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ABSTRACT

A chemical genetics approach to study the Integrated Stress Response
reveals common and new sighaling mechanisms

by

Nerea Muniozguren

Maintaining homeostasis is vital for biological systems. To maintain homeostasis, cells
rely on specialized complex mechanisms, known as cell stress responses, that detect
specific internal imbalances and react to them. The integrated stress response (ISR)
is a fundamental signaling network that reprograms the transcriptome and proteome
to leverage the cell’'s biosynthetic capacity against different stresses. Signaling
plasticity is enabled by distinct ISR sensor kinases that detect specific perturbations.
The ISR has two faces, with tailored homeostatic outputs and a terminal one engaged
upon overwhelming stress. Through a chemical-genetics approach that uncouples
natural stress inputs from ISR actuation, we show that the ISR engages a common,
cell-autonomous apoptosis mechanism that requires unconventional signaling by
death receptor 5. We also show that the ISR selectively activates the endoplasmic
reticulum (ER) stress sensor IRE1 in the absence of ER stress. Together, our results
indicate that a common ISR mechanism eliminates terminally injured cells and reveal

a new level of intercommunication between the ISR and other stress responses.
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CHAPTER 1. Introduction
Homeostasis and Cellular Stress Responses

Maintaining homeostasis is vital for biological systems. Homeostasis ensures
the stability of biological systems by preserving internal composition and allowing the
cell/organism to function properly as changes occur in the internal or external
environment (Buchman, 2002). Organisms operate in relatively narrow set of
conditions and, therefore, it is crucial to regulate the concentrations and properties of
cellular building blocks to ensure cell survival. Indeed, disruption of homeostasis
contributes to disease progression (Galluzzi et al, 2018; Fuchs & Steller, 2015).
Consequentially, mechanisms that control and regulate cell homeostasis are
fundamental for organismal fithess and survival. Different types of stress can tax cell
physiology in different ways, and thus, cells rely on different stress responses that are

tasked with restoring and maintaining homeostasis under specific circumstances.

Stress responses have at least three interdependent components: (1) A sensor
or receptor that detects changes in the internal or external environment, (2) the
integrating center or control center that receives information from the sensors and
passes on the information to downstream effectors, and (3) effectors that interpret
information passed by the control center to initiate regulatory programs that restore
homeostasis, such as the induction of gene expression programs (Fig. 1). The cell’s
initial response to a perturbation prepares the cell to defend against and recover from
the insult. However, if the noxious stimulus is unresolved, cells from multicellular
organisms activate death signaling pathways that sacrifice the cell to preserve the

organism. Two fundamental stress responses are the integrated stress response



(ISR) and the unfolded protein response (UPR). The ISR and UPR are interconnected
signaling networks governed by sensors that detect multiple stress inputs, ranging
from nutritional deficits, oxidative stress, mitochondrial dysfunction, aberrant RNA
accumulation, to unfolded proteins in the endoplasmic reticulum (Pakos-Zebrucka et
al, 2016; Fulda et al, 2010). The ISR operates by reprogramming transcription and
translation, passing information about encounters with different stress inputs through
a central relay, the master translation initiation factor eukaryotic initiation factor 2
(elF2), to control general translation initiation rates and induce specific effectors. The
UPR, on the other hand, detects protein-folding perturbations in the lumen of

endoplasmic reticulum (ER) (Costa-Mattioli & Walter, 2020; Hetz, 2012).
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Figure 1. Homeostasis control. Homeostasis is a property of human biological
systems where the self-regulating systems preserve the balance for cell/organism
survival by circulating information through the receptor to the effector(s) (modified from

Khan, 2021).



The Integrated Stress Response

The ISR is an evolutionarily conserved intracellular signaling network that helps
the cell, tissue, and organism adapt to a variable environment. In response to different
environmental and pathological conditions, including protein homeostasis
(proteostasis) defects, nutrient deprivation, viral infection, and oxidative stress, the
ISR restores homeostasis by reprogramming the proteome and controlling

comprehensive gene expression programs (Fig. 2).

The ISR is governed by four sensor kinases, GCN2, HRI, PKR, and PERK, all
of which possess functionally homologous kinase domains, but distinct regulatory
domains (Harding et al, 1999; Berlanga et al, 1998, Chen et al, 1991; Meurs et al,
1990; Ramirez et al, 1991). As such, each sensor kinase responds to distinct and
specific stress inputs while converging on the phosphorylation of a single serine
residue-Ser51-in the alpha subunit of the eukaryotic initiation factor 2 (elF2a)
(Reviewed in Costa-Mattioli & Walter, 2020). The localization of the kinases could
confer subcellular specificity to the ISR, as HRI, PKR, and GCN2 are localized to the

cytosol, while PERK is localized to the ER membrane (Costa-Mattioli & Walter, 2020).

GCN2 (general control nonderepressible 2) is highly conserved from yeast to
humans. Although GCN2 is expressed broadly among tissues, its expression is
particularly high in the brain and liver (English et al, 2021). Mechanistic insights into
GCN2 regulation indicate that amino acid deprivation activates GCN2 via a
mechanism that may occur by sensing uncharged tRNAs, or ribosome stalling and
ribosome collisions (Vazquez de Aldana et al 1994; Inglis et al, 2019), making GCN2
a sensor of translation defects. In addition to amino acids deprivation, GCN2 can also

4



be activated by UV irradiation, hydrogen peroxide, heat shock, and osmotic shock

(Castilho et al, 2014; Deng et al 2002).

HRI (heme-regulated inhibitor) is primarily expressed in erythroid cells (Han et
al, 2001; Chen, 2014). HRI contains two kinase domains and two heme-binding sites
that respond to cellular heme levels (Rafie-Kolpin et al, 2000). HRI is activated in the
absence of heme, and regulates hemoglobin synthesis depending on the heme
availability (Han et al, 2001). Other stressors that can also activate HRI include heat
shock, arsenite-induced oxidative stress, nitric oxide, osmotic stress and 26S
proteasome inhibition (lll-Raga et al, 2015; McEwen et al, 2005; Yerlikaya et al, 2008;

Guo et al 2020).

PKR (double-stranded RNA-dependent protein kinase) is activated mainly by
double-stranded RNA (dsRNA) (Lemaire et al, 2008) produced during viral infection
to prevent viral gene expression (Eiermann et al, 2020). In addition to its kinase
domain, PKR contains two N-terminal double-stranded RNA-binding motifs (Sadler &
Williams, 2007). Upon detection of dsRNA, PKR is activated by dimerization (Wu 7&
Kaufman, 1997; Vattem et al, 2001) followed by the formation of dynamic clusters
(Zappa et al, 2022). Although PKR is activated by dsRNA that is often of viral origin,
it can also be activated by endogenous dsRNA in the absence of viral infection by
stimuli such as mitochondrial dsRNA (Kim et al, 2018), dsRNA arising from Alu
repeats (Elbarbary et al, 2013), or the viral dsSRNA synthetic mimic poly I:C (Zappa et
al, 2022). Interestingly, PKR has been shown to be activated by other stresses in a

dsRNA-independent manner including oxidative and ER stress, growth factor



deprivation, cytokine or bacterial infection, and stress granules (Li et al, 2006; Guo et

al, 2019; Gal-Ben-Ari et al, 2019).

PERK (PKR-like ER kinase), found in metazoans, is a transmembrane protein
located in the ER membrane that is also part of the UPR. The C terminus of PERK
faces the cytosol and includes its kinase domain, and the N terminus sensor domain
lies within the ER lumen (Marciniak et al, 2006). Upon detection of unfolded proteins
in the ER, PERK oligomerizes and is auto-phosphorylated in the plane of the ER
membrane (Harding et al, 1999). Other stressors such as UV light (Wu et al, 2002),

and heat shock (Li et al, 2014), can also activate PERK.

All ISR kinases converge on phosphorylating a single serine in the alpha
subunit of the eukaryotic initiation factor 2 (elF2a), a heterotrimeric GTPase that,
together with GTP and the initiator methionyl tRNA, forms the ternary complex which
is required to initiate translation. Phosphorylated elF2a acts as a competitive inhibitor
of its guanine nucleotide exchange factor elF2B (Adomavicius et al, 2019; Schoof et
al, 2021), and as such, it decreases the availability of ternary complex leading to a
global shutdown of protein synthesis. However, some mRNAs harboring upstream
regulatory open reading frames (UORFsS) escape this regulatory control and are
selectively translated upon elF2a phosphorylation. These mRNAs include those
encoding the transcription factors ATF4 and CHOP, as well as GADD34, which
encodes a regulatory subunit of protein phosphatase 1 (PP1) that dephosphorylates
elF2a and establishes a negative feedback loop that terminates ISR signaling (Novoa
et al, 2003; Vattem & Wek, 2004; Hinnebusch et al, 2016). The gene expression
changes driven by the ISR can either increase the biosynthetic capacity of the cell

6



downstream of ATF4 to restore homeostasis, or induce apoptosis downstream of

CHOP if homeostasis cannot be restored.



/ \/V
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Figure 2. The Integrated Stress Response pathway. Heme depletion, mitochondrial
stress, oxidative stress, dsRNA, nutritional stress, ER stress and translation defects
(i.e., ribosome collisions) activate the ISR sensor kinases HRI, PKR, GCN2 and
PERK, leading to the phosphorylation of elF2a. elF2a phosphorylation results in
protein synthesis inhibition coupled to the selective translation of some mMRNAs such
as that encoding the transcription factor ATF4. ATF4 regulates the expression of
genes that promote cellular adaption. Feedback control of the ISR is regulated by the
holophosphatase GADD34-PP1, which dephosphorylates elF2a to terminate the ISR
(Modified from Tian et al, 2021).



The Unfolded Protein Response

The UPR is an evolutionarily conserved homeostatic mechanism that plays a
critical role in monitoring the accumulation of misfolded proteins in the ER lumen and
adjusts ER functions according to the cell’'s needs (Walter & Ron, 2011; Karagoz et
al, 2019; Adams et al, 2019). The mammalian UPR consists of three signaling
branches governed by three transmembrane ER stress sensor proteins: PERK, IRE1,

and ATF6 (Fig. 3, Walter & Ron, 2011).

As mentioned above, PERK is a transmembrane kinase that is also a part of
the ISR; by reducing global translation PERK is thought to protect the ER by reducing

its protein folding load (Marciniak et al, 2006).

ATF6 is a membrane-tethered transcription factor that translocates to the Golgi
apparatus upon ER stress where it is cleaved by the S1P and S2P proteases. This
regulated proteolysis liberates ATF6’s soluble transcription factor (ATF6-N), which
translocates into the nucleus to induce ER biosynthetic and ER-associated protein
degradation (ERAD) genes (Rutkowski & Hegde, 2010; Ye et al, 2000; C. Hetz, 2020).
Although the precise mechanism of ATF6 activation is still unknown, there is evidence

that suggests that ATF6 might be coupled to redox sensing (Nadanaka et al, 2007).

