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Abstract 
 
Mammalian genomic states are distinguished by their chromatin and transcription 

profiles. Most genomic analyses rely on chromatin profiling to infer cis-regulomes 

controlling distinctive cellular states.  By coupling FAIRE-seq with STARR-seq and 

integrating Hi-C we assemble a functional cis-regulome for activated murine B-

cells. Within 55,130 accessible chromatin regions we delineate 9,989 active 

enhancers communicating with 7,530 promoters. The cis-regulome is dominated 

by long range enhancer-promoter interactions (>100kb) and complex 

combinatorics, implying rapid evolvability. Genes with multiple enhancers display 

higher rates of transcription and multi-genic enhancers manifest graded levels of 

H3K4me1 and H3K27ac in poised and activated states, respectively. Motif analysis 

of pathway-specific enhancers reveals diverse transcription factor (TF) codes 

controlling discrete processes. The cis-regulome strikingly enriches for 

combinatorial DNA binding regions of lineage determining TFs. Their genomic 

binding patterns reveal that onset of chromatin accessibility is associated with 

binding of simpler combinations whereas enhancer function requires greater 

complexity.  
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Introduction 
 
Metazoan cell types manifest multitudes of distinctive genomic states that are 

associated with their developmental history, differentiation outcome and 

physiological responses (Ho et al., 2014). Such genomic states can be analyzed 

using the framework of gene regulatory networks (GRNs) (Davidson, 2010; 

Thompson et al., 2015). According to this unifying framework, each stable 

metazoan cell state is controlled by a distinctive GRN comprised of a large set of 

transcription factors (TFs) and co-regulators (co-activators, co-repressors, 

chromatin modifiers). These in turn operate on vast but determinate sets of 

regulatory DNA sequences in genomes termed cis-regulomes. Changes in cell 

states during development or differentiation are brought about by signaling induced 

alterations in GRNs. Although attempts are being made to analyze the extremely 

complex GRNs of hundreds of distinctive mammalian cell states there remain 

formidable challenges. From the standpoint of analyses of TFs, rigorous analyses 

are proceeding with small combinations of TFs that appear to represent major 

determinants of cellular identities (Braun and Gautel, 2011; Martello and Smith, 

2014; Singh et al., 2005; Waardenberg et al., 2014). The functions of other 

expressed TFs in controlling such states remain largely unexplored. Greater 

progress is being achieved in analyzing the diverse and intricate cis-regulomes of 

mammalian (murine and human) cell states. This primarily involves one or more 

types of chromatin profiling including histone ChIP-seq, TF ChIP-seq, FAIRE-seq, 

DNaseI-seq or ATAC-seq and intra- as well as inter-chromosomal contact maps 

(ChIA-PET, Hi-C) (Ho et al., 2014; Kieffer-Kwon et al., 2013; Rao et al., 2014). 

However, these approaches have a major limitation in that they infer but do not 

directly assess functions of regulatory elements in cis-regulomes. We address this 

limitation by experimentally and computationally integrating various chromatin 

profiling approaches including Hi-C with high throughput functional analyses using 

STARR-seq to assemble the complex cis-regulome of a mammalian cell state.  

 Recently considerable progress has been made in the development of high-

throughput functional screens for enhancers (Dailey, 2015). These are based on 

the generation of highly complex transcriptional reporter libraries which contain 
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thousands of putative enhancers. The reporter libraries are introduced into cells of 

interest by transfection and their transcriptional output is analyzed by RNA-seq.   

Two generalizable approaches have been used in the construction of the reporter 

libraries. In one case, termed massively parallel reporter assay (MPRA), 

sequences to be functionally tested are synthesized on microarrays and then 

cloned upstream of a basal promoter in a reporter plasmid along with a unique 

barcode. Transfection of the reporter library followed by RNA sequencing of the 

barcodes enables a quantitative readout of the activities of individual enhancers in 

the complex library (Tewhey et al., 2016). In a second approach, termed self-

transcribing active regulatory region sequencing (STARR-seq), genomic regions 

to be functionally tested are directly cloned into a reporter plasmid downstream of 

the promoter and in a UTR, upstream of the polyadenylation site.  Transfection of 

the reporter library followed by directed RNA sequencing of the enhancer 

sequences, which serve as their own tags, provides a quantitative readout of 

activities (Arnold et al., 2013). The latter approach is advantageous from the 

standpoint that it is more direct, not involving synthesis or tagging and it enables 

the functional testing of native sequences that are greater than 200bp in length. 

STARR-seq was developed in the context of assaying regulatory sequences in the 

Drosophila genome and has been deployed to a limited extent through focused 

screens in mammalian cells (Babbitt et al., 2015; Vockley et al., 2016). We couple   

formaldehyde-assisted isolation of regulatory elements (FAIRE-seq) with STARR-

seq thereby enabling direct functional assessment of a diverse and complex set of 

accessible chromatin regions for enhancer activity. Importantly, by computationally 

integrating this data with chromatin interactions mapped by Hi-C we are able to 

assemble a prototype functionally-filtered cis regulome for a primary mammalian 

differentiated cell state.     

 B-lymphocytes of the mammalian immune system have served as a leading 

model for the analysis of both cell type-specific and activation induced GRNs 

(Cobaleda et al., 2007; Grosschedl, 2013; Kieffer-Kwon et al., 2013; Mansson et 

al., 2012; Xu et al., 2015) . Furthermore, a diverse array of chromatin profiling 

approaches, have been used to delineate the cis-regulomes of resting and 
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bacterial lipopolysaccharide (LPS) activated murine splenic B-cells and Epstein-

Barr virus transformed human B-cell lines, the latter as a key part of the ENCODE 

project (Thurman et al., 2012).   However, as noted above none of these 

approaches have involved comprehensive functional screens of the large numbers 

of presumptive transcriptional enhancers identified by chromatin profiling.  We 

build a cis-regulome for LPS activated murine splenic B-cells by genomic 

integration of structural (FAIRE-seq), functional (STARR-seq) and connectivity (Hi-

C) datasets. These are superimposed with H3K27Ac, H3K4Me3 and TF ChIP-seq 

profiles to reveal 9,989 enhancers, including 29 super-enhancers, which are 

connected to promoters of 7,530 actively transcribed genes. The cis-regulome is 

dominated by long range enhancer-promoter interactions (>100kb) and their 

complex combinations. Genes with multiple enhancers display higher rates of 

transcription and multi-genic enhancers manifest higher levels of H3K4me1 and 

H3K27ac in their poised and activated states, respectively. The functional cis-

regulome in contrast with accessible chromatin regions is enriched for 

combinatorial sets of DNA bound TFs including PU.1, E2A, Ebf1, Pax5 and Blimp1, 

known to control the activated B-cell state.  Motif analysis of enhancers linked to 

biologically coherent gene modules implicates additional TFs and diverse 

combinatorial codes in the control of discrete molecular pathways and processes.       

 

Results 
 

Functional filtering of enhancers by coupling FAIRE-seq with STARR-seq  
To build a cis-regulome of a mammalian cellular state one needs to acquire four 

types of genomic information (i) the set of actively transcribed genes, (ii) the set of 

accessible chromatin regions that includes those marked with activating histone 

modifications and representing poised or active enhancers, (iii) the set of functional 

enhancers, and (iv) the contacts of functional enhancers with active promoters.  

This goal can be achieved through the experimental and computational integration 

of RNA-seq, FAIRE-seq, STARR-seq and Hi-C datasets (Figure 1A). To profile 

and capture accessible chromatin regions for functional filtering, we reasoned that 
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FAIRE-seq would be advantageous. This chromatin profiling approach enriches 

for short DNA fragments (100-400 bp, lengths of typical enhancers) that are TF-

bound but nucleosome-depleted (Gaulton et al., 2010). Furthermore, these 

fragments can be cloned into a STARR-seq vector enabling their high-throughput 

functional screening (Figure 1A).  

 For all genomic analyses, we used purified murine splenic B-cells that were 

activated with LPS for 72h. This experimental system has been extensively used 

in numerous genomic studies to analyze the activated B-cell state (Kieffer-Kwon 

et al., 2013; Xu et al., 2015). Upon stimulation with LPS, naïve, resting B-cells exit 

G0, undergo metabolic re-programming and enter S phase at 24h  (Turner et al., 

2008). The cells then undertake 2-4 cell divisions with a fraction of the progeny 

(15-20%) differentiating into immunoglobulin (Ig) secreting plasmablasts by 72h 

(Xu et al., 2015). LPS-activated B-cells were profiled using RNA-seq and FAIRE-

seq along with ChIP-seq for H3K27Ac and H3K4me3 (see UCSC browser link) 

(Supplementary Figures S1A-D).  The latter two genomic analyses enabled us to 

determine if a large number of the FAIRE-seq peaks were positioned between 

adjacent nucleosomes that are marked by the histone modifications, H3K27Ac 

and/or H3K4me3.  Indeed FAIRE-seq peaks with a width of 300bp were seen to 

reside between nucleosome peaks bearing the activating histone modifications 

(Figure 1B).  Thus, the FAIRE-seq DNA fragments from LPS activated B-cells, 

representing 55,133 peaks, were deemed to be a comprehensive and suitable 

source for a high-throughput functional screen of enhancers using STARR-seq. 

Importantly, approximately 45,000 of our FAIRE-seq peaks were additionally 

validated by aligning them with independently generated DNaseI-seq profiles of 

activated B-cells  (Kieffer-Kwon et al., 2013)( see UCSC browser link).  The FAIRE-

seq DNA fragments were cloned into the mammalian STARR-seq vector between 

the GFP gene and the SV40 poly(A) signal sequence (Arnold et al., 2013). 

Sequencing of the plasmid library revealed >81% coverage of the input FAIRE-

DNA, thereby generating a representation of 44,560 FAIRE-seq peak regions 

analyzed above. The STARR-seq plasmid library was transfected into activated B-

cells at either 48h or 60h post LPS activation and RNA was isolated for deep 
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sequencing of plasmid transcripts at 72h (see Methods). Data from biological 

replicates revealed excellent reproducibility at both transfection times 

(Supplementary Figures S1E, F). The 60h transfection assay time was used to 

delineate enhancers that are functional at late times after B-cell activation as the 

cells are undergoing a bifurcation with a subset differentiating into plasmablasts 

and others into pre-germinal center (GC) B-cells (Xu et al., 2015).  Given that 

activated B-cells undergo considerable cell death after 72h of LPS stimulation we 

harvested the cells for RNA isolation at that timepoint. Peaks were called in the 

STARR-seq datasets using HOMER after merging the replicate 12h or 24h 

datasets. The peak regions from the two datasets were then combined to 

constitute the set of functional regions for further analysis. Intersection of the 

STARR-seq peaks with the FAIRE-seq peaks revealed 11,809 regions that 

overlapped (Figure 1C). It should be noted that FAIRE-seq and STARR-seq peaks 

(300 bp) were called with HOMER using the same parameters. As anticipated, the 

different transfection assay timepoints identified both shared (7,089) as well as 

unique STARR-seq peaks (4,720). The biological significance of the shared versus 

kinetically distinguishable enhancers is elaborated below. We note that 5,570 

STARR-seq peaks in our transfection assay did not overlap with FAIRE-seq peaks 

(Figure 1C). The detection of functional enhancers in poorly accessible chromatin 

regions has been noted in the initial STARR-seq study (Arnold et al., 2013).  These 

regions could represent enhancers that are dependent on prior chromatin 

remodeling for their function. However, we excluded them in the subsequently 

assembly of the cis-regulome as they lacked a key chromatin feature. 

