested 

and filtered through 0.45 µm filters.  For virus infection, A549 cells were 

incubated with medium-diluted virus supernatant, supplemented with 8 µg/mL 
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polybrene (Millipore) for 24 h.  Cells were then selected with 4 µg/mL puromycin 

(InvivoGen), and knock-down was confirmed after approximately one week. 

 

Immunoblot.  Protein lysates from equal quantities of cells were separated on 4-

15% Tris-HCl SDS-PAGE gels and transferred to polyvinylidene difluoride 

membranes (Millipore) using semidry transfer (Bio-Rad).  Membranes were 

probed with anti-Brm (1:200, BD Transduction), anti-GR (1:4,000, N499 

generated by R.M. Nissen, B. Darimont, and K.R. Yamamoto, unpublished data), 

and anti-beta-actin (1:2,000, Sigma) primary antibodies, followed by the 

appropriate secondary antibodies conjugated with horseradish peroxidase (for 

Brm) or fluorescent dyes (for GR and beta-actin).  Proteins were detected by 

chemiluminescence (ECL Plus, Amersham) or fluorescence (Odyssey, Li-Cor), 

respectively. 

 

RNA isolation, reverse transcription, and real-time quantitative polymerase 

chain reaction.  The RNA isolation, reverse transcription, and real-time 

quantitative polymerase chain reaction (qPCR) were performed essentially as 

previously described (37).  After 4 h dex or ethanol treatment, total RNA was 

isolated from A549 cells using QIAshredder and RNeasy Mini kits (Qiagen).  

Random-primed cDNA was prepared from 750 ng total RNA using the 

ProtoScript M-MulV First Strand cDNA Synthesis kit (New England Biolabs).  

Approximately one fiftieth of the resultant cDNA was used per 35 µL qPCR 

reaction containing 0.7 U of AmpliTaq Gold DNA polymerase (Applied 
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Biosystems), 1x PCR Buffer II (Applied Biosystems), 2.5 mM MgCl2 solution 

(Applied Biosystems), 0.15 mM dNTP (Invitrogen), 0.2x SYBR green I dye 

(Invitrogen), 0.4x ROX reference dye (Invitrogen), and 0.5 µM of each primer.  

Primer pairs were described previously (3, 41, 46, 54) or designed using Primer3 

(http://frodo.wi.mit.edu/primer3), and those that efficiently amplified a single 

product of the expected size were used for qPCR.  Primer sequences are 

provided in Table S1.1.  qPCR was performed with a 7300 Real Time PCR 

System (Applied Biosystems) using standard cycling conditions (10 min at 95°C, 

followed by 42 cycles of 20 s at 95°C, 30 s at 57°C, and 30 s at 72°C).  Data 

were analyzed using the Ct method (Applied Biosystems) and normalized to the 

expression of the RPL19 gene.  Each value was calculated as the median of 

three technical qPCR replicates and three or four biological replicates. 

 

Chromatin immunoprecipitation.  Chromatin immunoprecipitation (ChIP) 

assays using the N499 anti-GR antibody were performed as previously described 

(47).  After 30 min or 4 h dex or ethanol treatment, cells in 15 cm dishes were 

cross-linked with 1% formaldehyde for 10 min, and then the reaction was 

stopped with 125 mM glycine for 10 min.  Cells were rinsed with ice-cold 

phosphate-buffered saline (PBS), scraped into conical tubes, collected by 

centrifugation (600 g for 5 min at 4°C), and lysed in ice-cold IP lysis buffer (500 

mM HEPES-KOH pH 8, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 0.5% NP-

40, 0.25% Triton X-100, 10% glycerol, supplemented with protease inhibitors) for 

10 min at 4°C with nutation.  Nuclei were collected by centrifugation (600 g for 5 
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min at 4°C), resuspended in 1.5 mL RIPA buffer (10 mM Tris-HCl pH 8, 1 mM 

EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% Triton X-100, 0.1% sodium 

deoxycholate, 0.1% SDS, supplemented with protease inhibitors), and sonicated 

for 20 s bursts followed by 1 min cooling on ice for a total sonication time of 3 min 

per sample.  Chromatin samples were immunoprecipitated with 9 µg of N499 

anti-GR antibody or normal mouse IgG antibody (Santa Cruz Biotechnology) with 

Protein A/G beads (Santa Cruz Biotechnology).  After washing the beads and 

reversing cross-links, DNA fragments were extracted with phenol-chloroform and 

purified using a QIAquick spin column (Qiagen).  GR occupancy was confirmed 

by qPCR as described above using 2% of the eluted ChIP DNA per reaction.  

One previously characterized GR binding region (GBR) was investigated per 

activated gene (46), and multiple repressed GBRs were selected (S. B. Cooper 

and K. R. Yamamoto, unpublished data) and tested for this study.  Primer pairs 

were described previously (46, 3) or designed as described above.  Primer 

sequences are presented in Table S1.2.  Data were normalized to a region of the 

HSP70 gene and to an IgG control. 

 Brm ChIP assays were performed as described above, with the following 

modifications.  After 2 h dex or ethanol treatment, cells in 15 cm dishes were 

washed with cold PBS, cross-linked with 10 mL of 1.5 mM EGS in PBS for 30 

min at room temperature, and dual cross-linked with 1% formaldehyde for 15 min 

at room temperature.  Chromatin samples were immunoprecipitated with 9 µg of 

anti-Brm antibody (Abcam) with Protein G Sepharose 4 Fast Flow beads (GE 
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Healthcare).  Data were normalized to a region of the HSP70 gene and to an 

input-only control. 

 

Micrococcal nuclease assay.  Cross-linked mononucleosomes were prepared 

as previously described (30).  After 10 min dex or ethanol treatment, cells in 15 

cm dishes were cross-linked with 1x cross-linking solution (11% formaldehyde, 

50mM HEPES pH 7.9, 100mM NaCl, 1mM EDTA, 0.5mM EGTA) for 10 min.  