IRE1 is the most conserved of the three UPR sensors. It is a transmembrane
kinase/endoRNase (Cox et al, 1993; Cox & Walter, 1996; Sidrauski and Walter, 1996)
thought to detect unfolded proteins by direct binding to its ER lumenal sensor domain
(Gardner & Walter, 2011; Karagbz et al, 2017). IRE1’s activity is tuned by the
abundant ER Iluminal chaperone BiP, which binds inactive monomeric IRE1

preventing further activation (Adams et al, 2019). Upon detection of unfolded proteins,
9



IRE1 oligomerizes, trans-autophosphorylates and activates its endoribonuclease
activity. Active IRE1 coordinates the cytosolic splicing of the X-box-binding protein 1
(XBP1) mRNA to generate a potent transcription factor known as XBP1s (s refers to
the spliced form) (Calfon et al, 2002). XBP1s upregulates genes that increase the
cell’s capacity for protein folding, protein degradation, and trafficking, which help to
alleviate ER stress (Adam et al, 2019; Acosta-Alvear et al, 2007). XBP1s has also
been associated with gene regulatory programs that are unrelated to processes
associated with ER function, such as chromosomal architecture, cell growth and DNA
replication and repair (Acosta-Alvear et al, 2007). IRE1 RNase activity can also lead
to cleavage of ER-bound mRNAs in a process known as Regulated IRE1 Dependent
Decay (RIDD) (Walter & Ron, 2011), which further helps to alleviate the burden of

misfolded proteins in the ER.

Activation of IRE1 fundamentally depends on its oligomerization, which
activates its cytosolic kinase and RNAse domains. While the accumulation of unfolded
proteins in the ER lumen drives oligomerization of IRE1’s lumenal domain, IRE1 can
also sense changes in the ER membrane lipids and/or membrane composition, which
is commonly referred to as lipid bilayer stress (Halbleib et al, 2017). Studies in yeast
revealed that IRE1 senses membrane deformations through its transmembrane
amphipathic helix (Halbleib et al, 2017). It is noteworthy that the transcription
programs activated upon ER stress and lipid bilayer stress are different (Koh et al,
2018; Ho et al, 2020), suggesting specific IRE1-driven responses Therefore IRE1 is a

good example of how one same node can face a delicate balance in response to

10



different stresses and induce a fine-tuned response, i.e., the activation of critical genes

to adapt to specific stresses (Leber et al, 2004)

While IREL1 signaling pathway mediates protective responses through XBP1s
and RIDD, active IRE1 has also been shown to recruit TNF receptor-associated factor
2 (TRAF2), which in turn recruits the apoptosis signal-regulating kinase (ASK1)
(Nishitoh et al, 2002), to drive c-Jun amino-terminal kinase (JNK) activation and cell
death (Urano et al, 2000). The cascade initiated by ASK1 leads to JNK activation and
JNK activity activates the proapoptotic protein Bim (Lei & Davis, 2003), while inhibiting
the antiapoptotic protein BCI-2 (Yamamoto et al, 1999) This IRE1 apoptotic pathway

further demonstrates IRE1’s ability to control cell fate in the face of ER stress.

While IRE1 and ATF6 responses are initially cyto-protective, unrelenting stress
can also invoke UPR-driven apoptosis. The cellular outcome depends on a complex
interplay of the signaling of the different branches of the UPR. During ER stress PERK
induces the transcription factor CHOP downstream of ATF4 (Lu et al, 2014). CHOP
induces the death receptor 5 (DR5) which drives apoptosis. However, IRE1 degrades
the DR5 mRNA through RIDD, suppressing DR5 activation. When ER stress is
unresolvable, IRE1 activity is attenuated, leading to accumulation of the DR5 mRNA
and accumulation of DR5 protein. This mechanism is thought to constitute the UPR

switch that drives apoptosis (Lu et al, 2014).

11
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Figure 3. The Unfolded Protein Response. The UPR is governed by three ER
stress sensors: IRE1, PERK and ATF6 that regulate comprehensive gene

expression programs that lead to adaptation or cell death (Modified from Karag6tz et

al, 2019).
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The importance of stress responses and open questions

Due to the ISR’s fundamental role controlling survival or death, it is not
surprising that its dysregulation is associated with numerous diseases, including
Alzheimer’s disease, Parkinson’s disease, and Down Syndrome (Mouton-Liger et al,
2012; Ma et al, 2013; Hoozemans et al, 2007; Zhu et al, 2019). Therefore, therapeutic

targeting of the ISR emerges as a promising avenue for treating such diseases.

A large body of work has revealed the intricacies of the ISR’s molecular circuitry
(reviewed in Costa-Matiolli & Walter, 2020). However, there are still gaps in our
knowledge of ISR signaling. Many of the consequences downstream elF2
phosphorylation are complex and remain poorly understood. For example, it is not yet
understood how activation of downstream targets determine survival or death, or
whether each branch of the ISR promotes the same cell death mechanism, or whether

each stress input dictates a specific cell death pathway.

Stress signaling pathways do not signal in isolation, and accumulating evidence
suggest a high degree of interconnectivity between them. For example, Zhu et al
(2021) showed that the UPR can trigger the ISR through the cleavage of cellular
RNAs. Despite evidence showing that these stress networks are interwoven, the
molecular mechanisms that enable the cross-talk between the UPR and ISR are still
not well-understood. A better understanding of the molecular mechanisms of the ISR
would greatly facilitate approaches to modulate the ISR for therapeutic benefit. We

address some of these questions in chapters 2 and 3.

In chapter 2, we demonstrate that the ISR uses a common mechanism that

eliminates terminally injured cells, thereby preserving tissues and organs. In chapter
13



3 we discuss the interconnectivity of the ISR with the UPR. Our work thus
demonstrates two new biological principles: (i) a universal ISR cell-autonomous
apoptosis mechanism downstream of death receptor 5 to eliminate terminally injured
cells, and (ii) interconnection between the ISR and the UPR via ISR-driven IRE1
activation in the absence of ER stress, linking the ISR and the UPR outside their

shared node PERK.

14



CHAPTER 2

The integrated stress response induces a common cell-autonomous death receptor

5-dependent apoptosis switch

Note: Some figures, methods and discussion from this chapter have been previously

published in ©Zappa et al (2022) and ©Muniozguren et al (2022).

Through activation of gene expression programs and translational control, the
ISR reprograms the transcriptome and proteome to restore homeostasis. However,
during persistent stress, the ISR can switch to drive apoptosis. Both outcomes,
adaptation and cell death, protect the organism by preserving healthy cells and
eliminating terminally damaged ones. Signaling dynamics and intercommunication
between nodes could explain the dichotomy between an adaptive and a terminal ISR.
Indeed, during ER stress, opposing signals between PERK and the evolutionarily
conserved ER stress sensor kinase/RNase IRE1l dictate adaptive or terminal
outcomes (Lu et al, 2014). In response to ER stress, PERK induces CHOP, which in
turn induces Death Receptor 5 (DR5), a transmembrane receptor belonging to the
Tumor Necrosis Factor (TNF) superfamily of death receptors together with DR4, TNF,
and Fas (Yamaguchi & Wang, 2004). Ligand binding promotes self-association of DR5
and recruitment of the adaptor protein FADD and procaspase-8 to nucleate the Death-
Inducing Signaling Complex (DISC), which processes procaspase-8 into active
caspase-8 (Wilson et al, 2009). In the early, adaptive phase of the ER stress response,

IRE1 cleaves the DR5 mRNA, which leads to its degradation. Dampening of pro-
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survival IRE1 signaling during persistent ER stress switches the balance in favor of
pro-apoptotic signaling downstream of the PERK-CHOP axis, which results in
accumulation and activation of DR5. Notably, in this mechanism, DR5 accumulates in
the cis-Golgi apparatus and signals unconventionally, in a ligand-independent

manner, to engage a cell-autonomous death program (Lu et al, 2014; Lam et al, 2020).

Prompted by these observations, in this chapter we have addressed whether
the ISR as a whole—and not PERK alone—engages a universal cell-autonomous

apoptosis program dependent on unconventional DR5 signaling.

Different ISR inputs induce DR5 and apoptosis

To dissect whether terminal ISR signals downstream of different stress inputs
converge on DRS5 expression, we treated H4 neuroglioma cells with various stressors
that activate each of the ISR kinases. We chose a neural cell line because a
dysregulated ISR has been observed in numerous neuropathologies (Costa-Mattioli
& Walter, 2020). To induce ER stress and activate PERK, we treated cells with the ER
calcium reuptake inhibitor thapsigargin (Schroder, 2008; Oslowski & Urano, 2011). To
induce dsRNA stress and activate PKR, we transfected cells with the dSRNA mimetic
polyinosinic-polycytidylic acid (poly I:C) (Balachandran et al, 2000). To induce
mitochondrial stress and activate HRI, we treated cells with the ATP synthase inhibitor
oligomycin (Guo et al, 2020). Finally, to mimic nutritional deficit and activate GCNZ2,
we treated cells with histidinol, a histidine analog alcohol that prevents histidyl-tRNA

charging (Harding et al, 2019). We next measured the levels of DR5 mRNA by gRT-
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PCR upon exposure of the cells to the abovementioned stressors for 18 hours, which
we reasoned would be sufficient to initiate a terminal response based on previous
observations (Lu et al, 2014) (Fig. 4A). This analysis revealed an approximately 4-fold
upregulation of the DR5 mRNA in response to ER stress elicited by thapsigargin (Fig.
4A), consistent with the upregulation of DR5 mRNA observed in colon cancer cells
subjected to persistent ER stress (Yamaguchi & Wang, 2004). Poly I:C, oligomycin,
and histidinol also elevated the levels of the DR5 mRNA, albeit less potently, with
approximately 2-fold (poly I:C and oligomycin) to 3-fold (histidinol) increases. Notably,
we did not detect the mRNA encoding the death receptor DR4, which encodes a

protein related to DR5 (Wilson et al, 2009) (Fig.S4A).

The increase in DR5 mRNA elicited by any of the stressors we used was
reflected at the protein level, with induction of both the long (DR5L) and short (DR5S)
isoforms (DR5L, ranging from approximately 3.5- to 4.5-fold upregulation) (Valley et
al, 2012) (Fig. 4B,C). The stress-induced upregulation of DR5 isoforms was
accompanied by the processing of procaspase-8, activation of caspase-3, and
cleavage of the canonical apoptosis marker PARP1 (Fig. 4B), which is consistent with
DR5’s pro-apoptotic activity. Expectedly, these changes tracked with activation of the
ISR, as indicated by phosphorylation of the ISR sensor kinases and elF2a, as well as

induction of ATF4 and CHOP (Fig. 4B; S4B).

Given that DR5 is induced by CHOP (Yamaguchi & Wang, 2004), our results
suggest that the cell death decision is relayed to terminal effectors by elF2a
phosphorylation—the ISR core. If this is the case, inhibition of the ISR should
suppress DR5 accumulation and apoptosis. To test this possibility, we co-treated cells
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with the small molecule ISR inhibitor ISRIB, which renders cells less sensitive to the
effects of elF2a phosphorylation (Sidrauski et al, 2015) and the different ISR stressors
aforementioned. ISRIB inhibited the upregulation of DR5 mRNA (Fig. 4D), and it
restored cell viability, measured by the exclusion of the cell-impermeable DNA dye
propidium iodide (PI) in live cells (Fig. 4E). These results indicate that cell-death
signals can be bypassed in cells that are refractory to the effects of phosphorylated
elF2a and substantiate the notion that the ISR core passes the cell death decision to

terminal effectors.

