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Abstract

Endoplasmic reticulum (ER) stress triggers transcriptional programs that promote either adaptation or apoptosis, yet the epigenetic mechanisms
underlying this response remain incompletely understood. Here, integrated multi-omics analyses of unfolded protein response transcription fac-
tor knockout cells identify ATF4 as a dominant regulator of ER stress-responsive enhancer activation and chromatin looping. Loss of ATF4
markedly impairs stress-induced H3K27ac accumulation and enhancer—promoter interactions at ATF4-associated regulatory elements, estab-
lishing ATF4 as a central organizer of the stress-responsive regulatory landscape. We further identify CHOP as a key functional partner of ATF4
during ER stress. Integrative analyses of ATF4 occupancy and H3K27ac landscapes in CHOP-knockout cells reveal that CHOP selectively mod-
ulates ATF4-dependent enhancer activity and controls distinct subsets of stress-responsive genes. This cooperation preferentially promotes
apoptosis-associated transcriptional programs while having limited effects on core adaptive responses. Together, our findings define a hierarchi-
cal regulatory framework in which ATF4 establishes enhancer activation and chromatin looping networks, whereas CHOP selectively diversifies
their output to specify ER stress-responsive gene programs.
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Introduction

Cells respond to endoplasmic reticulum (ER) stress by ac-
tivating the unfolded protein response (UPR), a signaling
network that restores proteostasis and, depending on stress
intensity and duration, promotes either adaptive or apop-
totic responses [1, 2]. In metazoans, the UPR is mediated

by three major ER-resident stress sensors—protein kinase R-
like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1),
and activating transcription factor 6 (ATF6)—which to-
gether coordinate programs that reduce protein-folding bur-
den, expand ER capacity, and restore homeostasis [3]. Among
these pathways, the PERK—elF2« axis is a central regulator
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of stress-induced gene expression through selective transla-
tional induction of ATF4 and its downstream effector CHOP
[4, 5.

Each branch of the UPR contributes distinct but partially
overlapping transcriptional programs [6, 7]. ATF4 regulates
genes involved in amino acid transport, redox control, pro-
teostasis, and metabolism, whereas CHOP has frequently been
linked to unresolved stress and apoptosis. In parallel, the
IRE1-XBP1 and ATF6 branches activate transcriptional pro-
grams associated with ER folding, secretion, and quality con-
trol. Together, these pathways establish a multi-layered sig-
naling system capable of generating diverse transcriptional re-
sponses under ER stress. However, how such signaling diver-
sity is encoded within the regulatory genome remains incom-
pletely understood.

Previous efforts to define UPR target genes have largely
relied on promoter-centric approaches, including transcrip-
tion factor (TF) binding at proximal promoters and tran-
scriptional changes following TF depletion or overexpression
[8-11]. While informative, these strategies do not readily dis-
tinguish direct regulatory interactions from secondary tran-
scriptional effects and do not capture the contribution of dis-
tal regulatory elements [12, 13]. These limitations are partic-
ularly relevant for stress biology, where rapid and selective
transcriptional reprogramming may depend not only on pro-
moter occupancy but also on inducible enhancer activity and
long-range regulatory interactions.

Emerging evidence indicates that ER stress can induce
widespread enhancer activation and dynamic changes in chro-
matin looping [14-17]. However, the extent to which these
chromatin-level changes actively instruct UPR-responsive
gene expression, rather than simply accompany it, re-
mains unclear. In particular, how stress-activated TFs co-
ordinate enhancer activity and chromatin interactions to
shape gene expression programs has not been systematically
investigated.

Many UPR-associated TFs belong to the basic leucine
zipper (bZIP) family, whose members regulate gene expres-
sion through homo- and heterodimerization [18-21]. Partner
choice can markedly alter DNA-binding specificity and di-
versify transcriptional output, including through heterodimer-
specific binding preferences. ATF4, in particular, forms
context-dependent heterodimers with multiple bZIP part-
ners, including CHOP and members of the C/EBP family,
suggesting that cooperative interactions may diversify en-
hancer regulation during ER stress [22-27]. Yet, how such
interactions contribute to enhancer activity and chromatin
looping to generate distinct transcriptional outputs remains
unclear.

Here, we combined multilayered epigenomic profiling with
genetic perturbation to investigate how ER stress-responsive
TFs regulate enhancers and chromatin looping. By inte-
grating RNA-seq, ATAC-seq, H3K27ac ChIP-seq, TF ChIP-
seq, Hi-C, and H3K27ac HiChIP with loss-of-function anal-
yses, we sought to define the regulatory architecture un-
derlying ER stress-induced transcriptional reprogramming.
Our analyses revealed widespread enhancer activation and
dynamic changes in chromatin looping under ER stress
and highlighted key contributions of UPR-associated TFs
to enhancer-dependent transcriptional regulation, providing
a framework for understanding how ER stress-responsive
gene (ESRG) programs are organized across the regulatory
genome.

Materials and methods

Cell culture and ER stress induction

HCT116 cells (ATCC, CCL-247) were obtained from
the American Type Culture Collection and maintained
in RPMI-1640 medium (Welgene) supplemented with
10% fetal bovine serum (Hyclone, SH30071.03) and 1%
penicillin—streptomycin (Hyclone, SV30010) at 37°C with
5% CO,. Cells were routinely tested for mycoplasma con-
tamination by polymerase chain reaction (PCR) (iNtRON,
25235). For ER stress induction, cells were treated with tuni-
camycin (Tm; Sigma—Aldrich, T77635) at a final concentration
of 0.5 ug ml~! for 6 h. Vehicle control cells were treated with
0.1% dimethyl sulfoxide (DMSO) for the same duration.
The concentration and duration were selected based on
preliminary experiments confirming robust UPR activation
without affecting cell viability.

Cell viability assay

Cell viability was measured using the CellTiter-Glo® Lumi-
nescent Cell Viability Assay (Promega, G7571) according to
the manufacturer’s instructions. HCT116 cells (5 x 10%) were
seeded in 96-well plates. After 24 h, cells were treated with Tm
(0.5 ug ml~1). At the selected time points (0, 2, 4, 8, 16, and
24 h), 100 ul of CellTiter-Glo reagent was added to each well.
Plates were incubated at room temperature for 10 min, and
luminescence was measured using a microplate luminometer
(Berthold Centro XS3 LB 960) and MikroWin2000 software.

Quantitative PCR

Total RNA was isolated from HCT116 cells using Hybrid-R
RNA Purification Kit (GeneAll Biotechnology, 305-101) ac-
cording to the manufacturer’s instructions. RNA was reverse
transcribed using PrimeScript™ RT Master Mix (Takara Bio,
RRO36A). The resulting complementary DNAs (cDNAs) were
subjected to quantitative real-time-PCR using QuantStudio3
(Applied Biosystems); the synthesis of double-stranded DNA
was monitored during various PCR cycles using QuantiNova
SYBR Green PCR Kit (Qiagen, 208052). For each sample, du-
plicate test reactions were analyzed to determine the expres-
sion of the gene of interest, and the results were normalized
to GAPDH mRNA levels. The primer sequences are listed in
Supplementary Table S1.

Western blot analysis

HCT116 cells were lysed in T-PER™ Tissue Protein Extrac-
tion Reagent (Thermo Fisher Scientific, 78510) with pro-
tease and phosphate inhibitor cocktail (Thermo Fisher Sci-
entific, 78440). Proteins were separated using sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membrane. After blocking with
5% skim milk, the membrane was incubated with primary
antibodies at 1:1000 dilution: ATF4 (Cell Signaling Tech-
nology, 11815), CHOP (Cell Signaling Technology, 2895),
NFIL3 (Cell Signaling Technology, 14312), C/EBPB (Santa
Cruz Biotechnology, sc-7962), a-tubulin (Santa Cruz Biotech-
nology, s¢32293), ATF6 (Abcam, ab227830), and XBP1 (Bi-
oLegend, 647502), followed by incubation with horseradish
peroxidase-conjugated secondary antibody at 1:2000 dilu-
tion: HRP-linked anti-Rabbit IgG (7074) and HRP-linked
anti-Mouse IgG (7076) (Cell Signaling Technology). The tar-
get proteins were visualized using Pierce Western Blotting
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Substrate (Thermo Fisher Scientific, 32132) and Image Quant
LAS 4000 (GE Healthcare).