Cells were washed twice with PBS, harvested in ice-cold lysis buffer (10mM Tris-

HCl pH 8, 0.25% Triton X-100, 10mM EDTA, 0.5mM EGTA, 100mM NaCl, 

supplemented with protease inhibitors), and then left on ice for 10 min.  Nuclei 

were collected by centrifugation (450 g for 5 min at 4°C), and resuspended in 1 

mL buffer N (10mM Tris-HCL pH 8, 0.25M sucrose, 75mM NaCl, supplemented 

with protease inhibitors).  Washed nuclei were centrifuged (450 g for 5 min at 

4°C), resuspended in 1 mL buffer N, and sonicated for 20 s on ice.  Nuclear 

suspensions were adjusted to 3 mM CaCl2, and each sample was split into two 

500 µl reactions, which were digested with either 0 or 125 units of micrococcal 

nuclease (MNase, Worthington) for 10 min at 37°C.  The reaction was stopped 

with 5 mM EDTA.  Samples were rotated for 1 h with 0.5% SDS, and insoluble 

material was removed by centrifugation at full speed (21,000 g) in a 

microcentrifuge for 10 min at 4°C.  The chromatin solution was incubated 

overnight at 65°C, treated with 2 µg/mL DNase-free RNase (Roche) for 1 h at 

37°C, and then treated with 200 µg/mL proteinase K (Roche) for 3 h at 37°C.  

DNA was purified using a QIAquick spin column (Qiagen).  Approximately 5 µg of 
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DNA was used per qPCR reaction as described above.  The fraction of MNase 

protection was determined as previously described (38, 44) by calculating a fold 

difference between MNase-treated and untreated samples.  Tiled primers were 

designed as described above.  Primer sequences are provided in Table S1.3. 

 

TABLE S1.1.  Primers used for qPCR analysis of cDNA sequences. 
 
Gene Symbol: Forward Primer:   Reverse Primer: 
AMIGO2  catgcccctgcaagtgtaaa  tcaggggttccaaaaacacc 
ANGPTL4  tcagcatctgcaaagccagt  tctccccaacctggaacag 
BHLHE40  tgaaggccatttcactagcag  gtagaagggcaggcagaaag 
BIRC3   gacaggagttcatccgtcaag  ttccacggcagcattaatc 
CCL2   gctcatagcagccaccttca  cttggccacaatggtcttga 
CXCL1  cagaccctgcagggaattc  tggctatgacttcggtttgg 
CXCL2  gcagggaattcacctcaaga  gacaagctttctgcccattc 
ETNK2  ctactgcaccttccagaatgg  ccgttggcgtggatagtatg 
FKBP5  aggctgcaagactgcagatc  cttgcccattgctttattgg 
GDF15  ctcattcaaaagaccgacacc  agtggaaggaccaggactgc 
IGFBP1  tcacagcagacagtgtgagac  agacccagggatcctcttc 
MT2A   gcaaatgcaaagagtgcaaa  atccaggtttgtggaagtcg 
NAV3   ttccaacgtcagcagcaagt  gatttgggggaacctgacaa 
NFKBIA  cacctccactccatcctgaag  atcagcacccaaggacacc 
PDE4B  tcatgcttttctttattcacctca  gcacaaatgtgcatgaccaa 
PTGS2  cgcaaacgctttatgctgaa  ggcttccagtaggcaggaga 
RPL19  atcgatcgccacatgtatca  gcgtgcttccttggtcttag 
SCNN1A  aacggtctgtccctgatgct  ttggtgcagtcgccataatc 
SMARCA2 (Brm) tttatgcggatggacatgga  tagccactgcttctccgtga 
SMARCA4 (Brg1) aggtccggcagaagaaatca  gtgaggttgggtgggttagg 
STOM   cagacactgaccaccattgc  ttcatgcttggaaggctagc 
TSC22D3  agatcgaacaggccatggat  ttacaccgcagaaccaccag 
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TABLE S1.2. Primers used for qPCR analysis of ChIP samples. 
 
GBR Symbol: Forward Primer:   Reverse Primer: 
AMIGO2 (-5 kb) ccctgggttttgtttcttca   gaagtagcaatgggactgacg 
AMIGO2 (-3 kb) gggtgtggtcatgtgagtgt  cagggctagaactcctgtga 
AMIGO2 (+47 kb) cacagcctctttcacaacca  ggaaccagtgaggaatggaa 
ANGPTL4 (-8 kb) tctgccctgcaatgtacaag  ccaagagcaggacctcaaac 
BHLHE40 (-28 kb) tctccgtgcagtctctcctc   cgttgggagggacattaataag 
BIRC3 (-11 kb) accccaaatgaatggtgaaa  agggtacgcggagtacagag 
CCL2 (-3 kb)  acttctctcacgccagcact  tagctgtctgcctcccactt 
CXCL1 (+23 kb) tcacttcagctatttcccaca  aacaaactgggcctattcaca 
CXCL2 (-1 kb) tagggcaagaactgcagcat  ccaggaaggagacaaaagctc 
ETNK2 (+2 kb) agtgaatgggatttggcagt  aaggggtagagcagagcaca 
FKBP5 (+88 kb) taaccacatcaagcgagctg  gcatggtttaggggttcttg  
GDF15 (-6 kb) tgtgcctcttccaaatctcc   cccaatctcccaaaatctcc 
HSP70  tctggagagttctgagcagg  cccttctgagccaatcaccg 
IGFBP1 (+1 kb) ctcatctggactgcttgcac  cagagaatccgcaggaaatc 
MT2A (-1 kb)  gacgattcggctgagctaga  agggccttagatcgtcaacc 
NAV3 (-88 kb) tggcactattgggagtccag  gggtcacgtgatgttttaagc 
NAV3 (+17 kb) atgtcttgccacctggattc   acaacaggaagcaccctctg 
NFKBIA (+1 kb) ccatggtcagtgccttttct   gccaggaacactcagctcat 
PDE4B (-150 kb) agggtgtctagtaaacctgcaca  aaggctataacagccacctcttt 
PDE4B (-61 kb) ctgaacagttgagtccgttcc  gcatgattccaactttcaagg 
PDE4B (-46 kb) ggcagaaacatagcctgtgg  gtttgttttggggaatgtgg 
PTGS2 (-36 kb) acacaatgctgtgtatttccat  gaagctggcttcaaagttaatg 
PTGS2 (+188 kb) ttgccaatgtgatccgaata  cccaaatcctttgtctcacc 
RPL19  ctttcttgcttggcacacc   gatcacctctctcggcagtc 
SCNN1A (-1 kb) aggccaggaatgtgtaatcg  caccttcagtgcctgctttc 
STOM (-3 kb) gaacaggctccagtgtgtga  agtgactgcacaagctgcac 
TSC22D3 (+34 kb) gtgcctggagaccaactcat  acccttgatgctgagcaagt 
 
 
 
TABLE S1.3.  Primers used for qPCR analysis of MNase samples. 
 
