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ABSTRACT

Proteostatic stress initiates a transcriptional response that is unique to the stress condition,
yet the regulatory mechanisms underlying the distinct gene expression patterns observed in
stressed cells remains unknown. Using a functional genomic approach, we investigated how
activating transcription factor 6 (ATF6), a key transcription factor in the unfolded protein
response (UPR), regulates target genes. We first designed a computational strategy to define
Atf6 target genes based on the evolutionary conservation of predicted ATF6 binding in gene
promoters, identifying 652 conserved putative Atf6 target (CPAT) genes. CPATs were
overrepresented for genes functioning in the UPR, however, the majority functioned in cellular
processes unrelated to proteostasis, including small molecule metabolism and development.
Functional studies of stress-independent and toxicant based Atf6 activation in zebrafish livers
showed that the pattern of CPAT expression in response to Atf6 overexpression, alcohol and
arsenic was unique. Only 34 CPATs were differentially expressed in all conditions, indicating
that Atf6 is sufficient to regulate a small subset of CPATs. Blocking Atf6é using Ceapins in
zebrafish demonstrated that Atf6 is necessary for activation of these genes in response to
arsenic. We investigated CPAT during physiologically mediated hepatocyte stress using liver
regeneration in mice as a model. Over half of all CPATs were differentially expressed during
this process. This was attributed to the permissive chromatin environment in quiescent livers
on the promoters of these genes, characterized by the absence of H3K27me3 and enrichment
of H3K4me3. Taken together, these data uncover a complex transcriptional response to Atf6
activation and implicate a permissive epigenome as a mechanism by which distinct
transcriptional responses are regulated by Atf6.
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INTRODUCTION
Cells have an incredible capacity to orchestrate nuanced response to stimuli. This is

best exemplified by the dynamic changes in gene expression that occur as cells traverse the
initial response through adaptation and return to homeostasis following exposure to a toxicant.
The maintenance of the cellular proteostasis environment is a well-studied process which
integrates signaling pathways with changes in transcription and translation [1]. A wide range
of environmental and physiological stimulants perturb the proteostasis environment, including
stressors that directly impact the functioning of the endoplasmic reticulum (ER). Many
stressors are pathological and the role of ER stress in many important diseases, including
liver disease, cancer and neurodegenerative disorders, is extensively studied.

Sensing and countering this imbalance depends on a complex network of signaling
pathways, transcription factors, chaperones and other factors collectively termed the unfolded
protein response (UPR). Cells that fail to adequately respond to the unfolded protein burden
in the ER can become dysfunctional; ER stress has been identified as a crucial molecular
mechanism at the basis of a wide range of diseases, including liver disease [2-4]. UPR
functions hinge on a transcriptional program which has traditionally been described as an
upregulation of genes encoding proteins that function in the ER by the coordinated activity of
three transcription factors: activating transcription factor 6 (ATF6), activating transcription
factor 4 (ATF4) and X-box binding protein 1 (XBP1s) [5]. Despite the importance of these
transcription factors, a well-defined target gene list has not been identified for any of them,
and the mechanisms determining how these factors mount a nuanced response to different
stressors is not known. This is, in part, due to the significant cross talk between the different
UPR branches [6, 7] making it challenging to identify the transcriptional targets distinct to each
branch.

The UPR becomes engaged in response to many disparate conditions, including
pharmacological stressors, such as tunicamycin which blocks protein glycosylation,
environmental toxicants which cause oxidative and ER stress, and pathological stressors, as
occurs in response to environmental toxicants or a viral infection, as seen in the example of
coronavirus infection which overwhelms the secretory pathway with the production of surface
glycoproteins [8]. These responses induce a canonical UPR characterized by the upregulation
of well-studied proteins such as the chaperones Bip (Hspa5) and Hyou1 or the ERAD factors
Edem1 or Derl3. The majority of studies on UPR transcriptional targets has focused on only a
few of these genes, with an emphasis on those that play a pivotal role in mitigating ER stress.
Recent studies using transcriptomics to identify the patterns of gene expression
accompanying ER stress have challenged this perception, revealing a complex UPR-
associated transcriptomic pattern that does not follow a simple global transcriptional
upregulation model [1, 9-12]. For instance, some studies have found downregulation of cell
surface proteins and receptors as a consequence of UPR induction [10] while others showed
that genes involved in mitochondrial function are downregulated in cells with ER stress [1].
Indeed, our work using zebrafish to study the relationship between ER stress and fatty liver
has shown that genes are both up and down regulated in the context of UPR mediated fatty
liver [13, 14]. However, such studies on the global transcriptional reprogramming in response
to ER stress are underrepresented in the literature, and the regulation of non-canonical UPR
mechanisms remain understudied. There is a gap in knowledge related to how the UPR
transcriptome tailors its response to diverse stressors such as environmental toxicants, dietary
intake, infection and in physiological processes such as development and regeneration.

ATF6 is the only UPR sensor that directly regulates the transcriptional response to ER
stress. Unfolded proteins in the ER or presence of specific sphingolipids [15] facilitate ATF6
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translocation to the Golgi apparatus where it is cleaved to release the transcriptional regulatory
domain [16, 17]; this cleaved cytoplasmic domain (nATF6) translocates to the nucleus where
it functions as a transcriptional regulator. However, neither the precise binding site nor the
chromatin context required for the function of Atf6 as a transcriptional regulator have been
well defined. One series of biochemical studies using HelLa cells identified the cis-regulatory
elements, termed ER stress element (ERSE) | (CCAAT-(N)9-CCACG) and ERSE Il (ATTGG-
N-CCACG), as required for transcriptional activation of well characterized Atf6 target genes,
such as Hspa5 [18-20]. These studies show that nAtf6 binds to CCACG sequence when the
general transcription factor, NFY, is bound to the CCAAT site, and several genes that function
in proteostasis have one of these sites in their proximal promoter [18, 20-23]. Another study
identified TGACGTG as an Atf6 response element (Atf6 RE) to which human Atf6 binds in
vitro [24]. A reporter construct with a modified version of the Atf6 RE in the context of a minimal
promoter was used in a zebrafish model to show that this reporter gene is activated in vivo
during ER stress in an Atf6 dependent manner [25]. This indicates that both the ERSE | and
Il sites as well as Atf6 RE can be used to identify Atf6 target genes. These conserved motifs
have been found in the proximal promoters of several known ER stress response genes and
UPR targets [18, 22, 23, 26]. In vitro studies have shown that Atf6 is both necessary and
sufficient for the regulation of some of these canonical genes, including HERPUD, DDITS3 (i.e.
CHOP) and XBP1, [18, 20, 21, 26, 27] whereas the canonical target HSPAS (also called BiP)
is regulated in an Atf6 dependent fashion in some settings, but not in others [28]. The recent
study showing that Atf6 is activated by sphingolipids to drive metabolic genes whereas during
proteostatic stress, Atf6 regulates ER chaperone genes [15]. How this switch in target
selection by Atf6 is made is not clear.

Most transcription factors depend on distinct chromatin environments dictated by
epigenetic modifications or cofactors to bind their consensus site. However, little is known
about the impact of chromatin environment or the epigenetic regulation of any UPR genes. In
vitro binding assays have revealed that NFY associates with nATF6, and the binding of NFY
to ERSE facilitates recruitment of nATF6 to DNA. Other studies identified SRF [29] and YY1
[21, 30, 31] as ATF6 co-factors. In addition, a few studies have implicated epigenetic
modifications in UPR target gene regulation [31-33]. However, it is not known if there are a
set of genes for which Atf6 is necessary and sufficient for their regulation or if there are Atf6
target genes that require additional co-factors or specific chromatin environments. In fact,
there is no clear consensus on what Atf6 target genes are.

While dysregulation of a single transcription factor may not be sufficient to modify the
expression of all its target genes, it is necessary to identify during ER stress whether
differential expression of putative ATF6 targets are due to ATF6 upregulation itself, or other
factors such as either interaction with co-factors or changes in chromatin accessibility. The
recent reports of drugs designed to modulate ATF6 activity [9, 28, 34-36] not only provide an
exciting opportunity to treat diseases associated with disrupted proteostasis, but allows for
comprehensive understanding of ATF6 targets and regulation. Our previous studies using
zebrafish found that Atf6 was upregulated in response to various UPR activating toxicants
such as tunicamycin, ethanol, and arsenic [13, 14, 37-41]. Despite some common features of
the transcriptional response in these models, we noted distinct patterns of UPR-relevant gene
expression in response to different stressors [14]. In addition, we found that transgenic
overexpression of nAtf6 in zebrafish hepatocytes (Tg(fabp10a:nAtf6-mCherry;cmic2:EGFP))
was sufficient to induce the expression of well-characterized Atf6 target genes involved in
proteostasis in addition to genes involved in metabolism, which we found were, in part,
involved in the fatty liver phenotype observed in this model [13]. Uncovering whether this


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

phenotype is a direct result of Atf6é overexpression or is due to indirect consequences of stress-
independent Atf6 modulation has important implications for understanding how Atf6
contributes to fatty liver disease. Interestingly, our previous work identified a cluster of ER-
related genes such as Derlin-3 and Calreticulin that are dynamically co-expressed during liver
regeneration in response to partial hepatectomy (PH) in mice [42]. These genes, based on
literature have been identified to be regulated in an Atf6-dependent manner. This inspired us
to investigate the role of Atf6 in the physiological demanding process of liver regeneration.

In this study, we use computational approaches to identify a list of Atf6 targets based on
evolutionary conservation of putative Atf6 binding sites in gene promoters. We verified these
targets in vivo using zebrafish to define how Atf6 target gene expression is modulated in the
liver. Surprisingly, few of these genes were classified as playing a role in the UPR. Instead,
most are classified as functioning in developmental processes and metabolism, indicating that
Atf6 has roles in addition to regulating proteostasis. RNAseq data from an in vivo system
where nAtf6 is overexpressed identified a subset of these targets whereby Atf6 is sufficient for
their regulation; these include canonical UPR genes widely used to assess Atf6 activation,
confirming these as bona fide UPR targets. By examining the regulation of target genes when
Atf6 is activated by disease relevant environmental exposures (ethanol, arsenic) and detailed
analysis of the shared and distinct profiles of target gene activation across these biological
contexts we identified a small set of Atf6-sufficient genes were differentially expressed in
response to each of these stressors. However, the pattern of expression of these genes was
unique to each condition, reflecting distinct Atf6é mediated transcriptomic signatures in
response to different challenges. To examine the response of the liver to cell stress mediated
by a physiological challenge, we examined the expression of Atf6 targets during liver
regeneration in mice. We found that over half of Atf6 targets were dynamically expressed
during this process and discovered a specific chromatin landscape in quiescent livers was the
distinguishing feature between Atf6 targets that were differentially expressed and the ones
that did not change during regeneration. These data uncover a role for epigenetic
modifications in dictating which targets are selected by this important transcription factor.

MATERIAL AND METHODS

Atf6 Target Gene Identification

The proximal promoter (500 bp upstream of the transcription start site (TSS)) was acquired
for all transcripts in Danio rerio, Homo sapiens, and Mus musculus from BioMart using the
‘upstream_flank’ filter for all Ensembil transcript IDs. These promoters were filtered for each
species to identify those that did not overlap with other annotated elements such as coding
regions or promoters of other genes. These unique promoters were filtered for containing
exact match of previously reported ATF6 binding sites by searching for 3 different sequences:
1. the first half of the ERSE | site (NFY binding site, CCAAT) or the ERSE Il site, which is its
reverse complement (ATTGG), 2. the Atf6 consensus sequence (CCACG) or 3. the Atf6
response element (Atfé RE; TGACGTG) in each species. The unified set of all these elements
contained 652 genes that contained either an ERSEI or ERSEII site or the Atf6 RE in their
proximal promoters were termed as CPATSs. To validate this dataset we used publicly available
datasets that have been functionally verified and published from HEK293 cells where Atf6é was
overexpressed using an inducible system (i.e. genes where Atf6 expression is sufficient for
regulation) [4] and from the liver of Atf6” mice treated with tunicamycin to identify those genes
that failed to be differentially expressed due to their requirement for Atf6 [43]. We identified
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significantly differentially expressed genes in either condition and asked whether CPATs were
included in these datasets.

UPR Gene Identification

A unified list of genes involved in the Unfolded Protein Response was assembled by
combining human genes annotated with the UPR Reactome Pathway, Response to ER Stress
(G0O:0034976), and Response to Unfolded Protein (GO:0006986). Human GO and Reactome
annotations were used since functional annotation of zebrafish genes is considerably less
extensive; GO annotations were filtered by Experimental Evidence codes to exclude genes
annotated without manual curation. 37 genes with more than one ortholog in the human
genome were removed resulting in the final list of 314 UPR genes in zebrafish.

