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Abstract 

The endoplasmic reticulum (ER) is a vital organelle responsible for several aspects of 

cell function and signaling, including protein synthesis, folding, modification, trafficking 

and quality control; lipid synthesis and transportation; calcium storage and signaling. 

Upon physiological stimulus and environmental stress, ER protein homeostasis 

(proteostasis) can be challenged and disturbed where proteins in the ER misfold and 

even aggregate, leading to proteotoxicity that threatens function and survival of the 

cells. To maintain ER proteostasis, numerous ER quality control systems have evolved, 

including unfolded protein response (UPR), ER-associated degradation (ERAD) and 

autophagy (ER-phagy). In particular, ERAD is a constitutively active machinery that 

efficiently clears misfolded ER proteins by targeting them for proteasomal degradation. 

Among multiple identified ERAD complexes, the Suppressor/enhancer of Lin-12 Like-

HMG-coA reductase degradation (SEL1L-HRD1) ERAD complex is most conserved 

across mammals and comprehensively investigated. To date, the pathophysiological 

importance of SEL1L-HRD1 ERAD has been well demonstrated in a cell type-specific 

and substrate-dependent manner. However, it remains largely unknown the role of 

SEL1L-HRD1 in heterogenous cell populations in central nervous system (CNS) and 

how this complex engages in organismal health and disease via maintaining 

proteostasis in CNS. This dissertation provides explorations and findings in the role of 

hypothalamic SEL1L-HRD1 in metabolic regulation, as a good start for filling the 

knowledge gap. 



 xii 

The ER proteostasis of hypothalamic neurons is indispensable for neuronal activity and 

function to mediate organismal energy balance in response to altering nutritional status. 

Interestingly, we observed, upon acute HFD feeding for one week, a transient induction 

of SEL1L-HRD1 protein abundance in hypothalamic neurons, including pro-

opiomelanocortin (POMC) neurons as key regulators of food intake and energy 

expenditure. Notably, deficiency of SEL1L in POMC neurons significantly predisposed 

mice to diet-induced obesity (DIO) due to hyperphagia. Mechanistically, the increased 

food intake was attributed to leptin resistance in POMC neurons deficient in SEL1L-

HRD1, independent of UPR. Further investigation provided evidence that SEL1L-HRD1 

controls leptin signaling by maintaining maturation and membrane display of leptin 

receptor long isoform (LepRb). Particularly, SEL1L-HRD1 ensured efficient degradation 

of misfolded LepRb, and the deficiency of SEL1L-HRD1 rendered accumulation of 

misfolded LepRb aggregates, interfering with folding and maturation of nascent LepRb. 

Hence, SEL1L-HRD1 ERAD regulates leptin signaling via LepRb in a substrate 

dependent manner. 

In addition to demonstrating the role of hypothalamic SEL1L-HRD1 in metabolic 

regulation, we also identified and characterized astrotactin1 (ASTN1) as a bona fide 

endogenous substrate of SEL1L-HRD1 that mediates neuronal plasticity and contact 

with glial cells and closely associated with neurodevelopmental disorders. Together, 

these findings underscore the significance of SEL1L-HRD1 ERAD in CNS, from 

hypothalamus and beyond. 
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Chapter 1 Endoplasmic Reticulum Quality Control of Metabolic Regulation in 

Neurons and Beyond1 

 

1.1 Abstract 

Hypothalamic neurons of the central nervous system (CNS) are key regulators for 

energy homeostasis. As endoplasmic reticulum (ER) homeostasis is indispensable for 

neuronal activity and function including translation, folding and secretion of 

neurotransmitters and peptides, a variety of quality control machineries have evolved in 

organisms to maintain ER proteostasis. This review mainly focuses on recent findings in 

the roles of ER quality control systems, including ER-associated degradation (ERAD), 

unfolded protein response (UPR) and autophagy (ER-phagy), in the central nervous 

systems, mainly hypothalamus, in metabolic regulation. 

 
1 This chapter is adapted from an invited review for Journal of Biological Chemistry 
(to be submitted) 
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1.2 Introduction 

The prevalence of obesity and metabolic disorders has been rising for years[1-3]. 

Studies have been shifted from understanding the pathogenesis in peripheral tissues 

towards central nervous systems (CNS) as increasing evidence supporting the 

importance of central regulation of systemic metabolism[4-9]. The hypothalamus is an 

essential part of the CNS regulating systemic metabolism mainly via production and 

secretion of neuropeptides from hypothalamic neurons[10]. Among the heterogenous 

neuronal populations in hypothalamus, anorexigenic POMC and orexigenic AgRP/NPY 

neurons are two fundamental regulators for food intake and energy expenditure[11-19]. 

The neuropeptides are first synthesized and folded as entire prohormones inside of 

endoplasmic reticulum (ER), followed by post-translational modification, cleavage 

processing along trafficking from ER through Golgi network before transportation to the 

cell membrane for secretion[20, 21]. Of note, the proper folding inside of ER is 

prohormone processing and maturation. The translated peptides, first fold to 

intermediates and then towards native states with proper functions. Occasionally, the 

intermediates, instead of getting correctly folded, may misfold into oligomers and further 

aggregates. The accumulation of excessive and misfolded proteins, if not cleared 

efficiently, will ultimately lead to proteotoxicity, ER stress and even cell death. In order 

to avoid proteotoxicity, organisms have evolutionarily developed several effective and 

efficient protein quality control systems in ER. There are mainly three ER protein quality 

control machineries: Unfolded protein response (UPR), ER-associated degradation 

(ERAD) and autophagy (ER-phagy) (Figure 1.1). 
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The physiological relevance of hypothalamic ER quality control machineries, including 

UPR, autophagy and ERAD, has been highlighted by the correlation between their 

transcriptional regulation with alterations in nutritional status[22-26]. Upon food 

deprivation, several UPR related genes are activated, including ER chaperones as well 

as ERAD components as downstream of XBP1s, ATF4 and ATF6 in specifically in 

AgRP but not POMC neurons[23]. On the other hand, refeeding boosts the 

aforementioned UPR-related genes in POMC neurons[25, 26]. Caloric restriction and 

starvation induces hypothalamic autophagy[22, 24], which can be reversed by 

refeeding[24]. Such distinction in the transcriptional profiles of these two populations in 

response to different nutritional stimuli should correlate with their neuronal activities, 

where AgRP and POMC neurons are activated upon fasting and reeding respectively.  

