
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tmcb20

Molecular and Cellular Biology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tmcb20

Shared Gene Targets of the ATF4 and p53
Transcriptional Networks

Gabriele Baniulyte, Serene A. Durham, Lauren E. Merchant & Morgan A.
Sammons

To cite this article: Gabriele Baniulyte, Serene A. Durham, Lauren E. Merchant & Morgan
A. Sammons (2023): Shared Gene Targets of the ATF4 and p53 Transcriptional Networks,
Molecular and Cellular Biology, DOI: 10.1080/10985549.2023.2229225

To link to this article:  https://doi.org/10.1080/10985549.2023.2229225

© 2023 The Author(s). Published with
license by Taylor & Francis Group, LLC.

View supplementary material 

Published online: 02 Aug 2023.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tmcb20
https://www.tandfonline.com/loi/tmcb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10985549.2023.2229225
https://doi.org/10.1080/10985549.2023.2229225
https://www.tandfonline.com/doi/suppl/10.1080/10985549.2023.2229225
https://www.tandfonline.com/doi/suppl/10.1080/10985549.2023.2229225
https://www.tandfonline.com/action/authorSubmission?journalCode=tmcb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tmcb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10985549.2023.2229225
https://www.tandfonline.com/doi/mlt/10.1080/10985549.2023.2229225
http://crossmark.crossref.org/dialog/?doi=10.1080/10985549.2023.2229225&domain=pdf&date_stamp=2023-08-02
http://crossmark.crossref.org/dialog/?doi=10.1080/10985549.2023.2229225&domain=pdf&date_stamp=2023-08-02


Shared Gene Targets of the ATF4 and p53 Transcriptional
Networks

Gabriele Baniulyte, Serene A. Durham, Lauren E. Merchant, Morgan A. Sammons

Department of Biological Sciences, The RNA Institute, University at Albany, State University of New York, Albany, New York, USA

ABSTRACT The master tumor suppressor p53 regulates multiple cell fate decisions,
such as cell cycle arrest and apoptosis, via transcriptional control of a broad gene
network. Dysfunction in the p53 network is common in cancer, often through muta-
tions that inactivate p53 or other members of the pathway. Induction of tumor-
specific cell death by restoration of p53 activity without off-target effects has gained
significant interest in the field. In this study, we explore the gene regulatory mecha-
nisms underlying a putative anticancer strategy involving stimulation of the p53-
independent integrated stress response (ISR). Our data demonstrate the p53 and ISR
pathways converge to independently regulate common metabolic and proapoptotic
genes. We investigated the architecture of multiple gene regulatory elements bound
by p53 and the ISR effector ATF4 controlling this shared regulation. We identified
additional key transcription factors that control basal and stress-induced regulation
of these shared p53 and ATF4 target genes. Thus, our results provide significant new
molecular and genetic insight into gene regulatory networks and transcription fac-
tors that are the target of numerous antitumor therapies.

KEYWORDS cis-regulation, genomics, enhancers, transcription, transcription factors,
p53, ATF4

INTRODUCTION

The global rewiring of cellular anabolic and catabolic processes that result from
homeostatic changes include dynamic control of RNA and protein synthesis and

turnover.1,2 The DNA damage-inducible transcription factor, p53, directly activates
transcription of a broad range of target genes involved in DNA repair, cell cycle arrest,
and apoptosis. The well-described tumor suppressor function of p53 primarily relies on
transcriptional activation of these target genes and their ability to mitigate the conse-
quences of damaged DNA. Nearly half of human malignancies harbor mutations in p53
that facilitate and promote metastasis, tumorigenesis, and resistance to apoptosis.3,4

These mutations generally lead to loss of DNA binding and an inability to transactivate
canonical antiproliferative p53 target genes.5 Genotoxic chemotherapeutics, like doxo-
rubicin and etoposide, are clinically relevant activators of wild-type p53, but the poten-
tial risk of resistance and secondary malignancies due to increased mutational burden
remains a significant concern.6 Given the powerful tumor suppression abilities of p53,
restoration of the p53-regulated transcriptome without inducing additional DNA dam-
age represents an intriguing approach for development of anticancer strategies and
therapeutics.

Nongenotoxic, small molecule activation of the p53 pathway has been proposed as
a potential solution. The first general approach involves small-molecule targeting of
mutant p53 to restore its wild-type function or prevent dominant-negative/gain-of-
function activities.5,7–9 A second approach uses compounds like the MDM2 inhibitor
nutlin-3A to activate wild-type p53 in a nongenotoxic fashion, although early clinical
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trials suggest these approaches have limited efficacy when used alone.10–12 A third
approach involves bypassing p53 altogether via compounds that activate key antiproli-
ferative p53 targets in p53-deficient tumors.13,14 These compounds engage the inte-
grated stress response (ISR) network which is an effector of antiproliferative and cell
death gene expression programs. Interestingly, simultaneous ISR activation and MDM2
inhibition led to significant cell death and tumor regression not observed when the
approaches were used individually,15 suggesting these pathways may work synergistic-
ally. These new ISR-stimulating approaches may be broadly applicable, as wild-type
p53, p53-deficient, and p53 missense mutation-containing tumors could all be tar-
geted. Thus, further exploration into the genetic and biochemical basis underlying this
shared synergy between the p53 and ISR gene regulatory networks is needed for the
design of more efficacious therapeutics with known mechanisms of action.

Here, we examine shared gene targets and regulatory strategies of two distinct
stress-dependent pathways, the p53 gene regulatory network (GRN) and the ATF4-
dependent integrated stress response (ISR) pathway. We identify an enhancer element
required for p53-dependent induction of ATF3 in response to DNA damage, however,
is not directly required for transcription of ATF3 under ISR activating conditions. ISR-
dependent induction of ATF3 requires ATF4 via binding and regulation of the ATF3 pro-
moter. We identified a second regulatory strategy whereby ATF4 and p53 target a
shared enhancer to control GADD45A, another common gene target. Our data suggest
that the p53 and ISR pathways have shared gene targets and begin to unravel the
DNA encoding and TF requirements for engagement of cis-regulatory elements driving
these behaviors.

RESULTS

ATF3 is induced by the integrated stress response (ISR) in a p53-independent
manner. Activating transcription factor 3 (ATF3) is an immediate-early response gene
in the cellular adaptive-response network. ATF3 mRNA is upregulated in response to
cellular stress including both DNA damage and endoplasmic reticulum (ER) stress.16–20

Recent reports suggest activation of the ISR leads to induction of p53 target genes,
including ATF3, but the specific transcription factor requirements for this behavior
have not been fully characterized. Thus, we investigated whether p53 was required for
ATF3 induction under both DNA damage and ISR conditions. We confirmed ATF3
mRNA expression is induced by both p53 and ISR pathways in HCT116 TP53þ/þ
(p53WT) or TP53-/- (p53 null) colorectal carcinoma cells. We used two independent
means to activate the p53 and ISR pathways. Etoposide activates p53 via induction of
DNA double strand breaks (DSBs).21,22 Nutlin-3A specifically inhibits the negative p53
regulator, MDM2, leading to highly specific activation of p53 in a nongenotoxic man-
ner.23 In vertebrates, the ISR is activated by ER stress, nutrient and heme deprivation,
and viral infection, among others.24 Therefore, we treated our HCT116 cell lines with
tunicamycin, an inhibitor of N-linked glycosylation which induces ER stress via accumu-
lation of unfolded proteins25, or histidinol, which initiates the amino acid response
(AAR) via depletion of histidine26.

We first confirmed the specificity of these treatments via examination of p53 pro-
tein abundance and expression of canonical p53 and ISR target genes CDKN1A/p21
and the asparagine synthetase ASNS, respectively.27–29 p53 protein (Fig. 1B) and
CDKN1A/p21 mRNA (Fig. 1D) expression increased in response to both etoposide and
nutlin-3A in a p53-dependent manner but not after ISR activation by tunicamycin or
histidinol. Both ER stress and AA starvation led to ASNS induction in a p53-independent
manner (Fig. 1E). Neither nutlin-3A nor etoposide treatments altered ASNS mRNA
abundance in either genetic background, suggesting the ISR is not activated after DNA
DSB induction. Taken together, these results suggest tunicamycin- and histidinol-medi-
ated induction of the ISR in HCT116 cells does not require p53 activity (Fig. 1D and E).
Although the induction of ASNS mRNA under ISR stimulating conditions relative to
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DMSO vehicle control was not dependent on p53, we note that the total abundance of
ASNSmRNA is slightly reduced in HCT116 p53 null cell line (Fig. 1E).