Nevertheless, coupling of FAIRE-seq with STARR-seq enabled efficient genome-

wide functional filtering of accessible regions in mammalian chromatin for 

enhancer activity. An alignment of the H3K27Ac, DNaseI-seq, FAIRE-seq and 

STARR-seq genome tracks for the IL-10 locus is shown in Figure 1D (see also 

UCSC browser link). Importantly, in activated B-cells, approximately one-fifth of 

FAIRE-seq peaks, that are also DNaseI accessible, functioned as enhancers in 

the STARR-seq assay.   
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Validation of STARR-seq enhancers 
As anticipated the largest number of STARR-seq enhancers were positioned within 

intergenic regions with the remaining distributed in promoter proximal or intragenic 

locations (Figure 2A). To further substantiate the B-cell enhancers identified by 

STARR-seq we undertook both genome-wide analyses as well as an independent 

functional sampling approach. Active enhancers have been shown to bind the 

transcriptional co-activator p300 (Visel et al., 2009). Based on alignment with an 

available p300 ChIP-seq dataset in activated B-cells (Kieffer-Kwon et al., 2013), 

nearly half of the STARR-seq enhancers were bound by p300 (Figure 2B). 

Importantly, p300 binding was more strongly enriched in STARR-seq peaks in 

relation to FAIRE-seq peaks. A similar fraction of the STARR-seq peaks were also 

enriched for the binding of CTCF in activated B-cells (Figure 2B) (Nakahashi et al., 

2013) a transcription factor which has been shown to promote long-range 

interactions between enhancers and promoters (Ren et al., 2017).  Transcriptional 

enhancers have also been shown to generate enhancer-derived transcripts termed 

eRNAs (Palozola et al., 2017). We used pulse labeling of nascent transcripts with 

the uridine analog EU and Click-iT chemistry (Palozola et al., 2017) to purify and 

sequence nuclear RNA from activated B-cells (Figure 2C). We confined our 

analysis to intergenic FAIRE-seq accessible regions so as to focus on non-coding 

transcripts. Mapping of such nascent transcripts to FAIRE-seq accessible regions 

that did or did not overlap with a STARR-seq peak revealed STARR-seq positive 

regions to be strongly enriched for eRNAs (p=1.0e-118) (see also UCSC browser 

link).  

 To complement the above analysis, we sampled a set of STARR-seq 

enhancers (n=46) by individually assessing their functionality using a luciferase 

reporter system (Figure 2D). These enhancers were selected based on their 

positioning near biologically important B-cell genes. To generate a control set of 

DNA sequences we functionally sampled FAIRE-seq positive regions which did 

not generate a STARR-seq peak. A known enhancer from the Aicda gene was 

used a positive control. The reporter assays were performed in the murine CH12 

B-cell line, which has been extensively used as a model for the activated B-cell 
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state and plasmablast differentiation (Kieffer-Kwon et al., 2013).  The B-cell line 

enabled much higher sensitivity of detection of luciferase expression with 

transfected reporter constructs. Of the 46 enhancers tested in CH12 cells, 38 

(~83%) exhibited 2-fold or greater enhancement of reporter gene expression 

(Figure 2D).  In contrast, the control set of STARR-seq negative DNA sequences 

(n=23) displayed significantly lower activity than their STARR-seq positive 

counterparts (Figure 2D, inset). Thus, the STARR-seq identified enhancers were 

corroborated using both genome-wide molecular features and independent 

functional sampling.  

 

Using Hi-C to complete assembly of B-cell cis-regulome  
FAIRE-seq coupled with STARR-seq delineated 11,809 enhancers. Given that 

enhancers can activate transcription from cognate promoters at highly variable 

genomic distances   we performed high resolution chromosome conformation 

capture (Hi-C) (Rao et al., 2014) to connect the functional enhancers with active 

promoters in B-cells. Importantly, this approach utilized unbiased genome-wide 

contact maps to compile all intra-chromosomal interactions (Supplementary Figure 

S2). A 100kb resolution contact map for normalized interactions on mouse 

chromosome 10 is shown (Figure 3A). Higher resolution contact maps were then 

used to identify enhancer-promoter pairs that were contained within interacting 

bins of varying sizes (10, 5, 2 and 1kb) so as to capture both long- and short-range 

interactions. Active promoters were delineated using the RNA-seq dataset 

(Supplementary data S1) and represented those of expressed genes whose 

transcript levels were above a threshold of 4 FPKM (8,199 genes). Enhancer-

promoter interactions over 10 Mb were not considered. To connect enhancers with 

promoters we defined promoter regions to be within -1000 to +100bp of the 

transcriptional start site and interacting pairs were identified based on overlap 

between promoter and enhancer bins. Only direct enhancer-promoter contacts 

were included in the analysis. We thus connected 9,989 enhancers (84% of 

STARR-seq enhancers) to promoters of 7,530 genes (92% of expressed genes) 

(Supplementary data S2, B-cell cis-regulome resource) (see also UCSC browser 
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link). As an example, high resolution contact map (5kb) for the Prdm1 locus, which 

encodes the TF Blimp1, a regulator of plasma cell differentiation, is shown (Figure 

3B). The locus was observed to have 8 long-range enhancers interacting with its 

promoter, ranging in distance from 147 to 585Kb (Figure 3B). To contextualize this 

finding, we analyzed the distribution of genomic distances for all enhancer-

promoter contacts (Figure 3C). The median distance was 495kb, considerably 

larger than that of all Hi-C interactions (172kb). Thus, the genomic distances 

exemplified by the Prdm1 enhancers lie at or below the median. Based on our tri-

partite workflow, that involves integration of chromatin profiling, a functional screen 

and Hi-C, we refer to the compilation of the 9,989 enhancers as the assembled B-

cell cis-regulome. This framework is readily generalizable to other cellular 

contexts. 

 

Characteristics of enhancers in B-cell cis-regulome 
The enhancers in the assembled B-cell cis-regulome nearly completely overlapped 

with DNaseI accessible regions in murine B-cells and splenocytes (Supplementary 

Figure S3). Their overlap diminished when comparing with DNaseI accessible 

regions in other cellular contexts and tissues. This is consistent with B-cell-specific 

enhancers within the cis-regulome that manifest tissue-specific DNaseI 

accessibility. Analysis of the genes in the cis-regulome on the basis of their 

expression pattern revealed the majority to be reflective of the activated B-cell 

state (ABC) with a smaller number that were preferentially expressed in plasma 

cells (PC) or germinal center (GC) B-cells (Figure 3D). We note that the ABC genes 

are primarily involved in metabolic programming, cell cycle entry and mitosis. 

 Overlay of enhancers in the activated B-cell cis-regulome with H3K27Ac 

and H3K4me3 ChIP-seq profiles showed that the majority of the enhancers were 

covered by one or both of these activating marks (Figure 3E). Extended domains 

of H3K27 acetylation have been characterized as regions of high-level 

transcriptional activity and to span super-enhancers (Dowen et al., 2014; Hnisz et 

al., 2013; Whyte et al., 2013). Given that our analysis included a genome-wide 

functional screen of enhancers, we could uniquely assess if super-enhancers 
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delineated on the basis of extended H3K27ac domains contained 2 or more active 

enhancers, that may represent their functional cores. We first identified H3K27ac 

super-enhancers from ChIP-seq data using conventional criteria (Whyte et al., 

2013) and then screened for those that contained multiple functional enhancers. 

Thus, we identified 29 out of 47 extended H3K27ac demarcated super-enhancers 

in our datasets that contained 2 or more active enhancers (Figure 3F).  Genes 

connected with these enhancers were strongly enriched for functions in antigen 

processing and presentation including actin branching that are crucial for B-T cell 

interactions (Figure 3G, Supplementary data S3). A super enhancer 

communicating with the Cd79a gene promoter, across a 3 MB span, is shown in 

Figure 3H. This B-cell identity gene encodes a signal transducer that is a key 

component of the B-cell antigen receptor and is required for B-cell development 

and activation. The integrated genomic analysis provides an additional and an 

important functional criterion for the delineation of super-enhancers. Thus, the 

activated B-cell cis-regulome appears to be dominated by very long-range 

enhancer-promoter interactions (> 100kb) including those involving functional 

super-enhancers regulating genes involved in lymphocyte activation and antigen 

presentation.   

 

Organizational features of B-cell cis-regulome 
The assembled cis-regulome represents a comprehensive compilation of 

functional regulatory elements within an activated B-cell. It has been proposed that 

the majority of enhancers of a signal regulated cell state are poised by TF binding 

and chromatin remodeling reflected by H3K4me1 before their signaling-dependent 

activation (Heintzman et al., 2007; Heinz et al., 2010). To test this proposition, we 

analyzed the degree of H3K4me1 and H3K27ac in enhancers of activated B-cells 

before and after LPS stimulation. As predicted for their poised states these 

enhancer regions manifested appreciable levels of H3K4me1 in resting B-cells 

which diminished upon cellular activation (Figure 4A). Importantly, the reduction in 

the H3K4me1 levels was not observed in control FAIRE-seq regions. As expected, 

activation of B-cells was accompanied by increased H3K27ac levels in the cis-
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regulome. Thus, the activated B-cell cis-regulome enriches for poised enhancers 

that appear to be functionally activated in a signaling dependent manner. 

 Next, we examined the frequency distributions of connectivity between 

genes and enhancers by examining the numbers of enhancers per gene (orange) 

as well as genes per enhancer (purple) (Figure 4B). The vast majority of genes 

were (6572) were observed to be connected with 2 or more enhancers. In this 

regard, the Prdm1 locus is representative of a large number of genes in the 

activated B-cell cis-regulome (1312, ~17% of total) that are communicating with 8 

or more enhancers. Conversely, most enhancers (7840) were interacting with the 

promoters of 2 or more genes.  Surprisingly, ~40% of the cis-regulome involved 

individual enhancers interacting with promoters of 4 or more genes. Given these 

two types of frequency distributions, enhancers per gene and genes per enhancer, 

we analyzed the maximal range (distance) of action of enhancers as a function of 

the numbers of enhancer-gene pairs (Figure 4C, D). This analysis revealed that 

an increase in the number of enhancer-gene interactions for either distribution was 

associated with an increased range of action for enhancers. Thus, multiple 

enhancers acting on a promoter result in extension of the range of action of the 

distal most enhancer. Similarly, the range of action of an enhancer increases with 

the number of promoters that it is interacting with.  

 Given the finding of multiple enhancers communicating with genes in the 

cis-regulome we examined the relationship between the number of active 

enhancers that were interacting with the promoter of a given gene and the 

magnitude of nascent transcripts across the gene body. This was experimentally 

determined by EU labeling (Palozola et al., 2017) (Figure 4E). The analysis 

showed that an increase in active enhancers per gene was strongly correlated with 

higher levels of transcription, consistent with a cumulative mechanism of control. 