Several genetic studies in combination with a variety of diets have highlighted patho-

physiological importance of components of UPR[26-33], autophagy[24, 34-37] and 

ERAD[25, 38] in the hypothalamic control of energy homeostasis. Each machinery has 

distinct signaling pathways while there are also cross-talks among the systems where 

compensatory and/or synergistic effect exist. The ubiquitous expression and 

functionality of those three machineries have been identified in a variety of peripheral 

tissues and central nervous systems related to metabolic regulations. This review 

mainly focuses on the roles of ER quality control systems in hypothalamic neurons, 

mainly POMC and AgRP neurons, in metabolic regulation (Figure 1.2). 
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1.3 Hypothalamic POMC and AgRP/NPY neurons  

Among various neuron populations within the ARC of the hypothalamus, POMC and 

AgRP/NPY neurons are two primary metabolic regulators for food intake and energy 

expenditure[11-19]. Both neurons reside close to each other, adjacent to fenestrated 

capillaries with access to circulating hormones[11-19]. AgRP/NPY neurons can inhibit 

POMC neurons by direct synaptic release of GABA[16, 39]. POMC neuropeptides that 

can be further processed into POMC-derived peptides through ER-Golgi trafficking. 

AgRP/NPY neurons co-express AgRP and NPY neuropeptides. POMC and AgRP/NPY 

neurons are regulated reciprocally upon activation and exert opposing effect by 

projecting into downstream targeting regions, and mediate an integrated response to 

maintain energy homeostasis[40].  

 

1.4 Leptin signaling in central regulation of energy balance 

Leptin is one of the key circulating hormones that can stimulate the function of the 

aforementioned hypothalamic neurons to express neuropeptides[41, 42]. Leptin is a 

hormone produced and secreted by the adipose tissues into circulation[43]. The amount 

of leptin is generally in proportion to the overall fat mass and thus is the reflection of the 

organism nutritional status[44, 45]. Circulating leptin can be sensed by hypothalamic 

cells, including POMC and AgRP/NPY neurons that expressing leptin receptors 

(LepR)[42, 46-49]. Particularly, the long form of the LepR (LepRb) is mainly responsible 

for leptin action in the hypothalamus for maintaining body weight and food intake[49-54]. 

In basal inactive state, LepRb is displayed on the membrane surface as 

homodimers[55, 56], associated with Janus kinase2 (JAK2) in the cytosolic domain[54, 
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56, 57]. Upon activation by the binding of the leptin, the confirmational change of the 

LepRb results in the activation of JAK2 via auto-phosphorylation[58], which further 

phosphorylate LepRb at different sites as well as downstream transcription factor Signal 

Transducer and activator of Transcription 3 (STAT3)[54, 59]. The phosphorylated 

STAT3 (pSTAT3) can further translocate to the nucleus and mediate a group of target 

gene expression including the anorexigenic peptide POMC [60-64] suppressing 

orexigenic peptides AgRp/NPY[65-68]. Besides, leptin signaling cascades modulate 

hypothalamic neuronal activities, including directly depolarizing POMC neurons and 

hyperpolarizing AgRP/NPY neurons. The leptin inhibition of AgRP/NPY neurons further 

diminishes the GABAergic tone onto POMC neurons as an indirect activation of POMC 

neurons[16]. Therefore, the integrated action of leptin on hypothalamic neurons 

coordinates an anorexigenic effect.  

 

1.5 Leptin resistance in CNS 

At physiological condition, leptin should exert sufficient anorectic effect to maintain 

organism energy homeostasis. However, studies in genetic and diet-induced obese 

mice and human patients reported significantly elevated circulating leptin levels in many 

obese individuals[44, 69]. These striking findings brought up the concept of central 

leptin resistance under pathological circumstances. As leptin resistance greatly hinders 

the therapeutic efficacy of leptin administration in clinical trials [70], many studies have 

been investigating the mechanisms underlying the pathogenesis of leptin resistance[61]. 

To date, several hypotheses for leptin resistance have been proposed, including 

impaired leptin transport from circulation to CNS due to alteration in the blood-brain-
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barrier (BBB)[71-74]; desensitization of LepRb and/or strong inhibition of leptin signaling 

by upregulated suppressors due to hyperleptinemia such as SOCS3[75-78] and 

PTP1B[79-81]; defective leptin signaling cascades attributed to neuroinflammation[82-

84] and disturbed ER homeostasis[29, 83, 85]. Despite the interconnections among 

aforementioned pathways, following sections will mainly demonstrate current evidence 

linking ER homeostasis in hypothalamic neurons with development of neuronal 

dysfunction, leptin resistance and overall pathogenesis of obesity. 

 

1.6 ERAD 

ERAD is a constitutively active ER proteostasis control machinery that target and 

degrades the misfolded and excessive unfolded proteins in a substrate-dependent 

manner. Step by step, the process includes substrate recognition, targeting, 

retrotranslocation, ubiquitylation and proteasomal degradation[86]. As the most 

conserved ERAD complex, Sel1L-Hrd1 has been generally characterized in vivo[87], 

indicating its vital roles in health and disease in a tissue-specific manner [25, 38, 88-96]. 