ATF3 mRNA and protein levels increased under both p53 and ISR stimulating treat-
ments in HCT116WT cells (Fig. 1A and C). p53 is required for induction of ATF3 mRNA
in response to nutlin-3A and etoposide, whereas ATF3 protein is still induced in
response to etoposide in the absence of p53. Total ATF3 protein abundance is consid-
erably lower in HCT116 p53 null cells relative to HCT116WT suggesting that p53 activ-
ity is required for basal, but not induced, ATF3 expression. Importantly, ATF3 mRNA
and protein induction is p53-independent under ISR stimulating conditions (Fig. 1A
and C). Coupled with the lack of p53 stabilization and CDKN1A/p21 induction, these
data suggest that upregulation of ATF3 in response to ISR does not require p53.

ATF4 and p53 independently regulate expression of ATF3. Our results suggest
that both p53 and the ISR regulate ATF3 transcription in a parallel, potentially redun-
dant fashion. ATF4, a member of the basic region-leucine zipper (bZIP) TF superfamily,
is one of the main transcriptional effectors of the ISR.30,31 Prior work suggests ATF4
regulates expression of ATF3 in other cellular contexts, therefore we tested whether
ATF4 controls p53-independent induction of ATF3 mRNA expression in response to ER
stress and AA starvation.26,32,33 We first characterized the activity of ATF4 in response
to ISR-activating stimuli in our HCT116 p53WT and p53 null cells to confirm ISR-
dependent ATF4 expression. As expected, ATF4 mRNA and protein levels increase in
response to both ER stress (via tunicamycin treatment) and AA starvation (via histidinol
treatment), whereas ATF4 mRNA and protein expression were unaffected in response
to p53 stabilization (via nutlin-3A treatment) or DNA damage (via etoposide treatment)
(Fig. 2A and D).

To determine the role of ATF4 in regulating ATF3 induction downstream of ISR acti-
vation, we created HCT116 p53WT and p53 null cells expressing either a nontargeting
control shRNA or ATF4-targeted shRNA. ATF4 mRNA and protein are substantially
reduced in ATF4 shRNA-expressing cells compared to nontargeting control shRNA (Fig.
2B and E), as was the ATF4 target ASNS, demonstrating the effectiveness of shRNA in
ablating ATF4 (Fig. 2I). ATF3 induction in response to etoposide was unaffected by
ATF4 depletion (Fig. 2G). Conversely, ATF4 knockdown significantly reduced ATF3
mRNA induction in response to ER stress, suggesting a direct role for ATF4 activity in
mediating ISR-dependent ATF3 expression (Fig. 2G). We extended our analysis to iso-
genic ATF4þ (HAP1 parental) and ATF4- (HAP1 ATF4KO) haploid leukemia cell lines.
ATF4 mRNA and protein levels were not induced in response to ER stress in HAP1
ATF4- cell line (Fig. 2C and F). Undetectable ATF4 protein in the ATF4- cell line results
from a 2 bp insertion in exon 3 of ATF4 that truncates the protein, including the DNA-
binding domain. Lack of ATF4 mRNA induction during ER stress in ATF4- cells suggests
that ATF4 protein might be involved in ATF4 autoregulation, however there is currently
no evidence suggesting direct regulation.34 Inactivation of ATF4 led to a complete
ablation of both ASNS and ATF3 mRNA induction in response to ER stress, confirming
ATF3 induction in response to ISR is ATF4-dependent (Fig. 2H and J). These results
demonstrate that ATF4 is the main effector of ISR-mediated ATF3 induction and that
p53 mediates ATF3 transcription after DNA damage.

ATF4 and p53 occupy distinct regulatory regions in the ATF3 gene locus. Our
results demonstrate a genetic dependence for p53-mediated activation of ATF3 tran-
scription under DNA damage conditions, and a functionally distinct, ATF4-dependent
pathway that regulates ATF3 transcription during the ISR. To understand whether dir-
ect ATF4 binding to regulatory regions controls ATF3, we generated novel cleavage
under targets and release under nuclease (CUT&RUN)35 data for ATF4 in HCT116 cells
treated with either DMSO (control), p53-activating (etoposide), or ISR-stimulating
agents (tunicamycin or histidinol) using either an ATF4-specific antibody or a nonspe-
cific IgG control. We generated high-confidence, ISR-activated ATF4 binding events by
considering called peaks from five out of six experiments from cells treated with either
tunicamycin or histidinol (Fig. S1A to C). The rationale for this peak filtering strategy is
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to restrict further analysis of universal ISR-dependent ATF4 binding events, while also
accounting for biological or technical variability in replicates. In support of this
approach, we observe 7,727 ATF4 binding events shared across five out of six experi-
mental conditions, with 5,093 (65%) existing across all observations. These 7,727 peaks
were then examined for expected features of ATF4 binding, including specificity during
ISR stimulation and enrichment of predicted ATF4 DNA binding motifs.

Known motif enrichment analysis revealed the ATF4 motif as enriched in high-confi-
dence peaks, followed by enrichment of the known heterodimer partner, C/EBP hom-
ologous protein (CHOP) (Fig. 3A). Similar enrichment of a motif most closely matching
the known ATF4 motif was observed using de novo enrichment strategies (Fig. 3B).
Enrichment of CUT&RUN tags was highly specific for tunicamycin and histidinol treat-
ment conditions compared to either vehicle DMSO or etoposide conditions (Fig. 3C).
To provide context into the functional relevance of ATF4 binding, our CUT&RUN ana-
lysis reveals a significant, ISR-specific enrichment of ATF4 at the ASNS promoter (Fig.
S1D), confirming previous reports that AA starvation-induced ASNS expression is medi-
ated via ATF4 interaction with the promoter.36 We also assessed whether the ATF4
high-confidence binding was associated with genes in the ISR or other known path-
ways. We used ChIP-Enrich to perform gene pathway enrichment analyses on genes
nearest to either our ATF4 binding events or previously identified p53 binding events
from nutlin-3A-treated HCT116 cells.37,38 Genes in the unfolded protein response and
aminoacyl-tRNA biosynthesis pathways are highly enriched gene sets associated with
ATF4 binding when querying the mSigDB, KEGG, and REACTOME databases (Fig. 3E to
G), in support of our ATF4 CUT&RUN data representing functional binding events. p53
binding events are associated with genes involved in apoptosis, DNA repair, and the
response to stress, as expected (Fig. 3E to G). Interestingly, these analyses revealed
both ATF4 and p53 binding events are significantly associated with genes in the
canonical p53 pathway, including ATF3 (Fig. 3E and F). Taken together, these data sug-
gest that our high-confidence, ISR-dependent ATF4 peaks likely represent true ATF4
genomic binding events and further suggest a link between the ATF4-dependent ISR
and the p53 network.

FIG 1 ATF3 is a p53 target gene that is activated via the ISR in a p53-independent manner. Western blot analysis of (A) ATF3 and (B) p53 with GAPDH as a
loading control in HCT116 p53WT (left) and p53 null cells (right) following a 6 h treatment with DMSO, 5 lM Nutlin-3A (NUT), 100lM etoposide (ETOP),
2 lM tunicamycin (TM) or 2mM histidinol (HisOH). Gene expression analysis of the (C) ATF3 gene (D) CDKN1A gene and (E) ASNS gene in HCT116 p53WT
(black) and HCT116 p53 null (pink) cells in response to 6 h treatment with stimuli. All statistical comparisons were computed using a one-way ANOVA test.
�P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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Given the genetic evidence that ATF3 is regulated by both p53 and ATF4 and our
genome wide ATF4 binding experiments, we next surveyed the ATF3 gene locus to
identify putative ATF4 and p53 binding events that might directly regulate ATF3 tran-
scription. We observe ATF4 binding within a previously identified promoter regulating
ISR-dependent ATF3 transcription26 in response to both ER stress and amino acid
deprivation, but not during the DDR or in DMSO control conditions (Fig. 3D). p53, con-
versely, binds to a DNAse hypersensitive site (DHS) approximately 13 kb upstream
(p53-bound DHS) from the ATF4-bound ATF3 promoter. ATF4 also occupies a spatially
distinct DHS 15 kb upstream (ATF4-bound DHS) from the ATF3 TSS in an ISR-dependent
fashion. These novel genomic binding datasets for ATF4 further suggest a direct role
for ATF4 in regulation of ISR-dependent ATF3 and confirm the ATF4-independence of
ATF3 transcription downstream of DNA damage.

