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eLife Assessment

This fundamental manuscript describes a key role for the integrated stress response-
regulated transcription factor CHOP in regulating liver biology in response to endoplasmic
reticulum stress through both the downregulation of transcription factors involved in
regulating hepatic identity and altering the capacity for integrated stress response and
unfolded protein response signaling to induce protective signaling. The data supporting
this model is convincing, but including some additional discussion on the mechanism
and importance of the work in the context of the published literature would be helpful to
better define the complex importance of CHOP signaling. This work will be of interest to a
wide range of biologists interested in liver biology, stress-responsive signaling, and ER
stress.

https://doi.org/10.7554/eLife.112049.1.sa3

Abstract

The transcription factor CHOP promotes cell death during ER stress, but it is strongly induced even
by moderate stresses that do not result in appreciable cell death. Its role during less severe stresses
—especially in intact tissues in vivo—is poorly understood. Here, we both deleted and restored
CHOP specifically in hepatocytes and challenged animals with ER stress in vivo. We found that
CHOP influenced stress-dependent hepatocyte gene expression through two previously
unappreciated mechanisms. It directly suppressed the expression of transcriptional master
regulators of hepatocyte identity and metabolism. And more broadly, it exacerbated ER stress
through the promotion of protein synthesis, which led to persistent activation of the integrated
stress response (ISR) despite dephosphorylation of eIF2a. This shift to second-phase ISR signaling
was phenocopied by deletion of the protective UPR sensor ATF6a, suggesting that it reflects a
transition from an acute stress response to a chronic one. Our findings show that CHOP augments
the capacity of the ISR and UPR to continue to mount a protective response even after elF2a
phosphorylation has been suppressed. In vivo, where ISR signaling intersects with hepatocyte gene
regulatory networks, this transition favors lipid dysregulation, highlighting a pathway through
which CHOP impacts tissue function independent of cell death.
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Introduction

Cellular stress responses act through both transcriptional and non-transcriptional mechanisms to
restore homeostasis. For a diverse group of stressors that tax the cellular protein synthetic and
folding machinery—including ER stress, viral infection, amino acid deprivation, and heme
depletion among others—a major early response to stress is phosphorylation of the translation
initiation factor eIF2a, which initiates the integrated stress response (ISR) (Costa-Mattioli and
Walter 2020 ; Harding et al. 2003 ). Although eIF2a phosphorylation rapidly inhibits global
protein synthesis, it must necessarily be transient to allow cellular recovery. Yet many cellular
stresses persist beyond the window during which eIF2a is phosphorylated. How
dephosphorylation of eIlF2a and the resumption of protein synthesis affect the ability of cells to
withstand longer-term insults is not well understood.

PERK (protein kinase R-like endoplasmic reticulum kinase) catalyzes eIF2a phosphorylation
during ER stress, inhibiting global protein synthesis while launching the ISR that exerts broad
control over the transcriptome (Sood et al. 2000 (2 ; Harding et al. 20007 ). Acting in concert are
the IREla (Inositol-requiring 1) and ATF6a (activating transcription factor 6) pathways, the three
of which together comprise the unfolded protein response (UPR) (Hetz, Zhang, and Kaufman
2020(@). The relationships among the three pathways are complex. Although IRE1a is the most
conserved of these and both IRE1a and ATF6a are uniquely required for cells to adequately
withstand various developmental and pathological challenges, during conventional ER stresses the
large majority of UPR-dependent gene regulation appears to require PERK at least where the
contributions of each pathway have been systematically studied (Adamson et al. 2016 3 ; Teske et
al. 20112 ; Wu et al. 2007 (@). Therefore, these pathways are responsive to homeostasis in the ER

both directly, and indirectly through PERK/elF2a signaling.

The CHOP (C/EBP-homologous) protein is of particular consequence for UPR signaling and
restoration of homeostasis. During severe ER stresses of the sort typically studied experimentally,
CHOP promotes stress-induced cell death (Yang et al. 2017 (Z; Zinszner et al. 1998 (). Its deletion in
vivo typically diminishes cell death in mouse models of pathology, while also often ameliorating
disease phenotypes. However, whether CHOP-induced cell death causes disease or only correlates
with it has not generally been tested, and in some cases its effects on cell death appear separable
from its effects on disease (Ji et al. 20052 ; Pennuto et al. 2008 ). Thus, how CHOP exacerbates
disease, be it through cell death or other mechanisms, is not well understood.

CHOP does not appear to function as a cell death regulator per se. It is a member of the C/EBP
family of transcription factors, which regulate cell proliferation and differentiation; CHOP has an
altered DNA binding capacity (Barone et al. 1994 (%) and a truncated and disordered N-terminus
(Singh et al. 2008 2 ; Canales et al. 2017 3) relative to the other members of the family, which are
themselves part of the larger category of transcription factors known as bZIPs (basic leucine
zipper) that form homo- and hetero-dimers. Although it has been proposed to transcriptionally
regulate various pro- and anti-apoptotic genes (Puthalakath et al. 2007 2 ; Yamaguchi and Wang
2004 (7 ; Galehdar et al. 2010 (@), at the whole genome level its best characterized effect is the
stimulation of protein synthesis. It carries out this role by transcriptionally coregulating with the
ISR-regulated factor ATF4 not only genes encoding various tRNA synthetases, ribosomal
components, and translation regulatory factors, but also by enhancing expression of the elF2a
phosphatase GADD34 (Han et al. 20132 ; Krokowski et al. 2013 (% ; Marciniak et al. 2004 ). During
severe ER stress, it is likely that the promotion of protein synthesis oxidation tax an already
overburdened organelle, accelerating the cytotoxic consequences of ER disruption including
oxidative damage (Li et al. 2009 (@ ; Harding et al. 20032 ). However, CHOP is robustly induced
even during mild ER stresses that do not induce significant cell death (Rutkowski et al. 2006 (%3).
The impact of CHOP’s regulation of ISR signaling during ongoing exposure to non-lethal stress is
largely unknown.

Using a newly created multifunctional targeted allele of the Chop gene, we recently showed that,
within a population of cultured MEFs (mouse embryonic fibroblasts), CHOP promotes both cell
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resumption of protein synthesis exacerbated ER stress but also maximized the activation of the
UPR transcriptional program, thereby promoting restoration of homeostasis and subsequent
deactivation of the UPR. Thus, we proposed that CHOP facilitates adaptation by stress testing the
ER.

Here, we turned our attention to the role of CHOP in an intact tissue in vivo, examining its
contribution to ER stress signaling in the liver. We have previously shown that, in the liver in
response to stress caused by either inhibition of N-glycosylation or proteasome inhibition, CHOP
contributes to the direct regulation of several genes encoding transcriptional master regulators of
metabolism (Chikka et al. 2013 ). This function differentiates the contribution of CHOP in the
liver UPR from that in MEFs. Whole-body deletion of CHOP protects against several forms of liver
injury (DeZwaan-McCabe et al. 2013 (%; Scaiewicz et al. 2013 ; Zhou et al. 20232 ; Yang et al.
2022 @; Uzi et al. 2013 @), underscoring the importance of determining its contribution to ER
stress signaling in hepatocytes in particular. By manipulating Chop specifically in hepatocytes, we
show here that CHOP promotes the transition of the ISR from acute to chronic signaling
characterized by maintenance of the ATF4-dependent transcriptional program despite eIF2a
dephosphorylation, and suppression of genes involved in hepatocyte metabolism and identity.

