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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 (PHXx) to analyze genome-wide binding activity of NF-xB, a key immediate early
regulator. We investigated the effect of chronic alcohol intake on immediate early NF-xB 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-xB 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-xB 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-xB 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-xB 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-B, PPAR-y and C/EBP-a, likely
participating in co-regulatory modules with NF-xB in shaping the immediate early response to
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PHx. We conclude that adaptation to chronic ethanol intake disrupts the NF-xB 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 (PHXx)
is a widely used model to study initiation and progression of liver regenerationl4. After
PHXx, various pathways are activated to maintain the liver functions. In the priming phase,
hepatocytes exit the quiescent GO phase and enter the pre-replicative G1 phase. Cell
proliferation occurs in both parenchymal and non-parenchymal cells though over different
time phases!>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’. Earlier
studies showed an increase in transcriptional activity of NF-xB p65 during the immediate
early phase of the regenerative process38-15, |eading to the activation of several genes
associated with immune response, inflammation, adhesion, proliferation, oxidative stress
and liver homeostasis312. Failure of NF-xB activation can result in decreased hepatocyte
proliferation316.17 and impaired regeneration in the liver8-29,

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 pathways21-26, This may
have clinical significance relevant to alcoholic liver disease, one of the leading causes of
mortality around the world®12, Delayed cellular replication leading to inhibition of
regeneration was observed in partially hepatectomized livers after ethanol adaptation with
almost complete suppression of hepatocyte proliferation’: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-xB regulation of target genes2®. Chronic ethanol exposure
is associated with a sustained increase in NF-xB activity leading to the activation of pro-
inflammatory genes8:912:30 |t has been shown that ethanol mediated activation of NF-xB in
primary hepatocytes can contribute to the accelerated progression of the liver diseases3!.
However, the specific role of NF-xB 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 regeneration32-36, In
an earlier study, we found an increase in NF-xB 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 PHXx,
suggesting a dynamic role of NF-xB during the early phase of regeneration34. ChIP-chip/seq
techniques have been widely utilized to find binding sites of various transcription factors in
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response to perturbations3:38, These techniques have been informative in analyzing the
genome-wide localization profiles of NF-xB to gain insight into the functional role of NF-
%B in humans and rats3%-46, We analyzed changes in genome-wide NF-xB binding activity
during the immediate early phase of rat liver regeneration. Our results revealed a dynamic
switch of NF-xB binding across the genome with putative consequences for hepatocyte
entry into cell cycle3®. 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-xB revealed an
upward shift in distribution of NF-xB in hepatocytes*’. However, studies thus far have not
addressed the combinatorial effects of chronic ethanol intake diet and acute perturbation of
PHx on genome-wide NF-xB binding patterns.

We addressed this issue by exploring the genome-wide NF-xB bound loci in whole liver
tissue, using ChlP-chip technique. We analyzed the effect of chronic ethanol intake alone on
the genome-wide NF-xB binding profile the ethanol-adapted state. We then employed a
novel pattern analysis to evaluate global alterations in NF-xB p65 promoter binding as a
result of the combined effect of chronic ethanol intake followed by 2/3"d PHx. This approach
allowed us to account for the presence of multiple factors driving common and altered NF-
B 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-xB 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-xB 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-xB 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 PHXx.

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*® 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"d PHx by surgical removal of left lateral and median lobes (LLM) as
previously described®. The remnant liver was allowed to regenerate and the liver samples
were harvested at 1 and 6h post PHx (Fig. S1, ESIT). The excised liver samples at t=0 served

TElectronic supplementary information (ESI) is available.
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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-xB DNA interactions as per standard protocol using a Magna ChIP
G kit (Fig. S2, ESIt). We used Rabbit polyclonal NF-xB p65 antibody (Abcam Inc.,
Cat#ab7970) and a negative control IgG antibody (Santa Cruz Biotechnology, Cat
#sc-2026). Approximately 50 pg 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-xB antibody in
combination with Protein G conjugated solid support matrix magnetic beads. This NF-xB
antibody has been validated extensively in previous studies to detect NF-xB proteins in
Western blots and immunohistochemistry assays*9-51.

ChlIP-chip using Roche Nimblegen Promoter Array

Purified ChlIP DNA was amplified with GenomePlex Complete Whole Genome
Amplification (WGA) kit from Sigma that generated nearly 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 ChlP-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 429C, 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 log,-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 log,-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,
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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

Annotation

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, ESIt). Additionally,
to be identified as bound, NF-xB 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-xB bound regions from all
replicates in both dietary groups over the time course, resulting in 10083 high confidence
peaks.

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 R52:53 and the characteristic genomic features were retrieved
using COMPLETEMotifs®4.

Digitized dynamic patterns representing the comparative binding evolution

To study the alterations in NF-xB 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°° 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
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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 pg 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 the Affymetrix Expression Console
(Affymetrix). Genes were considered expressed above background if they had a log,
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%6. Functionally significant targets of NF-xB 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®’. 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-xB, 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®8. String lengths ranging from 9 to 14 nucleotides were used to
scan for motifs. We used PAINT v4.159, which interfaces the TRANSFAC Pro®
transcription factor binding site database and the associated MATCH® pattern matching
tool®0, 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®.
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We predicted regulatory modules based on the co-occurring binding sites within the peak
regions of NF-xB binding loci.

