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Abstract 

Liver regeneration after partial hepatectomy is a clinically important process that is impaired by adaptation to chronic 

alcohol intake. We focused on the initial time points following partial hepatectomy (PHx) to analyze genome-wide binding 

activity of NF-κB, a key immediate early regulator. We investigated the effect of chronic alcohol intake on immediate early 

NF-κB genome-wide localization, in the adapted state as well as in response to partial hepatectomy, using chromatin 

immunoprecipitation followed by promoter microarray analysis. We found many ethanol-specific NF-κB binding target 

promoters in the ethanol-adapted state, corresponding to regulation of biosynthetic processes, oxidation-reduction and 

apoptosis. Partial hepatectomy induced a diet-independent shift in NF-κB binding loci relative to the transcription start 

sites. We employed a novel pattern count analysis to exhaustively enumerate and compare the number of promoters 

corresponding to the temporal binding patterns in ethanol and pair-fed control groups. The highest pattern count 

corresponded to promoters with NF-κB binding exclusively in the ethanol group at 1h post PHx. This set was associated 

with regulation of cell death, response to oxidative stress, histone modification, mitochondrial function, and metabolic 

processes. Integration with the global gene expression profiles to identify putative transcriptional consequences of NF-κB 

binding patterns revealed that several of ethanol-specific 1h binding targets showed ethanol-specific differential 

expression through 6h post PHx. Motif analysis yielded co-incident binding loci for STAT3, AP-1, CREB, C/EBP-β, PPAR-γ and 

C/EBP-α, likely participating in co-regulatory modules with NF-κB in shaping the immediate early response to PHx. We 

conclude that adaptation to chronic ethanol intake disrupts the NF-κB promoter binding landscape with consequences for 

the immediate early gene regulatory response to the acute challenge of PHx. 

Introduction 

The liver tissue has a unique ability to regenerate in response to 

injury. Liver regeneration involves a sequence of complex 

biochemical and physiological activities leading to cell proliferation, 

mass recovery and tissue structure reconstruction. Partial 

hepatectomy (PHx) is a widely used model to study initiation and 

progression of liver regeneration
1–4

. After PHx, various pathways 

are activated to maintain the liver functions. In the priming phase, 

hepatocytes exit the quiescent G0 phase and enter the pre-

replicative G1 phase. Cell proliferation occurs in both parenchymal 

and non-parenchymal cells though over different time phases
1,5,6

. 

The hepatocyte replication preceding non-parenchymal replication 

phase is followed by the termination phase by which liver recovers 

most of its original mass. Among the initial responses post acute 

liver damage is the release of various inflammatory factors and 

cytokines leading to the expression of growth factors and hormonal 

modulators
7
. Earlier studies showed an increase in transcriptional 

activity of NF-κB p65 during the immediate early phase of the 

regenerative process
3,8–15

, leading to the activation of several genes 

associated with immune response, inflammation, adhesion, 

proliferation, oxidative stress and liver homeostasis
3,12

. Failure of 

NF-κB activation can result in decreased hepatocyte 

proliferation
13,16,17

 and impaired regeneration in the liver
18–20

.  

Various external agents can cause hepatotoxicity leading to 

impaired regeneration. Chronic ethanol intake is known to activate 

multiple stress response pathways of the liver causing dysregulation 

of liver repair mechanisms by disrupting metabolic pathways
21–26

. 

This may have clinical significance relevant to alcoholic liver disease, 

one of the leading causes of mortality around the world
9,12

. Delayed 

cellular replication leading to inhibition of regeneration was 
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observed in partially hepatectomized livers after ethanol adaptation 

with almost complete suppression of hepatocyte proliferation
27,28

. 

The molecular regulatory networks underlying this phenomenon 

remain poorly understood; however, it has been suggested that 

part of the ethanol-induced maladaptation suppressing 

regeneration is mediated through changes to NF-κB regulation of 

target genes
29

. Chronic ethanol exposure is associated with a 

sustained increase in NF-κB activity leading to the activation of pro-

inflammatory genes
8,9,12,30

. It has been shown that ethanol 

mediated activation of NF-κB in primary hepatocytes can contribute 

to the accelerated progression of the liver diseases
31

. However, the 

specific role of NF-κB in the ethanol-adapted liver continues to be a 

subject of investigation.  

Several small-scale studies and large-scale time-series 

expression studies have been carried out to investigate the dynamic 

changes of multiple factors during liver regeneration
32–36

. In an 

earlier study, we found an increase in NF-κB activation at 1 h post 

PHx, followed by a decrease to near baseline levels at 4 h post PHx 

and further increase at 6 h post PHx, suggesting a dynamic role of 

NF-κB during the early phase of regeneration
34

. ChIP-chip/seq 

techniques have been widely utilized to find binding sites of various 

transcription factors in response to perturbations
37,38

. These 

techniques have been informative in analyzing the genome-wide 

localization profiles of NF-κB to gain insight into the functional role 

of NF-κB in humans and rats
39–46

. We analyzed changes in genome-

wide NF-κB binding activity during the immediate early phase of rat 

liver regeneration. Our results revealed a dynamic switch of NF-κB 

binding across the genome with putative consequences for 

hepatocyte entry into cell cycle
39

. It has been unclear whether 

adaptation to ethanol interferes with such a dynamic switch as a 

putative mechanism underlying ethanol-mediated dysregulation of 

the response to PHx. Our analysis of cell type-specific localization of 

NF-κB revealed an upward shift in distribution of NF-κB in 

hepatocytes
47

 . However, studies thus far have not addressed the 

combinatorial effects of chronic ethanol intake diet and acute 

perturbation of PHx on genome-wide NF-κB binding patterns.  

We addressed this issue by exploring the genome-wide NF-κB 

bound loci in whole liver tissue, using ChIP-chip technique. We 

analyzed the effect of chronic ethanol intake alone on the genome-

wide NF-κB binding profile the ethanol-adapted state. We then 

employed a novel pattern analysis to evaluate global alterations in 

NF-κB p65 promoter binding as a result of the combined effect of 

chronic ethanol intake followed by 2/3
rd

 PHx. This approach allowed 

us to account for the presence of multiple factors driving common 

and altered NF-κB binding responses in a time and diet dependent 

manner.  In contrast to conventional approaches, our method 

provides the capability of analyzing the data in a systematic 

manner, by identifying the dominant patterns and masking them to 

uncover more subtle patterns. We integrated the ChIP-chip results 

with a time series gene expression data set to identify the NF-κB 

promoter binding targets that showed differential gene expression 

changes at the baseline-adapted condition as well as after PHx. We 

identified a set of co-incident motifs of NF-κB binding that were 

specific to the ethanol and pair-fed control groups. Our novel 

analysis technique followed by computational analysis to identify 

statistically significant loci, coincident motifs, and integration with 

gene regulation, enabled us to examine the extent to which the 

immediate early activation of NF-κB manifested as dynamic changes 

in the binding activity at the target promoters in the liver as a result 

of the combined perturbations of ethanol and PHx.  

Experimental and analytical methods 

Animals and diet 

Adult Sprague-Dawley rats were held in a climate controlled, 12-hr 

day/night cycle in accordance with accepted animal handling 

practices. Animals were fed using the Lieber-DeCarli pair-feeding 

model
48

 in which rats were fed a nutritionally adequate liquid diet 

containing 36% of total calories derived from ethanol for 5 weeks 

(Ethanol group), with the pair-fed calorie-matched littermate 

controls receiving liquid diets in which ethanol calories were 

replaced by maltose dextran (Carbohydrate group). Rats (275-350 

g) were anesthetized and subjected to 2/3
rd

 PHx by surgical removal 

of left lateral and median lobes (LLM) as previously described
6
. The 

remnant liver was allowed to regenerate and the liver samples were 

harvested at 1 and 6h post PHx (Fig. S1, ESI†). The excised liver 

samples at t=0 served as within-animal controls. Collected liver 

samples were freeze-clamped in liquid nitrogen-cooled aluminium 

clamps for preparation of tissue lysates. All animal studies were 

approved by the Institutional Animal Care and Use Committee 

(IACUC) at Thomas Jefferson University. 

 

Chromatin Immunoprecipitation (ChIP) 

Chromatin immunoprecipitation (ChIP) assays were performed 

using liver tissue to map in-vivo distribution of NF-κB DNA 

interactions as per standard protocol using a Magna ChIP G kit (Fig. 

S2, ESI†). We used Rabbit polyclonal NF-κB p65 antibody (Abcam 

Inc., Cat#ab7970) and a negative control IgG antibody (Santa Cruz 

Biotechnology, Cat #sc-2026). Approximately 50 µg of liver tissue 

was fixed for 10 minutes with 1% formaldehyde to cross-link DNA 

and chromatin binding proteins for co-immunoprecipitation. The 

cross-linked chromatin was neutralized with glycine to quench the 

unreacted formaldehyde. Chromatin was sheared via sonication to 

generate fragments of 200-1000 bp size. The fragment size range 

was confirmed by a 1% agarose gel electrophoresis. The immune 

selection was performed using ChIP grade NF-κB antibody in 

combination with Protein G conjugated solid support matrix 

magnetic beads. This NF-κB antibody has been validated extensively 

in previous studies to detect NF-κB proteins in Western blots and 

immunohistochemistry assays
49–51

. 

