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SUMMARY

Sterol deficiency triggers SCAP-mediated SREBP activation, whereas hypernutrition together with 

ER-stress activate SREBP1/2 via caspase-2. Whether these pathways interact and how they are 

selectively activated by different dietary cues is unknown. Here we reveal regulatory crosstalk 

between the two pathways that controls the transition from hepatosteatosis to steatohepatitis. 

Hepatic ER-stress elicited by NASH-inducing diets activates IRE1 and induces expression of 
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the PIDDosome subunits caspase-2, RAIDD and PIDD1, along with INSIG2, an inhibitor of 

SCAP-dependent SREBP activation. PIDDosome assembly activates caspase-2 and sustains IRE1 

activation. PIDDosome ablation or IRE1 inhibition blunt steatohepatitis and diminish INSIG2 

expression. Conversely, while inhibiting simple steatosis, SCAP ablation amplifies IRE1 and 

PIDDosome activation and liver damage in NASH-diet fed animals, effects linked to ER 

disruption and preventable by IRE1 inhibition. Thus, the PIDDosome and SCAP pathways 

antagonistically modulate nutrient-induced hepatic ER-stress to control non-linear transition from 

simple steatosis to hepatitis, a key step in NASH pathogenesis.

eTOC

Kim et al. show that while diets rich in glucose lead to insulin dependent SREBP activation via 

the SCAP pathway, diets rich in the saturated FAs and fructose trigger ER stress and INSIG2 

induction, which inhibits SCAP-dependent SREBP activation. Instead, ER stress results in Casp2/

PIDDosome-dependent SREBP activation.

Graphical Abstract
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) includes a benign manifestation called NAFL 

and a more severe form, non-alcoholic steatohepatitis (NASH), which in addition to liver 

damage, fibrosis, cirrhosis, and cancer, is associated with increased cardiovascular disease 

risk (Francque et al., 2016; White et al., 2012). Both NAFL, which is often linked to 

insulin resistance is characterized by simple hepatosteatosis, and NASH, characterized by 

steatohepatitis (inflammation), liver damage and fibrosis, are strongly affected by alterations 

in lipid metabolism (Tilg and Moschen, 2010). But what controls the transition from simple 

steatosis to steatohepatitis remains unclear. Moreover, it is poorly understood why most 

people with NAFL never progress to NASH, a situation suggesting that the progression 

from simple steatosis to NASH is non-linear. Moreover, development of liver fibrosis 

is usually coupled to a decrease in liver fat (Powell et al., 1989; van der Poorten et 

al., 2013). Sterol response element binding proteins (SREBP) 1 and 2 are the master 

transcriptional regulators of triglyceride and cholesterol synthesis, respectively (Brown and 

Goldstein, 1997). By extension, the SREBPs are important for membrane biosynthesis 

and remodeling (Dobrosotskaya et al., 2002; Rong et al., 2017) and NAFL development 

(Moon et al., 2017). Both SREBPs, which are embedded in the ER membrane, are activated 

via a unique proteolytic pathway (Sakai et al., 1996). In sterol depleted cells, SREBP 

precursors are escorted by the ER resident chaperon SCAP to the Golgi apparatus, where 

they are sequentially cleaved by site 1 and site 2 proteases (S1P and S2P, respectively). 

This results in release of the SREBP cytoplasmic portions, which translocate to the 

nucleus and activate genes coding for lipid and cholesterol biosynthetic enzymes and 

transporters (Brown and Goldstein, 1997). In addition to sterol binding to SCAP, trafficking 

of SCAP:SREBP complexes to the Golgi apparatus is inhibited by two other ER embedded 

proteins: INSIG1 and INSIG2 (Yabe et al., 2002; Yang et al., 2002), whose expression 

is intricately regulated at the transcriptional and post-translational levels by insulin and 

other factors (Goldstein et al., 2006; Hwang et al., 2017; Wang et al., 2016; Yabe et al., 

2002). Sterol deficiency leads to SCAP-mediated SREBP activation and hepatocyte-specific 

SCAP ablation prevents simple hepatosteatosis (Moon et al., 2012). But the combination of 

high fat diet (HFD) and ER-stress or excessive fructose intake trigger paradoxical SREBP 

activation and upregulate de novo lipogenesis (DNL) as well as liver damage, thereby 

leading to steatohepatitis (Nakagawa et al., 2014; Softic et al., 2018; Todoric et al., 2020). In 

ER-stress prone MUP-uPA mice, HFD feeding activates SREBP1 and 2 via a non-canonical, 

SCAP-independent, caspase-2 (Casp2)-mediated pathway (Kim et al., 2018). Whereas 

Casp2 mRNA transcription is induced by TNF, its translation is stimulated by the ER-stress 

responsive ribonuclease and protein kinase IRE1 (Kim et al., 2018), a major sensor of 

protein misfolding and ER membrane perturbation (Gardner and Walter, 2011). How Casp2 

is enzymatically activated is not fully understood, but once activated, Casp2 leads to S1P 

cleavage and activation (Kim et al., 2018). Unlike the canonical SCAP-dependent pathway, 
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the Casp2-S1P-SREBP pathway is not subject to feedback inhibition by sterols or excessive 

lipid intake. Moreover, Casp2 activation in HFD-fed MUP-uPA mice is accompanied by 

hepatosteatosis, liver damage and progression to steatohepatitis. Cleaved and activated 

Casp2 was detected in livers of people with NASH and alcoholic steatohepatitis (ASH) 

and found to contribute to ASH in mice (Ma et al., 2020). Although the Casp2 promoter 

contains SREBP binding sites and is activated on SREBP2 overexpression (Logette et al., 

2005), it is unknown whether the SCAP- and Casp2-dependent SREBP activation pathways 

interact and modulate each other’s activity.

In cells harboring extra centrosomes or stressed by DNA damaging agents, Casp2 undergoes 

activation as part of a large multi-protein complex, the PIDDosome, which also contains 

the scaffold protein RAIDD/CRADD and the regulatory subunit PIDD1 (Burigotto et al., 

2021; Fava et al., 2017). While PIDD1 expression can be induced in response to p53 

activation, PIDDosome-associated active Casp2 stabilizes p53 through proteolytic cleavage 

of the p53 inhibitor MDM2 (Burigotto et al., 2021; Fava et al., 2017; Oliver et al., 2011). 

Although PIDDosome formation was originally implicated in the apoptotic death of DNA-

damaged and ER-stressed cells, more recent data implicate Casp2 and the PIDDosome 

in control of cellular differentiation and polyploidization (Sladky and Villunger, 2020). 

Along this line, the PIDDosome has emerged as an important negative regulator of liver 

polyploidization during neonatal organogenesis and regeneration (Sladky et al., 2020). 

However, it is yet to be determined whether the PIDDosome accounts for Casp2 activation 

and hepatosteatosis in mice fed NASH-inducing diets. Moreover, it is unclear whether Casp2 

and the PIDDosome control lipid metabolism in a hepatocyte autonomous manner. The 

latter is an important question, as whole body Casp2−/− mice do not gain weight on HFD 

and show elevated energy expenditure relative to wild type (WT) mice (Kim et al., 2018), 

suggesting extrahepatic sites of Casp2 action.

Here we show that Casp2 acts in hepatocytes to promote fructose-induced hepatosteatosis 

and that Raidd−/− and Pidd1−/− mice are equally protected from high fructose diet 

(HFrD)-induced hepatosteatosis and ER-stress. HFrD-induced PIDDosome activation is 

accompanied by accumulation of INSIG2, an inhibitor of SCAP-dependent SREBP 

activation. Conversely, SCAP restrains PIDDosome activation, which is strongly potentiated 

in HFrD-fed hepatocyte specific ScapΔHep knockout mice due to ER disruption and 

enhanced IRE1 activation, despite absence of hepatosteatosis. While dissociating steatosis 

from liver damage and fibrosis, these results uncover a previously unknown crosstalk 

between the two SREBP activation pathways, whose apparent role is adjusting hepatocyte 

homeostasis and ER health in response to nutritional perturbations.