Analysis of the regulatory elements controlling stress dependent ATF3 expres-
sion. Biochemical analyses and genetic loss-of-function experiments confirm p53 and
ATF4 independently regulate expression of ATF3 (Fig. 1 to Fig. 3). To determine if the
distinct p53 or ATF4-bound DHS contribute directly to transcription of ATF3 in
response to stress, we tested their ability to activate transcription of a luciferase
reporter gene via a minimal promoter (minP). The upstream ATF4-bound DHS does
not act as an enhancer, as there was no significant difference in transcription com-
pared to the negative control (minP only), under any conditions and cellular contexts
tested (Fig. 4A). The p53-bound DHS drove substantial transcriptional activity under
basal conditions with a significant increase in activity upon nutlin-3A treatment. Basal
and p53-induced activity were significantly reduced when the putative p53 binding
motif was mutated or when assayed in HCT116 p53 null cell lines. Loss of p53 does not
completely ablate basal transcription, suggesting other transcription factors likely con-
tribute to unstimulated ATF3 activity. However, no additional transcriptional activation
by the p53-bound DHS was observed in response to tunicamycin (Fig. 4A). Taken
together, these data suggest that the p53-bound DHS likely regulates ATF3 transcrip-
tion under basal and conditions that stabilize p53, and that the adjacent ATF4-bound
DHS likely does not facilitate ISR-mediated ATF3 transcription.

Prior work suggests ATF4 regulates ATF3 via interaction with two canonical
ATF/CREB family motifs within the ATF3 promoter in hepatocarcinoma (HepG2) cells.26

This regulation depends on both a CRE site (nt �90/�82, TTACGTCAG) and a CARE site
(nt �21/�13, TGATGXAAX) within the ATF3 gene promoter (�104/þ36).39,40 We thus
assessed whether ATF4 regulates ATF3 via interaction with these elements, as ISR-
induced ATF4 binding to an upstream DHS had no effect on ATF3 transcription (Fig.
4A). We thus tested activity of luciferase reporters driven by the �104/þ36 promoter
fragment of the ATF3 gene – containing both the CARE and CRE sequences (WT ATF3
promoter), as well as constructs containing mutations in one (CARE and CRE) or both
(CARE/CRE) of these sites, in control and ATF4-deficient HAP1 cell lines. Consistent with
prior reports, both ER stress (tunicamycin) and AA starvation (histidinol) treatments led
to increased transcription driven by the WT ATF3 promoter in an ATF4-dependent
manner (Fig. 4B). Mutation of the CARE and CRE sites, both capable of supporting ATF4
binding, showed significantly and substantially reduced ability to drive both basal and
ISR-induced transcription. Our data are consistent with prior observations that the
CARE site is required for amino acid starvation-induced activity, but is dispensable for
ER stress-induced transcription.26,32 Similar to our results for the upstream p53-bound
DHS, these data suggest that multiple transcription factors in addition to p53 and ATF4
are likely involved in the basal and stress-dependent regulation of ATF3, consistent
with models whereby multiple transcription factors work in a context-dependent and
combinatorial manner to drive transcription.41–45 Our data using genetic depletion
strategies, biochemical binding assays, and testing putative cis-regulatory element
activity using reporter assays provide evidence for a model whereby ATF3 transcription
in response to DNA damage and the ISR occurs through distinct transcription factors
binding to distinct regulatory elements.
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FIG 2 ATF4 and p53 independently regulate expression of ATF3. ATF4 protein (A to C) and mRNA (D to F) expression analysis by Western blot and qRT-
PCR, respectively, in HCT116WT or p53 null cells (A, D), with shRNA constructs targeting control region (control shRNA) or ATF4 (ATF4 shRNA) (B and E), or
HAP1WT or HAP1 ATF4KO cells (C and F). Gene expression analysis of ATF3 (G and H) or ASNS (I and J) in HCT116 ATF4 shRNA cells (G and I) or HAP1
ATF4KO cells (H and J). Cells were harvested 6 h post-treatment with DMSO, 10 lM nutlin-3A (NUT), 100lM etoposide (ETOP), 2 lM tunicamycin (TM) or
2mM histidinol (HisOH). All statistical comparisons were computed using a one-way ANOVA test. �P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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FIG 3 ATF4 and p53 occupy distinct regulatory regions in the ATF3 gene locus. (A) Known motif enrichment analysis of the high-confidence peak set reveals
the predicted ATF4 motif as the most highly enriched motif within this dataset. (B) De novo motif analysis of high-confidence peak set shows enrichment of
ATF4 motif. (C) Enrichment of CUT&RUN sequencing tags for the 7723 high-confidence ATF4 peaks after 6 h drug treatments as indicated from �1 kb and
þ1 kb from peak center. (D) Genome browser view of the ATF3 gene locus displaying ATF4 CUT&RUN data (black) and p53 ChIP-Seq data (green) (scaled to 1
as the maximum value for ATF4 or p53) following 6 h treatment with various stress stimuli: DMSO (vehicle control), 5 lM nutlin-3A (NUTLIN), 100lM
etoposide (ETOP), 2 lM tunicamycin (TM), or 2mM histidinol (HisOH). (E to G) The top five most enriched results from chiprenrich for ATF4 CUT&RUN high-
confidence peaks (from this manuscript) or nutlin-induced p53 ChIP-seq peaks (from Ref.37) for (E) the mSigDB v6.0 Hallmark110, (F) KEGG v. 3.2.3111, or (G)
REACTOME v. 61112 gene sets. P values are log10 (1/Bonferroni-corrected P value). Full data tables for enrichment results can be found in Table S5.
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ISR-mediated induction of ATF3 does not require the upstream enhancer bound
by p53. ATF4 and p53 likely independently regulate expression of ATF3 by occupying
distinct putative regulatory regions in a stress-dependent manner (Fig. 2G, Fig. 3D, and
Fig. 4A and B). To further characterize the mutual independence of p53 and ATF4 and
to demonstrate whether these binding events control ATF3 transcription in vivo, we
utilized a CRISPR interference (CRISPRi) system to block effector protein binding at
these elements.46,47 We chose the dCas9-KRAB CRISPRi system which fuses a catalytic-
ally inactive Streptococcus pyogenes Cas9 with a KRAB transcriptional repressor
domain.48 dCas9-KRAB targeting to cis-regulatory elements is an effective strategy for
blocking effector protein binding and inhibiting regulatory elements and linked gene
expression.49–51 We first targeted dCas9-KRAB to the ATF3 promoter as proof of prin-
ciple, since repression of a gene promoter should inhibit transcription initiated from
that element. Targeting of dCas9-KRAB to the ATF3 promoter, approximately 100 bp
upstream of the TSS significantly reduced ATF3 mRNA levels (Fig. 4D). ATF3 mRNA lev-
els were unaffected when targeting dCas9-KRAB to the off-target p53-bound FGF2
enhancer (chr4:122,798,358, hg38) or a region 13 kb upstream (5’) of the putative ATF3
enhancer (Fig. 4D). A similar lack of repression was observed when dCas9-KRAB is tar-
geted to a region equidistant (6 kb) from both the putative ATF3 enhancer and pro-
moter (30 downstream relative to the enhancer) (Fig. 4D). This repression when
targeting the promoter was observed under basal (DMSO), DNA damage, and ER stress
conditions, demonstrating the effectiveness of the CRISPRi system. Targeting dCas9-
KRAB to the p53-bound enhancer significantly reduced ATF3 mRNA levels in response
to basal and etoposide-treated conditions when compared to all nontargeting controls
(Fig. 4D). Targeting of dCas9-KRAB to any of the three control locations did not signifi-
cantly alter either basal or DNA damage-induced ATF3 expression (Fig. 4D). Canonical
ISR and p53 gene targets ASNS and CDKN1A/p21 were unaffected by targeting dCas9-
KRAB to the p53-bound enhancer or control regions (Fig. 4E and F). Induction of ATF3
mRNA in response to tunicamycin-induced ER stress was not affected when targeting
the p53-bound enhancer (Fig. 4D). These results indicate the p53-bound enhancer is
important for both basal and p53-mediated activation of ATF3 but is not directly
required for ER stress-mediated induction of ATF3.