Results

CHOP amplifies hepatic steatosis and ISR signaling despite elF2a
dephosphorylation

The ER stress-inducing agent tunicamycin (TM) is widely used to elicit ER stress in vivo. Injected
intraperitoneally, it efficiently inhibits N-linked protein glycosylation and thereby elicits ER stress
in the liver and, to a lesser extent, the kidneys (Zinszner et al. 1998 % ; DeZwaan-McCabe et al.
2017 %). Because of its in vivo potency and because N-glycosylation is an ER-specific post-
translational modification, TM challenge is a robust method for examining the hepatic response to
ER stress. Its most visible impact on the liver is mild lipid accumulation, or steatosis, that occurs in

both male and female mice (Fig. 1A ). In whole livers from animals of both sexes, expression of

intraperitoneally delivered TM being taken up through the portal circulation, expression of CHOP
was higher in periportal and intermediate regions than in the pericentral region. Its staining
pattern was predominantly nuclear (Fig. S1). The fact that CHOP is most abundant 8 hours after
challenge makes this the most logical time point for understanding its role in the liver. Although
the best described consequence of CHOP expression is cell death, the typical experimental dose of
TM induces death in only a trivial fraction of cells, even at later time points (Fig. 1C). Therefore,

the effects of CHOP on liver physiology under these conditions are not a consequence of cell death.

We have previously reported the creation of a novel “knockout-first” targeted allele of CHOP
(Chop® LuL/FLuLy jyy ywhich CHOP expression can be restored by FLP-mediated excision of a gene
trap cassette (Chopﬂ/ﬂ) and thereafter knocked out by CRE-mediated excision of the entire CHOP
ORF (ChopKO) (Fig. 2A®@) (Liu et al. 2024 %). Floxed animals were bred into the nTnG CRE indicator
line in which CRE action converts nuclear fluorescence from red (tdTomato) to green (EGFP)
(Prigge et al. 2013 @). We used AAV-TBG-CRE to delete Chop specifically in hepatocytes of these
adult animals (Chop™X©), with AAV-TBG-GFP serving as a control (Kiourtis et al. 20212). In the
former group, the large majority of hepatocytes would be expected to be CHOP-deleted with green
nuclear fluorescence, while non-hepatocytes would be CHOP-competent with red nuclear
fluorescence. In AAV-TBG-GFP-injected animals, most hepatocytes would be green in the cytoplasm
and red in the nucleus, whereas non-hepatocytes would remain red in the nucleus.

After deletion, animals were challenged with TM for 8 hours (Fig. 2B (2), revealing that only
hepatocytes express CHOP in response to TM. This conclusion was supported by the fact that all
CHOP-expressing nuclei in AAV-TBG-GFP-expressing animals showed green cytoplasmic staining,

and the fact that CRE-mediated deletion of CHOP specifically in hepatocytes abolished CHOP
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Figure 1. Tunicamycin challenge elicits ER stress and CHOP induction in male and female mice without
significant cell death.

(A) Whole livers from male or female mice challenged for the indicated times with 1 mg/kg b.w. TM or vehicle (veh) (B)
Immunoblot to detect CHOP and the ER-resident glycoprotein TRAPaq, which exists normally as a doubly glycosylated form
(TRAPa**) and for which mono-glycosylated (TRAPa*) and unglycosylated (TRAPa) forms are induced by TM. Calnexin (CNX)
was used as a loading control. Asterisk under lane 17 designates an animal that did not receive a fully effective dose of TM, as
indicated by very modest inhibition of TRAPa glycosylation. Here and elsewhere, hairlines are used only for visual clarity. (C)
TUNEL staining was used to detect cell death at the indicated time points, with 300 mg/kg acetaminophen for 24h used as a

positive control.
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Figure 2. Hepatocyte-specific deletion of CHOP attenuates IRE1 activation and expression of ISR-regulated
genes, but not XBP1- or ATF6-regulated genes.

(A) Schematic showing the Chop FLulL allele, in which CHOP expression is silenced by a gene trap; the floxed allele, in which
CHOP expression is wild-type by virtue of FLPo-mediated excision of the gene trap; and the deleted allele, in which the entire
open reading frame of CHOP is deleted by CRE. Also shown is the nTnG CRE reporter allele bred into Chopﬂ/ﬂ mice, which
converts from expression of tdTomato to EGFP upon CRE action. Figure adapted from (Liu et al. 20243 ). (B) Experimental
paradigm for Chop deletion in Chop™; nTnG animals and challenge with 1 mg/kg TM (C) tdTomato, EGFP, and nuclei (DAPI)
were visualized, and CHOP detected by immunostaining, in livers of an animal with an intact Chop allele expressing nuclear
tdTomato in all cells and cytoplasmic AAV-driven EGFP in hepatocytes (top row), and an animal with a deleted Chop allele
expressing nuclear tdTomato in all non-hepatocytes and nuclear EGFP in hepatocytes (bottom row). Note the absence of
CHOP expression in the liver when CHOP is deleted specifically in hepatocytes. (D) In situ liver images from non-deleted (fI/fl)
or hepatocyte-deleted (HKO) animals after challenge (E) Direct measurement of liver triglyceride normalized against protein
content. (F) Immunoblot showing inhibition of glycosylation by TM using TRAPa as an indicator, as well as expression of the
ER chaperone and UPR target gene BiP and phosphorylated and total species of elF2a. Consistent with Figure 102, CHOP
itself is undetectable in unchallenged livers. (G) Quantification of elF2a phosphorylation from (F) (H) gRT-PCR detection of
the indicated ISR target genes (I) Xbp7 mRNA splicing detected by conventional RT-PCR with primers that equivalently
recognize both spliced and unspliced forms (J, K) qRT-PCR detection of targets of the IRE1-XBP1 axis (J), a canonical RIDD
target (Bloc1s1; ), and targets of the ATF6 axis (K). Here and elsewhere, error bars represent means +/- SDM and statistical
comparisons were by two-way ANOVA.
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Deletion of CHOP had no apparent effect on the liver absent an ER stress. In contrast, a TM
challenge produced more pronounced hepatic steatosis in wild-type mice than in animals with a
hepatocyte-specific deletion of CHOP (Chop™X9), seen by the hue of whole liver (Fig. 2D ) and by

hepatocyte metabolism during an ER stress challenge.

Focused examination of signaling from UPR pathways revealed a discordance between the status
of the upstream UPR sensors and well-characterized downstream target genes (Adamson et al.

subunit GADD34 (Marciniak et al. 2004 (3). This regulation has been postulated to both promote
cell death during severe stress and adaptation during mild stress (Marciniak et al. 2004 (Z; Liu et al.
2024 (2). As expected, eIF2a phosphorylation was elevated in TM-challenged ChopHKO animals

activation of IRE1, seen by elevated splicing of the IRE1 endoribonuclease target Xbp1 in non-
deleted animals (Fig. 2I(%). Yet XBP1-dependent genes were not significantly affected by loss of

expression of the gene Bloc1s1 was much more strongly suppressed in CHOP-expressing livers
than in Chop™¥O livers (Fig. 2) ). Bloc1s1 is a canonical target of regulated IRE1-dependent decay
(RIDD) (Bright et al. 2015 ; Hollien et al. 2009 @), and both its suppression and the augmented
splicing of Xbp1 in CHOP-expressing livers suggests that CHOP enhances IRE1 activation but
without a concomitant increase in XBP1-dependent transcription. The enhancement of IRE1
activation is most likely due to enhanced ER stress caused by the resumption of protein synthesis,
because treatment of primary hepatocytes ex vivo with the ISR inhibitor ISRIB—which prevents
the suppression of protein synthesis caused by eIF2a phosphorylation (Sidrauski et al. 2013 & )—

had the same effects on Xbp1 splicing and RIDD as did CHOP (Fig. S2B, C).

CHOP broadly enhances ISR-dependent gene regulation

We used RNA-seq for an unbiased assessment of CHOP’s effects on hepatic gene expression
FLUL/FLuL ayyimals injected with either AAV-

profile closer to untreated animals than livers expressing CHOP. Globally, this finding suggests that
CHOP broadly enhances UPR signaling. Supporting this idea, splicing of XbpI mRNA was more
robust in CHOP-expressing livers, similarly to Chopﬂ/ﬂ Vs. ChopLKolivers (Fig. 3B(% and Fig. 21 (%).