RESULTS

Hepatocyte-specific Casp2 ablation prevents fructose-induced steatosis

To investigate Casp2’s role in hepatic lipid metabolism in the absence of the MUP-uPA 
transgene and circumvent the effect of Casp2 ablation on HFD-induced weight gain (Kim 

et al., 2018), we fed WT BL6 mice with either HFrD or a control cornstarch diet (CSD). In 

both diets, 70% of the caloric content is provided by carbohydrates, either cornstarch (CSD) 

alone or 60% fructose plus 10% cornstarch (HFrD). Previously, we found that HFrD feeding 
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stimulates hepatic DNL and steatosis via an inflammation (TNF) dependent mechanism, 

whose inhibition did not perturb weight gain (Todoric et al., 2020). Likewise, weight gain 

or food consumption did not significantly differ between CSD- or HFrD-fed mice (Figure 

S1A). As expected, HFrD caused hepatosteatosis, hepatic cholesterol (Chol) and triglyceride 

(TG) accumulation (Figures S1B–C) and led to SREBP1/2 activation and increased 

expression of several of their target genes (Figure 1A). Moreover, HFrD consumption 

resulted in IRE1 activation (phosphorylation) and increased expression of Casp2 and its 

PIDDosome partners PIDD1 (which was proteolytically processed) and RAIDD (Figure 

1B). HFrD feeding also induced eIF2α phosphorylation and increased BIP/Grp78, Grp94 

and TNF mRNAs in liver extracts (Figures S1D–E), suggesting induction of ER-stress and 

modest inflammation. Although it was reported that acute fructose administration decreases 

hepatocellular ATP and leads to uric acid production (Abdelmalek et al., 2012), we did 

not observe a significant difference in ATP concentrations between CSD- and HFrD-fed 

livers (Figure S1F). HFrD feeding strongly induced INSIG2 and c/EBPβ/LAP proteins 

and mRNAs (Figure 1C). Previous studies showed that c/EBPβ activates Insig2 gene 

transcription (Jakobsen et al., 2013).

We generated hepatocyte specific Casp2ΔHep knockout mice by crossing Casp2F/F mice 

with Alb-Cre mice (Figure S1G) and found them to be resistant to HFrD-induced 

hepatosteatosis (Figure 1D) although their weight gain and food consumption were not 

altered (Figure S1H). HFrD-fed Casp2ΔHep mice exhibited substantially reduced nuclear 

SREBP1/2 proteins and lower expression of SREBP target genes and fatty acid synthase 

(FAS) protein (Figure 1E). Casp2 ablation inhibited IRE1 activation, Pidd1 mRNA induction 

(Figure 1F), as well as inflammation- and fibrosis-related cytokines and markers (Figure 

S1I). These results suggest that inhibition of hepatosteatosis prevents fructose-induced ER-

stress and that stress-mediated Casp2 activation enhances ER-stress and IRE1 activation.

PIDDosome components are required for fructose-induced hepatosteatosis

Given upregulation of PIDDosome components in HFrD-fed livers and their downregulation 

on hepatocyte-specific Casp2 ablation, we examined participation of PIDD1 and RAIDD 

in HFrD-induced hepatosteatosis. We placed WT, Casp2−/−, Pidd1−/− and Raidd−/− mice 

on CSD and HFrD as above. Ablation of any PIDDosome component prevented fructose-

induced hepatosteatosis (Figure 2A), without an effect on HFrD-induced weight gain 

and food consumption (Figure S2A). Similar results were obtained at two different 

mouse facilities (UCSD and Medical University of Innsbruck). Consistent with reduced 

hepatosteatosis, the Casp2, PIDD1 and RAIDD deficiencies also reduced serum and 

liver Chol and liver TG (Figure 2B) and inhibited SREBP1/2 activation and target gene 

expression (Figure 2C). Curiously, however, Pidd1 and Raidd, but not Casp2, ablations 

resulted in a small increase in nuclear SREBP1/2 in CSD-fed mice (Figure 2D), an effect 

that could be related to reduced INSIG2 expression and the high carbohydrate content of 

CSD. However, the increase in nuclear SREBP1/2 was too modest to result in elevated target 

gene expression relative to CSD-fed WT mice. Nonetheless, in WT BL6 mice CSD feeding 

resulted in modest hepatosteatosis, along with decreased Insig1 mRNA and increased SCAP 

and SREBP regulated mRNAs, relative to normal chow diet (NCD) (Figures S2B–C). All 

PIDDosome component ablations prevented IRE1 activation and each of them blocked the 
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HFrD-induced expression of the two other subunits (Figure 2D). These results support the 

notion that PIDDosome activation enhances HFrD-induced IRE1 activation via a positive 

autoregulatory loop that may be propagated through hepatocyte ER-stress. Since a diet 

in which 60% of the calories are supplied by fructose is not representative of human 

fructose consumption, we placed WT and Casp2−/− mice on Western diet enriched in fat 

and cholesterol plus water containing 15% fructose and 15% glucose for 10 weeks. Casp2 

ablation slightly reduced BW gain in these mice (Figure S2D) and prevented liver damage, 

TG accumulation, and induction of lipogenic, inflammatory and fibrogenic genes (Figures 

S2E–H).

PIDDosome components control fructose-induced lipid metabolizing genes

To investigate how the PIDDosome affects the hepatic transcriptome, we performed 

unbiased sequence analysis of RNA extracted from CSD or HFrD fed WT, and HFrD fed 

Casp2−/−, Pidd1−/−, and Raidd−/− livers. Principal Component Analysis (PCA) showed that 

the Casp2−/−, Pidd1−/−, and Raidd−/− liver transcriptomes were clearly distinct from the 

WT liver transcriptome, even though the Pidd1−/− transcriptome was not as closely related 

to the Casp2−/− and Raidd−/− transcriptomes as they were to each other (Figure 3A). By 

comparing HFrD-fed WT livers to HFrD-fed Casp2−/−, Pidd1−/−, and Raidd−/− livers, we 

identified 1,500–2,800 transcripts that were differentially expressed in significant and robust 

manners (FDR < 0.05, Fold change > |1.5|) and visualized the transcriptomic alterations 

with heatmaps (Figure S3A; Table S1). Among PIDDosome-dependent transcripts that were 

upregulated in HFrD fed livers, we found that genes involved in fatty-acid metabolism 

and cholesterol synthesis were significantly reduced by PIDDosome component ablation 

(Figure 3B). We analyzed the altered pathways in these livers using EnrichR tools and found 

that gene sets regulating adipogenesis, fatty acid metabolism, oxidative phosphorylation, 

mTORC1 pathway and protein secretion were the most significantly downregulated by 

Casp2, Pidd1 or Raidd gene ablations (Figure 3C). Consistent with increased ER-stress, the 

UPR pathway was upregulated upon HFrD feeding in the WT liver and down-regulated in 

the Casp2−/− and Pidd1−/− livers (Figure S3B). Thus, the results of the unbiased RNAseq 

analysis were in general agreement with those of the targeted analyses depicted above, 

showing alterations in gene expression that correlate with SREBP and IRE1 activation.

PIDD1 and RAIDD are needed for Casp2 activation

Co-immunoprecipitation experiments confirmed that co-transfection of Casp2, PIDD1 and 

RAIDD into HEK293 cells resulted in PIDDosome formation (Figures S4A–B). Previously, 

we showed that co-transfection of Casp2, S1P and SREBP2 expression vectors into HEK293 

cells results in S1P proteolytic cleavage at a Casp2 consensus site and SCAP-independent 

SREBP2 activation that is refractory to feedback inhibition (Kim et al., 2018). To determine 

whether this response depends on endogenous PIDD1 and RAIDD, we ablated PIDD1 
and RAIDD by CRISPR-Cas9 gene editing. As opposed to HEK293 cells expressing all 

PIDDosome components, no SREBP2 activation took place in PIDD1Δ or RAIDDΔ cells 

co-transfected with Casp2, S1P and SREBP2 expression vectors (Figure 4A). Restoration of 

PIDD1 expression in PIDD1Δ cells restored S1P cleavage and SREBP2 activation (Figures 

4B and S4C). Similar results were obtained after restoration of RAIDD expression in 

RAIDDΔ cells (Figures 4C and S4D). PIDD1 binds RAIDD through its death domain (DD) 
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(Tinel et al., 2007). We generated DD deficient PIDD1 (PIDD1ΔDD) (Figure S4E), which 

failed to restore SREBP2 activation in PIDD1Δ cells (Figure S4F). As previously observed 

(Kim et al., 2018), addition of 25-OH-cholesterol (25-HC) to HEK293 cells transfected with 

the SREBP2 reporter, SCAP and S1P inhibited SREBP2 activation but had no effect on its 

SCAP-independent activation by the PIDDosome (Figure 4D).

IRE1 inhibition prevents fructose induced PIDDosome and SREBP activation.