Generation of knockout cell line

To generate ATF4, ATF6, and XBP1 knockout cell lines,
homology-directed repair (HDR)-mediated genome editing
was performed. HDR donor templates containing ~600
bp homology arms were constructed and subcloned into
knockout donor plasmids (OriGene, KN201959LP, and
KN201959RB). Guide RNAs (gRNAs) targeting genomic se-
quences between the homology arms were cloned into the
pX330 vector (Addgene, #42230) using BbsI digestion. For
generation of CHOP, C/EBP{3, and NFIL3 knockout cell lines,
a dual-gRNA deletion strategy was used to excise coding re-
gions spanning 530-1700 bp. gRNAs were cloned into the
pX459 vector (Addgene, #62 988) and combined into a sin-
gle vector expressing two gRNAs. Wild-type (WT) HCT116
cells were co-transfected with donor plasmids and pX330 con-
structs, or with dual-gRNA pX459 constructs, as appropriate.
Following transfection, cells were selected with puromycin (1
ug ml~!) and blasticidin (8 ug ml~!) for 10-12 days. Indi-
vidual colonies were isolated and screened by genomic PCR,
followed by quantitative PCR (qPCR) and western blot anal-
ysis to confirm loss of gene expression. gRNA and genotyp-
ing primer sequences are provided in Supplementary Tables S2
and S3.

RNA-seq library preparation

Total RNA was extracted from WT and TF knockout
HCT116 cells using RiboEx (GeneAll Biotechnology) accord-
ing to the manufacturer’s instructions. RNA-seq libraries were
prepared using NEBNext Ultra RNA Library Prep Kit for Illu-
mina (New England Biolabs, E7760) as previously described
[28], with minor modifications. Briefly, poly(A)+ RNA was
isolated from 1 pg of total RNA and fragmented, followed by
first- and second-strand cDNA synthesis. After adaptor liga-
tion and PCR amplification, libraries were purified using AM-
Pure XP beads and sequenced on an Illumina NovaSeq 6000
platform to generate 100-bp paired-end reads. Three biologi-
cal replicates were generated for each condition.

ATAC-seq library preparation

ATAC-seq libraries were prepared using the OMNI-ATAC
protocol as previously described [28] and sequenced on an
[llumina NovaSeq 6000 platform to generate 100-bp paired-
end reads. Two biological replicates were generated for each
condition.

ChlP-seq library preparation

ChIP-seq experiments were performed as previously described
[28], with minor modifications. Cells were cross-linked with
1% formaldehyde and chromatin was sheared by sonica-
tion. Immunoprecipitation was performed using antibodies
against H3K27ac (Abcam, ab4729), ATF4 (Cell Signaling
Technology, 11815), ATF6 (Abcam, ab227830), XBP1 (Bi-
oLegend, 647502), CHOP (Cell Signaling Technology, 2895),
C/EBPR (Santa Cruz Biotechnology, sc-7962), and NFIL3
(MBL, PM097). Following immunoprecipitation, tagmenta-
tion was performed directly on bead-bound chromatin us-
ing Nextera DNA Library Prep Kit (Illumina). Libraries were
PCR-amplified, size-selected, and sequenced on an Illumina
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NovaSeq 6000 platform to generate 100-bp paired-end reads.
Two biological replicates were generated for each condition.

In situ Hi-C library preparation

In situ Hi-C was performed as previously described [28].
Briefly, cross-linked chromatin was digested with Dpnll, end-
filled with biotinylated nucleotides, and ligated under dilute
conditions. Following sonication and reverse cross-linking,
DNA was purified and subjected to biotin pull-down. Se-
quencing libraries were generated by tagmentation on bead-
bound DNA, followed by PCR amplification and size selec-
tion. Libraries were sequenced on an Illumina NovaSeq 6000
platform to generate 100-bp paired-end reads. Two biological
replicates were generated for each condition.

HiChIP library preparation

HiChIP was performed as previously described [28], with
modifications to capture stress-responsive enhancer interac-
tions. Cells were cross-linked with 1% formaldehyde and
chromatin was digested with Dpnll, followed by biotin fill-in
and proximity ligation. Following sonication, immunoprecip-
itation was performed using antibodies against H3K27ac (Ab-
cam, ab4729) and ATF4 (Cell Signaling Technology, 11815).
Chromatin—antibody complexes were captured, reverse cross-
linked, and purified. Purified DNA was subjected to strepta-
vidin bead enrichment, followed by tagmentation and PCR
amplification. Libraries were size-selected using AMPure XP
beads and sequenced on an Illumina NovaSeq 6000 platform
to generate 100-bp paired-end reads. Two biological replicates
were generated for each condition.

RNA-seq data processing

Paired-end RNA-seq reads were trimmed using TrimGa-
lore (v0.6.4) and aligned to the human reference genome
(hg19) using STAR [29] (v2.6.0c) with the parameters
—chimSegmentMin 20 -twopassMode Basic —quantMode
TranscriptomeSAM. Gene-level expression was quantified us-
ing RSEM (v1.3.1) [30] and normalized to transcripts per
million (TPM). Strand-specific reads were extracted using
SAMtools (v1.3.1) [31], and genome-wide coverage tracks
were generated using deepTools (v3.4.3) [32]. Genes with a
mean TPM > 1 were considered to be expressed. Differen-
tial gene expression analysis was performed using DESeq2
(v1.44.0) [33] with thresholds of |log, (fold change)| > 0.5 and
false discovery rate (FDR) < 0.05. Significantly upregulated
protein-coding genes were defined as ESRGs. Gene ontology
(GO) enrichment analysis was performed using clusterProfiler
(v4.12.6) [34] with an FDR cutoff of 0.05 and the top enriched

terms were visualized.

ATAC-seq data processing

ATAC-seq data were processed as previously described [28].
Paired-end reads were trimmed using TrimGalore and aligned
to the hgl9 reference genome using Bowtie2 (v2.3.5.1) [35]
with parameters —end-to-end —very-sensitive —maxins 2000.
Low-quality reads (MAPQ < 30), duplicate reads, and mi-
tochondrial reads were removed using SAMtools and Picard.
To correct for Tn$ insertion bias and enrich nucleosome-
free regions, reads were processed using alignmentSieve
from deepTools with parameters —-maxFragmentLength 140
—ATACshift. Peaks were called using MACS2 (v2.2.7.1) [36]
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without input control, followed by differential accessibility
analysis using DESeq2 with thresholds of |log,(fold change)|
> 0.5 and FDR < 0.05. Normalized bigWig files were gener-
ated using deepTools, and biological replicates were merged
for visualization and comparative analysis.

ChlIP-seq data processing

ChIP-seq data were processed as previously described [28],
with minor modifications. Paired-end reads were trimmed us-
ing TrimGalore and aligned to the hg19 genome using BWA
[37] (v0.7.17). Low-quality reads (MAPQ < 30), duplicate
reads, and mitochondrial reads were removed using SAMtools
and Picard. Normalized coverage tracks (bigWig) were gener-
ated using deepTools. Peaks were called using MACS2 with
parameters -f BAMPE —-nomodel -g hg19 -q 0.001, and differ-
ential peak analysis was performed using DESeq2 with thresh-
olds of |logy(fold change)| > 0.5 and FDR < 0.05. For visu-
alization and comparative analyses, biological replicates were
merged and processed identically. Heatmaps and average pro-
files were generated using deepTools. Super-enhancers (SEs)
were identified from H3K27ac ChIP-seq data using the ROSE
algorithm [38] by ranking stitched enhancer regions based on
signal intensity and defining SEs above the inflection point of
the signal distribution curve. Differential SEs between DMSO-
and Tm-treated cells were identified by constructing a union
set of SE regions and comparing their activity using DESeq2
with the same thresholds as used for differential peak analy-
sis. Motif enrichment analysis was performed on differential
H3K27ac peaks using HOMER (v4.10). Motifs were iden-
tified using the findMotifsGenome.pl function with default
parameters.