We next examined the ability of phosphorylated elF2a to induce DR5 without
any of the stress-inducing agents we used. To this end, we employed a genetics-
based approach in which we force-expressed elF2aS%1°, a phosphomimetic point
mutant of elF2a, under the control of a tetracycline-regulatable promoter. Induction of
elF2aS%P in H4 cells treated with doxycycline revealed a time-dependent
accumulation of DR5 mRNA, starting at 8 hours after induction and reaching
saturation at 16 hours (Fig. 4F). This time frame is consistent with the expression of
the elF205%1® and consequent activation of the ISR (Figs. S4C-E). Furthermore, the
upregulation of DR5 mRNA was mirrored by DR5L and DR5S proteins (average 3-
fold induction at 16 hours for DR5L) (Figs. 4G, H). Together, these results indicate
that DR5 is induced by the different branches of the ISR downstream of

phosphorylated elF2a.
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Figure 4. Activation of different branches of ISR induces DR5 and cell death. (A)
Quantitative real-time PCR analysis of DR5 mRNA levels in H4 cells after activation
of different branches of the ISR. Thapsigargin (Tg) 300 nM, poly I:C 250 ng/ml,
oligomycin (OMY) 3 uM, histidinol (HisOH) 5 mM (mean and SEM, N = 3, ****p <
0.0001, ***P < 0.001, *P < 0.01, *P < 0.05 unpaired Student’s t-test, non-parametric).
(B) Western blot showing upregulation of DR5, cleavage of caspase-8, caspase-3,
and PARPL1, and induction of canonical ISR markers (p-elF2a, ATF4 and CHOP) in
H4 cells upon treatment with different ISR stressors for 18 hours. GAPDH: loading
control. (C) Densitometry quantification of the Western blot data for DR5 long isoforms
(mean and SEM, N = 3, ***P < (0.0001, **P < 0.001, **P < 0.01 unpaired Student’s t-
test, non-parametric). (D) qRT-PCR analysis of DR5 mRNA levels after pre-treating
H4 cells with the ISR inhibitor ISRIB (mean and SEM, N = 3, ***P < (0.0001 One-way
ANOVA). (E) Quantification of cell viability analysis using flow cytometry after staining
with propidium iodide. The plot shows the induction of cell death in H4 cells upon
treatment with classical pharmacological ISR activators and the restoration of cell
viability upon ISR inhibition using ISRIB. Data are expressed as a percentage of the
maximum value (mean and SEM, N = 3, ***P < 0.0001 One-way ANOVA). (F) qRT-
PCR analysis of DR5 mRNA levels in H4 cells expressing elF2a 5P (mean and SEM,
N =3, ***P < 0.001 One-way ANOVA). (G) Western blot showing upregulation of DR5
isoforms in H4 cells after activation of elF2aS°°, GAPDH: loading control. (H)
Densitometry quantification of the Western blot data for DR5 long isoform. GAPDH:
loading control.
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Figure S4. Pharmacological and genetic ISR induction in H4 cells. (A) Analysis
of DR4 mRNA levels by RT-PCR in H4 cells after activation of the ISR with different
pharmacological agents shows undetectable levels of DR4 transcript. GAPDH:
loading control. Thapsigargin (Tg) 300 nM, poly I:C 250 ng/ml, oligomycin (OMY) 3
UM, histidinol (HisOH) 5 mM. (B) Western blot showing phosphorylation of the ISR
sensor kinases in H4 cells upon treatment with pharmacological ISR inducers. (C)
Western blot showing canonical ISR induction in H4 cells expressing FLAG epitope-
tagged elF2aS51P and treated with doxycycline for the indicated time. B-actin: loading
control. (D) Densitometry quantification of the Western blot data in (C) for ATF4 and
GADD34 (mean and SEM, N = 3). (E) gRT-PCR analysis of ATF4 and CHOP mRNA
levels in H4 cells expressing FLAG epitope-tagged elF2aS5P and treated with

doxycycline for the indicated time (mean and SEM, N = 3).
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A synthetic biology approach to control the ISR

1. A problem with natural inputs and linear pathway activation

Traditional approaches to study the ISR rely on the exposure of cells or animal
models to drugs (dsRNA mimics, ER and mitochondrial poisons), physical agents (UV-
light) or nutrients withdrawal (amino acid starvation) (reviewed in Pakos-Zebrucka et
al, 2016). Although powerful, these methods have the limitation to simultaneously
activate multiple stress response pathways, thus making it harder to dissect the
molecular and gene signature that are under the exclusive control of the ISR. For
instance, thapsigargin activates the ISR and the UPR at the same time (Elouil et al,
2007), and poly I:C promotes a simultaneous activation of multiple dsRNA binding
proteins such as Toll-like receptor 3 and MDA-5 (McCartney et al, 2009; Pichlmair et

al, 2009; Zhou et al, 2014).

Other main strategies to study the individual roles of ISR kinases rely on
blocking its activity through RNA interference (RNAi)-based approaches and/or
generating true knockouts. However, these strategies could give rise to several
problems that could obscure our results. First, targeting ISR kinases by RNAI is
challenging because of the high degree of relatedness among elF2a kinases (~27%
identity; ~45% similarity at nucleotide level) (Taniuchi et al, 2016). Second, RNAI-
based approaches could overwhelm the cell’s microRNA processing machineries
(Grim, 2011). Third, knockout cells could still express truncated proteins (Baltzis et al,

2002).
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While powerful the use of the elF2a551P, under the control of a tetracycline-
regulatable promoter, to activate ISR downstream elF2aq, it is important to point out
that the phosphomimetic proteins are overexpressed in cells, which exhausts the
resources of the cell to make and transport proteins, and could result in detrimental

effects on cellular functions (Stoebel et al 2008).

For these reasons, we bypassed these limitations by using a chemical-genetic
approach to study the “pure ISR” activation in living cells, allowing us to isolate and
precisely define signaling events downstream elF2a, without the confounding effects

of the simultaneous activation of multiple stress sensors.

2. A chemical genetics approach allows ISR activation through precise

input control

To dissect the molecular circuitry exclusive to the terminal ISR and avoid the
pleiotropic effects of stress-inducing agents, we employed a chemical-genetics
approach consisting of an engineered ISR sensor kinase, FKBP-PKR, which can be
activated with a small molecule ligand to induce the canonical ISR (Zappa et al, 2022).
Unlike the classical ISR stress-inducing agents mentioned above, FKBP-PKR allows
a precise, stress-free activation of a “pure” ISR. We chose to engineer PKR for several
reasons; First, PKR is a cytosolic soluble protein (reviewed in William, 1999). Second,
the structural composition of PKR is well characterized (Sadler & Williams, 2007).
Third, PKR’s mechanism of activation by dimerization is well described in the literature

(Dey et al, 2005; Dar et al, 2005; Lemaire et al, 2015).
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To this end, we replaced the dsRNA sensor domain of PKR with a bump-and-
hole mutation (F36V) of the immunophilin FK506-binding protein (FKBP) that allows
its dimerization with small drug-like molecule (homodimerizer, the synthetic bivalent
ligand AP20187) (Clackson et al, 1998; Yang et al, 2000) (Fig. 5A), and does not affect
endogenous FKBP (referred henceforth as FKBP-PKR). We FLAG-epitope tagged
FKBP-PKR and introduced it into a retroviral expression vector that simultaneously
expresses GFP from an internal ribosomal entry site (IRES) (Fig. S5A). To eliminate
any contribution to the signaling of the endogenous PKR, we introduced this vector in
the H4 PKR knockdown stable cell line we generated by genetically silencing
endogenous PKR by CRISPR interference (CRISPRIi) with a very high (> 99%)
efficiency in H4 cells (Fig. S5B). These H4 cells stably express a catalytically-dead
Cas9 nuclease (dCas9) fused to a trans-repressor domain. Co-expression of short
guide RNAs targeting PKR’s gene promoters allowed us to efficiently inhibit its gene
expression. CRISPRI is a well-established technology (Gilbert et al, 2013) that allows
transcriptional silencing which without the aforementioned problems associated with

RNAI or true knockouts.

We selected a sub-clonal population of FKBP-PKR cells based on GFP levels
using fluorescence activated cell-sorting (FACS) and we analyzed the ISR signaling
of FKBP-PKR cells treated with the homodimerizer. Autophosphorylation of FKBP-
PKR and the consequent phosphorylation of elF2a occurred by 5 minutes after
treatment and exponentially increased during 60 minutes of stimulation (Fig. 5B). In

line with this observation, global translation, measured by the ability of cells to
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incorporate puromycin into nascent polypeptides, was almost completely arrested

after 60 minutes of FKBP-PKR activation (Fig. 5C).

Time-course analysis of cells treated with the homodimerizer for 24 hours
demonstrated induction of canonical ISR molecular changes, including induction of

ATF4, GADD34 and CHOP (Fig. 5D).
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Figure 5. FKBP-PKR activates the canonical ISR signaling pathway. (A)
Schematic representation of the pharmacogenetic approach for PKR activation using
a synthetic dimerizer ligand. (B) Western blots showing forced-dimerization of PKR
results in phosphorylation of elF2a. Right panel: quantification of the extent of elF2a
phosphorylation (mean and SEM, N = 3). (C) Western blot showing forced-
dimerization of PKR results in global protein synthesis shutdown as assessed by
abundance of puromycilated peptides. (D) Western blots showing forced-dimerization
of PKR results in induction of canonical ISR target genes. [3-actin, GAPDH: loading

controls. The right panels show the quantification of the data (mean and SEM, N = 3).
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Figure S5. Generation of a stable cell line expressing FKBP-PKR. (A) Schematic
representation of FLAG-tagged FKBP-PKR construct. The CMV promoter regulates
FKBP-PKR and GFP expression. (B) Western blot showing endogenous PKR
depletion using CRISPRI. GAPDH, loading control.
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A common ISR driven cell-fate control mechanism
1. Stress-free activation of the ISR induces DR5 and apoptosis

Treatment of cells bearing FKBP-PKR with the homodimerizer led to a greater
than 4-fold induction of the DR5 mRNA, with levels that peaked at 8 hours after adding
the small molecule ligand (Fig. 6A). The rise in DR5 mRNA levels was mirrored by a
time-dependent accumulation of DR5 (approximate 2-fold induction at 16 hours for
DR5L) protein after the addition of the homodimerizer (Figs. 6B, C). Expectedly, these
changes in DR5 were accompanied by the processing of procaspase-8 and cleavage
of PARP1 upon activation of FKBP-PKR with the homodimerizer (Figs. 6D, E).
Alongside our results showing overexpression of phosphomimetics elF2aS%P drives
DR5 accumulation (Fig 4 F-H), these results with homodimerizer-driven FKBP-PKR
activation indicate that DR5 can be induced in a stress-input agnostic manner to

initiate apoptosis downstream of the ISR.
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Figure 6. Stress-free activation of the ISR induces DR5 and caspase-8 cleavage.
(A) gRT-PCR analysis of DR5 mRNA levels after activation of FKBP-PKR in H4 cells
(mean and SEM, N =7, ***P < (0.0001, **P < 0.001, **P < 0.01, *P < 0.05 unpaired
Student’s t-test, non-parametric). (B) Western blot showing upregulation of DR5
isoforms after activation of FKBP-PKR. GAPDH: loading control. (C) Densitometry
guantification of the long DR5 isoform (mean and SEM, N = 5, *P < 0.01, *P < 0.05,
ns= not significant, unpaired Student’s t-test, non-parametric) (D) Western blot
showing caspase-8 and PARP1 cleavage after FKBP-PKR activation. GAPDH:
loading control. (E) Densitometry quantification of PARP1 cleavage upon FKBP-PKR

activation at the indicated time points (mean and SEM, N=3).
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2. Apoptosis downstream of the ISR requires DR5

To test the dependence of the ISR cell death program on DR5, we knocked
down DR5 using CRISPRI in H4 cells in cells bearing FKBP-PKR (Fig. S7A) and
monitored the induction of apoptosis upon treatment with the homodimerizer.
CRISPRi-mediated depletion of DR5 resulted in a significant reduction in the activation
of caspase-8 and caspase-3 (Fig. 7A), substantiating the notion that DR5 is a primary

determinant of ISR-induced apoptosis.