ChIP-chip using Roche Nimblegen Promoter Array 

Purified ChIP DNA was amplified with GenomePlex Complete Whole 

Genome Amplification (WGA) kit from Sigma that generated nearly 
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500-fold amplification of genomic DNA using OmniPlex Library 

molecules flanked by universal priming sites. The promoter array 

analysis was performed with whole genome amplified ChIP DNA 

samples using the Roche Nimblegen Promoter array platform (Rat 

ChIP-chip 3x720K RefSeq Promoter Arrays with 3 identical arrays 

per glass slide with 72,000 probes per array) to cover the whole 

genome (Roche NimbleGen, Inc., 504 South Rosa Road, Madison, 

WI). Experimental and total DNA samples were labeled using 9-mer 

primers that have Cy3 and Cy5 dyes attached and Klenow added. 

The labelled experimental IP and total DNAs were co-hybridized to 

the array for 16 - 20 hours at 42
0
C, washed, and scanned (Agilent 

scanner, Agilent Technologies) following manufacturer instructions. 

Array images were used for data extraction as pair files; genomic 

feature format files were then produced for visualization of scaled 

log2-ratio data. The intensity ratio of immunopreciptated to total 

DNA (not taken through immunoprecipitation steps) was plotted 

versus genomic position to identify regions where increased signal 

(i.e. DNA fragment enrichment) was observed relative to the 

control sample. Peak files identifying statistically significant 

binding/modification sites were generated from the scaled log2-

ratio data, and peaks were mapped to the transcription start site of 

each gene. Roche NimbleGen's proprietary, light-mediated 

synthesis process produced high-density microarrays of long 

oligonucleotide probes (50-75mer). These long oligo arrays, when 

used in combination with high-stringency hybridization protocols, 

produced results of high sensitivity and specificity. In addition, 

because Roche NimbleGen performs ChIP-chip experiments in a 

two-color protocol, where control and test samples were co-

hybridized to the same array, inter-array variation was eliminated. 

As a result, NimbleGen ChIP-chip service readily detects enrichment 

as low as two-fold of the target-binding site in a ChIP sample.  

Genome-wide mapping and peak detection: Identification of 

binding sites  

Using NimbleScan software, peak data files were generated from 

the scaled log2 ratio data. The peaks that correspond to the binding 

targets were detected if 4 or more probes shows signal above the 

cut-off value (percentage of the hypothetical maximum) between 

15%-90% using 500bp-sliding window. Each peak was assigned a 

false discovery rate (FDR), which was estimated based on the 

probability of false positives determined by randomizing the ratio 

data.  An initial FDR cut-off of <= 0.2 was used to identify the actual 

binding regimes (“peaks”) corresponding to the binding sites. To 

further reduce false positives, a more stringent false discovery rate 

(FDR) cut-off of 0.15 was used (Fig. S2, ESI†). Additionally, to be 

identified as bound, NF-κB binding had to be observed in 3 out of 4 

biological replicates (peaks belonging to 60% of biological 

replicates) at a particular time point. Applying these filtering 

schemes, we identified 54127 NF-κB bound regions from all 

replicates in both dietary groups over the time course, resulting in 

10083 high confidence peaks.  

Annotation  

The peaks were annotated with candidate target genes with the 

assumption that the distance between the center of a binding peak 

and the transcription start site (TSS) of the gene was shorter than 

the threshold cut-off.  We defined these “gene regions” as spanning 

from ~ 5kb (4280 bp) upstream of the transcription initiation site to 

~1.0kb (1070 bp) downstream of the end of transcription. The peak 

files were annotated with Ensembl version 5.0 (Rnor_5.0) transcript 

genes using a 5000 base pair cut-off distance from the TSS using the 

Chip Peak Anno Bioconductor package in R
52,53

 and the 

characteristic genomic features were retrieved using 

COMPLETEMotifs
54

.  

Digitized dynamic patterns representing the comparative binding 

evolution  

To study the alterations in NF-κB binding as a result of adaptation to 

the ethanol diet, we created combinations of digitized dynamic 

patterns (COMPACT) between control and ethanol binding data. 

Each row and column of the COMPACT matrix consisted of the 

number of genes corresponding to a dynamic pattern. This matrix 

provided a gene-centric view of the relative presence of the targets 

in the dietary groups. These digitized patterns consisted of gene 

lists reflecting the comparative dynamics of the control and ethanol 

data over the time course.  This enabled us to study the responses 

in an ordered manner and helped narrow down the most relevant 

gene sets corresponding to the major and minor response patterns 

in each dietary group at particular time points. The layered 

approach also aided in systematically exploring some of the subtle, 

but relevant combinatorial patterns.  

We used a circular representation generated by CIRCOS v0.67
55

 

to visualize the above dynamic correlation patterns. This 

representation helped us visualize the patterns by comparing 

similar responses in both dietary groups drawn symmetrically on 

both sides of the circle. The patterns were arranged in a circular 

diagram in such a way as to separate the baseline binding from post 

PHx binding and were represented by differently colored ribbons, 

with their width proportional to the number of genes. Thus, each 

row and column of the COMPACT matrix was represented as 

segments, and the size of the ribbon connecting them encoded the 

shared number of genes. Relative row, column and overall total of 

each segment were shown in outer circular patches.  

Integration with expression data 

Gene expression was determined by using Affymetrix GeneChip Rat 

Gene 1.0 ST Arrays (Affymetrix, Santa Clara, CA) at the Thomas 

Jefferson Nucleic Acid Core Facility. Briefly, 10 μg of each of the 

total RNA samples for the 6-h time point as well as their biological 

control LLM samples, for both ethanol and carbohydrate diets, as 

described above, were further purified with the Qiagen RNeasy 

Mini kit (Qiagen, Germantown, MD) followed by ethanol 

precipitation. RNA samples were analyzed with an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA) to ensure quality 

prior to labelling and hybridization. Data were RMA normalized with 
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the Affymetrix Expression Console (Affymetrix). Genes were 

considered expressed above background if they had a log2 

normalized signal of 5 and above in at least one sample. MIAME 

(Minimum Information About a Microarray Experiment)-compliant 

microarray data were deposited in the GEO database, no. 

GSE33785
56

. Functionally significant targets of NF-κB were found by 

integrating the binding data for each of the patterns with the time 

series microarray gene expression data obtained from the liver 

samples (12 replicates per dietary group for 1h and 6hr post PHx, 

average fold change >=1.5, q value<=0.2) at 1 and 6h post PHx. 

Functional association using GO Pathway Analysis 

We identified the statistically significant pathways associated with 

the binding and expression patterns using DAVID v6.7 (Database for 

Annotation, Visualization and Integrated Discovery), a software 

package for biological pathways and functional annotations
57

. 

DAVID provides a comprehensive set of functional annotation tools 

to identify biological functions associated with long gene lists using 

gene ontology (GO) terms and other annotation sources. A 

clustering p-value cut-off of 0.05 was used to filter the pathway list 

to obtain the highly enriched functions.  

Motif discovery 

To identify the binding sites enriched by NF-κB, we used multiple de 

novo motif discovery programs. We used DME (Discriminating Motif 

Enumerator), a de novo motif discovery program based on an 

enumerative algorithm that identifies optimal motifs from a 

discrete space of matrices with a specific lower bound on 

information content. DME is suited to analyze very large data sets
58

. 

String lengths ranging from 9 to 14 nucleotides were used to scan 

for motifs. We used PAINT v4.1
59

, which interfaces the TRANSFAC 

Pro® transcription factor binding site database and the associated 

MATCH® pattern matching tool
60

, to scan the promoter peak 

sequences and to find matches for profiles of transcription factors 

and retrieve potential TREs. We computed a sum of both error rates 

to find cut-offs that gave an optimal number of false positives and 

false negatives. We further used a clustering program STAMP to 

scan the discovered de novo motifs with the known TF binding 

database, which returned high scoring motifs and visualized the 

motifs as logos
61

. We predicted regulatory modules based on the 

co-occurring binding sites within the peak regions of NF-κB binding 

loci. 

Results  

Chronic ethanol intake alters the NF-κB genome-wide binding 

profile leading to several ethanol-specific targets 

ChIP-chip NF-κB binding data obtained from liver samples (3-4 

biological replicates per dietary group – Carbohydrate control diet 

and Ethanol diet) were quality filtered and aligned to the rat 

genome and statistically significant peak regions were identified. As 

a first step, we explored the binding changes and functional 

differences associated with the chronic ethanol intake alone. Our 

analysis revealed that introduction of ethanol diet did not result in a 

significant increase in the number of NF-κB binding loci (Fig. 1A). To 

elucidate the diet-specific changes, we separated NF-κB bound 

peaks in the adapted state into Novel (binding only in the Ethanol 

group), Common (binding in both dietary groups) and Missing 

(binding only in the Carbohydrate group) groups. Analyzing the diet-

specific changes revealed that the ethanol adaptation caused a shift 

in NF-κB binding to a novel set of targets (Fig. 1A). 

We wondered if the Novel binding targets in the ethanol-

adapted state were associated with specific cellular functions. For 

this, we analyzed the genes corresponding to the NF-κB target 

promoters for statistically over-represented biological functions 

within the three groups of Novel, Common and Missing loci  (Fig. 

1C) using DAVID v6.7 (Database for Annotation, Visualization and 

Integrated Discovery) with a p-value cut-off of 0.05. The gene set 

corresponding to the ethanol-specific Novel loci included pro-

inflammatory cytokine receptor (Ifngr1), Tgf-ß receptor (Tgfß-r3) 

and Histone deacetylase 1 (Hdac1). Hdac1 interacts with p65 

directly to serve as a repressor by de-acetylating p65, thus reducing 

the trans activating potential of p65
62,63

. The statistically over-

represented biological functions modulated by NF-κB binding in the 

adapted state included G protein coupled receptor protein 

signalling pathways (195 genes), cell surface receptor linked signal 

induction (238 genes), detection of chemical stimulus (142 genes) 

and cell-cell signalling  (43 genes), in addition to immune response, 

cell death, cell adhesion and regulation of protein kinase activity 

(Fig. 1C). Our results were consistent with previous studies that 

reported a NF-κB mediated inflammatory gene activation in 

ethanol-adapted liver
8,9

. 