A TM challenge causes mRNA upregulation and downregulation in the liver in roughly equal
measure (Fig. 3C(?). By taking advantage of previously published microarray analyses after in
vivo TM challenge in animals lacking PERK, IRE1q, or ATF6a (Teske et al. 2011 & ; Rutkowski et al.
20087 ; Zhang et al. 2011 @), we were able to assign the large majority of regulated genes to one
or more of the three canonical UPR pathways. Most (~80%) TM-upregulated genes were regulated
by the PERK pathway, over half of which were regulated by PERK alone (Fig. S3A). This trend was
even more pronounced among suppressed genes, with almost 90% dependent on PERK and three-
fourths of that group dependent on PERK alone (Fig. S3A). Therefore, factors affecting the PERK

axis of the UPR stand to have far-reaching effects on stress-dependent gene expression.

A heatmap of all stress-regulated genes showed no appreciable effect of CHOP absent a stress, but
a broad diminution of UPR-regulated gene expression—both upregulated genes and
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Figure 3. RNA-seq reveals a broad effect of CHOP in augmenting stress-dependent gene regulation.

(A) Principal component analysis of samples used for RNA seq. ChopFL”UFL“L animals were exposed to AAV-TBG-GFP or AAV-
TBG-FLPo; the former treatment leaves the animals null for CHOP in all tissues (ChopKo), while the latter restores CHOP
competence specifically in hepatocytes (w.tHep), Genotype is indicated by color, sex by shape, and TM treatment by fill. (B)
Xbp1 RNA splicing from a larger cohort of animals including the 16 used for RNA-seq (C) A heatmap showing all genes
significantly regulated (FDR<0.05) more than 2-fold by tunicamycin in w.t."€Plivers, ordered by magnitude of regulation with
upregulated genes on top (D, E) Pathway analysis of genes that were lower (D) or higher (E) in their expression in TM-treated
Chop'™ 0 livers compared to wild-type TM-treated. (F) Genes from (C) were plotted for log,g induction by TM in w.teP versus
Chop'(O livers. Dashed black line shows the best-fit line and associated equation while the dashed red line shows a
hypothetical fit if CHOP deletion had no effect on gene expression. Colored quadrants show genes different in their
expression 1.5-fold or greater compared to expected expression from the equation. Pie charts show percentage of genes
directly bound by CHOP (from ChIP-seq analysis in Fi %) or not bound in groups (a) and (d) with all 7 directly bound
genes in group (a) listed below. (G) Pathway analysis of genes from groups (a), (b), and (c+d) in panel F
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the expression of all genes regulated by stress in CHOP-expressing Chop/q/ﬂ animals versus in
CHOP-incompetent Chop"" LuL/FLUL ayyimals. This analysis showed a strong linear correlation (r? ~
0.83) with a slope of 0.651 (Fig. 3F (@), rather than the slope of 1.0 that would be expected were
CHOP to have no effect on gene expression. This finding suggests that the most obvious effect of
CHOP is a general exacerbation of ER stress, such that cells increase UPR signaling to compensate

for its effects.

Because of the apparent general effects of CHOP on ER stress—and with it, the enhancement of
transcriptional regulation—we wished to identify genes and pathways upon which CHOP had a
larger- or smaller-than-expected effect after this general influence was accounted for. To do this,
we identified genes that fell more than 0.176 log;( units above or below the regression line from
Fig. 3F—i? .e., that were 1.5-fold higher (a, b) or lower (c, d) in their expression than predicted

from the regression analysis alone (colored regions Fig. 3F 2 ; Worksheet S2 ().

Genes whose suppression was more strongly dependent on CHOP than expected—group a—
included those involved in lipid metabolic processes (Fig. 3G (2). Thus, at the genetic level, CHOP
has an outsized effect on suppression of lipid metabolism. Genes for which the converse was true
—that CHOP had an outsized effect on their stimulation, i.e., group d—did not identify any
statistically significant pathway after correcting for false discovery, but groups c and d together
of CHOP diminishes the expression of genes in cholesterol metabolic pathways. Group b—those
genes whose upregulation was not as compromised by CHOP deletion as expected—included a
number of classical UPR and ERAD targets (Fig. 3G (). In marked contrast to most upregulated
genes, the majority of these were regulated by IRE1a or ATF6a or both (Fig. S3B). This genome-
level finding is consistent with the observation from targeted qRT-PCR that targets of the IREla
and ATF6a pathways were relatively indifferent to the presence or absence of CHOP (Fig. 2J, K(2).

Together, these data suggest that CHOP enhances ISR-dependent gene expression with
comparatively less effect on the other two branches of the UPR.

CHOP suppresses hepatic transcription master regulators

CHOP has been proposed to upregulate genes both directly by promoter binding and indirectly by
squelching of DNA binding of other transcription factors (Ron and Habener 1992 2 ; Ubeda et al.
1996 (). To identify directly regulated genes, we performed ChIP-seq on pooled livers from three
TM-challenged wild-type animals. Approximately 25% of all CHOP-bound sequences were within 3
kb of a transcriptional start site (TSS), substantially exceeding the expected abundance of TSS-

flanking sequence in the mammalian genome (Schaefer et al. 2010 ; Consortium 2012) (Fig.

next by different permutations of binding sites for C/EBP family members including one
previously identified for CHOP-C/EBP dimers (Ubeda et al. 1996 (2) (Fig. 4B (2 ; Worksheet S4(2).
The 16 highest-ranked (by FDR) motifs belonged to bZIP transcription factors, consistent with the

similar to that observed in cultured cells previously (Osman et al. 2023 @), raising confidence in
the reliability of the ChIP-seq results.

We then compared the set of genes bound by CHOP (within 3 kb of the transcriptional start site
(TSS) with >10-fold enrichment over input) with those whose expression was significantly
different between TM-treated wild-type versus CHOP-incompetent livers. This analysis yielded 208
upregulated and 149 downregulated genes that are likely bona fide CHOP targets (Fig. 4C, GX).

Importantly, a previous study in mouse embryonic fibroblasts (MEFs) identified 69 genes that
were likely bona fide CHOP targets (Han e 013 @), and 21 of these were also identified in the
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Figure 4. ChIP-seq identifies liver-specific CHOP target genes.

(A) Genome-wide frequency of CHOP binding to the indicated DNA regions, with promoters defined as within 3 kb of a
transcriptional start site (B) The most enriched known motif binding sites for CHOP genome-wide (C) Overlap between
promoters bound by CHOP and genes significantly more highly expressed in w.t."? livers after TM challenge than in

ChopKOIivers (D) Overlap between the 208 bona fide CHOP targets for upregulation shown in (C) and similarly identified
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main functions ascribed to CHOP in MEFs. The most significantly enriched binding sequence for
upregulated targets was that of CHOP-ATF4 dimers (Fig. 4F (%), again consistent with previous
results in MEFs (Han et al. 2013 &@).

This comparison supports that the identified genes are likely bona fide CHOP targets, and also
illustrates that a large fraction of identified targets for upregulation are possibly unique to the
liver. By contrast, the previous analysis in MEFs revealed very few targets for direct suppression
13@), whereas there were many such putative targets in the liver (Fig.

liver-specific gene regulatory pathways in a way that CHOP-dependent upregulation is not. In
contrast to upregulated genes, the bona fide targets for CHOP-dependent downregulation mostly
comprised transcriptional regulators, including several known to regulate hepatocyte
differentiation and metabolism (Fig. 4H, ICZ). These included Onecut1 (Hnf6) and Onecut2, Foxol,
and others. Strikingly, the consensus sequence for CHOP-ATF4 dimers was not identified as
enriched among downregulated targets—perhaps unsurprising given that this interaction is

thought to stimulate transcription. Rather, the putative CHOP-C/EBP binding site was the most

We considered again the genes whose regulation was more strongly dependent on CHOP than
CHOP’s effect on ER stress alone would predict. Unsurprisingly, among genes whose upregulation
was most strongly enhanced by CHOP (group d, Fig. 3F (), a substantial number (31%) of those
genes’ promoters were directly bound by CHOP, including Gadd34. In contrast, only a tiny fraction
(<5%) of genes whose suppression was strongly enhanced by CHOP (group a) were directly bound.