Hrd1 is an E3 ubiquitin ligase and retrotranslocon[97, 98] and Se1l1L is its adaptor. 

Upon recognition, Hrd1 extracts and ubiquitinates the substrates from ER for cytosolic 

proteasomal degradation. Sel1L is indispensable for maintaining the stability function of 

Sel1L-Hrd1 complex[99, 100]. 

Recent studies have revealed patho-physiological importance of hypothalamic SEL1L-

HRD1 ERAD[25, 38]. The SEL1L-HRD1 is independent for maturation and secretion of 

AVP and POMC, which are vital for systemic water homeostasis and food intake 

respectively[25, 38]. The fundamental underlying mechanism of how ERAD maintains 
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maturation of those prohormones is that it ensures the systems towards folding and 

function via constitutively and efficiently degrading misfolding-prone intermediates that 

accumulate towards oligomers and aggregates in the absence of ERAD. The misfolding 

intermediates and aggregates further disturb the ER folding capacity and the proper 

folding of nascent peptides. This theory can be further applied in the context of disease 

mutants. The autosomal-dominant disease mutants of the AVP and POMC 

prohormones not only readily aggregate within themselves, but also associate with 

other nascent wildtype prohormones to form intermolecular oligomerization via disulfide 

bonding due to aberrant cysteine exposure[25, 38]. 

 

1.7 UPR 

The UPR is an adaptive response to accumulation of misfolded proteins inside the ER. 

The UPR, in mammals, is orchestrated by three ER transmembrane sensors: type I 

transmembrane protein inositol requiring enzyme 1α (IRE1α), protein kinase RNA-

activated (PKR)-like ER kinase (PERK); and activating transcription factor 6 (ATF6).  

The UPR sensors, in the basal state, are repressed by association with the chaperone 

BiP in the ER lumen[101]. Upon ER stress, the BiP molecules bound to the UPR 

sensors are recruited to misfolded proteins. The sensors, upon BiP dissociation, 

mediate different signaling cascades and activate several downstream effectors to 

increase the degradation and folding capacity as well as decrease the folding demand 

of the ER.   
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1.7.1 IRE1α-XBP1 

IRE1α a type I transmembrane protein with functional domain consisting of a 

serine/threonine kinase and endoribonuclease domain. In basal condition with balanced 

ER proteostasis, IRE1α largely remains in an inactive form monomer with BiP bound to 

the luminal domain. Upon ER stress-induced activation, the dissociation of BiP 

mediates IRE1α oligomerization, trans-autophosphorylation of the kinase domain and 

RNase domain subsequently[102, 103]. The endoribonuclease domain of the activated 

IRE1α initiates splicing of the mRNA encoding X-box binding protein (XBP1) and 

generates a frameshift that encodes XBP1s, a transcription factor of a variety of UPR-

related genes related to protein folding, trafficking, lipid synthesis and ERAD[104, 105].  

The role of hypothalamic IRE1α-XBP1 branch have been investigated by two groups 

studying mice with deficiency of IRE1α in POMC neurons (IRE1αPOMC). One study 

indicated IRE1αPOMC mice were predisposed to DIO with impaired the thermogenesis 

and glucose homeostasis as well as insulin and leptin resistance[27], suggesting the 

protective role of POMC neuron-specific IRE1α. However, another group observed 

completely opposing phenotype that IRE1αPOMC mice were protected against DIO, liver 

steatosis as well as leptin and insulin resistance with increased thermogenesis due to 

elevated α-MSH production[28]. Notably, regardless of the discrepancy in over 

nutritional status, both studies agreed on that IRE1α is dispensable in POMC neurons in 

basal conditions where IRE1αPOMC mice maintained comparable body weight and 

metabolism to the littermate controls upon normal chow diet[27, 28].  

The neuron-specific XBP1 knockout rendered mice slightly lower body weight upon 

regular chow diet with normal serum levels of glucose and leptin as well as glucose 
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tolerance and insulin sensitivity compared to controls. Hypothalamic leptin sensitivity 

was also preserved[29]. However, upon HFD feeding, panneuronal XBP1 deficiency 

significantly predisposed mice to DIO and pathogenesis including increased adiposity, 

reduced oxygen consumption, glucose intolerance and insulin resistance. Also, 

hypothalamic leptin sensitivity was significantly impaired[29]. The mice with XBP1s 

deficiency specifically in POMC neurons (XBP1POMC) indicated a tendency towards 

higher body weight gain without significance. Upon HFD feeding, the XBP1POMC mice 

had increased food intake compensated by increased energy expenditure with elevated 

fat oxidation[106]. On the other hand, overexpression of XBP1s in POMC neurons was 

sufficient to protect mice against DIO with improved leptin and insulin sensitivity[26]. 

 

1.7.2 PERK-eIF2α-ATF4 

Among three branches of UPR, PERK is the only one that mediates adaptive response 

via modulating protein synthesis. Similar to IRE1α, PERK is a type I transmembrane 

protein repressed by BiP bound to the luminal domains, and the release of BiP in 

response to increased unfolded/misfolded proteins facilitates PERK oligomerization and 

auto-phosphorylation[107]. The activated PERK further phosphorylates eIF2α[107], 

which represses the translation of most mRNA except for ATF4 that induces CHOP as a 

critical intermediate step towards apoptosis upon ER stress[108-110]. 