Results

Chronic ethanol intake alters the NF-xB genome-wide binding profile leading to several
ethanol-specific targets

ChIP-chip NF-xB 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-xB binding loci (Fig. 1A). To elucidate the diet-
specific changes, we separated NF-xB 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-xB 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-xB
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 (/fngrl), Tgf-p receptor ( 7gfB-r3) and Histone deacetylase 1 (Hdacl). Hdacl
interacts with p65 directly to serve as a repressor by de-acetylating p65, thus reducing the
trans activating potential of p6562:63, The statistically over-represented biological functions
modulated by NF-xB 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-xB
mediated inflammatory gene activation in ethanol-adapted liver8-°,

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-xB mediated pathways. Loci showing similar NF-xB 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-xB 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-xB binding at these loci.
The Missing group of genes, i.e., loci with ethanol-induced attenuation of NF-xB binding
activity, was significantly over-represented for cellular macromolecular catabolic process,
cellular response to stress, negative regulation of apoptosis and ion binding.
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We analyzed whether NF-xB activity was preferentially localized relative to the
transcription start sites (TSS). The distribution of putative NF-xB 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 indicate a preferential bias for the
upstream versus downstream binding of NF-xB (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 signals4. 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®. In our study, we analyzed the
genes associated with NF-xB binding within a 200 bp window around the peaks of this
distribution. Our results indicate that proximal promoter binding of NF-xB corresponds to
functionally distinct classes of targets depending on whether NF-xB 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-xB 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-xB 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-xB bound genes
with increased expression are associated with biological processes such as phosphorylation
(Dapkl, Pdk4), regulation of protein Kinase activity (Efnal, Sphk2, Trib3), oxidation
reduction (Aldhial, Aldhlaz, Cyb5r3), and cellular membrane localized components (Cd14,
Abhdl, Avprila, P2ry2 SlcZba2). Some of these NF-xB 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 liverS8. SphK2-/- mice rapidly developed fatty /ivers
on a high fat diet®’. Cd14 deficient mice showed reduced ethanol induced injury®®. NF-xB
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, Aphlb, Eif2ak3, Herpudl, Zbtb16, 116a).

We examined the expression changes of the NF-xB binding target genes common to the
ethanol and control groups (Fig. 1E). A higher resolution version of Fig. 1E is shown in Fig.
S3, ESIt. The genes Amtl, Cabcl, Igfbpl, Pomlkand Rnfl25 showed increased expression
with chronic ethanol intake whereas Erfini, Poplr3c, Ste2, Tobl (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,
ESIT). These included genes with novel ethanol-only response (Cabc2, Igfopl1, Rnfl124,
PPp1r3c, Amtl, Pip4al and Tobl) and likely contribute to increased protein transport and
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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-xB p65 shows
alteration of protein synthesis, transport and localization®®.

Key genes that showed upregulation in the Missing group were Ces6, Cyp51, Sqle (involved
in cellular membrane related functions), GstaZ, Gsta3 (xenobiotic metabolic process), JunD,
Fzd4, Prkcdbp, SmpZaand YcZ2 (Fig. 1E). We found promoters of core circadian clock
proteins (Per2, Per3, Dbp) to be targets of NF-xB 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-xB (~/e/B subunit)
regulates circadian transcription by directly interacting with core clock factors Bmall and
Clock that bind to promoters of clock controlled genes such as Dbp, Perl and Cry’. Dbp,
Perl and Per2were altered in livers from mice fed an ethanol-containing diet’?®.

Partial hepatectomy induced significant dynamic changes in the NF-xB promoter binding

landscape

We examined the peak distribution of NF-xB 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’2
and for genome-wide NF-xB/RelA binding for human pulmonary epithelial cells indicating
a slightly higher peak enrichment for downstream binding of the TSS of target genes*6. To
investigate the change in peak distribution of the same genes over the time course, we
analyzed the binding loci distribution of NF-xB 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-xB
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-xB
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-xB 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-xB 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, ESIT). 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,
ESIT). 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 (689) (Fig. S4,
ESIt). Comparison between the time points (1h versus 6h post PHx) revealed that both
dietary groups had higher number of genes with NF-xB binding at 1h compared to 6h post
PHx (carbohydrate: 3176 versus 2003; ethanol: 5369 versus 1411) (Fig. S4B, ESIt). The
ethanol group showed persistent 1h and 6h NF-xB binding at a smaller fraction of the loci
compared to control (570 versus 860; Fig. S4B, ESIT).
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Comparative pattern counting analysis revealed key dynamic patterns of NF-xB 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-xB binding activity into a
‘1" ora ‘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, ESIT). 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-xB 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-
xB binding at 1h but not by 6h post PHx (Fig. S5, ESIT). Such a dramatic ethanol-dependent
alteration in the dynamic NF-xB binding post PHx indicates that NF-xB may regulate novel
functions following the combined stress of ethanol adaptation and PHXx.

We used the COMPACT approach to understand the detailed differences in the dynamic NF-
xB 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
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corresponding to each of the 64 combinational patterns (8 patterns X 2 dietary groups)
(COMPACT) matrix (Fig. 3A). The element at the it row and jt" column of the 8x8 matrix
contains the number of genes that show it"-binding pattern in Carbohydrate and j 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, ESIt). 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-xB 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-«xB 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 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-xB 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
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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-xB transient binding showed higher sensitivity to combined stimuli of ethanol and PHx

The major dynamic effects of ethanol intake followed by PHx on NF-xB 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-xB
binding in the adapted state, but showed a transient NF-xB 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-xB binding in ethanol group (Missing), but
showed transient NF-xB 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,
Cx3crl, Vegfa) targets. Key genes belonging to this category included Nod?2 (an intracellular
pattern recognition receptor that can induce NF-xB activation), Cc/11 (a cytokine 