Primer Name: Forward Primer:   Reverse Primer: 
CCL2 #1  gggctctattctacctggagc  ccgtagctctgcactcacc 
CCL2 #2  gtgggggttgtctagaaagg  cccacctagtgcaggctc 
CCL2 #3  ttgaaggctgagtgaaggg  ggctcccaccaacttctg 
CCL2 #4  actaggtggggagggacaag  tctctggaaagatctgaagcc 
CCL2 #5  agtggcttcagatctttccag  atcctctgcatgaaccttgg 
CCL2 #6  gagtgggagtctgcagcg  aataatgctttcttcattcctcc 
CCL2 #7  gcagaggatcttagtggtggg  ggggcctcctctctatcaac 
CCL2 #8  ccaagaggagcttttccattc  ctatggggaaaatgagggtc 
CCL2 #9  acagcatcagagcattgacc  gggttggactctcgcttg 
CCL2 #10  attttccccatagcccctc   gggaacatctcggcacaag 
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CCL2 #11  ccaggtttgtgccagagc   ctgcattccagatactgggc 
CCL2 #12  ccagtatctggaatgcaggc  gaagttcccagatcccgtag 
CCL2 #13  gcaggctccagccaaatg  gtgctggcgtgagagaag 
CCL2 #14  cttccaaagctgcctcctc   gtcaagaaaagatgccctcc 
CCL2 #15  agcactgacctcccagcg ggtgaagggtatgaatcagaaaag 
CCL2 #16  gggaggcagacagctatcac tttgcatatatcagacagtaaacacag 
CCL2 #17  catacccttcaccttccctg   cttctgagtgttggaagcatgtc 
CCL2 #18  tccttcctgaagtagagacatgc  gtcacagagaaaaacttcccag 
CCL2 #19  gtgaacactcagccagcaaag  tctgataaagccacaatccag 
CCL2 #20  ttggtctccttctctggattg   gaatcccagaatcaatgggc 
CCL2 #21  tcagcagatttaacagcccac  ttattgaaagcgggcagag 
CCL2 #22  ccgctttcaataagaggcag  gcttcagtttgagaattggatg 
CCL2 #23  cagaggaaccgagaggctg  cagagactttcatgctggagg 
CCL2 #24  caaactgaagctcgcactctc  gaatgaaggtggctgctatg 
CCL2 #25  catagcagccaccttcattc  gagagaagacaatgtggttcaag 
CCL2 #26  ggtaaggccccctcttcttc  ctgtgggtaccacgtctgc 
CCL2 #27  acgtggtacccacagtcttgc  gctgtgtggttgggctcac 
CCL2 #28  cagaaaaggacaaggggtgag  ggatttggggttcacagc 
CCL2 #29  cagctgtgaaccccaaatc  ggagtaactgcgctgagtgtg 
CCL2 #30  aaccccaaatccagctcc   ctgatccccaaactctgctg 
CCL2 #31  gcttccagcagagtttggg   agattctgggtctccagcg 
CCL2 #32  gagggtgggtgtgtaggctg  gagtcaccgtctctggaagc 
CCL2 #33  ctggtctctgcttcattcacc  tttccctgatactcattacctctg 
CCL2 #34  gcagaggtaatgagtatcaggg  tcagcaccagggaagatcag 
CCL2 #35  aggaggctcatagtggggc  gcctacaagtgtcattaagacgg 
CCL2 #36  atcatctggattattggtccg  ggacagagagaaggaggagc 
CCL2 #37  gctttaacagctcctccttctctc  ctttgacccaatgactcagtttc 
CCL2 #38  cagcataggaaactgagtcattgg  aggcaggcaggagaagac 
CCL2 #39  gtataggcagaagcactggg  aaaaagcaaaaggcaggcag 
 