PERK deficiencty in POMC neurons (PERKPOMC) mildly protected male mice against 

diet-induced obesity by reduction of food intake[30]. However, celastrol administration 

was only able to improve leptin sensitivity so as to control food intake and bodyweight 

upon HFD in a PERK-dependent manner[30]. This suggested PERK deficiency alone is 
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not sufficient to prevent DIO, but instead, a crosstalk between PERK signaling and other 

pathways may be a key regulator in the metabolic control of the neurons. Indeed, 

PERKPOMC mice exhibited upregulation of other UPR-related components including 

XBP1s as can be protective against DIO[26, 30]. Another insight is that a low level (but 

not ablation) of PERK signaling is required for maintaining the adaptive capability of the 

organisms in response to nutritional overload.  

As the direct downstream effector of the PERK mediated signaling cascade, eIF2α 

phosphorylation is increased by fasting in hypothalamic AgRP neurons[31]. The loss-of-

function eif2α Ser51Ala mutant has been studied in the context of AgRP neurons[31]. 

The mice with impaired phosphorylation of eIF2α specifically in AgRP neurons exhibited 

decreased body weight, food intake and starvation-induced AgRP neuronal activity with 

increased leptin responses[31]. Further, the acute deletion of ATF4, the downstream of 

PERK-eIF2α branch, in AgRP neurons in adulthood led to leaner mice with improved 

insulin/leptin sensitivity and reduced hepatic lipids, which protected mice against DIO 

and pathogenesis including insulin resistance and liver steatosis with higher 

thermogenesis[33]. Deletion of ATF4 in POMC neurons reduced fat mass in mice due to 

increased energy expenditure and protected mice against diet-associated obesity, 

glucose intolerance and leptin resistance, in a ATG5 dependent manner[32]. Further, 

hypothalamic overexpression of ATF4 resulted in no significant alteration in body 

weight, food intake or fat mass[111]. 
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1.7.3 ATF6 

ATF6 is a type II transmembrane protein bound to BiP in the inactive state as well. The 

dissociation of BiP allows ATF6 to translocate to the Golgi complex where the 

cytoplasmic, N-terminal domain of ATF6 are released by cleavage and the 

transcriptional activator fragment enters the nucleus for gene expression regulation. 

Unlike the other two arms of UPR, IRE1α-XBP1 and PERK- eIF2α-ATF4, in 

hypothalamic neurons, the role of ATF6 signaling in hypothalamus for metabolic 

regulation appears relatively limited. One study suggested ATF6α is required for AVP 

neuron to maintain water homeostasis in male mice upon intermittent water deprivation. 

Mice with AVP neuron-specific deletion of ATF6α had increased urine volumes 

compared to the counterparts under dehydration[112]. On the other hand, whole-body 

ATF6β deficient mice exhibit anxiety-like behavior in consistence with increased 

hypothalamic corticotropin-releasing expression and circulating corticosterone[113]. In 

vitro studies using primary cell culture further reveal the vital role of ATF6α, but not 

ATF6β in the transcriptional control in response to ER stress [114, 115]. 

 

1.8 Autophagy/ER-phagy 

Autophagy is an evolutionarily conserved cellular process involving the breakdown and 

recycling of intracellular macromolecules, usually damaged or dysfunctional 

components, by lysosomal pathways[116-118]. Based on the processing mechanisms, 

three primary types of autophagy have been identified in mammalian cells: 

macroautophagy[119], microautophagy[120] and chaperone-mediated autophagy[121]. 

Autophagy can degrade cargo in both nonselective and selective way, where the former 
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transports the component in bulk to lysosomes and the latter degrades in a substrate-

dependent manner[116-118].  

Studies in hypothalamic autophagy generally suggest that activation of autophagy 

promotes neuronal control of energy homeostasis, the deficiency of which will impair 

neurometabolic regulation. The inhibition of autophagy by shRNA knockdown of Atg7 in 

the medio-basal hypothalamus led to hypothalamic inflammation via activation of NF-kB 

pathways, which significantly predisposed mice HFD-associated obesity and 

pathogenesis[122].  

As the shRNA in the aforementioned studies targeted the whole medio-basal 

hypothalamus, to further decipher the roles of autophagy in specific neuronal 

populations of the hypothalamus, several groups looked carefully into POMC and AgRP 

neurons respectively. Serum starvation can effectively induce autophagy in 

hypothalamic cells via increased uptake of fatty acid, and autophagy mobilizes lipids to 

generate endogenous fatty acids, which further promotes expression of AgRP[24]. The 

inhibition of autophagy in vitro promoted neuronal lipid accumulation and the deficiency 

of Atg7 in AgRP neurons inhibited the starvation-induced upregulation of AgRP, and 

concomitant suppression of POMC expression due to decreased inhibitory input from 

AgRP to POMC neurons[24].  

More investigations have been performed in POMC neuron-specific autophagy 

deficiency mouse models (Atg7ΔPOMC). Contrary to the lean phenotype in mice deficient 

of Atg7 in AgRP neurons, loss of Atg7ΔPOMC mice were very susceptible to obesity with 

hyperphagia, decreased energy expenditure, elevated adiposity[34-36]. The Atg7ΔPOMC 

mice exhibited higher body weight shortly post weaning upon regular chow diet, with 
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increased adiposity and glucose intolerance[34]. The defective POMC axonal 

projections due to abnormal development was attributed to impaired metabolic 

regulation[34]. Another study indicated increased adiposity, impaired lipolysis and 

glucose homeostasis in Atg7ΔPOMC mice, both on regular chow and HFD, due to 

reduction of POMC-derived peptide α-MSH[36]. However, another study indicated 

Atg7ΔPOMC mice, though exhibiting higher body weight regardless of the diets, were not 

more prone to DIO compared to the littermates[35]. Atg7ΔPOMC mice, upon HFD, were 

more susceptible to hyperglycemia and resistant to leptin-induced suppression of the 

food intake[35]. 