 By contrast, the Common and Missing groups did not contain 

any binding loci corresponding to the genes in the above pathways 

pointing to the potential ethanol specific activation of NF-κB 

mediated pathways. Loci showing similar NF-κB binding activity 

between ethanol and control groups (Common group) were 

enriched for genes participating in mitochondrial functions, cellular 

response to stress, regulation of phosphate metabolic process, 

regulation of catabolic process and apoptosis. Even within the 

Common binding group of genes, the NF-κB binding activity shifted 

towards higher levels in the ethanol-adapted group compared to 

the pair-fed controls (Fig. 1D). We interpret this result as an 

ethanol-induced increase in the number of cells with significant NF-

κB binding at these loci. The Missing group of genes, i.e., loci with 

ethanol-induced attenuation of NF-κB binding activity, was 

significantly over-represented for cellular macromolecular catabolic 

process, cellular response to stress, negative regulation of apoptosis 

and ion binding.  

 We analyzed whether NF-κB activity was preferentially localized 

relative to the transcription start sites (TSS). The distribution of 

putative NF-κB binding regions with respect to TSS of target genes 

showed that the peaks were enriched within 1000bp 

upstream/downstream of TSS (Fig. 1B). The distribution did not 
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indicate a preferential bias for the upstream versus downstream 

binding of NF-κB (Fig. 1B). TSS binding studies on eukaryotic 

promoters have shown that focused promoters have well 

positioned nucleosomes compared to broad promoters that had 

fuzzy nucleosome and weak signals
64

. Another study on human cell 

lines that used a transient transfection approach to detect mutant 

transcriptional activity, showed that functional TF binding sites (FDR 

<0.025) tended to be closer to TSS (~50bp) than those with 

unknown functions
65

. In our study, we analyzed the genes 

associated with NF-κB binding within a 200 bp window around the 

peaks of this distribution. Our results indicate that proximal 

promoter binding of NF-κB corresponds to functionally distinct 

classes of targets depending on whether NF-κB binding occurs 

upstream or downstream of TSS. The genes with downstream 

binding in the ethanol-adapted group participated in a broader 

category of processes such as detection of stimulus, cell projection 

and stress response genes, while those with upstream binding were 

associated with cell-cell signalling, receptor metabolic process, cell 

death, cell differentiation and regulation of kinase activity (Fig. 1B).  

 We investigated whether the observed differences in NF-κB 

binding were associated with differential gene expression in the 

ethanol-adapted state. The gene expression data was obtained 

from the Gene Expression Omnibus resource (GEO accession: 

GSE33785). A total of 40 genes with novel ethanol-only NF-κB 

binding showed differential expression in the ethanol group 

compared to that of the carbohydrate controls. Inspection of the 

top ranked genes obtained by integrating with the expression data 

revealed that the NF-κB bound genes with increased expression are 

associated with biological processes such as phosphorylation 

(Dapk1, Pdk4), regulation of protein kinase activity (Efna1, Sphk2, 

Trib3), oxidation reduction (Aldh1a1, Aldh1a7, Cyb5r3), and cellular 

membrane localized components (Cd14, Abhd1, Avpr1a, P2ry2, 

Slc2ba2). Some of these NF-κB targets have been discussed in the 

context of liver injury. For example, Trib3 activation is known to 

block the Akt pathway thereby inhibiting insulin responses in liver
66

. 

SphK2-/- mice rapidly developed fatty livers on a high fat diet
67

. 

Cd14 deficient mice showed reduced ethanol induced injury
68

.  NF-

κB bound genes whose expression was down regulated in the 

ethanol-adapted state were associated with regulation of 

apoptosis, negative regulation of biosynthetic process and ion 

binding (Bcl6, Aph1b, Eif2ak3, Herpud1, Zbtb16, Il6a). 

 We examined the expression changes of the NF-κB binding 

target genes common to the ethanol and control groups (Fig. 1E).  A 

higher resolution version of Fig. 1E is shown in Fig. S3, ESI†. The 

genes Arnt1, Cabc1, Igfbp1, Ppm1k and Rnf125 showed increased 

expression with chronic ethanol intake whereas Erlin1, Ppplr3c, 

Ste2, Tob1 (Transducer Of Erbb2, anti-proliferative factors) and 

Xdhhc23 showed down regulation. We identified a set of genes with 

strongest binding and expression signals based on a more stringent 

threshold for the binding peak score (>0.8), FDR (< 0.015) and 

expression fold change (>=1.5) (Table S1, ESI†). These included 

genes with novel ethanol-only response (Cabc2, Igfbp1, Rnf124, 

PPp1r3c, Arnt1, Ptp4a1 and Tob1) and likely contribute to increased 

protein transport and translocation. Our result is consistent with 

the previous finding by other investigators that the acute-phase 

response caused by a hepatocyte-specific mutation of NF-κB p65 

shows alteration of protein synthesis, transport and localization
69

. 

 Key genes that showed upregulation in the Missing group were 

Ces6, Cyp51, Sqle (involved in cellular membrane related functions), 

Gsta2, Gsta3 (xenobiotic metabolic process), JunD, Fzd4, Prkcdbp, 

Smp2a and Yc2 (Fig. 1E). We found promoters of core circadian 

clock proteins (Per2, Per3, Dbp) to be targets of NF-κB only in the 

carbohydrate control group. These genes were upregulated in the 

control group relative to the chronic ethanol-adapted state. 

Previous studies on mouse embryo fibroblasts revealed that NF-κB 

(RelB subunit) regulates circadian transcription by directly 

interacting with core clock factors Bmal1 and Clock that bind to 

promoters of clock controlled genes such as Dbp, Per1 and Cry
70

. 

Dbp, Per1 and Per2 were altered in livers from mice fed an ethanol-

containing diet
71

.  

 

Partial hepatectomy induced significant dynamic changes in the 

NF-κB promoter binding landscape 

We examined the peak distribution of NF-κB post PHx, with respect 

to TSS (Fig. 2). Previous genome wide bindings studies reported 

shifts in promoter binding with respect to TSS. A shift in binding was 

reported for EKLF factor during erythrocyte differentiation
72

 and for 

genome-wide NF-κB/RelA binding for human pulmonary epithelial 

cells indicating a slightly higher peak enrichment for downstream 

binding of the TSS of target genes
46

. To investigate the change in 

peak distribution of the same genes over the time course, we 

analyzed the binding loci distribution of NF-κB targets that are 

persistently expressed at baseline and at 1h post PHx. The genes 

specifically targeted in the carbohydrate control diet (Missing in 

ethanol) showed significant asymmetry relative to TSS in their 

dynamic NF-κB binding. The peak location distribution showed a 

shift towards downstream binding by 1h post PHx (Fig. 2A). This was 

less evident in the Common group where we observed NF-κB 

binding peaks both upstream and downstream of TSS. However, the 

Common group also showed higher enrichment upstream of TSS at 

baseline and downstream at 1h post PHx (Fig. 2B). The ethanol diet-

specific Novel NF-κB binding group showed almost symmetric 

upstream and downstream binding with respect to TSS at baseline 

as well as after PHx. (Fig. 2C).  

We observed a surge in NF-κB bound regions at 1h post PHx 

compared to the baseline state followed by a decline in binding by 

6h post PHx, with fewer binding loci in the ethanol group (Fig. S4, 

ESI†).  We observed that at 1h post PHx, ethanol specific targets 

(3076) were much higher in number compared to the carbohydrate 

specific targets (1164) (Fig. S4A, ESI†). However, at 6h post PHx, this 

trend was reversed with the carbohydrate group containing a 

higher number of genes (1571), compared to the ethanol group 
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(689) (Fig. S4, ESI†). Comparison between the time points (1h 

versus 6h post PHx) revealed that both dietary groups had higher 

number of genes with NF-κB binding at 1h compared to 6h post PHx 

(carbohydrate: 3176 versus 2003; ethanol: 5369 versus 1411) (Fig. 

S4B, ESI†). The ethanol group showed persistent 1h and 6h NF-κB 

binding at a smaller fraction of the loci compared to control (570 

versus 860; Fig. S4B, ESI†). 

Comparative pattern counting analysis revealed key dynamic 

patterns of NF-κB binding post PHx 

We developed a novel unbiased approach, termed Comparative 

Pattern Counts (COMPACT) approach, to exhaustively evaluate the 

comparisons between the dietary groups across various time 

points. In this approach, we evaluated the differential binding at 

each time point relative to the appropriate, likely time point-

specific, control conditions. The time series binding data was 

averaged across replicates within each sample group, and 

discretized into a binary value indicating presence or absence of 

binding based on the statistical significance. Within each set, the 

discretized time series binding data was collated for each gene into 

a pattern vector. The number of genes corresponding to each 

pattern within the Ethanol and Carbohydrate groups yields a 

univariate distribution for that dietary group. The intersection 

between the Ethanol versus Carbohydrate pattern count 

distributions exhaustively considers all possible comparative 

patterns, yielding a COMPACT matrix. This approach helps to 

exhaustively evaluate the genome wide binding effects of a 

comparative pair (ethanol versus carbohydrate) at multiple levels of 

factors (e.g.: time points). Genes showing a common response are 

represented by the diagonal of this matrix, while the off-diagonal 

elements correspond to altered binding response. Such an 

organization naturally divides the gene sets into novel, common 

and altered binding patterns between the dietary groups. 

