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ABSTRACT

Dynamic transcriptional and epigenetic changes during
tunicamycin-induced unfolded protein response

in colorectal cancer cell

Su-Gyung Kim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Hyoung-Pyo Kim)

The abnormal accumulation of the mis/un-folding protein leads to
cellular stress.! To maintain ER homeostasis, the unfolded protein
response (UPR) signaling pathway is induced and is associated with the
pathogenesis of various human diseases, especially cancer.>® The
molecular mechanism of the unfolded protein response (UPR) signaling
pathway mediated by PERK, IRE1, ATF6 is well established.!?
However, whether and how chromatin structure, histone modifications,
and distal regulatory elements control proteostasis under ER stress is
less understood. In this study, i have employed the multi-omics
sequencing data for the advance of understanding dynamic changes in

chromatin state, especially enhancer activities, under ER stress. The



gene expression pattern of protein-coding genes and the genome-wide
enhancer landscape were investigated by performing transcriptomic and
epigenomic analyses, respectively. Taken together, our results unraveled
dynamic changes in chromatin structure and enhancer activities which
contribute to establishing an adequate gene expression program under

ER stress.

Key words : ER-stress, tunicamycin, chromatin, enhancer



I. INTRODUCTION

Proteins form an appropriate tertiary structure through chaperone-mediated
folding in the endoplasmic reticulum (ER) to function properly.* However, the
accumulation of excessively secreted or mis/unfolded proteins induces ER stress.
To relieve ER stress for proteostasis, eukaryotes activate the unfolded-protein
response (UPR).! Three major pathways are processed by UPR, and they initiate
respectively from IREla, PERK, and ATF6a, which are ER transmembrane
protein sensors. They phosphorylate specific kinases or become cleaved forms to
activate several transcription factors. These transcription factors move into the
nucleus and regulate target genes involved in apoptosis, ERAD, and
protein-folding.!>3 It is well known that the UPR plays an important role in
restoring proteostasis, but limited studies on epigenetic dynamics were reported
when ER stress is induced.

Eukaryotes DNA organizes the chromatin structure by the basic unit, the
nucleosome, together with histones. Histone modifications change the charge of
nucleosomes or call-in multiple protein complexes to alter chromatin states.® The
relationship between histone modifications and the transcriptional activity has
been continuously revealed. For example, acetylation and phosphorylation
generally accompany gene expression, while methylation and ubiquitination are
involved in both activation and repression of transcription. That is, histone
modifications play an important role in chromatin structure and gene expression.”*

In addition, enhancers are key regulatory elements that control cell-specific
spatiotemporal gene expression programs.’ It regulates the transcription of target
genes by physically contacting to long-distance genes that are several kilobases or
hundreds of kilobases away or interacting with target genes via intermediate
genes.!® The fact that one enhancer can be linked to several genes and that one

gene can be affected by multiple enhancers further complicates the relationship



between enhancers and genes.!? In view of this, predicting the connection
between an enhancer and a target gene only through location information on the
genome map is highly likely to make an error."* Currently, the mechanism of
cooperative regulation between enhancers and target genes in biology remains a
major challenge. Many enhancer-promoter interactions have been discovered in
the humans or mice genomes due to technological advances so far.

Colorectal cancer is a malignant tumor that progresses as a result of the
continuous accumulation of variations in normal colonic epithelial cells, resulting
in the development of colorectal adenoma or invasive adenocarcinoma.'* It was
predicted that 17,000 people would be diagnosed with colorectal cancer, and about
53,000 people with colorectal cancer would die.!® The onset of colorectal cancer is
caused by the complex action of genetic and environmental factors such as diet,
overweight, activity, and smoking.'* Surgery and chemotherapy have long been
used for cancer patients, but the prognosis for colorectal cancer is not satisfactory,
especially in cases with metastatic lesions. Currently, various therapies such as
targeted therapy are being developed as a way to increase the survival rate of
colorectal cancer patients.'® In addition, the importance of relevant biomarkers for
diagnosing and predicting response to treatment is emerging. It is important to
study the biological phenomena of colorectal cancer in order to realize precision
medicine and develop a treatment for colorectal cancer.

Disruption of ER proteostasis causes the promotion of unfolded protein response
(UPR) along with ER stress."? In other words, it is a signal pathway that relieves
cell stress through actions such as reducing the accumulation of un/mis-folded
proteins by participating in protein translation, decomposing the produced protein,
or correcting folding by increasing the ability of chaperones.!” As a result, the
amount of protein entering the ER decreases, restoring homeostasis again.
However, if the ER stress is not relieved and the UPR is continuously activated,
unstable cells have evolved to die to protect the organism.? This phenomenon is

associated with several diseases such as metabolic diseases, neurodegenerative



diseases, cancer, and chronic inflammation.'* In particular, from the viewpoint of
cancer biology, UPR applies both functions of survival and apoptosis. In general,
cancer develops in a stressful microenvironment, and the UPR response is used as
a survival strategy. In fact, ER stress and UPR activity have been reported in
various carcinomas, and it has been confirmed that they play an important role in
cancer development step by step.>'®!° Therefore, the study of UPR signaling
pathways will help to understand the process from the occurrence of tumors to the
development of aggressive cancer cells.

Based on the research results that UPR plays an important role in cancer cells,
UPR is induced by tunicamycin, which has already been identified as an ER
stressor in cancer cell lines, especially HCT116, a colorectal cancer cell widely
used in drug response studies. In this study, a variety of sequencing data were
analyzed, which are commonly used in epigenetic studies such as ChIP-seq,
ATAC-seq, RNA-seq and Hi-ChIP, to investigate how UPR affect the gene
expression and chromatin states and whether the change of E-P interaction
mediates the change of gene expression during UPR.

I explored ChIP-seq(Chromatin immunoprecipitation followed by sequencing)
data to map transcription factor and histone modification throughout the genome.?°
Several ChIP-seq data using antibodies against various target proteins such as
DNA binding protein and histone protein were processed with an in-house
pipeline. In this study, XBP1, ATF4, ATF6 and CHOP, which are major protein
for master regulator to induce UPR accumulating on transcriptionally active
regulatory elements were sequenced and processed. Several histone modifications
were also identified by widely used markers for chromatin transcriptional states
such as H3K27ac, H3K4mel, H3K4me3, H3K27me3.2!*> ATAC-seq(Assay for
transposase-accessible chromatin) is a sequencing technique for profiling the
genome-wide chromatin accessibility and the composition of accessible chromatin
reflects a network of physical interaction between DNA regulatory elements or

binding proteins and target genes.?



