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Abstract

Perturbation of tissue homeostasis accompanies a diversity of inflammatory pathologies elicits 

endoplasmic reticulum (ER) stress, protein misfolding, and cell death. ER stress triggers initiation 

of the unfolded protein response (UPR), which determines divergent cell fate decisions, either 

promoting recovery of ER proteostasis and cell survival or triggering leveraged single-cell RNA-

Seq to define dynamic transcriptional states associated with the adaptive versus terminal UPR in 

the intestinal epithelium. We integrated these transcriptional programs with genome-scale CRISPR 

screening to functionally dissect the UPR pathway and identify QRICH1 as a key effector of the 

PERK-eIF2α axis. QRICH1 controls a transcriptional program associated with translation and 

secretory networks that are specifically upregulated in inflammatory pathologies. Thus, QRICH1 

dictates cell fate in response to pathological ER stress.
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QRICH1 is a central regulator of cell stress.
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The integrated stress response (ISR) is equipped to respond to a broad range of extrinsic and 

intrinsic stimuli, enabling maintenance of homeostasis under conditions of cellular stress (1). 

Tissue inflammation can alter cellular protein homeostasis by increasing the demands of 

protein synthesis or leading to the accumulation of unfolded proteins in the ER, 

consequently activating a network of pathways that converge upon the phosphorylation of 

EIF2S1 (eIF2α) and resulting in global reduction of protein synthesis. Protein homeostasis 

(proteostasis) in the ER is maintained by a system of interconnected, tightly regulated 

processes comprised of the unfolded protein response (UPR), autophagy, and proteasome-

dependent ER-associated degradation (ERAD) (2). The UPR is induced by disruption of ER 

proteostasis and senses ER stress through three transmembrane proteins: Inositol-Requiring 

Enzyme 1 (IRE1/ERN1), Activating Transcription Factor 6 (ATF6), and protein kinase 

RNA-like ER kinase (PERK,EIF2AK3) (3, 4). However, if the adaptive UPR is unable to 

restore proteostasis, sustained ER stress results in terminal-UPR activity, which culminates 

in cell death.

ER stress can both elicit and amplify tissue pathology. Genetic variants that intrinsically 

impair protein folding can lead to the accumulation of misfolded protein aggregates that give 

rise to unresolvable ER stress. For example, a frameshift variant in the MUC1 gene that is 

associated with kidney disease induces misfolding, aggregation, and ER stress (5, 6). Similar 

mechanisms have been described in proteinopathies and neurodegenerative diseases, such as 

Huntington’s, Alzheimer’s, Parkinson’s, and prion diseases (7, 8). In addition to intrinsic 

mechanisms leading to protein misfolding and ER stress, extrinsic factors can elicit similar 

outcomes. For example, tissue pH dysregulation, oxidative stress, pyrexia, increased 

translational/secretory demands, metabolic constraints, and infections can all result in 

protein misfolding and impaired ER homeostasis (9-11). The capacity for inflammation to 

create a tissue microenvironment that triggers ER stress is particularly damaging at epithelial 

barrier surfaces, such as the lung and intestines, where a barrier breach can expose the host 

immune system to pathogens and commensal microorganisms that further amplify tissue 

inflammation and cellular ER stress (12-15).

Given the role of ER stress in the pathogenesis of disease, there has been increased interest 

in therapeutic intervention in this cycle of inflammation and ER stress. However, the 

mechanisms that dynamically modulate the UPR to elicit a beneficial adaptive response 

versus a terminal apoptotic response are not fully understood. To gain insight into these 

regulatory mechanisms, we defined UPR signature states, and identified QRICH1 as a 

terminal-UPR regulator and critical determinant of cell fate under conditions of cellular 

stress. Collectively, our study sheds light on cellular mechanisms that regulate ER 

proteostasis and identifies QRICH1 as a central regulator of proteotoxicity associated with 

inflammatory diseases in the intestines and liver.
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Temporal scRNA-seq identifies dynamic transcriptional programs that 

reflect the outcome of ER stress

Cellular responses to ER stress vary temporally and between individual cells. Therefore, we 

sought to identify candidate terminal-UPR modulators by defining temporal gene expression 

dynamics during ER stress. We utilized single-cell RNA-Seq (scRNA-seq) to define 

transcriptional states at single-cell resolution in a primary mouse intestinal epithelial 

monolayer culture system that, in part, recapitulates the cellular composition of the polarized 

epithelium, including secretory goblet cells and absorptive enterocytes. We performed 

scRNA-seq of monolayer cells treated with Tunicamycin (Tm) to induce ER stress through 

inhibition of N-linked glycosylation. To select time points for analysis, we considered the 

fact that attenuation of Ern1 and Atf6 signaling under prolonged ER stress can induce cell 

death (16). We monitored Ern1 and Atf6 activity by measuring the aggregate population-

level expression of Xbp1s (spliced Xbp1 transcript mediated by Ern1) and Hspa5 (an Atf6 

target gene). Xbp1s and Hspa5 were maximally induced at 12 and 15 hours (h) after 

initiation of Tm treatment, and decreased substantially after 24 hours. The splicing pattern of 

Xbp1s, as assessed by gel electrophoresis, correlated with qPCR results (Fig. 1A). Thus, we 

harvested cells for scRNA-seq at 13 h after Tm treatment, when both Xbp1s and Hspa5 were 

highly induced, and at 25 hours, when their expression levels had abated. We hypothesized 

that these timepoints represent different modes of the UPR pathway in the epithelial 

monolayer (Fig. 1A). We recovered 5,122 high quality cell profiles (Methods), and 

annotated them by cell-type across different conditions by controlling for stimulation and 

replication as linear categorical covariates before clustering and comparing against known 

marker genes of intestinal epithelial cell-types (17) (fig. S1A and Methods). We confirmed 

the cell subsets by staining of the monolayers with cell type-specific markers (fig. S1B).