More recent studies have unraveled the roles of other autophagy components in POMC 

neurons[37]. Interestingly, despite the essential complex formed by ATG12 and ATG5 

during autophagy process, only the deficiency of Atg12, but not Atg5 in POMC neurons 

induced DIO phenotypes including increased adiposity, glucose intolerance and 

hyperphagia due to leptin sensitivity[37]. This suggests that some specific autophagy-

related components may involve distinct metabolic regulation cascades outside of 

autophagy. 

Notably, recent studies have revealed the diverse mechanisms underlying selective 

autophagy of the ER (ER-phagy)[117, 123, 124]. The importance of ER-phagy mediated 

by ER-phagy receptors has been identified in several neurological disease conditions 

[125-129]. In particular, FAM134B, though ubiquitously expressed, is particularly 

abundant in central and peripheral nervous systems[130, 131]. Loss-of-function 

mutation of FAM134B resulted in sensory and autonomic neuropathy while in vitro 

knockdown of FAM134B led to apoptosis in primary dorsal root ganglion neurons[128, 
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129]. FAM134B deficient mice exhibited age-dependent reduction of sensory axons with 

dilated Golgi cisternae while primary neurons from young FAM134B deficient mice had 

significantly swollen ER[125]. A more recent study revealed the neuroprotective role of 

FAM134B-mediated ER-phagy on α-synuclein clearance in Parkinson disease 

models[126]. Although the particular role of ER-phagy in hypothalamic neurons and 

metabolic regulation has not yet been revealed, the current studies have implied its 

importance of maintaining balanced presynaptic neurotransmission[127] and ER 

remodeling during neurogenesis[132].  

 

1.9 Cell-nonautonomous control of hypothalamic proteostasis  

Several studies have indicated cell-nonautonomous control of UPR in metabolic 

regulation in both C. elegans and mice. Studies in C. elegans suggested XBP-1s can 

regulate stress response, metabolism and longevity in a cell-nonautonomous manner. 

Neuronal overexpression of XBP-1s is sufficient to induce distal UPR in intestine 

dependent on endogenous IRE1-XBP1 axis. The nonautonomous inter-tissue signaling 

was mediated by the release of neurotransmitters[133]. The extended life span by 

neuronal induction of XBP-1s can be attributed to remodeled lipid metabolism that 

increases oleic acid, which enhances lysosomal lipases activity and protects organisms 

against proteotoxicity[134].  

Further studies in mice revealed similar roles of hypothalamic neurons in controlling 

systemic metabolism in a cell nonautonomous manner. The ectopic overexpression of 

XBP1s in POMC neurons induced XBP1s and XBP1 target genes in liver with improved 

insulin sensitivity[26]. More recent study suggested food perception by hypothalamic 
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POMC neurons was able to promote hepatic mTOR signaling and XBP1 splicing via 

sympathetic nerve activity from POMC to the liver[135]. Another study indicated the role 

of anterior pituitary IRE1α-XBP1s signaling in protecting against obesity-associated 

pathogenesis including nonalcoholic fatty liver disease (NAFLD), via induction of 

adaptive UPR in liver by hormone signaling[136]. 

Such cell-nonautonomous effects of UPR are not limited to IRE1α-XBP1s. Another 

study revealed that the activation of ATF4 in the hypothalamus led to hepatic insulin 

resistance via mTOR/S6K1 signaling and the vagus nerve[111].  

Autophagy has also been identified in the hypothalamic regulation of peripheral tissues. 

In C. elegans, ATG-18 in chemosensory neurons mediate cell non-autonomous signals 

to intestinal tissues via release of neurotransmitters and neuropeptides, which is 

necessary for organismal response to longevity pathways stimulated by dietary 

restriction and reduced insulin growth factor signaling[137]. Other studies in mice 

indicated that, the activation of autophagy in hypothalamic POMC neuron by cold 

exposure or rapamycin induces lipophagy and cytosolic lipases in brown fat and liver, 

suggesting that activation of central autophagy mediates lipolysis in peripheral 

tissues[138]. A more recent study suggested food perception by hypothalamic POMC 

neurons was able to promote hepatic mTOR signaling and XBP1 splicing via 

sympathetic nerve activity from POMC to the liver[135]. Further, upon sensing energy 

deprivation, AgRP neurons control the activation of hepatic autophagy by release of 

NPY and activation of hypothalamic-pituitary adrenal axis with glucocorticoid 

release[139].  
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1.10 Crosstalk among ER quality control pathways 

Crosstalk among UPR, autophagy (ER-phagy) and ERAD have been widely 

characterized. Activation of PERK and IRE branches of UPR is necessary and sufficient 

to induce autophagy by transcriptional regulation upon ER stress [140]. ER stress 

inducer can activate protective autophagy in a PERK-dependent matter while induction 

of autophagy by rapamycin can inhibit ER stress[141]. The interplay between UPR and 

autophagy also includea ER-phagy. ER-phagy relies on the signaling mediated by ER-

phagy receptors, which has been found to be upregulated by starvation[142]. Moreover, 

although UPR activation generally induces ER-phagy [143], further study indicated 

excessive activation of ER-phagy by FAM134B can induce UPR and cell death[144]. 

Indeed, studies of the effect of palmitate on hypothalamic cells indicated palmitate 

inhibited starvation-induced UPR by inhibiting FAM134B mediated ER-phagy[145, 146] 

UPR, especially the IRE arm, controls the transcription of various ERAD 

components[147]. On the other hand, ERAD regulates UPR by controlling the 

degradation of UPR sensors including IRE1α and ATF6 [148-150]. ER-phagy has also 

been identified to clear ERAD-resistant misfolded proteins via an ER to lysosomal 

associated degradation, namely ‘ERLAD’[151-153]. 