By integrating and analyzing these data, the expression pattern of protein-coding
or non-coding genes in the UPR system is investigated. In addition, genes can be
regulated by various mechanisms in addition to gene sequences. It is known that
an enhancer, which is a regulatory element that contacts a target gene even at long
distances or a modification of histone in contact with a gene sequence, is closely
related to gene expression. The entire genome chromatin structure induced during
UPR and the occupancy pattern of the related transcription elements are checked
the interaction between the promoter of the target gene and the surrounding
enhancer or histone changes, and functional aspects thereof are reviewed. In
conclusion, by considering the results of changes in chromatin structure and
enhancer regions according to the degree of UPR induction, it is intended to serve
as a basis for subsequent studies to investigate the effect of epigenetic features on

UPR-induced target genes.



II. MATERIALS AND METHODS

1. Dataset

All sequencing libraries were prepared in our laboratory and sequenced.

2. Annotation

A. Human Genome Sequence

Reference Human genome sequence file(vl9, GRCh37.p13) and
corresponding gene annotation GTF file were obtained from gencode website
(http://www.gencodegenes.org/).*

B. Human transcription factor

The information for transcription factors in the human genome were
downloaded from  the combination of  various databases

(http://humantfs.ccbr.utoronto.ca/).”®

3. Definition of Regulatory Element
A. Promoter
Promoter is defined as TSS+2.5kb flanking region.
B. Enhancer
H3K27ac ChIP-seq peaks called by MACS2 software were determined as
enhancers. (see method below)
C. Super-enhancer
Super-enhancers were defined by ROSE algorithm based on enhancer regions

(see method below).

4. Sequencing data processing
A. RNA-seq

Adapters of paired-end reads were trimmed using trim_galore. The trimmed



reads were aligned to the human genome assembly hgl9 using
STAR?%(v2.6.0a) with the default parameters but with the twopassMode set at
Basic. Post-alignment quality was assessed using an in-house customized R
script. BedGraph files were generated using deeptools bamCoverage with
parameters --normalizeUsing CPM --binSize 1 and bigWigToBedGraph. Read
count tables are created using RSEM?’(v1.3.1). Expression dynamics are
evaluated using DESeq2?%(v1.26.0) with normalization by the number of
uniquely mapped reads. Significant differentially expressed genes were
determined by adjusted p value (FDR) < 0.05 and [log2FoldChange| > 1.

For hierarchical clustering of gene expression, Euclidean’s distance measure
and complete linkage clustering as implemented in the R stats(v3.6.1) package
were performed. | selected the value of K at 6 to identify meaningful clusters
by plotting dendrogram. The normalized counts of significant gene filtered by
adjusted p value < 0.05 for all contrasts were used as input. The heatmap to
visualize normalized signals of each cluster was generated by R
pheatmap(v1.0.12).  Functional  analysis = was  performed  using
Metascape®(v3.5) to identify GO terms enriched in differentially regulated
genes and the results were plotted by R ggplot2.

B. ATAC-seq

ATAC-seq raw sequence data was trimmed using trim_ galore to remove
adapters. Mapping the trimmed reads to the reference genome using
bowtie2*°(v2.3.5.1) with parameters --end-to-end --very-sensitive -X 2000 was
performed. Following marking duplicated reads with Picard, mitochondrial
reads and duplicates were eliminated using samtools. Fragment size
distributions of each  sample were checked using Picard
CollectlnsertSizeMetrics. For minimizing Tn5 transposase binding biases,
uniquely mapped reads were shifted by +4bp on the positive strand and -5bp on
the negative strand using deeptools function alignmentSieve. Only reads with a

length of less than 100bp were extracted using deeptools alignmentSieve to



filter NFR(nucleosome free region). Peak calling was performed by MACS2
with parameters -f BAMPE --nomodel --min-length 100. Peaks located in the
blacklisted regions were excluded. Bigwig files to visualize and use in other
analyses were generated using deeptools bamCoverage with parameters
--normalizeUsing CPM --binSize 1. Representative for downstream analysis is
replicate 1.

C. ChIP-seq

Paired-end sequencing libraries were constructed for all types of sequencing
methods and sequenced on the Illumina platform. Sequencing reads were
quality-checked using fastqc and adapter sequences were trimmed using
trim_galore(v0.6.4) (Table 1). The trimmed reads were aligned to the human
reference genome (hgl9) using bwa mem3!(v0.7.12) with the default
parameters. Reads mapped on mitochondrial chromosomes, low-quality reads
and duplicates marked with picard(v2.18.23) were eliminated using
samtools**(v1.9). Enriched regions defined as ChIP-seq peaks were called from
bam file using MACS*(v2.2.7.1) with options -g hs -f BAMPE --nomodel and
scored against matched input libraries to remove artificial bias. Significant
peaks with a g-value (false discovery rate) threshold of 0.01 are remained and
peaks on genomic blacklisted regions were filtered. For visualization and
downstream analysis, deeptools**(v3.3.0) bamCoverage is used to convert
uniquely mapped reads into bigwig files with parameters --normalizeUsing
CPM --binSize 1. Representative for downstream analysis is replicate 1 and
merged data of all sequencing data except H3K27ac ChIP-seq and H3K27ac
ChlIP-seq, respectively.

Regions at the peak center +2 kb were sorted in descending order based on the
mean value of the signal and visualized using deepTools plotHeatmap.

Peak distribution on genomic loci was calculated by HOMER?
annotatePeaks.pl with a gtf file of GENCODE hg19 reference genome.

D. PRO-seq



After trimming the adapter sequences and checking quality, the paired reads
were mapped to the human reference genome (hg19) using bwa mem?! with the
default parameters. Reads at mitochondrial chromosome, those with
low-quality and duplicates marked with picard were removed using samtools*.
PRO-seq peaks were called from bam file using HOMER?*® with options —style
groseq. For visualization and downstream analysis, deeptools**(v3.3.0)
bamCoverage is used to convert uniquely mapped reads into bigwig files with
parameters --normalizeUsing CPM --binSize 1. Representative for
visualization is replicate 2. Regions at the peak center £2 kb were sorted in
descending order based on the mean value of the signal and visualized using

deepTools plotHeatmap.