Next, we analyzed the relationship between the number of genes (promoters) an 

enhancer was communicating with and its H3K27ac levels. Intriguingly, H3K27ac 

levels of enhancers in both resting as well as activated B-cells showed a strong 

correspondence with the number of genes that the enhancers were communicating 

with (Figure 4F). There was a proportional increase in enhancer H3K27ac levels 
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as the numbers of interacting promoters increased. Surprisingly, there was a 

similar relationship between enhancer H3K4me1 levels and the numbers of 

cognate promoters in resting B-cells which however was greatly diminished upon 

B-cell activation. Thus, the activated B-cell cis-regulome appears to be dominated 

by long range and complex enhancer-promoter interactions.  This organization 

encompasses multiple enhancers acting on a given gene from large distances that 

appear to cumulatively control the magnitude of transcription. It also reveals 

enhancers interacting with multiple promoters. This results in a gradation of poised 

and activated states for such enhancers that are associated with the number of 

interacting promoters.  

 

TF motif analysis of enhancers – control of functionally coherent gene 
modules  
To gain insight into the transcription factors that are acting on the B-cell cis-

regulome we tested for the enrichment of TF binding site motifs using HOMER. 

The TF motif database utilized by HOMER was supplemented with TF motifs for 

all expressed B-cell TFs that were annotated in CIS-BP (Weirauch et al., 2014) 

(Supplementary data S4). Motif enrichment in the test set of cis-regulome 

sequences (accessible chromatin, STARR-seq peaks that contact active 

promoters) was carried out by referencing to a scrambled set of sequences 

(background set) that maintained the same base pair composition and di- as well 

as tri-nucleotide frequencies. This analysis revealed 45 unique TF motifs that were 

enriched by 2-fold or greater (log p-value < -20, Supplementary data S5).   

Importantly, the motifs for the B-lineage determining TFs PU.1(EICE), E2A (Tcf3), 

Ebf1 and Blimp1 (Prdm1) were identified in this set (Figure 5A). Furthermore, the 

motifs for canonical signaling-induced TFs such as NF-NB, NFAT, AP-1 and 

STATs, known to function in B-cell activation were also seen to be strongly 

enriched in the B-cell cis-regulome. Next, we sought to delineate TF motifs that 

correlated with particular enhancer features. For this analysis we used STARR-

seq selected tags associated with the cis-regulome, which enriched for functional 

sequences within the enhancer coordinates. Analysis of enhancer tags captured 
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at the two different time points for transfection of the STARR-seq library revealed 

selective enrichment of certain TF motifs (Supplementary Figure S4, 

Supplementary data S6). In particular motifs for TFs such as Bach2, Ets1 and Pax5 

that antagonize plasma cell differentiation were enriched in the late time point. We 

next tested whether certain TF motifs were preferentially enriched in the context of 

proximal versus distal enhancers or in super-enhancers. Comparison of proximal 

(-1kb to +100bp) versus distal enhancers revealed differential enrichment of the B-

lineage-determining TF motifs with the Pax5 motif in the former and the E2A 

(TCF3), Ebf1, PU.1 (EICE) and Prdm1 motifs in the latter (Figure 5A, 

Supplementary data S7). Intriguingly, the B-cell super-enhancers when compared 

to rest of the cis-regulome were enriched for the Tcf3 and Pou2f1 motifs, the latter 

is recognized by Oct-1 and Oct-2 along with OCA-B (Figure 5B). Oct-2 and OCA-

B are selectively expressed in activated B-cells and play important roles in 

controlling B-cell responses (Kim et al., 1996). Furthermore, B-cell super-

enhancers revealed strong enrichment for motifs recognized by the signaling 

induced TFs Srf, NF-NB, NFAT and Stat6. Thus, the enhancers of the B-cell cis-

regulome contain motifs for the major B-cell determining TFs as well as the more 

broadly acting signaling induced TFs. The latter are known to be activated by 

signaling through the B-cell receptor (BCR), Toll-like receptors (TLR) as well as 

co-stimulatory (CD40) and cytokine receptors, expressed on the surface of B-cells 

and required for their proliferation and differentiation in distinct immune responses 

(Kurosaki et al., 2010). 

 The comprehensive B-cell cis regulome enabled us to analyze large groups 

of enhancers that were acting on gene sets representing functionally coherent 

modules. For each comparison the test set contained STARR sequence tags from 

enhancers connecting to genes in a given pathway, while the background set was 

sequence tags from rest of the cis-regulome. Clustering was performed using log2 

fold enrichment values. To illustrate the utility of this approach, we focused on two 

types of gene modules (i) those that were reflective of activated, metabolically 

robust and proliferating cells and (ii) ones that included genes that either are 

specifically expressed and/or preferentially functioning in differentiating B-cells 
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(Figure 5C). For 15 distinctive GO terms enriched in cis-regulome, a matrix of log2-

fold enrichment of TF motifs was generated. This matrix, after clustering, 

distinguished the two fundamental types of aforementioned gene modules, while 

simultaneously revealing the TF motif signatures for each molecular pathway. 

Importantly the TFs acting on these motifs (displayed at the bottom of Figure 5C) 

were either seen to be part of the GO term that is used to describe the molecular 

pathway and/or shown to regulate one or more genes in that pathway. This 

analysis lends support to the predictive power of the cis-regulome. We note that 

the motifs for the B- lineage-determining TFs (highlighted in Figure 5C) were 

embedded within the larger and more diverse sets of TF motif combinations. Thus, 

functional cis-regulome assembly reveals the varied combinatorial TF codes that 

are likely used to coordinate the expression of gene modules within specific 

molecular pathways.   

 
B-cell cis-regulome enriches for combinatorial binding by cell fate 
determining TFs  
To test the relationship between the regulatory sequences that constitute the 

activated B-cell cis-regulome and the genomic binding landscapes of B-lineage 

determining transcription factors, we utilized available B-cell ChIP-seq datasets for 

the following TFs; Ebf1, Pax5, Tcf3 (E2A), PU.1, Ets1 and Prdm1 (Blimp1) (Figure 

6A, SRA I.D.s in Methods). Importantly, the binding regions of each of the 6 TFs 

were more frequently represented in the cis-regulome than in accessible chromatin 

regions (Figure 6B). To analyze the combinatorial interplay among the 6 TFs, we 

intersected the ChIP-seq datasets. This revealed that the majority of the binding 

regions (~70%) involved only one of the six TFs, whereas the remaining regions 

represented binding peaks for two or more of the six TFs (Figure 6C). As expected 

for sequence-directed DNA binding, motif enrichment analysis of the genomic 

regions for DNA sequences recognized by these TFs showed an increase in their 

frequency with the number of TFs bound per peak (Figure 6D). The foregoing 

analysis enabled us to probe the relationships between genomic regions that are 

bound by 1 to as many as 6 of the B-cell TFs and their chromatin accessibility 
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(FAIRE-seq) or enhancer activity (STARR-seq). Chromatin accessibility increased 

dramatically in frequency when transitioning from genomic regions bound by a 

single B-cell TF to those bound by 2 or more (Figure 6E). In contrast, the frequency 

of active enhancers as a function of number of B-cell TFs bound increased more 

gradually. A genomic region that was bound by 2 of the 6 B-cell TFs had a 50% 

likelihood of displaying an accessible chromatin structure but a lower probability of 

functioning as an enhancer. We note that only genomic regions bound by 5 of the 

6 B-cell TFs had a 50% likelihood of being active enhancers. This analysis did not 

preclude the possibility that although the genomic regions being analyzed 

displayed varying numbers of bound B-cell TFs, their average TF occupancy 

(including unanalyzed TFs) were comparable. This is highly unlikely as the 

distribution of the FAIRE-seq tag counts revealed an increase in chromatin 

accessibility as a function of number of bound B-cell TFs (Figure 6F). Similar 

analysis of the distribution of STARR-seq tag counts revealed a modest increase 

in enhancer activity as a function of number of bound B-cell TFs (Figure 6G). 

Collectively these analyses provide genomic validation for the concept that 

chromatin accessibility of regulatory elements in the cis-regulome is mediated by 

a smaller set of TFs, whereas activation of enhancer function requires the interplay 

of a larger number of TFs. Next, we examined the fraction of the cis-regulome that 

overlapped with the genomic binding regions of the combinations of the six B-

lineage determining TFs. The fraction of the cis-regulome represented by the TF 

binding regions increased in frequency with the number of TFs bound and 

displayed a maximum at 4 TFs per peak (Figure 6H).  In contrast, accessible 

chromatin regions, assessed by FAIRE-seq, declined in their overall frequency 

with increasing number of bound TFs per peak. Therefore, the B-cell cis-regulome, 

representing a unique subset of all accessible chromatin regions, is strikingly 

enriched for combinatorial binding regions of B-lineage determining TFs.        
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Discussion 
 
We have integrated three complementary genomic approaches to assemble and 

analyze the cis-regulome of a mammalian cell state, namely an activated murine 

B-cell. The approaches are based on determination of open chromatin regions 

(structural), high throughput enhancer assays (functional) and delineating 

enhancer-promoter interactions (connectivity). These three approaches satisfy the 

hallmark criteria required for the elucidation of a complex mammalian cis-

regulome. A notable aspect of our experimental framework is the coupling of the 

structural approach with one analyzing function i.e., FAIRE-seq with STARR-seq. 

This enables a facile and directed functional screen of accessible chromatin 

regions for enhancer activity. The experimental and computational framework is 

generalizable and will enable elucidation of cis-regulomes for diverse mammalian 

cellular states. 

 Although our cis-regulome assembly highlights the integrated functional 

analysis of presumptive regulatory sequences that are revealed by chromatin 

profiling, we recognize that it is based on STARR-seq, which has three significant 

limitations. First of all, STARR-seq utilizes a transient reporter assay which poorly 

recapitulates chromatin features that may be important for enhancer function 

(Arnold et al., 2013). Secondly, all enhancers are assayed in the context of a single 

promoter in the reporter vector. This may result in failure to detect enhancers that 

show selectivity of action with physiologically relevant promoters (Zabidi et al., 

2015). Thirdly, transfection of DNA in mammalian cells activates the interferon 

response which can bias the reporter assay (Muerdter et al., 2018).  We have 

minimized these limitations by using a large number of independent criteria to 

validate the enhancers in our B-cell cis-regulome. They are the following: (i) All of 

the enhancers reside in accessible chromatin regions that are delineated by 

FAIRE-seq, (ii) vast majority (94%) of the enhancers overlap with DNaseI 

accessible regions, (iii) large majority (81.3%) of the enhancers are bounded by 

nucleosomes bearing the activating histone modifications H3K27Ac and/or 

H3K4me3, (iv) nearly 75% of the enhancers evidence p300 and/or CTCF binding, 
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(v) the enhancers are enriched for eRNAs, (vi) all enhancers are connected to 

active promoters in B-cells via Hi-C, (Claussnitzer et al.) the enhancers enrich for 

combinatorial binding by B-cell determining TFs, and (viii) the enhancers enrich for 

a diverse array of functionally relevant TF motifs and not simply those involved in 

the interferon response. Thus, this work provides an extensive resource of cross-

validated regulatory elements and inferred TFs for future experimental 

investigations.  