Included in these few genes was the transcription factor Onecut1 (Hnf6), which is a known master

suppression of ONECUT1 by CHOP has a cascading effect on ONECUT1-dependent gene regulation.

Most novel CHOP direct targets are conserved ex vivo

We next selected CHOP targets of interest for further analysis among those either directly or
indirectly regulated by CHOP. Among the former group included three bona fide targets from
group d in Fig. 3E(2—Wwtrl, Npc1, and Tnfrsf12a—and three targets from group a—Lpin2,

mutated in Niemann-Pick Disease (Garver et al. 2007 %), and Tnfrsf12a (TWEAK) is an
inflammatory cytokine promoting proliferation of hepatocyte progenitors (Jakub i

hepatocytes in which CHOP was deleted by Adenoviral delivery of CRE in response to a
tunicamycin challenge (Fig. 5B(%). Largely similar results were obtained when hepatocytes were

that ER stress more broadly, rather than just TM specifically, elicits this regulation by CHOP.

For indirect targets of CHOP, we chose metabolic and hepatocyte identity genes that we had

previously characterized as strongly suppressed by ER stress in the liver (Shah et al. 2023 & )—
Dhcr24, Argl, Apoc3, Alb, Elovl2, and Ppara. Indeed, the suppression of each of these genes was
attenuated by CHOP deletion in vivo (Fi (%). However, in vitro their suppression by TM was

less robust, with only some genes retaining their CHOP-dependence (Fig. 5E ). This result is

consistent with the idea that hepatocyte isolation and culture ex vivo fundamentally alters the
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Figure 5. Weakening of CHOP-dependent regulation in primary hepatocytes in vitro.

(A-C) Select newly-identified bona fide targets of CHOP were analyzed by qRT-PCR for their expression in the liver after an 8h
TM challenge (A), or in Chopﬂ/ﬂ primary hepatocytes treated with Ad-CRE to delete Chop or Ad-GFP as a control, after an 8h
challenge with 5 ug/ml TM (B) or 500 nM TG (C). Gray boxes indicate genes that do not show similar significant CHOP-
dependent differences after ER stress challenge in vitro as in vivo. (D-F) Similar to (A-C), except examining genes involved in
hepatocyte identity that are not direct targets of CHOP (G, H) Xbp7 mRNA splicing after in vitro TM or TG treatment as above
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presumably dependent. Supporting this idea, isolated primary hepatocytes had substantially lower
expression (often by 10-fold or more) of many genes encoding both master regulators of
hepatocyte identity and metabolism, and of downstream hepatocyte identity genes compared to
the liver in vivo (Fig. S4). Moreover, only one of these indirectly-regulated genes was significantly
different in expression between genotypes after TG treatment—and that gene, Apoc3, did not
differ when measured by fold-change rather than expression (Fig. 5F @). This finding was

attributable to the fact that CHOP exacerbates ER stress by promoting protein synthesis, which TM
requires to elicit stress, but which TG does not.

The effects of CHOP on UPR signaling mirror those seen during
chronic stress caused by ATF6a deletion

The above data highlight several impacts of CHOP on ER stress signaling. In the presence of CHOP,
IRE1 signaling—presumably a consequence of exacerbated ER stress—is amplified, as seen by
Xbp1 mRNA splicing and RIDD activity (Figs. 212, 2|2, and 3B). Yet the strongest CHOP-dependent
gene regulation is seen in ISR-regulated genes, including the metabolic and hepatocyte identity
genes that are suppressed by the ISR, in contrast to transcriptional targets of XBP1 and ATFS,

which are comparatively unaffected (Figs. 2) @, 2K(2, S3B). This regulation occurs under

S2A). These findings lead to the hypothesis that, by exacerbating ER stress, CHOP elicits a
transition in UPR signaling dynamics that depends on ongoing stress, and that prioritizes
continued regulation of ISR target genes, including suppression of genes involved in hepatocyte
metabolism and identity.

To test this hypothesis, we induced ER stress in animals with hepatocyte-specific deletion of the
UPR stress sensor ATF6a. Previous studies in both cultured cells and animals with a whole-body
deletion of ATF6a have shown that the ability to effectively restore ER homeostasis after a stress
challenge is compromised when ATF6a is deleted (Cao et al. 2013 @; Wu et al. 2007 2 ; Yamamoto
et al. 2007 @). This failure arises because most of the transcriptional targets of ATF6a are ER

2007 3; Wu et al. 2007 @2). Thus, in its absence, the UPR is unable to fully augment ER protein

processing capacity, leading to ongoing, or chronic, stress. If CHOP indeed elicits a transition from
acute to chronic UPR signaling, then its effects should be mirrored by loss of ATF6a.

AAV-TBG-CRE was used to delete Atf6a specifically in hepatocytes of Atf6aﬂ/ﬂ mice (Engin et al.

tissues lacking ATF6a initially respond to stress similarly to wild-type, and it is only at later times,
when the UPR transitions from non-transcriptional to transcriptional pathways of adaptation, that
the failure to fully upregulate ER protein processing factors results in an increasingly profound
exacerbation of stress (Rutkowski et al. 2008 2 ; Wu et al. 2007 @). As previously reported in
animals with a whole-body deletion of ATF6aq, livers in Atf6a’™8© animals were profoundly
steatotic after challenge, with wild-type livers only mildly so (Fig. 6B, C%). Xbp1 mRNA splicing

persistence of CHOP protein probably reflects translational stimulation (Palam, Baird, and Wek
2011 ). The XBP1 transcriptional target Sec61al was modestly elevated (by ~25%), and Sec61b
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despite levels of eIF2a phosphorylation that were elevated in wild-type livers but not elevated in
knockouts.

Discussion

Our work suggests a previously unappreciated role for CHOP in promoting the transition from
first-phase acute to second-phase chronic ER stress signaling in vivo. The second phase is
characterized by persistent ISR activation despite attenuated eIF2a phosphorylation. A
consequence of this transition in the liver is heightened steatosis. We infer this role based on
commonalities between the effects that CHOP has on UPR signaling and those that are caused by
deletion of ATF6a, which is known to impair the ability of the UPR to efficiently resolve ER
stress(Rutkowski et al. 2008 3 ; Wu et al. 2007 &2 ; Yamamoto et al. 2007 @). Specifically, both the
action of CHOP and the loss of ATF6a: (1) lead to prolonged ER stress as suggested by Xbp1 splicing

elF2a dephosphorylation (Figs. S2A and 6]); (3) enhance expression of ISR target genes and
activation of RIDD with comparatively less of an effect on expression of XBP1-dependent (and, in
Chop"¥Oanimals, ATF6a-dependent) gene expression (Figs. 2H, J, K, and @ 6G, H); and (4) magnify
the stress-dependent suppression of hepatocyte identity genes (Fig. 5D (4, 61).

stress, phosphorylation of eIF2a by PERK leads to global inhibition of protein synthesis, helping to
alleviate the stress burden. At the same time, phosphorylation of el[F2a by PERK translationally
stimulates both ATF4 (Harding et al. 2000% ) and CHOP (Palam, Baird, and Wek 2011 %), which
cooperate transcriptionally to promote eIF2a dephosphorylation and the resumption of protein
synthesis (Marciniak et al. 2004 ; Han et al. 2013 @). In addition, ATF4 and the other two
transcription factors of the UPR—XBP1 and ATF6a—upregulate genes encoding factors that
facilitate ER protein folding and cellular health (Lee, Iwakoshi, and Glimcher 20032 ; Wu et al.
2007 %), but that would require resumption of protein synthesis for their expression. Further,

uniquely in the liver, activation of the ISR also broadly represses the hepatocyte gene regulatory
network, leading to suppression of genes involved in hepatocyte identity and metabolism.