In situ Hi-C data processing

In situ Hi-C data were processed as previously described [28].
Briefly, paired-end reads were aligned to the human refer-
ence genome (hg19), and low-quality reads, singleton reads,
self-ligated fragments, and other invalid read pairs were re-
moved according to the HiC-Pro [39] (v2.11.4) filtering crite-
ria. Valid interaction pairs were assigned to Dpnll restriction
fragments, and genome-wide contact matrices were generated
at multiple resolutions. Biological replicates were assessed for
reproducibility, and highly concordant datasets were merged
and reprocessed to generate combined contact matrices for
downstream analysis. Compartment analysis was performed
using ICE-normalized Hi-C contact matrices at 100-kb res-
olution, and compartment transitions were identified using
dcHiC (v2.1) [40] with a threshold of P < .05. Saddle plots
were generated using cooltools (v0.7.1) [41]. Topologically as-
sociating domains (TADs) were identified using an insulation
score-based approach, as described in a previous study [28].
Insulation scores were calculated, and TAD boundaries were
determined based on the local minima of the insulation score
profile.

HiChIP data processing

HiChIP data were processed as previously described [28], fol-
lowing the same pipeline as Hi-C data processing. Paired-end
reads were aligned to the hg19 genome, and low-quality and
invalid read pairs were filtered. Valid interaction pairs were as-
signed to Dpnll restriction fragments. Chromatin loops were
identified using FitHiChIP (v8.0) [42] in peak-to-all mode
(IntType = 3), with a 5-kb bin size and interaction distances

ranging from 10 kb to 2 Mb. Bias correction was applied using
coverage normalization. Loops were identified with thresh-
olds of Q < 1 x 107> for H3K27ac HiChIP and Q < 0.01 for
ATF4 HiChIP. HiChIP loop anchors were annotated as pro-
moter or enhancer anchors. Anchors overlapping promoter
regions (defined as + 2.5 kb from the transcription start sites
of protein-coding genes) were classified as promoter anchors.
Remaining anchors were classified as enhancer anchors if they
overlapped H3K27ac ChIP-seq peaks, or as other anchors if
no overlap was observed. A union set of loops detected across
conditions was collected for differential loop analysis. Contact
counts supporting each loop were quantified and compared
using DESeq2, with differential loops defined by |log,(fold
change)| > 0.5 and P < .05.

Definition of TF target genes

TF target genes were defined as genes with TF binding at pro-
moters or enhancers and showing decreased expression upon
TF depletion. TF ChIP-seq peaks located within promoter re-
gions or enhancers were identified in DMSO- and Tm-treated
WT cells, with enhancer-associated binding restricted to en-
hancers connected to genes through HiChIP loops. Genes with
TF peaks in their promoters and/or loop-connected enhancers
were evaluated for expression changes in the corresponding
TF knockout cells. Genes showing significantly decreased ex-
pression upon TF depletion |logs(fold change) < —0.5 and
FDR < 0.05| were defined as TF target genes.

TF peak overlap and co-binding analysis

To examine overlap among binding sites of the six TFs, ChIP-
seq peaks from all TFs were combined, and all pairwise over-
laps were computed using BEDtools (v2.25.0) [43] intersect,
with overlap defined as genomic intervals sharing at least
1 bp. Overlap patterns were visualized using an UpSet plot
generated with the ComplexUpset R package (v1.3.3). For
detailed analysis of ATF4 and CHOP co-binding, TF peaks
were classified into four categories. ATF4-only and CHOP-
only peaks were identified using BEDtools -intersect with the
—v option, and were defined as CHOP-less ATF4 and CHOP-
only peaks, respectively. Peaks overlapping between ATF4 and
CHOP were identified using BEDtools intersect and were clas-
sified as ATF4-CHOP shared peaks. To assess CHOP depen-
dency of ATF4 binding, ATF4-CHOP shared peaks were fur-
ther intersected with ATF4 peaks that were downregulated
in CHOP knockout cells compared with WT cells. Shared
peaks exhibiting reduced ATF4 binding upon CHOP deple-
tion were defined as CHOP-dependent ATF4 peaks, whereas
the remaining shared peaks were classified as CHOP-optional
ATF4 peaks.

Functional validation of enhancers by CRISPR
interference

To validate enhancer activity, a dCas9-KRAB-expressing
HCT116 cell line was transduced with lentiviruses express-
ing enhancer-targeting gRNAs. gRNAs targeting ATF4-bound
enhancers (Supplementary Table S4) were designed using
TransCRISPR (v1.0) [44] to minimize off-target effects, and
were cloned into the LentiGuide-Puro vector (Addgene,
#52963). Lentiviruses were produced in 293FT cells by co-
transfecting LentiGuide-Puro constructs with psPAX2 and
pMD2.G plasmids (5.5 pg psPAX2, 0.7 ug pMD2.G, and 7.6
pg LentiGuide-Puro) and concentrated using Amicon filters
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(Merck, UFC9010). Cells were infected with lentivirus at a
multiplicity of infection of 0.5 in the presence of polybrene (8
ug ml~1). After 16 h, the medium was replaced and cells were
selected with puromycin (0.5 ug ml~!) for 48 h, followed by
Tm treatment for 6 h. Total RNA was extracted using RiboEx
(GeneAll Biotechnology, 301-902) and reverse-transcribed for
qPCR analysis.

Casilio-based imaging to quantify
enhancer-promoter interactions

To investigate enhancer—promoter interactions at a represen-
tative locus, gRNAs targeting either the promoter or its associ-
ated enhancer (Supplementary Table S5) were designed using
CHOPCHOP [45]. The promoter-targeting gRNA was cloned
into the gRNA-20xPBS48107 vector (Addgene, #183215)
and enhancer-targeting gRNAs were cloned into the gRNA-
20xPBSc vector (Addgene, #183216) using BbsI digestion. Ap-
proximately 2 x 103 cells were seeded onto confocal dishes 24
h prior to transfection. Cells w re co-transfected with 750 ng
of each gRNA vector, 100 ng PUF-mClover, and 100 ng PUF-
iRFP670 using TurboFect (Thermo Fisher Scientific, R0531).
The culture medium was replaced after 24 h, and cells were
treated with Tm (0.5 ug ml~!) for 6 h prior to imaging. Cells
were stained with Hoechst 33342 (1 pg ml~!) for 30 min at
37°C. Confocal imaging was performed 48 h after transfection
using a Zeiss LSM 780 microscope equipped with a 100x oil-
immersion objective. Z-stack images (10-15 um total height,
0.37 wm step size) were acquired to capture the full nuclear
volume. Images were analyzed using ZEN software (v3.8;
Carl Zeiss). Z-stacks were processed by maximum-intensity
projection, and the spatial proximity between promoter and
enhancer loci was quantified by measuring the Euclidean
distances between mClover and iRFP670 signals identified
from three orthogonal views. Promoter—enhancer pairs within
each nucleus were assigned based on the shortest inter-signal
distance.

Flow cytometry-based amino acid uptake assay

Amino acid uptake capacity was assessed using an amino
acid uptake assay kit (DOJINDO Laboratories, UP04-12).
Cells were seeded in 24-well plates and treated with Tm (0.5
ug ml~1) for 6 h prior to the assay. Boronophenylalanine
(BPA) was used as an amino acid analog. After washing with
Hank’s balanced salt solution, cells were incubated with the
probe solution according to the manufacturer’s instructions.
Stained cells were analyzed using flow cytometry with a FACS-
Verse system (BD Biosciences). All flow cytometry data col-
lected by FACSuite (BD Biosciences) were analyzed using the
FlowJo software (Treestar). Three biological replicates were
performed for each condition.

Flow cytometry-based apoptosis assay

Apoptosis was assessed using an eBioscience™ Annexin V
Apoptosis Detection Kit (Invitrogen, 88-8005-74) according
to the manufacturer’s instructions. Approximately 2 x 10°
cells were treated with Tm (0.5 ug ml~!) for 48 h prior to the
assay. Cells were harvested, washed with phosphate-buffered
saline, and resuspended in 1x binding buffer, followed by in-
cubation with Annexin V-APC at room temperature for 10
min. After washing, cells were incubated with propidium io-
dide for 15 min at room temperature. Stained cells were ana-
lyzed using flow cytometry with a FACSVerse system (BD Bio-
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sciences). All flow cytometry data collected by FACSuite (BD
Biosciences) were analyzed using Flow]Jo software (Treestar).
Three biological replicates were performed for each condition.