Treatment of HFD-fed MUP-uPA mice with the IRE1 ribonuclease inhibitor MKC3946 

blocked Casp2 induction and prevented SREBP activation and NASH development (Kim et 

al., 2018). To determine whether IRE1 also plays a role in fructose-induced hepatosteatosis, 

PIDDosome induction and SREBP activation, we treated HFrD-fed WT mice with 

MKC3946 every two days for 4 weeks. MKC3946 treatment inhibited hepatosteatosis 

and fructose-induced expression of PIDDosome subunits (Figures 5A–B). MKC3946 also 

inhibited SREBP1/2 activation and target gene expression (Figure 5C), and reduced liver 

TG and Chol in HFrD-fed mice (Figure 5D) without an effect on BW, food intake, and 

serum insulin (Figures S5A–B). c/EBPβ and INSIG2 induction (Figures 5E and S5C) were 

also inhibited by MKC3946, which reduced expression of inflammatory and fibrogenic 

markers (Figure S5D). These results confirm the importance of IRE1 for fructose induced 

PIDDosome activation, hepatosteatosis, and c/EBPβ and INSIG2 induction.

The PIDDosome regulatory subunit, PIDD1, is p53-inducible (Lin et al., 2000). We 

therefore examined the effect of hepatocyte-specific p53 ablation on fructose-induced 

steatosis. However, HFrD feeding did not induce p53 and p53 ablation did not prevent 

fructose-induced hepatosteatosis (Figure S5E).

Scap ablation potentiates fructose-induced ER stress and PIDDosome activation

To further exclude SCAP involvement in stress and Casp2 mediated SREBP activation, 

we crossed MUP-uPA mice with ScapF/F and ScapΔHep mice and fed the compound 

mutants with HFD as before (Kim et al., 2018). SCAP deficiency in MUP-uPA mice did 

not prevent HFD-induced hepatic inflammation and damage and further enhanced liver 

fibrosis, despite a modest decrease in hepatosteatosis (Figure S6A). Enhanced fibrosis most 

likely reflects increased liver damage. Scap ablation in the MUP-uPA liver also augmented 

IRE1 activation and Casp2 and PIDD1 expression (Figures S6B–C). Scap ablation, which 

resulted in disappearance of the precursor forms of SREBP1/2 (Figure 6A), resulted in 

almost complete absence of hepatosteatosis in WT mice given HFD plus 30% fructose 

water (HFHFD) or HFD (Figures S6D–F), consistent with a previous report by Horton and 

co-workers (Moon et al., 2012). HFrD-fed ScapΔHep mice were also showed a decrease 

in circulating and liver TG and circulating, but not liver, Chol, as well as greatly reduced 

ACC1 and FAS expression (Figures S6G–H). Rather surprisingly, ScapΔHep mice given 

either HFrD or HFHFD exhibited clear signs of liver damage with areas of cytoplasmic 

clearing in the periportal region, anisonucleosis, apoptosis, and fibrosis (Figures 6B, S6E, 

Table S2). Consistent with these results, HFrD or HFHFD feeding of ScapΔHep mice 

markedly increased liver IRE1 activation/phosphorylation, Casp2, PIDD1, S1P(Mbtps1) 

mRNA expression and protein cleavage and eIF2α phosphorylation (Figures 6C–D, S6I–

K). Correlating with HFrD-induced liver damage and eIF2α phosphorylation, RNA-seq 
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analysis revealed that the mTORC1 pathway was significantly suppressed along with the 

cholesterol metabolic pathway, but inflammatory response, ROS, and apoptosis were the top 

upregulated pathways in the HFrD-fed ScapΔHep liver (Figure 6E), implying extensive cell 

damage which was probably augmented by p-eIF2α related inhibition of protein synthesis.

To investigate the role of IRE1 activation in HFrD-induced damage to the ScapΔHep liver, we 

treated the mice with MKC3946, which reversed much of the observed damage, including 

hepatocyte death and anisonucleosis (Figure 7A). MKC3946 also inhibited HFrD-induced 

IRE1 and eIF2α phosphorylation, as well as Casp2 and PIDD1 expression (Figure 7B). 

Interestingly, IRE1 inhibition restored SREBP1c expression and activation (Figure 7C), 

although SREBP2 and its targets remained suppressed (Figure S7A). IRE1 inhibition also 

resulted in normalization of the rough ER (RER), which was distended and disrupted in the 

HFrD-fed SCAP-deficient liver (Figure 7D).

DISCUSSION

Why certain high energy diets, for instance glucose-rich diets, only cause benign steatosis, 

whereas fructose (Febbraio and Karin, 2021) or cholesterol (Van Rooyen et al., 2011) rich 

diets induce NASH, is not entirely clear. Our results illustrate the existence of a previously 

unrecognized regulatory system that maintains liver homeostasis, ER membrane integrity 

and controls the transition from simple steatosis to hepatitis and fibrosis by adjusting 

fatty acid and cholesterol metabolism according to dietary cues. This system is composed 

of two mutually exclusive SREBP activation pathways: the canonical SCAP-dependent 

activation pathway (Goldstein et al., 2006) and the more recently identified stress-activated 

Casp2 pathway (Kim et al., 2018). The SCAP-dependent pathway is turned on in response 

to sterol deficiency, caused by insufficient dietary uptake. In sterol deplete cells, SCAP 

binds SREBP1/2 in the ER and chaperons them to the Golgi apparatus (Brown et al., 

2018) through an interaction with COPII on the surface of coated vesicles (Lee et al., 

2020). Cholesterol binding to SCAP disrupts the interaction with COPII and at high 

cholesterol concentrations that exceed 4–5% of total cellular lipids, SCAP undergoes a 

further conformational change that enhances binding to INSIG proteins, which anchor the 

SREBP:SCAP complex in the ER to prevent SREBP cleavage by S1P and S2P in the 

Golgi apparatus (Goldstein et al., 2006). The major function of this pathway under non-

stressed conditions is to maintain sterol homeostasis and prevent excessive accumulation 

of cholesterol in biological membranes, which can cause membrane malfunction due to 

decreased fluidity (Cooper, 1978). The feedback-regulated SCAP-activated pathway also 

prevents accumulation of triglycerides and toxic cholesterol metabolites (Afonso et al., 

2018). Paradoxically, however, SREBP1c, which is predominantly expressed in hepatocytes, 

is also activated by insulin, which increases its transcription and decreases INSIG2 

expression, contributing to insulin-induced lipogenesis (Matsuzaka and Shimano, 2013). 

Pathological cholesterol buildup in the ER due to excessive dietary intake or alcohol abuse 

triggers ER-stress and abnormal SREBP activation, instead of inhibition (Mandl et al., 

2013). The mechanism by which ER-stress downstream to cholesterol overload causes 

SREBP activation cannot be SCAP mediated, because SCAP-dependent SREBP activation 

is inhibited by sterols. Moreover, activation of ATF6, which like SREBP1/2 depends on S1P 

and S2P mediated cleavage, is SCAP independent (Ye et al., 2000). Indeed, ER-stress driven 
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SREBP activation proceeds via the Casp2 pathway, which is activated by TNF and IRE1 

(Kim et al., 2018). IRE1 is an ER resident protein kinase and a nuclease that undergoes 

self-activation in response to membrane perturbations (Promlek et al., 2011). Here we show 

that in addition to inducing Casp2 and PIDDosome expression and activation, IRE1 leads 

to induction of INSIG2, an inhibitor of SCAP-dependent SREBP activation (Yabe et al., 

2002). INSIG2 induction correlates with activation of c/EBPβ, previously shown to induce 

Insig2 transcription (Jakobsen et al., 2013). Thus, while activating the Casp2 pathway, IRE1 

inhibits the SCAP pathway, which promotes a switch from simple steatosis to liver damage, 

hepatitis and fibrosis.

Chronic ER-stress, PIDDosome induction and Casp2 activation are linked to NASH 

and ASH development in mouse models and were observed in human liver specimens 

(Kim et al., 2018; Ma et al., 2020). Probably, the most detrimental outcome of Casp2-

mediated SREBP activation is accumulation of free cholesterol, which differentiates simple 

hepatosteatosis from NASH (Arguello et al., 2015; Puri et al., 2007) and greatly potentiates 

TNF-induced hepatocyte death (Marí et al., 2006). Hepatocyte death is directly related 

to liver fibrosis, a hallmark of NASH. On the other hand, NAFL, in which no liver 

damage or inflammation are observed, is often linked to type 2 diabetes (T2D) (Targher 

et al., 2021). Likewise, in ob/ob mice T2D only leads to simple steatosis, which depends 

on SCAP-mediated SREBP activation, rather than NASH (Moon et al., 2012). SCAP-

dependent SREBP1 activation may protect against cholesterol toxicity by stimulating DNL 

and increasing production of fatty acids that combine with cholesterol to form non-toxic 

cholesterol esters that are sequestered within lipid droplets.