The action of CHOP in restoring protein synthesis results in exacerbated ER stress but diminished
elF2a phosphorylation. In this second chronic phase, ISR-dependent gene expression persists even
as elF2a phosphorylation is reversed, although the mechanism by which this persistence occurs is
still under investigation. It has been previously shown that deletion of GADD34 paradoxically
results in elevated ATF4 synthesis, particularly at later time points (Novoa et al. 2003 ().
Therefore, although the initial phosphorylation of eIF2a promotes ATF4 synthesis, there must exist
pathways to sustain ATF4 expression in the face of eI[F2a dephosphorylation at later times. A
plausible candidate pathway is through eIF3, which has been shown to mediate the translation of
mRNAs with upstream open reading frames such as Atf4 (Mukhopadhyay, Amodeo, and Lee

2023 3; Herrmannova et al. 20247 ; Walsh et al. 2025 @) and to characterize a chronically
activated ISR in cells (Guan et al. 2017 ). Likewise eIF4E has been shown to contribute additional
layers of translational regulation during stress (Chen et al. 20102 ; Chen et al. 2025 (). In any
case, this transition alone and the chronic stress that accompanies it do not appear to necessarily
kill cells, as even in animals lacking ATF6a, cell death in hepatocytes in response to an ER stress

necessarily results in cell death. Rather, at least when sufficiently mild, such stress perpetuates ISR
signaling, one consequence of which in the liver is transcriptional suppression of hepatocyte
identity and metabolism genes. For that reason, the most obvious physiological consequence of
both CHOP action and ATF6a deletion in the liver is steatosis.

The strongest effects of CHOP on gene expression in the liver are likely attributable to its
exacerbation of ER stress and consequent amplification of ISR signaling. However, we have also
identified a number of novel direct targets of CHOP. Included among these are genes encoding
transcriptional master regulators of hepatocyte differentiation and metabolism including Onecut1,
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expression of downstream target genes. We believe that most upregulated direct targets of CHOP
are probably regulated by the previously described CHOP-ATF4 dimers (Han et al. 2013 3).
However, for genes suppressed by CHOP such as Onecutl, the mechanism of regulation remains
elusive. Both in our experiments and those of others, CHOP overexpression alone has little or no
effect on gene regulation, requiring a contemporaneous stress-dependent signal (Han et al.
2013(%; Chikka et al. 2013 (@). The strong PERK dependence of the UPR at large (Fig. S3) suggests
that this signal is likely part of the ISR. For transcriptional upregulation, the production of ATF4
satisfactorily accounts for this extra signal. However, for transcriptional repression, the more
likely scenario is that ISR activation results in production of a repressor that then is functionally
strengthened by CHOP. An appealing model would be translational regulation of C/EBPa or j,
because both of these factors exist in long, activating and short, repressive forms whose
preponderance is regulated by translational control (Calkhoven, Muller, and Leutz 2000 ). They
also both—C/EBPa in particular—play important roles in maintaining the hepatocyte gene
regulatory network including regulating metabolic pathways (Takiguchi 1998 (; Ron and Habener

1992 @). Moreover, CHOP has long been known to associate with both C/EBPs (Ron and Habener

for one or both of these proteins. However, hepatocyte deletion of C/EBPa had no effect on stress-
dependent gene expression (Fig. S5), and we also found no compelling evidence that ER stress
alters the ratio of long to short forms of C/EBPa or B upon ER stress in the liver (data not shown).
Therefore, the molecular mechanism by which CHOP represses genes remains to be determined.

Although CHOP clearly promotes cell death during stress, the idea that this is the sole—or even the
principal—cell biological consequence of CHOP action merits reevaluation. During stresses modest
enough and transient enough to be quickly overcome non-transcriptionally through the rapid
inhibition of protein synthesis and the IRE1-dependent decay of ER-associated mRNAs, the
eventual resumption of protein synthesis by CHOP presumably has no effect on cell death and
rather facilitates the return of cells to the normal levels of biosynthesis needed to sustain function.
Yet we propose that CHOP’s actions are of greatest consequence in cells in which ER homeostasis
has not been restored by the time that eIF2a dephosphorylation begins. For cells overwhelmingly
burdened, it is almost certainly true that CHOP promotes their death. However, during stresses of
physiological intensity—for instance, metabolic fluxes (Pfaffenbach et al. 2010% )—such cells
presumably make up at most a small fraction of the population; the large majority of cells could
presumably benefit from an extended window to produce the protective factors that the three
limbs of the UPR regulate.

That CHOP would promote both adaptation and death suggest that CHOP is part of a switch
mechanism in the UPR, since these two outcomes are mutually exclusive. And, indeed, CHOP
exhibits essential features of a switch regulator (Ferrell 1999(%). Cellular switches must include
positive feedback, which CHOP facilitates at two levels: both by promoting the perpetuation of ISR
signaling, of which CHOP itself is a part, and by stimulating its own expression in conjunction with
ATF4 (Han et al. 2013 (%). A switch also requires a non-linear component, often encoded through a
feed-forward mechanism. In the case of the ISR, ATF4, CHOP, and GADD34 are all translationally
stimulated by eIF2a phosphorylation, ATF4 transcriptionally regulates Chop and Gadd34, and
CHOP transcriptionally regulates Gadd34 (Lee, Cevallos, and Jan 2009 ; Palam, Baird, and Wek
2011Z; Harding et al. 2000(% ; Ma et al. 2002 (% ; Ma and Hendershot 2003 (%; Marciniak et al.

2004 (). Finally, switches exhibit bistable behavior—i.e., in individual cells, the switch must exist
in the “on” or “off” state. We have previously shown both in vitro and in the liver in vivo that, after
CHOP expression peaks uniformly across the cell population, with further time individual cells

split into CHOP “on” and CHOP “off” populations (Liu et al. 2024 ). Based on this behavior, we

the facilitated transition of the ISR/UPR from the acute first-phase to the chronic second-phase.
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We propose a beneficial role for CHOP in promoting hepatocyte adaptation to stress despite the
fact that the most obvious consequences of CHOP in the liver are steatosis and suppression of
hepatocyte identity and metabolism genes. We have previously shown that this genetic
suppression is surprisingly beneficial in restoring hepatocyte ER homeostasis, even if detrimental
to the liver at large (Shah et al. 2023 2). This regulation might represent a pathway by which
CHOP could contribute to liver injury through a pathway other than cell death, even in contexts
where CHOP-mediated cell death occurs. Physiological in vivo challenges in which the fate of
individual cells can be followed will allow the cell biological contributions of CHOP (death versus
loss of identity versus return to homeostasis) to be dissected.