Statistical analysis

All statistical analyses were performed using R (v4.4.1) and
GraphPad Prism (v5.03). Statistical significance for qPCR
analyses of individual genes, RNA-seq-based expression anal-
yses, and Casilio imaging experiments was assessed using
unpaired two-tailed Welch’s #-test. Differences in expression
changes of loop-connected genes were evaluated using the
two-sided Wilcoxon rank-sum test. For amino acid transport
and apoptosis assays involving multiple-group comparisons,
statistical significance was determined using one-way analysis
of variance (ANOVA) followed by Benjamini—-Hochberg (BH)
multiple-testing correction. Unless otherwise stated, data are
presented as mean + SEM. Significance levels are indicated as
P <.05,P <.01,and P < .001.

Results

ER stress induces widespread enhancer activation
and dynamic chromatin looping

To systematically investigate how ER stress reshapes tran-
scriptional regulation, we performed integrated multi-omics
analyses in WT cells under basal and ER stress conditions.
Cells were treated with Tm for 6 h to induce ER stress,
and RNA-seq, ATAC-seq, H3K27ac ChIP-seq, Hi-C, and
H3K27ac HiChIP were performed to capture changes in
gene expression, chromatin accessibility, enhancer activity,
higher-order chromatin organization, and chromatin looping
(Supplementary Fig. S1A). This treatment robustly induced
canonical UPR TFs without affecting cell viability under
the conditions used for subsequent analyses (Supplementary
Fig. S1B-D).

RNA-seq analysis identified 1258 upregulated genes as-
sociated with protein homeostasis and ER stress responses
and 1589 downregulated genes enriched for developmental
and differentiation pathways (Fig. 1A and Supplementary Fig.
S1E). Genes that were upregulated upon Tm treatment were
hereafter defined as ESRGs. We performed ATAC-seq to as-
sess whether these transcriptional changes were accompa-
nied by broad changes in chromatin accessibility. Despite the
widespread transcriptional response, ER stress induced only
modest changes in chromatin accessibility, with 158 gained
peaks and 65 lost peaks (Fig. 1B). In contrast, H3K27ac
ChIP-seq revealed a marked increase in enhancer-associated
activity, with 6253 gained peaks and 1115 lost peaks (Fig.
1C). Representative genomic tracks illustrated that transcrip-
tional induction under ER stress was accompanied by pro-
nounced increases in the H3K27ac signal, whereas changes
in the ATAC-seq signal were comparatively limited (Fig. 1D).
Consistent with this, gained H3K27ac peaks were predomi-
nantly located in enhancer-associated intergenic and intronic
regions (Fig. 1E), where Tm-induced increases in H3K27ac
levels were greater than those at promoters (Fig. 1F). To-
gether, these results indicate that ER stress-induced transcrip-
tional reprogramming is associated more strongly with en-
hancer activation than with widespread changes in chromatin
accessibility.

We next asked whether ER stress alters higher-order chro-
matin organization. Hi-C analysis (Supplementary Fig. S1F)
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revealed that compartment architecture was largely preserved,
with only a small fraction of A/B compartments undergoing
switching upon Tm treatment (Fig. 1G and H). A/B compart-
ments represent large-scale chromatin domains broadly as-
sociated with active/open (A) or inactive/closed (B) genomic
environments. Similarly, the number and insulation strength
of TAD boundaries showed minimal differences between the
control and ER stress conditions (Fig. 11 and J), indicating that
ER stress does not substantially reorganize chromatin archi-
tecture at the compartment or TAD scale.

In contrast, H3K27ac HiChIP analysis, which enriches
chromatin interactions associated with active regulatory ele-
ments marked by H3K27ac, revealed dynamic remodeling of
chromatin looping under ER stress. We identified 6602 gained
loops and 4119 lost loops following Tm treatment (Fig. 1K).
Differential loops were predominantly anchored at regulatory
elements, including enhancer-enhancer, enhancer—promoter,
and promoter—promoter interactions (Fig. 1L). Moreover,
genes associated with gained loops showed increased expres-
sion, whereas genes associated with lost loops tended to be
downregulated (Fig. 1M). These observations suggest that ER
stress-responsive transcription is accompanied by widespread
enhancer activation and dynamic changes in chromatin loop-
ing, while chromatin accessibility and higher-order chromatin
organization remain comparatively stable.

ER stress-responsive enhancers and chromatin
loops are selectively associated with UPR TFs

To identify TFs associated with stress-induced enhancer re-
modeling, we first performed motif analysis on gained and
lost H3K27ac peaks defined in WT cells. Motifs for AP-1
family members were enriched in both gained and lost peaks;
whereas, motifs for ATF4, CHOP, C/EBPf3, and NFIL3 were
selectively enriched in gained peaks (Fig. 2A). These motif pat-
terns were accompanied by increased RNA expression of the
corresponding TFs under ER stress (Fig. 2A), suggesting that
selective activation of UPR-associated TFs may contribute to
stress-induced enhancer activation.

To directly examine TF occupancy under ER stress, we per-
formed ChIP-seq for six UPR-associated TFs: ATF4, CHOP,
C/EBPB,NFIL3, ATF6,and XBP1. Comparison of control and
Tm-treated cells showed widespread binding changes across
these six factors, with most factors exhibiting increased ge-
nomic occupancy under ER stress (Fig. 2B). Genomic distri-
bution analysis further revealed distinct binding preferences
among them. ATF4, CHOP, C/EBPf, and NFIL3 showed sub-
stantial occupancy at distal regulatory regions, whereas ATF6
and XBP1 were more prominently enriched at promoter-
proximal regions (Fig. 2B). Representative genome browser
tracks illustrated these distinct binding patterns together with
H3K27ac signal changes under ER stress (Fig. 2C).

We next examined how these TFs were distributed across
differential H3K27ac peaks. Heatmap analysis showed that
ATF4, CHOP, C/EBP, and NFIL3 were preferentially associ-
ated with enhancer-class H3K27ac peaks, whereas ATF6 and
XBP1 showed stronger association with promoter-class peaks
(Fig. 2D). To quantify the relationship between TF occupancy
and enhancer activation, we compared TF ChIP-seq signal
intensity with H3K27ac induction at the corresponding TF
binding sites in WT cells. All six factors showed positive corre-
lations to varying extents, with ATF4 exhibiting the strongest
relationship with enhancer activation (Fig. 2E).
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Because ER stress also induced dynamic chromatin looping,
we next examined whether TF occupancy was similarly asso-
ciated with loop remodeling. For loops anchored at TF ChIP-
seq peaks, TF binding intensity positively correlated with
stress-induced changes in H3K27ac HiChIP loop intensity,
again with ATF4 showing the strongest association (Fig. 2F).
Together, these analyses indicate that stress-responsive en-
hancers and chromatin loops are not uniformly associated
with all UPR TFs, but instead show selective engagement of
distinct TF classes. In particular, enhancer-associated factors
such as ATF4, CHOP, and C/EBPB are preferentially linked
to stress-induced enhancer activation and chromatin looping,
whereas ATF6 and XBP1 are more strongly associated with
promoter-proximal regulation.

UPR TFs regulate ER stress gene programs via
enhancers and promoters

Having identified selective associations between UPR TFs and
stress-responsive enhancers and chromatin loops, we next
sought to define their direct target genes in a comprehensive
and mechanistically informed manner. Knockout cell lines for
all six UPR-associated TFs were generated and validated by
genomic PCR and immunoblot analysis (Supplementary Fig.
S2), followed by RNA-seq, H3K27ac ChIP-seq, TF ChIP-seq,
and H3K27ac HiChIP to define the regulatory functions of
each factor (Supplementary Fig. S3). As an initial measure
of transcriptional dependence, we quantified the numbers of
downregulated DEGs in each of the six TF knockout cell
lines under control and ER stress conditions. All six knock-
out lines showed reduced expression of distinct gene sets, and
the number of downregulated DEGs generally increased upon
Tm treatment (Fig. 3A), indicating that ER stress broadens the
transcriptional programs dependent on these factors.