 

1.11 Hypothalamic ER proteostasis in age-related pathogenesis 

The capacity of cells to activate of UPR for higher folding capacity declines with age in 

several aspects. The levels of PERK decrease transcriptionally and the organismal 

ability to activate IRE1 declines with age. Further, the absolute levels as well as the 

activity of UPR-induced chaperons are limited[154]. During aging, organisms gradually 
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lose physiological functions along with the declining capacity of stress-induced 

adaptative response, concomitantly leading to a variety of age-associated metabolic 

diseases such as obesity due to the decline in basal metabolic rate and energy 

expenditure. Further, increased abdominal adiposity and decreased lean muscle mass 

has been correlated to aging. The hypothalamus, as essential brain region bridging the 

neuroendocrine system with physiological functions, plays a vital role in the aging 

process. Alterations in the function of particular neuron populations, including 

AgRP/NPY and POMC as well as AVP neurons aforementioned are fundamental 

contributors to the age-related decline in the metabolic control. Dysregulation in nutrient 

sensing, neuronal network and plasticity are mainly driven by collapse of the machinery 

that maintains proteostasis.  

Rising evidence suggest that the age-dependent alterations in the hypothalamic POMC 

and AgRP neurons, underlie the imbalance of energy homeostasis with aging. The 

activity of hypothalamic POMC neurons significantly decreases in aged mice, partially 

due to elevated mTOR signaling[29]. Of note, Atg7 is inhibited by mTOR[155] and the 

Atg7ΔPOMC neurons indicated reduced axonal-projection to the targeting region PVH[34, 

36] as well as increased adiposity, implying that increased mTOR signaling in POMC 

neurons may reduce the neurite projection and increase adiposity via inhibition of 

autophagy in aged mice. Further, such age-associated projection loss and weight gain 

could be ameliorated by inhibition of mTOR by rapamycin administration[29]. Besides, 

age-associated metabolic alterations, including increased food intake, body weight and 

adiposity can also be rescued by exogenous delivery of POMC[156]. Another potential 

contributor to the reduced POMC firing rate in aged male mice is the increased 
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innervation from AgRP neurons with increased inhibitory postsynaptic currents onto the 

POMC neurons[157]. On the other hand, the induction of AgRP/NPY in response to 

fasting is significantly blunted in aged male rats[158], consistent with the observation of 

attenuated starvation-induced upregulation of AgRP[24].  

 

1.12 Hypothalamic ER homeostasis in diet-associated pathogenesis 

Rising prevalence of obesity and diabetes are partially, if not mostly, attributed to the 

caloric dense diet. Ever since Ozcan et al. initially proposed the close relationship 

between ER stress and obesity[159], a variety of studies have demonstrated the vital 

role of ER homeostasis in both peripheral and central tissues for metabolic control[160-

164]. Of note, several studies, combining HFD feeding with genetic modification and 

pharmacological treatment, investigated mechanisms underlying diet-associated 

pathogenesis specifically in hypothalamus.  

To date, one paradigm that has been supported widely is that hypothalamic ER stress is 

a key contributor to diet-induced obesity and central leptin resistance. HFD can increase 

excessive free fatty acid in the hypothalamus and further induce lipotoxicity. Such 

lipotoxicity can disturb ER homeostasis, trigger UPR activation and even apoptosis. 

Strong correlations between UPR activation and obesity have been observed where 

significantly elevated PERK phosphorylation could be observed only in obese mice 

upon HFD, but not in regular chow fed mice or lean mice resistant to DIO. Moreover, 

induction of ER stress both in vitro and in vivo via intracerebroventricular administration 

of ER stress inducers – tunicamycin, thapsigargin, DTT and brefeldin A yielded 

hypothalamic leptin resistance, hyperphagia and body weight gain in control mice, 
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which became susceptible to DIO[26, 29, 85, 165]. Further, treatment with chemical 

chaperones such as 4-phenylbutyrate (4-PBA) or tauroursodeoxycholic acid (TUDCA) 

can effectively alleviate hypothalamic ER stress and protect mice, fed on HFD or with 

genetic impairment in ER folding capacity, from hypothalamic resistance and obesity[29, 

83, 85]. On the other hand, overexpression of XBP1s protected mice against DIO as 

well as alleviated the leptin resistance induced by ER stressors. 

 

1.13 Conclusion and future perspective 

To date, all the studies suggest patho-physiological importance of hypothalamic ER 

proteostasis in metabolic regulation. However, closer analysis suggests caveats and 

limitations in the simplified interpretation and conclusions derived from far more 

complicated systems.  

Above all, the hypothalamus consists of heterogenous populations of cells with 

chemically and functionally distinct neurons as well as glial cells[166]. The “crude” 

experiments such as stereotaxic injection of AAV or chemical administration are 

inevitably affecting all types of cells in the regions. Therefore, several caveats will need 

to be considered, including different susceptibility to the treatment between neurons and 

glia; lack of consideration for neuron-neuron or neuron-glia interactions; whether the 

same signaling pathway in different cell types may generate opposing physiological 

outcomes. Moreover, even within defined classes of neuronal populations, such as 

AgRP and POMC neurons discussed in the current studies, the further heterogeneity 

inside “one” population is neglected[167, 168]. Particularly, in the context of leptin-

mediated signaling, not all POMC or AgRP neurons express leptin receptors[167-169]. 
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Therefore, interpretation of the current studies may require further dissection of the 

neuronal subsets. 

Apart from the concerns of heterogeneity, another inherent concern in current mouse 

models is the specificity of the Cre and its effect on neurodevelopment. Of note, 

significant difference has been reported in the colocalization of POMC–Cre-expressing 

cells and POMC neurons in adult mice, due to congenital POMC-Cre expression in 

neuronal precursors differentiating to a variety of hypothalamic neurons[170]. This 

caveat may be resolved by more studies using conditional knockout that, however, may 

give rise to other concerns including the efficiency and physiological effects of tamoxifen 

administration[171-173]. 