At each time point, for each dietary group, we discretized the 

NF-κB binding activity into a ‘1’ or a ‘0’ at each locus based on the 

statistical significance of binding. This yielded a total of 8 potential 

temporal binding patterns within each dietary group (2 discrete 

binding levels at each of the three time points = 2*2*2 = 8 

patterns). We categorized the promoters as corresponding to these 

patterns and evaluated the corresponding genes for statistically 

significant functional associations (Fig. S5, ESI†). In the 

carbohydrate group, more loci (645 + 1605 + 2710 = 4960) showed 

binding post PHx, compared to baseline binding (1269 + 457 + 398 + 

215 = 2339). Similarly, in the ethanol group, more loci showed 

binding post PHx (309 + 1145 + 4230 = 5684) than at the baseline 

(773 + 1139 + 266 + 261 = 2439).   Our analysis also revealed that 

transient NF-κB binding at 1h was the dominant pattern in both the 

ethanol and control groups. However, the pattern-wise comparison 

between the dietary groups revealed that a significant difference in 

the number of promoter targets occurred in the transient 1h-

binding pattern (ethanol: 4230 versus control: 2710), as well as the 

baseline and early 1h binding (ethanol: 1139 versus control: 457). 

However, the early and persistent group showed reduced number 

of target promoters in the ethanol group compared to the 

carbohydrate group  (ethanol: 309 versus control: 645). This lower 

number of binding loci in the ethanol group was also evident at 6h 

post PHx (ethanol: 1145 versus control: 1605). These results suggest 

that chronic ethanol intake induced an overall higher activity of NF-

κB binding at 1h but not by 6h post PHx (Fig. S5, ESI†). Such a 

dramatic ethanol-dependent alteration in the dynamic NF-κB 

binding post PHx indicates that NF-κB may regulate novel functions 

following the combined stress of ethanol adaptation and PHx. 

We used the COMPACT approach to understand the detailed 

differences in the dynamic NF-κB binding patterns between ethanol 

and control groups. We exhaustively evaluated all the possible 

combinations of binding patterns between control and ethanol 

groups and categorized the promoters accordingly. We represented 

the number of promoters corresponding to each of the 64 

combinational patterns (8 patterns X 2 dietary groups) (COMPACT) 

matrix (Fig. 3A). The element at the i
th

 row and j
th

 column of the 8x8 

matrix contains the number of genes that show i
th

-binding pattern 

in Carbohydrate and j
th

 binding pattern in Ethanol. We computed 

the COMPACT matrices for various FDR threshold values and found 

that the relative rank of the dominant and subtle patterns were 

consistent across different FDR threshold values (Fig. S2, ESI†). We 

chose the results corresponding to FDR < 0.15 in subsequent 

analysis. This data-driven unbiased approach enabled us to uncover 

dominant as well as subtle differences in NF-κB binding between 

ethanol and control groups.  

We visualized the COMPACT matrix in such a way that the null 

pattern representing “No binding” broadly separates the baseline 

binding from absence of baseline binding (Fig. 3A). Partitioning the 

matrix based on “no binding” and baseline-binding patterns 

provides a systematic hierarchical view of the patterns. The matrix 

revealed a significant number of genes in the quadrant representing 

absence of baseline binding. All the elements except one of this 

quadrant were distributed with binding patterns containing more 

than 40 genes. The significantly higher number of genes 

participating in binding post PHx with no baseline binding (6227 

genes out of 10083 total) showed that irrespective of the diet, PHx 

turned on the binding of a new set of NF-κB target genes. It was 

interesting to note that majority of them (sum of off-diagonal 

elements was 4112 genes) showed ethanol-altered response. The 

largest contributions of all the patterns correspond to no binding 

(2784 in Carbohydrate and 2000 in Ethanol) and transient binding 

(2710 in Carbohydrate and 4230 in Ethanol).  The COMPACT matrix 

also revealed significant contributions from only baseline binding 

group (1269 in Carbohydrate Vs. 733 in Ethanol).  

We found that the most dominant comparative pattern 

contained 1720 promoters showing transient 1h binding in ethanol 

group and no binding in the control. The next largest comparative 

pattern contained 1478 promoters showing similarly transient 1h 

binding between ethanol and control groups. We wanted to 

highlight different aspects of these results, particularly in 

interpreting the number of promoters in each of comparative 
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patterns in terms of their corresponding proportions of targets in 

ethanol and control groups. For this, we visualized the COMPACT 

matrix using a circular chord diagram that has been typically 

employed to compare genome sequence synteny (Fig. 3B). In this 

visual scheme, each arc represents a temporal binding pattern, with 

the size of the arc corresponding to the number of promoters. The 

arcs are connected by chords corresponding to the comparative 

patterns (elements of the COMPACT matrix), with the width of the 

chords based on the corresponding number of promoters. Such a 

visual representation readily demonstrated that within each of the 

temporal binding patterns, NF-κB binding responses were 

characterized by various combinatorial patterns, such as no binding, 

baseline, 1hr transient, baseline and early, baseline and late, early 

and persistent and late binding between the dietary groups.  

However, the majority of the response was characterized by Novel 

to ethanol group, Common to both dietary groups, and Missing in 

the ethanol group. For instance, highlighting the arc corresponding 

to the 1h transient binding pattern with 4230 promoters in ethanol 

showed that a majority of this pattern was spanned by the chords 

connected to no binding in control (Novel: 1720 promoters) and 

transient 1h binding (Common: 1478 promoters) in the control (Fig. 

3C). A similar trend was observed when highlighting the arc 

corresponding to 1h transient binding in the control group. The 

largest set corresponded to transient 1h binding in ethanol and 

control groups, followed by a set connected to no binding in the 

ethanol group (Missing: 754 promoters) (Fig. 3C). We observed a 

similar underlying organization based on the Novel-Common-

Missing scheme, and also uncovered ethanol-induced temporal 

shifts for the other binding activity patterns (Fig. 3D-F). An analysis 

of these subgroups is presented in the following section. 

NF-κB transient binding showed higher sensitivity to combined 

stimuli of ethanol and PHx 

The major dynamic effects of ethanol intake followed by PHx on NF-

κB during the priming phase happened at 1hr post PHx as indicated 

by largest number of promoters, (1720 targets) in the Novel 

(ethanol specific) group (Fig. 4A). Within the early transient binding 

profiles, promoters with Common (1478) and Missing (754) binding 

in ethanol group were the next two predominant fractions of the 

overall total number of binding targets. We were interested in 

identifying the extent to which the alteration in transient binding 

translates to potential regulatory mechanisms associated with a 

new cellular state. We used Gene Ontology based Pathway 

Enrichment Analysis to identify the statistically over-represented 

biological functions and annotations associated with the target 

genes in the Novel, Missing and Common groups (Fig. 4B). Most of 

the genes associated with apoptosis did not show NF-κB binding in 

the adapted state, but showed a transient NF-κB binding response 

in the ethanol group after PHx. However, the similar number of 

positive (42) and negative (41) regulators of cell death indicated the 

presence of active compensatory mechanisms regulating apoptosis, 

post PHx.  

 A large set of genes (754) did not show NF-κB binding in ethanol 

group (Missing), but showed transient NF-κB binding in the control 

group. Associated over-represented pathways included 

homeostatic process, calcium signalling pathways, ion transport and 

regulation of cell death. As in the case of Novel group, the Missing 

set also comprised of the same number (~18) of pro-apoptotic (e.g., 

Cdk4, Dedd, Cidec) and anti-apoptotic (E.g.: Thy1, Cx3cr1, Vegfa) 

targets. Key genes belonging to this category included Nod2 (an 

intracellular pattern recognition receptor that can induce NF-κB 

activation), Ccl11 (a cytokine involved in the response to 

wounding), Klf4, Tnf and Nr4a1 (intracellular receptors expressed in 

macrophages) and Crem, Csad, Gata1, and Smad7 (other regulators 

of signalling and transcription) (Fig. 4A).   

We performed gene set enrichment analysis using the 

Enrichment Map tool
73

 to characterize and visualize pathways 

statistically over-represented in the gene sets, identified from the 

COMPACT analysis. The gene set enrichment map separated Novel 

and Missing groups into minimally overlapping sets of functions 

(Fig. 4C). Cell cycle (67 genes), apoptosis (50), regulation of cell 

death (78), RNA metabolic process (129) and response to oxidative 

stress (32) were enriched in the Novel group, whereas the immune 

response (27), homeostatic process (44) and circadian regulation (5) 

were enriched in the Missing group, revealing that distinct 

pathways may be targeted by NF-κB in the ethanol versus control 

groups in response to PHx.  

The large set of NF-κB target genes (1478) with transient 

binding activity at 1h post PHx in both control and ethanol groups 

(Common group) were associated with several biological functions 

and processes including cell proliferation, positive regulation (43) 

and negative regulation (31), mitochondrial function, protein 

complex assembly, MAPK signalling pathway, response to nutrient, 

protein biosynthesis, RNA processing, lipid catabolic process, and 

glucose metabolic process. This set included a few key liver-

associated genes such as Cebpb, Hes1, Egr1, Smad3, Foxm1, Ccrn4l, 

Npas2, Zpf36, Jun, Junb, Btg2, Pim3, Gata4 and Per1 (Fig. 4A), most 

of which are involved in regulation of transcription and biosynthetic 

processes. 