IRE1, PIDDosome and Casp2 activation

Elevated Casp2 expression in HFD-fed MUP-uPA mice depends on IRE1 (Kim et al., 

2018), whose ribonuclease activity enhances Casp2 mRNA translation through cleavage 

of micro RNAs (Upton et al., 2012), including miR-34a (Li et al., 2019). Here we show 

that IRE1 activity is also needed for Casp2 and PIDDosome induction in HFrD-fed 

WT mice. However, how increased Casp2 protein expression results in its activation was 

heretofore unknown. The results shown above indicate that Casp2-mediated S1P cleavage 

and SREBP2 activation in HEK293 cells require PIDDosome assembly, which triggers 

Casp2 auto-activation via induced proximity (Sladky and Villunger, 2020). PIDDosome 

assembly is triggered in response to p53-mediated PIDD1 induction (Sladky and Villunger, 

2020), but p53 does not account for PIDDosome induction in HFrD-fed mice. Sustained 

PIDDosome expression under diet-induced ER-stress depends on its assembly, as ablation 

of any PIDDosome subunit suppresses expression of the other two subunits. Moreover, 

PIDDosome induction sustains IRE1 activation, perhaps by increasing cholesterol synthesis 

and cholesterol-induced ER membrane perturbations.

SCAP as an inhibitor of diet induced ER-stress

As previously reported (Moon et al., 2012), hepatocyte specific Scap ablation protects WT 

mice from HFD-induced hepatosteatosis. However, in HFD-fed MUP-uPA mice, SCAP 

depletion did not prevent NASH development and actually enhanced liver fibrosis despite 

inhibition of hepatosteatosis. These results show a disconnect between hepatosteatosis and 
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NASH, with the latter being more dependent on liver damage than on TG accumulation. 

Indeed, it has been observed that as NASH livers become more fibrotic their lipid content 

declines (Powell et al., 1989; van der Poorten et al., 2013). Even more dramatic increases 

in hepatocyte apoptosis, liver damage and fibrosis were seen in HFrD- or HFHFD-fed 

ScapΔHep mice. Although excessive fructose intake results in intestinal and hepatic ER-stress 

(Febbraio and Karin, 2021; Todoric et al., 2020), in HFrD-fed WT mice hepatic ER-stress is 

modest and does not result in liver damage and fibrosis. Moreover, the amount of fructose 

is substantially lower in HFHFD, which still leads to liver damage in ScapΔHep mice. A 

remarkable feature of ScapΔHep mice is the absence of precursor and nuclear SREBP1/2, 

previously reported by Horton and colleagues (Moon et al., 2012). The absence of SREBP 

precursors was accompanied by enhanced IRE1 activation and eIF2α phosphorylation in 

both HFrD- and HFHFD-fed ScapΔHep mice, as well as HFD-fed ScapΔHep/MUP-uPA mice. 

We postulate that the absence of SCAP results in SREBP deficiency and potentiation of ER-

stress by causing the misfolding of SREBP1/2 and other SCAP clients. Misfolded membrane 

proteins are often eliminated by the ER-associated degradation (ERAD) machinery, whose 

expression is induced by IRE1 (Hampton, 2003; Hetz et al., 2020). Indeed, the yeast SREBP 

homolog Sre1 is degraded via ERAD in the absence of the SCAP homolog Scp1 (Hughes 

et al., 2009). Moreover, IRE1 inhibition with MKC3946 restored SREBP1 expression and 

activation and RER membrane integrity. Further and unbiased evidence for fructose-induced 

ER stress and liver damage in ScapΔHep mice is provided by the RNA-seq analysis, which 

showed marked downregulation of genes related to cholesterol homeostasis and mTORC1 

signaling and upregulation of the inflammatory response, ROS signaling and apoptosis.

Given its important role in SREBP activation, SCAP has been considered as a target for 

obesity treatment. One agent used to inhibit SCAP function is fatostatin, which interferes 

with SCAP dissociation from INSIGs and reduces lipogenesis and steatosis in obese mice 

(Kamisuki et al., 2009). Although fatostatin is a general inhibitor of ER-to-Golgi transport 

(Shao et al., 2016) and not a specific inhibitor of SCAP, it may prevent early NAFL 

driven by TG accumulation. Nonetheless, our results suggest that fatostatin and other 

SCAP inhibitors may aggravate liver damage and fibrosis in NASH linked to fructose and 

cholesterol intake. We therefore postulate that for advanced NASH, which is thought to 

be driven by ER-stress (Nakagawa et al., 2014; Tilg and Moschen, 2010), IRE1 inhibitors 

present a more viable therapeutic approach. Indeed, MKC3946 blocked NASH in HFD-fed 

MUP-uPA mice (Kim et al., 2018) and reversed fructose-induced liver damage and RER 

disruption in ScapΔHep mice. Our results suggest that dietary factors that contribute to 

the switch from benign steatosis to steatohepatitis, liver damage and fibrosis need to be 

considered when designing pharmacological treatments to NASH, whose development had 

suffered numerous setbacks.

Limitations of Study

This study demonstrates that SCAP-mediated SREBP activation protects the mouse liver 

from ER stress induced damage caused by hepatocyte-specific uPA overexpression or 

consumption of fructose-rich diets, including HFrD and HFD supplemented with a 30% 

fructose-water drink. Although a convenient model for induction of ER stress, uPA 

overexpression is not physiological and the two diets used herein contain higher amounts 
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of fructose than most humans ever consume. Nonetheless, this study provides a cautionary 

note regarding the therapeutic use of SCAP inhibitors, showing that the outcome of SCAP 

ablation is diet dependent and suggesting that such inhibitors should not be used in patients 

with advanced NASH, whose liver is ER stressed. Moreover, enhanced liver damage caused 

by SCAP ablation was also seen in another NASH model, the PtenΔHep mouse, which 

spontaneously develops NASH due to excessive AKT activation (Kawamura et al., 2022). 

Liver damage in PtenΔHep/ScapΔHep mice was also due to ER stress and was prevented by 

restoration of SREBP function.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Ju Youn Kim (juk005@health.ucsd.edu).

Materials availability—All reagents generated in this study are available upon reasonable 

request.

Data and code availability

• The sequence data was deposited at NCBI under Bioproject: PRJNA775619.

• Original data for creating all graphs in the paper are provided in Data S1.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from Dr. Ju Youn Kim upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

ANIMALS—All mouse lines were either in a pure C57BL/6 genetic background or crossed 

into it for at least nine generations. All mice were maintained in filter-topped cages on 

autoclaved food and water, and experiments were performed in accordance with UCSD 

Institutional Animal Care and Use Committee and NIH guidelines. Animal Protocol, 

S00218 was approved by the UCSD Institutional Animal Care and Use Committee. Animal 

experiments performed at the Medical University of Innsbruck were approved by the 

Austrian Federal Ministry of Education, Science and Research (Tierversuchsgesetz, 2012, 

BGBl I Nr. 114/2012, GZ 66.011/0099/V/3b/2019). Generation and genotyping of Casp2−/−, 

Pidd1−/−, and Raidd−/− mice were described (Berube et al., 2005; Manzl et al., 2009; 

O’Reilly et al., 2002). The mice were housed at UCSD or the Medical University of 

Innsbruck under SPF conditions with a 12 hrs light/dark cycle. Male littermates were 

randomly assigned to experimental groups and were fed with normal chow diet (NCD), 

high fat diet (HFD), cornstarch diet (CSD), high fructose diet (HFrD), HFD plus 30% 

fructose-water, or western diet (WD) plus 15% fructose+glucose water from 8 weeks of age 

and continued for 12 weeks. Body weight and food consumption were monitored biweekly 

throughout the entire feeding period. Mice were fasted for 3 hrs before sacrifice and livers 

and other organs were excised and weighted.
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Generation of Casp2 floxed mice—Targeting vector construction and knock-out 

strategy was performed by genOway (Lyon, France). Genomic region of interest containing 

the murine Casp2 locus was isolated by PCR from C57BL/6 ES cell genomic DNA. PCR 

fragments were subcloned into the pCR4-TOPO vector (Invitrogen, Carlsbad, California). 