Animal Maintenance and Treatment

Adult fish were maintained at a 14:10 light:dark cycle at 28°C. The transgenic line
Tg(fabp10:nAtf6-mCherry-C; cmic2:GFP)-C was previously described [13]. Fertilized embryos
from group matings were reared in plates of 60 with embryo water (0.6 g/L Crystal Sea
MarineMix; Marine Enterprises International, Baltimore, MD) containing Methylene Blue at
28°C. Tg(fabp10:nAtf6-mCherry-C; cmlc2:GFP)-C transgenic fish were screened for
transgenesis based on GFP expression in the heart at 3 days post fertilization (dpf), and non-
transgenic siblings were used as a control. In the case of ethanol treatment, embryos were
exposed to 30 ml solutions of 2% ethanol in embryo water from 96-120 hours post fertilization
(hpf). Plates were sealed with Parafilm to prevent evaporation. In the case of arsenic
treatment, embryos were exposed to 10 ml solutions of 1.5mM iAs in embryo water in 6-well
plates from 96-120 hours post fertilization (hpf). All procedures were performed in accordance
with the New York University Abu Dhabi Institutional Animal Care and Use Committee
(IACUC).

Ceapins A7 (a gift from the Walter Lab) was used to block Atf6 activation in zebrafish larvae.
We treated 15 zebrafish larvae at 80 hpf with 4.0 uM Ceapins or DMSO as a control. At 96
hpf, samples were segregated into 4 treatment groups so that DMSO or Ceapins treated
larvae were exposed to 1.0 mM or were left unchallenged until 120 hpf when they were
assessed for morphological abnormalities and survival. The larvae were then anaesthetized
with 500 uM tricaine (Ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich) and livers
were microdissected for RNA extraction.

Image Acquisition

For whole mountimaging of live larvae, embryos were anesthetized with 500 uM tricaine (Ethyl
3-aminobenzoate methanesulfonate; Sigma-Aldrich), mounted in 3% methyl-cellulose on a
glass slide and imaged on a Nikon SMZ25 stereomicroscope.

Quantitative real time PCR (qPCR)

Livers were microdissected from 5 dpf zebrafish larvae anesthetized using tricane and
immobilized in 3% methyl cellulose. 10-12 livers were collected per sample and processed for
RNA extraction using TRIzol Reagent as previously described [44]. RNA was reverse
transcribed using the qScript cDNA SuperMix, and SYBR Green Fast Mix. Samples were
analyzed in triplicate on QuantStudio 5 (Thermo Fisher), with at least 2 independent samples
for each experiment. Target gene expression was normalized to rpp0O expression and
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expressed relative to either the DMSO or Ceapin controls from the same clutch via the
comparative threshold cycle method. Primer sequences are listed in Table S1.

RNAseq

Total RNA was extracted from 15-20 livers dissected from zebrafish larvae for each sample
at 78 and 120 hpf. For nAtf6 overexpression dataset, 2 clutches at 78 hpf and 3 clutches at
120 hpf of Tg(fabp10:nAtf6-mCherry-C) larvae were used for RNA extraction (GSE130800
and GSE130801) . For arsenic treatment, 5 clutches of larvae were exposed to 1.5 mM iAs
from 96-120 hpf as described ([41] and GSE156419). For EtOH treatment, larvae were
exposed to 350 mM ethanol from 96—120 hpf (GSE151291). cDNA libraries were sequenced
on the lllumina HiSeq2500 platform to obtain 100 bp paired-end reads. Sequencing quality
was assessed by using FASTQC [45] and the reads were quality trimmed using Trimmomatic
[46] to remove low quality reads and adapters. Reads were aligned to the Danio rerio GRCz10
reference genome assembly with HISAT2 [47]. To estimate gene expression, read counts
were calculated by HTSeq [48] with the ‘union’ mode and ensemble annotation [49]. A
generalized linear model, which was implemented in DESeq2 in Bioconductor [50], was
adopted to test differential gene expression. Adjusted p-value (FDR) <0.05 was treated as
significantly different expression. RNAseq datasets from mouse samples collected from 7 time
points from male mouse livers after PH (GSE125006) were previously described [42].

ATAC-seq

100 mg of liver tissue was homogenized with a tissue Dounce and 50,000 nuclei were used
to prepare libraries as previously described (48) checked for correct size distribution with
bioanalyzer. Sequencing was performed on Hiseq2500 platform for 100 cycles single end read
runs at the Genomics Core facility of the NYUAD. Sequenced reads were aligned to the mouse
reference genome (GRCm38.p4) with BWA-MEM, generating sorted and cleaned bam with
PICARD for further analysis.

ATAC-seq and ChlIPseq analysis

We utilized previously published ChlPseq datasets for H3K4me3 and H3K27me3 obtained
from the liver of 6-8 week old male mice (GSE125006) that were previously described [42].
We identified regions around TSS of mouse CPATSs that were differentially expressed at any
time point in the RNAseq datasets obtained following PH and compared them to the CPATs
that were unchanged. We visualized the ATACseq peak intensity (+/- 2kb around TSS),
Chipseq peak intensity of H3K4me3 and H3K27me3 (+/-3kb around TSS) using
EnrichedHeatmap package in R/bioconductor package and generate the metaplotsmeta [51].
To compare gene expression of CPATs that change versus those that remain unchanged in
mouse livers were assessed based on a p-Value cut off for >0.05 (CPATSs that did not change)
or p<0.05 (CPATs that changed). Gene expression was normalizednormalized as log
(FPKM+1).

Statistical Analysis

Normalization and test of differential gene expression in RNAseq datasets were conducted in
R using the ‘DESeq2’ package using a generalized linear model. GO enrichment analysis was
conducted using the GO hypergeometric over-representation test in the ‘ClusterProfiler
package in R using default parameters, and REVIGO was subsequently used to eliminate
redundant enriched terms. The bias in directionality of differentially expressed CPATs was
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assessed using the non-parametric Mann-Whitney U test. Survival plots and gPCR data were
plotted using Graphpad Prism.

RESULTS

Identification of conserved putative Atf6é target genes

To identify all the possible target genes of nAtf6, we reasoned that genes that are
regulated by Atf6é would contain one of the previously defined Atf6 binding sites (ERSE | or |l
or the Atf6 RE) in their proximal promoters and that this binding site would be conserved
across vertebrates. To validate this approach, we scanned 200 bp upstream of transcription
start site (TSS) of zebrafish, mouse and human homologs of two known Atf6 target genes
hspab [19, 52, 53] and herpud1 [26] for the presence of canonical binding sites. Both the Atf6
RE and ERSE | was found in the hspab promoter and an ERSE | was found in the herpud1
promoter, albeit with some divergence between zebrafish and mammalian sequences (Figure
1A). We expanded this to develop a genome wide strategy to identify all Conserved Putative
Atf6 Target genes (CPATSs) using inclusion criteria in which genes have (1) an exact match of
the ERSE |, ERSE Il or Atf6é RE within 500bp of their proximal promoters and (2) orthologous
genes in human, mouse and zebrafish genes (Figure 1B). Genes where the proximal
promoters overlapped with another genomic element, i.e. the 3’'UTR or the promoter of
another gene, were excluded. Non-overlapping promoters were selected and screened for an
exact match of one of the following sequences: (1) the NFY binding site CCAAT (or it’s reverse
complement ATTGG) which is one feature of ERSE | and Il, (2) the Atf6 binding site in ERSE
I and ERSE Il (CCACG) or (3) the Atf6 RE (TGACGTG) to generate 3 different lists of putative
target genes for each species. We then identified the homologous genes present in all 3
datasets for each list and retained the zebrafish homolog as the reference (Table S2). This
approach identified 5,259 zebrafish genes with the NFY site, 1,011 with the ERSE I/l Atf6
consensus site and 17 with the Atf6 RE (Figure 1B and Table S2). There were 637 genes that
had both components of the ERSE | or ERSE |l sites, 2 of which also had the Atf6é RE (cad
and pax6a), and 15 additional genes with only the Atf6é RE. The unified set of conserved genes
containing ERSE | or Il and Atf6 RE in the promoters was identified as 652 zebrafish CPATs
(Figure 1B and Table S3).

We compared this strategy to two alternative computational approaches to predict Atf6
target genes. We used the R package ‘tftargets’ and the software Harmonize
(http://amp.pharm.mssm.edu/Harmonizome/gene_set/ATF6/TRANSFAC+Curated+Transcrip
tion+Factor+Targets) to identify potential Atf6 targets. ‘tftargets’ identified 1,022 targets and
Harmonize identified a geneset of 116 genes curated by functional studies. Importantly,
neither of these datasets included the canonical Atf6 target genes, such as hspa5b, herpud1,
hyout or derl3. Moreover, gene ontology (GO) enrichment analysis for putative targets
generated from tftargets included terms related to lipid metabolic process, Golgi vesicle
transport and vesicle organization, but not to ER stress or proteostasis (Figures S1B). Due to
minimal overlap between the two gene lists and the low representation of known Atf6-related
biological processes, we excluded these datasets for the following analysis.

To validate CPATSs by functional studies, we used well characterized genetic models in
which Atf6 was modulated and for which there are publicly available microarray datasets: (1)
human embryonic kidney (HEK293T) cells engineered to have inducible overexpression of
nALtf6 [9] and (2) the liver of Atf6a knock out mice assessed 8 and 24 hours following ER stress
induced by exposure to tunicamycin [35]. The overexpression of nAtf6 identified 41 genes
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categorized as uniquely regulated by Atf6. In contrast, Atf6éa deficiency in mice did not affect
the expression of any genes in the untreated liver. However, 5,216 genes were differentially
expressed compared to wild-type (WT) mice at either 8 or 24 hours after tunicamycin injection
(Figure S2A and Table S4). We found a significant overlap between CPATs and the genes
identified in mouse, but not with the human cells. This could reflect a lack of conservation of
the consensus sites in these genes in other species or could indicate the inclusion of genes
that are indirect targets of Atf6.

To determine whether CPATs were grouped into functional categories, we used the
Gene Ontology (GO) Overrepresentation Test with the human CPAT homologs since the
human genome has a better functional annotation compared to zebrafish. As expected, GO
biological function terms related to proteostasis and the response to ER stress were enriched,
but surprisingly, the majority of the terms encompassed genes involved in small molecule
metabolism, including xenobiotics, vitamins and amino acids, and those related to
development, differentiation and morphogenesis (Figure 1C). Analysis of the cellular
component of CPATs leads to a similar conclusion: while the ER membrane was highly
enriched, the cell cortex and nuclear structures were also included (Figure 1D). Moreover, GO
categories related to the response to ER stress and the UPR were enriched in CPATs and in
the human and mouse genesets that identified putative Atf6 targets based on functional
studies (Figures S2A-B). Additionally, several of the metabolic process enriched in CPATs
overlapped with the GO terms enriched in the dataset from Atf6 knock-out mice [43] (Figure
S2C). This suggests that a conserved function of Atf6 is to regulate genes that are involved
in metabolism and development.

We used Gene Set Enrichment Leading Edge Analysis to assess whether our analysis
was influenced by genes common to several GO terms and thus artificially expanded the GO
terms associated with these genesets. We found 3 clusters of genes that were linked to
multiple GO terms, one that was dominated by UDP glucuronosyltransferases, the second
was dominated by genes that encode nuclear proteins, such as the testes specific protein Y
encoded (TSYs) and nucleosome assembly proteins (NAPs), and a third by genes involved in
the UPR (Figure 1E). It is possible that inclusion of multiple members of a gene family arises
from the conversion between the zebrafish to human orthologs, nevertheless these analyses
suggest that several GO terms that are dominated by CPAT genes are redundant. In contrast,
GO terms related to developmental processes are populated by unique set of genes,
indicating these are not redundant. This is in line with studies that have uncovered a role for
Atf6 in development and tissue homeostasis [25, 54, 55]. Taken together, the curated list of
CPATSs extend the role of Atf6 in cellular processes beyond proteostasis, namely xenobiotic
metabolism and nuclear organization.

A Subset of CPATSs Are Involved in the UPR

Atf6 is best studied for its role as a transcriptional regulator of genes that function in the
UPR and this was confirmed by the GO analysis of CPATs (Figure 1C-E). We investigated
this further by assessing whether CPATs were overrepresented in a geneset encompassing
all genes that function in the UPR. We identified and combined all human genes annotated
with GO terms ‘Response to ER Stress’ and ‘Response to Unfolded Protein,” and the
Reactome pathway ‘Unfolded Protein Response’ to generate a unified dataset (Table S5). The
zebrafish homologs of these genes were then identified, discarding those with more than one
paralogous zebrafish gene (Table S5) to generate a zebrafish UPR geneset containing 314
genes (Figure 2A). Of these, 23 overlapped with CPATS, including the hspab, herpud1,
edem1 and derl3 which are genes that have been functionally verified as Atf6 targets in other
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systems (Figure 2B; Table S6) [18, 20, 21, 26, 27]. These data indicate that a very small
proportion (4.2%) of CPATSs are annotated as playing a role in the UPR, and that only 8.9% of
all UPR genes contained a conserved Atf6 binding site. This is consistent with data in Figure
1C indicating that Atf6 may regulate genes that participate in other cellular functions that
extend beyond the UPR. This also confirms previous studies indicating that multiple
transcription factors regulate UPR genes [9, 56-58] which could account for the low overlap
between UPR genes and CPATSs.