 We note that STARR-seq identified a significant number of enhancers in the 

FAIRE-seq library that did not correspond to designated accessible regions.  

These were precluded from the assembly of the B-cell cis-regulome. Similar 

findings have been reported with inaccessible chromatin regions in the initial 

deployment of STARR-seq which involved introduction of a genomic library in 

Drosophila S2 cells (Arnold et al., 2013). Such regions in both functional screens 

may represent latent enhancers that are rendered accessible to activating TFs in 

distinct cellular contexts. However, they could also include DNA fragments with 

binding sites of one or more TFs that do not function as enhancers in the context 

of chromatin and thus represent false positives.  

 The activated B-cell cis-regulome connects 9,989 enhancers (84% of 

STARR-seq enhancers) to promoters of 7,530 genes (92% of expressed genes). 

This dense connectivity provides additional support for the biological relevance of 

the cis-regulome enhancers and also attests to its high degree of completeness 

for the metabolically activated and proliferating B-cell state. We note that an earlier 

study reported the assembly of an activated B-cell interactome based on DNaseI-

seq, ChIP-seq and ChIA-PET analyses (Kieffer-Kwon et al., 2013). In this case 

enhancers and promoters were considered to be active based on structural 

correlates, namely p300, Med12 or Nipbl binding. Furthermore, in this analysis 

both direct and indirect interactions between promoter and enhancers were 

included. On this basis, the promoters of 6,890 genes were connected to one or 

more enhancers. Our approach screens for functional enhancers within accessible 

chromatin regions and includes only those that are directly connected to active 

promoters (gene transcript > 4FPKM) via Hi-C. Although our analysis captures 
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several hundred enhancers interacting with plasma cell and germinal center B-cell 

genes, parallel genomic analyses with these cell populations will be needed to 

comprehensively assemble their state-specific cis-regulomes. 

 The activated B-cell cis-regulome is biologically validated by the following 

considerations. A most compelling finding is that the B-cell cis-regulome not only 

enriches for the DNA binding motifs of the B-lineage transcriptional determinants 

PU.1, E2A, Ebf1, Pax5, Ets1 and Blimp1 but displays combinatorial interactions 

among these TFs (binding peaks for 3 or more) in approximately 60% of the 9,989 

enhancers. Furthermore, the super-enhancers are seen to be communicating with 

genes that are enriched for components encoding the MHCII antigen processing 

and presentation machinery as well as actin filament branching. These molecular 

functions are a hallmark of activated B-cells which are programmed to undertake 

interactions with dendritic cells and cognate T cells in the context of a germinal 

center response. The super-enhancers are enriched for DNA binding motifs for key 

signaling-induced TFs such as NF-kB, NFATs, STAT6 and SRF that are known to 

regulate B-cell activation (Bhattacharyya et al., 2011; Glimcher and Singh, 1999). 

Based on these findings, we anticipate that hitherto poorly characterized TF motifs 

that are strongly enriched in the B-cell cis-regulome are likely to be of considerable 

predictive value. In this regard, we observe enrichment of the Arnt:Ahr composite 

motif and note that Ahr has recently been shown to regulate B-cell fate choice upon 

activation (Vaidyanathan et al., 2017). Given that B-cells can be activated to 

proliferate and differentiate via distinct signaling systems e.g., TLR, BCR, CD40 

and cytokines it will be important to determine which enhancers in the LPS induced 

cis-regulome are shared in other contexts.     

 Notably, vast majority of genes in the activated B-cell cis-regulome are 

connected to two or more enhancers with several hundred genes whose promoters 

were communicating with ten or more enhancers. This cannot be simply explained 

by the presence of super-enhancers in the cis-regulome as in many cases the 

multiple enhancers acting on an individual target promoter are not clustered as is 

the case for the Prdm1 gene. Although this genomic configuration has also been 

noted in an earlier study (Kieffer-Kwon et al., 2013) our analysis reveals greater 
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combinatorial diversity and longer distances of action of the distal most enhancers. 

These findings are intriguing and could simply suggest considerably redundancy 

in the actions of multiple enhancers on a given promoter, a phenomenon 

reminiscent of shadow enhancers (Swami, 2010). Alternatively, given that 

enhancers are considered to contribute to transcriptional bursting (Fukaya et al., 

2016), that is reflected by transient and periodic activation of promoters, genes 

that are acted on simultaneously by multiple enhancers may manifest shorter 

durations of transcriptional inactivity (Fukaya et al., 2016). In keeping with the latter 

possibility, genes with higher numbers of active enhancers showed increased 

levels of nascent transcripts. We note that the B-cell cis-regulome also displays 

numerous examples of individual enhancers that are communicating with two or 

more promoters. Furthermore, such enhancers display graded levels of H3K4me1 

and H3K27ac in their poised and activated states, respectively, that are correlated 

with the number of interacting promoters. It remains to be determined if the graded 

levels of H3K4me1 and H3K27ac   displayed by multi-genic enhancers reflect 

intrinsic differences in their strength of interaction with promoters or are simply a 

reflection of the number of interacting promoters. We favor the former possibility 

given that in their poised states multi-genic enhancers are marked with increasing 

levels of H3K4me1 that are predictive of the number of promoters that they will 

engage, upon their activation.  Regulatory connectivity enabled by multi-genic 

enhancers could facilitate coordinate control and fine tuning of expression of the 

target genes in particular signaling contexts. It should be noted that although there 

are well characterized examples of multiple enhancers acting on a single gene 

e.g., the immunoglobulin heavy chain locus (Roy et al., 2011) and a single 

enhancer acting on multiple genes e.g., the IL-4, IL-5 and IL-13 locus (Ansel et al., 

2003), it has been unclear if these configurations are the exceptions or the rule for 

regulatory genome organization.  Our analysis of the B-cell cis-regulome reveals 

that these two organizational features are dominant genome-wide features that 

generate considerable complexity in enhancer-promoter interactions (see Model, 

Figure 7).  
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 Another notable feature of the murine B-cell cis-regulome is the very large 

genomic distances over which enhancers are seen to communicate with target 

promoters. The median distance for the murine genome is 495kb. Recent evidence 

has established the ability of enhancers to act over long distances ranging from 

0.5 to 1.5Mb (Claussnitzer et al., 2015; Gonen et al., 2018; Johnson et al., 2018). 

Our global analyses suggest that such long-range action of enhancers is not an 

exception but rather the rule governing the mammalian regulatory genome. Thus, 

genomic or locus-specific analyses of the control of mammalian gene activity that 

focus on regulatory information in proximity to promoters are of limited value given 

that they ignore regulatory inputs from multiple enhancers that are positioned at 

very large distances from the promoters.  

 We propose that the combinatorial complexity of enhancer-promoter 

configurations (Figure 7) is a manifestation of their rapid evolvability and is made 

possible by the very large genomic distances (100kb – 10Mb) over which 

enhancers are seen to communicate with target promoters. Such a large range of 

enhancer action would enable rapid “enhancer shuffling” via DNA recombination 

or retro-transposition to generate new alleles of genes. This process of regulatory 

DNA evolvability would be akin to “exon shuffling” which has been proposed to 

accelerate intron-mediated evolution of protein coding genes (Long et al., 1995).   

  Earlier work analyzing the developmental or signaling-induced control of 

mammalian gene activity has led to the proposal that pioneer TFs are involved in 

initial alterations of chromatin structure at regulatory sequences that enable 

accessibility of additional transcription factors leading to activation of enhancer 

function and gene transcription (Heinz et al., 2010; Mayran and Drouin, 2018; Zaret 

and Carroll, 2011). Our analyses of the binding landscapes of B-cell determining 

TFs in relation to accessible chromatin regions and functional enhancers in the cis-

regulome provides an important confirmation of this principle on a genome-wide 

scale. Chromatin accessibility is seen to be associated with the combinatorial 

interplay of a smaller number of these TFs (2-3) whereas enhancer function 

appears dependent on a larger set (4-6). This conclusion is reinforced by the 

enrichment of more diverse combinations of TF motifs that include those for B-cell 
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fate determinants in enhancers connected to functionally coherent gene modules. 

Notably, our data are not supportive of the concept that individual TFs acting on 

their own can induce alterations in chromatin structure thereby functioning as 

“pioneers”. Rather opening of chromatin structure prior to enhancer activation also 

likely involves combinatorial interplay. This would provide greater specificity of 

developmentally controlled alterations in chromatin structure mediated by 

combinatorial interplay of TFs prior to activation of enhancer function.  

 The delineation of cis-regulomes for distinct mammalian cellular states is 

essential for the compilation of mammalian regulatory genomes. Cis-regulome 

assemblies will facilitate the assembly of corresponding complex gene regulatory 

networks that capture the actions of TFs on the regulatory sequences. Cis-

regulomes will need to be continuously refined based on reproducibility and cross-

validation analyses and aim for completeness.  Thus, it will be necessary to evolve 

shared experimental and computational frameworks that enable strong 

collaborative efforts in this arena among scientists focused on particular 

differentiated cellular states. Our framework is intended to motivate such 

endeavors.  
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Figure Legends 
 
Figure 1. Assembling a functional cis-regulome for a mammalian cell state 
 A. Schematic illustrates distinct genome-wide structural (FAIRE-seq), functional 

(STARR-seq) and connectivity (Hi-C) assays that are deployed and 

computationally integrated with RNA-seq to assemble a cis-regulome for a 

mammalian cell state. In this experimental design, FAIRE-seq DNA fragments 

which reflect open chromatin regions are cloned into a STARR-seq reporter vector 

and the resulting plasmid library is transfected into relevant mammalian cells and 

screened for enhancers. B-D. Purified splenic murine B-cells, activated with LPS 

for 72 hours, were used for all genomic assays. B. Formaldehyde cross-linked 

chromatin from activated B-cells was processed for FAIRE-seq, H3K27ac and 

H3K4me3 ChIP-seq. Averaged tag densities using a 10 bp bin size are plotted 

after normalization across all FAIRE-seq peak regions along with an overlay of 

their H3K27ac and H3K4me3 profiles. C. Overlap of STARR-seq peaks with 

FAIRE-seq peaks. STARR-seq plasmid library, comprising of size-selected FAIRE 

DNA fragments, was transfected into LPS activated B-cells (48 or 60h post-

activation) and RNA was isolated for sequencing of reporter transcripts at 72h. 

Peaks were called using HOMER pipeline. D. A genome plot of the IL-10 locus 

displaying the H3K27ac ChIP-seq, DNaseI-seq, FAIRE-seq and STARR-seq 

tracks. HOMER assigned peaks are indicated with corresponding color-coded bars 

below the tracks. Two enhancers identified by STARR-seq that reside upstream of 
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the IL-10 promoter in accessible chromatin regions marked by H3K27Ac are 

highlighted. A genome scale bar with the IL-10 and Yod1 loci is shown below. 