GDF15 #1  tcgaaaataaaaacataaaaagagtgg ctgagttcaaacgatccttcc 
GDF15 #2  actcagccgtttgagaccag  cccgggttctttttgttttc 
GDF15 #3  aactcagccgtttgagacc  gtgccatctagggggttcc 
GDF15 #4  ctgcggaaccccctagat   tcatgctcgtgactgtcctc 
GDF15 #5  ctgcggaaccccctagatg  ccgaggacaagaagaaatgc 
GDF15 #6  cgagcatgagacagcatttc  gggtcataggaggagatttgg 
GDF15 #7  tgtgcctcttccaaatctcc   ggcactcacgaacacaaacc 
GDF15 #8  cacaagaaacaatcaataaaagtgg cccctccactaccagctctc 
GDF15 #9  ttgacaaaggcgttgataactg  cccaatctcccaaaatctcc 
GDF15 #10  gggagattttgggagattgg  ggagctgggatggaagtaaac 
GDF15 #11  ggcccctgtgctctgtttac   caggtggccacagatgagc 
GDF15 #12  aagctgtcggtgaggaacac  ggccaagctgagaggagag 
GDF15 #13  ccccatctctcctctcagc   tgcttccccaaatctttaacc 
GDF15 #14  gaggcgggctatgaggtc  gtgctgggatcctgtgatg 
GDF15 #15  ggctcatgccatcacagg   agctcaagcatcctccttcc 
GDF15 #16  aggacaaggaaggaggatgc  ttgtagagacgggggtcttg 
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GDF15 #17  gcaagacccccgtctctac  agggatcctgtcacctcaac 
GDF15 #18  aggtgacaggatcccttgag  agggtttggctctgttaccc 
GDF15 #19  gcagtgagtgggtaacagagc  ggaatggtgagaagcaggac 
GDF15 #20  gtcctgcttctcaccattcc   gagctgtgattacgcttctgc 
GDF15 #21  agggtcttgctcagttgctc   gccaagctggtagtctttttg 
GDF15 #22  cactgcagccttgatctcc   ggaatcctcttgcctctgg 
GDF15 #23  ggggactcatgcctataacc  agatagggtctcactgtgttgc 
GDF15 #24  cttgagccaaggagttcgag  gggcaacgagagctaaattc 
GDF15 #25  ctttgaccccaaccaaaaag  tgtgaaaaattccagacaagag 
GDF15 #26  gggcatagacagccacctc  tcgatatgaggacaccattcc 
GDF15 #27  tttttcctccaaaaagactcc  gggggcgctcctagtaaag 
GDF15 #28  tcgaggaagaggatactgagg  gtctgggggtgtatttaggg 
GDF15 #29  gatcctccccctaaatacacc  gcagagtaaacactccaatgacc 
GDF15 #30  gctgtggtcattggagtgtttac  tctccgcctgctcagtcc 
GDF15 #31  gactgagcaggcggagac  gcatggctgtgcaggttg 
GDF15 #32  ggcagcatctggtcagtc   ggagcatctgagagccattc 
GDF15 #33  gaactcaggacggtgaatgg  cagccacgagagcaccag 
GDF15 #34  gttgctggtgctctcgtg   ctcggaatctggagtcttcg 
GDF15 #35  gggaccctcagagttgcac  aggtcctcgtagcgtttcc 
GDF15 #36  ctccagattccgagagttgc  ggtcggtgttcgaatcttcc 
GDF15 #37  agctgggaagattcgaacac  gggatctctaagatttcacttaccttc 
GDF15 #38  gcagtccggatactcacg   tgggcttttcaagatgagg 
GDF15 #39  cagcccccatatctaatcagg  tattcctacccagggcacag 
GDF15 #40  aagcccagacctacctttgag  gttgtgggtgcaaatcagg 
GDF15 #41  gatccccttgggtctgatg   tttgcaacttggggacag 
GDF15 #42  ccacaacgtgggaggtta   gtttcccaggtgctgtgc 
GDF15 #43  ggaccctcctgaatgtgc   acccccattgtttctcttgg 
GDF15 #44  ggccaggatccaagagaaac  cagattcagaaccagctccag 
GDF15 #45  agaagtttgtgatgggcagag  cctaacaagtcgctcgttgc 
GDF15 #46  ttgtcaaggcactgctaaagtc  catggagggcacagagatg 
GDF15 #47  tattttccccatctctgtgc   accacagcccagacctcatc 
 
IGFBP1 #1  ttttgcaggagacgctttg   ggccaggctctttaattgac 
IGFBP1 #2  ttttgcaggagacgctttg   ggggatgacgtttgtttttg 
IGFBP1 #3  ctggacctgggctgtcttt   taaagtccagttctaacaagtgct 
IGFBP1 #4  tgacaaaaacaaacgtcatcc  tgtttgtcccgttgttaggg 
IGFBP1 #5  tttaactgagggcctgaacc  tttgctagtgcacccaagg 
IGFBP1 #6  gtttaccctcctcccaccag  cacgctaggagctgagtgttc 
IGFBP1 #7  ggtgcactagcaaaacaaact  caccttataaagggcacagg 
IGFBP1 #8  gcgctgccaatcattaacc  cagatgctcgctggatgg 
IGFBP1 #9  tataaggtgcgcgctgtgtc  cagatgctcgctggatgg 
IGFBP1 #10  gctgtgtccagcgagcat   actctgggcaagtgatggtg 
IGFBP1 #11  ccatcacttgcccagagttt  aacggggacctctgacatct 
IGFBP1 #12  gatgtcagaggtccccgttg  acctggacagtcagcaggag 
IGFBP1 #13  acctctgcacgccctcac   gcgggactgtggtacctg 
IGFBP1 #14  cccactcccctaactactgg  aagctccttccccaactacg 
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IGFBP1 #15  tccacaactagagcttgaaacc  caagaccgtgcaatgagc 
IGFBP1 #16  ctcattgcacggtcttgg   cctccttgagtctccactaagc 
IGFBP1 #17  aggaggaagctcccacttg  accgcctccctctactcttg 
IGFBP1 #18  cccagacagcaagagtagagg  gtgctggcaaggagactgg 
IGFBP1 #19  ccccaccagtctccttgc   attcccttcttaggccttcc 
IGFBP1 #20  cgggaaggcctaagaagg ctgtatccaggacgtatattacaaagg 
IGFBP1 #21  ctccccaggaggtgtttgg   tggaagtgaagcttttagcc 
IGFBP1 #22  tgtgcttcccagatgtttacag  ggggcaacatacacatcaaac 
IGFBP1 #23  acaatgtttgatgtgtatgttgc  aaacaaatgcctgcttaaatcc 
IGFBP1 #24  taagcaggcatttgtttgtagc  gggctggagtagagaaagagg 
IGFBP1 #25  tgtttgtagcgggaagtgg   aggacaggacgtgcaagc 
IGFBP1 #26  cctcatctggactgcttgc   ctctcacacactcactctaacacc 
IGFBP1 #27  ccctgatagggtgttagagtgag  ctctgaagggcagagaatcc 
IGFBP1 #28  aaggagggaacagggatttc  tccatctccttgaggatcag 
 