Apoptosis is controlled by extrinsic (death receptor-dependent) and intrinsic
(mitochondria-dependent) interconnected signaling pathways that converge on the
activation of executioner caspases. The pro-apoptotic protein BID, cleaved by
caspase-8, bridges the extrinsic and intrinsic pathways (Fulda & Debatin, 2006). The
active, truncated form of BID, tBID, promotes mitochondrial membrane
permeabilization and cytochrome c release, triggering apoptosome formation and
caspase-9 activation (Korsmeyer et al, 2000). Thus, we reasoned that a stress-free
ISR induced by activation of FKBP-PKR enlists the intrinsic apoptosis pathway
downstream of caspase-8. To test whether the ISR engages intrinsic apoptosis
signals, we stably overexpressed the pro-survival protein BCL-XL, which inhibits
mitochondrial membrane permeabilization (Billen et al, 2008) in cells bearing FKBP-
PKR treated with the small molecule ligand. These experiments indicated that forced
expression of BCL-XL forestalled cell death elicited by activation of FKBP-PKR as
measured by PI staining (Fig. 7B). Expectedly, and attesting to ISR involvement,
treatment of cells in which we activated FKBP-PKR with ISRIB restored cell viability
almost completely, as did treatment with the pan-caspase inhibitor Z-VAD-FMK
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(approximately 28% cell death down to 12% Fig. 7C compare columns 1 to columns
3 and 4, respectively), corroborating ISR and caspase involvement (Fig. 7C). Notably,
the genetic depletion of DR5 fully restored cell viability in cells in which we activated
FKBP-PKR to levels that mirrored those of the untreated controls (approximately 28%
cell death down to 8% Fig. 7C compare columns 1 and 6), indicating that the “pure-
ISR” driven cell-death is solely DR5 dependent. Moreover, the depletion of DR5 alone
had no effects on cell viability (Fig. 7C compare columns 1 and 5), and knockdown of
DR5 strongly restored cell viability in H4 cells treated with pharmacological ISR
inducers (Figs. 7D, S7C), further substantiating the notion that DR5 is required to

induce apoptosis in the terminal ISR.
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Figure 7. Cell-autonomous apoptosis downstream of the ISR requires DR5 and
caspase activity. (A) Western blot showing a lack of caspase-8 and caspase-3
activation upon DR5 knockdown in H4 cells in which we activated FKBP-PKR. (B)
Flow cytometry quantification of cell death after propidium iodide staining of H4 cells
in which we activated FKBP-PKR and overexpressing BCL-XL (mean and SEM, N =
3, *P < 0.05, unpaired Student’s t-test, non-parametric). (C) Flow cytometry
guantification of cell death after propidium iodide staining in H4 cells treated with the
ISR inhibitor ISRIB, the pan-caspase inhibitor Z-VAD-FMK, and upon genetic
depletion of DR5 by CRISPRi (mean and SEM, N = 3, **P < 0.001, *P < 0.05, ns=
not significant, unpaired Student’s t-test, non-parametric). (D) Flow cytometry
guantification of cell death after propidium iodide staining in H4 DR5 CRISPRI cells

treated with ISR pharmacological activators (mean and SEM, N = 3, ***pP < 0.0001
One-way ANOVA).
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Figure S7. Generation of DR5-deficient cell lines (A) Western blot showing the
extent of CRISPRi-mediated knock-down of DR5 in H4 FKBP-PKR cells. GAPDH,;
loading control. (B) Densitometry quantification of the DR5 short and long isoforms
upon genetic depletion by CRISPRi (mean and SEM, N = 3, ***pP < (0.0001, unpaired
Student’s t-test, non-parametric). (C) Quantitative real-time PCR analysis showing the

levels of DR5 in H4 cells (mean and SEM, N = 3, *P < 0.001, unpaired Student’s t-

test, non-parametric).
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3. Activation of DR5 downstream of the ISR is intracellular and ligand-

independent

It is known that tumor necrosis factor (TNF)-related apoptosis inducing ligand
(TRAIL) binds DR5 in the plasma membrane inducing its assembling into higher-order
oligomers and the subsequent apoptotic cascade. However, it was previously shown
that during persistent ER stress—which activates the PERK branch of the ISR—DR5
activates intracellularly in a ligand-independent fashion (Lu et al, 2014; Lam et al,
2020). Based on this observation, we wondered whether DR5 accumulates
intracellularly and signals similarly, independent of its ligand TRAIL, upon induction of
a stress-free ISR. To answer this question, we first measured the levels of TRAIL
MRNA by gRT-PCR and found that TRAIL mRNA levels rise in cells bearing FKBP-
PKR in response to treatment with the -homodimerizer. Still, its upregulation subsides
in a time-dependent manner (Fig. 8A, note that the gRT-PCR cycle threshold value
(Ct) first decreases at 4 hours after FKBP-PKR activation and increases as time
advances, indicating a rise and decay of the TRAIL mRNA levels). These results
suggest that TRAIL might be secreted from cells in which we activate the ISR, albeit

at modest levels.

Next, we investigated whether any secreted TRAIL could engage DR5 at the
plasma membrane to signal apoptosis in an autocrine or paracrine fashion. To this
end, we exposed cells in which we activated FKBP-PKR with the homodimerizer to a
DR5-neutralizing Fc antibody fragment (FCDRS5). Treatment with FcDR5 did not
prevent the activation of caspases-3 and -8, or cleavage of PARP1 (Figs. 8B, C), nor
did it block cell death (Fig. 8D) in response to FKBP-PKR activation, indicating that
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plasma membrane DRS5 is not required for transducing death signals upon activation

of a terminal ISR.

Finally, we examined the subcellular localization of DR5 upon induction of a
stress-free ISR by activation of FKBP-PKR. Treatment of cells bearing FKBP-PKR
with the homodimerizer led to an accumulation of DR5 in the cis-Golgi apparatus, as
evidenced by co-staining with the cis-Golgi apparatus marker GM130 in
immunofluorescence analyses (Fig. 8E). Strikingly, the intracellular localization of
DR5 to the cis-Golgi apparatus elicited by a stress-free activation of the ISR was
indistinguishable from that produced by ER stress-inducing agents (Fig. 8E) and (Lu
et al, 2014; Lam et al, 2020), indicating that intracellular retention of DR5 in the cis-
Golgi apparatus is a common feature of the terminal ISR. Together, these results
substantiate that the terminal ISR engages a common, unconventional, cell-

autonomous apoptosis mechanism that relies on intracellular DR5 activation.
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Figure 8. Stress-free activation of the ISR leads to intracellular ligand-
independent activation of DR5. (A) Quantitative real-time PCR analysis showing the
levels of TRAIL mMRNA after activation of FKBP-PKR. (B) Western blot showing that
blocking plasma membrane DR5 with FCDR5 does not impede the activation of
caspase-3, caspase-8 and PARP1 cleavage in H4 cells in which we activated FKBP-
PKR. (C) Densitometry quantification of PARP1 cleavage upon activation of FKBP-
PKR and co-treatment with FcDR5 (mean and SEM, N = 3, ns = not significant,
unpaired Student’s t-test, non-parametric). (D) Flow cytometry quantification of cell
death after propidium iodide staining of H4 cells treated with FCDR5 or thapsigargin
(Tg, positive control). (E) Representative immunofluorescence images showing that
DR5 co-localizes with the cis-Golgi apparatus marker GM130 upon induction of the
ISR with natural stress inputs or in stress-free conditions after. activation of FKBP-
PKR. Right panel: quantification of extent of localization of DR5 in the cis-Golgi
apparatus in immunofluorescence analyses. (mean and SEM, N = 3, n>1000, **P <

0.001, *P < 0.05, unpaired Student’s t-test, non-parametric).
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DISCUSSION

The ISR and the UPR share a common mechanism for cell fate control

Using orthogonal approaches, in this chapter, our findings demonstrate that the
terminal ISR initiates a cell-autonomous apoptosis mechanism that relies on
intracellular activation of DR5 and engagement of the extrinsic and intrinsic apoptosis
pathways. Activation of this cell-autonomous apoptosis mechanism depends solely on
elF2a phosphorylation, and therefore is common to all branches of the ISR, including
by synthetically engineered activation of sensors. We base this conclusion on multiple
lines of evidence. First, natural, lethal ISR stress inputs upregulate DR5 mRNA and
protein (Figs. 4A, B), and actuate apoptosis downstream of DR5 (Fig. 4B), as does
the stress-free activation of the ISR using a synthetic biology tool (Figs. 6A-E).
Second, the ISR inhibitor ISRIB reverses the upregulation of DR5 and subsequent cell
death triggered by the ISR (Figs. 4C, 3C), indicating that cell death signals pass
through phosphorylation of elF2a. Third, cells lacking DR5 are less susceptible to cell
death triggered by classical ISR inducers (Fig. 7D) as well as by a stress-free ISR
(Fig. 7C). Fourth, DR5 accumulates in the cis-Golgi apparatus in response to classical
ISR inducers and upon stress-free induction of the ISR (Fig. 8E) and blocking plasma-
membrane DR5 with a neutralizing antibody had no effect on cell viability (Figs. 8B,

8C), indicating intracellular DR5 activation during the terminal ISR.