Global transcriptome analysis identifies common gene regulatory targets of the
p53 and integrated stress response. Our data demonstrate that the DNA damage
response (DDR, via p53) and the integrated stress response (ISR, via ATF4) independ-
ently activate transcription of ATF3 through at least two gene regulatory elements. We
sought to determine if this parallel stress-dependent gene activation by the p53 and
ISR pathways may be more widespread. We thus performed polyAþ RNA-seq on
HCT116 p53WT and p53 null cells after 6 h of treatment with p53 or ISR-activating
stimuli: DMSO (vehicle), 5 lM nutlin-3A,100 lM etoposide, 2 lM tunicamycin, or 2mM
histidinol. Three biological replicates were analyzed for each treatment condition via
transcript counting (kallisto, 100 bootstraps)52 and differential gene expression analysis
(deseq2).53 We confirmed that each treatment elicited an expected transcriptional
response using gene ontology analysis of significantly upregulated (Fig. S2A to D) or
downregulated (Fig. S2E to H) genes when compared to DMSO control.54–56 Treatment
with either nutlin-3A or etoposide led to significant upregulation of genes (184 and
1394, respectively) consistent with a functional p53 response, including those related
to the cellular response to DNA damage (Fig. S2A and B). Treatment with tunicamycin
led to upregulation of 2,138 genes consistent with ER stress and transcriptional regula-
tion (Fig. S2C) and downregulation of 2,131 genes involved in translation and ribo-
some biogenesis (Fig. S2G). Similar ontology groups were enriched in differentially
regulated genes after treatment with histidinol (Fig. S2D and H), although we note
treatment specific enrichment of ER stress-associated genes after tunicamycin treat-
ment and metabolic regulation after histidinol addition. Nearly 50% of the genes upre-
gulated in response to either tunicamycin or histidinol have an ATF4 binding event
within 10kB of their transcriptional start site (Fig. 5B), further supporting that these
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FIG 4 ATF3 induction by the ISR does not require the upstream enhancer element bound by p53. (A) Normalized luciferase values driven by the upstream
ATF3 DNase hypersensitivity sites (DHS): ATF4-bound DHS, p53-bound DHS, p53RE mutant, and the minimal promoter (negative control), in response to
16 h treatment with DMSO, 5 lM nutlin-3A (NUT) or 2 lM tunicamycin (Tm) in HCT116 p53WT and p53 null cells. (B) Normalized luciferase values driven by
the (�104/þ36) ATF3 promoter sequence (WT ATF3 promoter) and constructs containing mutations in specific ATF4 response elements: CARE, CRE,
CARE/CRE, in response to 16 h treatment with DMSO, 2 lM tunicamycin (Tm), or 2mM histidinol (HisOH) in HAP1 parental and ATF4KO cells. Luciferase
reporters with relevant motif positions and sequences are illustrated above the corresponding bar chart (A and B), genomic locations of the ATF3 promoter
and DHS are reported in Table S1. (C) Genome browser view of the ATF3 gene locus displaying the location of dCas9-KRAB gRNA targets and the genomic
coordinates spanning these targets relevant to panel D. (D) RT-qPCR analysis of the ATF3 gene in response to 6 h treatment with DMSO, 100lM etoposide
(ETOP) or 2 lM tunicamycin (TM) in HCT116 p53WT cells where dCas9-KRAB is targeting regions at off-target sites at a control FGF2 enhancer (blue) or
intergenic region (orange and green), the p53-bound ATF3 enhancer element (purple) or ATF3 promoter (red) for transcriptional repression. RT-qPCR
analysis of the (E) ASNS gene, and (F) CDKN1A/p21 gene, following a 6 h treatment with various stress stimuli. Statistical comparisons for nascent expression
levels were computed using a one-way ANOVA test. �P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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genes are likely regulated via ATF4 and the ISR. Taken together, these broad analyses
of gene regulation via standard gene ontology methods demonstrate that each chem-
ical treatment recapitulates expected cellular responses to specific cell stress
conditions.

We next wanted to identify additional genes that might be coregulated by ATF4
and p53 and examine potential upstream regulators for both gene networks. We first
used the causal inference engine approach to identify potential upstream regulators of
the differentially expressed genes identified in our RNA-seq analysis from the TRRUST
network database.57,58 ATF4 is predicted to be a significant regulator for both tunica-
mycin and histidinol-induced genes, but not etoposide in both WT and p53 null cell
lines (Fig. 5C and Fig. S3A). ATF6 and XBP1, other transcription factors activated by ER
stress, are also putative regulators of tunicamycin-induced genes, in agreement with
their expected role in mediating ER stress.59 Interestingly, this approach also predicts
p53 and is a likely regulator of ISR-mediated gene expression in both WT and p53 null
cells and across both the TRRUST and STRING networks (Fig. 5C and Fig. S3A and C).
These data, combined with our extensive genetic and biochemical analyses of ATF3
regulation, suggest additional genes may be coregulated by these two core cellular
stress responses via similar mechanisms to ATF3.

We therefore established parameters to define genes that can be independently
activated by p53 and the ISR. We reasoned that these genes would be (i) significantly
upregulated in response to both p53- and ISR-activating stimuli in HCT116 p53WT cells
relative to DMSO, (ii) p53-dependent in response to nutlin-3A treatment, a stimulus
that specifically activates and stabilizes p53 (Fig. S2I), and (iii) significantly upregulated
in the absence of p53 in response to ISR-activating treatments, tunicamycin and histidi-
nol. The inclusion of nutlin-3A-mediated regulation limits our gene set to those genes
regulated by p53 specifically, as opposed to via DNA damage-dependent, but p53-
independent mechanisms, as we have previously observed.51 Ultimately, these criteria
yielded 26 genes upregulated in response to p53 activation, ER stress, and AA starva-
tion (Fig. 5A). As expected, ATF3 was in this gene set upregulated in response to all
four treatment conditions relative to DMSO, providing support for selection criteria
and the quality of the data set (Fig. 5E and F). Gene ontology analysis of these 26 genes
suggests shared involvement in apoptotic signaling pathways and transcription by
RNA polymerase II. We also observed regulation of the mitogen-activated protein kin-
ase (MAPK) signaling cascade, which integrates and amplify signals from diverse stim-
uli (Fig. 5D).60,61 Pathway analysis on shared downregulated genes reveal common
function in protein synthesis, potentially reflecting a switch from an anabolic to cata-
bolic state, consistent with prior reports of broad translational control by these path-
ways (Fig. 5D).13,37,62–64

We next analyzed the behavior of commonly upregulated genes in HCT116 p53
null cells to determine whether induction is truly p53-dependent or independent in
response to ISR-inducing stimuli. Hierarchical clustering (one minus Pearson’s correl-
ation with complete linkage) revealed two distinct groups of these genes (Group 1 and
Group 2). 11 of the 26 commonly upregulated genes behave similarly to ATF3 (Fig. 5E
and F) and cluster together in Group 1. The remaining genes (Group 2) show some
dependence on p53 for full activation downstream of the ISR. p53 protein levels are
not stabilized in response to ISR-activating stimuli (Fig. 1B) and we observe no evi-
dence that canonical p53 targets like CDKN1A/p21 respond to ISR-activating stimuli
(Fig. 1D), suggesting that this partial dependence on p53 is likely due to indirect activ-
ity of p53 in regulating other activators within the ISR. Consistent with this, we note
diminished ATF4 protein in the absence of p53 in basal and ISR-induced conditions
(Fig. 2A). While additional work is required to determine the causal relationship, if any,
between loss of p53, reduced ATF4 protein abundance, and the effect on
ISR-dependent gene expression, our data suggest that p53 and ATF4-dependent tran-
scriptional control mechanisms are likely to be functionally independent.
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Last, we validated the p53 and ATF4-dependence of a set of common genes using a
battery of cell lines and genotypes. We examined p53-dependence for three candidate
genes regulated similarly to ATF3: GADD45A65,66, SESN267,68, and GDF1569,70. We tested
the behavior of these three genes in response to etoposide or tunicamycin treatment
in p53WT and p53 null HCT116 (Fig. 6A to D) and MCF10A mammary epithelial lines
(Fig. 6E to H). Each gene was induced by both treatments and etoposide-mediated
induction required an intact p53 response. Conversely, p53 was not required for induc-
tion in response to tunicamycin, consistent with the parallel nature of the p53 and
ATF4-dependent transcriptional networks. These data in MCF10A cell lines also demon-
strate that this behavior is not limited to colon carcinoma cell lines. We then assessed
ATF4-dependence of these genes in either HAP1 parental or ATF4- cell lines and found
that ATF4 activity is required for tunicamycin induction (Fig. 6I to L). Nutlin-3A treat-
ment fails to induce expression of ATF3, GADD45A, SESN2, and GDF15 likely due to the
loss-of-function TP53 S215G allele in these cell lines.71 The absence of p53 and the
presence of a functional ISR further suggest the functional independence of these
pathways. Our data thus identify a set of “dual response” genes independently regu-
lated by p53 or ATF4 in response to specific stress conditions.