To distinguish direct regulatory effects from secondary
transcriptional changes, we next applied an integrative frame-
work combining TF ChIP-seq, H3K27ac HiChIP, and RNA-
seq datasets from the corresponding TF knockout cells
(Fig. 3B). Genes were classified as direct targets if they met
both of the following criteria: (i) the presence of a TF ChIP-
seq peak within a promoter or enhancer associated with the
gene; and (ii) reduced RNA expression in the correspond-
ing TF knockout cells relative to WT controls under DMSO
or Tm treatment conditions. This strategy allowed us to de-
fine direct target genes based on both regulatory occupancy
and transcriptional dependency (Supplementary Fig. S4 and
Supplementary Tables S6-S11). Representative examples of
direct target genes illustrating promoter-associated, enhancer-
associated, or mixed regulatory configurations for each TF are
shown in Supplementary Fig. SS5.

Using this framework, we identified distinct sets of direct
target genes for each of the six TFs under basal and ER
stress conditions (Fig. 3C). Under basal conditions, CHOP and
XBP1 regulated relatively few direct targets, whereas the re-
maining TFs controlled larger gene sets. Upon Tm treatment,
the numbers of direct target genes increased markedly for all
six factors, indicating broad expansion of TF-mediated regu-
latory programs during ER stress.

We next asked how extensively these TF target genes ac-
count for ER stress-responsive transcription. Intersection of
the union of all six TF direct target gene sets with ESRGs
showed that 44% of ESRGs overlapped with at least one
TF target set (Fig. 3D). We refer to these overlapping genes
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Figure 2. UPR TFs selectively associate with ER stress-responsive enhancers and chromatin loops. (A) Heatmap showing motif enrichment in gained
and lost H3K27ac peaks together with RNA expression changes of the corresponding TFs. The top five motifs enriched in shared, gained, or lost peaks
are shown. (B) Numbers and genomic distribution of ChIP-seq peaks for the six TFs in control and Tm-treated cells. (C) Representative genome browser
tracks showing ChlP-seq signals for six TFs and H3K27ac in control and Tm-treated cells. (D) Heatmap of ChlP-seq signal intensities for six TFs across
differential H3K27ac peaks, stratified into promoter and enhancer regions. (E) Correlation between TF binding intensity and changes in enhancer activity
during ER stress in WT cells. TF binding intensity was quantified as log, (CPM + 1) at TF ChIP-seq peaks in Tm-treated WT cells, and enhancer activity
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Tm-treated WT cells, and loop changes were calculated as log,(Tm) — log,(Con) of the H3K27ac HiChIP loop intensity for loops anchored at the

corresponding peaks.
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as “six-TF target ESRGs,” whereas non-overlapping ESRGs
were classified as “other ESRGs.” GO analysis revealed clear
functional differences between these two groups. Six TF target
ESRGs were strongly enriched for canonical ER stress path-
ways, including UPR, ER-associated degradation (ERAD),
and related proteostasis programs, whereas other ESRGs were
associated more broadly with general protein homeostasis
processes (Fig. 3E). These findings indicate that a substantial
fraction of the core ER stress transcriptional response is di-
rectly controlled by the six UPR-associated TFs.

We next examined how these TFs regulate their direct tar-
gets with respect to genomic regulatory architecture. Classi-
fication of six TF target ESRGs according to the locations
of the associated TF ChIP-seq peaks revealed distinct regu-
latory modes among the six factors. ATF4, CHOP, C/EBPf,
and NFIL3 predominantly regulated genes through enhancer-
associated binding, whereas ATF6 and XBP1 showed a
stronger promoter-biased pattern (Fig. 3F). This distinction is
consistent with the occupancy patterns observed in Fig. 2B,
and suggests that UPR TFs engage stress-responsive gene ex-
pression through different regulatory strategies.

Because many stress-responsive genes were associated with
more than one TF, we next examined the extent of combi-
natorial control among direct target genes. UpSet analysis re-
vealed that, although some genes were uniquely regulated by
individual factors, a substantial fraction was shared by mul-
tiple TFs (Fig. 3G). The numbers shown in Fig. 3G repre-
sent the subset of TF target genes that are upregulated upon
Tm treatment, i.e. ESRGs, rather than the total TF target
gene counts shown in Fig. 3C. The most prominent combi-
natorial groups included both TF-specific and shared target
sets, such as ATF4-specific, XBP1-specific, ATF4-CHOP, and
ATF6-XBP1 groups. Heatmap analysis of the top six combi-
natorial TF target groups showed distinct expression depen-
dencies across TF knockout lines (Fig. 3H), indicating that
these genes are governed by characteristic patterns of combi-
natorial regulation rather than by simple one-factor control.
GO analysis further showed that these groups were associ-
ated with both shared and TF-selective biological functions
(Fig. 31). Core ER stress pathways, including UPR, ERAD, and
apoptosis-related programs, were enriched across multiple TF
combinations; whereas, other processes were more selectively
associated with particular TF groups.

Together, these results define a comprehensive set of di-
rect target genes for six UPR-associated TFs and show that
ESRG expression is regulated through both enhancer- and
promoter-based mechanisms, with extensive combinatorial
control across the transcriptional network.

ATF4 is a dominant regulator of enhancer
activation and chromatin looping during ER stress

Given that multiple UPR TFs contribute to ESRG regu-
lation, we next compared their relative contributions to
enhancer activation and chromatin looping. As shown in
Fig. 2E, TF-binding intensity positively correlated with Tm-
induced H3K27ac changes for most factors in WT cells. How-
ever, knockout analyses revealed a clear functional hierar-
chy. NFIL3 knockout had minimal effects; whereas, loss of
ATF6, C/EBPB, XBP1, or CHOP caused partial reductions in
H3K27ac at enhancers gained upon Tm treatment in WT cells.
In contrast, ATF4 depletion produced the most pronounced
decrease in Tm-induced H3K27ac across gained enhancers,

indicating that ATF4 plays a dominant role in enhancer acti-
vation (Fig. 4A). A similar hierarchy was observed for chro-
matin looping. In WT cells, TF binding intensity positively cor-
related with stress-induced changes in loop intensity at loops
anchored by TF ChIP-seq peaks (Fig. 2F). Again, ATF4 loss
caused the strongest reduction in Tm-induced loop intensity,
whereas loss of the other factors had only partial or minimal
effects (Fig. 4B). Together, these findings establish ATF4 as the
dominant regulator of stress-induced enhancer activation and
chromatin looping.

We next asked whether this hierarchy extends to SE reg-
ulation. Ranked H3K27ac signal plots revealed widespread
remodeling of the SE landscape upon Tm treatment, with
88 gained SEs and 17 lost SEs (Supplementary Fig. S6A
and B). H3K27ac density profiles confirmed strong activa-
tion of gained SEs and reduction of lost SEs under ER stress
(Supplementary Fig. S6C). Analysis of Tm-upregulated SEs
defined in WT cells showed that depletion of most factors
caused minimal or partial effects, whereas ATF4 loss led to
a pronounced and global reduction in the H3K27ac signal
across stress-induced SEs (Fig. 4C). Together, these findings
extended the dominant role of ATF4 from enhancer activa-
tion and chromatin looping to SE regulation during ER stress.

ATF4-dependent enhancers regulate transcription
through long-range chromatin interactions

Given that ATF4 emerged as a dominant regulator of enhancer
activation and chromatin looping during ER stress, we next
asked whether ATF4-dependent enhancers directly control
transcription through long-range chromatin interactions. To
address this question, we focused on BBS10 as a representa-
tive ER stress-responsive locus linked to a distal ATF4-bound
enhancer located far from its promoter (Fig. SA). BBS10 en-
codes a chaperonin-like protein required for cilia formation
[46, 47].

In WT cells, Tm treatment markedly increased ATF4
occupancy primarily at a distal enhancer located ~685
kb upstream of the BBS10 promoter, while ATF4 bind-
ing at the promoter was minimal. Tm treatment also in-
creased the H3K27ac levels at this enhancer and strengthened
enhancer-promoter contacts (Fig. SA). In ATF4-knockout
cells, these Tm-induced changes were abolished, indicating
that enhancer activation and long-range chromatin looping
at the BBS10 locus are ATF4-dependent.