Further, sexual dimorphism exists in most of the reviewed studies as well as in the 

majority of the DIO studies. Sexual differences exist in the feeding and energy 

homeostasis in rodents. More importantly sexual dimorphism is likely to determine the 

metabolic adaptation of rodents in response to altered nutritional status. In particular, 

upon HFD induced nutritional overload, male mice are more susceptible to DIO and 

concomitant pathogenesis including glucose intolerance and insulin resistance, 

compared to female counterparts. On the other hand, many investigations of 

hypothalamic proteostasis are focused mainly on males[174-180]. Some observations 

are consistent in both sexes while some phenotypes are more severe in male. 

Therefore, a lot more investigation in deciphering sexual dimorphism is still needed. 

Modulating hypothalamic ER capacity is a promising therapeutic target for obesity, 

diabetes and many metabolic disorders related to CNS regulation of metabolism. To 

date, administration of chemical chaperones including taurine-conjugated 



 21 

ursodeoxycholic acid (TUDCA) and 4-phenylbutyric acid (4-PBA) could effectively 

increase ER folding capacity and protect against genetic and/or diet-associated obese 

mice models via restoring leptin signaling and normal feeding behaviors[29, 83, 181, 

182]. However, with difficulty in titrating in vivo and lack of evaluation of broad 

physiological and even pathological effects, there is still a long way to go before any 

clinical application can be taken. 

 

1.14 Dissertation goals 

Despite of a variety of investigation on importance of ER proteostasis in hypothalamic 

control of energy homeostasis, the majority of the studies emphasized role of UPR and 

autophagy. However, there is a neglect of the intricate network of ER quality control 

machineries as the role of hypothalamic ERAD is somehow underestimated and 

remains largely unknown. The overarching goal of this dissertation was to explore the 

cellular mechanisms of hypothalamic ER proteostasis that may contribute to organismal 

metabolic regulation. In particular, we start with evaluating the ER homeostasis in both 

peripheral tissues and hypothalamus in the context of diet-induced obesity (DIO) and 

pathogenesis including leptin resistance. Then we further focus on how SEL1L-HRD1 

ERAD controls leptin signaling in hypothalamic POMC neurons upon DIO. Lastly, we 

demonstrated the validation and characterization, both in vitro and in vivo, of a neuron-

specific SEL1L-HRD1 ERAD substrate involved in neuron-glia crosstalk. Overall, we 

aimed to investigate how SEL1L-HRD1 ERAD regulates neuronal proteostasis and 

function in response to various pathophysiological circumstances, in hypothalamus and 

beyond.  
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1.16 Figures and figure legends

 

Figure 1.1 ER protein quality control pathways. 
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Figure 1.2 Schematic diagram of ER protein quality control machineries 

regulation in hypothalamic neurons. 

POMC and AgRP/NPY neurons project to second-order neurons for the regulation of 

energy balance including food intake and energy expenditure with opposing effects, 

where POMC neurons and derived peptides such as α-MSH decreases food intake 

while AgRP neurons and its neuropeptides increase appetite. AgRP neurons can also 

inhibit the activity of POMC neurons via GABAergic synapses, which are enhanced 

during aging. Leptin can increase activity of POMC neurons as well as upregulate 

POMC transcription via pSTAT3 to induce satiety. On the hand, leptin can inhibit activity 

of AgRP neurons, and thus inhibit appetite. Hence, the integrative external metabolic 

effect of leptin on hypothalamic neurons is inhibition of food intake. 
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1.17 Summary of mouse models of UPR, autophagy, and ERAD in hypothalamic 

neurons 

Gene Model Phenotype Ref 

UPR    

Ern1 

(IRE1α) 

POMC-

Cre 

Accelerated DIO; decreased thermogenesis; leptin and 

insulin resistance in POMC neurons; increased food 

intake; impaired systemic insulin sensitivity and 

glycemia 

[27] 

Ern1 

(IRE1α) 

POMC-

Cre 

Lean and resistant to DIO; Increased thermogenesis in 

brown adipose tissue; increased α-MSH 

[28] 

XBP1s Induction 

by 

POMC-

Cre 

Protected against DIO; improved leptin and insulin 

sensitivity; activated hepative XBP1s axis; improved 

hepatic insulin sensitivity 

[26] 

XBP1 NESTIN-

Cre 

No significant effect on body weight or metabolic 

parameters upon normal chow; susceptible to DIO and 

leptin resistance 

[29] 

Eif2αk3 

(PERK) 

POMC-

Cre 

Decreased food intake and body weight in male mice; 

attenuated celastrol-induced improvements in leptin 

sensitivity and decreased food intake in DIO 

[30] 

Eif2α Ser51Ala 

in AgRP 

neurons  

Impaired eIF2α phosphorylation; decreased starvation-

induced AgRP neuronal activity, food intake and body 

weight; increased leptin sensitivity in ARC 

[31] 
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Atf4 POMC-

Cre 

Resistant to DIO, glucose intolerance and leptin 

resistance 

[32] 

Atf4 AgRP-

CreER 

Lean; improved insulin and leptin sensitivity; decreased 

hepatic lipid accumulation; decreased food intake and 

increased energy expenditure; resistant to DIO 

[33] 

Autophagy   

Atg7 POMC-

Cre 

Higher postweaning body weight; increased adiposity 

and glucose intolerance; sexual dimorphism 

[34] 

Atg7 POMC-

Cre 

Increased body weight with increased food intake and 

decreased energy expenditure; susceptible to 

hyperglycemia upon HFD; sexual dimorphism 

[35] 

Atg7 POMC-

Cre 

Increased adiposity; impaired lipolysis and glucose 

tolerance; male mice only 

[36] 