We reasoned that genes with functions in the UPR would be localized to the ER while
those CPATs with functions distinct from proteostasis may be localized to other cellular
compartments. GO classification of cellular compartments showed that, as expected, UPR
genes largely localized in the ER lumen and in complexes that are formed in the ER, whereas
the CPATSs that were not UPR genes localized elsewhere, suggesting that Atfé regulates also
genes that function outside the ER (Figure 2C). GO enrichment of the biological processes of
the non-UPR CPATSs revealed these roles outside the ER are related to development and
metabolism (Figure 2D). This is consistent with functional studies implicating Atf6 in
development of bone, cartilage, eye, the nervous system and other tissues [54] and uncovers
potentially novel roles for Atf6 regulating energy and small molecule metabolism.

nAtf6 Overexpression is Sufficient to Regulate a Subset of CPATs

To validate those CPATSs that could be regulated by Atf6 directly, we used an in vivo
functional approach. Since UPR is relevant for liver pathology and Atf6 activation has an
important role in fatty liver, we focused our studies on the liver [13, 59]. We used a transgenic
zebrafish line where exons 2-10 of the Atf6 gene encoding the nAtf6 domain (Figure S3A) is
overexpressed in hepatocytes (Tg(fabp10a:nAtf6-mCherry;cmic2: GFP) [13]. RNAseq
analysis of two independently-generated RNAseq datasets (GSE130801, Figure S3B-C) of
the nAtfé overexpressing livers show increased transcriptional levels of the exons encoding
the nAtfé domain compared to their wild-type siblings at 120 hpf. Both gPCR (Figure S3D)
and standard reverse transcriptase-PCR (Figure S3E) using primers that detect the transgene
sequence as well as the endogenous atfé transcript (Fq1 and Rq1 in Figure S3A) show a
significant increase in the amount of atf6 transcript in the liver of these transgenics. As a
control, we confirmed that elevated levels of the transgene were not attributed to DNA
contamination (Figure S3E). In addition, we also show that expression of the well-
characterized downstream target gene, hspa5, was significantly increased in these samples,
confirming this CPAT as a direct Atf6 target (Figure S3D). We previously showed that the
nAtf6-mCherry fusion protein was expressed in adult livers using Western blotting [13]. Here,
we extend this analysis in 120 hpf livers of Tg(fabp10:nAtf6-mCherry; cmic2:GFP)-C larvae
and demonstrate the presence of the fusion protein, albeit at low levels (Supplementary Figure
S3F) possibly due to the endogenous mechanisms that serve to degrade the Atf6 protein [60,
61]. These data validate and extend our published report, indicating 2-5 fold increase of nAtf6
expression over endogenous levels in this transgenic line [13], indicating that independent
and skilled investigators generate highly reproducible results from this model and establishes
this as useful tool to examine the effects of modest nAtf6é overexpression on target gene
expression.

To identify genes directly regulated by nAtf6 in stress-independent conditions, we
analyzed RNAseq from Tg(fabp10:nAtf6-mCherry; cmic2:GFP)-C livers and their non-
transgenic siblings at 78 hpf (2 samples) and 120 hpf (3 samples) (Figure 3A). The early
developmental time point was chosen as it is estimated to be within 40 hours from the first
expression of the fabp10a driven transgene [62] and the earliest time in which reliable liver
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dissection could be performed. The second time point (120 hpf) was used to identify genes
that require prolonged nAtf6 interaction for their regulation. In the 78 hpf dataset, there were
184 significantly differentially expressed genes (DEGs) based on a p value <0.05, with 17
downregulated and 167 upregulated (Figure S4 A-B). There was significant overlap of these
DEGs with the putative Atf6 target genes identified through functional studies in mouse
samples (Figure S4C). At 120 hpf, there were 4,614 significantly differentially expressed
genes (DEGs) based on a p value <0.05, with 1,844 downregulated and 2,770 upregulated
(Figure S4 D-E). Moreover, there was significant overlap of the DEGs with those that were
differentially expressed when Atf6 was manipulated in mouse and human cells (Figure S4
C,F). By 120 hpf when the liver is mature, nearly all CPATs were expressed (FPKM > 5) in
the liver of wild-type siblings (Figure S4G), consistent with the fact that hepatocytes are a
highly secretory cell type and that Atf6 is expressed in the liver of WT larvae (Figure S3B-C).
Almost all DEGs observed at 78 hpf were differentially expressed at 120 hpf (Figure 3B). This
indicates that Atf6é overexpression sustains the regulation of its target genes for over 36 hours
in vivo.

If Atf6 is sufficient to regulate the expression of CPATs, then CPATs should be
overrepresented in the RNAseq datasets from the liver of Tg(fabp10:nAtf6-mCherry;
cmlc2:GFP)-C larvae. Among the 184 DEGs detected in the 78 hpf dataset, 11.4% (21 genes)
were CPATSs, which we refer to as immediate response CPATs (IR-CPATs) (Figure 3C). In
addition, 21 DEGs in these samples were UPR genes (Figure 3B), 8 of which were included
among IR-CPATSs. These consisted of known Atf6 targets that function in UPR such as hspa5,
herpud1, edem1, derl3 and pdia4. At 120 hpf, 177 of 4,614 DEGs were CPATs (Table S7),
representing the 3.8% of all DEGs at this time point (177/4614) and 27% of all CPATs
(177/652; Figure 3D; Table S7). Among these 177 CPATS, 20 of them were IR-CPATs. Hence
forth, we referred to the 157 CPATSs that were uniquely differentially expressed at 120 hpf as
delayed response CPATs (DR-CPATS). Since these 177 CPATs were differentially expressed
upon Atf6 overexpression under stress-free conditions, we termed these Sufficient CPATS,
meaning that the presence of nAtf6 alone is sufficient to change their expression in the liver.
Nearly 35% of all UPR genes (108/314) were differentially expressed in response to nAtf6
overexpression at 120 hpf, with 15 of the UPR genes classified as Sufficient CPATs (Figure
3D). These findings show that the majority of UPR genes are not differentially regulated in the
liver in response to stress-independent activation of Atf6é and only a fraction of the Sufficient
CPATSs are involved in the UPR. This suggests that other transcriptional regulators are
required to regulate UPR genes in stress free conditions.

To test if the stringent criteria for CPAT identification based on evolutionary conservation
excluded genes which are regulated in by Atf6 in zebrafish, we investigated the proximal
promoters of the zebrafish genes alone for the presence of ERSE |, Il or Atf6é RE. This analysis
uncovered additional 2 DEGs at 78 hpf and 304 DEGs at 120 hpf with Atf6é putative binding
sites (Table S7). These genes were not included initially among the CPATSs due to the lack of
orthologs in either mouse or human, however this does not dramatically enhance the
representation of CPATs among the DEGs in stress free Atf6 overexpression conditions in
zebrafish.

Almost 70% (475/652) CPATs were not differentially expressed in this system and we
defined them as Insufficient CPATs (Figure 3B-D; Table S7). This indicates that the majority
of CPATs are either not accessible for regulation in the liver due to their chromatin
environment or that other factors contribute to the regulation of CPATSs in addition to Atf6. We
reasoned that insufficient CPATs were either false positives from our screening method or
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that regulation of these genes by Atf6 requires presence of cofactors or changes in chromatin
accessibility which are not present in the conditions examined here.

The UPR functions in large part by inducing the expression of chaperones and other genes
involved in protein folding [1,3,4]. This suggests that the Atf6 and the other transcription factors
regulating this response act as transcriptional activators. We found a trend towards
upregulation (log> Fold Change > 1, p value< 0.05) of DEGs at both 78 hpf and 120 hpf, but
we noted that there were also genes which were downregulated in each dataset in
Tg(fabp10:nAtf6-mCherry; cmic2:GFP)-C samples (Figure 3E ; S4A-B,D-E and Table S7). We
further confirmed that the trend for upregulation was maintained among the sufficient CPATS,
with majority of the canonical CPATSs that function in UPR such as hspab, derl3, pdia4 and
edem1 were significantly upregulated at both time points (Figure 3F). Among the 45 CPATs
that are downregulated in nAtf6é overexpressing samples at 120 hpf, only 1 is a UPR gene.
This confirms that nAtf6 acts predominantly as a transcriptional activator for genes involved in
proteostasis. However, our data strongly suggest that Atf6, like other bZip proteins, may act
as a transcriptional repressor on some targets or could indirectly modulate the chromatin
landscape to downregulate the expression of CPATS.

Atf6 Overexpression induces Transcriptional Regulators and Cellular Processes other
than Proteostasis

Our data showed that nAtf6 overexpression induces a significant group of genes that
were not CPATs (4443 DEG at 120 hpf +13 additional DEG at 78 hpf -177 sufficient
CPATs=4,279). We defined them as Indirect Atf6 targets, meaning that they change their
expression as a consequence of the cellular environment induced by Atf6 overexpression
(Figure 3B-D; Table S7). We hypothesized that Indirect Atf6 targets could be secondary
targets regulated by CPATs. To test this, we first identified the human genes that
corresponded to the Indirect Atf6 targets and used these to perform Ingenuity Pathway
Analysis (IPA). This identified the top canonical pathways affected by stress-free
overexpression of nAtf6é in zebrafish livers as the UPR, immune response, signaling,
metabolism and other pathways that appear unrelated to proteostasis, with ATF4, XBP1, TNF,
EGFR as hubs in this network (Figure S5A). This suggests that the Indirect Atf6 targets could
be regulated by these transcriptional networks.

We next asked what other biological processes were impacted by sufficient CPATs and
Indirect Atf6 targets. The most significantly-enriched GO terms for sufficient CPATs and
indirect targets were similar; they were mainly involved in proteostasis and small molecule
metabolism (Figure S5B). We noted that the clustering of GO terms representing closely
related processes (i.e. uronic acid, glycoronate and xenobiotic metabolism) were driven by the
redundancy of these GO terms due to a shared set of genes across all: the UDP
glucuronyltransferases are significantly downregulated in these samples as indicated by
geneset enrichment leading edge analysis (Figure 3E). Moreover, the GO terms involved in
proteostasis are similarly highlighted by a core cluster of genes (Figure 3E). This suggests
that Atf6 mediates a pattern of downstream target genes that have distinct functional roles
and they are implicated in diverse biological pathways, as shown by others [15]. In summary,
this analysis revealed that nAtf6 overexpression in zebrafish livers in stress-independent
conditions is sufficient to differentially regulate over 1/3 of CPATSs, suggesting the presence of
other mechanisms, such co-factors or chromatin accessibility, that could contribute to CPAT
regulation even in the presence of Atf6.
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The Cellular Response to Environmental Exposures Shapes the Atf6-mediated
Transcriptional Response

To explore how the cellular environment influences the ability of Atf6 to regulate CPATS,
we examined CPAT expression during environmental exposures that induce hepatocyte
stress in the liver. To address this, we generated RNAseq datasets of the livers of zebrafish
exposed to 350 mM ethanol (EtOH; 4 clutches; Figure 4A) or 1 mM inorganic arsenic (iAs; 5
clutches; Figure 4B). These were chosen because they are clinically relevant as significant
contributors to liver disease worldwide and they have been shown to induce the expression of
atfé and canonical Atf6 targets in the liver [13, 14, 38, 40, 41, 63, 64]. Both samples have
significant atf6 and hspab induction in the liver (Figure S5A and Table S7), verifying Atf6
activation in these models

EtOH exposure resulted in 2,456 DEGs (1,195 up and 1,261 down; p value <0.05; Figure
4C; Table S7. Less than 5% of DEGs (106 genes) were CPATSs, representing 16% of all
CPATSs, a lower number than found in stress independent Atf6 overexpression conditions
(Figure 3B). Of all DEGs, 64 were categorized as functioning in the UPR, representing 2.6%
of all DEGs and 20% of all UPR genes; 8 of the UPR genes were also CPATs (Figure 4B).
This shows that EtOH induces the UPR, and confirms our previous finding that ER stress is
one of the cellular responses to alcoholic liver disease [13, 38, 64, 65].

Exposure to iAs resulted in 9,159 DEGs (4,135 up and 5,024 down; p value<0.05; Figure
4D; Table S7); among which were 358 CPATSs that represent 54% of all CPATs and 167 UPR
genes, (53% of all UPR genes; Figure 4D). Of these UPR genes, 14 were also CPATs (Figure
4D). This extends our previous finding that iAs activates the UPR in the liver [41, 63].

We used these 3 datasets — nAtf6é overexpression, EtOH and iAs treated — to identify
those CPATSs differentially expressed in each condition separately and those that differentially
expressed in all conditions. There was a complex pattern of unique and shared differentially
expressed CPATs in these datasets (Figure 4E), which demonstrates the nuanced
transcriptional response to ER stress. For instance, among the CPATSs that were differentially
expressed in stress free conditions of Atf6é overexpression (i.e. sufficient CPATs), 48 were
also differentially expressed response to EtOH and 96 were differentially expressed in
response to iAs; of these, only 34 CPATs were common to all 3 datasets (Figure 4E). A similar
analysis of the UPR genes showed that only 19 were shared between all datasets (Figure
S7A), reiterating that there are distinct subclasses of the UPR depending on the stressor [14].
This suggests a differential Atf6 response in this setting of iAs and EtOH induced cell stress
response.