To  independently  validate  ER  stress-induced
enhancer-promoter proximity at the BBS10 locus, we
employed a Casilio-based imaging strategy [48] that labeled
the BBS10 promoter with Clover and the distal ATF4-bound
enhancer with RFP (Fig. 5B). Confocal imaging revealed
that Tm treatment significantly reduced the spatial distance
between the enhancer and promoter in WT cells, consistent
with the loop formation under ER stress (Fig. 5C and D). This
reduction in enhancer—promoter distance was not observed
in ATF4-knockout cells, further supporting an essential role
for ATF4 in mediating long-range chromatin interactions at
this locus. Consistent with these structural changes, BBS10
expression was robustly induced by Tm in WT cells but
was markedly attenuated in ATF4-knockout cells (Fig. SE).
Together, these findings indicate that ATF4-dependent en-
hancer activation can be functionally coupled to long-range
chromatin interactions and transcriptional induction during
ER stress.
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We next examined the VEGFA-GTPBP2 region as an addi-
tional example of ATF4-dependent long-range enhancer regu-
lation. At this locus, Tm treatment increased ATF4 occupancy
and H3K27ac at a distal enhancer, strengthened H3K27ac
HiChIP interactions, and induced expression of both VEGFA
and GTPBP2 in WT cells (Supplementary Fig. S7A). These
Tm-induced changes were largely absent in ATF4-knockout
cells: enhancer activation was abolished (Supplementary Fig.
S7A), and induction of VEGFA and GTPBP2 expression was
almost completely lost (Supplementary Fig. S7B). Consistent
with this, CRISPR interference targeting the distal enhancer
significantly reduced Tm-induced expression of both genes
(Supplementary Fig. S7C). Notably, this enhancer was linked
to the regulation of two target genes, VEGFA and GTPBP2,
suggesting that ATF4-associated distal enhancers can support
coordinated regulation of multiple nearby genes during ER
stress.

We further examined the DDIT4 locus as an additional
example of ATF4-dependent long-range enhancer regulation.
Similar to the BBS10 and VEGFA-GTPBP2 loci, Tm treat-
ment increased ATF4 occupancy and H3K27ac at a distal en-
hancer, strengthened H3K27ac HiChIP interactions, and in-
duced DDIT4 expression in WT cells (Supplementary Fig.
S8A). These stress-induced changes were markedly attenu-
ated by ATF4 depletion and by CRISPR interference tar-
geting the distal enhancer, indicating that ATF4-dependent
enhancer activation and long-range chromatin interactions

contribute to transcriptional regulation at the DDIT4 locus
(Supplementary Fig. S8B and C).

Together, these results demonstrate that ATF4-dependent
enhancer activation is coupled to long-range chromatin in-
teractions and transcriptional induction, establishing a direct
link between distal enhancer regulation and ESRG expression.

CHOP modulates ATF4 binding to selectively
regulate enhancer activation during ER stress

Although ATF4 broadly associates with stress-induced en-
hancer activation and chromatin looping, our analyses in-
dicated that many ESRGs are co-regulated by multiple TFs
(Fig. 3G and H). We therefore asked how such combinatorial
regulation is implemented at individual genomic loci. Because
all six TFs analyzed in this study belong to the bZIP family
and can form homo- or heterodimers in a context-dependent
manner [18-21], we investigated whether specific bZIP part-
ners influence ATF4 DNA binding during ER stress.

Pairwise overlap analysis of TF ChIP-seq peaks revealed
that ATF4 most extensively co-occupied genomic regions
with CHOP, followed by C/EBPB, NFIL3, XBP1, and ATF6
(Fig. 6A). Notably, ATF4-CHOP co-bound regions repre-
sented the most abundant pairwise overlap among all TF com-
binations, whereas ATF6 and XBP1 showed the strongest mu-
tual overlap with each other. Because pairwise overlaps were
assessed independently for each TF pair, individual genomic
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regions could be included in multiple TF pair combinations.
Nevertheless, the overall pattern was consistent with prefer-
ential co-occupancy of ATF4 and CHOP under ER stress.

To determine whether this co-occupancy reflects func-
tional cooperation, we next assessed the effects of individual
TF knockouts on ATF4 genomic occupancy. Comparison of
ATF4 ChIP-seq peaks in Tm-treated WT and TF-knockout
cells showed that knockout of C/EBPB, NFIL3, XBP1, or
ATF6 caused relatively modest changes in ATF4 binding,
whereas CHOP knockout led to widespread differential ATF4
occupancy (Fig. 6B). A representative example at the TRIB3
locus illustrated a strong reduction in ATF4 binding in CHOP-
knockout cells compared with WT cells, whereas loss of the
other TFs had substantially weaker effects (Fig. 6C). Impor-
tantly, immunoblot analysis confirmed that CHOP depletion
did not substantially alter ATF4 protein abundance, indicating
that the observed changes in ATF4 occupancy were not simply
caused by altered ATF4 expression (Fig. 6D). Together, these
results identify CHOP as the strongest modulator of ATF4 ge-
nomic occupancy among the six UPR-associated TFs.

To further define how CHOP influences ATF4 occupancy,
we classified ATF4- and CHOP-bound regions in Tm-treated
cells according to peak overlap and CHOP dependency of
ATF4 binding. This analysis separated genomic regions into
four categories—CHOP-dependent ATF4, CHOP-optional
ATF4, CHOP-only, and CHOP-less ATF4 sites (Fig. 6E and
Supplementary Fig. S9A)—and representative loci illustrated
the close overlap of ATF4 and CHOP peaks at Tm-induced
regulatory regions (Supplementary Fig. S9B). Because CHOP
expression itself is regulated by ATF4, CHOP binding changes
in ATF4-knockout cells were not used in this classification.

We next asked how these occupancy patterns relate to
enhancer activation. Tm treatment induced a global in-
crease in H3K27ac at ATF4-bound regions in WT cells, and
this increase was largely abolished in ATF4-knockout cells
(Fig. 6E and F). In contrast, CHOP knockout selectively re-
duced H3K27ac at CHOP-dependent ATF4 sites, with much
weaker effects at CHOP-optional and CHOP-less ATF4 re-
gions (Fig. 6E and F). These results support a model in which
CHOP does not globally regulate ATF4-associated enhancers,
but instead modulates enhancer activity at a distinct subset of
ATF4-bound loci.

To test whether DNA sequence alone could explain this
functional divergence, we performed motif analysis of ATF4
ChIP-seq peaks using MEME-STREME [49]. The CARE mo-
tif was enriched across ATF4-bound regions, and modest
sequence variation was observed within the CARE consen-
sus (Supplementary Fig. S9C). Additional analysis of flank-
ing CARE motif variation and motif enrichment among non-
canonical CARE peaks did not identify sequence features that
clearly distinguished CHOP-dependent from CHOP-optional
ATF4 peaks. Together, these results indicate that sequence
features alone were insufficient to fully account for the dif-
ferential CHOP dependency of ATF4 binding, suggesting
that additional factors, such as chromatin context or local
regulatory architecture, contribute to selective ATF4-CHOP
cooperation.

Collectively, these results demonstrate that CHOP modu-
lates ATF4 DNA binding and selectively regulates enhancer
activation at a subset of stress-responsive regulatory elements,
thereby providing a mechanistic basis for combinatorial tran-
scriptional regulation during ER stress.

CHOP diversifies ATF4-dependent transcriptional
programs during ER stress

Given that CHOP selectively modulates ATF4-dependent en-
hancer activation, we next asked how this interaction influ-
ences ATF4-driven transcriptional programs. To address this,
we intersected ATF4 direct targets with ESRGs and defined
the overlapping genes as ATF4 ESRGs (Fig. 7A). We then clas-
sified these ATF4 ESRGs according to whether their associ-
ated regulatory elements contained CHOP-dependent ATF4
peaks. Based on this criterion, ATF4 ESRGs were divided into
two groups: CHOP-dependent ATF4 ESRGs, which contain
CHOP-dependent ATF4 peaks in their associated promoters
or enhancers; and CHOP-independent ATF4 ESRGs, which
lack such peaks (Fig. 7B).