The resulting sequenced clones (containing intron 4 to intron 6) were used to construct the 

targeting vector. Briefly, a 1-kb region comprising exon 6 and Casp2S-specific exon was 

flanked by a Neo cassette (FRT site-PGK promoter-Neo cDNA-FRT site-LoxP site) and a 

distal loxP site to have access to the constitutive and conditional knock-out lines by deleting 

Casp2 exon 6 and Casp2S specific exon. Deletion of exons 6 and Casp2S-specific exon 

leads to the splicing of exon 5 to exon 7, leading in turn to a frame shift and a premature 

stop codon in exon 7. The linearized targeting vector was transfected into C57BL/6 ES 

cells (genOway, Lyon, France) through electroporation (260Volt, 500μF) of 108 ES cells 

in the presence of 100μg of linearized plasmid. Positive selection was started 48 hrs after 

electroporation by addition of 200μg/ml of G418 (150μg/ml of active component, Life 

Technologies, Inc.). 1042 resistant clones were isolated and amplified in 96-well plates. 

Duplicates of 96-well plates were made. The set of plates containing ES cell clones 

amplified on gelatin were genotyped by both PCR and Southern blot analysis. For PCR 

analysis, one primer pair was designed to amplify sequences spanning the 3’ homology 

region. This primer pair was designed to specifically amplify the targeted locus:

sense, 5’- ATGAGAGTAGGTGTGATCAGAGGTTCTCACAG-3’;

antisense (Neo cassette) 5’ -ATGCTCCAGACTGCCTTGGGAAAAG -3’.

The targeted locus was confirmed by Southern blot analysis using internal and external 

probes on both 3’ and 5’ ends. 21 clones were identified as correctly targeted at the Casp2 
locus. Clones were microinjected into albino C57BL/6J-Tyrc-2J/J blastocysts and gave rise 

to male chimeras with a significant ES cell contribution (as determined by a black coat 

color). Mice were bred to C57BL/6 mice expressing Flp recombinase to remove the Neo 

cassette (Casp2lox mice). The following PCR genotyping primers were used to characterize 

Casp2lox mice:

sense, 5’- GCCTCCTTTCTTTACCATTCTTGGAGC-3’;

antisense, 5’-AACTCAAGATGCTCCACACACACTTGC-3’.

The WT allele gave rise to a 607-bp product and floxed allele gave rise to a 724-bp 

product. Validation was achieved by Southern blot analysis of AvrII–digested DNA using 

a 3’ external probe. The WT allele gave rise to a 7.6-kb signal while the Casp2lox allele 

gave rise to a 4.8-kb signal. Thereafter, heterozygous animals were interbred to generate the 

homozygous floxed mouse line.

Cell Lines—HEK293 cells originated from a female fetus were used for the generation 

of PIDD1, or RAIDD knock-out cells (293ΔPIDD1 or 293ΔRAIDD, respectively) using the 

LentiCRISPRv2 system (Sanjana et al., 2014). Two oligonucleotides containing guide 

sequences against PIDD1 and RAIDD were synthesized and annealed to the lentiCRISPRv2 

vector. Insertion of oligos into the vector was verified by sequencing. Guide sequences were 
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delivered into HEK293 cells through viral transduction and 293ΔPIDD1 or 293ΔRAIDD were 

selected by incubation of DMEM/F12 medium supplemented with puromycin (10 μg/ml) at 

37°C in the presence of 5% CO2.

The following primers were used for deletion of PIDD1 or RAIDD in HEK293 cells:

PIDD1-F: 5’-CAC CGG CTT CAG AGG ATT CGG ACG C-3’;

PIDD1-R: 5’-AAA CGC GTC CGA ATC CTC TGA AGC C-3’;

RAIDD-F: 5’-CAC CGA GTA CTC CGC TCA CTT CGC C-3’;

RAIDD-R: 5’-AAA CGG CGA AGT GAG CGG AGT ACT C-3’;

METHOD DETAILS

Reagents—PNGase F (#P0704), Endo H (#P0702), Nhe1 (#R3131S), BamH1 (#R3136S), 

EcoR1 (R3101S), and Not1 (#R3189S) were from New England BioLabs (Ipswich, MA). 

25-hydroxycholesterol (HY-113134) was from MedChemExpress (Monmouth Junction, 

NJ). Puromycin (#ant-pr-1) was from InvivoGen (San Diego, CA). Lipofectamine 3000 

Transfection Reagent (# L3000015) and OmniMax™ 2 T1R Chemically competent cells 

(C854003) were from Thermo Fisher Scientific (Pittsburgh, PA). MKC3946 (#532758) 

was from EMD Millipore (Burlington, MA). Antibodies used for immunoblotting (IB) 

and IHC (when indicated) were: anti-Casp2 for IB analysis (#ALX-804-356, Enzo Life 

Sciences. Inc., Farmingdale, NY), anti-Casp2 for IHC (#Ab182657, Abcam, Cambridge, 

UK), anti-PIDD1 for IB (#AG-20B-0038-C100, AdipoGen Life Science, San Diego, 

CA), anti-PIDD1 for IHC (#Ab231315, Abcam), anti-RAIDD (#10401-1-AP, Proteintech, 

Rosemont, IL), anti-SREBP1 (#Ab3259, Abcam), anti-SREBP2 (#Ab30682, Abcam), anti-

S1P for detection of N-terminus (#sc-271916, Santa Cruz Biotechnologies, Inc., Dallas 

TX), anti-INSIG2 (#PA5-41707, Invitrogen), anti-phospho-IRE1 (#NB100-2323, Novos 

Biologicals, LLC., Centennial, CO), anti-IRE1 (#9102, Cell Signaling Technologies, 

Danvers, MA), anti-c/EBPβ (#3087, Cell Signaling Technologies), anti-ACC (#3662, Cell 

Signaling Technologies), anti-FAS (#3180, Cell Signaling Technologies), PDI (#7150, Cell 

Signaling Technologies), anti-HA (#1867431, Roche, Basel, Switzerland), anti-Myc (#Ab32, 

Abcam), anti-Flag (#F7425, Sigma-Aldrich, St. Louis, MO), anti-V5 (#3180, Cell Signaling 

Technologies) and anti-tubulin (#T5168, Sigma-Aldrich). Triglyceride (#MAK266) and 

Cholesterol (#MAK043) Quantification kits were purchased from Sigma-Aldrich.

Expression vectors—Mouse RAIDD (CRADD) cDNA (MR202001) was from OriGene 

Technologies, Inc. (Rockville, MD) and C-terminal 6His tagged mouse RAIDD (pCDH-

mRAIDD-6HIS) was generated by PCR amplification and subsequently cloned between 

the Nhe1 and BamH1 sites of pCDH-CMV-MCS-EF1-Puro (#CD500-CD700, System 

Bioscience). C-terminal Flag tagged mouse PIDD1 cDNA was amplified by PCR reaction 

and subcloned between the Nhe1 and BamH1 sites of pCDH-CMV-MCS-EF1-Puro to 

generate pCDH-mPIDD1-Flag. The death domain (DD)-deleted PIDD1 (PIDD1ΔDD) was 

generated from parental pCDH-mPIDD1-Flag. Briefly, PIDD1 cDNA fragments from Met1 

to Leu792 and from Glu879 to Stop codon were PCR amplified. PCR products were purified 
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by QIAquick Gel Extraction kit (#28706X4, QIAGEN, Inc., Valentia, CA) and used for 

subsequent PCR reaction to generate DD-deleted mouse PIDD1. The PCR product was 

inserted between the Nhe1 and BamH1 sites of pCDH-CMV-MCS-EF1-Puro. N-terminal 

V5 tagged SREBP2 was produced by replacement of Flag with V5 by PCR amplification. 

Platinum pfx DNA polymerase (#11708-021, Thermo Fisher Scientific) was used for cDNA 

amplification. The cDNA sequence was verified (Eton Bioscience, Inc., San Diego, CA) and 

the cDNA was purified by QIAGEN Plasmid Plus Maxi kit (#12963, QIAGEN, Inc.). HA 

tagged mouse Casp2 and Myc tagged S1P cDNA were described (Kim et al., 2018).

The following primers were used for generation of the above plasmids.