We tested for both cell intrinsic expression programs and cell subset proportions affected by 

Tm treatment before controlling for stimulation effects (Fig. 1 B,C). The cell profiles were 

clearly separated in response to Tm stimulation, with increased expression of known UPR 

genes (Fig. 1B and Methods). Upregulation of the UPR signature was similar between 

goblet cells and enterocytes. Importantly, however, we found a decrease in the relative 

proportion of enterocytes when compared with goblet cells at 25 h post Tm treatment but not 

at 13 h (Fig. 1C and fig. S1C). If this difference was due to an inherent resistance of goblet 

cells to apoptosis, we would expect population differences under short term ER stress as 

well, but no difference in these cell types was observed at 13 h, suggesting that goblet cells 

possess mechanisms that allow for adaptation to prolonged ER stress. This hypothesis is 

further supported by functional enrichment analysis of the upregulated genes in each cell 

type at 13 h, which shows a similar level of enrichment of UPR signature and apoptotic 

pathway genes (fig. S1D). To identify the set of genes related to different stress responses in 

each cell, we projected the transcriptomic profiles of all cells onto the cell-type-specific axis 

that maximally discriminates the 13 h and 25 h Tm treatments (i.e., maximal discriminating 

axis or MDA; Methods). Goblet cells showed more distinct transcriptome states between the 

13 h and 25 h time points compared to enterocytes (Fig. 1D). This distinct state was even 

more pronounced after including dimethyl sulfoxide (DMSO)-treated cells in the Linear 

Discriminant Analysis (LDA) along two MDAs of the three stimulation conditions (Fig. 1E, 
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F; Methods). Combined with the cell proportion changes, these data suggest that goblet cells 

successfully adapted to ER stress and resisted apoptosis by entering a unique adaptive state 

resembling the DMSO treatment state. Conversely, enterocytes underwent apoptosis during 

ER stress, without significant transcriptomic differences between short- and long-term ER 

stress. We distinguished cell state changes over time, classifying them into the following 

categories: (1) the acute-UPR, comprised of genes upregulated in both enterocytes and 

goblet cells after 13 h Tm, (2) the adaptive-UPR, associated with recovery from acute ER 

stress in goblet cells after 25 h Tm, and (3) the terminal-UPR, associated with unresolved 

ER stress in enterocytes after 25 h Tm treatment (Fig. 1G).

We performed differential gene expression analyses to define the UPR gene module 

associated with unresolved ER stress, which we refer to as the terminal-UPR signature. 

Defining regulators of the adaptive versus terminal UPR is challenging due to the many UPR 

responsive genes that have dual, context-dependent functions. For example, ATF4 is a well-

known early acute UPR mediator and terminal-UPR mediator, which decreases expression 

upon resolution of ER stress (Fig. 1G). Based on this observation, we defined the gene 

signature associated with positive regulation of the terminal-UPR as follows: (1) genes that 

were up-regulated in both enterocytes and goblet cells at early time points (13 h Tm 

treatment) and (2) genes exhibiting reduced expression in goblet cells compared to 

enterocytes at later time points (25 h-vs-13 h Tm) (Fig. 1H and Table S1). Expression of 

terminal-UPR genes was inversely correlated with cell viability, and the relatively lower 

expression observed in goblet cells after prolonged ER stress reflects entry of these cells into 

the adaptive state. Using these criteria, we identified 192 terminal-UPR signature genes, 

including 18 known UPR genes, such as the UPR-mediated apoptotic regulators Atf4 and 

Ddit3 (Fig. 1H and Table S1). The signature also contained genes belonging to UPR and ER 

protein homeostasis-related signaling pathways, such as vesicle transport, protein targeting 

to ER, sterol metabolic process, and translation (fig. S1E). Taken together, the terminal-UPR 

signature contains key terminal-UPR pathway regulators that dictate adaptation versus 

programmed cell death in response to ER stress.

Functional dissection of the terminal-UPR program by genome-wide 

CRISPR screen

To discover regulators of the UPR pathway that influence the outcome of cellular ER stress 

responses, we performed genome-scale genetic perturbation screens. To closely monitor ER 

stress without interrupting the endogenous regulatory circuit, we generated an endogenous 

XBP1s-GFP reporter by CRISPR knock-in (Fig. 2A) and validated its dose-dependent 

response to Tm treatment (fig. S2A). The ERN1-XBP1 axis is the most conserved arm of the 

UPR signaling pathway, and all three UPR arms up-regulate the XBP1s transcript (18, 19). 

In this reporter system, ER stress induced splicing of XBP1 mRNA and subsequent 

expression of XBP1s and GFP proteins. Separation of the GFP protein from the XBP1s 

coding sequence by the P2A self-cleaving peptide ensured that GFP did not interfere with 

endogenous XBP1s signaling.
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We reasoned that introducing genetic perturbations at baseline under non-stressed conditions 

would reveal genes involved in homeostatic ER functions, whereas analysis under ER stress 

would reveal genes that regulate UPR activity. Thus, we performed CRISPR screens in both 

DMSO and Tm treated HT-29-Cas9 cells to identify genetic perturbations that can induce 

ER stress and/or modulate UPR activity (Fig. 2A). We used a genome-wide CRISPR library 

consisting of 76,441 guides targeting 19,114 genes, as well as 1,000 non-targeting control 

guides (20). We used fluorescence-activated cell sorting (FACS) to separate the cells based 

on the top and bottom 15% of GFP expression (fig. S2B). Since XBP1s expression is low in 

DMSO conditions (Fig. 2A), perturbations that increase the expression of XBP1s can be 

detected most accurately in these conditions (fig. S2C and Table S2). We observed 

enrichment of genes involved in pathways that contribute to ER homeostasis, including 

protein folding, glycosylation, transport, and secretion (fig. S2D). These findings are 

consistent with genome-wide UPR screens reported previously (21-24).