GADD45A gene-derived reporter system for assessing DDR and ISR enhancers.
Our data demonstrate p53 activates ATF3 transcription through a distal enhancer,
whereas we confirmed observations that ATF4 regulates transcription via the ATF3
proximal promoter. We sought to determine whether any additional “dual response”
genes have cis-regulatory strategies like ATF3. We focused on GADD45A which was
reported to contain a p53-bound enhancer within the third intron.72,73 Our CUT&RUN
analysis suggests ATF4 also binds to this putative enhancer (Fig. 7A). We thus tested
whether p53 and ATF4 binding to this element controls GADD45A transcription under
p53 or ISR activating conditions, respectively, utilizing a newly constructed luciferase
reporter system (Fig. 7B). We reasoned that (1) GADD45A is relatively small (�3 kb) and
is convenient for plasmid-based genetic manipulations, and that (2) this reporter might
be more relevant for stress-dependent promoter-enhancer interaction studies as a
near native genetic context, including enhancer:promoter distance and location, is
maintained. We tested four versions of the “native” GADD45A-nLuc system, creating
transcriptional or translational fusion constructs either with or without a degron tag
(hPEST) (Fig. S4). Luciferase activity was detectable in all four versions under basal con-
ditions, and constructs lacking the degron tag were inducible by p53 (nutlin-3A) and
ISR stimulating (tunicamycin) conditions (Fig. S4B), consistent with our results measur-
ing native GADD45A mRNA expression (Fig. 6B). All subsequent experiments utilize the
GADD45A-nLuc translational fusion lacking the degron tag due to the highest signal-
to-noise ratio in our initial tests (Fig. S4B).

To confirm the putative cis-element in the third intron is essential for GADD45A-
nLuc reporter activity, we characterized luciferase activity in response to mutation or
deletion of nucleotides predicted to be critical for binding of p53 and/or ATF4. The
intronic enhancer has conserved p53RE and AP1 motifs that were previously reported
to be required for ionizing radiation induced GADD45A expression.72,74,75 We addition-
ally identified one canonical ATF4 motif (TGATGAAA, minus strand, Fig. 7C) using the
JASPAR database.76 ATF/AP1 transcription family motifs are highly similar (Fig. 7C and
Fig. S5) and ATF4 can form heterodimers with other AP1 family members 77–80, thus
we included mutants of both motifs to identify the true ISR response element in the
GADD45A enhancer. The wild-type GADD45A-nLuc reporter system responds to the p53
and ISR pathways like the native GADD45A gene (Fig. 7D). An intact p53RE motif was
required for maximal enhancer-driven transcription under basal conditions and con-
sistent with prior work.72 Disrupting this motif (Fig. 7C) resulted in low expression lev-
els like deletion of the entire 250 bp DHS region suggesting that p53 is a major
regulator of basal GADD45A transcription. Nutlin-3A-mediated transcription was com-
pletely dependent on the p53RE motif, whereas ATF4 and AP1 motifs were dispensable
(Fig. 7D). Disrupting the predicted ATF4 motif had no effect on basal or tunicamycin-
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FIG 5 Global transcriptome analysis identifies common gene regulatory targets of the p53 GRN and the ISR. (A) Intersection of genes upregulated (any
fold-change relative to DMSO, Bonferroni-adjusted P value <0.05) in HCT116 p53WT cells treated with 5 lM nutlin-3A, 100 lM etoposide, 2 lM
tunicamycin, and 2 lM histidinol, when compared to vehicle control (DMSO) for 6 h. (B) Bar plots representing a fraction of genes identified from the RNA-
seq experiment as upregulated (yellow), downregulated (blue), or not regulated (white) in response to various stimuli that have a CUT&RUN-defined ATF4
binding event within a binned distance indicated on the x-axis. (C) Causal inference engine predictions of the top five putative upstream regulators of
genes from the TRRUST database induced by tunicamycin, histidinol, or etoposide treatment (as determined using the Fisher’s exact test for
significance).57,58 Complete causal inference engine results for the STRING database for both WT and HCT116 p53 null cells can be found in Fig. S3 and
Table S4.106 (D) Gene ontology analysis of the genes commonly upregulated and downregulated (any fold-change relative to DMSO, Bonferroni-adjusted P
value <0.05), in response to various stress stimuli. (E) Heatmap and hierarchical clustering results (one minus Pearson, average linkage) displaying fold
change values for the 26 common targets identified in panel A. (F) Table displaying the gene symbols for the 26 common target Ensembl gene IDs
identified in panel A and matching row names in panel E. Genes validated in Fig. 6 by RT-qPCR are depicted in bold font.
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induced expression whereas disrupting the AP1 motif decreased basal activity and
tunicamycin-mediated induction (Fig. 7D), suggesting that ISR pathway is regulated, at
least partially, through the AP1 motif. Both the p53 and AP1 motifs appear to play key
roles in the basal expression of GADD45A, but the motifs appear to be functionally dis-
tinct in response to p53 and ISR-stimulating conditions. We also included combinator-
ial motif mutants to investigate whether transcription factors binding to these motifs
are activating independently. If the predicted ATF4 motif was not functional, one
would expect that the double inactivation of p53RE and ATF4 motif would behave as
p53RE mutant and would still be inducible by tunicamycin. In contrast, we observed
lack of tunicamycin-mediated induction when the reporter had combined p53RE and
ATF4 motif mutations. In fact, all constructs that included ATF4 and/or AP1 mutations
in different combinations were not inducible by tunicamycin (Fig. 7D). It is possible
that the ATF4 motif is not required under normal conditions but could act redundantly
in the absence of the preferred AP1 motif.

Nucleotide-level characterization of the GADD45A enhancer reveals critical regu-
latory sequences. Enhancers are generally regulated by multiple transcription factors
(TFs) acting positively or negatively depending on context.81 p53 binding primarily
positively regulates enhancer activity, although the extent to which additional tran-
scription factors are required for p53-dependent trans-activation remains an open
question.51,82 Our observations suggest the AP1 motif adjacent to the p53RE in the
GADD45A intronic enhancer is required for maximal transcriptional output but is not
required for p53-dependent induction. Conversely, this AP1 binding site is strictly
required for tunicamycin-induced enhancer activity, suggesting that the regulatory
potential of this enhancer is context-dependent. The GADD45A intron 3 enhancer is
predicted to encode at least 10 distinct TF motifs from JASPAR motif database.76 To
identify additional TF motifs regulating context-dependent enhancer activity, we meas-
ured basal and stimulus-dependent enhancer activity using STARRSeq (self-transcrib-
ing active regulatory region sequencing).83 We performed nucleotide-resolution
saturating mutagenesis with all possible substitutions or single nucleotide deletion at
every position within the 250 bp enhancer (Fig. 8A). First, this library was transiently
transfected into the HCT116 wild-type and p53 null cell lines to assess p53 depend-
ence. Cells were also treated with DMSO, nutlin-3A, or tunicamycin to measure p53 or
ISR-mediated activation of the GADD45A enhancer reporter library (Fig. 8B and Fig. S5).
Overall, most single-nucleotide substitutions and deletions had little or no effect on
basal or drug-induced activity (Fig. 8B and Fig. S5).

Consistent with our GADD45A full gene reporter assays (Fig. 7D), nucleotide
substitutions and deletions at consensus motif positions with high predicted
importance for p53 binding severely diminished enhancer activity in wild-type
HCT116 cell line (Fig. 8C), with near perfect concordance to the canonical p53RE
motif. Changes in the critical half-site positions of p53RE (nucleotide positions 78–
81 and 88–91) consistently disrupted enhancer-driven transcription. Most nucleo-
tide substitutions in the 6 bp spacer between the half-sites had minimal or no
effect on enhancer activity (nucleotide positions 83–87). For example, T>A or
T>C substitutions at the first position of the spacer are well-tolerated, but in
agreement with known p53 binding preferences, T>G substitution reduced enhan-
cer activity (Fig. 8C). T>C (position 3 of the spacer) and G>A (position 6) substi-
tutions increased enhancer activity, again mirroring the shift closer to consensus
p53 binding preferences. Conversely, all single nucleotide deletions disrupted
enhancer activity, illustrating the well-studied importance of spacing between half-
sites for p53 binding and activity (Fig. 8C).84 Comparison of nucleotide substitu-
tions between WT and p53 null conditions suggests most of the substitutions with
altered activity require an intact p53 response, except for A85G and A86G substitu-
tions. Although these nucleotide changes are predicted to be more like the con-
sensus sequence than wild-type RE and display increased enhancer activity, they
also show increased activity in p53 null cells, suggesting these substitutions may
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result in a de novo activating TF motif or disruption of a repressive TF element.
Overall, loss-of-function substitutions in the p53RE did not display reduced enhan-
cer activity in p53 null cells, as the genetic loss of p53 is expected to be epistatic
with mutation of the p53RE (Fig. 8B). Nucleotide-resolution mutagenesis of the
well-defined p53RE suggests that our STARRseq assay is suitable for high-through-
put mutagenesis and identification of additional factors important for stress-
dependent GADD45A enhancer.