 Our COMPACT analysis highlighted other early transient 

patterns in the ethanol group including those that showed later 

binding at 6h post PHx in control group (163 genes). This set 

consisted of 68 cell cycle genes and 16 homeostatic process related 

genes, indicating that NF-κB may be targeting these genes in the 

ethanol group during the earlier phase of the response to PHx than 

in the control group. The set of genes (348) that were delayed by 

ethanol intake were associated with ion binding (63), cell cycle, 

apoptosis (24), negative regulation of cell death (12), cellular 

response to stress (15) and regulation of transcription (42). 

Chronic ethanol intake caused a decline in late 6h binding 

compared to 1hr post PHx. At 6h post PHx, pair-fed carbohydrate 

samples showed higher NF-κB promoter binding (1605 genes), 

compared to ethanol (1145 genes) out of which 567 genes were 
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shared between the dietary groups (Fig. 3A). The “Novel” late 

binding group consisted of 330 genes. Ethanol intake resulted in 

larger number of NF-κB targets showing late and persistent binding 

post PHx. The Novel patterns with a large number of genes (49 

genes) did not show any significant functional associations in the 

pathway enrichment analysis. A persistent binding over time was 

observed for similar number of genes (261 versus 215). The 

“Missing” sets identified in the COMPACT analysis represent the 

promoters targeted only in the control group after PHx (Fig. 3A). Of 

these genes, a significant subset showed late binding (541) or 

persistent binding (115). However, these genes were associated 

with pathways/functions such as detection of chemical stimulus, 

olfactory signals, sensory perception and GPCR signaling, making it 

difficult to interpret these findings, as nearly all of these genes were 

not expressed in the liver to a significant degree (Fig. S6, ESI†). Our 

previous studies on genome-wide NF-κB binding in rat liver showed 

that NF-κB binds to many genes within the functional category 

sensory perception of smell, even prior to hepatectomy
39

. We 

speculated that these signalling pathways, might act as chemical 

sensors to modify liver behavior. This may also serve as a sink for 

NF-κB binding to prevent spurious hepatocyte priming but are 

possibly made unavailable for NF-κB binding following a sustained 

challenge such as partial hepatectomy. Recent studies in mice 

showed olfactory receptors in kidneys may act as chemical sensors 

that can modulate glomerular filtration rate
74

. It is not yet clear 

whether these receptors play a functional role during liver 

regeneration. 

Fig. 5 shows a comprehensive summary of the pathway analysis 

of the dynamic patterns with the distribution of functional 

associations of the targets across dietary groups and time points 

after PHx. One caveat, shared by nearly all of the focused as well as 

genome-wide binding activity studies, is the difficulty in interpreting 

the functional consequences of the observed binding activity 

differences. In the next section, we tried to relate the COMPACT-

highlighted gene sets to the differential gene expression patterns. 

Integration of NF-κB binding with expression data reveals strong 

correlation between aberrant transient binding and differential 

expression at 6h post PHx 

In order to gain better functional understanding of the observed 

changes in NF-κB promoter binding, we investigated the expression 

changes in the COMPACT-highlighted NF-κB binding targets. 

Functionally significant targets of NF-κB were found by integrating 

the binding profile with the microarray gene expression data 

obtained from the liver samples (GEO accession GSE33785)
56

. We 

discretized the differential gene expression data at each of the 1h 

and 6h time points as 1 or 0, based on statistically significant 

differential regulation (q-value<=0.2, average fold change <= 1.5) or 

no change. We organized the genes based on a set of integrated 

patterns that combined the binding activity patterns at 1 and 6h 

together with the differential expression patterns at these time 

points, yielding a total of 16 integrated patterns for each dietary 

group (Fig. 6A). We utilized the COMPACT analysis to compare the 

integrated binding and expression profiles between ethanol and 

control groups (Fig. 6A). We also employed a circular matrix 

visualization of the COMPACT matrix for a visual approach that 

highlights relative sizes of gene sets more readily (Fig. 6B). We 

organized the integrated binding and expression patterns into three 

groups: Group (a) showed correlation leading to similar temporal 

patterns between binding and expression at 1h and 6h post PHx. 

Group (b) has overlapping temporary profiles between binding and 

expression, and Group (c) corresponded to genes showing 

expression changes without NF-κB binding or showing NF-κB 

binding without any differential gene expression.  

 COMPACT analysis highlighted a small set of integrated patterns 

containing a large number of genes (Fig. 6A). Most of the Novel 1h 

transient NF-κB targets in the ethanol group showed differential 

gene expression at 6h post PHx (Fig. 6A, B). The largest patterns in 

each dietary group corresponded to “Transient binding at 1h along 

with differential expression at 6h”, “Transient binding at 1h with no 

differential expression”, and “Differential expression at 6h with no 

binding activity” (longest arcs in Fig. 6B). Within the COMPACT 

matrix, the dominant sets corresponded to seven of the nine 

comparative patterns formed by intersecting the above three 

largest patterns from each dietary group. We interpret these 

temporally shifted correlations as indicating that NF-κB binding at 

1h likely leads to differential expression of the target genes by 6h 

post PHx. A set of 421 genes showed differential expression at 6h in 

ethanol and control groups, but with NF-κB binding occurring only 

in the ethanol group at 1h. Another set of 313 genes showed similar 

1h NF-κB binding and 6h differential expression between ethanol 

and control groups (Mitochondrion, acetylation, lipid biosynthetic 

process, cholesterol biosynthesis, oxyreductase, 

methyltransferase). Also of interest were patterns with ethanol-

specific NF-κB binding and differential expression (171 genes, Fig. 

6C), ethanol-specific NF-κB binding without differential expression 

and no NF-κB binding with differential expression in the control 

(138 genes, Fig. 6E), similar NF-κB binding between ethanol and 

control groups but differential expression only in ethanol group 

(105 genes, Fig. 6D). These sets correspond to cases where NF-κB 

binding likely has dietary group-specific effects on differential 

expression of the binding targets. 

(I) Correlation of differential gene expression with transient novel 

binding revealed opposing regulation of apoptotic and anti-

apoptotic signals: Integrating the NF-κB binding with gene 

expression data revealed that 171 genes showed novel differential 

expression in the ethanol group at 6h post PHx (96 down regulated 

genes, and 75 upregulated genes) (Fig. 6C). As opposed to the 

ethanol adapted state, the transient state turns off relatively few 

pathways and turns on multiple pathways. The upregulated genes 

were associated with anti-apoptosis, regulation of JNK cascade, 

apoptosis, cellular response to stress and the down regulated genes 

were associated with mitochondrial functions, immune response, 

fatty acid metabolism and cell-cell junction. GO pathway analysis 

suggests the upregulated expression of a small set of anti-apoptotic 
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genes possibly as a result of stress response induced due to the 

chronic ethanol diet indicating a compensatory mechanism 

mediated by NF-κB activation. DAVID pathway analysis of the novel 

set of genes emphasized the response triggered by NF-κB binding 

targeting members of key signalling pathways such as oxidative 

stress response, xenobiotic pathway, p53/PTEN signalling, immune 

response, GPCR signalling etc. 

NF-κB appears to switch its role from a pro-apoptotic to an anti-

apoptotic function. Such a shift was supported by the Gene Set 

Enrichment Analysis visualizing the over-represented pathways 

shared between the differentially bound NF-κB target genes (Fig. 

S7, ESI†). The overlapping pathway annotation network enabled us 

to distinguish the distinct pathways associated with upregulated 

and down regulated genes. Some of the down regulated genes 

were previously established NF-κB targets such as Blc10
75

, Keap1
76

, 

Ndflp1
77

 and Map4k3. The down regulated genes were enriched for 

fatty acid metabolism, oxidation, and mitochondrion network and 

may point to mediation of oxidative stress in the hepatocytes, 

driven by ethanol, post PHx.  Genes with upregulated expression 

were found to be involved in protein transport, RNA processing and 

protein kinase cascade. These were relatively broader responses 

indicating the higher metabolic and immune response driven by 

activation of NF-κB. These ethanol specific genes appeared to 

balance the increase in oxidative stress contributing to the 

metabolic load with activation of genes that maintain tissue 

functions during regeneration.  

(II) A set of 105 genes (of which 49 were upregulated and 56 were 

down regulated), that showed novel differential expression in the 

ethanol group, were found to have commonly NF-κB binding in both 

dietary groups at 1h (Fig. 6D). These genes were bound by NF-κB at 

1h and remained bound irrespective of the dietary change 

indicating they are essential for maintaining tissue function after 

acute damage. Genes whose expression was down regulated were 

associated with fatty acid metabolism, PPAR signalling, regulation of 

transcription and RNA metabolic process while the upregulated 

genes are known to modulate phosphoprotein and RNA binding 

pathways. 

 (III) Among the novel bound genes, a group of 138 genes showed 

anti-correlated behavior between binding and expression (Fig. 6E). 

It is possible that NF-κB binding leads to suppression of differential 

regulation of these target genes. Within this set, 92 genes showed 

upregulation post PHx in the control, and were associated with 

acetylation, cellular response to stress, apoptosis, cell 

communication, etc. The down regulated genes (46 genes) were 

associated with mitochondrion related functions such as oxidation-

reduction, oxidative phosphorylation or ATP binding and RNA 

metabolic processes.  If these changes reflect a reduction in ATP 

and GSH levels, they can drive signalling pathways that mediate 

anti-proliferative effects leading to a delay in regeneration.   