Nhe1-Kozak-mCRADD-F:

5’-AGATCTGCTAGCACCATGGCAATGGAAGCCAGAGACAAGCA-3’;

mCRADD-6HIS-STOP-BamH1-R:

5’-

GATGAGGGATCCTCAGTGGTGGTGGTGGTGGTGGTCCAGCATGTGCTGGAGCAG

GGA-3’

Nhe1-Kozak-mPIDD1-F:

5’-GCGTTTGCTAGCACCATGGCAATGGCTGCAGTGTTGGA-3’;

mPIDD1-Flag-STOP-BamH1-R:

5’-TCTAGAGGATCCCTACTTGTCGTCATCGTCTTTGTAGTCGCTGC-3’

mPIDD1-DD-2634-F:

5’-AGAAACTGGATTCCTGGAGCTTGGCCGCCACAAGTACCAGGACAG-3’;

mPIDD1-DD-2379-R:

5’-CTTGTGGCGGCCAAGCTCCAGGAATCCAGTTTCTGCATCACCCAGGT-3’

EcoR1-V5-mSREBP2-F:

5’-

TTCACCGAATTCATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACG

-3’;

mSREBP2-STOP-NOT1-R: 5’-GCGGCGGCTCAGGAGGCAGCGATGGCAGTGCCA-3’

Transfections and Subcellular fractionation—Cells were plated at a density of 2 × 

106 per plate. The next day, 1 μg of indicated cDNAs were transfected using lipofectamine 

3000 (Thermo Fisher Scientific, MA) according to the manufacturer’s instructions. After 4 

hrs the cells were incubated in DMEM/F12 supplemented with 10% FBS and 1% penicillin 

streptomycin. The next day, nuclear, membrane and cytosolic fractions were prepared as 
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described (DeBose-Boyd et al., 1999). Briefly, cells were incubated in hypotonic buffer 

A (10 mM HEPES-KOH, pH 7.6, 10 mM KCl, 1.5 mM MgCl2,1 mM sodium EDTA, 1 

mM sodium EGTA, 250 mM sucrose, protease, and phosphatase cocktail) for 1 hr and 

homogenized in Dounce homogenizer 13 times, followed by passing through a needle 15 

times. Cell lysates were centrifuged at 890 g at 4 °C for 10 mins to collect nuclei. Pellets 

were resuspended in lysis buffer (150 mM Tris-Hcl, pH 7.4, 10% sodium-deoxycholate, 100 

mM NaCl, 100 mM EDTA, 200 mM NaF, 100 mM Na3VO4, and a mixture of protease and 

phosphatase inhibitors) to collect nuclear extracts. The supernatants from the original 890 g 

spin were centrifuged at 13,000 g for 20 mins and supernatants from the 13,000 g spin were 

subjected to another spin at 60,000 g for 1.5 hr at 4°C in a Beckman centrifuge (TLA 100.4 

rotor) to collect membranes and cytosolic fractions. Pellets were subjected to sonication and 

removal of carbohydrate moieties by PNGase F or Endo H. Prepared nuclear and membrane 

extracts were subjected to IB analysis.

RNA analysis—Liver RNAs were extracted using TRIzol Reagent (#15596026, 

Invitrogen) according to the manufacturer’s instructions. cDNAs were synthesized from total 

RNAs using SuperScript VILO cDNA Synthesis Kit (#11754250, Thermo Fisher Scientific) 

according to the supplier’s instructions. The cDNAs were quantified by real-time PCR 

analysis using SYBR Green Master mix (Bio-Rad, CA). The following primers were used:

Casp2-F: 5’-CTA CAT GAC CAG ACC GCA CA-3’; Casp2-R:5’-GTG CCA CTA CGC 

AGG AGT G-3’,

Pidd1-F: 5’-TTG TTC TGC ACA GCA ACC TC-3’; Pidd1-R: 5’-GGG ATA TGT CTG 

GGG GAC TT-3’

Raidd-F: 5’-TTT TCT CAG CAG GTG GCT TT-3’; Raidd-R: 5’-TTA AAG GCC AGC 

CAC AAA GT-3’

Bip-F: 5’-ACT TGG GGA CCA CCT ATT CCT -3’; Bip-R: 5’-ATC GCC AAT CAG ACG 

CTC C -3’

Insig1-F: 5’-CAC GAC CAC GTC TGG AAC TAT -3’; Insig1-R: 5’-TGA GAA GAG CAC 

TAG GCT CCG -3’

Insig2-F: 5’-GGA GTC ACC TCG GCC TAA AAA -3’; Insig2-R: 5’-CAA GTT CAA CAC 

TAA TGC CAG GA -3’

Scap-F: 5’-ATT TGC TCA CCG TGG AGA TGT T -3’; Scap-R: 5’- GAA GTC ATC CAG 

GCC ACT AAT G-3’

Mean Cq values were measured from triplicate PCR analyses for each sample and 

normalized to the amount of Cyclophilin A transcripts

Primer sequences corresponding to lipogenic proteins including mouse SCAP, SREBP1c, 

SREBP2, FASN, SCD-1, HMGCR, HMGCS, LDLR, and others were described (Kim et al., 

2018; Yang et al., 2001).
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Immunohistochemistry—Livers were fixed in 4% paraformaldehyde for 24 hrs and 

embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) to evaluate 

gross morphology, or Sirius red to determine fibrosis. The antibodies listed above were 

used for IHC as described (Kim et al., 2018). Frozen liver sections were prepared by 

embedding in Tissue-Tek OCT compound (Sakura Finetek), sectioned, and stained with Oil 

red O (ORO) to visualize TG accumulation. Four high magnification (HMF) fields were 

blindly taken on a Zeiss Axio Imager, A.2 (Oberkochen, Germany) and positive areas were 

quantified with Image J software.

Triglyceride and cholesterol analysis—Liver TG were extracted by homogenization 

in a 5% NP40 solution followed by heating in an 80°C water bath. Samples were then 

centrifuged and the supernatant containing TG was saved. Liver cholesterol was extracted 

by homogenization in a 7:11:0.1 mix of chloroform:isopropanol:NP40. The lower organic 

phase was taken and air dried in the hood, and then redissolved according to the Cholesterol 

Quantification kit (Sigma Alderich, MO) instructions. Plasma and liver TG and cholesterol 

were determined using Triglyceride Colorimetric Assay kit (#MAK266, Sigma Aldrich, 

MO) and Cholesterol Quantification kit (MAK043, Sigma Aldrich, MO) according to 

manufacturer’s instruction.

ATP measurement—The kit used was the ATP Assay Kit by abcam (ab83355). Liver 

ATP was extracted from 0.02g of sample tissue homogenized in 200uL of assay buffer 

according to the manufacturer’s instructions. The assay was performed according to the 

manufacturer’s instructions. A set of 6 standards and 20uL of each sample were run in 

duplicate on a clear-bottom 96 well plate and brought up to a final volume of 50uL using the 

provided assay buffer. Background controls were run as well. After adding the reaction mix, 

the plate incubated at room temperature at 30min protected from light, before being read at 

OD 570nm.

Insulin measurement—The kit used was the Mouse INSULIN ELISA Kit by invitrogen 

(cat# EMINS). 55uL of mouse serum was diluted 4-fold with the provided Assay Diluent C 

and assay was performed according to the manufacturer’s instructions. A set of 8 standards 

and 100uL of each sample were run in duplicate on the provided 96 well plate. The 

plate was covered and incubated for 2.5 hours at room temperature with gentle shaking; 

afterwards the plate was washed 4 times with the provided wash buffer. Biotin conjugate 

was added to the plate and allowed to incubate for 1 hour at room temperature with gentle 

shaking, and then the washing step was repeated. Streptavidin-HRP solution (provided) was 

added to the plate and allowed to incubate for 45 minutes at room temperature with gentle 

shaking, and the washing step was repeated. TMB substrate (provided) was added to each 

well and allowed to incubate for 30 minutes at room temperature protected from the light 

and with gentle shaking. Finally, stop solution (provided) was added to each well, and the 

plate was read at OD 450nm.

RNA-Seq—Sequencing libraries were prepared from 100–500 ng total RNA using the 

TruSeq RNA Sample Preparation Kit v2 (Illumina) according to the manufacturer’s 

protocol. Briefly, mRNA was purified, fragmented, and used for first-, then second-strand 
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cDNA synthesis followed by adenylation of 3’ ends. For adapter addition, samples were 

ligated to unique adapters and subjected to PCR amplification. RNA quality was confirmed 

using the 2100 BioAnalyzer (Agilent) and samples were pooled for sequencing. For 

sequencing, RNA-seq libraries were prepared and sequenced on an Illumina NovaSeq 

using barcoded multiplexing with a single-end type. Read quantification was accomplished 

using Salmon v1.1.0 (Patro et al., 2017) using an option for single-end. Then quantified 

sf files were loaded into the R environment. For differentially expressed transcripts, 

we used DESeq2 (Love et al., 2014). To import outcome, DESeqDataSetFromTximport 

function of the tximport package was performed using the option as follows: type=‘salmon’, 

txOut=TRUE. After establishment of DESeq2 data set with estimate SizeFactors, we 

normalized the counts using the ‘counts’ function with the option, normalized=TRUE. To 

identify significant transcripts/genes, we used the cut-off as follows: False Discovery Rate 

(FDR) < 0.05 and fold change > |1.5|. PCA plots were generated with vst and plotPCA 

commands. The R function, heatmap.2, was utilized to generate from overlapped transcripts 

with viridis color settings. For pathway analysis, transcript names were converted into gene 

symbols, then significant gene sets (up- or down-regulated) were used with the EnrichR tool. 