GO enrichment analysis was performed to identify the biological processes impacted by
stress independent nAtf6 expression and stress conditions, EtOH and iAs. The 34 CPATs
common to all 3 datasets were involved in small molecule metabolism, and the CPATs that
were not changed in any condition have a role in development and chromatin organization.
Interestingly, the CPATSs that were changed in stress-free nAtfé overexpression samples were
involved in proteostasis, protein transport and signaling, whereas the CPATs that were
uniquely changed in the iAs samples functioned in process taking pace in the nucleus. This
further confirms that the role of Atf6 extends beyond the ER stress response, and it is
interesting to speculate that these genes may be regulated by Atf6 in other biological
conditions, such as in distinct cell types or developmental contexts.

We were particularly interested in the 34 CPATSs that were common to all 3 datasets and
whether they had the same transcriptional response across all three conditions, i.e did they
follow the same expression trend regardless of how nAtf6 was induced. To our surprise,
unsupervised clustering revealed there was unique expression pattern of these CPATs in each
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condition, and not a single gene showed the same expression pattern in all 3 datasets. For
examples, one cluster of genes that included hspab were induced in by nAtf6 overexpression
were suppressed in response to iAs and showed modest induction by EtOH. Another cluster
of genes which included the metabolic genes elovl6, cbr1 and cbsa, were suppressed in stress
free nAtf6 overexpression and EtOH exposure, but strongly induced by iAs. Unsupervised
clustering of the expression pattern of all CPATs confirmed this pattern was also consistent
across all CPATs (Figure 4G). In summary, while nAtf6, EtOH and iAs exposure activate and
drive expression of distinct CPATSs in the liver, there is a clear differential response, indicating
that the stimuli induced specific cellular environment may influence the Atf6-mediated
transcriptional output. Taken together, these results indicate that Atf6 tailors its response
depending on the stress condition, that it can function as both a transcriptional activator or
repressor, and that only a small set of genes are always regulated when Atf6 is present. This
reinstates previous work from our lab, that UPR responses are tailored dependent on stress
condition [14].

The Inhibition of Atf6 Activation Blocks CPAT Induction in Response to iAs

To determine if the differential expression of CPATSs in response to iAs required Atf6,
we used Ceapins A7 to block Atf6 activation [66]. Zebrafish larvae were pretreated from 80-
96 hpf with 4.0 uM Ceapins or DMSO as a control, and then were subdivided into a control
arm with no additional treatment or challenged with 1.0 mM iAs as a co-treatment from 96-
120 hpf (Figure 5A). While Ceapins alone had no discernable effects on survival or overt
phenotypes, it sensitized larvae to iAs treatment based on increased incidence of larvae with
morphological defects such as spinal curvature, edema, irregular heartbeat, distended gut and
brain necrosis (darkening of the head) and decreased overall survival (Figure 5B-C). This
highlights the protective role of Atfé during iAs stress response and that lack of Atf6 mediated
transcriptional response leads to worse outcome in iAs-treated fish. We selected three groups
of CPATSs to examine by qPCR: those classified as Atf6 targets based on the literature (hspab,
pdia4, dert), those included in the 34 common CPATSs (i.e differentially expressed in all 3
conditions examined in Figure 4), or those that were upregulated only in response to iAs
exposure (iAs unique CPATs). We then selected genes that were upregulated in response to
iAs exposure as these would be the most amenable to analysis by gPCR (Table S8). We
evaluated the expression of a subset of genes in the liver of larvae in each condition (controls,
Ceapins alone, iAs alone and Ceapins + iAs). We also assessed Atf6é expression, which, as
expected, was not impacted by Ceapins, since this compound acts to inhibit Atf6 protein [67].
gPCR analysis confirmed that all the genes selected were significantly induced by iAs (Table
S8; Figure 5D) and Ceapins treatment alone had no significant effect on gene expression
(Table S8). However, 5 out of the 6 common CPATSs, and 2 of the 4 iAs-unique CPATs were
significantly suppressed by Ceapin treatment, demonstrating that these genes require Atf6 for
their induction in response to iAs (Figure 5D and Table S8). In contrast, none of the canonical
Atf6 targets were suppressed by Ceapins, suggesting that compensatory mechanisms may
control these key UPR genes in response to iAs. This shows that Atf6 is required for the
differential expression of the majority of CPATSs that are induced in the liver by iAs exposure.

CPATs are differentially expressed during liver regeneration in mice

Nearly all of the previously published work on Atf6 focuses on its role in response to
proteotoxic stress caused by exposure to a toxic substance, as in our studies on iAs and EtOH.
We were interested in determining if Atf6 functions during liver regeneration based on our
previous work where we identified a cluster of ER-related genes are differentially expressed
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in response to partial hepatectomy (PH) in mice [42]. Since these genes included sufficient
CPATs, we used this as a model to examine CPATSs expression in a physiological challenge
that is unrelated to toxicant exposure.

We analyzed a series of RNAseq datasets generated from wild-type (WT) male mice
quiescent livers and from 6 time points following PH (24, 30, 40, 48, 96 and 168 hours)[42].
These times were chosen to reflect distinct stages of this process in which synchronous
reentry of hepatocytes into the cell cycle restores liver mass by 5 days after PH [68]. We found
that Atf6 levels increased between 24- 48 hours after PH, and downregulated at 96 hours and
7 days after PH (Figure 6A). To assess CPATSs in this process, we converted zebrafish genes
to the mouse homologs, resulting in 744 mouse CPAT genes. Over half (52%; 397/744) of
mouse CPATSs were significantly differentially expressed at one or more time points following
PH (Figure 6B and Table S9), far exceeding the extent of changes in response to toxicant
exposure or Atf6 overexpression in zebrafish (Figure 5A) or in mice (Figure S2B). Among
these 397 genes, 52 genes were sufficient CPATs (Table S10).

CPATs showed a dynamic pattern of expression changes after PH, where some are
changing their expression at only one time point (i.e. unique genes in Figure 6C), others at
multiple time points, while 44 genes are found to be upregulated at some time points and
downregulated at others (bidirectional; Figure 6C and Table S10). Most notably, a significant
proportion of CPATs are downregulated at 96 hours after PH, corresponding to the time when
Atf6 is also downregulated (Figure 6A). Genes that were expressed at the highest levels
remain highly expressed during regeneration, while those that were expressed at lower levels
increased expression (Figure 6D). Moreover, those genes that were dynamically expressed
during regeneration were expressed at significantly higher levels than those that did not
(Figure 6D-E). We reasoned that CPATs that were regulated by Atf6 presence would follow a
similar pattern of expression during regeneration and therefore could be used to identify co-
regulated genes. Unsupervised clustering of CPATSs that were differentially expressed during
regeneration showed that the majority of CPATs (402) were associated with distinct
expression patterns (Figure 6F and Table S10). Clusters 1 & 2 are characterized by genes
that peak in expression between 30-48 hours and then are downregulated at 96 hours: Cluster
1 is overrepresented for genes involved in metabolism and Cluster 2 is overrepresented for
genes that function in the cell cycle. Cluster 3 genes show an opposite pattern, with expression
peaking at 96 hours and are overrepresented for genes involved in metabolism and ER stress
(Figure 6F). Interestingly, the CPATSs that are silenced in the quiescent liver are enriched for
genes involved in chromatin organization and neuronal processes (Figure S8). These data
indicate that Atf6 targets sharing similar biological functions are co-expressed during
regeneration, suggesting a common mechanism of regulation.

CPAT expression during regeneration reflects the chromatin environment

Epigenetic modifications are a central mechanism for regulating transcription factor
access. We hypothesized that the differential CPATs expression during regeneration could be
influenced by the presence of activating or repressive epigenetic marks. To test this, we
examined previously generated datasets mapping the epigenetic landscape in quiescent livers
[42]. These included trimethylated histone H3 lysine 4 (H3K4me3) which marks active genes,
H3K27me3 which is a repressive mark and ATACseq, which provides information about
chromatin accessibility. We asked whether the chromatin environment was related to the
expression pattern of CPATSs in quiescent livers and during regeneration. We found that the
majority of the CPATSs that did not change following PH (‘no change’ CPATSs) were completely
silenced at baseline (244 of 347 no-change CPATs had FPKM < 5; Figure 6E). We expected
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these to be in a repressed chromatin environment compared to those that were differentially
expressed (DE-CPATSs). Surprisingly, there was no striking difference in accessibility
surrounding the transcription start site (TSS) of no-change CPATs compared to DE-CPATSs
(Figure 6F) but we did see a marked enrichment and a broader peak of H3K4me3 on DE-
CPATSs compared to no-change CPATSs. Interestingly, H3K27me3 was enriched on the TSS
of no-change CPATs compared to DE-CPATSs, suggesting this repressive mark as a
mechanism for restraining Atf6 access to these genes during regeneration. We predicted that
CPATSs in cluster 1 and 2 would be the most accessible to Atf6é regulation since they are
induced at early time points during regeneration. This was validated by the finding that,
compared to no-change CPAT, cluster 1 and 2 CPATs were enriched for H3K4me3
downstream of the TSS and H3K27me3 was absent (Figure 6G). These data suggest that the
ability of Atf6 to regulate target genes in the liver is dictated by the epigenetic environment.
This creates a model whereby CPATSs genes are accessible to Atf6, but some are suppressed
by H3K27me3. It is interesting to note that silenced CPATs were also occupied by H3K4me3,
suggesting these may be poised for activation in response to a different condition in which
Atf6 is activated. Together, these data suggest that the chromatin environment provides
important cues that dictate the differential CPATs expression signatures in response to
different stressors.

DISCUSSION

This study addresses how a highly nuanced transcriptional response can be
orchestrated in the liver in response to diverse cellular challenges. The response to ER stress
in vertebrates integrates multiple signaling pathways that converge on a transcriptomic
response which we [14] and others [9, 35] have shown to be context dependent. Little is known
about how the central UPR regulator, Atf6, selects target genes, or further, what those targets
are. We provide the first systems level analysis of the Atf6 transcriptional response in vivo.
The strategy used is a novel and comprehensive, albeit highly stringent, approach to identify
putative Atf6 target genes. Similar bioinformatic approaches have been used successfully for
other transcription factors or DNA-binding proteins to identify downstream motifs or genes of
interest [69, 70]. We focused on the liver because there is a clear functional role for UPR
regulators in liver biology and pathology [3, 4, 12, 13, 40, 43, 71, 72] and our initial presumption
was that Atfé would primarily function to regulate the response to ER stress. We were
surprised that only a subset of the 652 CPATs we identified were annotated as playing a role
in proteostasis. This is supported by other studies [15, 54, 73-75] and by our analysis of the
gene lists generated from other approaches to identify Atf6 targets, which revealed that the
majority of putative targets function in diverse cellular processes. We were also surprised that
a minority of CPATs were differentially expressed both in datasets from other models where
Atfé expression was manipulated and in the datasets we generated in zebrafish from stress
independent and toxicant exposure conditions [13, 14, 40, 44, 63, 64]. Together, these data
show an Atf6-directed transcriptomic signature specific for each condition, with a small subset
of CPATs with coincident expression patterns across the three models. We verified that the
majority of these genes required Atf6 activity by showing that Ceapins A7 treatment effectively
suppressed expression of iAs-induced CPATs. We identified the novel role of Atf6é and its
targets during mouse liver regeneration and demonstrated the impact of repressive marks in
CPAT regulation. Taken together, these data validate this integrated functional genomic
approach to identify new CPAT genes and implicate Atf6 in biological processes that have not
previously been investigated such as small molecule metabolism and development (Figure 7).
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These transcriptomic signatures in different cellular environments implicate co-factors
or epigenetic modifications that direct Atf6 activity. The data presented here shows the CPATs
that changed during mouse liver regeneration had a permissive epigenetic state in the
quiescent liver. We speculate the absence of H3K27me3 allowed Atf6 to regulate CPAT
expression, suggesting that accessible, active chromatin environment is conducive to Atf6
function as a transcriptional regulator (Figure 7). Many studies have shown that environmental
exposures alter the epigenetic landscape [76, 77]; for instance, both arsenic and ethanol have
been shown to alter epigenetic marks which are associated with mediating a toxicant
dependent gene expression [78-80]. iAs has been suggested to change the methylation of
histones and DNA [81, 82], and this could be a mechanism by which a distinct set of genes is
differentially expressed in response to this toxicant. Further investigation of the epigenetic
landscape and chromatin states in cells exposed to ER stressors will be important to identify
such changes. An alternative model proposed by an interesting study of protein folding stress
showed that sphingolipids activate distinct sets of Atf6 targets [15], suggesting that the
mechanism by which Atf6 is activated dictates which targets are engaged. It would be of
interest to determine if these different activation pathways also impact the chromatin state or
epigenetic modifications on CPATSs.