 

Figure 2. Validation of STARR-seq identified enhancers 
A. Genomic distribution of STARR-seq identified enhancers (n=11,809).  Promoter 

proximal enhancers overlap with regions around transcriptional start sites (-1kb to 

+100bp).  B. Histogram displaying the percentages of FAIRE-seq and STARR-seq 

peaks that overlap with ChIP-seq peaks for p300 and CTCF in activated murine B-

cells  (Kieffer-Kwon et al., 2013; Nakahashi et al., 2013) STARR-seq enhancers 

more strongly enrich for binding of P300 and CTCF as compared to FAIRE-seq 

peaks (*** denote p-values < 1.0e-20 using Fisher’s exact test). C. Analysis of 

enhancer associated RNAs (eRNA) spanning STARR-seq positive (STARR Pos) 

versus STARR-seq negative (STARR Neg) peaks.  eRNAs were detected by pulse 

labeling of nascent transcripts in activated B-cells with the uridine analog EU and 

quantified (FPKM) by extending a 300 bp window on each side of all intergenic 

FAIRE-seq peaks that were either STARR-seq peaks (STARR Pos) or not (STARR 

Neg). The control set of sequences (STARR Neg) were positioned at least 1kb 

away from a STARR Pos region and did not overlap with H3K27Ac domains 

containing one or more enhancers. p-value is Kolmogorov-Smirnov test (KS test). 
D. Validation of select enhancers in CH12 B-cell line. STARR-seq enhancers 

(n=47) identified in a subset of biologically important B-cell genes were cloned into 

a luciferase reporter vector and assayed by transfection in CH12 cells. The bar 

plot displays distribution of luciferase reporter signals after normalization with 

empty vector for the indicated gene enhancers. The Aicda enhancer (red bar) was 

included as a positive control. The box plot shows the distribution of enhancer 

activity for the 47 STARR-seq positive regions in panel E compared with 23 

STARR-seq negative regions. The latter also corresponded with FAIRE-seq 

peaks. p-value is for t-test. 

 
Figure 3. Generating a connectivity map of B-cell enhancers and active 
promoters using Hi-C 
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 Hi-C was performed with nuclei isolated from formaldehdye cross-linked, 

activated B-cells, using the restriction endonuclease MboI, thereby generating a 

high-resolution genomic contacts matrix. A.  Hi-C contact matrix for murine 

chromosome 10.  Heatmap displays normalized contact read counts at a resolution 

of 100 kb bin size. Hi-C compartments are displayed with blue bars. B. A higher 

resolution contact matrix (5 kb bin size) of the Prdm1 locus on chromosome 10. All 

enhancer-promoter connectivity links for the Prdm1 locus in the Hi-C dataset along 

with their bin sizes (10 or 5 kb) are shown below the contact matrix (black bars). 

FAIRE-seq and STARR-seq peaks are displayed above the connectivity links. C. 
Violin plots of the distances and relative frequencies of enhancer-promoter 

contacts in the B-cell cis-regulome. This distribution is compared with that of all 

intra-chromosomal interactions in the Hi-C dataset. P-value is based on KS test. 

D. Numbers and types of genes whose promoters are connected with functional 

enhancers by Hi-C in B-cell cis-regulome.  ABC refers to genes expressed in 

activated B-cells. PC and GC refer to genes that are preferentially expressed in 

plasma cells and germinal center B-cells, respectively. E. Pie chart of cis-regulome 

enhancers embedded in H3K27ac and H3K4me3 peaks. Coordinates of H3K27Ac 

and H3K4me3 ChIP-seq peaks were overlapped with those of STARR-seq peaks 

for cis-regulome enhancers to generate the frequency distribution. F.  Enumeration 

of super-enhancers in cis-regulome on the basis of extended H3K27Ac ChIP-seq 

peak signals and the presence of 2 or more enhancers (STARR-seq peaks). Each 

bar represents a super-enhancer with its number of STARR-seq identified 

enhancers. Select biologically important genes connected to these super-

enhancers are indicated. G. GO category enrichment analysis of genes connected 

with super enhancers in B-cell cis-regulome. Odds ratios for top scoring GO terms 

are plotted. H. Super-enhancer connected to Cd79a locus. Genome plot displays 

the H3K27ac ChIP-seq, FAIRE-seq and STARR-seq tracks. HOMER assigned 

peaks are indicated with corresponding color-coded bars below the tracks. All 

enhancer-promoter connectivity links from the Hi-C dataset along with their bin 

sizes (10, 5, 2 or 1kb) are displayed (black bars). The super enhancer is 
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highlighted. A genome scale bar with the Cd79a locus on the left end is shown 

below. 

 
Figure 4. Analyzing organizational features of cis-regulome 

A. Comparison of averaged H3K4me1 and H3K27Ac tag densities for cis-

regulome in resting B (rB) versus activated B (aB) cells. This encompassed 9989 

regions that were FAIRE-Seq and STARR-seq peaks and connected to promoters 

of transcribed genes in activated B-cells. The control set of sequences were 

FAIRE-seq peaks (27297) that did not generate peaks in the STARR-seq assay 

(STARR Neg). Averaged tag densities using a 10 bp bin size are plotted after 

normalization. Decrease in H3K4me1 levels in cis-regulome upon B-cell activation 

manifested a p-value of 7.44 x 10-48 based on t-test. This was accompanied with 

an increase in H3K27ac levels with a p-value of 1.39 x 10-32. When comparing cis-

regulome with control sequences the change in H3K4me1 (p-value 1.13 x 10-25) 

was significantly different than for change in H3K27ac (p value = 0.81), although 

the overall magnitude of H3K27Ac in cis-regulome was much higher. The paired t-

tests were performed using coordinates flanking STARR-seq or FAIRE-seq peaks 

(-300 to -150 and +150 to +300). B. Frequency distributions enumerating 

connectivity of enhancers and genes in B-cell cis-regulome. Counts of enhancers 

associated per gene (orange bars) and promoters of genes associated with 

individual enhancers (magenta bars) are displayed. C. Boxplot for range of action 
for enhancers binned for the number of genes they act upon. D. Boxplot showing 

the distance to farthest enhancer acting on a gene where genes are binned based 

on number of enhancers acting upon them. E. Quantitative analysis of nascent 

transcripts, enumerated by EU labeling, across gene bodies in relation to the 

numbers of enhancers acting on promoters of genes. F. H3K27ac and H3K4me1 
ChIP-seq coverage plot for the enhancers binned as in D, showing histone 

modification as a function of number of genes that enhancers are connected to.  

Indicated p-values for panels C-F are based on t-test. In panel F, the paired t-tests 

were performed using coordinates flanking STARR-seq peaks (-450 to -150 and 

+150 to +450).  
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Figure 5. Motif analysis of cis-regulome suggests diverse TF combinatorial 
codes controlling distinct molecular pathways  
 A. TF motif enrichment analysis (HOMER) was performed using STARR-seq tags 

for promoter proximal versus distal enhancers. TFs whose motifs (simple or 

composite elements) are highly enriched are displayed in the bar plot with their 

log2 odds ratios. B. TF motif enrichment analysis of super-enhancers as in panel 

A. STARR-seq tags of rest of the cis-regulome (not super-enhancers) was used 

as the background set. C. TF motif enrichment analysis of enhancers interacted 

with functionally coherent gene modules.  Test sets comprised STARR-seq tags 

overlapping with enhancer co-ordinates which are connected to genes in indicated 

GO category.  Background sets for each GO category comprised of all STARR-

seq tags overlapping with enhancers in remaining cis-regulome. Motifs showing 

significant enrichment (log p-values < -20) were clustered and plotted in heatmap 

using their log2-fold enrichment values. TF motifs that were not significantly 

enriched were assigned a value of 0.0. For each GO term the top TF motifs are 

listed below if they are known or implicated to be involved in regulating that 

biological process and/or if those TFs are part of that GO term. The TFs highlighted 

in red font are ones that control B-cell fate determination and/or plasma cell 

differentiation. 

 

Figure 6. Interaction of B-cell fate determining TFs with the cis-regulome 
A. DNA binding specificities of indicated B-cell fate determining TFs are displayed 

as sequence logos of their position weight matrices. Published ChIP-seq datasets 

for these TFs in B-cells were used to determine the counts (indicated) and 

coordinates of binding peaks for the analyses in subsequent panels. B. The 

fraction of DNA binding peaks for the indicated TFs that overlapped with either the 

FAIRE-seq peaks (blue) or the B-cell cis-regulome (red) are displayed in bar plots 

(*** denotes P values < 1E-20, using Fishers exact test) C. Combinatorial binding 

of B-cell TFs in their genomic binding regions.  The ChIP-seq peaks for the 6 TFs 

were binned based on how many represented singular binding events versus those 
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that evidenced binding by 2 or more of the six TFs. D. Assessment of TF ChIP-seq 

bins analyzed in panel C for the co-occurrence of TF binding motifs of the same 

TFs as displayed in panel D. Motif co-occurrence frequency (horizontal axis) 

across each TF ChIP-seq bin (vertical axis) is plotted as a heatmap. E. A plot of 

the fractions of indicated TF ChIP-seq bins (representing binding by one or more 

of the 6 TFs, analyzed in panel C) that reside in accessible chromatin (FAIRE-seq 

peaks) or are functional enhancers (cis-regulome). F. FAIRE-seq peak tag counts 

for each of the bins analyzed in panel C. Boxplots display median values (notches) 

along with 95% confidence intervals. G. STARR-seq peak tag counts for each of 

the bins as displayed in panel C. H. Fractions of total FAIRE-seq peaks and cis-

regulome enhancers that are covered by TF ChIP-seq bins analyzed in panel C. 

 

Figure 7. Model of organizational features of cis-regulome 

The chromosome-based model depicts two dominant cofigurations of the cis-

regulome. On the left is shown a promoter (P) of a gene that interacts with 6 distinct 

enhancers (E6P). On the right an enhancer is shown to interact with multiple 

promoters and genes. The example is of a multi-genic enhancer that can interact 

with 6 promoters (EP6). Although enhancers are displayed as simultaneously 

interacting with a promoter and vice versa it remains equally possible that the 

interactions are restricted to individual enhancer-promoter pairs that are temporally 

distributed.  

 

Figure S1. Reproducibility of RNA-seq, chromatin profiling and STARR-seq 
in LPS activated B-cells  

Analyzed data is from biological replicates. A. RNA-seq data is plotted for all 

known genes as log transform of FPKM values. B. FAIRE-seq peaks are plotted 

as quantile normalized tag counts for 55,130 regions C, D. H3K27ac peaks and 

H3K4me3 peaks plotted for quantile normalized tag counts, respectively. E, F. A 

pool of size-selected FAIRE-DNA fragments were used to construct two libraries, 

each of which was transfected into LPS activated splenic B-cells at either 48h or 

60h. RNA was isolated at 72h post-activation for sequencing. Quantile normalized 
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tag counts of STARR-seq output for the 55,130 FAIRE-seq peaks are plotted. In 

all panels, a value of 1 was added to the counts before transforming to log2. 

Indicated PCC values are Pearson correlation coefficients for biological replicates. 

 
Figure S2. Reproducibility of Hi-C analyses 

A. Hi-C replicates of LPS activated B-cells (72h). Biologically independent 

experiments were analyzed for reproducibility by bin-wise genome wide correlation 

for the indicated bin-sizes. The Homer function getHiCcorrDiff.pl was used to 

generate correlation matrices. Correlation coefficients of each bin at a given 

resolution are plotted. B-I. High resolution contact matrices (5 kb bin size), using 

raw counts for the indicated biologically important loci, are displayed (replicates). 