Under Tm-induced ER stress conditions, knock-out (KO) of ERN1, XBP1, and the known 

Tm membrane transporter MFSD2A (25) were top hits for reducing XBP1s expression (Fig. 

2B and Table S2). Importantly, the XBP1 screen performed in Tm-treated cells identified 

perturbations that caused significant expression changes in a larger number of known ER 

stress and UPR genes compared to DMSO-treated cells (Fig. 2B,C, and fig. S2C). Among 

the 428 hits that increased XBP1s in the Tm-treated condition, only 10 genes also increased 

XBP1s in the DMSO condition, and the enriched signaling pathways differ from those in the 

DMSO condition (fig. S2E), supporting our hypothesis that genes that maintain ER 

homeostasis are distinct from those that regulate UPR activity under stress. By comparing 

genes essential for cell viability (26) with hits from the ER stress XBP1 screen, we found 

that KO of almost all essential genes (177 of 182) identified in our screen resulted in a 

reduction of XBP1s reporter expression (fig. S2F and Table S2). This is expected based on 

the rationale that perturbation of essential genes might alter UPR activity by inducing a 

nonspecific cytotoxic response or an overall decrease in metabolic activity. Therefore, this 

criterion allowed us to prioritize UPR pathway-specific genes by excluding essential genes 

in subsequent analyses. Overall, our genome-wide screens represent expansive datasets that 

can be leveraged to elucidate signaling crosstalk during ER stress and to discover UPR 

regulators.

To identify regulatory nodes that control the terminal-UPR, we compared the screen hits 

from the ER stress condition with the terminal-UPR signature genes from our scRNA-seq 

analysis of primary intestinal epithelial cells. We identified 16 terminal-UPR signature genes 

whose perturbation modulated UPR activity only in the Tm-treated screens (Fig. 2D). To 

validate these potent UPR regulators, we tested two individual sgRNAs targeting each gene 

and measured XBP1s levels and cell viability under Tm-induced ER stress conditions. 

Overall, KO of 11 of the 16 genes potentiated or inhibited XBP1 splicing and cell viability 

in response to ER stress (Fig. 2E,F). Implicating these genes in regulation of the UPR 

pathway provides insights into connectivity with other signaling pathways. It is notable that 

KO of either SRP72 or SRPRA, which function in cotranslational protein targeting to the 

ER, lowered XBP1s activity and increased cell viability. Under prolonged stress, PERK-

eIF2α may increase secreted protein synthesis, leading to cell death (27, 28). In the same 

sense, SRP72 or SRPRA KO can increase cell viability by reducing the production of 
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misfolded proteins by reducing client proteins entering the ER. Overall, there was a negative 

correlation between the level of XBP1s and cell viability under ER stress across the 

perturbations, except in the case of perturbing genes necessary for ER homeostasis (Fig. 

2E,F). KO of ETF1 (a subunit of the SURF complex) or GARS (Glycyl-tRNA synthetase 1) 

inhibited XBP1s upregulation, but not cell death, under ER stress (Fig. 2E,F), whereas these 

perturbations activated XBP1s expression in the absence of Tm (fig. S2G), suggesting that 

severe disruption of ER homeostasis can induce cell death regardless of UPR activation 

state. However, KO of several genes such as QRICH1 had no demonstrable effect on ER 

homeostasis and cell viability under non-stressed conditions but induced resistance to UPR-

mediated cell death (Fig. 2F and fig. S2G), thus highlighting the crucial role for these genes 

specifically in UPR regulation.

QRICH1 promotes cell death under ER stress

Based on our CRISPR screens, we prioritized the previously uncharacterized protein 

QRICH1 for mechanistic investigation. QRICH1 is a member of the caspase recruitment 

domain (CARD)-containing gene family (fig. S3A), which encodes for proteins implicated 

in regulation of caspase activation in the context of apoptosis and inflammation, and in 

regulation of NF-κB signaling. Our findings indicated that QRICH1-deficient cells are more 

resilient to ER stress-mediated apoptosis (Fig. 2F and fig. S3B). Therefore, we hypothesized 

that QRICH1 acts as a regulator of the terminal-UPR response and sought to define the 

molecular mechanism underlying this regulation. First, we tested whether QRICH1 is 

sufficient for UPR-mediated apoptosis using CRISPR activation (CRISPRa) (29). 

CRISPRa_QRICH1 increased QRICH1 expression approximately 1.6-fold (fig. S3C), 

activated the UPR pathway, and potentiated induction of apoptosis after Tm treatment (Fig. 

3A,B), indicating that QRICH1 expression is sufficient to potentiate UPR pathway activity 

and apoptosis under ER stress.

PERK-eIF2α axis promotes the translation of QRICH1 during ER stress

Having demonstrated that QRICH1 functions as a determinant of cell survival in response to 

ER stress, we sought to define the mechanisms by which it is regulated by the UPR. First, 

we examined QRICH1 expression under ER stress. We found that QRICH1 exhibited a 

similar pattern of Tm-mediated upregulation as phospho-eIF2α and ATF4 (Fig. 3C). This 

upregulation of QRICH1, as well as ATF4, was suppressed by PERK KO (fig. S3D). We 

also quantified QRICH1 mRNA and protein levels by qPCR and western blotting after Tm 

treatment in HT-29 cells. ER stress significantly induced the expression of QRICH1 at the 

protein level, more so than at the mRNA level (fig. S3E). One well-characterized feature of 

stress-responsive genes is translational control by upstream open reading frames (uORFs) 

present in the 5’ untranslated regions of mRNA (30). Generally, uORFs reduce translation of 

the downstream protein-coding region by engaging with the 40S scanning ribosome. 