5. Motif enrichment analysis

Motif analysis was performed using findMotifsGenome.pl from HOMER to
investigate enriched motifs within differential accessible regions and each
cluster of enhancers. The enrichment score was defined as -loglO(p value)
meaning the significance of each motif site in a specific region compared to
control regions randomly selected from the genome. For illustrating the motif
search of differential accessible regions and enhancer clusters as heatmap, i

filtered the results by P value < 1e-10 and P value < le-2, respectively.

6. Super-enhancer calling

H3K27ac peaks from pooled data were used as input of ROSE
algorithm®*3’(v0.1) for calling super-enhancers after excluding peaks within
promoter, £2.5kb of the transcription start site (TSS). Individual enhancer
element was stitched together within a distance of 12.5 Kb, forming a long
enhancer domain. The H3K27ac ChIP-seq signal of each stitched region was
calculated and ranked. Based on a threshold at the tangent slope of 1,

super-enhancers and typical-enhancer were classified, for example,

10



super-enhancers were defined as H3K27ac domains with the threshold above 1.
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Table 1. Resources used in this study

Software and Algorithms

Source

Identifier

fastqev0.11.9
trim_galore v0.6.4
bowtie2v2.35.1
bwa v0.7.12
SAMtools v1.9
Picardv2 18.23
deeptools v3.3.0
MACS2v2.2.7.1
bedtools v2.29.2
ROSE V0.1
STARv2.6.0a
RSEMv.1.3.1
DESeq2v1.26.0
Metascape v3 5

Babraham Bioinformatics
Babraham Bioinformatics
Ben Langmead et al_, 2012
Li an Durbin, 2010
Lietal 2009
Broad Institute
Ramirez et al_, 2016
Zhang et al., 2008
Aaron R Quinlan et al., 2010
Warren A Whyte et al., 2013
Dobin et al., 2013
Li and Dewey, 2011
Love etal , 2014
Yingyao Zhou et al 2019

https:/fgithub.com/s-andrews/FastQC
https:/fgithub.com/FelbdruegerTrimGalore
https:/fgithub.com/BenlLangmead/bowtie?
https:/fgithub.comAh3/bwa
http:/fsamtools_sourceforge_net
https:/github com/broadinstitute/picard
https:/github.com/deeptoolsideepTools/
https:/igithub.comAaoliu/MACS
https:/igithub.com/argx/bedtonls2
http:/fyounglab.wi.mit edu/young html
https://github.com/alexdobin/STAR
https:/fdeweylab github_io/RSEM/
https-//doi.org/10.18129/B9 bioc DESeq2
https://github.com/data2code/msbio/
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III. RESULTS

1. Expression pattern of protein-coding genes during the UPR

All sequencing data were generated from tunicamycin-treated cells for Oh, 6hr,
16hr, which are labeled as Con, 6hr, 16hr, respectively (Fig. 1A). To identify
how transcriptional activity is changed during UPR and what characteristics it
has, RNA-seq analysis was performed (Table 2). RNA-seq is one of widely used
sequencing methods to quantify mRNA transcripts. At first, it was confirmed
whether UPR was well-induced by tunicamycin and the data can reflect
transcription profiles through the genomic viewer at the target genes regions (Fig.
1B). High correlation among replicates was verified for the differential
analysis(Fig. 1C). Differentially expressed genes of con vs 6hr, 6hr vs 16hr and
con vs 16hr were represented (Fig. 1D-F). 683 genes were up-regulated and 746
of genes were down-regulated significantly after the treatment of tunicamycin
(Fig. 1D). The number of genes up-regulated and down-regulated in 6hr
compared to 16hr were 316 and 1134, each (Fig. 1E). The expression of 524 and
96 genes were respectively increased and decreased in 16hr versus Con (Fig. 1F).
To classify the transcriptional dynamics in more detail, i clustered significant
genes by normalized counts (Fig. 2A). The transcription-decreased genes in 6h
compared to Con were involved in cluster 1, 5, 6 and they mainly serve
morphogenesis or ribosome biogenesis (Fig. 2B,F,G). On the contrary, focused
on genes with increased expression during UPR, i investigated GO terms of
cluster number 2, 3, and 4 among 6 clusters (Fig. 2C-E). Not surprisingly, a
majority of up-regulated genes when ER stress was induced belong to the GO
terms related to the response to endoplasmic reticulum stress. Cluster 2 was
defined as genes with largely increased expression at the 6hr time point and a

decrease to Con level at 16hr. While, up-regulated genes in 6hr compared to Con

13



whose transcription levels in 16hr were below the level of Con were called as
cluster 3. The genes that were up-regulated continuously to at the 16hr time point
belongs to cluster 4. Via GO analysis by cluster, It was found that ‘peptide
biosynthetic process’ and ‘translation’ was for cluster 2 (Fig. 2C). GO terms
related to ‘mRNA processing and splicing” were shown as the result of cluster 3
(Fig. 2D). It was represented that genes with a long-lasting increase in expression
mainly have ‘response to endoplasmic reticulum stress’, ‘proteasomal protein
catabolic process’ and ‘ERAD pathway’ (Fig. 2E). The results show that the
characteristics of genes induced by ER stress were distinguished according to the
change of transcription activity from the basal state to the adapted cells through
activation. Moreover, these suggest that UPR proceeds in the order of protein

synthesis, accompanied by changes in associated transcriptional activity.
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Figure 1. Global transcriptome profiling under ER stress

(A) The scheme of our experiment; Con, 6hr, 16hr were Ohr, 6hr, 16hr after
treatment of tunicamycin in HCT116 cell lines, respectively. (B) Snapshot
showing RNA transcription. (C) PCA analysis using normalized counts of
RNA-seq to confirm correlation between replicates. (D) The identification of
significant differentially expressed gene; con vs 6hr (left), 6hr vs 16hr (middle),
and con vs 16hr (right). Red dots are up-regulated and blue ones are
down-regulated genes. The cutoff applied on all contrasts is FDR < 0.05 &
[log2FoldChange| > 1.
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Figure 2. The change and characteristics of gene expression when ER stress
induced (A) Hierarchical clustering of gene expression pattern. Z-score was
calculated by the normalized gene counts. (B-G) GO terms analyzed using cluster

1 (B),2(C),3 (D), 4 (E), 5 (F), 6 (G).
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Table 2. Summarized mapping results of RNA-seq, ATAC-seq, and
ChIP-seq