For continued organismal health, the ISR must accurately interpret information
about stress states and actuate accordingly to control homeostatic or terminal outputs.
On the one hand, tailored homeostatic outcomes are likely executed through ISR
kinase signal codes, which could result from additional ISR kinase substrates and
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interactors and from accessibility to different pools of elF2a. On the other hand,
considering all ISR sensor kinases pass signals through a core relay, elF2a, the
terminal ISR is likely to employ an off-the-shelf mechanism downstream of elF2a that
funnels information about an irreparable critical state to a common executor, DR5. Our
data support this notion, indicating that the terminal ISR operates through a pro-
apoptotic relay consisting of phospho-elF2a—>CHOP->DR5 (Yamaguchi & Wang,

2004; Lu et al, 2014; Castelli et al, 1998; Besch et al, 2009; Siddiqui et al, 2015).

It is noteworthy that during ER stress, intracellular DR5 has been postulated to
be activated by unfolded protein ligands (Lam et al, 2020). While we cannot formally
exclude the possibility that our synthetic ISR activation approach induces some mild
accumulation of unfolded proteins that can serve as DR5 activating ligands, it is
unlikely it does so to a level that is comparable to that elicited by classic ER poisons
(e.g., thapsigargin or the N-linked glycosylation inhibitor tunicamycin) or forced-
expression of a single ER folding-mutant protein, such as myelin protein zero (Lam et
al, 2020). Nevertheless, considering that some misfolded proteins bind DRS5, it
remains plausible that a sustained ISR may induce the accumulation of a single or a
subset of select ER client protein(s) that may engage DR5 leading to its activation.
Future -omics studies (coupled RNAseq and proteomics) in cells in which we activate
the ISR synthetically may shed light on the mechanism of activation of DR5 during the
terminal ISR. It is intriguing that the terminal ISR engages a cell surface death receptor
unconventionally. Because plasma membrane DR5 is not required for the terminal

ISR, and the bulk of the protein is confined to the secretory apparatus, additional
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mechanisms may hold DR5 inside the cell. This is an intriguing possibility that remains

to be investigated.

Our results also indicate a potential node for therapeutic intervention in the ISR.
A dysregulated ISR has been observed in numerous neurocognitive disorders (Bando
et al, 2005; Zhu et al, 2019; Bond et al, 2020; Krukowski et al, 2020; Halliday et al,
2015). Therefore, a terminal ISR may lead to neural cell loss. Antisense
oligonucleotides, which have shown efficacy in neurodegenerative diseases including
Duchenne’s muscular dystrophy, spinal muscular atrophy, and hereditary
transthyretin-mediated amyloidosis (Nguyen & Yokota, 2019; Relizani & Goyenvalle,
2018; Chen, 2019; Wood et al, 2017; Gales, 2019), could be deployed to target DR5
and prevent neural cell loss. Regardless of potential therapeutic applications,
identifying a common mechanism controlling cell death during prolonged ISR signaling
advances our understanding of how the ISR operates to maintain the health of tissues:

customized homeostatic solutions or a one-size-fits-all terminal response.
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CHAPTER 3

Cross-connectivity between the ISR and the UPR revealed through a chemical

genetics approach

To investigate the gene expression program selectively activated by stress-free
ISR, we took an unbiased approach and performed RNA sequencing (RNA-seq) in
cells in which we activated the ISR by ligand-induced dimerization of the synthetic
sensor. In this chapter, we show that, surprisingly, ISR signaling activates the ER
stress sensor IRE1 in the absence of ER stress. While it is well established that the
PERK branch of the UPR initiates the ISR, this finding suggests a novel mechanism
of ISR activation of a specific branch of the UPR, possibly to buffer DR5 activation

and the initiation of cell death pathways.

Synthetic activation of a pure ISR regulates the UPR

To learn more about the gene expression program selectively induced by a
stress-free ISR, we collected time-resolved gene expression profiles by RNA-seq in
cells in which we activated FKBP-PKR for 4, 12 and 18 hrs (Fig. 9). As expected,
FKBP-PKR activation induced gene expression programs that are associated with the
ISR, such as apoptosis and inflammation (Tian et al, 2021; Reverendo et al 2019;
Kang & Tang, 2012) which are the outcome of sustained ISR signaling during

continuous stress (Fig.9).
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To our surprise, we also found a time-dependent enrichment of UPR gene
expression signatures after FKBP-PKR activation (Fig.9), indicating that sustained

FKBP-PKR activity induces the UPR.
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Figure 9. KEGG pathway enrichment analysis of cells in which we activated
FKBP-PKR. Pathway enrichment of differentially expressed genes in cells in which
FKBP-PKR was activated for 4, 12 and 18 hours. The X-axis indicates the normalized
enrichment score (NES) for each of the pathway. The bubble size indicates the
number of genes. The color bar indicates the normalized p-value. Data obtained from

three biological replicates.
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The ISR selectively activates IRE1

Since the activation of FKBP-PKR induced a UPR gene signature, we next
decided to examine the involvement of each UPR sensor upon stress-free ISR
induction. Besides the expected common ISR/UPR gene expression signature (e.g.,
those gene expression programs controlled by ATF4 and CHOP), we also found that
known genes that are regulated by the IRE1 and ATF6 were upregulated, such as
XBP1, DNAJB9 and BiP (Fig. 10A). Moreover, we found that the levels of manually
curated IRE1 RIDD targets (obtained from our previous RNA-Seq datasets; Acosta-
Alvear et al, 2018) decreased in response to FKBP-PKR activation, suggesting a

direct engagement of IRE1 (Fig.10B).

Consistent with the RNA-seq data, we found that in response to homodimerizer
induced activation of FKBP-PKR, IRE1 phosphorylation levels increase starting at 4
hours and the consequent robust splicing of the XBP1 mRNA is observed by 16 hours
(Figs. 10C, F). In line with these results, XBP1s target genes BiP and DNAJB9 were
also upregulated (Figs. 10G, H), and known IRE1 RIDD target mRNAs encoding
BLOCSC1, SCARAS3, and Col6Al1 were downregulated (Fig. 101). Co-treatment with
the IRE1 RNase inhibitor 4u8C suppressed the RIDD of these mRNAs (Fig.10l),

confirming that FKBP-PKR activates IREL.

As mentioned in the previous chapter, the DR5 mRNA is a RIDD target (Lu et
al, 2014). Thus, we next tested whether activation of FKBP-PKR leads to DR5 mRNA
RIDD. As observed previously, homodimerizer-induced oligomerization of FKBP-PKR

induces DR5 mRNA. In the presence of 4u8C, we found a further, modest increase in
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DR5 mRNA levels in cells in which we activated FKBP-PKR (Fig.10J), suggesting a

modest contribution of RIDD in the conditions tested.

Previous findings suggest that IRE1 and PERK use a similar mechanism to
sense ER stress through their respective, and functionally interchangeable, lumenal
sensor domains (Adams et al, 2019; Bertolotti et al, 2000). Therefore, we reasoned
that if FKBP-PKR activates IRE1, it could also activate PERK. In contrast to Tg
treatment, FKBP-PKR activation for 72 hrs did not trigger PERK activation analyzed
by Western blot (Fig.10K), suggesting that if PERK is active in these conditions, its

levels are below the limit of immunodetection.

Next, we sought to investigate whether ATF6 is activated by FKBP-PKR. Since
BiP, an ER lumenal chaperone, is regulated by both XBP1 and ATF6 during ER stress
(Yamamoto et al, 2016; Hirota et al, 2006; Hillary and FitzGerald, 2018), we used BIiP
MRNA upregulation as a proxy to analyze the ATF6 activation. FKBP-PKR activation
led to BiP mRNA upregulation (Fig. 10L), consistent with the possible involvement of
ATF6. To test if the upregulation of BiP upon activation of FKBP-PKR resulted from
ATF6 activity, we compared the BiP expression levels in cells in which we activated
FKBP-PKR treated with ATF6 inhibitor ceapin (Gallagher & Walter, 2016). We found
that ceapin did not block BiP mRNA upregulation (Fig. 10L), although it did reduce BiP
MRNA accumulation triggered by the ER stress inducer tunicamycin (Fig. 10L).
Furthermore, genetic depletion of ATF6 by CRISPRI in cells in which we activated
FKBP-PKR had no effect on BiP mRNA induction and upregulation (Fig.10L). In line
with these observations, our RNA-seq data set did not show significant changes in
gene expression levels of known ATF6 targets (Fig.10M), including the well-known
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ATF6 canonical target, GRP94/HSP90B1 (Fig. 10N). Taken together, these findings

suggest that a stress-free ISR selectively activates the IRE1 branch of the UPR.

45



A 4 4 ——DMAJED B RIDD tagets N
¢ 3 —ep o 0SS OFe,
g U RS AL 58, OO
52 - #fﬁ«‘%ﬁﬂ?ﬁcﬁ% VRS
= T . 12
En— g_'%EaZH.E..| """ ]
2410 12 18 R
-2 - EKEP-PKR sctivation (hrs) Less2 0 2more
color key
C D E F
FKBP-PKR FKBP-PKR
activation (hr) " activation (hr) 32
\oa 0 4 81624 Ezl 0 4 81624 &
“Eesedere = XBP1 LY
FomemREr 2 5
(=8 =
o.oLlL1L 0
Time (hr)
H | J
DNAJBS 40 110D targets
w
8 . w25 =DMSO ()]
& &1 220 -4u8C 5
o @ 2 =
5 54 515 O
o) o 210 =
[=] 5L o E
T Ly Lps . )
16 T4 31{5:‘2-; ﬂ.téc Dimerizer - +
Time (hr) ime (hr
\OECH
oo BIP
K L 5™
=l 7 g -
FKBP-PKR E i @bl a ATFE
activation (hr) o ' ?g o2
* [T T
kDa 0 4 8 16244872Tm o §3 S 08
10 mmmmme=="|PERK £| /i 22 S.
sfmmme————]R-actin [ | Dzl T 317 7 7 2
E ! “1?%'15 c ek 0.0 .
o aTfkp T Tttty ATFEKRD
M N
ATF& target genes GRP-94
N m " "
a° o~ .é?“u &
sl Dodsie
§ 4 SOOTITTELSIR 3
g (V- g "
ﬂ.uﬁ 4 L 1T 11 ~
i1 ] il:]
Dimerizer - +
Less;'u §hhm
key

46



Figure 10. Stress-free ISR activates IRE1 but no ATF6 and PERK. (A) Expression
levels of select genes obtained from RNA-seq data in cells in which we activated
FKBP-PKR. (B) Heatmap of RNA-seq expression data showing the RIDD target
genes. (C) Western blot showing upregulation of p-IRE1 in H4-FKBP-PKR cells. (D)
Densitometry quantification of the Western blot data for p-IRE1 (N=4). (E) Semi-
guantitative PCR using primers that amplify both XBP1u and XBP1s from cDNA,
separated on 3% agarose. (F) Densitometry quantification of the semi-quantitative
PCR data for XBP1u and XBP1 (N=3). (G-H) gRT-PCR analysis of BiP and DNAJB9
MRNA levels in FKBP-PKR cells treated with homodimerizer for the indicated time
(mean and SEM, N = 5). (I) qRT-PCR analysis of RIDD targets BLOSC1, SCARA3
and Col6A1 mRNA levels in FKBP-PKR cells treated with homodimerizer. The graph
shows the IRE1 RNase inhibitor 4u8C recovers the levels of these mRNAs (mean and
SEM, N = 5). (J) qRT-PCR analysis of DR5 mRNA levels in FKBP-PKR cells treated
with homodimerizer in the presence of 4u8C (mean and SEM, N = 6). (K) Western
blot showing no activation of PERK after activation of FKBP-PKR. GAPDH: actin. (L)
Left: qRT-PCR analysis of BiP mRNA levels in wild-type or ATF6-KD FKBP-PKR cells
treated with homodimerizer, ceapins and/or Tm. Right: gqRT-PCR analysis showing
the levels of ATF6 in FKBP-PKR cells. (M) Heatmap of subset of selected ATF6 target
genes. (N) gRT-PCR analysis showing the levels of ATF6 target GRP-94 in FKBP-
PKR cells.
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Selective activation of IRE1 by the ISR requires elF2a phosphorylation

Because the four ISR kinases converge on elF2a, we reasoned that IRE1
activation by the ISR could require elF2 phosphorylation. To test this hypothesis, we
co-treated cells with the homodimerizer and ISRIB, and monitored IRE1 activity. ISRIB
treatment significantly reduced XBP1 mRNA splicing following FKBP-PKR activation
(Fig. 11A), it blocked the upregulation of the XBP1s target genes DNAJB9 and BiP,

and it restored the levels of BLOSC1S1 (Figs. 11B-D).