Integration with expression data revealed that, while there 

were significant changes in NF-κB binding activity due to ethanol, 

the functional consequences on differential gene expression might 

also be dietary group specific, shaping the system response to PHx.  

Several genes associated with apoptosis showed baseline NF-κB 

binding in control, but showed a post PHx NF-κB binding response 

in the ethanol group. The majority of these were transiently bound 

at 1h, while some showed persistent binding after PHx. A relatively 

high number of anti-apoptotic genes showed binding at 1h post PHx 

and upregulated expression at 6h in the ethanol group. This 

suggests that in the ethanol-induced liver, by the end of the priming 

phase, NF-κB begins to drive increased production of metabolic and 

proliferative genes required for hepatocyte replication. These 

results indicated an ethanol-altered stress response dynamics, 

potentially mediated through changes in promoter localization of 

NF-κB. Our results suggest an intriguing idea that part of ethanol-

altered NF-κB response acts as a compensatory process triggered 

after PHx. 

Identification of potential co-regulatory modules containing NF-κB 

post PHx 

Specificity of transcriptional regulation is determined by the 

organization of regulatory elements distributed along the genome 

and their interaction with NF-κB. Rel/NF-κB binds to 9-10 base pair 

DNA sites as dimers (with the general consensus sequence: 

GGGRNNYYCC)
78

. We performed an exhaustive search for enriched 

de novo motifs on the genomic locations corresponding to the 

dynamic patterns of genome-wide NF-κB promoter binding in 

control and ethanol data, using motif discovery and analysis tools 

MEME
79

 and DME
58

. We also employed PAINT 4.1
59

, as a convenient 

interface to the TRANSFAC Pro transcription factor binding site 

database and the associated MATCH pattern matching tool
60

 to 

scan the promoter peak sequences and to find matches for profiles 

of transcription factors and retrieve potential TREs. We computed a 

sum of both error rates to find cut-offs that gave an optimal 

number of false positives and false negatives. To quantify the 

enrichment, total coverage was calculated for uniquely enriched 

sequences from both DME and PAINT for each of the dynamic 

patterns independently. Most of the dynamic patterns had more 

than, or equal to 75% of their target loci containing canonical NF-κB 

binding sites (Fig. 7A). Overall, we found more NF-κB enriched 

sequences in the ethanol group than in the control.  Interestingly, 

sequences corresponding to the major comparative groups Novel, 

Common and Missing at 1h post PHx did not show very high NF-κB 

occupancy. 

 NF-κB is known to synergistically interact with other factors to 

co-ordinately regulate transcription. Sets of such factors that co-

occur in the top ranked sequences likely contribute to 

transcriptional regulatory modules. NF-κB p65 interaction with 

adjacent cis-regulatory modules partially contributes to its stimulus-

specific binding. We used PAINT software to analyze the promoter 

sequences of various gene sets from our COMPACT analysis and 

performed an unbiased analysis of binding sites for other 

transcription factors that may be enriched nearby the NF-κB binding 

peaks (Table S2, ESI†). We carried out an exhaustive analysis using 

Page 9 of 25 Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

hierarchical clustering to identify the candidate cofactors for each 

of the COMPACT-highlighted patterns, using DME and PAINT. The 

dynamic patterns were significantly enriched for binding sites of 

factors STAT3, AP-1, HNF4, GATA, C/EBPβ, CREB and EGR-1. We 

retrieved the putatively co-regulated genes with promoters 

containing STAT, AP-1, C/EBP and CREB binding sites, and calculated 

the corresponding statistical enrichments in the Novel, Common 

and Missing 1h transient NF-κB binding patterns (Fig. 7B). The 

fraction of promoters with these modules did not significantly vary 

between the Novel, Common and Missing comparative patterns. 

Our results revealed that a large majority (~97%) of the NF-κB 

targets are likely under combinatorial regulation by three or more 

transcription factors considered here. Coordinated regulation of NF-

κB with other transcription factors has been previously investigated 

in the context of liver regeneration. For example, the interaction 

between STAT3 and NF-κB pathways in the liver inflammatory 

response has been described
80

. In our study, STAT3 binding sites 

occurred in nearly all of the NF-κB target loci that showed a 

transient increase in NF-κB binding at 1h post PHx in either dietary 

group (Common). NF-κB activity at some target genes was limited 

by direct interaction of p65 with the CREB
81

. In contrast to the STAT 

motifs, CREB binding sites were only present in 19-23% of the NF-κB 

target loci at 1h. AP-1 family transcription factors play an important 

role along with NF-κB in regulating the priming for liver 

regeneration. Coordinated regulation of NF-κB with C/EBP has been 

predicted during the priming phase of liver regeneration
82

. Our 

results predicted that nearly half the target loci containing AP-1 and 

C/EBP binding sites were within the peak regions of NF-κB binding. 
We conducted a search using DME to retrieve the top ranked 

motifs in Novel, Common and Missing 1h transient NF-κB binding 

patterns (Fig. 7C). All three of the dynamic patterns were enriched 

for motifs such as HSF, LF-A1, SMAD4 and NRF-2. HSF is known to 

prevent the inhibition of NF-κB binding post acute stress
83

. Our 

results indicated the existence of a positive feedback loop between 

NF-κB and HSF. Crosstalk between NF-κB and NRF-2 that 

suppressed NF-κB activation had been observed in early stages of 

cancer
84

. We found some motifs (TGIF, HNF-4, RAP-1 and SREBP-1) 

to be enriched in the Novel as well as the Missing groups. One 

mechanism by which ethanol may disrupt the balance of lipid 

metabolism is through increased activity of the transcription factor 

SREBP-1
85

. A few motifs  (SMAD-3, AP-2, TFII-1 and LXR) showed 

overlap between Common and Missing groups. A different set of 

motifs (RBP-Jκ, p53, EGR-3 and ISGF-3) was enriched for Novel and 

Common groups. C/EBP-α, IRF-α and PPAR-γ were enriched only in 

the promoters with Novel NF-κB binding in the ethanol group, 

whereas SRF and LBP-1 were found to be enriched only in the 

promoters with NF-κB binding uniquely occurring in the 

carbohydrate group (Fig. S8, ESI†). 

Discussion 

By performing a time course study using ChIP-chip experiments, we 

analyzed the in-vivo NF-κB p65-DNA interactions in the whole liver 

tissue to identify the potential targets of NF-κB across dietary and 

time conditions. Our primary goal was to investigate how the 

perturbations due to ethanol intake affected NF-κB binding in the 

liver post PHx. Chronic ethanol diet shifted the global binding 

profile of NF-κB, but did not have any effect on the total number of 

the targets compared to carbohydrate diet. However, the combined 

effect of ethanol diet followed by PHx significantly altered the NF-

κB binding landscape. We found an overall shift towards 

downstream in the NF-κB peak distribution with respect to TSS, 

post PHx. This novel finding suggests that the perturbation due to 

PHx can potentially induce global level alterations in genome-wide 

binding. COMPACT analysis showed an increase in immediate early 

NF-κB binding at 1h post PHx followed by a decrease at 6h post PHx. 

Gene expression integration revealed that a majority of the 1h 

binding targets were differentially expressed at 6h post PHx. 

Pathway analysis associated these genes with key biological 

functions such as stress response, apoptosis, cell proliferation, cell 

cycle and metabolic processes. Motif analysis identified potential 

co-incident transcription factor binding motifs such as those 

corresponding to STAT-3, CREB, AP-1 and C/EBP. 

The shift in NF-κB binding relative to TSS points to the potential 

role of distinct regulatory elements depending on the genomic 

locus and the experimental condition. Conventionally, functional 

transcription factor binding sites for cis-regulation have been 

identified within the proximal upstream promoters as well as within 

the first exon and intron downstream to TSS. However, it is not 

straightforward to differentiate the functional effects solely based 

on the upstream versus downstream binding activity. Consistent 

with this expectation, in our analysis, we did not find up- and down-

regulation of gene expression to preferentially correlate with 

upstream versus downstream binding. Our results revealed that 

even though the overall number of binding targets and their 

distribution with respect to TSS are similar between ethanol-

adapted and control groups, their functional roles are significantly 

different. Chronic ethanol intake was found to activate some of the 

initial damage response pathways mediated by NF-κB. However, 

the results indicate that the 5-week Lieber-DeCarli ethanol feeding 

model may not lead to significant inflammatory responses in the 

liver driven by NF-κB induced pathways in the absence of other pro-

inflammatory stimuli, in agreement with the extensive body of 

literature on this chronic ethanol feeding model. 

 In order to analyze the time series binding data, we developed a 

novel pattern analysis approach, termed COMPACT analysis, where 

we examined the combinations of NF-κB binding targets across the 

dietary and time conditions. In addition to identifying the most 

significant dynamic patterns, this approach helped us unravel 

subtle, yet functionally significant groups of genes. COMPACT 

analysis enabled us to derive better clues to the underlying 

regulatory changes mediated by chronic ethanol intake by 

partitioning the ethanol specific effects that act along particular 

pathways. We interpret our results as likely evidence for similarity 

of regulatory processes that drive similar extent of the binding 

response leading to similar regulation of cellular functions.   
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 Previous studies showed activation of NF-κB signalling with 

ethanol intake
8,86,87

. We wondered whether the absence of a 

significant alteration in the binding after long-term adaptation to 

the ethanol diet was due to the activation of damage controlling 

compensatory mechanisms making the system less sensitive to 

perturbations. To investigate the differential gene expression 

associated with alterations in NF-κB binding, we combined ChIP-

chip data with microarray gene expression data. Functional analysis 

of NF-κB bound and differentially expressed genes indicated that 

our results are consistent with the observed role of NF-κB as a 

stress signal response factor. A comparative analysis of the dietary 

groups suggested that NF-κB could play a compensatory functional 

role mediating the initial damage response pathways in the 

ethanol-adapted state compared to that of the controls.  