Materials and Methods

Animals

All animal experiments were approved by and in accordance with Institutional Animal Care and
Use Committee procedures. Mice were kept on a 12h light/dark cycle in the University of Iowa
Animal Care Facility. Creation of Chop"" Lul/FLuLpyjce and breeding of Chopﬂ/ﬂ mice is described in
242). Cebpaﬂ/ﬂ and Athaﬂ/ﬂ mice were obtained from Jackson labs (strains 006447
respectively) and are described (Zhang et al. 2004 & ; Engin et al. 2013 (2). Animals of
both sexes, 8-14 weeks of age, were used. Viral deletions were performed with 1-2 x 101! vg/animal
of AAV-TBG-CRE, AAV-TBG-FLPo, or AAV-TBG-EGFP, obtained from either Vector Biolabs or the
University of Iowa Viral Vector Core. Virus was injected intraperitoneally and experiments were
performed at least 1 week after injection to allow for complete deletion. TM from stock was
diluted in PBS and injected intraperitoneally at 1 mg/kg b.w. Similarly-diluted DMSO was used as
vehicle. Animals were fasted 4h prior to euthanasia, which was by cervical dislocation. Efficacy of
TM treatment was confirmed by immunoblot for the glycoprotein TRAPq, and efficacy of genetic
deletions was confirmed by qRT-PCR, immunoblot, or both. Any animal for which either treatment
was inefficacious was excluded from further analysis. For acetaminophen (APAP) challenge, APAP
was dissolved to 30 mg/ml in warm PBS prior to injection at 300 mg/kg. Primary hepatocytes were
isolated and cultured as described (Gansemer et al. 2020 (). After isolation, hepatocytes were
allowed to rest 4h, then exposed overnight to Ad-CRE or Ad-GFP at an M.O.I. of 5. Treatments with
ER stressors were then as described in the text.

Molecular and Cellular Analyses

qRT-PCR was carried out as described (Rutkowski et al. 2006 2). Briefly, all primer pairs were first
validated for specificity and quantitative efficiency using standard curves, melt curves, and no-RT
controls. iScript (Bio-Rad) was used for cDNA synthesis, using 0.4 pg of Trizol-purified RNA in 8 pl
reactions, followed by 1/100 dilution and PCR using iTaq SYBR Green (Bio-Rad). Reaction
conditions were 40 cycles of 94° 10” and 60° 45”. qRT-PCR primer sequences are as follows:
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Chop | CTGCCTTTCACCTTGGAGAC CGTTTCCTGGGGATGAGATA
Gadd34 | GAGATTCCTCTAAAAGCTCGG | CAGGGACCTCGACGGCAGC
Trib3___| TCCAGTCCTAAAACGAGTGAGA | GCCACAGCAGGTGACAAGT
Erola | CAAGCAGAGACTCTCACCAAA | CATCTCTCTGTTGGCTCCTATC
Edem1 | CGATCTGGCGCATGTAGATG AAGTCTCAGGAGCTCAGAGTCATTAA
Sec61al_| GGCACCTGGTCGGATACA GGTAGTAACACAGGCCACCA
Sec61b__| TCAGCATGCCGGGTCC GTCCCACAGCTGGCATTTTT
Bloc1s1 | CGCCTGCTCAAAGAACAC GCTTCTCTCCTCCTCTTCTCC
Bip CATGGTTCTCACTAAAATGAAAGG | GCTGGTACAGTAACAACTG
Erp72 | AGTCAAGGTGGTGGTGGGAAAG | TGGGAGCAAAATAGATGGTAGGG
Crt GAGTGGCTGGACCAGAAGG GGACCGCAGATGTCCGG
Erdi3 | GAACCTGAGCACCTTCTG CCTTTATGGAGGCACTTCG
Wwir1 | AGCCTCTGAATCATGTGAAC CTTGCTGGTGTTGGTGAT
Npc1 | ACGACGGACAAGGTAGCC ACACTGAATGACAGAACGCC
Tnirsf12a | GATTCGGCTTGGTGTTGATGC | CAGAAGTCGCTGTGTGGTCG
Lpin2 | CCCTGTTGCAGAAGATGTAG CTCCTTGTAGTCCTCTTCCT
Pck1 TGACAGACTCGCCTATGTG TGCAGGCACTTGATGAACTC
Onecut! | CCTGGAGCAAACTCAAGTC CCCGTGTTCTTGCTCTTT
Dhcr24 | CGCCTGTCACTTGGAACATTAG | CCTAGCTACCACCTGGATCATT
Arg1 CTCCAAGCCAAAGTCCTTAGAG | AGGAGCTGTCATTAGGGACATC
Apoc3 | GGCTGGATGGACAATCACTT GTTGGTCCTCAGGGTTAGAATC
Alb GACCAGGAAGTGTGCAAGAA CAAGTCTCAGCAACAGGGATAC
Elovi2 | GGGCATCCTCACCTTGTATAAC | TGCAAGTTGTAACCTCCTTCC
Ppara___| ACGATGCTGTCCTCCTTGATG | GTGTGATAAAGCCATTGCCGT
Atféa___| CTTCCTCCAGTTGCTCCATC CAACTCCTCAGGAACGTGCT
Cebpa | TGGACAAGAACAGCAACGAG TCACTGGTCAACTCCAGCAC

For Xbp1 RT-PCR, Superscript IIT One-Step RT-PCR system (Thermo) was used with primers TTGTG
GTTGAGAACCAGG and TCCATGGGAAGATGTTCTGG, and products were separated on a 10%
acrylamide gel. Immunoblots were carried out using overnight tank transfer onto PVDF
membrane and using the ECL Prime Detection kit (Cytiva). Membranes were never stripped and
reprobed—rather, comigrating samples were detected using duplicate samples run in parallel.
Antibodies were as follows:

CNX ADA-SPA-865 Assay Designs

CHOP 15204-1-AP Proteintech

TRAPa N/A Gift from R.S. Hegde

BiP 610978 BD Transduction

P-elF2a 3398 Cell Signaling Technology
Tot-elF2a 9722 Cell Signaling Technology
ATF4 (Ab1) | sc200 (discontinued) Santa Cruz

ATF4 (Ab2) | 11815 Cell Signaling Technology
H2A 2578 Cell Signaling Technology

Antibodies against CHOP and ATF4 were validated for specificity using knockout cell lines and/or
animals. Each ATF4 antibody was found to also produce numerous non-specific bands in whole
liver lysates (different between the two antibodies), including bands of similar migration to the
correct species identified by both antibodies in nuclei. P-eIF2a antibody was validated based on
comigration with tot-eIF2a and robust increase upon ER stress challenges. CNX antibody was
validated by molecular weight of full-length protein and of the membrane-protected ER lumenal
fragment after protease digestion of ER-derived microsomes. TRAPa antibody was validated by
molecular weight, correct glycan shifting upon TM treatment, and ER-localized
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immunofluorescence. BiP antibody was validated by protein overexpression, ER-localized
immunofluorescence, and by protected ER lumenal disposition upon protease digestion in rough
microsomes. Tot-e[F2a antibody was validated by comigration with P-eIF2a band. H2A antibody
was validated by molecular weight and its presence in nuclear extracts. Unprocessed blot images
are shown in Fig. S6 (2. No-Stain (Invitrogen) was used to detect total protein on membranes.

Triglycerides were measured from liver homogenates using the Colorimetric Triglyceride Assay
Kit (Novus) following manufacturer’s instructions. For H&E staining and immunohistochemistry,
samples were fixed in 10% formalin, paraffin-embedded, and sectioned. IHC was performed using
the Vectastain Elite ABC-HRP kit with ImmPACT DAB Substrate (Vector Laboratories) following the
manufacturer’s protocols. Histological and histochemical imaging used a Nikon Eclipse E600
microscope, with slides mounted using a 1:1 mix of Permount and Xylene (Fisher). For fluorescent
imaging, liver pieces were fixed overnight in freshly made 4% paraformaldehyde, cryoprotected in
15% and 30% sucrose in PBS 16 and 24 - 48h respectively, and frozen in OCT over dry ice. TUNEL
staining used the CF640R TUNEL Assay Kit (Biotium) following the manufacturer’s instructions.
Fluorescent imaging used a Zeiss 700 Confocal Microscope. Slides were mounted with Prolong
Diamond AntiFade (ThermoFisher). For nuclear purification, frozen liver pieces (~50 mg) were
plunged into ice-cold Buffer A (0.25 M sucrose, 50 mM Hepes, 22mM NaOH, 25 mM KAc, 5 mM
MgAc, 1 mM PMSF), removed and quickly minced with a scalpel, returned to 1.25 ml of Buffer A,
homogenized with a loose glass-on-glass homogenizer, centrifuged at 4° 800g 10, the pellet
resuspended in 1.25 ml Buffer A, rehomogenized with a tight glass-on-glass homogenizer, and
centrifuged again at 4° 800g 10’. The pellet was crudely resuspended in 250 pl Buffer A, to which
500 pl of Buffer B was added (same as Buffer A but with 2.3 M sucrose). Samples were
homogenized again and transferred to TLA 120.2 tubes, then underlaid with 250ul of Buffer B.
Samples were spun 55,000 rpm, 4°, 60’. Pellets were resuspended in 125 pl Buffer A, homogenized
in a small glass-on-glass homogenizer, and flash frozen.