Toxicant exposure is predicted to have a very different transcriptional response than the
stress-independent conditions for Atf6 activation; this is supported by our data showing that
the transcriptomic response between iAs or EtOH exposure and genetic overexpression of
Atf6 is substantially different. This could be explained by the involvement of other UPR
pathways in response to toxicant exposure as well as the impact of other stress response
pathways. In contrast, the early time point we analyzed in stress-independent conditions of
Atf6 activation is the most reliable model to identify those genes that are targeted directly by
Atf6. Interestingly, in the 78 hpf dataset where Atf6é was overexpressed, most of the DEGs are
upregulated, and all but one CPAT genes (bcat1) are upregulated. This confirms that Atf6
primarily acts as a transcriptional activator; however, the subset of CPATs downregulated at
later time points in the liver of Tg(fabp10a:nAtf6-mCherry) larvae, suggesting either that the
downregulation of Atf6 targets require a prolonged engagement with Atf6 or a change in co-
factors or chromatin structure that allows for gene repression. A recent study modeling the
role of PERK in repressing transcription of Xbp1-Atf6 targets during prolonged stress exposure
[83] suggests that crosstalk between pathways can shape the transcriptional response over
time. Taken together, we conclude the UPR is a complex and interconnected network that
depends on the stress intensity and cellular environment.

Previous studies have focused on identifying Atf6 targets using functional approaches
in either Atf6 loss or overexpression models [29] [9] [43]. However, in most cases, the studies
examine how such cells respond to stressed conditions using ER stress agents that severely
impair major functions of the ER (i.e. tunicamycin or DTT). While these methods identify the
UPR-related targets, they were not designed to identify Atf6 functional targets that participate
in other biological processes. One study that explored other possible Atf6 functions using Atfé
knockout mesenchymal stem cells identified two sets of genes that are differentially expressed
in the absence of Atf6 [84]: 145 ‘constitutive Atf6 responsive genes’ were downregulated by
loss of Atf6 in standard culture conditions while another subset of 112 ‘induced Atf6 responsive
genes’ were identified as those that failed to change their expression in response to
tunicamycin treatment. The overlap between these two gene sets was only 6 genes, indicating
that Atf6 regulates one set of genes in physiological conditions and another set — largely those
targets involved in proteostasis - in response to ER stress. We compared these lists to our
datasets; we found an overlap of only 1 gene between the constitutive targets and our putative
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Atf6 target genes. We speculate that different cell types and differences between in vivo
approaches can significantly change the outcome of such studies.

Key caveats to our study to be considered are that the strict criteria used to identify
putative Atf6 targets is based on previously described Atf6 binding sites and evolutionary
conservation. Both of these can introduce error, in that the binding site predictions have not
been thoroughly verified in vivo and the stringency of our evolutionary conservation criteria
could exclude real Atf6 targets. However, given the lack of suitable antibodies to identify Atf6
genome occupancy through ChlPseq approaches, a logic based computational approach is
an alternative. We are cognizant that the computational strategy used here could exclude
some genes that may be relevant. This could be improved by including additional species,
bridging the nodes on the evolutionary tree and altering the selection criteria from an exact
match for the binding motifs to one that allowed substitution or spacing in the sequence.
However, we reasoned that leniency could introduce false positives, and our preference was
to increase the confidence that the CPATSs are bona fide Atf6 targets. Generating reagents for
genomic approaches to profile Atf6 binding sites and establishing how Atf6 target gene binding
changes in response to environmental or physiological challenges is an important goal for the
field.

A remarkable feature of the liver is its ability to regenerate after injury or resection. Many
studies focus on the regulation of the cell cycle or metabolic processes that promote the
regenerative response of the liver to partial hepatectomy (PH) [85, 86]. Here, we identified the
novel involvement of Atf6 and CPATSs during liver regeneration after PH in wild type mouse
livers. These findings present a unique approach to identifying how Atf6é — and possibly other
genes which have been exclusively only studied in the contexts of ER stress — may regulate
physiological processes such as development and regeneration. Moreover, by using this novel
model to study a UPR regulator, we uncovered an epigenetic pattern in the quiescent liver
that may contribute to the ability of Atf6 to regulate target genes. The genes that are amenable
for regulation after PH are devoid of the repressive mark, H3K27me3, are in open chromatin
and are expressed at higher levels than CPATs that are not differentially expressed during
regeneration. Interestingly, however, these silenced CPATs are also marked with H3K4me3
and in open chromatin, suggesting that they may be amenable to expression if the liver is
exposed to other stimuli.

These findings have implications beyond the response to ER stress. It has long been
known that the liver responds to a highly diverse range of environmental and physiological
challenges; our findings suggest that, in part, this nuanced response is encoded in the
epigenome. Moreover, these data indicate a broader range of processes that could be
regulated by Atf6 and opens new areas of investigation for understanding what genes are
regulated by this transcription factor and points to epigenetic changes as a mechanism
contributing to target gene selection.
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o GEO Accession Number GSE151291
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o GEO Accession Number GSE125007
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o GEO Accession Number GSE156419
https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?acc=GSE156419
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o GEO Accession Number GSE125006
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125006

AUTHOR CONTRIBUTIONS

ARN and KCS conceived the idea and wrote the manuscript. ARN, PL and CZ carried out all
the bioinformatic data analysis. ARN carried out all gPCR experiments and FM performed the
Western Blot. KCS, ARN, PL, CZ and FM prepared the figures and analyzed data.

ACKNOWLEDGEMENT

We gratefully acknowledge collaborative work with the NYUAD Genomics Facility and
Bioinformatics Core, Tom Rutkowski for microarray data, Jaideep T.J. for the scientific
illustration and to other members of the Sadler lab for sample preparation, fish maintenance
and for their critical discussions.

FUNDING

The work was funded in part by the National Institute on Alcohol Abuse and Alcholism
[5R01AA018886 to KCS] and the NYUAD Faculty Research Fund [AD188 to KCS].

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

19


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

REFERENCES

1. Rendleman J, Cheng Z, Maity S, Kastelic N, Munschauer M, Allgoewer K, et al. New
insights into the cellular temporal response to proteostatic stress. Elife. 2018;7. Epub
2018/10/03. doi: 10.7554/eLife.39054. PubMed PMID: 30272558; PubMed Central PMCID:
PMCPMC6185107.

2. Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human pathology.
Annual review of pathology. 2015;10:173-94. doi: 10.1146/annurev-pathol-012513-104649.
PubMed PMID: 25387057.

3. Henkel AS. Unfolded Protein Response Sensors in Hepatic Lipid Metabolism and
Nonalcoholic Fatty Liver Disease. Semin Liver Dis. 2018;38(4):320-32. Epub 2018/10/26. doi:
10.1055/s-0038-1670677. PubMed PMID: 30357769.

4. Rutkowski DT. Liver function and dysfunction - a unique window into the physiological
reach of ER stress and the unfolded protein response. FEBS J. 2018. Epub 2018/01/24. doi:
10.1111/febs.14389. PubMed PMID: 29360258.

5. Walter P, Ron D. The unfolded protein response: from stress pathway to homeostatic
regulation. Science. 2011;334(6059):1081-6. Epub 2011/11/26. doi:
10.1126/science.1209038. PubMed PMID: 22116877.

6. Brewer JW. Regulatory crosstalk within the mammalian unfolded protein response.
Cell Mol Life Sci. 2014;71(6):1067-79. Epub 2013/10/19. doi: 10.1007/s00018-013-1490-2.
PubMed PMID: 24135849.

7. Walter F, O'Brien A, Concannon CG, Dussmann H, Prehn JHM. ER stress signaling
has an activating transcription factor 6alpha (ATF6)-dependent "off-switch". J Biol Chem.
2018;293(47):18270-84. Epub 2018/10/06. doi: 10.1074/jbc.RA118.002121. PubMed PMID:
30287689; PubMed Central PMCID: PMCPMC6254332.

8. Fung TS, Huang M, Liu DX. Coronavirus-induced ER stress response and its
involvement in regulation of coronavirus-host interactions. Virus Res. 2014;194:110-23. Epub
2014/10/12. doi: 10.1016/j.virusres.2014.09.016. PubMed PMID: 25304691; PubMed Central
PMCID: PMCPMC7114476.

9. Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C, et al. Stress-
Independent Activation of XBP1s and/or ATF6 Reveals Three Functionally Diverse ER
Proteostasis Environments. Cell Rep. 2013. Epub 2013/04/16. doi: S2211-1247(13)00131-9
[pii]

10.1016/j.celrep.2013.03.024. PubMed PMID: 23583182.

10. Kimata Y, Ishiwata-Kimata Y, Yamada S, Kohno K. Yeast unfolded protein response
pathway regulates expression of genes for anti-oxidative stress and for cell surface proteins.
Genes Cells. 2006;11(1):59-69. Epub 2005/12/24. doi: 10.1111/j.1365-2443.2005.00921 .x.
PubMed PMID: 16371132.

11. Acosta-Alvear D, Karagoz GE, Frohlich F, Li H, Walther TC, Walter P. The unfolded
protein response and endoplasmic reticulum protein targeting machineries converge on the
stress sensor IRE1. Elife. 2018;7. Epub 2018/12/26. doi: 10.7554/eL.ife.43036. PubMed PMID:
30582518; PubMed Central PMCID: PMCPMC6336407.

12. Chikka MR, McCabe DD, Tyra HM, Rutkowski DT. C/EBP homologous protein (CHOP)
contributes to suppression of metabolic genes during endoplasmic reticulum stress in the liver.
J Biol Chem. 2013;288(6):4405-15. Epub 2013/01/03. doi: M112.432344 [pii]
10.1074/jbc.M112.432344. PubMed PMID: 23281479; PubMed Central PMCID:
PMC3567690.

13. Howarth DL, Lindtner C, Vacaru AM, Sachidanandam R, Tsedensodnom O, Vasilkova
T, et al. Activating transcription factor 6 is necessary and sufficient for alcoholic fatty liver
disease in zebrafish. PLoS Genet. 2014;10(5):e1004335. Epub 2014/05/31. doi:
10.1371/journal.pgen.1004335

PGENETICS-D-13-02670 [pii]. PubMed PMID: 24874946.

14. Vacaru AM, Di Narzo AF, Howarth DL, Tsedensodnom O, Imrie D, Cinaroglu A, et al.
Molecularly defined unfolded protein response subclasses have distinct correlations with fatty

20


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

liver disease in zebrafish. Dis Model Mech. 2014;7(7):823-35. Epub 2014/06/29. doi: 7/7/823
[pii]

10.1242/dmm.014472. PubMed PMID: 24973751; PubMed Central PMCID: PMC4073272.
15. Tam AB, Roberts LS, Chandra V, Rivera IG, Nomura DK, Forbes DJ, et al. The UPR
Activator ATF6 Responds to Proteotoxic and Lipotoxic Stress by Distinct Mechanisms. Dev
Cell. 2018;46(3):327-43 e7. Epub 2018/08/08. doi: 10.1016/j.devcel.2018.04.023. PubMed
PMID: 30086303; PubMed Central PMCID: PMCPMC6467773.

16. Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Mammalian transcription factor ATF6 is
synthesized as a transmembrane protein and activated by proteolysis in response to
endoplasmic reticulum stress. Mol Biol Cell. 1999;10(11):3787-99. PubMed PMID: 10564271.
17. Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R, et al. ER stress induces
cleavage of membrane-bound ATF6 by the same proteases that process SREBPs. Mol Cell.
2000;6(6):1355-64. PubMed PMID: 11163209.

18. Yoshida H, Okada T, Haze K, Yanagi H, Yura T, Negishi M, et al. ATF6 activated by
proteolysis binds in the presence of NF-Y (CBF) directly to the cis-acting element responsible
for the mammalian unfolded protein response. Mol Cell Biol. 2000;20(18):6755-67. Epub
2000/08/25. doi: 10.1128/mcb.20.18.6755-6767.2000. PubMed PMID: 10958673; PubMed
Central PMCID: PMCPMC86199.

19. Roy B, Lee AS. The mammalian endoplasmic reticulum stress response element
consists of an evolutionarily conserved tripartite structure and interacts with a novel stress-
inducible complex. Nucleic Acids Res. 1999;27(6):1437-43. Epub 1999/02/26. doi:
10.1093/nar/27.6.1437. PubMed PMID: 10037803; PubMed Central PMCID:
PMCPMC148335.

20. Yoshida H, Haze K, Yanagi H, Yura T, Mori K. Identification of the cis-acting
endoplasmic reticulum stress response element responsible for transcriptional induction of
mammalian glucose-regulated proteins. Involvement of basic leucine zipper transcription
factors. J Biol Chem. 1998;273(50):33741-9. Epub 1998/12/05. doi:
10.1074/jbc.273.50.33741. PubMed PMID: 9837962.

21. Li M, Baumeister P, Roy B, Phan T, Foti D, Luo S, et al. ATF6 as a transcription
activator of the endoplasmic reticulum stress element: thapsigargin stress-induced changes
and synergistic interactions with NF-Y and YY1. Mol Cell Biol. 2000;20(14):5096-106. Epub
2000/06/24. doi: 10.1128/mcb.20.14.5096-5106.2000. PubMed PMID: 10866666; PubMed
Central PMCID: PMCPMC85959.