We identified the AP1(FOS:JUN) site downstream of the p53RE, and not the pre-
dicted ATF4 upstream element, to be important for both basal- and tunicamycin-
induced enhancer activity using traditional reporter gene assays (Fig. 7D).
Disruption of the upstream ATF4 element in the saturating mutagenesis STARRseq
assay had little to no effect on enhancer activity, whereas we observed a marked
decrease in enhancer activity when the AP1 motif was disrupted in either WT or
p53 null cell line (Fig. 8C and Fig. S5). The loss of activity in response to AP1 motif

FIG 6 Parallel stress-dependent networks converge at activation of a common set of target genes. RT-qPCR analysis of the ATF3, GADD45A, SESN2, and
GDF15 gene in (A to D) HCT116 p53WT and p53 null cells, (E to H) MCF10A p53WT and p53 null cells, and (I to L) HAP1 parental and ATF4KO cells,
following a 6 h treatment with DMSO, 100 lM etoposide (ETOP), or 2 lM tunicamycin (Tm). All statistical comparisons were computed using a one-way
ANOVA test. �P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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substitutions in p53 null lines further suggests combinatorial and additive roles of
these two elements in driving basal enhancer activity. Specific substitutions to the
AP1 (FOS:JUN) motif demonstrates a clear dependence for known AP1 family bind-
ing preferences on enhancer activity. C>G/T substitutions at position 131 have
increased activity, presumably representing a shift closer to the consensus AP1
motif (Fig. 8C). The most sensitive positions to nucleotide substitutions were the
two palindromic half-sites (“TG” and “CA”) and nucleotide deletions predicted to
disrupt spacing between those half-sites (Fig. 8C).

Our STARRSeq assay for the GADD45A intron 3 enhancer revealed multiple nucleo-
tide substitutions with increased or decreased activity. Individual nucleotide changes
can disrupt TF motifs important for wild-type GADD45A enhancer activity but could
also represent varied activity due to de novo creation of TF binding sites or experimen-
tal noise. Therefore, to identify other true positive TF motifs, we focused our analysis
on contiguous 6þ nucleotide regions that display altered activity when (1) multiple
substitutions and deletions at the same position have similar effects, (2) changes in
several adjacent positions have similar effect, and (3) motif mutations have negative
effect on the expression and thus are potentially bound by activators. Using such

FIG 7 GADD45A as a reporter system to study DDR- and ISR-dependent enhancers. (A) Genome browser view with GADD45A locus displaying ATF4
CUT&RUN and p53 ChIP-Seq data37 in HCT116WT cell line following 6 h treatment with DMSO, 2mM histidinol (HisOH), 2 lM tunicamycin (TM), and 5 mM
nutlin-3A (NUT). Putative p53RE, ATF4 motif and GADD45A intron 3 enhancer locations are indicated on the bottom, DNaseI hypersensitive sites (DHS) are
marked in gray/black. (B) Schematic representation of the GADD45A-nLuc reporter construct with relevant enhancer sequence motifs highlighted in panel
C. (D) Normalized luciferase expression values using GADD45A-nLuc reporter transfected into HCT116WT cell line and 16 h treatment with DMSO, nutlin-3A
and tunicamycin as indicated in the legend. Reporter constructs included wild-type, a negative control with 250 bp enhancer deletion (“No Enhancer”) and
various ATF4, AP1 and p53RE motif mutations alone or in combination as indicated in the table below (“WT” or “mutant” in gray). Specific mutations in
motifs are indicated in panel C. Statistical comparisons were generated using one-way ANOVA. �P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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criteria, we identified three other regions that may positively regulate GADD45A enhan-
cer activity. Each of these regions overlap a specific predicted TF motif, ETV6,
AP1/BACH1, or GLIS3/POU6F (Fig. S5). AP1 and BACH1 are part of the broader bZIP
family of DNA binding proteins and have highly similar motif preferences. Consistent
with the p53RE and the AP1 (FOS:JUN) sites, nucleotide substitutions at positions pre-
dicted to be important for either AP1 or BACH1 binding display reduced enhancer
activity (Fig. 8C). These effects are observed in both WT and p53 null cell lines, suggest-
ing this motif contributes to basal activity in a p53-independent context. An A>C sub-
stitution at position 181 strongly increases enhancer activity, likely due to C adhering
more closely to the predicted consensus binding motif for both AP1 and BACH1
dimers. Nucleotide deletions at any position reduced enhancer activity, whereas we
observed a position-specific effect of substitutions mirroring consensus nucleotide
preferences. Our saturating mutagenesis approach validates the critical role of the pre-
viously characterized p53 and AP1 binding sites in the positive regulation of the
GADD45A enhancer, and revealed putative, novel TF motifs that may contribute to
basal or induced enhancer activity.

Validation of the STARRseq-defined effects of nucleotide substitutions within the
GADD45A enhancer via a native-context reporter assay activity. To assess whether
nucleotide substitutions in newly identified GADD45A enhancer motifs would have the
same effect in a native gene context, we tested a series of “upregulating” and
“downregulating” substitutions in our GADD45A-nLuc reporter system (Fig. 9). All
GADD45A-nLuc enhancer mutants were transiently transfected into HCT116 wild-type
and p53 null and treated with DMSO, nutlin-3A and tunicamycin. The
AP1/BACH1(A181C) substitution moves this motif closer to the consensus sequence
and is expected to improve binding and subsequent activation of GADD45A, whereas
G177A would likely have the opposite effect. Indeed, using the native reporter system
demonstrates that these substitutions behave as predicted from the MPRA-based
approach (Fig. 8C and Fig. 9C). We next assessed how substitutions in the overlapping
GLIS3 and POU6F2 motifs (Fig. S5) affect activity in the more native context. All nucleo-
tide substitutions led to increased activity in the MPRA, suggesting these motifs and
their bound factors may act to repress GADD45A transcription. In the native reporter
system, substitutions in this overlapping GLIS3/POU6F motif increased enhancer activ-
ity (Fig. 9C), further suggesting that this sequence restrains activity of the GADD45A
enhancer.

Results from native reporter gene assays measuring the activity of nucleotide sub-
stitutions in the putative ETV6 motif located between the p53 and AP1 motifs were
more nuanced (Fig. 9C). ETV6 is an ETS-family transcription factor and most frequently
acts as a repressor.85 The ETV6 A113G substitution, which led to consistently increased
activity in the MPRA (Fig. S5), displayed increased nutlin-3A/p53-induced activity, but
did not affect expression under basal or tunicamycin-treated conditions. The A112T
substitution, predicted to reduce enhancer activity, surprisingly displayed higher levels
of nutlin-3A-induced activity in HCT116WT p53 using the native reporter system.
Interestingly, both the ETV6 A112T and A113G substitutions led to diminished enhan-
cer activity across all treatment conditions in HCT116 p53 null. These data suggest a
potential context-dependence of the ETV6 motif in regulation of GADD45A enhancer
activity, with motif disruptions leading to varied effects depending on the presence
of p53.

DISCUSSION

In this study, we present a comparative analysis of gene regulatory strategies for
two fundamental cell stress responses. We demonstrate the p53 gene regulatory net-
work and the ATF4-driven integrated stress response, although generally controlling
distinct genes, converge on a set of common transcriptional targets related to meta-
bolic control and apoptosis. Our study provides direct evidence that these targets
require p53 during the DNA damage response, but not during the ISR. Conversely,
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ATF4 is required during the ISR and is dispensable under p53-activating conditions.
The genetic dependence parallels the well-studied, stress-evoked stabilization of p53
and translation of ATF4,86,87 which is further supported by observations that neither
p53 nor ATF4 levels increase after activation of the other pathway (Fig. 1B and Fig. 2A
and D). Importantly, these data are consistent with recent work demonstrating tar-
geted ISR induction activates specific p53 gene targets in p53-deficient cells.13,14

Similarly, chemical inhibition of the phosphatase PPM1D leads to increased ATF4 activ-
ity which synergized with p53 to amplify expression of some p53 target genes and
increased cell death.15 These data point towards therapeutic strategies broadly

FIG 8 Nucleotide resolution of GADD45A enhancer sequence critical for promoter activation function. (A) Schematic illustrating GADD45A 250 nt enhancer
mutagenesis screen using the STARR-seq system (hSTARR-seq_ORI). Substitutions and deletions of every nucleotide position are depicted as “X”; p53RE in
blue; open reading frame as “ORF”; polyadenylation site as “polyA.” (B) Heatmap representing expression mediated by each enhancer variant relative to the
wild-type enhancer from the same cell line and treatment condition. Relative position in the enhancer (1–250 nt) is indicated on the x-axis. Each deletion
(“Del”) or base substitution (“A,” “C,” “G,” “T”) is indicated as a row label. “Gray” color in row “Del” indicates a redundant position when >1 consecutive
base is identical. Relevant motifs discussed in the text are highlighted (red dashed line) including: GADD45A native motif sequence, relative position, name
(“p53RE,” “AP1”) and PWM logos76 are in panel C. Cell lines and treatment conditions are indicated above each heatmap.
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applicable across cancers regardless of TP53 genetic status. Combined treatment with
nongenotoxic activators of p53 (like MDM2 inhibitors) and chemical induction of the
ISR pushes cells toward an apoptotic/cell death fate, which could overcome the
reported limitations of MDM2 inhibition alone.6 Small molecules restoring p53 function
in p53-deficient tumors are being developed and their efficacy may be bolstered by
combined ISR activation. These approaches are especially attractive given the nonge-
notoxic nature and the relatively large number of experimental and approved com-
pounds that activate p53 or the ISR.