Transcripts containing uORFs exhibit decreased translation at baseline; however, when 

PERK phosphorylates eIF2α under ER stress, phospho-eIF2α slows the assembly of the 40S 

ribosome, allowing the ribosome to bypass the uORF and translate the protein-coding region 

(fig. S3F). We searched for short ORFs starting with ‘AUG’ in the 5’UTR of QRICH1 

mRNA, and found that 7 of 8 QRICH1 transcripts contained putative uORFs (fig. S3G). To 
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determine the effect of these putative uORFs on QRICH1 expression, we quantified protein 

expression from a mutated QRICH1 construct in which the first nucleotide of the start 

codons of the uORFs were changed from A to G (Fig. 3D,E). QRICH1 protein expression 

from the native uORF construct was lower at baseline compared to the mutated uORF 

construct, suggesting that translation of upstream ORFs inhibits translation of the coding 

sequence for QRICH1. In response to ER stress, QRICH1 protein expression from the 

native, but not the mutated uORF construct, was significantly upregulated (Fig. 3E). We also 

determined the subcellular localization of QRICH1 protein. First, we used Flag-tagged 

QRICH1 to assess localization of QRICH1 and observed that it is enriched exclusively in the 

nucleus (Fig. 3F). Immunostaining showed that endogenous QRICH1 is strictly localized to 

the nucleus under both ER stress and at baseline (Fig. 3G). Collectively, these data suggest 

that the PERK-eIF2α axis upregulates QRICH1 under ER stress and that QRICH1 in turn 

modulates the activity of the UPR in the nucleus.

QRICH1 promotes the expression of translation-related genes

During ER stress, the PERK-eIF2α axis modulates proteostasis through transcriptional 

programs mediated by ATF4 and DDIT3 (28). QRICH1 contains a DUF3504 domain (fig. 

S3A), which shares homology with DNA-binding proteins resembling transposons but 

lacking catalytic activity (31). Therefore, we sought to test the hypothesis that QRICH1 

regulates cell viability by acting as a transcriptional regulator. To this end, we performed 

chromatin immunoprecipitation (ChIP), first confirming that the QRICH1 antibody was able 

to effectively capture endogenous QRICH1 following formaldehyde cross-linking (Fig. 4A). 

We sequenced the immunoprecipitated genomic DNA from WT or QRICH1 KO cells after 

Tm treatment. For comparison, we also performed ChIP-seq experiments with antibodies 

directed against ATF4. We identified a total of 70,565 QRICH1-bound peaks and 121,649 

ATF4-bound peaks across the genome. Among these, 16.8% of QRICH1 and 9.5% of ATF4 

peaks were located within gene promoter regions. Specifically, QRICH1 and ATF4 localized 

to the promoter regions of 2,626 and 1,875 genes, respectively (Fig. 4B,C).

We found that QRICH1 bound its own promoter region, potentially establishing a self-

regulation circuit that allows for stress-responsive QRICH1 regulation by increasing its 

transcription. To test this possibility, we cloned the 1.1 kb QRICH1 promoter identified in 

our analysis as a target binding region into a luciferase reporter construct (Fig. 4D). ER 

stress resulted in a stronger induction of luciferase mRNA, as measured by qRT-PCR, in WT 

cells compared with QRICH1 KO cells. Transcriptional repression in the QRICH1 KO cells 

was rescued with QRICH1 reconstitution (Fig. 4E). These findings support our hypothesis 

that QRICH1 activates its transcription to enhance its regulatory effects on the UPR.

Gene Ontology analysis of ChIP-seq associated genes showed that ATF4 is enriched at ER 

stress-responsive genes as well as translation-related genes, while QRICH1 preferentially 

binds promoters of genes related to protein production such regulators of ribosome 

biogenesis (ncRNA metabolic processes), translation, and mRNA processing (Fig. 4F,G and 

Table S3). Together, QRICH1 and ATF4 co-occupied 427 gene regions (p = 1.29*10−29, 

hypergeometric test) that are enriched for functional annotations associated with tRNA 

metabolism (Fig. 4H). It was recently reported that the PERK-eIF2α axis promotes 
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synthesis of the secreted proteome through the translational regulation of amino acid 

biosynthesis, specifically tRNA synthetases associated with secreted and membrane-targeted 

proteins (27). Similarly, our combined ChIP-seq and RNA-seq analyses identified that 

QRICH1 and ATF4 were enriched at the promoters of these specific tRNA synthetases, and 

that ER stress positively regulated their transcription (Fig. 4I). Together, these findings 

suggest that QRICH1 and ATF4 modulate tRNA metabolic processes to promote secreted 

protein synthesis during ER stress.

QRICH1 regulates a transcriptional program that promotes protein 

secretion

Given our findings that QRICH1 occupies promoter regions of proteostasis-related genes, 

we sought to quantify its effect on putative target gene transcription. We compared 

transcriptomes from WT vs. QRICH1 KO cells after Tm treatment and identified 1,141 

differentially expressed genes (DEGs) (633 genes decreased, and 508 genes increased in 

QRICH1 KO cells) (Fig. 5A and Table S4). Notably, 32% of upregulated genes and 15% of 

downregulated genes were directly bound by QRICH1 (Table S4). The most enriched 

annotations for QRICH1-activated targets were ‘translation’, ‘ER-Golgi transport’, and 

‘protein localization to ER’, whereas cell cycle genes were enriched in QRICH1-suppressed 

targets (Fig. 5B). Since maintaining ER proteostasis is the key determinant for cell fate, it 

was notable that genes belonging to the ‘SRP-dependent cotranslational targeting to 

membrane’ pathway were reduced in QRICH1 KO cells. RNA-seq also showed that 28 of 30 

DEGs, including SRP72 and SRPRA, belonging in the ‘SRP-dependent cotranslational 

targeting to membrane’ were down-regulated in QRICH1 KO cells (Fig. 5C,D). Moreover, 

the translocon components, SEC61B and TRAM1, are direct targets of QRICH1, and their 

upregulation under ER stress was inhibited in QRICH1 KO cells (fig. S4A). Therefore, we 

investigated whether the SRP-dependent secretion pathway is critical for cell viability during 

ER stress. We found that KO of SRP-dependent secretion pathway genes, including the 

QRICH1 targets TRAM1 and RPS7, increased cell viability within the context of ER stress 

(Fig. 5E). Consistent with this, KO of these genes did not disrupt ER homeostasis in the 

non-stressed condition, without Tm treatment (fig. S4B). Thus, our ChIP-seq and RNA-seq 

results indicate that QRICH1 is a critical mediator of the PERK-eIF2α axis for facilitating 

protein secretion and that these functions impact cell viability/fate during ER stress.