Primary analysis of NF-κB bound regions and the novel 

repertoire of target genes revealed that the combined effects of 

chronic ethanol intake and PHx alter the binding dynamics of NF-κB 

significantly. The significant increase in transient NF-κB occupancy 

post PHx in the ethanol-adapted state suggested the possibility of a 

change in role of this early transcription factor was a result of acute 

perturbation. The alteration in NF-κB binding could be correlated 

with aberrant gene regulatory response in liver post PHx. This can 

result from the intrinsic cytoprotective response to prevent the 

progression of irreversible tissue damage or to help cellular 

proliferation after PHx. Such preconditioning of liver against 

subsequent ischemia-reperfusion (IR) injury is also known to 

increase NF-κB activity in mice
88

. The drastic reduction in NF-κB 

binding at 6h post PHx suggests that the increase in binding at 1h 

post PHx could be a transient compensatory behavior as an 

immediate early response to PHx. Several studies investigated the 

importance of the rapid induction of NF-κB after PHx 
20,89,90

. There is 

a robust induction of NF-κB within the first hour post PHx, playing a 

distinct role in different liver cell types. One of the early studies on 

NF-κB activation post PHx in female Fischer rat reported rapid 

activation followed by a decline of NF-κB p65 activity by 1h post 

PHx
12

. In the male Sprague-Dawley rat, the rise of NF-κB activity at 

1h post PHx and then a fall to near baseline levels at 4h post PHx, 

followed by an increased activity at 6h post PHx indicated the 

dynamic role of NF-κB during the initial phase of regeneration
34

. 

DNA binding activity of NF-κB was shown to follow a similar 

dynamic profile after CCl4 exposure
11

. However these studies did 

not directly test the functional role of NF-κB induction in the liver 

regeneration process. Hepatocyte-specific deletion of inhibitor-of-

kappaB-kinase-2 (IKK2) was shown to promote proliferation in the 

regenerating liver
16

. Other hepatocyte-specific NF-κB inhibition or 

knock out studies showed that liver mass recovery a day after 

partial hepatectomy was unaffected, potentially due to activation of 

compensatory pathways such as JNK and STAT3
91,92

. In mice, 

Kupffer cell depletion led to diminished induction of NF-κB activity 

at 3 days post-PHx, leading to impaired regeneration
93

. However, 

none of these studies tested acute inhibition of NF-κB activity 

during the immediate early priming phase post-PHx. It is known 

that chronic ethanol adaption inhibits the acute induction of NF-κB 

post-PHx
29

, possibly in a cell type-specific manner with hepatocytes 

contributing to overall inhibition
47

. Our results on the ethanol-

induced shift in the NF-κB genome-wide binding landscape during 

the immediate early phase post-PHx suggest a system-wide rewiring 

of NF-κB transcriptional regulatory network and are consistent with 

the expected effects of attenuated NF-κB induction on liver 

regeneration. It remains to be tested if other transcriptional 

regulators also show such an ethanol-induced shift in the genome-

wide landscape during the immediate early phase response. 

Our comparative pattern analysis revealed the novel ethanol 

group at 1h post PHx as the most occupied pattern indicating that it 

was the combined perturbation that caused the drastic increase in 

NF-κB binding. This unique approach helped us to unravel some of 

the other important sub groups of NF-κB binding patterns such as 

6h binding only in carbohydrate diet, baseline binding only in 

ethanol diet, baseline and 1h binding only in ethanol diet. 

Integration with expression data revealed that most of the NF-κB 

target genes that showed transient binding at 1hr post PHx were 

differentially expressed at 6hr post PHx. Transcription factor 

binding at promoters can occur much earlier than changes observed 

in target gene expression. The 6h differential expression of the 

ethanol-specific NF-κB binding target genes suggests a 

delayed/persistent transcriptional regulation of these targets bound 

at 1h. Another possibility for the reduction in binding at 6h was the 

existence of a feedback mechanism triggered around 6h post PHx. 

An extensive time series analysis is required to characterize the 

precise correlation between binding and gene expression during the 

immediate early priming phase of liver regeneration.  

We used GO pathway analysis to find the overrepresented 

biological processes and molecular functions for the differentially 

bound and expressed genes. Our aim was to make predictions of 

pathways potentially activated as a result of the dynamic 

adaptation of the liver due to changes in the environment, such as 

the log-term adaptation to ethanol. Functional analysis of transient 

NF-κB binding indicated that chronic ethanol consumption may be 

affecting the regenerative stimulus, leading to modulation of 

hepatocyte priming by regulating cell cycle entry and hence 

proliferative responses. In the normal liver, the vast majority of 

hepatocytes are arrested in the G0 phase of the cell cycle. 

Hepatocytes require stimulation by hormones and growth factors to 

traverse G1 and begin cellular replication. A previous study using 

isolated rat hepatocytes showed that inclusion of ethanol to the 

growth medium caused inhibition of hormone-stimulated DNA 

synthesis to reduce the proliferative response
94

. These results 

indicated that the signals required to induce completion of G1 were 

also affected by ethanol. Our results showed that most of the cell 

proliferation genes were associated with transient upregulation in 

both control and ethanol indicating that this pathway was not 

significantly affected by ethanol exposure. However, we found a 

number of targets associated with cellular replication as well as cell 

cycle related genes in chronic ethanol-fed rat liver samples 

compared to carbohydrate pair-fed samples. NF-κB appeared to 
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switch its role from pro-apoptotic (transient) to anti-apoptotic 

(delayed). Additionally, we found NF-κB targets to be the 

participants in processes like histone modification, homeostasis and 

biosynthetic and metabolic processes post PHx. We understand that 

our binding data alone is insufficient to accurately predict the 

downstream apoptotic behavior of the regenerating liver. However, 

these pathways, particularly those governed by the immediate and 

transient binding give some clues as to how chronic adaptation to 

stresses, such as chronic alcohol consumption, may lead to 

disrupted liver regeneration. Chronic alcohol consumption impairs 

liver regeneration by suppressing the number of hepatocytes that 

enter the cell cycle following PHx
27,28

. Our results suggested a 

possibility that one of the combinatorial mechanisms through which 

chronic alcohol consumption impairs liver regeneration, was by 

reducing the factors available for hepatocyte entry into the cell 

cycle. This may be followed by activation of other non-parenchymal 

cells leading to increased extracellular matrix deposition causing 

increased growth factor sequestration and further limit the number 

of hepatocytes entering the cell cycle. 

 We found that irrespective of the dietary and time conditions; 

NF-κB occupied a large number of binding sites in the promoter 

region of the rat liver genome. This putative genome-wide targeting 

remained even after stringent statistical thresholds to minimize the 

expected false positive rate. However, such an extensive 

occupancy, while detected at statistically significant levels, may not 

necessarily translate into genome-wide functional activity in 

regulating the target gene expression. Moreover, binding data is 

insufficient to differentiate between activation and inhibition of the 

targets. We considered this issue by filtering the p65 target sets 

based on differential gene regulation data. The expression based 

filtering reduced the number of targets considerably in the adapted 

state as well as post PHx and identified NF-κB binding targets that 

showed increase or decrease in expression. An intriguing 

interpretation of the observed extensive p65 binding was that NF-

κB could not only act as an activator/repressor regulating 

transcription, but could possibly also serve as a ‘pioneer’ factor 

binding at a number of genomic loci or potentially interact with 

other known pioneer factors in liver such as FOXA1 or GATA. This 

can in turn contribute to nuclear re-organization and modify acute 

responses in the chronic adapted state.  A similar scenario was 

discussed in an earlier work by Yang et al. where NF-κB induced 

gene expression by promoter specific activation of histone-

modifying co-activators, leading to chromatin remodelling
46

. We 

carried out extensive motif analysis and found that a majority 

(~97%) of the NF-κB targets were likely under a combinatorial 

regulation by transcription factors like STAT-3, CREB, AP-1 and 

C/EBP, which are associated with inflammatory reactions following 

the acute phase response in liver. Coordinated transcriptional 

regulation of NF-κB with these factors has been independently 

reported
80–82

. Research conducted on other organ systems also 

showed coordinated behavior of these TFs in disease progression. 

Cell culture studies on Hodgkin’s lymphoma (HL) identified binding 

motifs for the TFs AP-1, NF-κB, and STAT in HL-specific accessible 

chromatin demonstrating their role in HL biology
95

. Our study, for 

the first time reports the co-occurrence of these transcription 

factors with NF-κB in liver suggesting their modular organization 

with NF-κB during liver regeneration. 