MT2A #1  ttgccttgagtgcataggtg  cagtggaccaattttgttgttg 
MT2A #2  gtgcatacataaataacaacaacaaa tttgaaatctcatgatgtctgg 
MT2A #3  ccacagagctgccagacat  catcctctgattttagagccaag 
MT2A #4  ttggctctaaaatcagaggatg  caattacatgcctggactcttc 
MT2A #5  aaccagggatcagaagagtcc  cactcggccactcacttactc 
MT2A #6  catgtaattgccccaaggtc  ttgtaaaaacaccgcacagg 
MT2A #7  tgaaatttagtccatctgagagc  cctcttgaccaccctggaac 
MT2A #8  aagagtgagcacgcaggttc  cctggactgctcttcccttc 
MT2A #9  gtcggccttcatacaaggtg  gaattcatgggggtaatgg 
MT2A #10  aggccattacccccatgaat  tgtctgcctctggaattgtg 
MT2A #11  ggaagctgaagacacaattcc  gtgtctctgcccctcctcac 
MT2A #12  tggcatttccagtggtcag   ctttccgtgcctgtggtatg 
MT2A #13  ggcagagacaccaatccaag  ctgtggaaggtgctggtaaac 
MT2A #14  ggaggggaaagaacaggatg  cgaatcgtcacttcctctgg 
MT2A #15  aggacagggtccccagag  tgtccttgcagcccttac 
MT2A #16  gattcggctgagctagaaagac  ccgattgccacagtgaaag 
MT2A #17  aaactttcactgtggcaatcg  ggagtcaggaagtggttactgg 
MT2A #18  caatcggcattccctaagc  agggccttagatcgtcaacc 
MT2A #19  cctgactcctagcatgacacac  cctgtctggagaggcacatc 
MT2A #20  ccttacacagcgccagacac  gaggctgaggggaagagc 
MT2A #21  ctccagacaggaatgtggac  gacatttggaagggaaaaacc 
MT2A #22  cttactcttcctccttggtgtc  cagggtgaatgcgaccag 
MT2A #23  ctggtcgcattcaccctg  tctcattgtagagaggagaaactgc 
MT2A #24  tctctggacctgcagtttctc  gatgtcacttaattctgtagcaaccc 
MT2A #25  ggagagtccttatcttatgggttg  tttagcgtgtaacagggactgtag 
MT2A #26  acaacacacttcctacagtccc  agcatcacagtaaacccgtg 
MT2A #27  aaaagtactcaacatgcaacgg  tacaactctgtagcagccaagg 
MT2A #28  aagccttggctgctacagag  ggtgaaagcgggacttgg 
MT2A #29  cctgtctgcacttccaacc   tccctcctgtcctgtactcg 
MT2A #30  cgctaacggctcaggttc   cacagtgtaccgggtgctg 
MT2A #31  ggggcttttgcactcgtc   gttcgctgggacttggag 
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MT2A #32  cgtcccggctctttctagc   gctgggacttggaggagg 
MT2A #33  acgcctcctccaagtccc   aagaggcggctagagtcgg 
MT2A #34  actctagccgcctcttcagc  atccccagcctcttaccg 
MT2A #35  cggtaagaggctggggatg  cagagaaagaaagaggggtcag 
MT2A #36  gcaatttctgacccctctttc aacctagaatggagagaaagatacc 
MT2A #37  ggagttgctccttcccaaag  agatctccttaacggtaaaaaggg 
MT2A #38  cattctaggttattcggagccc  ctcagtccacaaccgattcc 
MT2A #39  gaatcggttgtggactgagg  agaggtgagaaccgtccctg 
MT2A #40  agtacgccgtcccttgttc   ctttgcatttgcaggagcc 
MT2A #41  cctctgtcttttctccttgcag  cttttcttgcaggaggtgc 
MT2A #42  tcctgcaagaaaagtaagtggg  ccctgaggatggtggagag 
MT2A #43  cctctaccccttccctgtcc   ctttaattcccctgaggatggtg 
 
PDE4B #1  ttgcagcttttactgctttg   ttatcaatcaagccctcctg 
PDE4B #2  ctgagccaggagggcttg   cagctgctatgcaccaactc 
PDE4B #3  acctcagtagagttggtgcatagc  tttgaaacctcccaatgacg 
PDE4B #4  atttttctgccccattgacg   tttactagacaccctggactgg 
PDE4B #5  agggtgtctagtaaacctgcac  taacagccacctctttggag 
PDE4B #6  catagccccactctcactcc  ttcagtaaaggagaaaacatctgc 
PDE4B #7  aatgggcagatgttttctcc   ttccttgtctgaggctttcc 
PDE4B #8  atccagaaatgtgggaaagc  atgtggctcattgtgatataatctg 
PDE4B #9  gaattgcgtaagcccttctg  tgagaactttggacaaatgtgg 
PDE4B #10  agttctcagatatcataacctgtatcc aagaaagctgtttcccatgc 
PDE4B #11  ggaatatctgaagcagaatgtgg  gtgttgggaactggtctgg 
PDE4B #12  tggtactcgcaaaaacattaatacc  tgcttaagggaaacattttaacg 
PDE4B #13  aaaacattaatacctcagctaaagtgc ttgacaatatctgcttaagggaaac 
PDE4B #14  ttgtcaaatataacaccctgctt  aggcctcctcggtttcatt 
PDE4B #15  ccctgcttattatggttatttcac  aggcctcctcggtttcattc 
PDE4B #16  tctttgaatgaaaccgaggag  acacggaacggactcaactg 
PDE4B #17  tgaacagttgagtccgttcc  ggtggatgttgtttctcagc 
PDE4B #18  ccgttccgtgttgactcc  gcataactgaaatacttactaacatgc 
PDE4B #19  accctccccttgaaagttgg  caatctatttaatgactccattgacg 
PDE4B #20  cctccccttgaaagttgg   gggagggccagcaatctat 
PDE4B #21  cctcccagaggcaaatcg  ccctttctctggcttactgc 
PDE4B #22  cagggacctagatacagacacg  cagtataaacttttccctttctctgg 
PDE4B #23  aagccagagaaagggaaaag  ccggaactaaaatgcaaaag 
PDE4B #24  ctgtagcagacctatctccaaac  ttgagcctactgtaaccaaagag 
PDE4B #25  aactttgaggagttggaactttttg  taggtgcactccctcacctg 
PDE4B #26  gtcatgagccccatcattaatac  ggctatgtttctgccttttgag 
PDE4B #27  atcacaggtgagggagtgc  acaggctatgtttctgccttttg 
PDE4B #28  tcaaaaggcagaaacatagcc  ggaaaaaccccattaaatcacc 
PDE4B #29  acatagcctgtggccttgg  catagaaagtaatgcaggaaaaacc 
PDE4B #30  ggtttttcctgcattactttctatg  gtttgttttggggaatgtgg 
PDE4B #31  aataaatccacattccccaaaa  tgatgaaaaaccaacccaaa 
PDE4B #32  acagcatggcaaacagtgg  ggaaatgatgaaaaaccaacc 
PDE4B #33  ggttggtttttcatcatttcc   agttttcccatgtttatgttgc 
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PDE4B #34  cctgctgcttcccatcac   ccacaagttttcccatgtttatg 
PDE4B #35  ttcacagtttgcctattttgg   agagtcctgaccctgtgacc 
PDE4B #36  cttgtggtcacagggtcagg  accccatccacttgctacc 
PDE4B #37  caagtggatggggtcgtg   ctttattacatgggctaagtcttgtg 
PDE4B #38  ttccaacatgaacacaatcctc  cagtcaaaattcgggtgaaaac 
PDE4B #39  tgcctagactttgaacgtaatg  ccatctcaaggagaaatgagg 
PDE4B #40  gaaaagcaaaatgagaaaaagc  catcccagggttctttaggg 
PDE4B #41  ctcagaaatgacatcacataccc  tcctaaaactaaaggcagaagc 
PDE4B #42  ggacacatttatgcagatgagc  gtgtcggtgatctaccaagaaac 
PDE4B #43  agatcaccgacacctcatcc  aaatcacagtggtgctctgc 
PDE4B #44  acttggcaccagccatcc   ccttccttccagctctctcc 
PDE4B #45  caccactgtgatttgttctcc  gattccggtgctactgaagg 
PDE4B #46  gggggcaccttcagtagc   gctgtccatagcagagtcacc 
PDE4B #47  agcggtgactctgctatgg   ttctgcaaacaaacacacagg 
PDE4B #48  atgcctgtgtgtttgtttgc   cggtaggtctgtatggtctctagc 
PDE4B #49  cgctggaggaattagactgg  catctcactgacagaccggtag 
PDE4B #50  tgagatggcttctaacaaggtaa  agctccctgcatgatcaca 
PDE4B #51  agctccagctcccctcac   agagttggtagcattccctggt 
PDE4B #52  agtgcaccagggaatgctac gaatcttctagacaaagcaacaaac 
PDE4B #53  cagagtgcaccagggaatg  tgctgtagcatcaagacacaag 
PDE4B #54  cacactctacttgtgtcttgatgc  ggaaattgaagcgtactgagg 
PDE4B #55  tgctacagcaaaagtttaaaatcc  caccttaaacctattccaaactgc 
 