Translational recovery induces proteotoxicity-mediated cell death during 

ER stress

Increased production of misfolded proteins under ER stress is a key trigger for the induction 

of UPR-mediated apoptosis (28), and our data suggest that QRICH1 primarily regulates 

protein input (synthesis & targeting to the ER). Therefore, we hypothesized that QRICH1-

regulated translational activation under ER stress may promote protein aggregate-mediated 

cell death by increasing the protein input to the ER. We directly monitored the requirement 

for QRICH1 in dynamic translational regulation during ER stress by measuring the protein 

synthesis rate in WT and QRICH1 KO cells using puromycin labeling. Translational activity 

was reduced in the early phase (48h) of ER stress in WT cells and increased in the later 
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phase (72h) (Fig. 5F), which is consistent with previous reports (28). However, QRICH1 KO 

cells maintained reduced translational activity at later phases of ER stress (Fig. 5F). Next, 

we investigated the influx of the secretome into the ER during stress by using a subcellular 

fractionation approach to measure newly synthesized peptides in the ER/Golgi fraction. We 

found that under ER stress, puromycin-labeled proteins in the ER/Golgi fraction as well as 

the cytosolic fraction were reduced by approximately 25% (Fig. S4C). To determine the role 

of QRICH1 in accumulation of misfolded proteins under ER stress, we measured protein 

aggregates in the WT and QRICH1 KO cells under ER stress using red fluorescent 

molecular rotor dye, which preferentially interacts with denatured protein aggregates. 

QRICH1 KO cells showed reduced levels of protein aggregates compared to WT, which 

suggests that QRICH1 increases misfolded proteins by upregulation of protein synthesis 

(Fig. 5G). These data suggest that QRICH1-mediated translational recovery is a critical 

determinant balancing proteotoxicity versus cell viability. To test this possibility, we treated 

cells with Guanabenz, an inhibitor of phospho-eIF2α phosphatase (32). Guanabenz-treated 

cells showed increased cell viability under ER stress conditions (Fig. 5H), suggesting that 

resumption of translational activity can trigger terminal-UPR mediated cell death. 

Collectively, our data demonstrate that QRICH1 promotes protein synthesis and secretion 

during ER stress through transcriptional control of a functionally cohesive gene module 

regulating the terminal-UPR and especially translational activation and secretion.

QRICH1 sensitizes primary epithelial cells to ER stress

To validate the role of QRICH1 in primary intestinal epithelial cells, we employed CRISPR 

to target Qrich1 in mouse intestinal organoid cultures and subsequently differentiated these 

organoids into polarized monolayers (fig. S5A). To quantify apoptosis in response to ER 

stress, we measured cleaved caspase-3 (cCasp3) by Western blot after Tm treatment. Qrich1 

KO cells showed reduced cCasp3 levels compared to WT (fig. S5B,C). We then measured 

cellular Caspase 3 activity by using a fluorogenic substrate, and observed reduced activity in 

Qrich1 KO monolayers consistent with the corresponding reduction in cCasp3 levels (fig. 

S5D). We also investigated whether reconstitution of QRICH1 could restore the sensitivity 

to ER stress. To address this, we transduced human QRICH1, which has 83% amino acid 

conservation with mouse Qrich1, into the mouse Qrich1 KO organoids. We confirmed that 

QRICH1 re-expression sensitized the mouse organoids, as measured by an increase in 

Caspase-3 activity (fig. S5E). These data suggest that QRICH1 expression promotes cell 

death in primary mouse epithelial cells under ER stress.

To further confirm these findings in primary human epithelial cells, we generated human 

intestinal organoids. We found that QRICH1 and the SRP-mediated pathway genes are 

upregulated under ER stress (Fig. 6A). We next sought to investigate whether cell type-

specific translational activity is critical for cell viability in human organoids. Based on our 

scRNA-seq (Fig. 1) and our previously published scRNA-seq data for mouse and human 

intestinal epithelium (17, 33), we selected MUC2 and TMIGD1 as cell type-specific markers 

for goblet cells and enterocytes, respectively (fig. S6A). FACS analysis demonstrated that 

enterocytes, but not goblet cells, showed higher cell death and protein synthesis rate under 

ER stress (Fig. 6B and fig. S6B), which is consistent with our mouse scRNAseq results (Fig. 
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1C). These findings suggest that differential regulation of translation and proteotoxicity 

sensitizes enterocytes to apoptosis, whereas goblet cells are more resilient to ER stress.

Given our findings that QRICH1 plays a central role in regulating proteotoxicity, we sought 

to identify conditions in which QRICH1 activity may contribute to human disease. Thus, we 

derived a QRICH1 transcriptional signature from our ChIP-seq and RNA-seq datasets (see 

Methods for details), and scored its expression in the context of inflammatory conditions 

such as inflammatory bowel disease (IBD) and liver disease. We found that the QRICH1 

signature is increased in bulk RNA-seq of biopsies derived from treatment-naïve UC patients 

(Fig. 6C) (34). Moreover, analysis of scRNA-seq from UC patients revealed enrichment of 

the QRICH1 signature in inflamed biopsies, and in particular, in secretory epithelial cells 

and enterocytes (fig. S7A,B) (33). At the protein level, QRICH1 expression significantly 

increased in inflamed colonic biopsies relative to controls (Fig. 6D). We next sought to 

determine if upregulation of the QRICH1 signature is specific to intestinal inflammation or 

if it is a broadly conserved stress response that functions in other tissue-specific pathologies. 