Assay Antibody Treatment Replicate Aligned Reads Duplication Rate Used reads in Analysis
ChiP-seq XBP1 Tunicamycin Oh 1 19,820,599 16 % 16,026,621
ChiP-seq XBP1 Tunicamycin Oh 2 21,123 553 16% 15,995,208
ChiP-seq XBP1 Tunicamycin 6h 1 20,992,467 15 % 16,119,904
ChiP-seq XBP1 Tunicamycin Bh 2 22,489,952 16 % 17,043.073
ChiP-seq XBP1 Tunicamycin 16h 1 34,213,609 19% 25,085,817
ChiP-seq XBP1 Tunicamycin 16h 2 33.424 797 18 % 24 646,599
ChiP-seq ATF4 Tunicamycin Oh 1 35,720,984 23% 24,859,317
ChiP-seq ATF4 Tunicamycin Oh 2 35,903,020 2% 25244 512
ChiP-seq ATF4 Tunicamycin 6h 1 35,852,391 25% 24372424
ChiP-seq ATF4 Tunicamycin Gh 2 36,182,748 21% 25,838,813
ChiP-seq ATF4 Tunicamycin 16h 1 35,562,042 19% 25,826,487
ChiP-seq ATF4 Tunicamycin 16h 2 36,457,311 21% 26,041,506
ChiP-seq ATFB Tunicamycin Oh 1 23,241,552 7% 17,272,515
ChiP-seq ATF6 Tunicamycin Oh 2 24 652 538 17 % 18,283.714
ChiP-seq ATF6 Tunicamycin 6h 1 21,526,872 19% 15,739,453
ChiP-seq ATFB Tunicamycin 6h 2 27,854,843 1% 19,837,027
ChiP-seq ATF6 Tunicamycin 16h 1 21876725 7% 16,267,252
ChiP-seq ATFB Tunicamycin 16h 2 21,590,622 16 % 16,220,984
ChiP-seq CHOP Tunicamycin Oh 1 23,653,602 28% 15,351,670
ChiP-seq CHOP Tunicamycin Oh 2 36,450,282 3% 21177447
ChiP-seq CHOP Tunicamycin 6h 1 27.295849 17 % 20.456.139
ChiP-seq CHOP Tunicamycin 6h 2 23,819,541 16 % 18,316,180
ChiP-seq CHOP Tunicamycin 16h 1 22,853,331 20% 16,540,215
ChiP-seq CHOP Tunicamycin 16h 2 23,538,799 2% 16,628.407
ChiP-seq H3K27ac Tunicamycin Oh 1 101,097,774 14% 80,535,607
ChiP-seq H3K2Tac Tunicamycin Oh 2 116,125,866 15 % 91,208.604
ChiP-seq H3K27ac Tunicamycin 6h 1 104,312,368 16 % 82,253,690
ChiP-seq H3K2Tac Tunicamycin 6h 2 125,199 444 15% 98.583.061
ChiP-seq H3K2Tac Tunicamycin 16h 1 109,578,058 16 % 86,038,567
ChiP-seq H3K27ac Tunicamycin 16h 2 104,368,723 15% 82.208.529
ChiP-seq H3K27ac Tunicamycin Oh Merged 217,223,562 15 % 171,184,353
ChiP-seq H3K2Tac Tunicamycin 6h Merged 229,511,630 16 % 180,168,013
ChiP-seq H3K2Tac Tunicamycin 16h Merged 213,946,782 15 % 167.812,918
ChiP-seq H3K27me3 Tunicamycin Oh 1 27 477,786 10 % 22648383
ChiP-seq H3K2Tme3 Tunicamycin Oh 2 36,519,769 9% 30,733.274
ChiP-seq H3K4me1 Tunicamycin Oh 1 36,146,159 5% 31,738,947
ChiP-seq H3K4me1 Tunicamycin Oh 2 33,176,502 12% 27.218,512
ChiP-seq H3K4me3 Tunicamycin Oh 1 36,294,604 1% 29,720,683
ChiP-seq H3K4me3 Tunicamycin Oh 2 35,994,092 10 % 29,632,624
ChiP-seq H3K27me3 Tunicamycin 6h 1 31,873,290 12% 25,863,819
ChiP-seq H3K2Tme3 Tunicamycin 6h 2 36,371,614 1% 30,025,446
ChiP-seq H3K4me1 Tunicamycin 6h 1 36,138,203 7% 31,224 295
ChiP-seq H3K4me1 Tunicamycin 6h 2 36,215,801 7% 31,268,067
ChiP-seq H3K4me3 Tunicamycin Bh 1 32,618,673 15 % 25,548.231
ChiP-seq H3K4me3 Tunicamycin 6h 2 36,344 846 1% 29,731,093
ChiP-seq H3K2Tme3 Tunicamycin 16h 1 31,388,329 10% 26,131,505
ChiP-seq H3K27me3 Tunicamycin 16h 2 31,832,246 13% 25,735,901
ChiP-seq H3K4me1 Tunicamycin 16h 1 31,281,954 12% 25,732,065
ChiP-seq H3K4me1 Tunicamycin 16h 2 30,352,669 12% 24,922,166
ChiP-seq H3K4me3 Tunicamycin 16h 1 33,445,823 13% 26,719,978
ChiP-seq H3K4me3 Tunicamycin 16h 2 29,295 787 16 % 23,064,833
RNA-seq - Tunicamycin Oh 1 - - 81.129.072
RNA-seq - Tunicamycin Oh 2 - 80.037.976
RNA-seq - Tunicamycin Oh 3 - 81,548,544
RNA-seq - Tunicamycin Bh 1 - 79,690,194
RNA-seq - Tunicamycin 6h 2 - 75497 464
RNA-seq - Tunicamycin Bh 3 - 69,365,122
RNA-seq - Tunicamycin 16h 1 - 70,584,306
RNA-seq - Tunicamycin 16h 2 - 73.615.496
RNA-seq - Tunicamycin 16h 3 - - 81,230,142
ATAC-seq - Tunicamycin Oh 1 83,826,695 1% 55,447,672
ATAC-seq - Tunicamycin Oh 2 84,916,422 24% 54,799,610
ATAC-seq - Tunicamycin 6h 1 79,923 541 20% 54 687,986
ATAC-seq - Tunicamycin 6h 2 87,348,995 21% 58,695,526
ATAC-seq - Tunicamycin 16h 1 83,287,929 23% 54 562 460
ATAC-seq - Tunicamycin 16h 2 82,826,070 1T% 58,715,314
PRO-seq - Tunicamycin Oh 1 61,084,859 2% 33,724,063
PRO-seq - Tunicamycin Oh 2 60,614,132 24% 35,148,661
PRO-seq - Tunicamycin 6h 1 61,908,436 28% 31,917,037
PRO-seq - Tunicamycin 6h 2 56,844 589 2T% 29,090,642
PRO-seq - Tunicamycin 16h 1 54411174 20% 31,694,315
PRO-seq - Tunicamycin 16h 2 54,879,992 24% 29,258,249
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2. The change of genome-wide chromatin structure during UPR