RPL19 #1  tgcgcatgtctagtaggaagtc tgataaaagtcaaatatcagaaatcg 
RPL19 #2  tttaaaaccgatttctgatatttgac  ttcatcttctgccacactaaactc 
RPL19 #3  aggcctatatggaggctatgag  accctgctccaatttcgtc 
RPL19 #4  aagaaccggacaggaatacg  agcagcgaaaggaaagagc 
RPL19 #5  ttcgcagataatgggaggag  gtcagcgcctgatggagac 
RPL19 #6  gtgagggcgagctggtct   caagaccgacagtcccttgt 
RPL19 #7  gacaagggactgtcggtctt  ttagggcggcctccattt 
RPL19 #8  ggttgggggagatgaaatg  aaagtgctccggcctacc 
RPL19 #9  ggtaggccggagcactttc  ggcagacttttcctggtctc 
RPL19 #10  ctgagaccaggaaaagtctgc  gtcttgttcgctccgtttg 
RPL19 #11  cacgcgagcagagcaaac  ggtgtgccaagcaagaaag 
RPL19 #12  cctttcttgcttggcacac   taggcttgccctacatcacg 
RPL19 #13  cacgtgatgtagggcaagc  agaggccaaaggagtgaatg 
RPL19 #14  ctccgactgccgagagag  ggctattcgcagagatttcc 
RPL19 #15  atctctgcgaatagccgaac  agtctaggaatgcaggcaag 
RPL19 #16  ttactgtgataaaacagggaaataag agtctaggaatgcaggcaag 
RPL19 #17  aacttgcctgcattcctagac  gggggttatgccatttctg 
RPL19 #18  aaacgctgagtaccagaaatgg  ggaaagtcaagccaaggac 
RPL19 #19  acgctgagtaccagaaatgg  acgctatgccttcacctctc 
RPL19 #20  tccagaggagaaatgcgaac  taaggctctgggctatgcag 
RPL19 #21  gcatagcgtgggttttgaag  cacagccgcgaaataagac 
RPL19 #22  agtcttatttcgcggctgtg   aatcctgggcaagaatgaac 
RPL19 #23  acaaagggcaggtcttgatg tgagcatactagacacacagaaaac  
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CHAPTER 2: 

Response Elements Specify Selectivity of the Coregulator Brm in NFκB-

Mediated Gene Regulation 

 

 

ABSTRACT 

 Many regulatory factors participate in the combinatorial regulation of 

transcription in metazoan cells.  To investigate the role of NFκB and the 

coregulator Brm in different multifactor regulatory complexes, we analyzed how 

Brm affects NFκB-mediated transcriptional regulation.  Ligand-stimulated NFκB 

activity was altered by Brm knock-down at a subset of activated and repressed 

genes, some of which were shown to be primary NFκB targets.  Reporter 

constructs containing the κB binding regions of two activated genes recapitulated 

their distinct endogenous Brm-dependencies.  Our study suggests that the κB 

response element plays an important role in directing the combinatorial assembly 

of multifactor regulatory complexes at NFκB-regulated genes. 

 

 

INTRODUCTION 

 In addition to classifying multifactor regulatory complexes based on the 

roles of the glucocorticoid receptor (GR) and the coregulator Brm, we also 

investigated combinatorial control of gene expression by NFκB and Brm.  NFκB 

is a family of dimeric regulatory factors involved in the immune and inflammatory 
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responses.  In mammals, these factors are ubiquitously expressed and highly 

conserved.  NFκB homo- or heterodimers are initially located in the cytoplasm 

bound by the IκB inhibitor.  Treatment of cells with tumor necrosis factor-alpha 

(TNFα) causes a conformational change in the TNF receptor.  The resulting 

signal cascade induces proteosomal degradation of IκB, allowing NFκB to 

translocate to the nucleus, where it interacts with the κB consensus sequence at 

κB response elements to modulate gene expression. 

 NFκB-mediated transcriptional regulation requires multifactor regulatory 

complexes containing many interacting proteins.  For instance, the Swi/Snf 

chromatin remodeling complex has been shown to interact with NFκB (49) and to 

stimulate the binding of NFκB to nucleosomal DNA in vitro (53).  Additionally, 

Swi/Snf facilitates the transcriptional activation of NFκB-mediated reporter 

constructs (7, 17, 27) and directs NFκB-mediated transcription in vivo through 

occupancy of κB response elements (12, 25). 