Both the p53-dependent and the ATF4-driven ISR gene networks are antiprolifera-
tive, either through induction of apoptosis or cell cycle control. p53 canonically medi-
ates cell cycle control through CDKN1A/p21 and other targets, like CCNG1.88 The p53
network appears to be “redundant”, where loss of a single antiproliferative strategy
does not appreciably affect tumor suppressor function. These shared genes may repre-
sent an additional layer of redundancy to tumor suppression by p53 through meta-
bolic control. At least four of the shared p53 and ATF4 targets (DDIT4, GADD34, SESN2,
and GDF15) are antiproliferative via inhibition of mTOR signaling.67,89–92 ATF3 also
coordinates cell cycle progression through serine, nucleotide, and glucose metabolic
control.93,94 These genes, thus, may represent a “core” repurposed by various cell stress
response pathways for antiproliferative effects through the central energy regulator
mTOR. Thus, investigations into stress-dependent regulation of these targets by other
transcription factors controlling hypoxia (HIF1a), heat shock (HSF1), inflammation
(IRF/STAT), xenobiotics (AHR), and infection (NF-jB), may be warranted.

Our genetic dissection of ATF3 and GADD45A provides mechanistic detail into inde-
pendent regulation by both p53 and ATF4. ATF3 induction after stress is mediated by
two spatially distinct and mutually independent regulatory elements, each bound by
either p53 or ATF4. While our data suggest that basal ATF3 expression is reduced when
either element is perturbed, stress-mediated induction appears wholly dependent on
the specific stress-activated transcription factor and its unique bound element. In con-
trast, stress dependent GADD45A induction is controlled by a single enhancer element
bound by both p53 and ATF4. STARRSeq-based saturating mutagenesis of this
GADD45A enhancer provided nucleotide-level resolution of DNA elements that control
enhancer activity. Consistent with our genetic, biochemical, and reporter gene analy-
ses, this assay demonstrated nucleotide substitutions at positions predicted to be crit-
ical for binding by either p53 or ATF4 most significantly impacted enhancer activity
and GADD45A expression. This is true not only for predicted loss-of-function nucleotide
substitutions, but also substitutions that are predicted to improve transcription factor
binding (Fig. 8C). These data suggest that MPRA-style assays like STARRseq are suitable
for examining the impact of sequence differences in p53-bound elements resulting
from natural or disease-associated human variation (Fig. S5). This impact has not been
comprehensively explored, but certain gain-of-function variants with protumorigenic
activity have been reported.95,96 We also identified and validated three additional tran-
scription factor binding motifs directly impacting enhancer activity. Sequence-based
motif prediction methods identify numerous putative transcription factor motifs within
the GADD45A enhancer that did not alter enhancer activity in this context. Enhancers
have well-defined cell lineage-dependent activity based on the specific combination of
transcription factors that may be present,44,45 thus, we cannot rule out that these pre-
dicted motifs may be functional in other settings. Therefore, a combination of
unbiased saturating mutagenesis screening across diverse cell types and sequence-
based motif analyses may help to refine and improve the ability to predict functional
elements within regulatory elements.

Our results examining p53 and ATF4-mediated induction of GADD45A provide new
insight into the complex interplay between multiple transcription factors at stress-
dependent enhancers. The p53RE is critical for nutlin-3A-induced expression of
GADD45A, whereas other motifs were dispensable, including the AP1 site critical for
ATF4-mediated expression. These motifs are also unnecessary for ATF4-dependent
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induction. Our observations mirror prior studies demonstrating p53-induced enhancer
activity solely depends on p53 binding and that p53 motifs are the strongest predictor
of high enhancer activity.82,97 While global MPRA analyses of ATF4-dependent regula-
tory elements have not been reported, our results suggest that like p53, ATF4 may not
require other transcription factors to induce stress-dependent enhancer activity. This
model is attractive as the regulatory activity of stress-dependent transcription factors
would remain robust across contexts. Although they appear unnecessary for stress-
mediated induction, transcription factor motifs (ETV6, AP1:BACH1, GLIS3/POU6F) iden-
tified via saturating mutagenesis modulate GADD45A enhancer activity in unstressed
conditions. These results also provide a context where additional transcription factors
regulate p53- or ATF4-bound enhancers and suggest that differential enhancer
“grammar” may be needed for basal versus stress-dependent transcriptional regula-
tion.p53-dependent enhancers may rely on other transcription factors in certain

FIG 9 Other STARR-seq-identified motifs contribute only to basal GADD45A enhancer activity. (A) Schematic representation of the GADD45A-nLuc reporter
construct with relevant enhancer sequence motifs highlighted in panel B. (C) Normalized luciferase expression values using GADD45A-nLuc reporter
transfected into HCT116WT cell line and 16 h treatment with DMSO, nutlin-3A and tunicamycin as indicated in the legend. Reporter constructs included
wild-type (WT) construct, 250 bp enhancer deletion (“No Enhancer”) as a negative control and various predicted transcription factor motif mutations as
indicated on the x-axis. Specific mutations in transcription factor motifs based on the STARR-seq screen are indicated in panel B. Statistical comparisons
were generated using one-way ANOVA: �P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001.
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contexts, like with varied cell lineage-dependent chromatin structure.98 One caveat to
MPRA studies is they can lack chromatin context that might mask the requirement for
other transcription factors that alter chromatin accessibility. In addition, enhancers dis-
play cell lineage-dependent activity due to differential expression of these transcrip-
tion factors and cofactors. These caveats for MPRA studies are also relevant for our
identification of shared gene targets between the p53 and ISR gene networks. Our glo-
bal analysis was limited to one colon carcinoma cell line, but recent studies have iden-
tified previously underappreciated cell lineage-dependent p53 transcriptional
networks.37,98–100 A full analysis of cell lineage-specificity has not been directly
explored in the ATF4-dependent ISR. Therefore, the shared gene network between the
p53 and ISR gene networks is likely more expansive than is reported here. Our results
identify autonomous activity of p53 and ATF4 during stress-dependent enhancer acti-
vation and gene regulation, and certainly additional exploration of context-dependent
enhancer activity and shared gene targets is required.

MATERIALS ANDMETHODS

Cell culture and treatments. The human colorectal cancer cell lines, HCT116 TP53þ/þ and HCT116
TP53-/-, were cultured in McCoy’s 5 A Media (Corning, #10-050-CV) supplemented with 10% fetal bovine
serum (FBS) (Corning, #35-016-CV) and 1% penicillin-streptomycin (Gibco, #15240-062). Human mam-
mary epithelial cells, MCF10A TP53þ/þ and MCF10A TP53-/- (Sigma-Aldrich) were cultured in 1:1
Dulbecco’s Modified Eagle’s Medium: Ham’s F-12 (Gibco, #11330-032) supplemented with 5% horse
serum (Gibco, #16050-122), 20 ng/mL epidermal growth factor (Peprotech, #AF-100-15), 0.5 ng/mL
hydrocortisone (Sigma, #H-0888), 100 ng/mL cholera toxin (Sigma, #C-8052), 10mg/mL insulin (Sigma, #I-
1882), and 1% penicillin-streptomycin (Gibco, #15240-062). The human near haploid cell line, HAP1 par-
ental and HAP1 ATF4– cells (Horizon Genomics, HZGHC007380c010), were cultured in Iscove’s Modified
Dulbecco’s Medium (Gibco, #12440-053) supplemented with 10% fetal bovine serum (FBS) (Corning,
#35-016-CV) and 1% penicillin-streptomycin (Gibco, #15240-062). All cell lines were cultured at 37 �C and
5% CO2 in a water-jacketed incubator.

For cell line treatments, cells were cultured for times indicated in each experimental figure/legend
with either 5 mM nutlin-3A (Millipore Sigma, #45-SML0580) to stabilize p53 activation, 100mM etoposide
(Thermo Scientific, #J63651.MC), 2 mM tunicamycin (Thermo Scientific, #J62217.MA) or 2mM histidinol
(Acros Organics, #AC228831000). All drugs were freshly resuspended in DMSO and DMSO-only controls
were added at equal volumes to each drug treatment.