Accordingly, we found that the QRICH1 signature increased in liver biopsies derived from 

nonalcoholic steatohepatitis (NASH) patients (Fig. 6E) (35, 36), and confirmed the 

upregulation of QRICH1 protein expression in inflamed and cirrhotic specimens using a 

liver tissue array (Fig. 6F). Taken together, these findings suggest a broadly conserved role 

for aQRICH1-regulated transcriptional program in managing cell stress responses across a 

diversity of tissue pathologies. Accordingly, QRICH1 controls a distinct arm of the PERK-

eIF2α axis that modulates proteostasis and dictates cellular entry into the adaptive versus 

terminal UPR.

Discussion

Maintaining proteostasis in the ER requires a system of interconnected biological processes 

to orchestrate protein synthesis, folding, and degradation (2). When cells detect 

accumulation of misfolded proteins in the ER, they attempt to restore proteostasis by 

coordinately increasing protein folding capacity through the ATF6 and ERN1 axis, and 

eliminating misfolded proteins through induction of autophagy and ERAD. In parallel, 

transient translational suppression through activation of the PERK-eIF2α pathway can help 

restore ER proteostasis by reducing the flux of client proteins into the ER (4, 37). However, 

in the later phase of prolonged ER stress, the PERK axis promotes recovery of translational 

activity by upregulating amino acid biosynthesis and components of the secretory pathway 

(27). Therefore, dynamic regulation of the PERK-eIF2α axis is essential for coordinating 

translation and proteostasis under prolonged ER stress (27, 28). Here, we identify a distinct 

arm of the PERK-eIF2α axis mediated by the novel transcriptional regulator QRICH1 that 

dynamically responds to ER stress by modulating translation and transit through the 

secretory pathway.

Diverse intrinsic and extrinsic factors trigger eIF2α phosphorylation to initiate the integrated 

stress response (ISR), which is mediated in part through activation of ATF4 (1, 38). We 

demonstrated that QRICH1 is also a central mediator of the PERK-eIF2α axis that functions 

at the level of, and in parallel to, ATF4 (fig. S7C). Similar to ATF4, DDIT3, and PPP1R15A, 

we demonstrated that QRICH1 is post-transcriptionally regulated by the PERK-eIF2α axis 
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through differential translation initiation at uORFs (1). Our ChIP-seq and RNA-seq results 

suggest that QRICH1 cooperates with ATF4 signaling to regulate ER proteostasis by 

promoting protein synthesis and secretory efficiency during cellular stress, which is critical 

for cell viability. Small molecule targeting of the PERK-eIF2α axis has shown mixed results 

for therapeutic modulation of UPR activity, with some evidence for beneficial effects in 

animal models of neurodegenerative disease or tumorigenesis (1, 39). Precise targeting of 

the PERK-eIF2α axis is further complicated by the dual functions of ATF4 signaling in 

promoting ER homeostasis as well as in inducing apoptosis (1, 40). By comparison, our 

results suggest that QRICH1 suppression specifically reduces protein flux into the ER, while 

preserving activity of the adaptive UPR mediated by the PERK-ATF4 axis. Thus, inhibition 

of QRICH1 activity may facilitate ER processing capacity and allow for restoration of ER 

homeostasis. Our work identifies a new modular sub-arm of the PERK pathway and sheds 

light on the mechanisms coordinating the UPR pathway arms that enable dynamic responses 

to stress.

While the UPR pathway is activated to restore ER homeostasis within the cells, it also aims 

to maintain tissue homeostasis by coping with the protein secretion demands to respond to 

diverse physiological conditions (8). Therefore, dysfunction of UPR activity and protein 

secretion are associated with developmental defects. Mouse mutagenesis studies highlighted 

an for Qrich1 in embryonic development, demonstrating that Qrich1 mutant mice exhibited 

renal agenesis as well as congenital heart defects (41). In humans, exome sequencing 

identified truncation or missense variants of QRICH1 that are associated with developmental 

disorders (DD) (42). In particular, de novo loss-of-function variants of QRICH1 have been 

associated with developmental delay, cognitive disability, autism, and chondrodysplasia (43, 

44). These human phenotypes are consistent with our findings that QRICH1 controls ER 

stress responses and with prior studies demonstrating that loss of function mutations in the 

secretory pathway impair synapse formation or function in developing neural circuits 

(45-47). In this context, hippocampus-specific downregulation of ATF4 reduces dendritic 

spines and synaptic plasticity accompanying impairment of memory formation (48). From 

this perspective, our results support the hypothesis that QRICH1 truncation mutations 

associated with developmental delay may impair synaptic plasticity at the level of 

dysregulated ER stress responses.

Maladaptive ER stress responses are associated with a variety of pathological conditions. 

Disruption of epithelial barrier function accompanied by ER stress is a common feature of 

intestinal inflammation in IBD (49). Our CRISPR screen results add to and corroborate the 

notion that several genes located in IBD risk loci function within the ER stress pathway; 

including TMEM258, RFT1, and LMAN2 (12, 14, 49). Furthermore, we demonstrate that 

upregulation of QRICH1 promotes UPR-mediated proteotoxicity, and that the QRICH1 

signature is significantly upregulated in inflamed intestinal epithelial cells from UC patients. 