Among the 296 ATF4 ESRGs identified under ER stress
conditions, 186 were classified as CHOP-dependent and 110
as CHOP-independent (Fig. 7B). We next examined how
these two groups respond to loss of ATF4 or CHOP. In WT
cells, both groups were robustly induced by Tm treatment
(Fig. 7C and D). As expected, expression of both groups
was markedly reduced in ATF4-knockout cells, confirming
their broad dependence on ATF4 for stress-induced activa-
tion. In contrast, the two groups showed distinct responses to
CHOP loss. Expression of CHOP-independent ATF4 ESRGs
was largely preserved in CHOP-knockout cells, whereas ex-
pression of CHOP-dependent ATF4 ESRGs was significantly
reduced (Fig. 7C and D). These data indicate that CHOP is
not uniformly required for ATF4-driven transcription, but in-
stead selectively supports a subset of ATF4-dependent stress-
responsive genes.

Closer inspection further revealed that ATF4 ESRGs classi-
fied as CHOP-dependent exhibited heterogeneous responses
to CHOP depletion, which gave rise to the apparent two
groups in Fig. 7C. Importantly, this classification was based on
the presence of at least one CHOP-dependent ATF4 peak at ei-
ther the promoter or a loop-connected enhancer, whereas tran-
scriptional sensitivity to CHOP depletion was evaluated sep-
arately based on gene expression changes in CHOP-knockout
cells. Of the 186 CHOP-dependent ATF4 ESRGs, 92 were
classified as CHOP-sensitive and 94 as CHOP-insensitive
(Supplementary Fig. SI0A and Supplementary Table S12).
Individual genes could contain both CHOP-dependent and
CHOP-independent ATF4 peaks, and their overall transcrip-
tional output is therefore likely influenced by the combined
contribution of these distinct regulatory elements. Consistent
with this interpretation, CHOP-insensitive genes contained
a significantly greater number of CHOP-independent ATF4
peaks than CHOP-sensitive genes (Supplementary Fig. S10B).
In addition, CHOP-dependent ATF4 peaks showed signifi-
cantly greater binding intensity in CHOP-sensitive genes than
in CHOP-insensitive genes, whereas CHOP-independent peak
intensity did not differ significantly between the two groups
(Supplementary Fig. S10C). Together, these findings suggest
that CHOP-dependent ATF4 ESRGs represent a continuum of
CHOP dependency, rather than two discrete classes, shaped by
both the abundance of CHOP-independent regulatory inputs
and the relative strength of CHOP-dependent ATF4 binding.

Representative examples further illustrated these distinct
regulatory patterns (Fig. 7E and F). Genes classified as
CHOP-dependent ATF4 ESRGs showed strong stress-induced
expression in WT cells but markedly reduced induction
in both ATF4- and CHOP-knockout cells. In contrast,
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CHOP-independent ATF4 ESRGs retained substantial induc-
tion in CHOP-knockout cells, while remaining dependent on
ATF4. Thus, CHOP selectively influences the output of a sub-
set of ATF4-regulated genes rather than globally controlling
all ATF4-dependent transcription.

GO analysis revealed clear functional divergence between
the two groups (Fig. 7G). CHOP-independent ATF4 ESRGs
were enriched for amino acid transport-related processes,
whereas CHOP-dependent ATF4 ESRGs were enriched for
pathways associated with the ER stress response and ER
stress-induced apoptosis. These findings suggest that CHOP
selectively broadens the functional output of ATF4 by en-
abling activation of specific stress-responsive gene programs.

Together, these results show that CHOP does not simply
enhance ATF4 activity globally, but instead diversifies ATF4-
dependent transcriptional regulation during ER stress by se-
lectively supporting a distinct subset of ATF4 target genes.

ATF4-CHOP cooperation balances adaptive and
apoptotic transcriptional programs during ER stress

Building on our observation that CHOP selectively diver-
sifies ATF4-dependent gene programs, we next asked how
these regulatory differences influence adaptive and apoptotic
responses during ER stress. To address this, we first exam-
ined two functionally distinct subsets of ATF4 ESRGs: amino
acid transport-related genes and apoptosis-related genes. In
WT cells, both groups were induced by Tm treatment, and
this induction was markedly reduced in ATF4-knockout cells
(Fig. 8A-D), confirming their dependence on ATF4. How-
ever, these two gene classes differed in their dependence on
CHOP. Expression of amino acid transport-related ATF4 ES-
RGs was largely preserved in CHOP-knockout cells, whereas
apoptosis-related ATF4 ESRGs were substantially reduced
(Fig. 8A-D). These findings indicated that ATF4 indepen-
dently regulates adaptive transcriptional programs, whereas
induction of apoptotic gene programs requires cooperative
ATF4-CHOP activity.

To define the underlying regulatory mechanisms at repre-
sentative loci, we next examined SLC7AS and TRIB3, which
typify CHOP-independent and CHOP-dependent ATF4 regu-
lation, respectively. At the SLC7AS locus, Tm treatment in-
creased ATF4 occupancy at a distal enhancer located ~85
kb upstream of the promoter, accompanied by elevated
H3K27ac levels and strengthened enhancer—promoter inter-
actions (Fig. 8E). These changes were abolished in ATF4-
knockout cells but were largely unaffected by CHOP deple-
tion, consistent with the classification of this site as CHOP-
optional. Accordingly, SLC7AS expression was strongly in-
duced by Tm in WT cells, markedly reduced in ATF4-
knockout cells, and largely preserved in CHOP-knockout cells
(Fig. 8G).

In contrast, the TRIB3 locus showed a distinct regula-
tory pattern. A CHOP-dependent ATF4 peak was detected
at an enhancer located ~15 kb downstream of the pro-
moter, and Tm treatment increased the ATF4 occupancy,
H3K27ac levels, and enhancer—promoter contact frequency at
this site (Fig. 8F). Strikingly, both ATF4 and CHOP knock-
out abolished enhancer activation and chromatin looping at
the TRIB3 locus, indicating that cooperative ATF4-CHOP
binding is required for regulatory activity at this site. Con-
sistent with these chromatin changes, TRIB3 expression was
significantly reduced in both ATF4- and CHOP-knockout cells

(Fig. 8H). Together, these locus-specific analyses indicate that
ATF4 can activate distinct gene programs through mecha-
nistically separable enhancer modules: a CHOP-independent
mode exemplified by SLC7AS and a CHOP-dependent coop-
erative mode exemplified by TRIB3.

We next asked whether these transcriptional differ-
ences translate into functional cellular outcomes. Because
amino acid transport genes represented a prominent CHOP-
independent ATF4 program, we measured amino acid up-
take capacity using BPA uptake assays. Tm treatment in-
creased amino acid uptake in WT cells, and this response
was markedly reduced in ATF4-knockout cells but remained
largely intact in CHOP-knockout cells (Fig. 9A and C). We
then assessed apoptosis under ER stress by Annexin V and
propidium iodide staining. In contrast to amino acid uptake,
ER stress-induced apoptosis was significantly attenuated in
both ATF4- and CHOP-knockout cells relative to WT cells
(Fig. 9B and D). These findings demonstrate that adaptive and
apoptotic outputs of the ER stress response differ in their de-
pendence on CHOP.

Taken together, these results show that ATF4 preferen-
tially drives adaptive responses such as amino acid trans-
port, whereas apoptotic outcomes depend more strongly on
cooperative regulation by ATF4 and CHOP. At the chro-
matin level, this distinction is reflected in the differential use
of enhancer modules and enhancer—-promoter looping con-
figurations. We therefore propose that ATF4-CHOP coop-
eration within a three-dimensional enhancer network func-
tionally partitions adaptive and apoptotic transcriptional pro-
grams during ER stress, thereby shaping the balance between
survival-promoting and pro-apoptotic responses (the “Graph-
ical abstract” section).

Discussion

In this study, we provide a comprehensive multi-omics analy-
sis of transcriptional regulation under ER stress. By integrat-
ing transcriptomic, epigenomic, chromatin interaction, and
genetic perturbation data, we identify enhancer activation
and chromatin looping as key regulatory features of ESRG
expression.