22. Kokame K, Kato H, Miyata T. Identification of ERSE-Il, a new cis-acting element
responsible for the ATF6-dependent mammalian unfolded protein response. J Biol Chem.
2001;276(12):9199-205. Epub 2000/12/22. doi: 10.1074/jbc.M010486200. PubMed PMID:
11112790.

23. Yamamoto K, Yoshida H, Kokame K, Kaufman RJ, Mori K. Differential contributions of
ATF6 and XBP1 to the activation of endoplasmic reticulum stress-responsive cis-acting
elements ERSE, UPRE and ERSE-Il. J Biochem (Tokyo). 2004;136(3):343-50. PubMed
PMID: 15598891.

24, Wang Y, Shen J, Arenzana N, Tirasophon W, Kaufman RJ, Prywes R. Activation of
ATF6 and an ATF6 DNA binding site by the endoplasmic reticulum stress response. J Biol
Chem. 2000;275(35):27013-20. Epub 2000/06/17. doi: 10.1074/jbc.M003322200
M003322200 [pii]. PubMed PMID: 10856300.

25. Clark EM, Nonarath HJT, Bostrom JR, Link BA. Establishment and validation of an
endoplasmic reticulum stress reporter to monitor zebrafish ATF6 activity in development and
disease. Dis Model Mech. 2020;13(1). Epub 2019/12/20. doi: 10.1242/dmm.041426. PubMed
PMID: 31852729; PubMed Central PMCID: PMCPMC6994954.

26. Ma Y, Hendershot LM. Herp is dually regulated by both the endoplasmic reticulum
stress-specific branch of the unfolded protein response and a branch that is shared with other
cellular stress pathways. J Biol Chem. 2004;279(14):13792-9. Epub 2004/01/27. doi:
10.1074/jbc.M313724200

M313724200 [pii]. PubMed PMID: 14742429.

21


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

27. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA is induced by ATF6
and spliced by IRE1 in response to ER stress to produce a highly active transcription factor.
Cell. 2001;107(7):881-91. PubMed PMID: 11779464.

28. Gallagher CM, Garri C, Cain EL, Ang KK, Wilson CG, Chen S, et al. Ceapins are a
new class of unfolded protein response inhibitors, selectively targeting the ATF6alpha branch.
Elife. 2016;5. Epub 2016/07/21. doi: 10.7554/elLife.11878. PubMed PMID: 27435960;
PubMed Central PMCID: PMCPMC4954757.

29. Zhu C, Johansen FE, Prywes R. Interaction of ATF6 and serum response factor. Mol
Cell Biol. 1997;17(9):4957-66. Epub 1997/09/01. doi: 10.1128/mcb.17.9.4957. PubMed PMID:
9271374; PubMed Central PMCID: PMCPMC232347.

30. Renna M, Caporaso MG, Bonatti S, Kaufman RJ, Remondelli P. Regulation of ERGIC-
53 gene transcription in response to endoplasmic reticulum stress. J Biol Chem.
2007;282(31):22499-512. PubMed PMID: 17535801.

31. Baumeister P, Luo S, Skarnes WC, Sui G, Seto E, Shi Y, et al. Endoplasmic reticulum
stress induction of the Grp78/BiP promoter: activating mechanisms mediated by YY1 and its
interactive chromatin modifiers. Mol Cell Biol. 2005;25(11):4529-40. Epub 2005/05/19. doi:
10.1128/MCB.25.11.4529-4540.2005. PubMed PMID: 15899857; PubMed Central PMCID:
PMCPMC1140640.

32. Donati G, Imbriano C, Mantovani R. Dynamic recruitment of transcription factors and
epigenetic changes on the ER stress response gene promoters. Nucleic Acids Res.
2006;34(10):3116-27. Epub 2006/06/08. doi: 10.1093/nar/gkl304. PubMed PMID: 16757577;
PubMed Central PMCID: PMCPMC1475745.

33. Sela D, Chen L, Martin-Brown S, Washburn MP, Florens L, Conaway JW, et al.
Endoplasmic reticulum stress-responsive transcription factor ATF6alpha directs recruitment
of the Mediator of RNA polymerase |l transcription and multiple histone acetyltransferase
complexes. J Biol Chem. 2012;287(27):23035-45. Epub  2012/05/12. doi:
10.1074/jbc.M112.369504. PubMed PMID: 22577136; PubMed Central PMCID:
PMCPMC3391130.

34. Chen JJ, Genereux JC, Qu S, Hulleman JD, Shoulders MD, Wiseman RL. ATF6
activation reduces the secretion and extracellular aggregation of destabilized variants of an
amyloidogenic protein. Chem Biol. 2014;21(11):1564-74. Epub 2014/12/03. doi:
10.1016/j.chembiol.2014.09.009. PubMed PMID: 25444553; PubMed Central PMCID:
PMCPMC4254654.

35. Paxman R, Plate L, Blackwood EA, Glembotski C, Powers ET, Wiseman RL, et al.
Pharmacologic ATF6 activating compounds are metabolically activated to selectively modify
endoplasmic reticulum proteins. Elife. 2018;7. Epub 2018/08/08. doi: 10.7554/eLife.37168.
PubMed PMID: 30084354; PubMed Central PMCID: PMCPMC6080950.

36. Blackwood EA, Azizi K, Thuerauf DJ, Paxman RJ, Plate L, Kelly JW, et al.
Pharmacologic ATF6 activation confers global protection in widespread disease models by
reprograming cellular proteostasis. Nat Commun. 2019;10(1):187. Epub 2019/01/16. doi:
10.1038/s41467-018-08129-2. PubMed PMID: 30643122; PubMed Central PMCID:
PMCPMC6331617.

37. DeRossi C, Vacaru A, Rafig R, Cinaroglu A, Imrie D, Nayar S, et al. trappc11 is
required for protein glycosylation in zebrafish and humans. Mol Biol Cell. 2016;27(8):1220-34.
Epub 2016/02/26. doi: 10.1091/mbc.E15-08-0557. PubMed PMID: 26912795; PubMed
Central PMCID: PMCPMC4831877.

38. Tsedensodnom O, Vacaru AM, Howarth DL, Yin C, Sadler KC. Ethanol metabolism
and oxidative stress are required for unfolded protein response activation and steatosis in
alcoholic liver disease. Dis Model Mech. 2013; 6:1213-26. Epub 2013/06/27. doi: dmm.012195
[pii]

10.1242/dmm.012195. PubMed PMID: 23798569.

39. Thakur PC, Stuckenholz C, Rivera MR, Davison JM, Yao JK, Amsterdam A, et al. Lack
of de novo phosphatidylinositol synthesis leads to endoplasmic reticulum stress and hepatic
steatosis in cdipt-deficient zebrafish. Hepatology. 2011;54(2):452-62. Epub 2011/04/14. doi:
10.1002/hep.24349. PubMed PMID: 21488074; PubMed Central PMCID: PMC3140628.

22


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

40. Cinaroglu A, Gao C, Imrie D, Sadler KC. Activating transcription factor 6 plays
protective and pathological roles in steatosis due to endoplasmic reticulum stress in zebrafish.
Hepatology. 2011;54(2):495-508. Epub 2011/05/04. doi: 10.1002/hep.24396. PubMed PMID:
21538441; PubMed Central PMCID: PMC3145024.

41. Delaney P, Ramdas Nair A, Palmer C, Khan N, Sadler KC. Arsenic induced redox
imbalance triggers the unfolded protein response in the liver of zebrafish. Toxicology and
Applied Pharmacology. 2020;409:115307. doi: https://doi.org/10.1016/j.taap.2020.115307.
42. Wang S, Zhang C, Hasson D, Desai A, SenBanerjee S, Magnani E, et al. Epigenetic
Compensation Promotes Liver Regeneration. Dev Cell. 2019;50(1):43-56 e6. Epub
2019/06/25. doi: 10.1016/j.devcel.2019.05.034. PubMed PMID: 31231040; PubMed Central
PMCID: PMCPMC6615735.

43, Rutkowski DT, Wu J, Back SH, Callaghan MU, Ferris SP, Igbal J, et al. UPR pathways
combine to prevent hepatic steatosis caused by ER stress-mediated suppression of
transcriptional master regulators. Dev Cell. 2008;15(6):829-40. Epub 2008/12/17. doi: S1534-
5807(08)00475-9 [pii]

10.1016/j.devcel.2008.10.015. PubMed PMID: 19081072; PubMed Central PMCID:
PMC2923556.

44, Delaney P, Ramdas Nair A, Palmer C, Khan N, Sadler KC. Arsenic induced redox
imbalance triggers the unfolded protein response in the liver of zebrafish. Toxicol Appl
Pharmacol. 2020;409:115307. Epub 2020/11/05. doi: 10.1016/j.taap.2020.115307. PubMed
PMID: 33147493.

45, Wingett SW, Andrews S. FastQ Screen: A tool for multi-genome mapping and quality
control. F1000Res. 2018;7:1338. Epub 2018/09/29. doi: 10.12688/f1000research.15931.2.
PubMed PMID: 30254741; PubMed Central PMCID: PMCPMC6124377.

46. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence
data. Bioinformatics. 2014;30(15):2114-20. Epub 2014/04/04. doi:
10.1093/bioinformatics/btu170. PubMed PMID: 24695404; PubMed Central PMCID:
PMCPMC4103590.

47. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory
requirements. Nature Methods. 2015;12(4):357-60. doi: 10.1038/nmeth.3317.

48. Anders S, Pyl PT, Huber W. HTSeg—a Python framework to work with high-throughput
sequencing data. Bioinformatics. 2014;31(2):166-9. doi: 10.1093/bioinformatics/btu638.

49, Aken BL, Ayling S, Barrell D, Clarke L, Curwen V, Fairley S, et al. The Ensembl gene
annotation system. Database. 2016;2016. doi: 10.1093/database/baw093.

50. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al.
Bioconductor: open software development for computational biology and bioinformatics.
Genome Biology. 2004;5(10):R80. doi: 10.1186/gb-2004-5-10-r80.

51. Gu Z, Eils R, Schlesner M, Ishaque N. EnrichedHeatmap: an R/Bioconductor package
for comprehensive visualization of genomic signal associations. BMC Genomics.
2018;19(1):234. doi: 10.1186/s12864-018-4625-x.

52. Roy B, Li WW, Lee AS. Calcium-sensitive transcriptional activation of the proximal
CCAAT regulatory element of the grp78/BiP promoter by the human nuclear factor CBF/NF-
Y. J Biol Chem. 1996;271(46):28995-9002. Epub 1996/11/15. doi: 10.1074/jbc.271.46.28995.
PubMed PMID: 8910550.

53. Roy B, Lee AS. Transduction of calcium stress through interaction of the human
transcription factor CBF with the proximal CCAAT regulatory element of the grp78/BiP
promoter. Mol Cell Biol. 1995;15(4):2263-74. Epub 1995/04/01. doi: 10.1128/mcb.15.4.2263.
PubMed PMID: 7891720; PubMed Central PMCID: PMCPMC230454.

54. Hillary RF, FitzGerald U. A lifetime of stress: ATF6 in development and homeostasis.
J Biomed Sci. 2018;25(1):48. Epub 2018/05/29. doi: 10.1186/s12929-018-0453-1. PubMed
PMID: 29801500; PubMed Central PMCID: PMCPMC5968583.

55. Wang S, Hu B, Ding Z, Dang Y, Wu J, Li D, et al. ATF6 safeguards organelle
homeostasis and cellular aging in human mesenchymal stem cells. Cell discovery. 2018;4:2.
Epub 2018/02/10. doi: 10.1038/s41421-017-0003-0. PubMed PMID: 29423270; PubMed
Central PMCID: PMCPMC5798892.

23


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

56. Takayanagi S, Fukuda R, TakeuchiY, Tsukada S, Yoshida K. Gene regulatory network
of unfolded protein response genes in endoplasmic reticulum stress. Cell Stress Chaperones.
2013;18(1):11-23. Epub 2012/07/18. doi: 10.1007/s12192-012-0351-5. PubMed PMID:
22802018; PubMed Central PMCID: PMCPMC3508129.

57. Yamamoto K, Sato T, Matsui T, Sato M, Okada T, Yoshida H, et al. Transcriptional
induction of mammalian ER quality control proteins is mediated by single or combined action
of ATF6alpha and XBP1. Dev Cell. 2007;13(3):365-76. PubMed PMID: 17765680.

58. Nozaki J, Kubota H, Yoshida H, Naitoh M, Goji J, Yoshinaga T, et al. The endoplasmic
reticulum stress response is stimulated through the continuous activation of transcription
factors ATF6 and XBP1 in Ins2+/Akita pancreatic beta cells. Genes Cells. 2004;9(3):261-70.
Epub 2004/03/10. doi: 10.1111/j.1356-9597.2004.00721.x. PubMed PMID: 15005713.

59. Chen X, Zhang F, Gong Q, Cui A, Zhuo S, Hu Z, et al. Hepatic ATF6 Increases Fatty
Acid Oxidation to Attenuate Hepatic Steatosis in Mice Through Peroxisome Proliferator-
Activated Receptor alpha. Diabetes. 2016;65(7):1904-15. Epub 2016/05/22. doi:
10.2337/db15-1637. PubMed PMID: 27207533.