Taken together, these findings highlight the importance of QRICH1 in maintaining 

proteostasis and suggest that dysregulation of QRICH1 transcriptional activity may sensitize 

epithelial cells to ER stress during inflammation. Furthermore, we provide evidence that 

QRICH1 plays a broader role in maintaining tissue homeostasis in the context of 

pathological conditions including inflammatory and metabolic diseases. Indeed, ER stress 

and cellular responses to stress are integral to maintaining tissue homeostasis in health and 
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disease, and mechanistic characterization of QRICH1 within this context provides insight 

into how cells manage responses to stress. Specifically, QRICH1 controls a distinct 

transcriptional module that coordinates ISR activities to modulate cellular regulation of 

protein synthesis and secretion under homeostatic and pathological conditions (Summary 

Figure).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Temporal scRNA-seq identifies gene expression signature of terminal-UPR.
(A) Experimental timeline for differentiation of intestinal organoids into monolayers and 

treatment with Tunicamycin (Tm). Right upper panel shows a 24-hour time course of Hspa5 

and Xbp1s expression levels upon treatment with 0.5ug/ml of Tm (n=3, error bars, mean +/− 

SD). Right lower panel shows the ratio of Xbp1s vs. Xbp1u transcripts (n=3). Xbp1u, 

unspliced transcript; Xbp1s, spliced transcript.
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(B) ScRNA-seq tSNE plots recover known cell-types from primary intestinal monolayer 

cells (left) and identify transcriptomic signatures of UPR (right, colored by cell ranking). 

Arrows indicate the Tm-mediated positional shift.

(C) The number of enterocytes and goblet cells in each condition in scRNA-seq (n=2, 

unpaired student t-test; *p<0.05). Goblet cells exhibit stronger resistance to prolonged UPR 

stress than enterocytes.

(D and E) Violin (D) and scatter (E) plots of cells along the transcriptomic MDA between 

13h and 25h (D) and MDAs among DMSO, 13 h, and 25 h (E). Goblet cells show more 

clearly distinct states between 13 h and 25 h Tm treatments compared to enterocytes. In D, 

bars indicate median values, and mean expression at 13 h is chosen as the baseline.

(F) Linear discriminant analysis predictions show distinct and overlapping states of goblet 

cells (left) and enterocytes (right). Colors and coordinates, respectively, indicate the ground 

truths and predicted probabilities of stimulation using scRNA-seq.

(G) The schematic diagram for the cellular state during ER stress. We hypothesized that 

terminal-UPR genes are up-regulated in the early phase of ER stress, and their persistent 

expression promotes UPR-mediated apoptosis under unresolved ER stress.

(H) Heatmap shows the logFC of terminal-UPR genes in Tm-13h vs DMSO. Barplot shows 

the logFCs between Tm-25 h and Tm-13 h in enterocytes and goblet cells. Our gating 

strategy identified 192 terminal-UPR genes. Known and novel UPR genes are shown (novel 

terminal-UPR regulators are indicated by an asterisk).

You et al. Page 16

Science. Author manuscript; available in PMC 2021 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Genome-wide CRISPR screens unveil gene functional proximities in, and identify novel 
regulators of, the UPR pathway.
(A) Schematic overview of XBP1s-GFP reporter for CRISPR screen.

(B) Volcano plot of gRNA enrichment reveals putative regulators of the UPR pathway. 

Dashed line indicates the p-value cut-off (p<0.05). Known UPR genes and terminal-UPR 

genes are highlighted in red and blue, respectively.

You et al. Page 17

Science. Author manuscript; available in PMC 2021 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Pathway interaction networks of the screen hits obtained using Cytoscape. The color 

code indicates pathway nodes, and GO terms represent the most significant pathway in the 

node. The edges show the crosstalk between the pathways.

(D) Venn diagram of the CRISPR screen, single-cell analysis, and essential genes highlight 

16 potent regulators of the terminal-UPR pathway.

(E) Assessment of XBP1s in wild-type (red) or knockout (filled blue) cells treated with Tm 

by measurement of GFP intensities. Symbol indicates the targeted gene. Dashed black line 

indicates the GFP intensity in DMSO condition.

(F) Measurement of dying (7-AAD or Annexin V positive) cells treated with Tm for 3 days 

(n=3, one-way ANOVA (indicated target gene values compared to Tm-treated negative 

control (NC)); error bars, mean +/− SD). **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 3. QRICH1 promotes cell death and its translation is upregulated by the PERK-eIF2α axis 
under ER stress.
(A) Measuring the transcriptional activity of UPR pathway regulators in control (sgNCtrl) or 

CRISPRa QRICH1 cells in normal or Tm-mediated ER stress conditions (n=4, two-way 

ANOVA).

(B) The percentage of 7-AAD positive cells. sgNCtrl or sgQRICH1 cells treated with Tm for 

the indicated time. Three different guides (n=4, two-way ANOVA).

(C) Immunoblot shows the time-course expression pattern of QRICH1, ATF4, and p-eIF2α 
during prolonged Tm treatment. A representative blot is shown (n=3, two-way ANOVA, 

compared to DMSO).

(D) The structure of the wild type 5’UTR (containing three putative upstream ORFs) or 

mutated 5’UTR (substitution of A to G at the AUG translation start codon of three uORFs) 

of QRICH1 expression constructs.
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(E) Immunoblot shows the protein expression patterns of QRICH1 constructs upon DMSO 

or Tm treatment. ATF4 and p-eIF2α are used as markers of ER stress (n=4, multiple t-test).

(F) Immunostaining for QRICH1-FLAG (green) or QRICH1 transduced cells. Nuclei and 

ER are stained with DAPI (magenta) and RTN4 (blue), respectively. Scale bars, 20 μm.

(G) Immunostaining of endogenous QRICH1 (green) and DDIT3 (gray) in cells with DMSO 

or Tm treatment. Nuclei are stained with DAPI (magenta). Scale bars, 20 μm. Right graph 

shows the normalized intensities of QRICH1 and DDIT3 (n=6, multiple t-test).