To discard the possibility that the aforementioned effects were amplified by
PKR-specific activities, we used the H4 neuroglioma cell line overexpressing the
phosphomimetic elF2aS°1P mutant described in chapter 2. In these conditions, we still
observed IRE1 phosphorylation, which was accompanied by induction of XBP1 mRNA
splicing, the upregulation of XBP1s targets BiP and DNAJB9, and reduction in the

MRNA levels of BLOS1, SCARAS3, and Col6Al (Figs. 11E-J).

In a parallel approach, we treated human embryo kidney (HEK293) cells with
oligomycin to activate HRI and induce the ISR (Guo et al, 2020). In line with our
previous observations, oligomycin treatment induced XBP1 mRNA splicing, which
was abrogated by co-treatment with ISRIB or 4u8C (Fig.11K). Taken together, these
results indicate that IRE1 activation is part of a common ISR signaling relay

downstream of elF2a phosphorylation.
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Figure 11. IRE1 activation is downstream elF2a phosphorylation. (A) Semi-
guantitative PCR using primers that amplify both XBP1u and XBP1ls from cDNA
extracted from FKBP-PKR cells treated with the ISR inhibitor ISRIB, separated on 3%
agarose. (B-D) gRT-PCR analysis of DNAJB9, BiP and BLOSC1 mRNA levels in
activated FKBP-PKR cells treated with ISRIB (mean and SEM, N = 3). (E) Top:
Western blot showing upregulation of p-IRE1 in H4 cells expressing FLAG epitope-
tagged elF2aS%'P and treated with doxycycline for the indicated time. Bottom: Semi-
guantitative PCR using primers that amplify both XBP1u and XBP1s, separated on
3% agarose. (F) Densitometry quantification of the Western blot data for p-IRE1 (N=3).
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(G) Densitometry quantification of the semi-quantitative PCR data for XBP1u and
XBP1 (N=3). (H-1) gRT-PCR analysis of BiP and DNAJB9 mRNA levels in in H4 cells
expressing FLAG epitope-tagged elF205°1P cells treated with doxycycline for the
indicated time (mean and SEM, N = 3). (J) qRT-PCR analysis of RIDD targets
BLOSC1, SCARA3 and Col6A1 mRNA levels in H4 cells expressing FLAG epitope-
tagged elF2aS51P treated with doxycycline (mean and SEM, N = 3). (K) Left panel:
Semi-quantitative PCR using primers that amplify both XBP1u and XBP1s from cDNA
extracted from HEK293 cells treated with the oligomycin, ISRIB and/or 4u8C,
separated on 3% agarose. Right panel: Densitometry quantification of the semi-
guantitative PCR data for XBP1u and XBP1 (N=4).
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The ISR activates IRE1 independently of protein folding- or lipid bilayer-stress

Besides detecting protein folding perturbation in the ER lumen, IREL1 is also
able to sense lipid bilayer-stress in the ER membrane. While the lumenal domain is in
charge of sensing the unfolded proteins (Gardner & Walter, 2011; Karag6z et al,
2017), lipid bilayer-stress requires IRE1’s transmembrane amphipathic helical domain
(Halbleib et. al, 2017). Since our approach to induce a stress-free ISR does not
activate the canonical UPR (Fig. 10), we hypothesized that the selective activation of
IRE1 could be triggered by selective unfolded proteins or lipid-stress inputs. On one
hand, to test whether ISR-driven IRE1 activation is driven by unfolded proteins, we
generated an IRE1 mutant lacking its N-terminal ER lumenal domain (IRE1ALD)
expressed under the control of a tetracycline-inducible promoter. We then introduced
IREL1ALD into U20S-IRE1 knockout cells expressing FKBP-PKR and analyzed
IRE1ALD’s signaling ability. Surprisingly, activation of FKBP-PKR triggered IRE1ALD
activation and downstream signaling, as evidenced by induction of XBP1 mRNA
splicing and the downregulation of RIDD targets (Fig. 12A). On the other hand, to test
whether stress-free ISR-driven IRE1 activation is triggered by lipid bilayer stress, we
introduced a point mutation in the transmembrane domain of the IRE1ALD
(IRE1ALDW457A) that blunts IRE1 sensitivity to lipid saturation (Halbleib et al, 2017; Ho
et al, 2020). Remarkably, IRELIALDW457A, which is double-deficient in its stress sensing
capabilities, was still able to activate canonical IRE1 downstream signals, including

XBP1 mRNA splicing and RIDD (Fig. 12B).

Next, we sought to investigate whether IRELIALDW457A is able to signal upon
thapsigargin treatment. Expectedly, activation of the UPR triggered IRE1ALDWA457A
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activation, as evidenced by the IRE1 phosphorylation and downstream induction of
XBP1 splicing (Fig. 12C), indicating that PERK, upon Tg treatment, activates the ISR,
followed by the phosphorylation of elF2a and subsequent activation of IREL.
Together, these results indicate that neither IRE1’s ER lumenal domain nor its lipid
sensor transmembrane domain are required for transducing IRE1 signals upon ISR

induction, suggesting that IRE1 activation might be driven by the cytosolic domains.
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Figure 12. Protein folding- or lipid bilayer-stress do not cause ISR-dependent
IRE1 activation. (A) Left panel: Semi-quantitative PCR using primers that amplify
both XBP1u and XBP1ls from cDNA extracted from U20S-IRE1 knockout cells
expressing IRE1IALD and FKBP-PKR treated with doxycycline and homodimerizer, or
thapsigargin (Tg, positive control), separated on 3% agarose. Right panel: qRT-PCR
analysis of RIDD targets BLOSC1, SCARA3 and Col6A1 mRNA levels in U20S-IRE1
knockout cells expressing IRE1IALD and FKBP-PKR treated with doxycycline and
homodimerizer (mean and SEM, N = 3). (B) Left panel: Semi-quantitative PCR using
primers that amplify both XBP1u and XBP1s from cDNA extracted from U20S-IRE1
knockout cells expressing IRE1IALDW45"4 and FKBP-PKR treated with doxycycline and
homodimerizer, separated on 3% agarose. Right panel: qRT-PCR analysis of RIDD
targets BLOSC1, SCARA3 and Col6A1l mRNA levels in U20S-IRE1 knockout cells
expressing IREIALDW#7A and FKBP-PKR treated with doxycycline and
homodimerizer (mean and SEM, N = 3). (C) Top: Western blot showing upregulation
of p-IRE1 in U20S-IRE1 knockout cells expressing IRELALDW47A and FKBP-PKR
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treated with doxycycline and homodimerizer for the indicated time. Bottom: Semi-
guantitative PCR using primers that amplify both XBP1u and XBP1s, separated on

3% agarose.
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ISR-driven IRE1 activation is not regulated by stress-responsive transcription

factors

ISR activation first results in a repression of translation initiation due to
phosphorylation of elF2a, followed by the activation of ATF4 and CHOP transcription
factors. To test if IRE1 activation depends on a factor regulated by the transcriptional
re-programming of the ISR, we tested if IRE1 can be activated after knockdown of

ATF4.

ATF4 is considered a main ISR transcription factor, thus we first used CRISPRI
to constitutively silence ATF4 in cells expressing FKBP-PKR. This experiment yielded
a near-complete abrogation of ATF4 accumulation upon ISR induction (Fig. 13A). In
these conditions, we still detected IRE1 signaling as evidenced by XBP1 mRNA
splicing (Fig. 13A). We next used RNAI to acutely deplete ATF4 as well as additional
transcription factors that are known to be associated with the ISR, including ATF3,
ATF5, and CHOP (Pakos-Zebrucka et al, 2016; Costa-Matiolli & Walter, 2020), and
analyzed IREL1 signaling upon activation of FKBP-PKR. Neither the genetic depletion
of ATF3, ATF4, and ATF5, alone or in combination, nor CHOP RNAI blunted the ability
of FKBP-PKR to induce IRE1 signaling (Fig. 13B), suggesting that IRE1 signaling is

not transcriptionally regulated by these ISR effectors.
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Figure 13. IRE1 is not activated by transcriptional reprogramming. (A) Left
pannel: Semi-quantitative PCR using primers that amplify both XBP1u and XBP1s
from cDNA extracted from H4-ATF4 knockdown cells in which we activated FKBP-
PKR for the indicated times, separated on 3% agarose. Right panel: Quantitative real-
time PCR analysis showing the levels of DR5 in H4 cells (mean and SEM, N = 3). (B)
Semi-quantitative PCR using primers that amplify both XBP1u and XBP1s from cDNA
extracted from H4-ATF3, ATF4, ATF5 and CHOP knockdown cells in which we
activated FKBP-PKR for the indicated times, separated on 3% agarose.
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DISCUSSION
The ISR and the UPR are interconnected

Our data identifies that the ISR activates the UPR sensor IREL1 in the absence
of ER stress, establishing a novel channel of communication between these two stress
responses. Thus, our findings connect the ISR and the UPR outside their shared node,
the sensor kinase PERK. This conclusion is based on multiple lines of evidence. First,
we examine the gene expression program selectively induced by a stress-free ISR
and show an enrichment of UPR gene expression signatures overtime (Fig. 9).
Second, the activation of FKBP-PKR activates IRE1 (Fig. 10C, D), which leads to the
splicing of the XBP1 mRNA and upregulation of its downstream targets, and reduction
in the mRNA levels of RIDD targets (Figs. 10E-I). Third, FKBP-PKR activation does
not trigger the activation of the other two UPR nodes, PERK and ATF6 (Figs. 10K-N).
Fourth, the ISR inhibitor ISRIB reverses the activation of IRE1, indicating that the

signal passes through phosphorylation of elF2a (Fig. 11).