60. Thuerauf DJ, Marcinko M, Belmont PJ, Glembotski CC. Effects of the isoform-specific
characteristics of ATF6 alpha and ATF6 beta on endoplasmic reticulum stress response gene
expression and cell viability. J Biol Chem. 2007;282(31):22865-78. Epub 2007/05/25. doi:
10.1074/jbc.M701213200. PubMed PMID: 17522056.

61. Thuerauf DJ, Morrison LE, Hoover H, Glembotski CC. Coordination of ATF6-mediated
transcription and ATF6 degradation by a domain that is shared with the viral transcription
factor, VP16. J Biol Chem. 2002;277(23):20734-9. Epub 2002/03/23. doi:
10.1074/jbc.M201749200. PubMed PMID: 11909875.

62. Her GM, Chiang CC, Chen WY, Wu JL. In vivo studies of liver-type fatty acid binding
protein (L-FABP) gene expression in liver of transgenic zebrafish (Danio rerio). FEBS Lett.
2003;538(1-3):125-33. PubMed PMID: 12633865.

63. Bambino K, Zhang C, Austin C, Amarasiriwardena C, Arora M, Chu J, et al. Inorganic
arsenic causes fatty liver and interacts with ethanol to cause alcoholic liver disease in
zebrafish. Dis Model Mech. 2018;11(2). Epub 2018/01/24. doi: 10.1242/dmm.031575.
PubMed PMID: 29361514; PubMed Central PMCID: PMCPMC5894941.

64. Passeri MJ, Cinaroglu A, Gao C, Sadler KC. Hepatic steatosis in response to acute
alcohol exposure in zebrafish requires sterol regulatory element binding protein activation.
Hepatology. 2009;49(2):443-52. Epub 2009/01/08. doi: 10.1002/hep.22667. PubMed PMID:
19127516.

65. Howarth DL, Vacaru AM, Tsedensodnom O, Mormone E, Nieto N, Costantini LM, et
al. Alcohol disrupts endoplasmic reticulum function and protein secretion in hepatocytes.
Alcohol Clin Exp Res. 2012;36(1):14-23. Epub 2011/07/28. doi: 10.1111/j.1530-
0277.2011.01602.x. PubMed PMID: 21790674; PubMed Central PMCID: PMC3204333.

66. Gallagher CM, Garri C, Cain EL, Ang KK-H, Wilson CG, Chen S, et al. Ceapins are a
new class of unfolded protein response inhibitors, selectively targeting the ATF6a branch.
eLife. 2016;5:11878. doi: 10.7554/eLife.11878.

67. Torres SE, Gallagher CM, Plate L, Gupta M, Liem CR, Guo X, et al. Ceapins block the
unfolded protein response sensor ATF6a by inducing a neomorphic inter-organelle tether.
eLife. 2019;8:€46595. doi: 10.7554/eL.ife.46595.

68. Macchi F, Sadler KC. Unraveling the Epigenetic Basis of Liver Development,
Regeneration and Disease. Trends in genetics : TIG. 2020;36(8):587-97. Epub 2020/06/04.
doi: 10.1016/j.tig.2020.05.002. PubMed PMID: 32487496.

69. Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K, et al. Systematic
discovery of regulatory motifs in human promoters and 3' UTRs by comparison of several
mammals. Nature. 2005;434(7031):338-45. Epub 2005/03/01. doi: 10.1038/nature03441.
PubMed PMID: 15735639; PubMed Central PMCID: PMCPMC2923337.

70. Calnan DR, Brunet A. The FoxO code. Oncogene. 2008;27(16):2276-88. doi:
10.1038/0nc.2008.21.

71. Lee AH, Scapa EF, Cohen DE, Glimcher LH. Regulation of hepatic lipogenesis by the
transcription factor XBP1. Science. 2008;320(5882):1492-6. PubMed PMID: 18556558.

24


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

72. Olivares S, Henkel AS. Hepatic Xbp1 Gene Deletion Promotes Endoplasmic Reticulum
Stress-induced Liver Injury and Apoptosis. J Biol Chem. 2015;290(50):30142-51. Epub
2015/10/28. doi: 10.1074/jbc.M115.676239. PubMed PMID: 26504083; PubMed Central
PMCID: PMCPMC4706001.

73. Nakanishi K, Sudo T, Morishima N. Endoplasmic reticulum stress signaling transmitted
by ATF6 mediates apoptosis during muscle development. J Cell Biol. 2005;169(4):555-60.
PubMed PMID: 15897261.

74. DeZwaan-McCabe D, Sheldon RD, Gorecki MC, Guo DF, Gansemer ER, Kaufman
RJ, et al. ER Stress Inhibits Liver Fatty Acid Oxidation while Unmitigated Stress Leads to
Anorexia-Induced Lipolysis and Both Liver and Kidney Steatosis. Cell Rep. 2017;19(9):1794-
806. Epub 2017/06/01. doi: 10.1016/j.celrep.2017.05.020. PubMed PMID: 28564599;
PubMed Central PMCID: PMCPMC5520660.

75. Kroeger H, Grimsey N, Paxman R, Chiang WC, Plate L, Jones Y, et al. The unfolded
protein response regulator ATF6 promotes mesodermal differentiation. Sci Signal.
2018;11(517). Epub 2018/02/15. doi: 10.1126/scisignal.aan5785. PubMed PMID: 29440509;
PubMed Central PMCID: PMCPMC5957084.

76. Aluru N. Epigenetic effects of environmental chemicals: insights from zebrafish. Curr
Opin Toxicol. 2017;6:26-33. doi: 10.1016/j.cotox.2017.07.004. PubMed PMID: 29202112;
PubMed Central PMCID: PMCPMC5703436.

77. Vandegehuchte MB, Janssen CR. Epigenetics in an ecotoxicological context. Mutat
Res Genet Toxicol Environ Mutagen. 2014;764-765:36-45. Epub 2013/09/06. doi:
10.1016/j.mrgentox.2013.08.008. PubMed PMID: 24004878.

78. Eckstein M, Eleazer R, Rea M, Fondufe-Mittendorf Y. Epigenomic reprogramming in
inorganic arsenic-mediated gene expression patterns during carcinogenesis. Rev Environ
Health. 2017;32(1-2):93-103. Epub 2016/10/05. doi: 10.1515/reveh-2016-0025. PubMed
PMID: 27701139.

79. Page A, Paoli PP, Hill SJ, Howarth R, Wu R, Kweon S-M, et al. Alcohol directly
stimulates epigenetic modifications in hepatic stellate cells. J Hepatol. 2015;62(2):388-97.
Epub 2014/10/20. doi: 10.1016/j.jhep.2014.09.033. PubMed PMID: 25457206.

80. Liu C, Marioni RE, Hedman AK, Pfeiffer L, Tsai PC, Reynolds LM, et al. A DNA
methylation biomarker of alcohol consumption. Molecular Psychiatry. 2018;23(2):422-33. doi:
10.1038/mp.2016.192.

81. Howe CG, Gamble MV. Influence of Arsenic on Global Levels of Histone
Posttranslational Modifications: a Review of the Literature and Challenges in the Field. Curr
Environ Health Rep. 2016;3(3):225-37. Epub 2016/06/29. doi: 10.1007/s40572-016-0104-1.
PubMed PMID: 27352015; PubMed Central PMCID: PMCPMC4967376.

82. Roy RV, Son YO, Pratheeshkumar P, Wang L, Hitron JA, Divya SP, et al. Epigenetic
targets of arsenic: emphasis on epigenetic modifications during carcinogenesis. J Environ
Pathol Toxicol Oncol. 2015;34(1):63-84. Epub 2015/03/10. PubMed PMID: 25746832.

83. Gonen N, Sabath N, Burge CB, Shalgi R. Widespread PERK-dependent repression of
ER targets in response to ER stress. Scientific Reports. 2019;9(1):4330. doi: 10.1038/s41598-
019-38705-5.

84. Wang S, Hu B, Ding Z, Dang Y, Wu J, Li D, et al. ATF6 safeguards organelle
homeostasis and cellular aging in human mesenchymal stem cells. Cell Discovery.
2018;4(1):2. doi: 10.1038/s41421-017-0003-0.

85. Valizadeh A, Majidinia M, Samadi-Kafil H, Yousefi M, Yousefi B. The roles of signaling
pathways in liver repair and regeneration. Journal of Cellular Physiology. 2019;234(9):14966-
74. doi: https://doi.org/10.1002/jcp.28336.

86. Caldez MJ, Bjorklund M, Kaldis P. Cell cycle regulation in NAFLD: when imbalanced
metabolism limits cell division. Hepatology International. 2020;14(4):463-74. doi:
10.1007/s12072-020-10066-6.

25


https://doi.org/10.1101/2021.03.10.434889
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434889; this version posted March 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

FIGURE LEGENDS

Figure 1. Curation and functional annotation of CPATSs.

(A) Sequence alignment of promoter regions (200bp upstream of TSS) of hspab and herpud1

across human, mouse and zebrafish. Highlighted regions indicate ERSE | in green , Atf6 RE
in pink and TATA in red. (B) Filtering strategy to identify CPATSs included 3 criteria: (i) the first
half of the ERSE | and Il consensus sequence required for NFY binding: CCAAT/ATTGG (ii)
the second half of the ERSE | and Il shown to have Atf6 binding activity: CCACG and (iii) the
Atf6 RE shown to have Atf6 binding activity: TGACGTG. Sequence pertaining to each criteria
was identified in the proximal promoters (acquired from BioMart, designated as -500 bp from
the TSS) of orthologous genes in zebrafish, mouse, and human. Venn diagram indicates
overlap between each criteria. Cumulative set of genes either having a complete ERSEV/II site
: 635 genes, the Atf6é RE: 15 genes or both: 2 were designated as constitutive putative Atf6
target genes or CPATS : 652 genes. Bona fide CPATSs are shown in black (C) Gene Ontology
(GO) based biological process enrichment analysis of top 25 terms in putative Atf6 targets;
terms related to proteostasis highlighted in blue (D) GO cellular component analysis : terms
related to ER highlighted in blue. (E) Geneset enrichment Leading Edge analysis highlights
the groups of genes driving a particular function. Grey boxes mark the genes representing
each GO term. Highlighted in blue are proteostasis, orange are small molecule metabolism
and green are DNA packing related GO terms.

Figure 2. A minority of CPATSs are involved in proteostasis.

(A) Venn diagram depicting overlap of UPR Genes annotated to REACT_18356,
G0:0034976, and GO:0006986 in humans obtained from Reactome and AmiGO respectively.
(B) Human UPR genes were converted to zebrafish homologs (turquoise) for integration with
the CPATSs (green) with bona fide CPATs shown in black. Significant enrichment of CPATs in
UPR gene dataset was determined by Fisher's exact test. (C) & (D) Gene ontology-based
cellular component or biological process overrepresentation analysis of overlapping and non-
overlapping CPATs and UPR genes and of CPATSs that are not UPR targets; terms related to
proteostasis are blue. Statistically significant results are plotted with point size depicting
fraction of genes in each gene list annotated to each GO term; point numbers showing the
exact number of genes annotated.

Figure 3. Stress-independent nAtf6 overexpression activates a small subset of putative
Atf6 or UPR target genes.

(A) Experimental set up of RNA-seq liver collections at 78 hpf and 120 hpf wild type zebrafish
larvae and Tg(fabp10a:nAtf6-mcherry;cmic2:GFP)-C transgenics used in these studies.
Representative images of wild type zebrafish larvae and Tg(fabp10a:nAtf6-
mcherry;cmic2:GFP)-C transgenics at 78hpf and 120hpf. (B) Venn diagram depicting the
overlap between genes significantly differentially expressed (p<0.05) in nAtf6 over expressing
zebrafish livers at 78hpf (pink) and 120hpf (dark red). (C-D)Venn diagram depicting overlap
of CPATs(green), UPR genes (turquoise), and DEGS in nAtf6 at (C) 78 hpf (pink) and (D)
120hpf (dark red). (E) Cross plot showing the DEGS unique to 120 hpf (dark red), unique to
78hpf (pink with a red circle) and those that are differentially expressed in both (black). Atf6
indicated by black circle with green circle. (F) Cross plot showing CPATs unique to 120 hpf
(dark red), unique to 78hpf (pink with a red circle) and those that are differentially expressed
in both (black). Grey indicates CPATSs that do not change. (G) GSEA Leading edge analysis
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showing GO terms pertaining to sufficient CPATs that are upregulated and downregulated
during nAtf6 over expression.

Figure 4. Stress-free nAtf6 expression and Toxicant-induced stress regulate distinct
transcriptional signatures in the liver.