ATAC-seq method was used to identify one of various chromatin features,
chromatin accessibility. Chromatin accessibility means the extent to which
chromatin opens for DNA-binding proteins. Given the heatmap, it is observed that
average signals of ATAC-seq were similar among all samples (Fig. 3A). It is
implied that chromatin accessibility and its characteristics were generally
unchanged upon the treatment of tunicamycin. However, regions with
significantly differential accessibility were detected at a few specific regions.
Samples tunicamycin-treated for 6hr have 924 and 416 regions that are more and
less opened compared to Con, respectively (Fig. 3B). Motif enrichment analysis
was performed by the differential accessible regions of Con vs 6hr to focus on the
direct effect of ER stress. Mostly, enriched motifs were also similar. But, motifs
with higher enrichment of gained than lost accessible regions in 6hr were AARE,
ATF4 and CHOP, etc. They are renowned transcription factors associated with
UPR, verifying that ATAC-seq data reflects the chromatin open status well (Fig.
3C). Among enriched motifs at gained accessible regions, ATF3, ATF4, CHOP
have up-regulated expression in 6hr versus Con. They are likely to be the putative
transcription factors that affect the expression of target genes when ER stress
induced (Fig. 3D-E).

Furthermore, i explored ChIP-seq data for a variety of histone markers such as
H3K4mel, H3K4me3, H3K27me3 and H3K27ac to find out what chromatin status
are at each time point under ER stress. The regions that are enriched with
H3K4mel and H3K4me3 mean the poised enhancer and the active promoter,
respectively. H3K27me3 is a repressive mark and H3K27ac is defined as an active
enhancer marker. By identifying profiles of those histone markers, i examined
whether ER stress influences histone modifications genome-wide. All histone
ChIP-seq signals except for H3K27ac were partially altered at only low signals
during UPR, suggesting that tunicamycin treatment had little effect on histone

modifications (Fig. 4A-D).
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Figure 3. The pattern of chromatin accessibility under ER stress (A)
Heatmap of ATAC-seq signals for genomic accessibility. (B) Significant
differentially accessible regions; con vs 6hr. Red and blue dots represents gained
and lost accessible regions, each. The cutoff applied on all contrasts is p value <
0.05 & |log2FoldChange| > 1. (C) Motif enrichment analysis performed using
gained and lost accessible regions in 6hr sample versus Con sample. (D-E) The
scatter plots showing the transcription level of the motifs enriched at the regions
with increased accessibility at 6hr compared to Con. X axis shows the relative

expression in 6hr compared to Con (D) and the normalized RNA abundance (E).
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Figure 4. The profiling of histone modification (A-D) Heatmaps and MA plots
of H3K4mel (A), H3K4me3 (B), H3K27me3 (C), H3K27ac (D) ChIP-seq
signals with or without tunicamycin treatment. Left : Heatmap of ATAC-seq
signals for genomic accessibility. Right : Significant differentially accessible
regions; con vs 6hr. Red and blue dots represents gained and lost accessible
regions, each. The cutoff applied on all contrasts is p value < 0.05 &

[log2FoldChange| > 1.
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3. The dynamics in enhancer landscape during UPR

To identify the effects of ER stress on enhancer landscape, H3K27ac ChIP-seq
data was analyzed after pooling replicates. Given that average enhancer signal
was strengthen during UPR and reduced below the level of Con at the 16hr time
point (Fig. 5A-B), the number of enhancers with an increased intensity were
4400 and 3588 in 6hr samples versus Con and 16hr, respectively. Also, 1709 of
enhancer signals were gained in 16hr compared to Con (Fig. 5C). For detail
classification of enhancers changes, clustering by normalized counts was
performed. Though i got 6 clusters total, cluster 4, 5 and 6 were ignored because
of few contents (Fig. 5D). Each cluster was applied by motif enrichment analysis.
To concentrate on the increasing trends, it is observed by heatmap that motifs of
ATF1, ATF4, CHOP, CEBP, NFIL3 and HLF were more enriched in cluster 1
than cluster 2 (Fig. 5SE). Among them, ATF4 and CHOP were more enriched at
H3K27ac peaks of C1 than C2 and their expressions also were up-regulated at the
6hr time point versus Con (Fig. SF-G). It indicates that they can be putative
transcription factors to influence transcriptional signals via the change of
enhancer activity, particularly enhancers that do not have less signal than control

in ER stress-adapted cells due to rebound.
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Figure 5. ER stress influences the enhancer landscape by diverse patterns
(A) Average enrichment of H3K27ac ChIP-seq signal as enhancer activity in 3
conditions; Blue : cells without the tunicamycin treatment, Red

tunicamycin-treated HCT116 for 6hr, Green : tunicamycin-treated HCT116 for
16hr. (B-C) The scatter plots (B) and the volcano plots (C) showing the increase
upon the treatment of tunicamycin and reductions upon ER stress adaptation in
global occupancies. (D) The clusters of enhancer pattern by the normalized
counts of ChIP-Seq signals called for H3K27ac. (E) The heatmap generated for
showing the motif enrichment at each cluster of H3K27ac ChIP-seq signals. Only
motifs which are in human transcription factors database were represented. (F-G)
The change of expression (F) and the average of normalized expression (G) of

genes with motifs that were enriched at cluster 1 of enhancer signal than cluster 2.
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4. Genome-wide binding pattern of UPR-related transcription factors