ER stress induced by thapsigargin or tunicamycin typically engages all three
branches of the UPR: IRE1, PERK, and ATF6. Here we find, that upon stress-free
activation of ISR, IRE1 is active, while ATF6 and PERK are not active, suggesting
selective activation of the IRE1 branch. Furthermore, we find that IRE1 activation does
not require its lumenal domain and is not sensitive to mutations in its transmembrane
domain (Fig. 12 A, B). These two domains are respectfully required for detection of
unfolded proteins and lipid bilayer stress. Moreover, we observe that thapsigargin
treatment in IRELALDW457A cells activates the IRE1 branch (Fig 12 C), indicating the

role of PERK in activating IRE1 downstream the ISR. These observations substantiate
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the notion that the activation of IRE1 is a universal ISR mechanism. Together, these
findings suggest that IRE1 activation by the ISR is driven from the cytosolic side. In
principle, anything that stabilizes IRE1 oligomerization is capable of activating IRE1,
however, the trigger in response to the ISR remains unclear.

A number of studies have identified proteins that interact with IRE1’s cytosolic
domain to influence UPR signaling, including posttranslational modifiers such as the
ER-anchored poly-ADP-ribose-polymerase PARP16, and the tyrosine kinase ABL
family member ABL-2 (Jwa &Chang, 2012; Morita et al, 2017). Indeed, FKBP-PKR
activation led to an approximate 2-fold increase in the mRNA level of PARP16 and 6-
fold in the mRNA level of ABL-2 in our RNA-seq. data (data not shown), suggesting
their putative involvement in IRE1 activation. However, our candidate approach
revealed that neither of the ISR transcription factors ATF3,4,5, nor CHOP blunted the
ability of FKBP-PKR to induce IRE1 signaling (Fig. 13). Therefore, further experiments
are required to address the potential role of PARP16 and ABL2 on ISR-driven IRE1
activation. Previous work by Wiseman et al (2010) found that the flavonol quercetin
could activate yeast Irel by binding to the cytosolic kinase domain, so it is also

possible that the presence of a metabolite could also activate IRE1.

In summary, we have found that the ISR mediates IRE1 activation driven by its
cytosolic domain. While the exact trigger remains unclear, it is downstream of elF2a
phosphorylation, but independent of the canonical ISR transcriptional response

dependent on ATF4, CHOP, etc.
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What is the purpose of the selective activation of IRE1 in response to elF2a
phosphorylation (Fig. 11)? On one hand, IRE1 degrades DR5 mRNA upon activation
(Lu et al, 2014 and Fig. 10) and therefore, it is tempting to speculate that IRE1
activation could be cytoprotective not just in the UPR but also in the ISR. On the other
hand, we cannot exclude the possibility that ISR-driven IRE1 activation leads to
TRAF2 mediated apoptosis and inflammatory responses (Nishitoh et al, 2002).
Furthermore, the transcription factor XBP1s targets many genes involved in multiple
cellular functions (Acosta-Alvear et al, 2007). Since transcription programs activated
by XBP1s upon ER stress and lipid dysregulation are different (Koh et al, 2018; Ho et
al, 2020), it is tempting to speculate that the ISR might trigger yet a third XBP1-driven
transcription program. Further experiments will be required to test this hypothesis,
which will depend on identifying ways to prevent ISR driven IRE1 activation.

There are different models that explain how IRE1 gets activated (reviewed in
Adams et al, 2019). Our observations indicating that IRE1 activation is independent
of protein folding- and lipid bilayer-stress suggest that IRE1 activation could occur on

the cytosolic face of the ER membrane.
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CHAPTER 4. Summary and future perspectives

In this work, we (1) define that the four different elF2a kinases share a common
cell-autonomous apoptosis pathway that culminates in the induction of DR5
downstream elF2aq, (2) showcase a synthetic biology approach to activate the ISR in
the absence of stress, allowing us to decouple the stress sensing from downstream
effects, and (3) describe a new layer of interconnectivity between the ISR and UPR.
Our research demonstrates that the ISR engages DR5, an otherwise plasma
membrane-localized cell death receptor, to signal unconventionally, from within the
Golgi apparatus. Surprisingly, stress-free ISR signaling also activated the ER stress
sensor IRE1 in the absence of ER stress, suggesting putative cytosolic activation of

IRE1L.

Together, our results support a model in which a fundamental part of the ISR
is to actuate a common cell death mechanism in charge of eliminating terminally
injured cells which can no longer cope with or adapt to stress, thereby preserving
tissues and organs. Furthermore, the ISR modulates the activation of the UPR through
IRE1, opening new door to a better understanding of the molecular mechanisms

linking the ISR to other cellular processes to regulate homeostasis.

In light of these findings, it will be important to assess how ISR-driven IRE1
activation occurs and its potential roles in maintaining cellular homeostasis. There are
several potential mechanisms by which the ISR may activate IRE1. For example,
sustained ISR signaling could activate a cytosolic protein that stimulates IRE1
function. A candidate approach aimed at dissecting the roles of PARP16 or ABL-2 in

ISR-driven IRE1 activation may reveal a potential mechanism. Since elF2a
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phosphorylation leads to protein synthesis inhibition, it would be interesting to study
whether blocking or reducing translation using pharmacological protein synthesis
inhibitors, such as cycloheximide or puromycin leads to IRE1 activation. If this is the

case, then it is conceivable that IRE1 may moonlight as a sentinel of protein synthesis.

Further studies are also required to determine how DR5 is activated by the ISR.
The bulk of DR5 localizes to the Golgi apparatus upon activation of the ISR, even in
the absence of stress, indicating that the accumulation of DR5 in the Golgi apparatus
is intrinsic to the ISR and not necessarily dependent on stresses that could potentially
alter the secretory pathway. As mentioned earlier, considering that some misfolded
proteins bind DRS5, it remains plausible that a sustained ISR may induce the
accumulation of a single or a subset of select ER client protein(s) that may engage
DR5 leading to its activation. Coupled RNAseq and proteomics in cells in which we
activate the ISR synthetically may shed light on the mechanism of activation of DR5

during the terminal ISR.

Cellular stress responses are fundamental for normal physiology and their
dysregulation has been linked to many common human diseases (Mouton-Liger et al,
2012; Ma et al, 2013; Hoozemans et al, 2007; Zhu et al, 2019). Therefore, a better
understanding of elemental molecular mechanisms governing cellular stress
responses promises to guide the development of new therapeutic interventions for the

betterment of human health.
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CHAPTER 5. Materials and Methods

Plasmid construction, genetic knockdown and generation of stable cell lines

H4 cells expressing the CRISPRi machinery (Gilbert et al, 2014) were a kind gift from
Martin Kampmann (UCSF). DR5, ATF4, and ATF6 and PKR genes were depleted
using CRISPRI as previously described (Gilbert et al, 2014). Briefly, CRISPRI cells
were transduced with VSV-G pseudotyped lentiviruses harboring the three top small
guide RNAs (DRS: 5-GGGCAAGACGCACCAGTCGT-3; 5’-
GAGAGATGGGTCCCCGGGTT-3’; 5-GAAAGTAGATCGGGCATCGT-3’) (ATF4: 5'-
GGACGAAGTCTATAAAGGGC-3'; 5-GCATGGCGTGAGTACCGGGG-3'; 5'-
GGCTGTTGCCCCACGAAACG-3) (ATF6: 5-GTTAATATCTGGGACGGCGG-3’; 5'-
GTATTAATCACGGAGTTCCA-3’; 5-GCCACGAGTGGGCGGAAGTA-3) (PKR: 5'-
GGCCGCCGGCCGGAGACCCG-3;  5-GGCGGCGGCGCAGGTGAGCA-3;  5'-
GGAAGCCGCGGGTCTCCGGC-3’). The sgRNA sequences were obtained from the
human genome-scale CRISPRI library developed by the laboratory of Jonathan

Weissman (MIT, Whitehead Institute).

FKBP-PKR was generated by cloning a PCRP encoding residues 170-551 of PKR of
human origin obtained using oligonucleotides containing a 5’-BamHI site and a 3’
FLAG-epitope coding sequence and Mfel sites into the cognate sites of p1XDmrB-
mCh-LRP6c (kind gift of Peter Walter). The resulting construct, pDAA-006, replaces
the mCh-LRP6¢c coding sequences in plXDmrB-mCh-LRP6c with the
abovementioned PKR coding sequence. The FLAG-epitope tagged FKBP-PKR
coding sequence was excised from pDAA-006 with Xhol and Mfel and subcloned into
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the Xhol and EcoRI sites of pLPCX-IRES-eGFP. pLPCX-IRES-eGFP was generated
by cloning a fusion PCRP consisting of the encephalomyocarditis virus internal
ribosomal entry site (EMCV-IRES) upstream of the eGFP coding sequence flanked by
EcoRI and Notl sites into the cognate sites of pLPCX (Clontech). elF2-alpha S51D
was generated by cloning of a PCRP encoding the elF2-alpha S51D coding sequence
into the pENTREGFP2 (Addgene #2245) to generate pFBKOO0L1. elF2-alpha S51D was
a kind gift from David Ron (University of Cambridge, UK). U20S IRE1a KO cell line
(parental cell line, ATCC) was a kind gift from Peter Walter (UCSF). The plasmid
encoding pGpHUSH IREla ALD GFP was constructed by insertion of a PCRP
encoding GFP tagged human IRE1 deleted of its luminal domain into the lentiviral
vector pGpHUSH.puro (Genentech) (Li et al, 2010). The point mutant of the IRE1a
ALD coding sequence was generated by site-directed mutagenesis of the

corresponding expression construct.

Stable cell lines bearing transgenes were generated by retroviral transduction as
previously described (Sidrauski et al, 2013). Briefly, VSV-G pseudotyped retroviral
particles encoding constructs of choice were prepared using standard protocols using
GP2-293 packaging cells (Clontech). Viral supernatants were collected and used to
infect target cells by centrifugal inoculation (spinoculation). For retroviral infections,
target cells were plated at a density of 2 x 10° cells/well in 6-well plates one day before
transduction in presence of 8 ug/ml polybrene. Pseudoclonal cell populations were
obtained by fluorescence-activated cell sorting using a narrow gate placed over the

mean of the signal distribution as previously described (Zappa et al, 2022).
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Cell culture, transfection, and drug treatments

H4 cells, HEK293 cells, and U20S cells were maintained in in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
penicillin/streptomycin at 37°C, 5% CO2 in a humidified incubator. For data collection,
cells were seeded at a density of 1-2 x 10° cells/well in 6-well plates, 0.7-1.0 x 10°
cells/well in 12-well plates, or 0.5-0.7 x 10° cells/well in 24-well plates and maintained
for a further 24 h before any treatment. Cells were treated with ISR stress inducers
300 nM thapsigargin (Sigma-Aldrich), 3 uM oligomycin (Sigma-Aldrich), 5 mM
histidinol (Sigma-Aldrich), or transfected with 250 nM poly I:C (Tocris), as previously
described (Zappa et al, 2022), 1uM ISRIB (Sigma-Aldrich), 50 yM Z-VAD-FMK
(SelleckChem), or 1 pg/ml FcDR5 (R&D systems) as indicated. FKBP-PKR was
activated with 100 nM of the homodimerization ligand AP20187 (Takara), as
previously described (Zappa et al, 2022). For IRE1a and ATF6 10 uM 4u8c (Sigma-
Aldrich) and 5 pM ceapin (Sigma-Aldrich) were used, respectively.