 Our findings demonstrated that the genome-wide localization 

of NF-κB was altered as a response to acute perturbations. We 

interpret the altered distribution in ethanol diet as contributing to 

the defective early gene regulatory network response, thereby 

influencing the acute response of tissue injury and interfering with 

regeneration outcome. Based on these findings, we propose that 

the baseline increase in NF-κB activity due to chronic ethanol intake 

limits further changes in promoter binding at key genes, and this 

may underlie the adverse affects of chronic ethanol treatment on 

the liver regeneration response. For example, Stat3 is a known 

downstream target of NF-κB during normal liver regeneration
96

. Our 

results indicated that NF-κB binding at the Stat3 promoter was at 

higher levels in alcoholic livers, but the baseline target gene 

expression was similar across diets. This adaptive state may arise 

because of additional regulators negatively affecting Stat3 

expression in alcoholic livers. An increase in Stat3 expression post 

PHx coupled with a lack of a concomitant increase in NF-κB binding 

activity at the Stat3 promoter indicated that Stat3 may not be 

under the control of NF-κB in the alcoholic liver. It will be 

interesting to study if and how the increased baseline NF-κB activity 

leads to loss of its control over key target genes in response to 

perturbations after chronic ethanol intake. Our results also point to 

the complexity of the response and diversity in which the 

consequences of increasing the NF-κB activity varied across target 

genes, and were dependent on the perturbation context with 

baseline changes acting distinctly from that in response to PHx.  

Follow-up studies may focus on determining whether the NF-κB 

targets show cell type-specific responses. Our immuno-histo 

chemistry study revealed that NF-κB activity showed a variable 

response to PHx in a cell type specific manner
47

. Other studies have 

demonstrated that hepatocytes from ethanol-fed animals showed 

higher constitutive NF-κB DNA binding leading to the activation of 

NF-κB signalling pathways
8,97–100

. Ethanol intake elevates iron levels, 

priming Kupffer cells for NF-κB activation leading to TNFα 

production in rats treated with a high fat and alcohol diet for 9 

weeks
101,102

. It has also been shown that the combination of chronic 

ethanol intake and unsaturated fats triggers NF-κB activation and 

oxidative stress in Kupffer cells
8,99

 leading the activation of various 

inflammatory factors.  A recent study showed that chronic ethanol 

feeding in mice increased the responsiveness of macrophages by 

sensitization to LPS, resulting from ethanol-induced alterations in 

intracellular signalling through NF-κB
87

. They showed that 

additional stimulation by LPS activated NF-κB in Kupffer cells in 

ethanol-fed mice. These results suggest ethanol treatment induces 

characteristic NF-κB binding responses in different liver cell types. 

Our study largely focused on hepatocytes, since the signal from 

whole-liver tissue ChIP is likely predominantly contributed by 

hepatocytes in contrast to non-parenchymal cells. Emerging 
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techniques such as micro-ChIP and single cell ChIP methods 

potentially enable study of NF-κB genome-wide binding responses 

in non-parenchymal cells
103–106

. 

Conclusions 

We developed a novel comparative analysis method to classify NF-

κB genome-wide binding in liver in the ethanol-fed and 

carbohydrate-fed control dietary groups. Our COMPACT approach 

highlighted subtle aspects corresponding to binding activity and 

expression patterns involving only a small number of genes that 

may otherwise have been ignored in conventional analyses of 

genome-wide binding and gene expression data. Partial 

hepatectomy induced a shift in the preferential proximal promoter 

binding loci of NF-κB towards downstream of TSS in carbohydrate 

specific missing group. Additionally, we found that chronic ethanol 

intake shifted the binding landscape of NF-κB post PHx. NF-κB 

target genes at 1h post PHx, specific to the chronic ethanol group 

participated in a select set of pathways associated with the 

initiation of an adaptive regenerative response. Integration with 

gene expression data revealed that the immediate early transient 

binding of NF-κB was associated with differential expression at a 

later time point post PHx. These genes were associated with key 

biological functions such as stress response, apoptosis, cell 

proliferation, cell cycle and metabolic processes. The system-wide 

shift in immediate early NF-κB targeting and co-incident binding 

sites serves as a signature of ethanol-mediated disrupted 

organization of transcriptional regulatory modules, potentially 

underlying the deficient regenerative response. Our results raise 

additional questions as to the general applicability of this 

phenomenon in which compensatory mechanisms that lead to an 

adaptive state in alcoholic rats play a role in suppressing the 

sensitivity of the system to certain perturbations. This could affect 

the ability of the liver to respond to damage and initiate effective 

repair in the face of additional environmental challenges.  
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FIGURE LEGENDS 

 

Fig. 1 

Analysis of the NF-κB binding profile in the ethanol 

adapted state. (A) Comparison of number of NF-κB binding 

targets between ethanol and control groups. (B) Statistically 

overrepresented functional annotation associated with the 

diet-specific and common target promoters. (C) The 

distribution of NF-κB binding sites relative to nearest 

transcription start site. Statistically overrepresented functional 

annotations associated with the peaks of the distribution in the 

ethanol (red) and control (green) groups are indicated. (D) 

Comparison of peak scores corresponding to the common NF-

κB binding targets shows a relatively stronger binding in the 

ethanol group. (E) Differentially expressed genes in the 

ethanol adapted state, categorized according to the NF-κB 

binding profile. 

 

Fig. 2 

NF-κB binding peak distribution relative to TSS for genes 

with binding activity at baseline and at 1h post PHx. (A) 

Ethanol-specific targets, i.e., Novel group, showed similar NF-

κB  binding distribution upstream and downstream of TSS. (B) 

Common targets in the carbohydrate and ethanol groups 

followed the same trend as the Missing set. (C) Carbohydrate-

specific targets, i.e., Missing in the ethanol group, showed 

increased likelihood of NF-κB binding upstream to TSS in the 

adapted state, but shifted towards downstream of TSS at 1h 

post PHx. 

 

Fig. 3 

Comparison of dynamic NF-κB binding patterns between 

the ethanol and carbohydrate control groups. (A) 

COMPACT matrix showing the number of NF-κB binding 

targets for each combination of dynamic binding patterns 

between the ethanol and carbohydrate groups. The element at 

the i
th

 row and j
th
 column of the COMPACT matrix contains the 

number of genes that show i
th

 NF-κB binding pattern in 

carbohydrate group and j
th

 NF-κB binding pattern in ethanol 

group. The diagonal of the matrix represents those genes 

showing a common NF-κB binding response and the off-

diagonal elements represent the genes showing an altered 

temporal NF-κB binding response between the dietary groups. 

The matrix was partitioned such that the patterns representing 

“no NF-κB binding” and “baseline NF-κB binding” separate the 

NF-κB binding in response to PHx. (B) A chord diagram 

visualization of the COMPACT matrix in A. The length of the 

arcs is proportional to the number of genes showing the 

corresponding NF-κB binding pattern. The width of the ribbons 

connecting the arcs corresponds to the comparative pattern 

count, i.e., the number of genes showing the corresponding 

NF-κB binding patterns in the two dietary groups. The arcs are 

arranged such that the “no NF-κB binding” pattern separates 

the patterns with and without NF-κB binding at baseline  

(lower and upper segements, respectively). (C-F) Select 

patterns are highlighted in the chord diagram to illustrate the 

visual analysis approach – NF-κB binding occurring only at 6h 

post PHx (C), only 1hr post PHx (D), at baseline (E), and at 

baseline and 1hr post PHx (F). 

 

Fig. 4 

Analysis of transient NF-κB binding dynamics at 1h post 

PHx. (A) COMPACT matrix highlighting the elements 

corresponding to transient binding in either dietary group. (B) 

Statistically overrepresented Gene Ontology terms for the 

ethanol-specific (Novel), common, and carbohydrate-specific 

(Missing in ethanol) 1h transient NF-κB binding groups. (C) 

Gene Set Enrichment Analysis comparing Novel (red) against 

Missing (green), illustrating distinct pathways and biological 

processes between these subgroups (p <= 0.05, q-value <= 

0.05, overlap coefficient >= 0.3). Visual representation was 

generated using the Cytoscape software for network analysis. 

In this visual, the enriched functional annotations are 

represented as nodes. The size of the nodes is proportional to 

the relative number of genes associated with the 

corresponding annotation in the Novel or Missing groups. 

Edge thickness is proportional to the fraction of genes that 

overlap between two connected nodes. 

 

Fig. 5 

Number of genes associated with the statistically 

overrepresented functional annotations in various COMPACT 

highlighted NF-κB binding target gene groups. 

 

Fig. 6 

Comparative pattern count analysis of the integrated NF-

κB binding and gene expression data. (A) COMPACT 

matrix for combined patterns of NF-κB promoter binding and 

differential gene expression. The matrix is separated into 

segments based on whether NF-κB binding and differential 

expression follow the same temporal pattern, occur within the 

6h time frame post PHx, or are mutually exclusive, within each 

dietary group. In the resultant 9 segments, a few dominant 

patterns with relatively high number of genes are highlighted. 

(B) A chord diagram visualization of the patterns highlighted in 

A. (C-E) Differential gene expression profiles corresponding to 

select comparative patterns in A. (C) novel ethanol-specific 

binding at 1h and novel ethanol-specific differential 

expression, (D) common diet-independent binding at 1h and 

novel ethanol-specific differential expression, and (E) novel 
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ethanol-specific binding at 1h and missing (i.e., carbohydrate-

specific) differential expression, at 6h post PHx. 

 

Fig. 7 

Bioinformatics analysis of transcription factor binding 

sites within the peak NF-κB binding loci. (A) Coverage of 

NF-κB binding across the comparative patterns in Fig. 3A, 

showing mostly high fraction of genes with TRANSFAC-

predicted NF-κB binding sites, except in the case of baseline 

and 1h transient binding patterns. (B) Network containing 

transcription factors corresponding to top ranked motifs 

predicted using DME, and their targets in Novel, Common and 

Missing patterns corresponding to the 1h transient NF-κB 

binding groups in Fig. 4B. (C) The percentage of loci with the 

indicated TF binding site modules calculated after an 

exhaustive search for transcription factor binding motifs using 

DME and PAINT. 
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