 Similarly to Chapter 1, we investigated the mechanisms of combinatorial 

control by which a regulatory factor (in this case NFκB) and the coregulator Brm 

direct diverse transcriptional responses at specific genes.  We modulated NFκB-

mediated transcriptional regulation through TNFα treatment and Brm-mediated 

chromatin remodeling through protein knock-down.  In so doing, we focused on 

the role of the κB response element.  
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RESULTS 

 Brm knock-down affects activation or repression of certain primary 

NFκB target genes.  Upon binding to specific response elements, NFκB recruits 

multifactor regulatory complexes containing various coregulators.  To study those 

regulatory complexes that contain both NFκB and the coregulator Brm, we 

knocked down expression of the Brm Swi/Snf ATPase in A549 cells using a short 

hairpin-mediated RNA (shRNA) construct targeting the coding sequence of the 

gene (“shBrm”).  This construct decreased Brm mRNA levels by about 90% (Fig. 

2.1A). 

 We studied the role Brm plays in mediating transcriptional regulation by 

NFκB by examining the effects of Brm knock-down on the expression levels of 

candidate genes.  Treatment of cells with TNFα resulted in transcriptional 

activation (Fig. 2.1B and C) or repression (Fig. 2.1D and E).  Brm knock-down 

had no effect on the regulation of some activated (Fig. 2.1B) or repressed (Fig. 

2.1D) genes; however, it decreased the activation (Fig. 2.1C) and repression 

(Fig. 2.1E) of other genes.  This indicates that NFκB requires Brm for proper 

regulation of specific activated and repressed genes. 

 Primary NFκB target genes are those TNFα-regulated genes with a 

nearby binding region containing homo- or heterodimeric NFκB proteins.  We 

assume that the nearby binding regions are functional response elements.  We 

assessed the occupancy of κB binding regions by RelA and p50 chromatin 

immunoprecipitation (ChIP), as these are the classic NFκB subunits.  ChIP 

showed occupancy of κB binding regions near some of the activated (Fig. 2.1F) 
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and repressed (Fig. 2.1G) TNFα-regulated genes, suggesting that these are 

primary NFκB targets.  Overall, this suggests that Brm modulates the 

transcriptional activity of NFκB at certain activated and repressed NFκB primary 

targets. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2.1.  Brm knock-down affects activation or repression of certain primary 
NFκB target genes.  (A) Successful knock-down of Brm with shRNA.  Data is 
shown relative to scrambled shRNA ± SEM (n = 2).  (B-E) TNFα-stimulated 
expression levels after Brm knock-down are Brm-independent at some activated 
genes (B), Brm-dependent at other activated genes (C), Brm-independent at 
some repressed genes (D), and Brm-dependent at another repressed gene (E).  
Cells received no treatment or 2.5 ng/mL TNFα for 2 hours.  Data are plotted in 
log2 scale relative to no treatment ± SEM (n ≥ 3).  (F-G) ChIP showing RelA and 
p50 occupancy at activated (F) and repressed (G) genes.  Cells received no 
treatment or 2.5 ng/mL TNFα for 2 hours.  Data are displayed as enrichment of 
NFκB subunits near the corresponding gene relative to no treatment ± SEM (n ≥ 
2). 
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 Reporter constructs containing the κB binding regions of IL6 and 

NFKBIA recapitulate the Brm-dependence of NFκB regulation seen at these 

endogenous genes.  We used luciferase-driven reporter assays to investigate 

whether the patterns of gene expression could be recapitulated with 500 bp 

fragments containing the κB binding regions from IL6 and NFKBIA, two activated 

but differentially Brm-regulated genes.  The IL6 and NFKBIA reporters were both 

activated by TNFα treatment in control cells, suggesting that these binding 

regions may be functional response elements.  Upon Brm knock-down, the 

degree of activation was reduced in the IL6 reporter; however, Brm knock-down 

did not affect the regulation of the NFKBIA reporter construct (Fig. 2.2).  These 

results indicate that reporter constructs containing κB binding regions are 

sufficient to recapitulate the endogenous patterns of IL6 and NFKBIA Brm-

dependence of NFκB regulation.  This supports our κB response element 

assignment for IL6 and NFKBIA. 

 

FIG. 2.2.  Reporter constructs containing the κB binding regions of IL6 and IκB 
recapitulate the Brm-dependence of NFκB regulation seen at these endogenous 
genes.  Cells were transfected with IL6 Luc or NFKBIA Luc reporter constructs, 
followed by treatment with 2.5 ng TNFα for 6 h.  After normalizing to untreated 
cells, data are displayed as the ratio relative to Scramble cells ± SEM (n = 3). 
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DISCUSSION 

 In this study, we used NFκB and Brm to probe functional differences 

between multifactor regulatory complexes, focusing on the role of the κB 

response element.  Within a set of NFκB-activated and NFκB-repressed genes, 

we independently controlled the activities of these two factors with TNFα 

treatment to induce nuclear translocation of NFκB and knock-down of Brm.  

Utilizing this method, we identified both NFκB-activated and NFκB-repressed 

genes that were either Brm-independent or Brm-dependent. 

 By examining only three NFκB-repressed genes, we discovered both Brm-

independent and Brm-dependent genes; in contrast, we did not observe any GR-

repressed Brm-independent genes even though we investigated three times as 

many genes in that study.  This suggests that the coregulator Brm plays a 

smaller role in NFκB-mediated repression than it does in GR-mediated 

repression.  At Brm-independent genes, another remodeler (such as a Brg1-

containing Swi/Snf complex) may modify chromatin structure, the activity of NFκB 

as a “pioneer” factor may not require chromatin remodeling at these genes, or 

the DNA may be accessible to factor binding without chromatin remodeling or 

“pioneer” activity. 

 In humans, the NFκB family encompasses five proteins that can homo- or 

heterodimerize.  We studied the occupancy of the two classic subunits, RelA 

(otherwise known as p65) and p50.  Although we examined only two NFκB-

activated and two NFκB-repressed genes, it is intriguing to comment on the 

observed trend.  We observed equal occupancy of both RelA and p50 at the 
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activated genes, indicating that these genes may be controlled by RelA:p50 

heterodimers.  However, RelA occupancy was higher than p50 occupancy at the 

repressed genes, suggesting that these genes may be controlled by RelA 

homodimers or by heterodimers containing another NFκB subunit.  Future 

studies could investigate whether this holds true with a larger sample size. 