Hallmark Pathway 2020 outputs were visualized in heatmap plots.

Electron Microscopy—Mice were anesthetized with ketamine-xylazine and livers were 

immediately fixed with fixative (SC buffer: 2%paraformaldehyde, 2.5% of glutaraldehyde in 

0.15 M Sodium Cacodylate, pH. 7.4). Trimmed liver pieces 1 mm3 in size were incubated in 

1% osmium in 0.15 M sodium cacodylate for 1–2 hrs on ice. After washing with 0.15M SC 

buffer, the liver pieces were incubated in 2% of uranyl acetate. After dehydration in ethanol 

and drying in acetone, the tissues were imbedded in Durcupan. Ultrathin sections (60 nm) 

were cut on Leica microtome with Diamond knife and followed by post staining with uranyl 

acetate and lead. Images were captured on JEOL 1400 plus TEM at 80KV with Gatan 4kx4k 

camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean ± SEM as indicated. Differences in mean values were analyzed 

by Student t-test or one-way ANOVA (for more than 2 groups). Quantification and statistical 

analysis of each experiment can be found in the figure legend. P value < 0.05 was considered 

as significant (N.S: p ≥ 0.05, *: p < 0.05, **: p < 0.005, ***: p < 0.001). Statistical analyses 

were performed using GraphPad Prism 7 software (San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PIDDosome is activated in hepatocytes by fructose intake.

• PIDDosome accounts for fructose dependent SREBP activation and 

hepatosteatosis.

• SCAP induced SREBP activation expands ER, preventing ER stress and 

PIDDosome activation.

• SCAP ablation enhances diet-induced ER stress, PIDDosome activation, and 

liver damage.
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Figure 1. Hepatocyte-specific Casp2 ablation prevents fructose induced steatosis.
A-C: WT BL6 mice were fed cornstarch (CSD, n=21) or high fructose (HFrD, n=20) diets 

for 12 weeks and analyzed as indicated.

A. Nuclear SREBP1 and 2 and relative target mRNA amounts.

B. Representative immunoblots (IB) of phosphorylated IRE1 (p-IRE1), HMGCR, and 

PIDDosome components. The corresponding mRNAs were quantitated by Q-RT-PCR and 

their relative amounts are shown on the right.

C. Representative IB analysis (top) and mRNA quantification of INSIG2 and c/EBPβ 
(bottom).

D-F: Casp2 floxed (Casp2F/F, n=14) and liver specific Casp2 knockout (Casp2ΔHep, n=13) 

mice were fed HFrD for 12 weeks and analyzed.

D. Representative hematoxylin and eosin (H&E) stained formalin fixed paraffin embedded 

(FFPE) liver sections and oil red O (ORO) stained frozen liver sections. Four high 

magnification fields (HMF) were taken from each liver and quantified by Image J software. 

Quantification is on the right.

E. IB of nuclear SREBPs and FAS in whole tissue lysates (left), and relative amounts of 

lipogenic enzyme mRNAs (right).
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F. IRE1 phosphorylation (left) and relative PIDDosome component mRNAs (right).

Results are mean ± SEM. Scale bar, 100 μm. Statistical significance was determined by 

two-tailed Student’s t test. *p < 0.05, **p < 0.005, ***p < 0.001.
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Figure 2. PIDDosome components are required for fructose induced hepatosteatosis.
A. WT, Casp2−/−, Pidd1−/−, and Raidd−/− mice were fed CSD or HFrD for 12 weeks and 

liver sections from indicated mice were H&E and ORO stained. Four HMFs were taken from 

each section and ORO-positive areas were quantitated and shown on the right.

B. Serum and liver triglyceride (TG) and cholesterol (Chol) from above mice (Serum: 

WT-CSD: n=9, WT-HFrD: n=11, Casp2−/−-CSD: n=6, Casp2−/−-HFrD: n=10, Pidd1−/−-

CSD: n=10, Pidd1−/−-HFrD: n=10, Raidd−/−-CSD: n=9, Raidd−/−-HFrD: n=7; Liver: WT-

CSD: n=9, WT-HFrD: n=8, Casp2−/−-CSD: n=5, Casp2−/−-HFrD: n=9, Pidd1−/−-CSD: n=9, 

Pidd1−/−-HFrD: n=13, Raidd−/−-CSD: n=9, Raidd−/−-HFrD: n=6).

C. Representative IB analysis of nuclear SREBPs (left) and relative lipogenic enzyme 

mRNAs (right) in livers of indicated mice. (WT-CSD: n=13, WT-HFrD: n=17, Casp2−/−-

CSD: n=8, Casp2−/−-HFrD: n=13, Pidd1−/−-CSD: n=14, Pidd1−/−-HFrD: n=27, Raidd−/−-

CSD: n=10, Raidd−/−-HFrD: n=16).

D. IB analysis of indicated proteins in the above mouse livers.
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Scale bar, 100 μm. Positive areas were quantitated using Image J software. Statistical 

significance was evaluated by one way ANOVA and Tuckey’s multiple comparison. *p < 

0.05, **p < 0.005, ***p < 0.001. C-CSD, F-HFrD.

Kim et al. Page 26

Cell Metab. Author manuscript; available in PMC 2023 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. PIDDosome components control fructose induced lipid metabolizing genes.
WT, Casp2−/−, Pidd1−/−, and Raidd−/− mice were fed CSD or HFrD for 12 weeks. Total liver 

RNA was extracted and subjected to whole genome RNA-seq analysis.

A. Principal Component Analysis (PCA) plot showing 5 groups with 3 biological replicates 

each. The PCA captured the variation of the samples among 5 groups, showing PC1 and 

PC2 scores. Each group is shown with geom_polygon function of ggplot2.

B. Venn diagram showing overlapping genes from 4 comparative analyses. Selected 

overlapping genes are listed on the right.

C. Heatmap showing significantly altered genes among the 5 groups. Overlapping pathways 

among 4 comparisons (n=50) were visualized in z-score scale.
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Figure 4. PIDD1 and RAIDD are needed for Casp2 activation.
A-C. Parental (EVΔ), PIDD1- (PIDD1Δ) or RAIDD-ablated (RAIDDΔ) HEK293 cells 

were transfected with plasmids encoding epitope-tagged PIDDosome components, S1P, and 

SREBP2 as indicated and cultured for 16 hrs. Membrane and nuclear fractions were isolated 

and the indicated proteins were IB analyzed.

D. HEK293 cells were transfected with the indicated plasmids and supplemented with 

25-hydroxycholesterol (25-HC, 1 μg/ml) for 16 hrs. Indicated proteins were IB analyzed. 

Cleaved S1P is shown in the red box.

Each experiment was repeated at least 3 times and representative results are shown. F-Full 

length, C-Cleaved, P-precursor, N.S-non-specific, NE-nuclear extract.
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Figure 5. IRE1 inhibition prevents PIDDosome and SREBP activation.
WT mice were fed HFrD for 8 weeks, followed by DMSO (n=16) or MKC3946 (3 mg/kg, 

n=20) treatments every two days for 4 weeks.

A. H&E and ORO staining of liver sections. Quantification is shown on the right.

B, C. The indicated proteins in liver lysates of above mice were IB analyzed (left). 

PIDDosome components (B) and relative lipogenic enzyme mRNAs (C) were quantitated 

and the results shown on the right.

D. Serum and liver TG and Chol in above mice.

E. IB of c/EBPβ and INSIG2 in liver lysates of above mice.

Results are mean ± SEM. Scale bar, 100 μm. Statistical significance was performed by 

two-tailed Student’s t test. *p < 0.05, **p < 0.005, ***p < 0.001. N.E-nuclear extract.
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Figure 6. Scap ablation potentiates fructose-induced ER stress and PIDDosome activation.
ScapF/F (n=13) and ScapΔhep (n=11) mice were fed HFrD for 12 weeks.