Deep sequencing

For RNA-seq, Trizol-purified RNAs were re-purified using RNeasy (QIAgen) and RNA integrity
validated using NanoDrop. Briefly, 2 yg/sample of RNA was used for sequencing using Illumina
HiSeq 4000/75PE Sequencer. 23 million reads were generated for each sample. To quantify
transcript-level abundances, we performed the quality control for RNA-seq reads and used the
Salmon tool with mapping-based mode again the mouse reference transcriptome (mm10). After
transcript quantification, the differential gene expression analysis between different groups was
conducted with the DESeq2 package. Differential expression was defined as log,fc > 0.58 and FDR-
adjusted p-value < 0.05.

ChIP-seq was performed by Zymo Research using pooled samples from 3 mice treated with 1
mg/kg b.w. TM for 8h. IP was with CHOP antibody B-3 (sc7351, Santa Cruz), previously validated
for specificity (Chikka et al. 2013 @), and validated prior to ChIP-seq against control Ig (12-371,
Millipore Sigma) for the known CHOP-binding region in the Gadd34 promoter (Marciniak et al.

using a proprietary library preparation protocol from Zymo Research. ChIP-Seq libraries were
diluted to 2 nM before being multiplexed and run on the Next-Gen Sequencing platform —-HiSeq
using single-end reads. For sequencing data analysis, FastQC was applied to conduct quality
control for ChIP-seq data. Reads were aligned to the mouse reference genome mm10 by Bowtie
with at most 2 mismatches. Reads that appeared more than twice at the same position on the same
strand were discarded to remove PCR duplication. After filtering bam files by Samtools v1.9 and
Sambamba v0.7.1, we used MACS2 v2.1.2 to call peaks with default parameters. The R package
ChIPseeker was applied to annotate peaks. ChIP-seq motif analysis was performed with HOMER,
searching against IMAGE known motifs. Pathway analysis for RNA-seq and ChIP-seq was
performed using DAVID (Dennis et al. 2003 ), and enriched transcription factor binding sites
were analyzed using ChEA3 (Keenan et al. 2019 %) and the ReMap database.
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Statistics

Statistical analysis of directly measured molecular data was by two-way ANOVA comparing
against row and column using Prism (GraphPad) with Fisher’s LSD post-hoc analysis and
confirmation of Gaussian residuals. For pathway analyses, false discovery rate (FDR) was applied.

Data availability

RNA-seq and ChIP-seq deposition into NCBI GEO is in process at the time of submission
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The predominant view on CHOP's functions during ER stress is that it promotes cell death.
This is in contrast to a handful of reports in the literature that claim that CHOP is a positive
regulator of protein synthesis during chronic ER stress, and therefore is part of the
adaptation program to ER stress. These previous studies were performed in tissue culture
cells. Velarde and co-authors have used a mouse model of induction of mild ER stress to study
the function of CHOP in hepatocytes.

Major strengths and weaknesses of the methods and results:

The authors use state-of-the-art mice to manipulate (i) CHOP and (ii) ATFS6, a protective factor
of ER proteostasis, and address the hepatocyte responses to mild ER stress in vivo and in
cultures. Validated gene expression programs are well correlated to liver pathology in the
mouse models. This is a very well-done study.

The authors clearly show that CHOP transitions hepatocytes under mild ER stress to a chronic
ISR state, which is phenocopied by ATF6-depleted hepatocytes. So the conclusion that CHOP
exacerbates ER stress in hepatocytes during mild ER stress is correct. It is also clear that
CHOP targets negatively the transcription of hepatocyte identity genes, which opens a new
direction of studies on the function of CHOP in secretory cells in general.

Conclusion:

This is a significant study that will benefit different research fields, and specifically studies on
proteostasis, as was recently highlighted in Nat. Str. Mol. Biol. by experts in the field.

To this reviewer, the importance of the study is that it links the function of a transcription
factor (CHOP) to stress intensity (mild versus severe) in a physiological experimental model
(hepatocyte function and pathology).

https://doi.org/10.7554/eLife.112049.1.sa2

Reviewer #2 (Public review):

The Unfolded protein response (UPR) and related integrated stress response (ISR) are critical
signaling systems for cell survival in response to acute stresses. While the UPR directs critical
adaptive gene expression, certain chronic stresses switch this pathway towards cell death
and disease. An important question concerns the mechanisms by which the UPR switches
from being adaptive to maladaptive. Prevailing models focus on the transcription factor
CHOP (DDIT3 or GADD153), whose levels are enhanced via the UPR, and extended/amplified
amounts of CHOP are suggested to boost death-related gene expression. However, the
literature and this manuscript point out a number of observations that do not neatly fit with
this model, suggesting that there are still unresolved processes by which CHOP adjusts cell
outcomes via the UPR.

This manuscript features a nice hepatocyte-targeted knockout of CHOP to discern the
contribution of CHOP in the transition between adaptive and maladaptive outcomes. The key
ideas presented in this study are that CHOP-directed gene expression is focused on protein
synthesis, metabolism, and hepatocyte identity. In the progression of the UPR, CHOP
expression can lead to resumption of protein synthesis, which can assist in the translation of
the UPR-directed transcriptome, which includes ATF6/XBP1-directed genes that aid the
processing capacity of the endoplasmic reticulum (ER). However, enhanced nascent protein
can further stress the ER. CHOP directs gene expression in both the first phase- acute and
second phase-chronic in the UPR, and the pivotal decision lies in the transition between the
phases.

Overall, the manuscript includes some new ideas as well as refinements of earlier ones for
CHOP-determination of UPR-directed cell fate. The CHOP-hepatocyte knockout mouse model
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helps to delineate the different tissue functions of CHOP, which has been a problem for some
earlier studies. The manuscript progression of experiments is solid, and experimental design
and documentation are rigorous. The manuscript text is largely clear, but there are portions

that would benefit from fuller explanations of ideas.

There are three points of concern. First, the manuscript model (Figure 7) lays out a timeline
for the progression of the UPR between two phases. The study is not always clear about the
times assayed, and there appears to be a single time point for measurements. Second, there is
emphasis on protein synthesis changes in the model. It is true that the literature argues that
resumption of protein synthesis concurrent with stress damage (i.e., GADD34-directed gene
expression) is a key reason for the potentially debilitating effects of CHOP (e.g., Marciniak et
al 2004, Han et al 2013). However, the manuscript does not feature protein synthesis
measurements. Inclusion of bulk protein synthesis measurements in the context of this model
system would strengthen the study and support for the model. Finally, for this reviewer, some
of the most interesting ideas center on CHOP-directed transcription of genes that regulate
hepatocyte identity. There is solid evidence for direct CHOP regulation of these genes, but the
manuscript does not really develop and test the ramifications of these networks on cell fate
during ER stress.

Reviewer Concerns:

(1) The abstract packs in a lot of information. The ideas would not be clear to a general
reader. Furthermore, the UPR and ISR are referred to in the second-to-last sentence, but not
defined earlier in the abstract.