FAIRE-seq (blue) and STARR-seq (red) tracks are displayed below the contact 

matrix with their peak calls. All enhancer-promoter connectivity links for indicated 

locus in the combined Hi-C dataset (replicate 1 and 2) are shown with black bars 

below the STARR-seq tracks.  

 

Figure S3. DNaseI accessibility of B-cell cis-regulome enhancers in different 
cell types and tissues  

Mouse ENCODE data for DNaseI accessible regions was obtained from UCSC 

(genome.ucsc.edu/encode/downloadsMouse.html) in narrowpeak file formats. 

Counts of cis-regulome enhancers (total of 9,989) overlapping with DNaseI 

accessible regions of indicated cell and tissue types are plotted here. 

 

Figure S4. TF motif enrichment analysis of kinetically distinguishable 
enhancers  
A. TF motif enrichment analysis (HOMER) was performed using STARR-seq tags 

for peaks that were uniquely present in the 48h or 60h transfection datasets. TF 

motif enrichment values (log2 odds ratios) were determined for each transfection 

time point using the shared peaks for both time points as the background set. In 

the plotted data, TF motifs that were enriched with logP values < -20 are indicated 

as colored circles. B. TF motif enrichment analysis (HOMER) was performed using 
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STARR-seq tags for peaks that were uniquely present in the 48h transfection 

dataset using the 60h dataset as background or vice versa. TFs whose motifs 

(simple or composite elements) are highly enriched (logP < -20) are displayed in 

the bar plot with their log2 odds ratios.  
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Materials and methods 

 

Mice - C56BL/6J mice (6-8 weeks of age) were obtained from the Jackson 

Laboratory. Mice were housed in specific pathogen-free conditions and used in 

accordance with guidelines of the Cincinnati Children's Hospital Medical Center 

Institutional Animal Care and Use Committee. 

 

B-cell Isolation - Splenic B cells were isolated using B cell isolation kit from 

Miltenyi (Catalog # 130-090-862) and cultured in complete RPMI with 10% FCS. 

Purified B cells (250,000 cells/ml) were activated with LPS (10g/ml, Salmonella 

typhimurium, Sigma Catalog # L6143). 

 

RNA-seq - RNA isolation and cDNA library preparation were performed as 

described previously (Xu et al., 2015). Paired end sequencing was conducted on 

Illumina Hi-seq 2500 platform. 

 

Formaldehyde crosslinking of B-cells - Crosslinking of resting and LPS 

activated B-cells was performed with aliquots of 5 x 106 cells in 1 ml of 1% 

formaldehyde, 10 mM NaCl, 0.5mM EGTA, 0.1mM EDTA and 5mM HEPES pH 

8.0, for 10 minutes at room temperature (RT). Crosslinking reactions were 

quenched with 55 μl of 5M glycine for 5 minutes at RT and cells were pelleted at 

2000g for 5 min.  After washing with ice cold PBS, cell pellets were stored at -800C. 

Cell pellets were used for FAIRE-seq, ChIP-seq, and Hi-C analyses. 
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Histone ChIP-seq - ChIP-seq was performed with the following antibodies; rabbit 

polyclonal anti-H3K27ac antibody (Cat. No. C15410196, Diagenode Inc.), rabbit 

monoclonal anti-H3K4me3 antibody (Cat. No. 17-614, Millipore) and rabbit 

polyclonal anti-H3K4me1 antibody (Cat. No. C15410194, Diagenode Inc.) as 

described previously (Rochman et. al. 2018). 

 

FAIRE-seq - Frozen, crosslinked B-cell pellets (5 x 106 cells) were thawed on ice 

and resuspended in I ml of L1 lysis buffer (140mM NaCl, 1mM EDTA, 10% glycerol, 

0.5% NP40, 0.25% Triton X-100, 50mM HEPES pH 7.5 and protease inhibitors) 

and incubated at 4°C for 30 minutes with rotation. The cellular lysate was 

centrifuged (1,000g for 5 minutes) and the chromatin containing pellet was 

resuspended in 1 ml of L2 buffer (200mM NaCl, 1mM EDTA, 0.5mM EGTA, 10mM 

Tris-HCl pH 8.0 and protease inhibitors) and incubated at 4°C 10 minutes with 

rotation. After centrifugation as above the chromatin containing pellet was 

resuspended in 1 ml sonication buffer (1% Triton X-100, 0.1% deoxycholate, 5mM 

EDTA, 150mM, NaCl, 50mM Tris-HCl pH 8.0) and sonicated in a Covaris 

instrument (10% duty cycle, 175 pulse and 200 burst, 7 minutes).  Sonicated 

chromatin suspension was centrifuged at 17,000g for 10 minutes and the 

supernatant was subjected to Phenol:Chloroform:Isoamyl alcohol (25:24:1) 

extraction. The FAIRE DNA was recovered from the aqueous phase by ethanol 

precipitation, quantified using NanoDrop and then used to generate FAIRE-seq 

library. Adapters were ligated to FAIRE DNA (300 ng) using NEBNext® Ultra™ II 
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DNA Library Prep Kit (NEB Catalog No. E7645S). After U excision step, one-third 

of the DNA sample was amplified using Illumina indexing primers (NEB Catalog 

no. 7600L). PCR product was size selected by running on 1.5% agarose gel. DNA 

fragments ranging in size from 300-700 bp were purified and sequenced on 

Illumina HiSeq 2500 to generate 75 bp paired-end reads.  

 

STARR-seq - STARR-seq libraries were generated from remaining two-thirds 

aliquot of FAIRE-DNA that had undergone adapter ligation and U excision (see 

FAIRE-seq protocol). PCR (4 reactions) was performed using the following 

STARR-seq primers (fwd: TAG AGC ATG CAC CGG ACA CTC TTT CCC TAC 

ACG ACG CTC TTC CGA TCT, and rev: GGC CGA ATT CGT CGA GTG ACT 

GGA GTT CAG ACG TGT GCT CTT CCG ATC T) and amplification conditions 

(98°C for 90 seconds followed by 12 cycles of 98°C for 15s, 65°C for 30s, 72°C for 

30s) (Arnold et al., 2013). Pooled amplified product was size-selected (300-700 

bp) by resolving on 1.5% agarose gel. Size-selected DNA fragments were used 

for cloning into STARR-seq vector, linearized with AgeI and SalI. Directional 

cloning into STARR-seq vector was performed with Takara In-Fusion HD kit in 10 

reactions with 1:3 molar ratio of linearized-plasmid to FAIRE-fragments. Reactions 

were pooled, and after ethanol precipitation DNA was then electroporated into 

MegaX DH10B™ T1R Electrocomp™ Cells in 6 reactions. After incubation in 

recovery medium at 37oC for 1 hour, cell suspensions were pooled and grown in 

500ml LB with carbenicillin (100 g/ml) for 12-16 hours (OD600 = 0.8 - 1). We note 

that each transformation reaction yielded up to 109 CFU. Plasmid DNA (STARR-
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seq library) was purified using QIAGEN columns. Inserts in STARR-seq library 

were sequenced using a two-step, nested PCR strategy. First step involved 6 

cycles of amplification with the following primers (fwd: GGGCCAGCTGTTGGGGT 

G*A*G*T*A*C, rev: CTTATCATGTCTGCTCG A*A*G*C, where * indicate 

phosphorothioate bonds) (Vanhille et al., 2015) (98°C for 5min followed by 6 cycles 

of 98°C for 15s, 65°C for 30s, 72°C for 70s). DNA from multiple reactions was 

pooled, concentrated using Ampure-XP beads and inserts were purified away from 

template plasmid DNA by agarose gel electrophoresis. Resulting product was then 

used for second-step PCR (98°C for 90 seconds followed by 10 cycles of 98°C for 

15s, 65°C for 30s, 72°C for 30s) using Illumina indexing primers (NEB Catalog No. 

7500L). DNA was purified using Ampure XP beads and sequenced on Illumina 

HiSeq 2500 to generate 75 bp paired-end reads. Sequencing of the STARR-seq 

library revealed >81% coverage of the input FAIRE-DNA.  

 For each STARR-seq experiment, 6-8 transfections were performed using 

aliquots of 5 million activated B cells and 15 μg of STARR-seq plasmid library. LPS 

activated (48h or 60h) splenic B-cells were transfected using Neon electroporation 

kit with R buffer and Neon Transfection System (1350V, single 40ms pulse). B-

cells were washed with ice cold PBS before resuspending in R buffer. After 

electroporation, B-cells were immediately re-plated in 3 ml of complete medium 

with 10 μg /ml LPS for 24 or 12 hours depending on the timepoint of transfection.  

At 72h post LPS activation, B cells from an individual experiment were pooled and 

used to isolate RNA with RNeasy Mini kit (QIAGEN). After treatment with Ambion 

Turbo DNase, the RNA was purified using RNeasy MinElute kit (QIAGEN). mRNA 
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was isolated using Oligo-dT beads and first strand synthesized using STARR-seq 

cDNA primer (CAA ACT CAT CAA TGT ATC TTA TCA TG).  All subsequent steps 

of STARR-seq protocol were as described previously (Arnold et al., 2013). DNA 

sequencing was performed on Illumina HiSeq 2500 platform to generate 75 bp 

paired-end reads.  

 

Luciferase Reporter Assay - STARR-seq regions listed below were amplified 

using genomic DNA and the indicated primer pairs. Amplified DNA fragments were 

cloned into pGL4.26 plasmid (Promega Catalog No. E8441). All constructs were 

sequenced to verify their identity. Luciferase assays were performed in CH12 cells 

by co-transfecting 10 μg of with test plasmid and 0.5 μg of TK-Renilla luciferase 

reporter plasmid (Promega Catalog No. E6931) as control. Transfections were 

performed Neon electroporation kit with R buffer and Neon Transfection System 

(1350V, single 40ms pulse). CH12 cells were washed with ice cold PBS before 

resuspending in R buffer. After electroporation, the cells were immediately re-

plated in 2 ml of complete medium for 24 hours and then lysates were analyzed 

with the Dual Luciferase reporter system (Promega Catalog No. E1910). 

 

Hi-C - In-situ Hi-C was performed on cross-linked LPS activated (72h) B-cells as 

described by (Rao et al., 2014) with some minor modifications. Aliquots of 5 million 

cross-linked B-cells were used to prepare nuclei, that were subjected to 3 hours of 

digestion with MboI followed by end filling to create biotin labeled blunt ends. Blunt 

ends were ligated using T4 DNA ligase at 16°C for 2 hours. After ligation, nuclei 
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were digested with Proteinase K and genomic DNA was isolated using 

phenol:chloroform:isoamyl alcohol  (25:24:1) followed by ethanol precipitation. 