The ChIP-seq data for specific target proteins were applied to examine how
binding profile of transcription factors related to UPR were changed and what
features each TF has. There are a diversity of transcription factors associated with
UPR. Among them, i selected 4 transcription factors, XBP1, CHOP, ATF4,
ATF6, which are activated through main signaling pathway when ER stress
occurs. As the treatment of tunicamycin for 6hr, the number of their binding sites
and their intensity all were shown to be increased. After UPR-induced for 16hr,
TF binding signals were declined to or below the level of Con (Fig. 6A-B). Here,
i also discovered that ATF4 and ATF6 have basal level even at the Con sample in
contrasts to XBP1 and CHOP. It means that unlike XBP1 and CHOP, ATF4 and
ATF6 are likely to affect expression of target genes even through the decrease in
binding strength. [ investigated the genomic distributions of each TF binding site,
showing that XBP1 and ATF6 have tendency to binds at promoter. On the other
hands, binding sites of CHOP and ATF4 were mostly on intron or intergenic
regions (Fig. 6C). It indicates that CHOP and ATF6 work in an enhancer-centric
manner, whereas XBP1 and ATF4 have a promoter-centric binding pattern. From
these results, i suggest the possibility that XBP1 and ATF6 affect the
transcriptional activity mainly at its promoter, and ATF4 and CHOP indirectly

regulates the expression of target genes by locating on distal region.
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Figure 6. The occupancy and intensity of well-known transcription factors
activated by ER stress (A) The ChIP-seq peaks of all conditions, Con, 6hr and
16hr for XBP1 (first left), ATF6 (second left), ATF4 (second right) and ATF6
(first right). Con (blue): untreated wild-type HCT116, 6hr (red): wild-type cell
treated with tunicamycin for 6 hours, 16hr (green): HCT116 treated with
tunicamycin for 3 hours. (B) The heatmaps showing average signals of each
target proteins at the flanking regions £2kb of their binding sites. Reds are for
XBP1 and greys are for ATF6. ATF4 and CHOP signals represent as green and
blue, respectively. (C) The genomic distributions of XBP1, ATF6, ATF4, CHOP
from left to right side. The numbers in the center of the doughnut plot are the

number of peaks.
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5. The relationship among enhancer landscape, UPR-related transcription
factors and gene expression during UPR

Given that enhancer activity was increased during UPR, i explored the TF
ChIP-seq and H3K27ac ChIP-seq together to examine whether the transcription
factors induced by ER stress are related to the change, especially the increase, of
enhancer landscape. The occupancy of transcription factors per each H3K27ac
cluster was identified by generating heatmaps. Here too, clusters from number 4
to 6 were also not considered due to a small number of subjects. All of the
transcription factors are correlated to the gained enhancer regions in 6hr versus
Con, and transcription factors did not bind on the H3K27ac signals with a
decrease. The result of ATF4 and CHOP with signals spreading in most of the
H3K27ac region is due to their enhancer-centric nature, as opposed to XBP1 and
ATF6 (Fig. 7A). Viewing from the opposite perspective, i distinguished the
H3K27ac peaks as TF bound and unbound, and compared H3K27ac signals
statistically (Fig. 7B). It is examined that transcription factors related to UPR
have a connection with enhancer activity. Moreover, XBP1 and ATF6, ATF4 and
CHOP are grouped by two to show a difference in pattern. Significantly gained
H3K27ac peaks are much bound by ATF4 and CHOP contrary to XBP1 and
ATF6, suggesting that ATF4 and CHOP are likely to affect the enhancement of
enhancer signal (Fig. 7C). Then, i processed the integrative analysis with
RNA-seq, H3K27ac ChlIP-seq and TF ChIP-seq to identify the effect of
TF-bound enhancer on gene expression. The results show that adjacent genes of
TF-bound enhancer have more increased expression in 6hr compared to Con than
those of TF-unbound enhancer (Fig. 7D). It is suggested that TFs regulate the

expression of target genes through the modulation of enhancer signal.
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Figure 7. The dynamics of enhancer landscape was associated with the
binding of transcription factors related to UPR (A) Average binding intensity
of the target binding proteins at each H3K27ac cluster. Red heatmaps were
generated for XBP1 signals and grey ones were for ATF6. ATF4 and CHOP
were illustrated as green and blue heatmap, each. The cluster 1 of H3K27ac
signal was marked by purple. The cluster 2 and 3 were denoted as yellow and
turquoise blue, respectively. (B) The difference of H3K27ac level according to
the transcription factor binding in all conditions; The grey box plot represents the
H3K27ac signals at transcription factor un-bound enhancers and the box plot
with each color shows the H3K27ac signals at the enhancers that are bound by
each transcription factor. (**** : p< 0.0001, wilcox test) (C) The proportion of
the significantly gained H3K27ac peaks after 6hr compared to Con with (red) and
without (blue) transcription factors signals. (D) The box plot showing the
expression of adjacent genes of TF-bound or unbound H3K27ac. (**** : p<

0.0001, wilcox test)
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6. The profiling of super-enhancer when ER stress-induced

To determine the super-enhancer region, i utilized ROSE algorithm and plotted
the line plot showing the total enhancers ordered by magnitude of signal. Con,
6hr, and 16hr samples have 330, 453, and 375 super-enhancers, respectively (Fig.
8A-B). The positions of most of the super-enhancer regions were maintained
with a few exceptions (Fig. 8C). However, since this comparison is approved
only with the presence or absence of a called super-enhancer, there may be bias
from ranking the H3K27ac signal. Thus, i analyzed the average signal intensity at
super-enhancers and carried out the differential anlysis. It shows that
super-enhancers in Con have higher H3K27ac signal than those in 6hr and the
signal was declined in 16hr below Con. This parallels the dynamics of all
enhancer activity (Fig. 8D). At this time, the comparison of Con and 6hr showed
the most striking difference, and the super-enhancer showed a significant
increase in all (Fig. 8E). It illustrates that super-enhancers that have key roles in

regulation of gene expression were increased when ER stress-induced.
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Figure 8. The identification of super-enhancer and the change of its activity
(A) Distribution of stitched enhancer that are ranked by increasing H3K27ac
ChIP-seq signal. (B) The bar graph showing the number of super-enhancer (C)
The venndiagram of the super-enhancers of all conditions, con, 6hr, and 16h. (D)
Average signal of super-enhancer in each sample; Blue : con, Red : 6hr, Green :
16hr. (E) Differential super-enhancer activity; con vs 6hr (left), 6hr vs 16hr
(middle), con vs 16hr (right). Red dots means super-enhancers with p value <
0.05 & log2FoldChange > 1 and blue ones are with p value < 0.05 &
log2FoldChange < -1.
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7. Super-enhancer associated with UPR-related transcription factors affects
gene expression during UPR