ER stress induced a global increase in H3K27ac at dis-
tal regulatory elements and extensive reconfiguration of
enhancer-promoter interactions, whereas chromatin acces-
sibility and higher-order chromatin structures such as A/B
compartments and TAD boundaries remained largely stable.
These findings suggest that ER stress-responsive transcrip-
tion is achieved through selective modulation of regulatory
element activity and connectivity within an otherwise sta-
ble chromatin framework. Thus, rather than being driven
by large-scale chromatin reorganization, transcriptional re-
programming under ER stress appears to depend primar-
ily on changes in enhancer activity and enhancer-promoter
communication.

A key finding of this study is the identification of ATF4
as a dominant regulator of enhancer activation and chro-
matin looping during ER stress. Across multiple independent
analyses, including correlation of TF binding with H3K27ac
induction, loss-of-function perturbation, and chromatin in-
teraction profiling, ATF4 consistently showed the strongest
effect on both enhancer activity and loop formation. No-
tably, ATF4 depletion caused the most pronounced reduc-
tion in stress-induced H3K27ac accumulation and markedly
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Figure 9. ATF4-CHOP cooperation determines functional outcomes of ER stress responses. (A) Amino acid uptake capacity measured by flow
cytometry in WT, ATF4-knockout, and CHOP-knockout cells using BPA uptake. The fluorescence intensity reflects the amino acid uptake capacity. (B) ER
stress-induced apoptosis assessed by Annexin V and propidium iodide staining in WT, ATF4-knockout, and CHOP-knockout cells. (C) Bar plots showing
mean fluorescence intensity (MFI) of V450-BPA as a measure of the amino acid uptake capacity. MFls in Tm-treated cells were normalized to those in
DMSO-treated cells for each genotype. (D) Percentages of apoptotic cells under ER stress conditions in WT, ATF4-knockout, and CHOP-knockout cells.

attenuated chromatin looping, including at SEs. These obser-
vations establish ATF4 as a central organizer of the enhancer-
centered chromatin interaction network underlying ER stress-
responsive transcription.

Our results further demonstrate that ATF4-dependent en-
hancers are functionally coupled to long-range chromatin
interactions that regulate gene expression. At represen-
tative loci such as BBS10, ATF4 binding at distal en-
hancers was associated with increased H3K27ac, strength-
ened enhancer—promoter contacts, and transcriptional activa-
tion, all of which were abolished by ATF4 depletion. Live-
cell imaging using a Casilio-based system independently con-
firmed stress-induced spatial proximity between enhancers
and promoters in an ATF4-dependent manner. Together, these
findings support a model in which ATF4 couples enhancer
activation to long-range chromatin interactions, thereby en-
abling transcriptional regulation over long genomic distances.

While ATF4 exerts broad control over enhancer activation,
our data indicate that transcriptional specificity is achieved
through combinatorial interactions with other TFs. In partic-
ular, we identify CHOP as a key modulator of ATF4 func-
tion. CHOP selectively influences ATF4 genomic occupancy
at a subset of regulatory elements without substantially al-
tering ATF4 protein abundance, indicating that its effect is
exerted at the level of chromatin occupancy rather than TF
abundance. Consistent with this, CHOP depletion resulted
in selective loss of ATF4 binding and H3K27ac specifically
at CHOP-dependent ATF4 sites, while leaving other ATF4-
bound regions largely unaffected. These findings extend pre-
vious promoter-centered models of ATF4—-CHOP cooperation
by showing that partner-dependent diversification also oper-
ates at the level of enhancer activation and chromatin looping.

Previous studies have established that ATF4 and CHOP
cooperate in multiple stress-responsive transcriptional



programs, including autophagy, apoptosis, and amino
acid-responsive gene regulation [50-52]. For example, the
elF2a—ATF4 pathway has been shown to direct stress-induced
autophagy gene expression, with different combinations of
ATF4 and CHOP binding contributing to distinct transcrip-
tional outputs across autophagy-related genes. Likewise,
ER stress-induced activation of the TRIB3 promoter has
been linked to cooperative ATF4-CHOP regulation and
to apoptosis-associated signaling. In addition, CHOP has
been shown to modulate ATF4-dependent transcription in a
gene-specific manner during amino acid response, enhancing
induction of some targets such as TRIB3 while repressing
others such as ASNS. Our findings are broadly consistent with
these earlier studies, but extend them in an important way.
Whereas prior work largely defined ATF4-CHOP function in
promoter-centered terms and at the level of individual target
genes, our data indicate that this cooperation also operates at
the level of enhancer activation and chromatin looping. In this
framework, ATF4 establishes a broad enhancer-associated
regulatory architecture, whereas CHOP selectively modulates
a subset of ATF4-bound regulatory elements to diversify
transcriptional outputs, including the differential control of
adaptive and apoptotic gene programs.

This selective modulation is reflected at the level of gene
regulation. By stratifying ATF4 target genes based on CHOP
dependency, we show that ATF4 can regulate a subset of genes
associated with adaptive responses (e.g. amino acid transport),
largely independently of CHOP, whereas activation of genes
linked to ER stress response and apoptosis depends more
strongly on cooperative ATF4-CHOP activity. Locus-specific
analyses further support this model: at the SLC7AS locus, en-
hancer activation and chromatin looping are ATF4-dependent
but CHOP-independent; whereas at the TRIB3 locus, both
processes require the combined action of ATF4 and CHOP.
Functionally, this regulatory architecture enables differential
control of adaptive and apoptotic responses under ER stress.
Consistent with gene expression patterns, amino acid uptake
was dependent on ATF4 but largely unaffected by CHOP de-
pletion, whereas ER stress-induced apoptosis required both
ATF4 and CHOP.

Taken together, our data argue against a simple binary
model in which ATF4 is exclusively adaptive and CHOP is
exclusively pro-apoptotic. Instead, ER stress-responsive tran-
scription appears to be organized hierarchically: ATF4 estab-
lishes a broad regulatory scaffold by promoting enhancer ac-
tivation and chromatin looping across the stress-responsive
genome, whereas interacting partners such as CHOP selec-
tively refine this architecture at specific loci. In this frame-
work, ATF4 supports a broad stress-responsive regulatory
program, while CHOP biases its transcriptional output to-
ward specific programs, including apoptosis-associated gene
expression. This interpretation is consistent with the emerg-
ing view that UPR signaling functions as a context-dependent
rheostatic network in which adaptive and terminal responses
are tuned according to the stress severity and duration.

Recent work on the integrated stress response has sug-
gested that selective ATF4-dependent transcription can arise
from pre-established chromatin states and promoter-proximal
occupancy, with limited dependence on widespread chro-
matin remodeling [23]. Our findings do not exclude such
mechanisms at a subset of loci. However, in the ER stress
context examined here, enhancer activation and chromatin
looping make prominent contributions to transcriptional
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regulation, particularly at distal regulatory elements and
CHOP-dependent loci. These observations suggest that ATF4-
dependent stress responses may be implemented through dis-
tinct regulatory modes depending on stress context, locus
class, and TF partnership.

Several limitations of this study should be noted. Our anal-
yses were performed in a defined ER stress model and were
designed to define the regulatory architecture of ATF4- and
CHOP-dependent transcription specifically in the context of
ER stress. Accordingly, the extent to which the enhancer acti-
vation and chromatin-looping mechanisms identified here are
conserved across other integrated stress response inputs, such
as amino acid starvation, remains to be determined. In addi-
tion, although multi-omics integration, loss-of-function anal-
yses, and locus-specific assays strongly support the involve-
ment of ATF4 and CHOP in enhancer activation and chro-
matin looping, not all candidate regulatory interactions were
directly tested for causality. As a result, the present study may
underrepresent context-specific regulatory variation and may
not fully resolve the relative contribution of individual en-
hancers or chromatin contacts at every target locus. Address-
ing these questions will require future studies in distinct stress
contexts, multiple cellular models, diverse ER stress condi-
tions and time courses, and systematic perturbation of can-
didate enhancers and loop anchors. Such work will help clar-
ify which features of ATF4—-CHOP-dependent regulation are
shared versus context-specific and further define the causal
logic of this regulatory framework.

Our study highlights the importance of integrating en-
hancer activity with long-range chromatin interactions to un-
derstand stimulus-responsive transcriptional regulation. De-
spite the limitations noted above, the principles described
here—a broad regulatory network established by a primary
TF and selectively refined by interacting partners—may repre-
sent a general mechanism by which cells achieve both robust-
ness and specificity in gene regulation under stress conditions.
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