DNA was sonicated using Covaris instrument (Duty cycle: 15, PIP: 500, 

Cycles/Burst: 200 and Time: 58 seconds) to obtain fragments ranging in size from 

200-800 bp. Biotinylated DNA was purified using Pierce Streptavidin magnetic 

beads (Thermo Fisher Catalog No. 88816).  While on beads, DNA ends were blunt 

ended and dA tailed as described in (Rao et. al.), followed by ligation of Illumina 

sequencing adapter with T4 DNA ligase. After U excision step, DNA samples were 

amplified using Illumina indexing primers (NEB Catalog no. 7600L). PCR reactions 

were performed in 16 separate 20 μl aliquots on beads involving 8 cycles of 

amplification (98°C for 90 seconds followed by 98°C for 15s, 65°C for 30s, 72°C 

for 30s). PCR product was separated using Dynamag magnetic separator. 

Supernatants were pooled and concentrated using AMPureXP beads ratio 1.8:1. 

Concentrated DNA library was size selected using 1.5% agarose gel to obtain 

fragments ranging in size from 400-700 bp. Sequencing was performed on Illumina 

Hi-Seq 2500 to obtain 75 bp paired end reads. For each biological replicate,  ~300 

million reads were generated.  

 

Nascent RNA-seq - LPS activated B-cells (5 million) were pulse labeled with EU 

(2.5 mM, Invitrogen Catalog No. C10365) for 30 minutes prior to harvesting at 72h 

post activation.  Cells were pelleted and snap frozen using dry ice. To prepare 

RNA, cells were thawed on ice for 15 minutes and then nuclei were prepared by 

resuspending cells in NIB-250 (15mM Tris-HCl pH 7.5, 60mM KCl, 15mM NaCl, 
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5mM MgCl2, 1mM CaCl2, 250mM Sucrose and protease inhibitors) and 0.3% NP-

40 on ice for 5 minutes. Nuclei were pelleted by centrifugation at 600g for 5 minutes 

at 40 C. Nuclear pellets were washed twice with NIB-250 and then lysed with 1 ml 

of Trizol. RNA was isolated manufacturer’s protocol and quantified. Nuclear RNA 

(2 ug) was depleted of rRNA using NEB kit Catalog No. E6310S). mRNA was 

removed by incubation with oligo-dT magnetic beads for 10 minutes. Supernatant 

was aspirated using Dynamag magnetic separator and RNA was precipitated 

using ethanol. Sample was subjected to Click-IT chemistry to enable biotinylation 

of EU present in nascent transcripts. Biotin pull down of EU-labeled nascent RNA 

and all subsequent steps were performed as per Invitrogen kit instructions. 

Superscript VILO (Invitrogen Catalog No. 11756050) was used to synthesize 

cDNA on beads. After second strand synthesis the double stranded DNA was 

purified using AmpureXP beads at 1.8:1 ratio. Resulting DNA (~0.4 ng) was used 

to make sequencing library with Thruplex DNA-seq kit (Rubicon Genomics, 

Catalog. No. R400523). Sequencing was performed on Illumina Hi-Seq 2500 to 

obtain 75 bp paired end reads. 

 

Data processing and computational analysis 

RNAseq - Reads were aligned using Tophat2 (Kim et al., 2013) with options “—

no-disconcordant –no-mixed –maxhits 1” to mm9 genome. Cufflink was used to 

determine transcript abundance in FPKM. Genes whose transcripts were detected 

at a value of 4 FPKM or higher were used in the assembly of the cis-regulome.  
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Nascent RNA-seq - Reads were aligned using STAR-aligner (Dobin et al., 2013) 

with default options and output files were then processed using Homer suite of 

tools (Heinz et al., 2010). The Homer function “analyzeRepeats.pl” was used to 

calculate read counts on either enhancers or gene bodies of expressed genes. 

Only unique reads were counted. 

 

Histone ChIP-seq analysis - H3K27ac, H3K4me3 and H3K4me1 ChIP-seq reads 

were aligned to mm9 genome with default bowtie2 options (Langmead and 

Salzberg, 2012). Unique reads were used for peak calling with Homer function 

findPeaks with a 500 bp sliding window using option “-style histone”. For calling 

super-enhancers we used option “-style super” with default settings. Peaks from 

the blacklisted regions of mm9 genome were discarded. The function 

“analyzeRepeats.pl” to determine quantile normalized tag counts for ChIP-seq 

peaks. 

 

FAIRE-seq and STARR-Seq - Paired end reads were aligned using bowtie 

options “—very-sensitive –k 1 –m 500” and output sam files were converted to bam 

files. Then bamToBed tools were used to convert bam files into paired end bed 

files in “bedpe” format. A custom R script was used to filter out spurious alignments 

such as reads aligned to random scaffold, reads mapping to mitochondrial DNA, 

or paired reads with ends mapping to different chromosomes. Tags were 

generated using start and end coordinates derived from paired alignment of 

forward and reverse reads, and only unique tags were considered in the following 
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analysis. Tags longer than 1kb were discarded. Bed files containing tag information 

were analysed with Homer suite of tools. Peak calling was done using function 

“findPeaks” with options “-size 300 –minDist 300 –L 0 –center -fdr 0.05”. Peaks 

were 300bp in size and centered on maximum tag density. Peaks were separated 

by at least 300bp. For peak calling in STARR-seq the tags from replicate 

experiments were combined. Peaks from blacklisted regions in mm9 genome were 

discarded. 

 

Hi-C - Hi-C paired end reads were aligned separately with default bowtie options 

to mm9 and up to 2 best alignments were kept considering that a chimeric junction 

can reside in one of the paired ends. Alignment output was used as input data for 

Homer functions (makeTagDirectory) to generate primary Hi-C tag directory. Tags 

which were result of self-ligation, ends close to a “GATC” site in mm9 genome, 

were discarded. Tags where read ends were closer than 900 bp, were eliminated. 

Background models were generated for each bin size using function “analyzeHiC 

–bgonly”. Next Homer function “findHiCInteractionsByChr” was used to selectively 

analyze cis-regulatory interactions only, for bin sizes of 1kb, 2kb, 5kb and 10kb 

with overlapping regions of varying sizes to avoid penalizing elements at the 

boundaries of bins. For bin resolution of 5 kb, sliding windows of 1 kb and 2.5 kb 

were used and for bin resolution of 10 kb, sliding windows of 2.5 kb and 5 kb were 

used. 1kb and 2kb bin resolutions used 500bp and 1kb sliding windows, 

respectively. Interactions with at least 5 interaction read pairs with p-values less 
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than 0.0001 were used in assembly of cis-regulome. For plotting the Hi-C contact 

distances we used Homer assigned unique interaction ids.  

 

Cis-regulome assembly - Analysis of the FAIRE-seq and STARR-seq datasets 

generated 11,809 overlapping peaks. A minimal overlap between a FAIRE-seq 

and STARR-seq peak of a single bp was allowed in the analysis. We note that a 

window size of 300bp is small enough for a shift in the density of tags based on 

structural (FAIRE-seq) versus functional (STARR-seq) features. Thus centering of 

the two types of peaks based on highest tag density is not expected to generate 

complete peak alignment. Importantly, 93% of these peaks had overlaps of 100 bp 

or more. These 11,809 peak coordinates along with those of 8,215 promoters (-

1000bp, TSS, +100bp) representing expressed genes in activated B cells were 

queried for Hi-C interactions using 4 bin sizes (10, 5, 2 and 1kb). A custom R script 

to was used to identify 2 interacting bins such that one bin overlapped with one or 

more enhancers while the other overlapped with at least one promoter of an 

expressed gene. This analysis yielded the activated B-cell cis-regulome 

comprising of 9989 enhancers connected to 7530 expressed genes. We note that 

only direct Hi-C contacts for enhancer promoter pairs were used for cis-regulome 

assembly. For example, in the context of the following interactions: enhancer1-

enhancer2-promoter1-promoter2-enhancer3 only enhancer2-promoter1 and 

promoter2-enhancer3 would be considered for the cis-regulome build. 
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Transcription factor ChIP-seq and DNaseI–seq analysis of public datasets -  

Published transcription factor ChIP-seq and DNaseI-seq data sets were obtained 

from the SRA archive (SRA ids provided below) and aligned to mm9 genome with 

default bowtie2 options. We merged all replicates for any given TF ChIP-seq and 

performed the peak calls using Homer function findPeaks with following options {-

style factor -size 300 -minDist 300 -center -tbp 1}. To count binding of one or more 

TFs in peak regions, overlaps of peaks were determined in R using function 

subsetByOverlaps from “GenomicRanges” package. Peaks were called in DNaseI-

seq data using following options {-size 150 -minDist 150 -center -L 0 -tbp 1 -style 

dnase}.  

 

Gene Ontology analysis - Gene ontology (GO) based enrichment of gene sets 

associated with super-enhancers was performed using conditional GO testing from 

GOstats package (Falcon and Gentleman, 2007). 

 

TF-motif analysis - A custom TF motif library was compiled (Supplementary Data 

S4) for all TFs expressed in activated B cells (RNA-seq dataset) using cis-DB 

(Weirauch et al., 2014). This compilation was supplemented with TFs which are 

known regulators of plasma cell or GC B cell differentiation. All PWMs were 

trimmed for edges with lower information content (<0.5). A similarity matrix for all 

PWMs was generated using Homer function “compareMotifs.pl” with option “-

matrix”.  For any TF with multiple PWMs a minimal spanning tree, with the PWMs 
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as nodes, was generated using the similarity matrix. The PWM with most 

connecting edges was selected and the others discarded. In the case of ties, the 

PWM with highest information content was chosen. In cases where 2 or more TFs 

had PWMs with similarity score of more than 0.9 then were all represented by a 

single PWM with the highest information content. Gene symbols of these TFs 

separated by “:” were used as a naming convention in the final library. PWM cut 

off scores were assigned based on information content for a given PWM. For 

PWMs with maximal scores (Function maxScore from Biostrings) of >10, 6-10 and 

<6, cutoffs of 85%, 90% and 95% respectively, were used. All PWM filtering was 

performed in R with custom written scripts. This library was written in minimal 

Homer format for PWMs. Homer vertebrates PWM library, which contains ChIP-

seq derived motifs including composite elements was added to the above 

compilation to generate final library. No trimming, filtering or score adjustments 

were performed on TF motifs in Homer vertebrates PWM library. TF motif 

enrichment was performed either using coordinates of STARR-seq peaks or those 

of STARR-seq tags that overlapped with STARR-seq peaks.  The latter was 

advantageous from the standpoint of functional enrichment and afforded greater 

statistical power given that a minimum of 10-15 tags were associated with a given 

peak. 

 

Genome Tracks - For genome tracks the Homer tag directories of H3K27ac ChIP-

seq, FAIRE-seq and STARR-seq were used to generate the track files using 

function makeUCSCfile. Output files were then imported in R and “Sushi” 
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(Phanstiel et al., 2014) was used to generate the genome track plots. All genomic 

overlaps were determined in R using package “GenomicRanges” (Lawrence et al., 

2013).  