(2) There are some typos/grammar concerns.

(3) ATF4 diminished with CHOP-depletion (Figure S2A). What is the mechanism here? Does
this complicate the analysis of CHOP-directed gene expression? How does this fit with Figure
6]? The timelines for TM treatment are critical. The authors should more fully explain the
time courses in the experiments.

(4) Figures 2 and 3: There is a discussion on enhanced protein synthesis with loss of CHOP
(reduced GADD34 expression). What is the time point - 8 hours TM? Emphasize, explain, and
justify time points of experiments here and in later panels. It would strengthen the model
with direct measurements of protein synthesis. The authors could include GADD34 protein
measurements in these panels. Figure 3 - panel D - some abbreviations are not standard.

(5) Figure 4: One of the most interesting in the manuscript is the transcription factors
downstream of CHOP that are linked with hepatocyte differentiation and metabolism. The
manuscript would be bolstered by developing some of these target genes into the Figure 7
transition model.

(6) Figure 6: The comparison of CHOP and ATF6 target genes is a highlight of the manuscript.
The literature on this topic is complex, and there are some suggestions that CHOP can be
downstream of ATF6. Furthermore, there were some earlier models by Walter and others
about extended induction of Perk (death) vs induction of other UPR sensors (survival) (e.g.
PMID: 17991856). It would be helpful in the Discussion to delineate between these models and
their critical differences.

https://doi.org/10.7554/eLife.112049.1.sa1

Reviewer #3 (Public review):

In this manuscript, the authors aim to understand the function of the transcription factor
CHOP, which is known to promote cell death during severe stress in the ER. The authors note
that CHOP is induced during less severe stress, but its functional output is not well
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understood in these cases. Here, they study the effects of conditional knockouts of CHOP in
hepatocytes of mice challenged with chemical inducers of ER stress.

Tunicamycin (an ER stress inducer) injection leads to the upregulation of CHOP and lipid
accumulation in the liver, but no significant cell death in the experiments outlined here.
Conditional knockout of CHOP results in a number of differences in the way hepatocytes
respond to stress, notably resulting in lower steatosis.

There are two main findings supported by the data presented here. First, the authors show
that CHOP suppresses the expression of ONECUT, a master regulator of hepatocyte
differentiation and metabolism, during ER stress. They show by ChIP-seq that CHOP binds to
the promoter region of this gene, and by RNA-seq that ONECUT expression is suppressed by
ER stress in a CHOP-dependent manner. Many predicted targets of ONECUT1 were also
suppressed by ER stress in a CHOP-dependent manner, though they were not bound directly
by CHOP. The data support a model where CHOP down-regulates hepatocyte metabolism and
identity via regulation of ONECUT1. This is a new and interesting finding, perhaps explaining
the steatosis phenotype of livers that accompanies ER stress, although this was not tested
directly.

The second main finding of this paper is that CHOP deletion leads to an interesting
assortment of effects on genes related to the ER stress response and integrated stress
response (ISR). As expected, based on prior work, CHOP deletion led to more phosphorylation
of e[F2alpha (CHOP is known to upregulate the phosphatase for this translation factor).
However, unexpectedly, this did not cause increased expression of ATF4 (a transcription
factor whose upregulation during stress is dependent on elF2alpha phosphorylation) and its
downstream targets; in fact, CHOP deletion had the opposite effect on these. In other words,
CHOP seems to both turn off the initiating signal for the ISR (namely, eIF2alpha
phosphorylation) and also promote the downstream signaling events that rely on this
initiating signal. It makes sense that cells would do this, as restoring translation would be
important for realizing the effects of the massive changes in gene expression initiated by ER
stress, and yet this would exacerbate stress in the short term, so it would be
counterproductive to also turn off the entire stress-regulated program. Having a factor
(perhaps CHOP) that coordinates these two events makes sense. It will be interesting in future
work to understand the mechanisms behind this regulation.

Finally, CHOP deletion led to less activity of other aspects of the ER stress response, notably
IRE1 (determined through measurement of XBP1 splicing and RIDD of Bloc1s1). This is
explained by the continued phosphorylation of eIF2alpha in these knockouts, as the
continued attenuation of translation would lessen the burden of misfolded proteins in the ER.
Somewhat confusingly, the same pattern is not seen in downstream targets of XBP1. Less
splicing, coupled with perhaps less translation of the spliced mRNA, should result in less
active transcription factor and lower expression of its target genes in the CHOP KO. This is
not observed in Figure 2, although the more global gene expression analysis suggests that all
stress-dependent gene expression changes were weaker in the CHOP KO livers.

The authors characterize the effects of CHOP, promoting restoration of protein synthesis and
the accompanying exacerbation of stress while preserving the signaling that should relieve
ER stress, as a switch from an acute to chronic phase of ER stress. This is mirrored in their
analysis of ATF6 in a similar series of experiments. Although this is an interesting framework
for thinking about the stress response, whether CHOP is the key factor or a supporting actor
in regulating this transition will require a better understanding of the mechanisms involved.

https://doi.org/10.7554/eLife.112049.1.sa0
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Author response:

We thank the reviewers for their assessment of our work and their comments. We are
grateful for their evaluation of our findings as fundamental and convincingly supported, and
for their appreciation of the relative scope of this manuscript and of future work. The most
direct requests for new experimental data are from reviewer #2, who asks for direct
assessment of the effects of CHOP deletion on expression of GADD34 and on protein
synthesis. We agree that these are important experiments to conduct for the revision.

The reviewers requested more clarity on the experimental logic of the paper and on the place
of our findings in the broader context of ER stress signaling, which we will be happy to
provide in a revised manuscript. These revisions will include a more explicit consideration of
how the regulation of metabolic genes by CHOP contributes to its effects in the liver
independently of its role in regulating eIF2a dephosphorylation.

In particular, there were concerns about the logic of the time points chosen that we feel are
important to also address here. For analysis of ChopHKO animals, all experiments were
carried out 8 hours after ER stress challenge. This is because, as we show in Fig. 1B and also
in our previous paper on CHOP (1), this is the time point at which CHOP expression is at its
maximum. Thereafter, hepatocytes become heterogeneous with respect to whether they do or
do not express CHOP. This is an interesting finding because it suggests that CHOP is part of a
cellular switch, and potentially even an effector of that switch—a point currently raised in
the Discussion but worth further highlighting in a revision. At the practical level, it means
that discerning the contribution of CHOP to ER stress signaling and adaptation at subsequent
time points will require sophisticated single cell analyses that can discriminate cells that
express CHOP from cells that do not, which are an important future direction.

In contrast, for Atf6aHKO animals, all experiments were carried out 48 hours after ER stress
challenge. As we have previously shown (2), at short time points after a stress challenge, such
as 8 hours, there is very little difference in ER stress signaling between wild-type animals and
those lacking ATF6a. The reason for this lack of distinction is that the major targets of ATF6a
are ER chaperones and the like. Because adaptation to ER stress in the early phases of the
response depends more on non-transcriptional mechanisms such as inhibition of protein
synthesis and IRE1-dependent mRNA decay (RIDD), the failure to fully upregulate ATF6a
targets is initially of little consequence. It is only at later time points when wild-type animals
restore ER homeostasis and largely silence ER stress signaling. In contrast, at these same later
points, animals lacking ATF6a show evidence of persistent ER stress, most notably in the form
of persistent Xbpl mRNA splicing and profound suppression of metabolic genes. Although the
8 hour time point for experiments in ChopHKO animals differs from the 48 hour time point
for Atf6aHKO animals, the two lines of experimentation are united by the persistence of
ongoing ER stress and of ISR signaling despite diminished eIF2a phosphorylation at the points
when the presence of CHOP or the absence of ATF6a are of the greatest impact. A revised
manuscript will present this logic more clearly.
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