A) EtOH exposure scheme showing zebrafish larvae exposed from 96-120 hpf with 350 mM
EtOH and the livers were dissected and processed for RNAseq at 120 hpf (B) Venn diagram
depicting the overlap between significantly DEGs in EtOH conditions (yellow), CPATs (green)
and UPR genes (turquoise) (C) iAs exposure scheme showing zebrafish larvae exposed to 1
mM iAs from 96-120 hpf. (D) Venn diagram depicting the overlap between significantly DEGs
in iAs conditions (violet), Atf6 targets (green) and UPR genes (turquoise). (E) Venn diagram
depicting the overlap of CPATSs differentially expressed in EtOH (yellow), iAs (violet) and
sufficient CPATs defined in figure 3. (red). (F&G) Heatmap showing unsupervised clustering
of the 34 common CPATs (F) and all CPATs(G) in nAtf6, iAs and EtOH conditions based on
z-score.

Figure 5. Atf6 inhibition by Ceapins A7 suppresses CPAT expression during acute iAs
exposure.

(A) Exposure scheme showing zebrafish larvae were pre-treated with 4.0 uM Ceapins from
80hpf and then co-exposed to 1mM iAs and Ceapins from 96-120hpf. (B) Representative
images of 120hpf zebrafish larvae subjected to treatments in (A). Arrow highlight the
phenotypes such as spinal curvature, edema, distended gut and brain necrosis (darkening of
the head) compared to controls. (C) Percent of normal, abnormal and dead zebrafish at 120hpf
per treatment condition; n=85, 5 clutches; *** p<0.0005, *p<0.05 , by two-way ANOVA. (D)
Gene expression analysis by gPCR depicting log2 Fold change of select genes categorized
as CPATSs based on literature, commonly DE in all three conditions and uniquely DE in iAs.
(**** p<0.00005, **p<0.005 , *p<0.05, by unpaired t-test)

Figure 6. H3K27me3 promoter occupancy differentiates CPAT expression during
mouse liver regeneration.

(A) Atf6 expression based on RNAseq at different timepoints in regenerating mouse liver after
partial hepatectomy. (*** p<0.0005, **p<0.005 , *p<0.05 , by two-tailed t-test). (B) Venn
diagram depicting overlap between DEGs during PH and CPATSs converted to mouse genes.
p<0.0001 based on Chi-square test. (C) Bar graph showing distribution of CPAT expression
in regenerating control livers. Yellow numbers indicate the number genes in each subset. (D)
Heatmap showing expression based on log(fpkm +1) of DE CPATSs sorted based on baseline
expression in regenerating control livers. (E) Jitter plot comparing expression between DE-
CPATs and no-change-CPATSs in quiescent mouse livers. **** indicates p<0.00005 by Mann-
Whitney Test. (F) Gene clusters of co-regulated genes identified by unsupervised clustering
of DE CPATSs in regenerating control livers. The total number of gens in each cluster and those
in the top GO categories are noted. (G) Averaged line profiles of ATAC-seq and Chip-seq of
H3K4me3 and H3K27me3 between DE-CPATs (green) and no-change CPATs (grey). (H)
Averaged line profiles of ATAC-seq and Chip-seq of H3K4me3 and H3K27me3 between
CPATSs in Cluster 1(orange) and 2(blue) and that do not change (grey).
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Figure 7. Epigenetic environment influences Atf6é mediated transcriptional output.
Presence of nAtf6 by overexpression or toxicant exposure leads to differential expression of genes that
fall within open chromatin with active transcription marks of H3K4me3 (purple) and functioning in
proteostasis, metabolism and development. The CPATs can be expressed or repressed when nAtf6
(red) is present depending on the cellular environment and the presence or lack of co-factors (black).
Contrastingly, toxicant and physiological stress could also change the epigenetic environment that
could silence CPATSs even in the presence of nAtfé and being within open chromatin. This could be in
part due to accumulation of repressive marks such H3K27me3 (yellow) that prevent the recruitment of
the transcription machinery. These genes mainly function in chromatin organization or cell-specific
processes that don’t express in hepatocytes. DNA in beige, histones in Cyan, newly generated mRNA
lime green and TSS in blue.

SUPPLEMENTARY METHODS

Atf6 Target Gene comparisons

A list of predicted Atf6 target genes in humans was obtained from the R package ‘tftargets,’ from the
Neph2012, TRED, TRRUST and Marbach2016 databases; this list of ‘Database Atf6é Targets’ was
excluded from the final list of Atf6 target genes. Following this, we used Harmonize to identify the 116
genes curated by functional studies using Transfac
(http://amp.pharm.mssm.edu/Harmonizome/gene_set/ATF6/TRANSFAC+Curated+Transcription+Fac
tor+Targets). Due to minimal overlap with this list, as well as lack of canonical Atf6 target genes this
list was excluded as well.

Western Blot

Zebrafish 5 dpf embryos of Tg(fabp10a:nls-mCherry) [67] from WT siblings and Tg(fabp10a:nAtf6-
mCherry;cmic2-GFP) were dissected using syringes needle according to our previously published
protocol. Protein extraction was performed on 20 livers/condition in 50ul Lysis buffer, and sonicated
with 2 second pulse for 30 times (amplitude 30%). The proteins were clarified in refrigerated centrifuge
at 4° C for 15 min with speed >10.000g. Quantification with QuBit protein Kit was performed, and
15ug/lane of proteins was loaded on denaturating 10% gel (BIORAD cast fast). Then standard run (80-
150V) and transfer (400 mA for 1:30 hours). Blocking Milk 5% in TBS-T for 1h and Primary Abs O.N. 4
C° (Mouse, a-mCherry 1:1000 in Milk 5%, and Rabbit a-H3 1:1000 in Milk 5%, Santa Cruz
Biotechnology, 10809). Washing 3 times in TBS-T and secondary 1:2000 1-2h was performed
subsequently. Development was performed in BioRad ChemiDoc with ECL Thermo-Pierce (Low
sensitivity reagent), or ECL Clarity BioRad (Mid sensitivity reagent), or ECL Select Amersham-GE
HealtCare (High sensitivity reagent).

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Atf6 putative target has minimal overlap with database targets.

(A) Venn diagram depicting the overlap between database targets acquired through tftargets (purple)
and CPATs (green). (B) Gene ontology-based biological process overrepresentation analysis of
database targets and CPATSs. Statistically significant results are plotted with point size depicting fraction
of genes in each gene list annotated to each GO term, with point numbers showing the exact number
of genes annotated.

Supplementary Figure 2. Modest representation of CPATs in Human HEK293 cells
overexpressing nAtf6 and in livers from Mouse Atf6a knockout exposed to Tunicamycin
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(A)Schematic showing the number of genes differentially expressed in each publicly available dataset.
(B) Venn diagram showing overlap of CPATs (green) with DEGs in Human HEK293 cells
overexpressing nAtf6 (yellow) and in livers from Mouse Atf6a knockout exposed to Tunicamycin
(red).p<0.0001 by Chi-square test. (C) Gene Ontology based biological process enrichment analysis of
CPATs and DEGs from microarray data of nAtf6 overexpression Human cells and Atfé knockout mice.

Supplementary Figure 3. nAtfé overexpression in the liver of Tg(fabp10a:nAtf6-
mcherry;cmlic2:GFP)-C zebrafish

(A) Representation of atf6 genomic region. (B) Browser view of reads detected by RNAseq from nAtf6
overexpression (red) and siblings (green) across gene region of Atf6. (C) Bar plot showing normalized
reads of cherry, nAtf6 and nAtf6-mcherry junction detected in controls and Tg(fabp10a:nAtf6-
mcherry;cmlc2:GFP)-C livers. (D) gPCR analysis of RNA isolated from the liver of 5 clutches of
zebrafish larvae from Tg(fabp10a:nAtf6-mcherry;,cmlc2:GFP)-C and non-transgenic siblings on 5 dpf.
atfé and hspa5 (bip) were normalized to rpp0 and the dCt was plotted; with fold change in transgenics
normalized to siblings indicated. * p-value <0.05 and **** p-value <0.00005 by Students t-test. (E)
Agarose Gel showing Atf6 mRNA detected in both sibling and nAtf6-mcherry in samples pretreated with
DNAse and without as well as with reverse transcriptase and without to confirm that there was no DNA
contamination. rpp0 was used for loading normalization. (F) Top-left panel shows a-mCherry developed
with mid sensitivity reagent and exposed for 20 sec. Top-right panel shows a-mCherry developed with
high sensitivity reagent and exposed for 20 sec. The difference of detectability for nAtf6-mCherry and
nls-mCherry proteins are highlighted by arrows: blue arrow indicates the nAtf6-mCherry fusion protein
around 90 kD. The expected fusion protein is around 70kD, and is expected to shift for multiple
glycosylation of the nuclear fraction of Atf6 as well-reported in literature; red arrow indicated nls-
mCherry protein (~35 kD) that is detectable with mid sensitivity ECL reagent on top-left panel and
becomes overexposed in top-right panel with high sensitivity ECL reagent. Bottom panels show a-H3
used for loading normalization and developed with low sensitivity reagent and exposed for 15 seconds.

Supplementary Figure 4. nAtf6 overexpression in zebrafish livers shows both transcriptional
activation and repression of genes

MA plot of RNAseq from Tg(fabp10a:nAtf6-mcherry;cmic2:GFP)-C livers relevant to non-transgenic
siblings at 78 hpf (A) and 120 hpf (D) . Red dots indicate genes that have padj<0.05 and are considered
significant. Volcano plot showing significantly upregulated genes (maroon) and downregulated genes
(pink) by nAtf6é overexpression at 78 hpf (B) and 120 hpf (E). Red dots indicate ge\nes that are
significant but the fold change is minimal. Venn diagram showing overlap of DEGs from microarray data
of nAtf6 overexpression Human cells and Atf6 knockout mice with RNAseq from nAtf6 overexpression
at 78 hpf (C) and 120 hpf (F). (G) Bar plot depicting the number of CPATs expressed in the liver of non-
transgenic siblings at 78 hpf and 120 hpf based on a cut off of FPKM>5 as expressed, FPKM<5 as
silenced; some genes were not detected in any dataset.

Supplementary Figure 5. nAtf6 overexpression leads to activation of other transcription factors
that are involved in functions other than Proteostasis.

(A) Summary Plot of pathways from IPA affected due to nAtf6 overexpression in livers at 120hpf. (B)
Gene Ontology based biological process enrichment analysis of sufficient CPATs and Indirect Atf6
targets.

Supplementary Figure 6. iAs and EtOH treatment leads to upregulation of atf6 and hspa5
Expression Analysis by RNA-seq on iAs-treated and EtOH-treated zebrafish livers at 120 hpf showing
foldchange of atf6 and hspa5 in comparison to untreated and normalized to housekeeping gene rpp0.
***p-value<0.0005, **p-value<0.005, *p-value<0.05 by Students t-test.

Supplementary Figure 6. CPATs and UPR genes show stress dependent distinct patterns of
expression.
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(A) Venn diagram depicting the distribution of UPR genes differentially expressed in all conditions:
nAtf6, EtOH and iAs. (B) Gene Ontology based biological process enrichment analysis of CPATs DE in
common and unique in nAtf6 and iAs.

Supplementary Figure 7. DE-CPATs during regeneration are involved in proteostasis and
metabolic processes while those that do not change function in chromatin organization and cell-
specific functions.

Gene Ontology based biological process enrichment analysis of CPATs that are DE and those that do
not change in regenerating mouse liver.

SUPPLEMENTARY TABLES
Supplementary Table S1. List of gPCR primers used in the study.

Supplementary Table S2. Summary of all Zebrafish Ensembl IDs and Gene names of Atf6 gene lists
used for the study: NFY consensus sites (CCAAT/ATTGG), Atf6é binding site(CCACG) and Atf6 RE
(TGACTG)

Supplementary Table S3. Summary of CPATS comprising of Zebrafish Ensembl IDs and Gene names
and corresponding Ensembl IDs of homologs in Human, Mouse, Zebrafish

Supplementary Table S4. Summary of all Zebrafish Ensembl IDs and Gene names of database and
publicly available datasets used to validate the CPATSs: tftargets, genes differentially expressed in
nATF6 over expression in human HEK293 cells, in ATF6 knockout mice exposed to Tunicamycin and
the overlapping genes between them.

Supplementary Table S5.Summary of UPR GO and Reactome dataset used for the study: Reactome
UPR, GO 0034976 ER Stress and GO 0006986 Unfolded Protein.

Supplementary Table S6. Table of putative Atf6 target genes and UPR genes that are differentially
expressed or not expressed across all three RNAseq datasets (nAtf6, EtOH and iAs).

Supplementary Table S7. Table of all four RNA seq datasets (nAtf6-78, nAtf6-120,EtOH and iAs)
consisting of Gene name, Zebrafish Ensembl ID, log2Foldchange, adjusted p-value and whether they
are Atf6 target/ UPR genes and if differentially expressed in other corresponding datasets and the
presence of NFY, Atf6 binding site or Atf6 RE in zebrafish.

Supplementary Table S8. Summary of gene expression analysis by gPCR on CPATSs generated from
multiple clutches pretreated with either DMSO or Ceapins and then co-exposed to iAs.

Supplementary Table §9. Summary of DEGS during wild type mouse liver regeneration consisting of
Mouse Ensembl IDs, gene names, whether they are CPATs and at which timepoint they are
differentially expressed.

Supplementary Table S10. Summary of DE-CPATSs during wild type mouse liver regeneration divided
into clusters based on their expression.
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