Luciferase plasmid cloning and expression assays. Relevant plasmids and primers with cloning
design are listed in Table S1. All cloning was done using NEBuilder (NEB, #E2621S). NanoLuciferase
reporter plasmids were constructed using GADD45a_pHG plasmid as a backbone (gift from A. Fornace).
pGB7 is the wild-type equivalent plasmid used throughout this study and includes GADD45A region
chr1:67682954-67690203 (hg38) with translationally fused nLuc. pGB7 also engineered to have PacI,
Esp3I and MunI sites to facilitate removal of the 50 UTR and/or promoter region.

Luciferase assays were carried out using Nano-GloV
R

Dual-LuciferaseV
R

Reporter Assay System
(Promega #1620) following manufacturer’s recommendations. NanoLuciferase or firefly luciferase values
were normalized to constitutively expressed firefly luciferase (fLuc), or nanoLuciferase (nLuc) levels that
were generated by cotransfected pGL4.53 or pNL1.1 (Promega, #E5011, #N1441) plasmids, respectively.

dCas9-KRAB gRNA cloning. All primers used to generate gRNAs are listed in Table S1. To generate a
transfer plasmid for each dCas9-KRAB genomic target region, forward and reverse primer pairs were
annealed and then cloned into the BsmBI restriction site in the pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-
Puro vector (gift from C. Gersbach, Addgene #71236). HCT116 cell lines constitutively expressing dCas9-
KRAB and appropriate targeting gRNA were generated as described.49 All treatments are described in
Material and Methods and in the figure legend.

Lentivirus production, purification and transduction. Lentiviral particles were packaged using
HEK293FT cells seeded at a density of 250,000 cells per well in six-well culture plates. In brief, 1 lg of
pLKO.1-Puro TRC plasmid containing either nontargeting control shRNA (50-CAACAAGATGA
AGAGCACCAA-30) or ATF4-targeted shRNA (50-GCCTAGGTCTCTTAGATGATT-30) was combined with 1 lg
of packaging plasmids psPAX2 and pMD2.G, mixed at a molar ratio of 2:1. The plasmid mix was diluted
in jetPRIME buffer (Polyplus Transfection, 89129-924) and transfection reagent, following the manufac-
turer’s protocol. pMD2.G and psPAX2 were gifts from Didier Trono (Addgene plasmid # 12259, #12260).
Lentiviral supernatants were collected at 24 and 48 h post-transfection, supplemented with 8 lg/mL
Polybrene, filtered through 0.45-lm nitrocellulose filters, and stored at �80 �C. Cells were transduced
with lentivirus and were selected for viral infection via addition of 2 lg/mL of puromycin for 72 h.

QUANTITATIVE REAL TIME PCR (RT-qPCR)

Total RNA was isolated (Quick RNA, Zymo, #R1055) with on-column DNase I digestion for 30min.
Single-stranded cDNA was generated (High-Capacity cDNA Reverse Transcription Kit, ABI #4368814) and
qPCR was performed using the relative standard curve method and iTaq Universal SYBR Green Supermix
reagents (BioRad). All RT-qPCR primers are presented in Table S1.
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Western blotting. Total protein was isolated using a custom RIPA buffer (50mM Tris-HCl pH 7.4,
150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease/phospha-
tase inhibitors (Pierce, 78442). Protein concentration was measured using the BCA approach (Pierce,
23227), and equal protein concentrations were analyzed using the ProteinSimpleV

R

Wes platform with
the 12–230 kDa Wes Separation Module containing 8� 25 capillary cartridges per manufacturer’s
instructions. Specific antibodies used were anti-p53 (clone DO-1, BD Bioscience #554293), anti-ATF3
(Abcam, #AB207434), anti-ATF4 (Cell Signaling, #D4B8), anti-GADPDH (Cell Signaling, #5174S).

CUT&RUN. 1.5� 106 cells per CUT&RUN reaction and three biological replicates per condition were
prepared for batch processing using the EpiCypher CUTANATM CUT&RUN protocol v1.9 and reagents
(EpiCypher, #14-1048). Briefly, cells bound to Concanavalin A beads were incubated overnight with
0.5mg of anti-ATF4 antibody or nonspecific rabbit IgG. DNA fragments were purified using phenol/-
chloroform extraction and 20 ng of purified DNA was used to construct an Illumina-compatible sequenc-
ing library optimized for CUT&RUN-sized DNA fragments and NEBNext Ultra II DNA Library reagents
(NEB #E7660).101 Library concentrations were quantified (NEBNext Library Quant Kit, E7630), pooled at
equimolar concentrations, and sequenced on the Illumina NextSeq 2000 at the University at Albany
Center for Functional Genomics.

CUT&RUN and ChIP-Seq data analysis. Raw paired-end sequencing reads for CUT&RUN were
aligned to the hg38 human genome reference using hisat2 with the following options (-X 700 -I 10 –no-
spliced-alignment).54 Regions of significant ATF4 enrichment (relative to IgG control signal) were identi-
fied using macs2.102 ChIP-seq reads for HCT116 input (GSM2296270), p53 ChIP-seq under DMSO-treat-
ment (GSM2296271), and p53 ChIP-seq under nutlin-3A-treatment (GSM2296272) were downloaded
from the Gene Expression Omnibus and aligned to the hg38 human genome reference using hisat2.37,54

BigWig files for visualization were produced via deepTools.103 Gene set enrichment for ATF4 CUT&RUN
peaks was performed using ChIP-Enrich based on distance to the nearest transcriptional start site
(TSS).38

RNA sequencing. Cells were treated with either DMSO, nutlin-3A, etoposide, tunicamycin, or histidi-
nol as described above in a six-well plate for 6 h and total RNA was isolated (Quick RNA miniprep, Zymo,
#R1055). PolyAþ RNA was purified using Dynabeads Oligo (dt)25 (Invitrogen, #61012) and fragmented at
94 �C for 15min. Fragmented RNA was used as the template for double-stranded cDNA production
which was then used to construct an Illumina-compatible sequencing library (NEBNext Ultra II
Directional RNA Library, NEB E7760). Libraries were then pooled for sequencing on an Illumina NextSeq
2000 at the University at Albany Center for Functional Genomics or on an Illumina Hiseq 2000 at
Azenta/GeneWiz. Transcript abundance from the ENSEMBL hg38 genome assembly (v. 104) was quanti-
fied using kallisto (quant -b 100).52 Resulting transcript counts (TPM) were imported and processed via
tximport104 and differential expression was quantified using DESeq2.53 Pathway enrichment analyses for
differentially expressed genes were performed using enrichr.55,56,105 Upstream regulator analysis on dif-
ferentially-expressed genes was performed using the Causal Inference Engine querying the TRRUST
database using Fisher’s exact test settings and the STRINGdb with the Quaternary Scoring
statistic.57,58,106,107

STARR-seq enhancer mutagenesis screen. STARR-seq library preparation was done following a pub-
lished protocol with minor modifications as described here.108 To simplify STARR-seq library preparation,
hSTARR-seq_ORI vector (Addgene #99296) was modified by adding partial Illumina P5 and P7 adaptor
sequence before AgeI and after SalI restriction sites, respectively, yielding plasmid pGB118.83

Mutagenesis library was constructed as a 250 nt of GADD45A intronic enhancer region (chr1:67686701-
67686950) with a “N” mixed base or a deletion at every position and 25 nt pGB118 matching overhangs
on the 50 and 30 ends. The library was ordered as an oligo pool (oPool, IDT). oPool library was amplified
for 10 cycles with primers SL1947þ SL1948 and cloned into pGB118 cut with AgeI and SalI using
NEBuilder (NEB, #E2621S). 18 million HCT116 TP53þ/þ or TP53-/- cells were transfected with 10 mg STARR-
seq mutagenesis plasmid library using JetPrime Transfection Reagent (Polyplus #101000046) following
manufacturer’s recommendations. 5 h after transfection, the media was replaced with fresh media sup-
plemented with 0.001% DMSO, 5 mM nutlin-3A or 2 mM tunicamycin. RNA was extracted 6 h post-treat-
ment. Processed RNA and plasmid DNA libraries were sequenced on Illumina NextSeq 2000 instrument
at the University at Albany Center for Functional Genomics as 2� 150 paired-reads. R1 and R2 reads
were first merged using bbmerge tool from BBMap.109 Merged reads were then collected and counted
using a strict string pattern matching the expected library sequences. Relative expression was calculated
as an RNA/DNA ratio.
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