ATF3, ATF4, ATF5 and CHOP gene silencing was obtained through transfection of
synthetic small interfering RNA (siRNA). Depletion of each gene was performed using
a pool of synthetic small interfering RNAs (ATF3: Dharmacon siGenomeSMART pool,
5-CUGGGUCACUGGUGUUUGATT -3’, 5-GCAAAGUGCCGAAACAAGATT -3 and
5-GGAGGACUCCAGAAGAUGATT -3’ and their reverse complements targeting
gene NM_001030287.4), (ATF4: Dharmacon siGenomeSMART pool; 5'-
GUGAGAAACUGGAUAAGAATT -3’, 5’- GCCUAGGUCUCUUAGAUGATT-3’ and 5'-
CCCUGUUGGGUAUAGAUGATT -3’ and their reverse complements targeting gene

NM_001675.4), (ATFS: Dharmacon siGenomeSMART pool; 5'-
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GAAUCGCGAGCUGAAGGAATT -3, 5’- UGAGCGAGUUGAUUUCACATT-3 and 5'-
CGCGAGAUCCAGUACGUCATT -3’ and their reverse complements targeting gene
NM_001193646.2), (CHOP: Dharmacon siGenomeSMART  pool; 5'-
GGAAGAACUAGGAAACGGA -3’and 5’- CAGUAUCUUGAGUCUAAUATT -3’and 5'-
CUGGGAAACAGCGCAUGAA-3’ and their reverse complements targeting gene
NM_019843) transfected with Lipofectamine 2000 following the manufacturer’s
recommendations. All RNAI experiments were carried out at 96 h after transfection.

recommendations.

Immunoblotting

Cell lysates were obtained by collecting cells directly in Laemmli SDS-PAGE sample
buffer (62.5 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol and 0.01% bromophenol
blue). Lysates were briefly sonicated and supplemented with fresh 5% 2-
mercaptoethanol prior to heat denaturation and separation by SDS-PAGE. Lysates
were separated 8-10% SDS-PAGE gels and transferred onto nitrocellulose
membranes for immunoblotting. Immunoreactive bands were detected by enhanced
chemiluminescence using horse radish peroxidase (HRP)-conjugated secondary
antibodies. The antibodies and dilutions used were as follows: PKR (Cell Signaling
Technology 3072, 1:2000), phospho-PKR (T466) (Abcam AB322036, 1:2000), elF2a
(Cell Signaling Technology 9722, 1:1000), phospho-elF2a (Cell Signaling Technology
9721, 1:1000), FLAG (M2 clone Sigma Aldrich F1804, 1:2000), ATF4 (Cell Signaling
Technology 11815, 1:1000), CHOP (Cell Signaling Technology 2895, 1:1000), DR5
(Cell Signaling Technology 8074, 1:1000), PARP1(Cell Signaling 9532, 1:1000),

caspase-8 (Cell Signaling Technology 9746, 1:1000) caspase-3 (Cell Signaling
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Technology 9662, 1:1000), IREla (Cell Signaling 3294, 1:1000), phospho-IREla
(Novus MB100-2323), PERK (Cell Signaling 5683, 1:1000), Puromycin (Millipore
MABE343, 1:1000), B-actin (1:5000, Sigma Aldrich, 061M4808), anti-GAPDH (Abcam
8245, 1:5000,), all diluted in 1% BSA-TBST. Secondary anti-rabbit and anti-mouse
HRP-conjugated antibodies (Cell Signaling Technology 7074, 7076) were used at

1:5000 dilutions in 1% BSA-TBST.

Immunofluorescence analyses

H4 cells were grown on coverslips in 24-well plates, fixed with 4% PFA for 10 min,
washed three times with PBS, and permeabilized with blocking solution (0.05%
saponin, 0.5% BSA, 50 mM, NH4Cl in PBS) for 20 min. DR5 (Cell Signaling
Technology 8074, 1:200) and GM130 (BD technology 610822, 1:1000) primary
antibodies were diluted in blocking solution and incubated for 1 hour at room
temperature. The coverslips were washed with PBS and incubated with fluorochrome-
conjugated secondary antibodies (Alexa fluor anti-mouse 647; Invitrogen A32728 and
Alexa fluor anti-rabbit 568; Invitrogen A11011 diluted at 1:500 dilution in blocking
solution) and DAPI (0.1 ug/mL) for 45 minutes at RT. Fixed cells were washed 2 times
in PBS and one time in ddH20 and mounted on coverslips with Mowiol. Imaged were
acquired using a resonant scanning confocal microscope (Leica SP8) equipped with
a Plan Apochromat 60 x NA 1.2 oil immersion objective. Fluorescence microscopy
images were processed with Fiji (ImageJ: National Institutes of Health) software. To
determine the proportion of DR5 in the cis-Golgi complex, each cell in the field of view
was cropped and a single ROl was drawn manually to quantify the total DR5

fluorescence signal. GM130 signal was used to calculate the DR5 signal in the cis-
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Golgi complex using the Fiji plug-in “create selection”. An average of 200 cells per
time point was considered for each replicate. The data were expressed as the ratio
between DR5 MFI in the cis-Golgi compartment over the total DR5 MFI. Statistical
significance for differences between groups was calculated using the unpaired

Student’s t-test with the GraphPad Prism software. All data reported as mean £ s.e.m.

Cell viability assays

To measure cell viability by flow cytometry, we collected detached cells and adherent
cells. Detached cells were first collected by centrifugation. Adherent cells were
collected by trypsinization. Both cell populations were pooled and resuspended in PBS
supplemented with 2% FBS and 0.1 mg/ml RNase. Subsequently, propidium iodide
(P1, 1.5 pg/ml) was added to the cell suspension. The samples were incubated on ice
for 10 min and separated in an Attune cytPix flow cytometer. Flow cytometry data was
analyzed using FlowJo (TreeStar, USA). The proportions of live and dead cells as

determined by PI staining were used as cell viability metrics.

DR5 neutralizing antibody assay

Cells bearing FKBP-PKR cells were washed 2 times with PBS and either fresh cell
culture medium (control) or fresh cell culture medium supplemented with FCDR5
neutralizing antibody (1 pg/ml) overnight. The following day, 100 nM of the
homodimerization ligand AP20187 was added to the cells and the cells were
incubated for 24 hours prior to collection for analysis by immunoblotting or flow

cytometry.
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Puromyecilation of nascent peptides

Puromyecilation of nascent peptides was performed as described (Zappa et al, 2019).
Briefly, 2 x 10° FKBP-PKR cells were grown in 6-well plates and the AP20187
homodimerizer was added 24 hours after. 9 uM puromycin (PMY) was added one
hour after addition of AP20187. Cells were incubated with PMY for 20 min at 37°C
before sample collection. The cells were collected and analyzed as described for

Immunoblotting.

RNA sequencing

RNA-Seq library was generated using RNA isolated fom FKBP-PKR expressing cells
after 4, 12 and 18 h of homodimerizer treatment using NEBNext Ultra Il Library Prep
Kit. The mRNA was enriched by oligo-dT pulldown from total RNA, followed by
fragmentation, adapter ligation, PCR amplification. The library was then sequenced
using lllumina HiSeqg 4000 Single-End 50bp (SE50). Cutadapt was used to filter
transcripts below 20 nucleotides and remove adapters. FastQC was used to validate
the quality of trimmed and filtered reads. Sequencing reads were then mapped to the
hg38 human genome using Kallisto set to map unpaired reads with default parameters
and the transcript abundance output files were analyzed using Deseq2. Deseg2 was
used to assess differentially expressed genes (DEGs) between groups [q (p-value
corrected for false discovery rate, FDR) < 0.05 and fold change > 1.5 or < -1.5). Default
thresholds of Deseqg2 were used to identify DEGs. We then used the package
pheatmap of R to generate the heatmap based on this TPM (transcripts per million)

matrix. GSEA analyses were conducted with GSEA v4.0.3. Normalized abundance
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files produced by Deseqg2 were used as inputs for GSEA. GSEA analysis was
conducted for Hallmark (GSEA specific ontology database) and KEGG pathways

separately.

RNA extraction, CDNA synthesis and gRT-PCR Analysis

Total RNA from sub-confluent H4 cells was isolated using the RNeasy RNA
purification kit (Qiagen), following the manufacturer’'s recommendations. 1 pg to total
RNA was reverse transcribed with SuperScript VILO (Invitrogen) the manufacturer’s
recommendations. The resulting cDNA was used as a template for real-time gPCR
using PowerUp SYBR Green Master Mix (Applied Biosystems), according to the
manufactures’s protocol. GAPDH or B-ACTIN were used as normalizing controls to
estimate fold-change in mRNA expression. Semi quantitative PCRs were performed
using cDNA templates, Taq Polymerase (NEB), and the same primers as for qRT-
PCR (see Materials). Reactions were separated on TAE agarose gels.

Oligonucleotide primers used in this study are provided in Table S1.

Table S1
Target 5-3'Primer sequence (Fwd) 5-3’ Primer sequence (Rev)
DR5 CCAGCAAATGAAGGTGATCC CGGTTTTGTTGACCCACTTT
DR4 TGAAGGGTCTCAGAGGAGGA CCATTTCATCAGCATTGCAT
TRAIL CACATAACTGGGACCAGAGGA CCTGAAATCGAAAGTATGTTTGG’
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GADD34 TGAGGCAGCCGGAGATAC GTAGCCTGATGGGGTGCTT
CHOP TTAAGTCTAAGGCACTGAGCGTAT

TGCTTTCAGGTGTGGTGATG

C
XBP1 u/s ACTGGGTCCAAGTTGTCCAGAGC
GGAGTTAAGACABCGCTTGG .

SCARAS CCGAAGACATCTCCTTGACC CAGTTCTGAATTCCCTCCA
Col6Al CTGGGCGTCAAAGTCTTCTC ATTCGAAGGAGCAGCACACT
BLOSC1 AGCTGGACCATGAGGTGAAG CTGCAGCTGCCCTTTGTAG
HSPAS TGCAGCAGGACATCAAGTTC AGTTCCAGCGTCTTTGGTTG
GRP-94 TCCAATTCAAGGTAATCAGAT CCAGTTTGGTGTCGGTTTCT
DNAJB9 CGGATGCTGAAGCAAAATTC TTCTTGGATCCAGTGTTTTGG
B-ACTIN TTCTACAATGAGCTGCGTGTG AGGGCATACCCCTCGTAGAT
GAPDH AGCCACATCGTCCAGACAC TGGAAGATGGTGATGGGATT
28S AAACTCTGGTGGAGGTCCGT CTTACCAAAAGTGGCCCACTA
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