In consideration of the fact that increased enhancer activity during UPR is
related to UPR-related transcription factors, i wanted to determine whether
super-enhancers also have a relationship with transcription factors. It was figured
out that transcription factors, especially ATF4 and CHOP, were bound to most of
the increased super-enhancers (Fig. 9A). At this time, i focused on the
comparison with Con and 6hr for the direct effect of ER stress. Then, 1 pointed
out the relative expression of genes that are adjacent to differential
super-enhancers. The nearest genes to gained super-enhancers were far more
increased than those to constant super-enhancers in 6hr (Fig. 9B). It means that
the ER stress affect the transcriptional activity via the change of super-enhancer
activity following UPR-related transcription factors binding. For example,
NFE2L1 was adjacent genes of gained super-enhancers in 6hr and the increased
enhancer region bound ATF4 and CHOP. And, expression of NFE2L1 was
increased. Similarly, ARHGEF2 with increased transcription was located on

increased super-enhancer region that binds ATF4 and CHOP (Fig. 9C).
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Figure 9. Super-enhancer is related to UPR activator TFs and affect gene
expression (A) The proportion of the significantly gained super-enhancer regions
in 6hr compared to Con with (red) and without (blue) transcription factors
binding. (B) The Box plot illustrates the expression of adjacent genes of gained
or constant super-enhancer in 6hr versus con (¥***: p< 0.0001, wilcox test). (C)
The representatives of genes with increased expression among adjacent genes of
gained super-enhancers at 6 hr compared to con; Blue : Con, Red : 6hr. Purple
vertical bars highlight the location of the signal increased super-enhancer region

whose adjacent genes are up-regulated in 6hr.
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8. The identification of enhancer RNA and its change under ER stress
PRO-seq is a technique that provides a profile of nascent RNA transcripts,
unlike RNA-seq. | explored PRO-seq data for identification of eRNA and to
come out the changes of enhancer RNA activity during UPR. Firstly, the
PRO-seq data has good reproducibility, and captures both coding and non-coding
transcripts well (Fig. 10A-B). While steady state RNA levels and immediate
transcriptional activity have slightly different meanings, it is expected that both
tend to change is simliar under stimulus induction. The box plot shows that the
relative expression from RNA-seq and that of PRO-seq per gene. The trend line
has a positive slope and there were only few genes with change values of
opposite signs between PRO-seq and RNA-seq (Fig. 10C). Moreover, the
PRO-seq signal of each gene divided into four categories according to the
RNA-seq signal strength was calculated. The genes with most strong RNA-seq
signal, 0~25% category, had many transcripts in the PRO-seq data. As the
RNA-seq signal decreases, the PRO-seq signal also decreases, showing that the
two parallel similarly (Fig. 10D). Based on the observation that ER stress greatly
affect enhancer landscape, the identification of transcripts on enhancer, eRNA,
was needed as one of key regulatory elements. Here, eRNA was briefly defined
as a transcript produced by the enhancer that located on the non-protein-coding
region. It has been previously revealed that UPR-related transcription factors
affect the increase in enhancer activity. I verified that its transcriptional activity
also inclines according to increased enhancer signal via transcription factor
binding (Fig. 10E-F). There are representatives of the nearest genes to gained
enhancers with increased transcripts in 6hr compared to Con through
UPR-related transcription factors that are located in intergenic regions when ER
stress induction (Fig. 10G). It indicates that UPR-related transcription factors,
especially ATF4 and CHOP, increase enhancer signal and eRNA activity, and

regulate the expression of target genes.

40



PRO-seq peaks 5
@
< g
4
L
[§]
'8
o~
o
) :
T T T
-5 0 5
@ Coding O Non-coding log2FC (RNA-seq)
D
f Con 6h 16h
B — — — ] — — - |- — _
Eg e T e e T T - T T
3 IR
%1,10-‘ Lo 10| 1 P 10—“"'1%-
I [ v v Vo o P
S s L o
Condition e 5 4 v e
101 mConméhmis6h o= ASINE . i
Z-score Replicate 8 1 - L EE———
o1 o2 3 ~25 ~50 ~75~100Silent ~25 ~50 ~75~100Silent ~25 ~50 ~75~100Silent

Rank of RNA-seq signal (%)

E
¥ ATF6 ATF4 CHOP
— E 15 L1 —— 1 —rrra— 15 e
T3 PR prevamy preTe—TY
@ ° —_  — —=
@ T 107 109 : : 01— | T 10— = T
g8 ‘ P P
- ) ‘mEN mEE
xo : | :
g == Hem === ] — =1 = =—=—
g Con 6h 16 Con 6h 16h Con 6h 16h Con 6h 16h
- n=289 n=75 n=1,213 n=1,131
F XBP1 ATF4 CHOP
Con 6h 16h Con 16h Con 6h 16h
T
£
i=]
]
o
@
9
Q
®
o
2kb T 2kb T2 b T8 2® 5 06
G
chr20: 25,200,000-25,300,000 chri1: 108,360,000-108,520,000
— bbb ] e el
PYGB EXPH5
1 Lok ' RN T T T TN E— -
RNA-se:
TN n TR 1 1[I |
S\ S s PR s
PRO-seq . T L ]
XBF1 | .44.1‘.._&JL_..l_l;.ll SN RIS VPRSP B S
ATF6 | .|..n..ullukul.n.uihl\w.mm dhnia o skthll e, .1...Jj. i
ATF4 |
CHOP | |
[ T S — - . S -
H3K27ac

41



Figure 10. The expression of non-coding genes with enhancer activity (A)
The heatmaps showing the PRO-seq signal in Con, 6hr, 16hr. (B) The genomic
distribution of PRO-seq peaks; green : peaks in coding regions, orange : peaks in
non-coding regions. (C) The scatter plot showing that log2FoldChange of
RNA-seq and that of PRO-seq per gene; log2FoldChange is a result from
comparison with Con and 6hr. (D) The box plot representing the PRO-seq signal
of genes in each quarter of RNA-seq signal; ~25 : genes with the highest 0~25%
intensity, ~50 : genes with the highest 25~50% intensity, ~75 : genes with the
highest 50~75% intensity, ~100 : genes with the highest 75~100% intensity when
ordered by RNA-seq signal, Silent : genes with zero RNA-seq signal. (E-F) The
box plots(E) and heatmaps(F) showing that PRO-seq signals at each TF- bound
gained H3K27ac peaks in 6h versus Con that not located in coding genes. (ns :
not significant, * : p < 0.1, ** : p <0.01, **** : p<0.0001, wilcox test) (G) The
IGV snapshot of examples that TF-bound intergenic gained enhancers with
increased transcripts regulate the adjacent gene expression; Blue : Con, Red : 6hr.
Purple vertical bars highlight the location of the putative eRNA with increased

enhancer signal whose nearest genes are up-regulated in 6hr.
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IV. DISCUSSION

A stressful environment in the endoplasmic reticulum makes the cells activate the
unfolded-protein response (UPR) for proteostasis. Three main signaling pathways
which start from IREla, PERK and ATF6a were well-known, and target genes
associated with apoptosis, protein-folding and translation are regulated. Although
the molecular mechanism of UPR has been researched in detail, the epigenetic
dynamics when ER stress-induced are not still well-defined. The epigenetic
studies on chromatin state, 3D structure, and various regulatory elements are
needed to understand the regulation of target genes. I analyzed several omics data
to examine the epigenetic features that may affect the change of transcription
during UPR.