 To study the role of the κB response element in directing the assembly of 

Brm-independent and Brm-dependent multifactor regulatory complexes, we used 

reporter constructs with 500 bp fragments containing the κB binding region.  

Since these reporter constructs were regulated in a TNFα-dependent manner, we 

assume that these binding regions are functional response elements.  

Interestingly, the Brm-independence and Brm-dependence of the endogenous 

activated genes NFKBIA and IL6, respectively, were recapitulated by the reporter 

system.  This implies that information within the response element is sufficient to 

determine the role of the coregulator Brm at individual activated genes.  Further 

studies with smaller reporter constructs could narrow down the important DNA 

sequences.  Additionally, expanding this analysis to repressed genes could 

determine whether the Brm-dependence of NFκB-repressed genes is similarly 

specified by the κB response element, although seeing repression with reporter 

constructs has been problematic. 

 Our investigation of NFκB and Brm in various regulatory complexes 

suggests that these factors interact in different ways and that their 

interdependence is determined by the κB response element.  Perhaps the 

specific DNA sequence directs functionally distinct assemblies.  For instance, 
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Luecke et al. showed that a single bp difference in the κB consensus sequence 

of NFκB regulated genes resulted in differential coregulator recruitment (29).  

Similar results have been seen with GR (31).  Thus combinatorial regulation may 

be controlled by the response element. 

  



57 

 

MATERIALS AND METHODS 

Cell culture.  A549 cells were grown as described in Chapter 1, except cells 

received either no treatment or 2.5 ng/mL tumor necrosis factor-alpha (TNFα, 

Roche) for all experiments.  293T cells were grown as described in Chapter 1. 

 

Lentiviral short-hairpin-mediated RNA.  Lentiviral short hairpin-mediated 

RNAs were used to knock-down the expression of Brm as described in Chapter 

1. 

 

RNA isolation, reverse transcription, and real-time quantitative polymerase 

chain reaction.  The RNA isolation, reverse transcription, and real-time 

quantitative polymerase chain reaction (qPCR) were performed after 2 h TNFα 

treatment as described in Chapter 1.  Primer sequences that were not used in 

Chapter 1 are provided in Table 2.1.  Each value was calculated as the median 

of two technical qPCR replicates and two to nine biological replicates. 

 

TABLE 2.1.  Primers used for qPCR analysis of cDNA sequences. 
 
Gene Symbol:  Forward Primer:    Reverse Primer: 
CDC42EP3  tctgtgttcacagaaacgcc  catgagagcttgggatcctc 
ICAM1  cagcttctcctgctctgcaa  ggacaatccctctcgtccag 
IL6   tgacccaaccacaaatgc  aggaactccttaaagctgcg 

 

Chromatin immunoprecipitation.  Chromatin immunoprecipitation assays using 

anti-RelA antibody and anti-p50 antibody were performed after 2 h TNFα 
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treatment using the protocol described in Chapter 1.  One κB binding region was 

investigated per gene.  All primer sequences were used in Chapter 1. 

 

Reporter assay.  500 bp fragments were cloned into pGL3-basic plasmid 

(Promega).  Cells were grown in a 24-well plate and cotransfected with 80 ng of 

IL6 or NFKBIA reporter constructs, and 30 ng of pRL Luc (Promega) using 

Lipofectamine 2000 (Invitrogen).  After overnight transfection, cells were treated 

with TNFα for 6 h and luciferase activity was measured using a Tecan Ultra 

Evolution plate reader (Tecan). 
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CONCLUSIONS 

 

 Our work explored the role of regulatory factors (either the glucocorticoid 

receptor, GR or NFκB) and the coregulator Brm in the combinatorial control of 

transcription.  By analyzing as few as two factors that are common to many 

regulatory complexes (with complexes containing roughly a hundred proteins), 

we demonstrated that we could functionally distinguish these complexes.  Thus, 

our findings directly  establish that combinatorial regulation, whereby multiple 

broadly expressed factors interact in many specific distinct combinations, can 

determine highly specific patterns of transcription. 

 In addition to considering combinatorial regulation between a given factor 

and its interacting partners, we propose that different functional surfaces within a 

single factor greatly expand the combinatorial possibilities.  Proteins are 

composed of multiple domains, which can be thought of as surfaces used for 

docking other factors, sites of post-translational modifications, or conferring 

catalytic activity.  However, within multifactor regulatory complexes, most 

functional surfaces interact with other factors.  Rogatsky et al. (41) showed that a 

given factor displays different patterns of functional surfaces depending on the 

complex in which it resides.  Therefore, one factor is equivalent to many 

functional interacting surfaces.  Since multiple surfaces are alternatively 

displayed, even two factors can interact in numerous combinations to form 

distinct assemblies. 
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 From studies with GR, we know that there are consequences to using 

different patterns of functional surfaces.  For instance, gene-specific utilization of 

three such surfaces on GR leads to the activation of distinct endogenous genes 

within the same cell type (41).  It has also been shown that these three surfaces 

are differentially employed for GR-mediated activation of reporter constructs 

containing discrete fifteen bp glucocorticoid binding sequences, some differing by 

as little as one bp (31).  This suggests that the binding sequence directs GR 

activity at individual genes by engaging a unique combination of functional 

surfaces.  We propose that the nature of the assembled multifactor regulatory 

complexes differ in response to the domain requirements of a given factor, such 

as GR. 

 Furthermore, we expect the composition and architecture of these 

complexes to be continually changing, as transcription is a dynamic process.  

The complexity of combinatorial regulation increases when we consider the fast 

kinetics with which a factor can enter or exit a complex.  Therefore, combinatorial 

control of transcription can be influenced by transient interactions between 

different combinations of factors assembling at specific response elements. 

 The combinatorial regulation of transcription is a complicated process 

between many factors and influenced by many inputs.  In this work, we have 

begun to dissect combinatorial control by functionally classifying multifactor 

regulatory complexes that contain common factors.  A powerful next step would 

be to further distinguish similarities and differences between classes of 

complexes.  We speculate that it may be possible to correlate specific structures 
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with a given activity.  It will be intriguing to determine whether functionally related 

genes, or genes that comprise physiological pathways, contain regulatory 

complexes that share common features.  
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