A. IB analysis of precursor and cleaved SREBP1/2 in above livers.

B. Liver sections from above mice were stained with H&E, Sirius red, and cleaved Casp3 

antibody. Anisonucleosis, portal cellularity, cytoplasmic inclusion, indicated by light green 

arrowheads, and Casp3-positive hepatocytes, indicated by red arrowheads, and fibrosis were 

visualized in above livers. Quantification is shown on the right.

C. IHC analysis of Casp2 and PIDD1 in livers of above mice and relative mRNA expression 

of PIDDosome components and S1P (MBTPS1) are shown on the right. IB analysis of 

phospho-IRE1 and cleaved (cl.) S1P is at the bottom.

D. eIF2α phosphorylation in livers of above mice.

E. Hallmark pathways from Enrich analysis using up- or down-regulated genes in HFrD-

ScapΔhep compared to HFrD-ScapF/F livers with 3 biological replicates each.

Results are mean ± SEM. Scale bar, 100 μm. Statistical significance was performed by 

two-tailed Student’s t test. *p < 0.05, **p < 0.005, ***p < 0.001.
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Figure 7. IRE1 inhibition alleviates ER stress and damage in the HFrD-fed ScapΔhep liver.
ScapΔhep mice were fed HFrD for 8 weeks, followed by DMSO (n=8) or MKC3946 (3 

mg/kg, n=8) treatment every two days for 4 weeks.

A. H&E and Casp3 staining of FFPE liver sections. Quantification of cleaved Casp3-positive 

hepatocytes is on the right.

B. B of ER stress markers (left) and Casp2 and PIDD IHC (right) of above livers.

C. IB analysis of SREBP1 (left) and mRNA of lipogenic enzymes (right) in above livers.

D. EM images of above livers. Disrupted and well-organized RER are highlighted and 

enlarged in the dotted yellow boxes.

Results are mean ± SEM. Scale bar in H&E image, 100 μm. Scale bar in EM images, 1000 

nm. Statistical significance was performed by two-tailed Student’s t test. *p < 0.05, **p < 

0.005, ***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-Casp2 Enzo Life Science Cat# ALX-804-356; RRID: AB_2275199

Rabbit polyclonal anti-Casp2 Abcam Cat# Ab182657; RRID:

Mouse monoclonal anti-PIDD1 Adipogen Cat# AG-20B-0038-C100; RRID:

Rabbit polyclonal anti-PIDD1 Abcam Cat# Ab231315; RRID:

Rabbit polyclonal anti-RAIDD Proteintech Cat# 10401-1-AP; RRID:AB_2085477

Mouse monoclonal anti-SREBP1 Abcam Cat# ab3259; RRID: AB_303650

Rabbit polyclonal anti-SREBP2 Abcam Cat# ab30682; RRID:AB_779079

Mouse monoclonal anti-S1P Santa Cruz Technologies Cat# sc271916; RRID: AB_10610623

Rabbit polyclonal anti-INSIG2 ThermoFisher Scientific Cat# PA5-41707; RRID:AB_2576306

Rabbit polyclonal anti-p-IRE1 Novos Biologicals, LLC. Cat# NB100-2323; RRID:AB_10145203

Rabbit monoclonal anti-IRE1 Cell Signaling Technology Cat# 3294; RRID:AB_10830732

Rabbit polyclonal anti-c/EBPbeta/LAP Cell Signaling Technology Cat# 3087; RRID:AB_2260365

Rabbit polyclonal anti-ERK Cell Signaling Technology Cat#9 102; RRID: AB_330744

Rabbit polyclonal anti-ACC Cell Signaling Technology Cat# 3662; RRID: AB_2219400

Rabbit monoclonal anti-FAS Cell Signaling Technology Cat# 3180; RRID: AB_2100796

Rabbit polyclonal anti-Hmgcr Santa Cruz Technologies Cat#s c33827; RRID:AB_2118193

Rabbit monoclonal anti-PDI Cell Signaling Technology Cat# 3501; RRID: AB_2156433

Rat monoclonal anti-HA Roche Cat# 1867431; RRID:AB_390918

Rabbit polyclonal anti-Flag Sigma Aldrich Cat# F7425; RRID: AB_439687

Mouse monoclonal anti-Tubulin Sigma Aldrich Cat# T5168; RRID: AB_477579

Mouse monoclonal anti-Myc tag Abcam Cat# Ab32; RRID:AB_303599

Rabbit monoclonal anti-V5 Cell Signaling Technology Cat# 13202; RRID:AB_2687461

Bacterial and virus strains

OmniMax™ 2 T1R Chemically competent cells ThermoFisher Scientific C854003

Chemicals, peptides, and recombinant proteins

25-Hydroxycholesterol MedChemExpress Cat# HY-113134

Puromycin InvivoGen Cat# Ant-pr-1

Lipofectamine 3000 Transfection Reagent ThermoFisher Scientific Cat# L3000015

MKC3946 EMD Millipore Cat#532758

TRIzol Reagent Invitrogen Cat# 15596026

PNGaseF New England BioLabs Cat#P0704

EndoH New England BioLabs Cat#P0702

Nhe1 New England BioLabs Cat#R3131S

BamH1 New England BioLabs Cat#R3136S

Not1 New England BioLabs Cat#R3189S

EcoR1 New England BioLabs Cat#R3101S
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Triglyceride Quantification Kit Sigma Aldrich Cat# MAK266

Cholesterol Quantification Kit Sigma Aldrich Cat# MAK043

Mouse INSULIN ELIZA Kit Invitrogen Cat# EMINS

ATP Assay Kit Abcam Cat# Ab83355

Super Script VILO cDNA Synthesis Kit Scientific ThermoFisher Scientific Cat# 11754050

Deposited data

RNAseq This paper PRJNA775619

Data S1_Source Data This paper

Experimental models: Cell lines

HEK293 cells ATCC CRL-1573

PIDD1-ablated HEK293 cells This paper N/A

RAIDD-ablated HEK293 cells This paper N/A

Experimental models: Organisms/strains

Mouse: Casp2 flox This paper N/A

Mouse: Casp2−/− O’Reilly et al., 2002 N/A

Mouse: PIDD1−/− Manzl et al., 2009 N/A

Mouse: RAIDD−/− Berube et al., 2005 N/A

Mouse: SCAP flox Moon et al., 2011 N/A

Oligonucleotides

Guide sequence against human PIDD1, see 
experimental model and subject details

This paper N/A

Guide sequence against human CRADD, see 
experimental model and subject details

This paper N/A

Primers for generation of PIDD1-Flag, PIDD1ΔDD-
Flag, RAIDD-6HIS, and V5-SREBP2, see 
experimental model and subject details

This paper N/A

Primers for analysis of mRNA analyses, see 
experimental model and subject details

This paper N/A

Recombinant DNA

pCDH-CMV-MCS-EF1-Puro System Bioscience Cat#CD500-CD700

plentiCRISPRv2 vector Sanjana et al., 2014 N/A

pCMV6-Myc-DDK-Cradd OriGene Technologies, Inc. Cat#MR202001

pCDH-CMV-MCS-EF1-Puro-mCasp2-HA Kim J.Y et al., Cell 2018 N/A

pCDH-CMV-MCS-EF1-Puro-mPIDD1-Flag This Paper N/A

pCDH-CMV-MCS-EF1-Puro-mRAIDD-6HIS This Paper N/A

pCDH-CMV-MCS-EF1-Puro-Myc-S1P Kim J.Y et al., Cell 2018 N/A

pCDH-CMV-MCS-EF1-Puro-V5-mSREBP2 This Paper N/A

pEGFP-SCAP Nohturfft et al., 2000 (PMID: 
10975522)

N/A

Software and algorithms

Illustrator Adobe http://www.adobe.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

Photoshop Adobe http://www.adobe.com

Image J Open Source/National Institute of 
Health

http://imagej.nih.gov/ij/

GraphPad Prizm 7.0 software GraphPad Software. Inc. http://www.graphpad.com/
scientificsoftware/prism/

Other

Diet: Normal chow diet LabDiet Rodent Diet 5053

Diet: Cornstarch diet Research Diets, Inc. D12450K

Diet: Fructose diet Research Diets, Inc. D02022704K

Diet: High fat diet Bio-Serv S3282

Diet: Western Diet ENVIGO TD88137

Diet: D-(−)-Fructose Sigma Aldrich F3510

Diet: D-(+)-Glucose Sigma Aldrich G5767
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