All sequencing data except RNA-seq were performed using two biological
replicates of HCT116 cell lines. The transcriptional change when tunicamycin was
treated is shown using three replicates of RNA-seq data. The up-regulated genes at
the 6hr time point versus Con which are likely to involve in UPR have several
patterns that were associated with different GO terms.

The chromatin states such as histone modifications and chromatin accessibility
have mostly continued the same whether or not ER stress was applied. However,
significantly differential accessible regions were detected at specific regions. And,
i discovered that ATF3, ATF4, CHOP have an increase of transcriptional activity
with higher motif enrichment in gained accessible regions than lost.

Unlike other histone modifications, the enhancer landscape represented by
H3K27ac ChIP-seq was changed significantly. Average enhancer signals are
up-regulated at the Ohr time point after tunicamycin treatment and have a
reduction in 16hr sample below the level of Con. I clustered enhancer activity into
six clusters by the normalized counts of H3K27ac signals. Although most of the

H3K27ac peaks have increased signals, disparate patterns emerged. For example,
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there was a difference in whether the reduction from 6hr to 16hr was greater than
the increase from Con to 6hr despite the same trend to signals being increased in
6hr. For identification of the putative causes which affect enhancers, motif
enrichment analysis was performed using the main three clusters of enhancer
signals. ATF4 and CHOP are enriched at cluster 1 compared to cluster 2 as well as
have up-regulated expression when ER stress-induced. The result demonstrated
that ATF4 and CHOP can be a putative transcription factors to influence the
enhancer activity.

The well-known transcription factors related to UPR are discovered to have an
effect on the dynamics of enhancer landscape and partial accessibility change.
Thus, ChIP-seq was processed with the transcription factor antibodies to identify
their binding profiles. They are confirmed to have increased occupancy and
binding intensity by the treatment of tunicamycin. Among them, XBP1 and ATF6
work in promoter-centric manners while ATF4 and CHOP have enhancer-centric
features for binding the genome. It means that XBP1 and ATF6 regulate gene
expression more directly in promoters, and ATF4 and CHOP affect transcription
indirectly via specific methods such as looping.

The contribution of well-studied transcription factors in the UPR pathway on the
enhancer landscape was revealed by various methods. The results show that all
transcription factors, for example, XBP1, ATF6, ATF4, CHOP were related to the
enhancer signals. Especially, ATF4 and CHOP are highly bound on the gained
H3K27ac signals in 6hr, indicating that they may affect the strengthen of enhancer
landscape when ER stress-induced. Furthermore, i suggest the relationship among
UPR-related transcription factors, enhancer activity, and target gene expression
provided that the adjacent genes to TF-bound enhancers have more increased
transcription than those to TF-unbound enhancers.

The super-enhancer which plays an important role in regulating target genes was
identified using ROSE algorithm. Likewise total enhancers, super-enhancers have

increased in 6hr and decreased in 16hr compared to Con. Gained super-enhancers
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by ER stress were associated with UPR-related transcription factors, especially
ATF4 and CHOP. Also, it is shown that they affect gene expression in an
increasing direction.

The non-coding RNA in the enhancer region, called eRNA, is one of the key
regulatory elements. Identification of putative eRNA was achieved and its signal
in gained enhancer by ER stress was analyzed. The results indicate that the
enhancer activity and its transcriptional activity were increased via transcription
factor binding, modulating the expression of target genes during UPR.

In summary, it has been reported that UPR plays an important role in the
maintenance of ER homeostasis and protein function. However, how epigenetic
profiles appear and what effect they are on gene expression are still unknown.
Here, these results demonstrate that chromatin states except for H3K27ac signal
are maintained throughout the genome. ER stress drives the dynamics of the
enhancer landscape towards increasing. The strengthened enhancer activity, also
super-enhancer activity are involved with UPR-related transcription factors such
as XBP1, ATF6, ATF4 and CHOP, regulating the expression of target genes. In
addition, i showed the potential contribution of increased putative eRNA
transcription in intensified enhancer regions in the coordination of the gene
expression.

In this study, i defined the adjacent genes as the target genes. Some enhancers
present in promoters are more likely to affect adjacent genes, whereas the
intergenic or intronic enhancers can modulate the distal target genes as well as
nearest genes. Considering enhancers characteristics, it deserves further
investigation using high-throughput sequencing for chromatin interactions to
verify the certain target genes from enhancer-promoter interaction.

In conclusion, our results provide evidence of epigenetic mechanisms in response
to ER stress. For example, transcriptional activities of target genes are
collaboratively regulated via interaction with enhancers and their eRNA which are

associated with specific proteins.
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V. CONCLUSION

The disrupted proteostasis by ER stress is the one pathogenesis of various
diseases, indicating that the study of UPR is necessary to develop therapeutic
avenues. The Gene expression process in eukaryotes is precisely regulated by
highly complex and coordinated systems. There is a need to explore the
relationship between transcriptional activity and chromatin features during UPR.
Here, 1 used multiple sequencing data like ChIP-seq, ATAC-seq, RNA-seq and
PRO-seq to examine genome-wide profiles about epigenetics which may
contribute to UPR-related gene regulation in HCT116 colorectal cancer cells. For
the classification of profiles in detail, clustering was processed, which was
integrated with other omics data. Genomic accessibility and histone modification
states represent the same level under ER stress. However, it is revealed that there
is an alteration of the enhancer landscape, which is associated with well-known
transcription factors related to UPR. The results show that specific transcription
factors that strengthen the enhancer activity contribute to the transcriptional
regulation via E-P interactions, not genome-wide chromatin states in response to
ER stress. Further, It is plausible that the putative eRNA may play a role in the
interaction between the target gene and the enhancer. Our study suggests the de
novo mechanism of UPR that the enhancer dynamics, including the change of
super-enhancer acitivity, are associated with transcription factors and regulate

gene expression with eRNA transcription.
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