  

Graphical representations and Statistical tests - All graphical plots were 

created in R with built in functions along with add in routines from ggplot2. All 

statistical analyses were performed in R with the exception where P values are 

reported using Homer.   
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Public data set used in study: 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Enhancer Luciferase Reporter Constructs:  

SRR409118 Ebf1 
SRR499700 Pax5 
SRR499701 Pax5 
SRR499702 Pax5 
SRR499703 Pax5 
SRR499704 Pax5 
SRR499705 Pax5 
SRR499706 Pax5 
SRR3158144 E2A 
SRR3724509 Ets1 
SRR3724510 Ets1 
SRR372712 Ctcf 
SRR372713 Ctcf 
SRR1014532 PU1 
SRR1003255 P300 
SRR5087645 Prdm1 
SRR5087646 Prdm1 
SRR5087647 Prdm1 
SRR5087648 Prdm1 
SRR5087649 Prdm1 
SRR5087650 Prdm1 
SRR5087651 Prdm1 
SRR5087652 Prdm1 
SRR5087653 Prdm1 
SRR5087654 Prdm1 
SRR5087655 Prdm1 
SRR5087656 Prdm1 
SRR5087657 Prdm1 
SRR5087658 Prdm1 
SRR5087659 Prdm1 
SRR5087660 Prdm1 
  
  

SRR974813 DNaseI aB 
SRR974814 DNaseI aB 
SRR974816 DNaseI aB 
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Enhancer_ID Fwd Rev Gene 

FAIREpos_4621 CTTCTCTTCTTGCTCCACTTCT CTGGCTTGGAACTCAACTCT Pax5 

FAIREpos_4620 GCCTCAAGTACAGAGGCATAG GTTGGGTCTTAGCACACTAGAA Pax5 

FAIREpos_7683 CACTGGACCTCAAACTGGAA CATTGCGAACGACTTGTCAC Csf2ra 

FAIREpos_253 GGCAAGATCTGGATGCCATAA GGGATGAGACAACAGGCAAA Mbd6,Ddit3 

FAIREpos_2987 AGATCTCGAAGGCTCTCGTT GCGTGGCTTCGGATTCTTT Irf1 

FAIREpos_1204 AAATCCGCGACAGTGGATAC CGGCTATGCTGATCTTCTACAG Egr1 

FAIREpos_5135 CCTGCGTAGTGTTTGCTTAGTA CTGCAGTCTCACACCTGAAA Prdm1 

FAIREpos_6842 GATGGAGAAGAAAGGAGGAATTTG CTTACCAGACACCTGGTCTAAG Prdm1 

FAIREpos_11234 GTTTGCCTGACTGGTTGATTG AGCCTGGTTTGTAAGGTAGTG B4galt1 

FAIREpos_595 TACCTCAGCGATCCGGTTA CAGCAGGACATTCCGCTAAT Stat3 

FAIREpos_2090 AGGCTTAAGGTTTGAGTCACATA GTGCATCACATACAGGGAGAG Ptpn22 

FAIREpos_2035 AAGTGGTCCCTCTCTGACTT GCAGCACTCAGCAAACTTTC Nr4a2 

FAIREpos_1230 CTGGCAGACAGACTGAAGTAG GGATGCTGACCAGAAGTTGTA Il10 

FAIREpos_11636 TGAACCTGGGACCTCTGTAA TCACTGTACCCATCTGGACTAA H2-Oa 

FAIREpos_10528 CTCCTCAGTGTACCTTCAGTTT CACAAAGCCTAGAGGACACA Irf8 

FAIREpos_6694 CCTGTGTTCATAATTGCCCTAGA GAAGTCATCAGATACCGGGAAAG Irf8 

FAIREpos_10787 GGGAGAGGCTGTATTTGCATAG TACCACTTTGCATGGCTCTC Irf4 

FAIREpos_9637 CTGCTCTACACCTCTGTAACTTG GTCTGCATCATCTAGGGAATGG Il6 

FAIREpos_6841 GGGTAAGAGACAGGTGGTATTT ATAAGCGGTGAGGGTTTCAG Prdm1 

FAIREpos_3885 CTAAGCTGCCTACATATGTCCTATAC TGGAAGCATTCAGGAAGTGAG Prdm1 

FAIREpos_5134 GGGATCTTGGCTTGGCTAATA GGAAAGTCTCTGTCTCCCTAAC Prdm1 

FAIREpos_208 TGGGAGAAACTGAGATGAGAAC CCACCACATGCAAAGAACAA Zfp36l1 

FAIREpos_8298 CACTAGAGGAGGCAGAGTATCA AGATGGAGTAGGAAGGACAAGA Adam10 

FAIREpos_3607 AGCCTTGGAAGAGCCTAGAA AGCCTCCTGCCTGTAAACTA TaoK3 

FAIREpos_3608 GTCACACCTCAGGCTTGTT ACACAGTGCACAGGTCTTC TaoK3 

FAIREpos_6369 GTCTTTGAATAGGGCAGTCACTA TCTTCAAATCTACAGCGTCTTCT TaoK3 

FAIREpos_11376 TTCACAAGTTACTGTGCCTCTC TTCCTCTCAGAACACCGACTA Irf7 

FAIREpos_10626 GGTCATTTCGGAAGGGCTATTA TCCAAGACATTTGGTCTCTTCC Arid3a 

FAIREpos_4540 GCTAGCTGGGAGGATAAGTAGA AGGTTGAAGGTTTGGGTGATAA Foxo1 

FAIREpos_8981 CAGCAGGAGCCATCTGTATATT AGTTTCAGGACATCCCATTACC Ctla4 

FAIREpos_6884 GGACACCATGAGGTAAGCTAAG CCAGAAGCACAACAGAGGAA Tcf3 

FAIREpos_1124 CCGATGTTGTGGAGCTGTTA CTGGCCTCGAACTCAGAAAT Tcf3 

FAIREpos_9690 GCTAGGAAACACAGGGTTCA ATTGCTGGTCCCATACCTTC Spib 

FAIREpos_8172 CATGCCGCCCAGTAAATAAAG CATCCAGTCCAAGAAGGTAACA Spib 

FAIREpos_3931 CCAGCATTACCTACTGACCAAG CCTTCAAATACAATGAAGTCAGAGATG Ikzf1 

FAIREpos_10664 ACAAACTCTCCCATGAGAACAT TCCCTCAAGTACACTACATTTGAA Ikzf1 

FAIREpos_8871 TATCCACCTCTCAGGCATCT ATGTACCAGATCCCACTACTCT Ikzf1 

FAIREpos_10420 GAAGAAACCCGAGGCATAGAT CTCCATCTGCACTGGGATATT Bhlhe41 

FAIREpos_1402 TCCCTCTTCCTCTATCCTTTCT ACCTGCTTAGCCTTCCATTAG Prdm1 

FAIREpos_4031 CGCGAACCTTCGAGACC TGATAGAACCCTGGCCTAAGTA Zfp36l1 

FAIREpos_7960 CTGCTCTCAGCCCTTGTTATAC ATCATTAATCCTTCTGGAGGGAAA Bach2 
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Control Luciferase Reporter Constructs: 

 

 
  

FAIREpos_10803 ACTTTCGACAGTGGGTGATG TGTGAGACCAAAGTCGCTAAA Mef2c 

FAIREpos_9635 GTGTGTGTTCACGAATACCTTTG CTGCCGTAGGTACCAAGATG IL6 

FAIREpos_3692 CAGAGTGACCAGTTAGGATGTG GCAGTGTTGCTGGACAATTT Bhlhe41 

FAIREpos_5338 TTCGGCCGTCGCCATTT GGGATGTTCAGTCAAGCAGTCA Zfp36l1 

FAIREpos_6972 CTCCTAGTGGCGTGTTCATT ATTAGCAGTTGCATAGGAAGAGT Ebf1 

FAIRE-peak_ID Fwd Rev 

chr10-2957 ACCAACCAGCCTGTACTTTC AAGACACTAAACGGAGCTGAC 

chr1-4047 TTCCGGCCTGTGAAGTTATG CCCACTGATTGAGCTGTTCTTA 

chr6-2354 GTTTCCAGTCAGAGTCCAGAAA AGATAGGACAATGCTGTGGAAG 

chr3-2349 GCAGGTGCTTTAATGATCTTTCTT ACTTACCTCAGTATTCCTTCGAATC 

chr2-4006 CGCTCTGGGATATATTGCATCT TGACTGACATGAGAATGTCCTTAG 

chr7-1716 CTTAGTTGGTATGCGGGTGTAG TCGCTTTGACCGCAGAAA 

chr8-742 CCTGTGTTCTGACCCTCAAG GGTAGTGGGCAGTAGTGTATTC 

chr3-2273 TCCTCACCCACCAACATAGA TGGCCACCTCTACCTACTAATC 

chr4-1411 ACCAATCCTTGTAGGTATGATGG AGAGAGAGAGAGAGAGAGAGAGA 

chr10-2819 CCCATTAAATAATTCGCCTTCC TCATGATACATCACCAGAAACT 

chr11-3436 TGTTTGTTGACTGACTGACTGA CTTTGCATTTGACCGGAAGAAG 

chr8-2707 CGCAACCACTCCTTCTTCA TCACACGTGCACAGATCG 

chr14-1106 CAGGAAAGTCTGGGTCAGATTAG GAAACGTCCAGAGACTGAGATG 

chr17-2261 GCTTGACCTGGCAGACAT CTATCCGACTGAAGCAGAGAAA 

chr2-4274 GCTCATACAATGATGGGTCCTTA GAACATTCACATGTCCTACAGTTTC 

chr4-1520 AAACACACACACACACACAC GGGTGGTCCCTTCCTTATCTA 

chr7-1991 GATCCTTCTGCACACGTTTATTG CATGGCCCAGCCTGATTAT 

chr7-2874 TCCAACCTCCATCACCTAATTTC TTGGTGCACATTCCTAGTCTTT 

chr7-1395 CCCAGAGACTAAGAGGAAGAGA TTGGAGGGAAGTAGGGAAGA 

chr3-2300 GAAGTCATTGATCTGGAGGATGT CCAGCAAGGGAGAGACATTT 

chr10-1619 CCTTGCCCTGTGTATCTCTTATC GGAGATGTCTGAAGTGGTTGAG 

chr11-4329 TGGCCTGGACAAGACAAATAA GACCCTGGTCACACTCTAAATG 

chr8-2328 AAATGCACTCCAGCGAGAA GGTCGACACTTAGAGGACAAAG 
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Computational packages: 
 

• R version 3.3.0 (2016-05-03) 
 

• Sushi_1.10.0          
• biomaRt_2.28.0        
• GOstats_2.38.1        
• Matrix_1.2-12         
• AnnotationDbi_1.34.4  
• Biobase_2.32.0       
• seqinr_3.4-5          
• rtracklayer_1.32.2    
• GenomicRanges_1.24.3 
• GenomeInfoDb_1.8.7    
• IRanges_2.6.1         
• S4Vectors_0.10.3     
• BiocGenerics_0.18.0  
• Biostrings_2.40.2  
• GenomicAlignments_1.8.4     
• GO.db_3.3.0  
• org.Mm.eg.db_3.3.0                  
• AnnotationForge_1.14.2  
• ade4_1.7-10     
• genefilter_1.54.2 

 
• Bowtie2 (DNA reads aligner) version 2.2.3 
• Tophat2 (RNA reads aligner) version 2.0.13 
• Homer (analysis suite for mapped read data) version 4.9 
• STAR (RNA reads aligner) version 2.5 
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