For all above panels, **p<0.01, ***p<0.005, ****p<0.0001; error bars, mean +/− SD.
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Fig. 4. QRICH1 ChIP-seq identifies QRICH1 as a promoter of protein translation activity.
(A) WT HT29 cells were treated with Tm for 24 hrs and crosslinked by formaldehyde. The 

cells were immunoprecipitated (IP) by anti-QRICH1 or anti-rabbit IgG and detected by 

immunoblot analysis.

(B) The genomic annotation of QRICH1 or ATF4 ChIP-seq peaks. Promoter regions are 

defined as the indicated distance from the transcription start site (TSS).

(C) Peak distribution of QRICH1 ChIP-seq within 3kb from the TSS. Heatmap shows the 

read density for QRICH1 ChIP-seq.
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(D) QRICH1 binding profiles on the QRICH1 promoter region in WT and QRICH1 KO 

cells. Black bar indicates the cloned genomic region in front of the minimal CMV promoter 

for the promoter activity reporter assay.

(E) Level of luciferase mRNAs in WT, QRICH1 KO, and QRICH1 reconstituted (rQRICH1) 

cells transduced with the promoter reporter-expressing lentivirus and treated with DMSO or 

Tm for 24 hrs. Luciferase mRNA was measured by normalizing GFP mRNA using qRT-

PCR (n=3, two-way ANOVA; *p<0.05, **p<0.01; error bars, mean +/− SD).

(F and G) Functional enrichment analysis shows the top 10 enriched gene ontologies from 

ATF4-binding targets (F) and QRICH1-binding targets (G).

(H) Venn diagram illustrating overlap of QRICH1 and ATF4 targets from ChIP-seq. GO 

analysis shows that the tRNA metabolic process is the most significant biological process.

(I) RNA-seq shows that QRICH1 and/or ATF4-bounded tRNA synthetases are up-regulated 

during ER stress (n=3). An asterisk indicates the translationally upregulated genes during 

ER stress (28).
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Fig. 5. QRICH1 upregulates protein synthesis and secretion during ER stress.
(A) Venn diagram illustrating the overlap of QRICH1 target genes from ChIP-seq and 

differentially expressed genes (DEGs) between WT and QRICH1 KO cells in response to 

Tm treatment.

(B) Functional enrichment analysis of the 278 overlapping gene set in A. All, 278 DEGs; 

DN, 201 down-regulated genes in QRICH1 KO cells; UP, 77 up-regulated genes in QRICH1 

KO cells.
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(C) RNA-seq performed with WT and QRICH1 KO cells to show response to Tm treatment. 

Heatmap shows selective DEGs belonging to specific biological processes (related to Fig. 

5B). Yellow color indicates the involved biological processes of that gene.

(D) RNA-seq showed that 28 of 30 DEGs belonging to ‘SRP-mediated cotranslational ER 

targeting’ are down-regulated in the QRICH1 KO cells. Red dots indicate the QRICH1-

target in ChIP-seq data.

(E) Measurement of dying (7-AAD or Annexin V positive) cells treated with Tm for 3 days 

(n=3, one-way ANOVA; error bars, mean +/− SD). X-axis labels indicate the target gene.

(F) Immunoblot shows the puromycin incorporation rate by anti-puromycin blot. WT and 

QRICH1 KO cells were pulse-labeled with puromycin after Tm treatment for the indicated 

times. A representative blot is shown. The graph shows the quantified intensities of anti-

puromycin signals, compared to the signal of sgNCtrl-Tm 0hr (set to 100%) (n=3, two-way 

ANOVA; error bars, mean +/− SD, see Methods).

(G) FACS analysis of WT and QRICH1 KO cells after 72 hrs Tm treatment showing the 

intensity of the fluorescent dye which preferentially interacts with unfolded protein 

aggregates (n=3, one-way ANOVA, error bars, mean +/− SD).

(H) FACS analysis of cell viability in WT and QRICH1 KO cells treated with Tm or Tm 

plus guanabenz (GB) for 72 hrs (n=3, one-way ANOVA; error bars, mean +/− SD). For all 

above panels, *p<0.05, **p<0.01, ***p<0.001; n.s, not significant.
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Fig. 6. QRICH1 sensitizes primary intestinal epithelium to ER stress and is regulated during 
inflammatory conditions.
(A) Immunoblot shows the expression patterns of QRICH1 and SRP-mediated secretion 

pathway genes upon 0.5ug/ml of Tm treatment in human intestinal organoids for 24hrs. A 

representative blot is shown.

(B) FACS analysis of human intestinal organoids shows cell-type-specific protein synthesis 

rates and viability during ER stress. Cells were stained with non-permeable amine-reactive 

dye, and anti-puromycin antibodies to assess cell viability and protein synthesis rate in 
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goblet cells (MUC2+) and enterocytes (TMIGD1+). The graphs show quantified signals 

from each FACS analysis (n=6 and 4 for viability and protein synthesis rate, respectively; 

two-way ANOVA, error bars, mean +/− SD).

(C) Single sample Gene Set Enrichment (ssGSEA) Scores for the QRICH1-signature were 

calculated in bulk RNA-seq data from the rectal biopsies of pediatric UC patients. Wilcoxon 

rank-sum test, error bars, mean +/− SD.

(D) Immunofluorescence assay of a colon tissue array stained for QRICH1 (green), and 

nuclei (red) in the healthy and inflamed colon (two-tailed unpaired t-test, error bars, mean +/

− SD).

(E) ssGSEA Scores for the QRICH1-signature were calculated in bulk RNA-seq data from 

liver biopsy samples from healthy, NAFL, and NASH patients. Wilcoxon rank-sum test, 

error bars, mean +/− SD.

(F) Immunofluorescence assay of a liver tissue array stained for QRICH1 (green), and nuclei 

(red) in healthy, inflamed, and cirrhotic livers (one-way ANOVA, error bars, mean +/− SD).

For all above panels: **p<0.01, ***p<0.001, ****p<0.0001.
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