Atg7 AgRP-

Cre 

Decreased body weight and adiposity; less food intake 

upon fasting-refeeding; decreased AgRP and increased 

POMC expression; neuronal lipid accumulation 

[24] 

Atg5 POMC-

Cre 

Comparable body weight gain, adiposity or reduced 

energy expenditure to the littermates upon HFD; 

comparable leptin sensitivity and POMC expression to 

the littermates upon HFD 

[37] 

Atg12 POMC-

Cre 

Increased body weight gain, adiposity and reduced 

energy expenditure upon HFD; impaired leptin 

sensitivity and POMC expression upon HFD  

[37] 
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ERAD    

Sel1l AVP-Cre 

ER-Cre 

Polyuria and polydipsia; Impaired maturation of AVP 

prohormone due to misfolding, aggregation and ER 

retention  

[38] 

Sel1l POMC-

Cre 

Age-dependent obesity; hyperphagia; Impaired 

maturation of POMC prohormone due to misfolding, 

aggregation and ER retention 

[25] 

HFD: high fat diet; DIO: diet-induced obesity 
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2.1 Abstract 

Endoplasmic reticulum (ER) stress in peripheral tissues and the central nervous system 

have been suggested as contributors to the development of diet-induced obesity. In 

particular, hypothalamic ER stress and inflammation has been proposed to causally link 

HFD to hypothalamic resistance. However, the molecular evidence for this hypothesis 

remains circumstantial. Here, we show that, PERK and IRE1α arms of the UPR respond 

differently to nutritional overload in a tissue specific manner. HFD feeding progressively 

induces bodyweight gain along with hypothalamic leptin resistance and liver steatosis 

and increased adiposity. However, HFD does not overtly activate ER stress or unfolded 

protein response (UPR) in all tissues despite the progression of the pathogenesis. 

Mechanistically, we show that ER stress/UPR activation does not necessarily impair 

leptin-pSTAT3 signaling mediated by leptin receptor long isoforms (LepRb). Instead, 

depending on distinct mechanisms, different ER stress inducers may or may not affect 

leptin signaling due to direct effects on the LepRb while UPR activation is more likely to 

be auxiliary phenotype. 

  



 39 

2.2 Introduction 

The prevalence of obesity and diabetes has dramatically increased in the past 

decade[1-4]. From a variety of studies to understand the mechanisms underlying the 

obesity and metabolic disorders, close relationships between ER homeostasis and 

disease pathogenesis have been widely investigated in both peripheral tissues and 

central nervous systems[5-10]. Considering the fat-enriched caloric dense diet as one 

major contributor to the increased risk of obesity and metabolic disorders, here, we 

revisit the UPR closely and comprehensively, testing the phosphorylation of the sensors 

and downstream effectors in both peripheral and central organs, at both initiation and 

processing stage of diet-associated pathogenesis. In contrary to the current belief, UPR 

is not significantly activated during both acute (1-week) and chronic (8-week) HFD 

feeding in hypothalamus and liver, with only evident induction in PERK-eIF2α in adipose 

tissues upon chronic HFD. Notably, an induction of SEL1L-HRD1 expression has been 

observed in both hypothalamus and liver but not in adipose tissue, indicating potential 

tissue-specific organismal regulation of ERAD machinery. However, the absence of 

UPR activation suggests such induction of the ERAD component may not necessarily 

be through the UPR. 

Moreover, it has been proposed that ER stress/UPR activation due in the hypothalamus 

plays a causal role in leptin resistance in diet-induced obesity (DIO) and type-2 diabetes 

[11-17]. To date, several studies in genetic or diet-associated obesity models suggested 

that hypothalamic ER stress/UPR activation is a major contributor to obesity 

pathogenesis[16, 18-23]. However, the molecular evidence for a direct and causal link 

between UPR and diet-induced obesity remains incomplete, in part due to the over-
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reliance on pharmacological ER stress inducers and chemical chaperones[16, 18, 21, 

24-26], or inaccurate or incomplete assessment of ER stress in vivo. Notably, this study 

provides evidence suggesting UPR activation per se may not be a direct contributor to 

leptin resistance. Of note, the distinct working mechanisms of different ER stress 

inducers can better explain the correlation, instead of causation, between UPR 

activation and leptin resistance upon various stress induction. 

 

2.3 Results 

HFD induces pathogenesis in peripheral and CNS. 

The mice gained body weight progressively during HFD feeding (Figure 2.1A) with 

progressive liver steatosis (Figure 2.1B) and adiposity (Figure 2.6A). Meanwhile, the 

mice exhibited glucose intolerance (Figure 2.1C) upon 8w-HFD with maintained insulin 

sensitivity (Figure 2.1D). Moreover, chronic HFD significantly increased the serum level 

of leptin (Figure 2.1E), suggesting hyperleptinemia and potential leptin resistance in 

mice. Then, to further delineate the leptin sensitivity in CNS upon HFD feeding, we 

performed fasting-leptin administration in the mice fed on normal chow diet or HFD for 1 

week or 8 weeks. Immunohistochemical staining was performed to evaluate the 

response of hypothalamic neurons to the leptin, indicated by pSTAT3 signaling (Figure 

2.1F). Leptin sensitivity in the arcuate nucleus (ARC) of the hypothalamus was slightly 

decreased by 1-week HFD and significantly impaired by 8-week HFD (Figure 2.1F). 

Thus, upon 8-week HFD feeding, mice developed significant bodyweight gain, glucose 

intolerance as well as hypothalamic leptin resistance. 

 



 41 

No evident UPR activation upon acute or chronic HFD in liver. 

We then wondered whether there could be ER stress in the liver with evident 

pathogenesis. The mRNA levels of UPR sensors Perk and Atf6 as well as downstream 

effectors including Chop, chaperones Bip, ERAD component Hrd1 and Erdj4 were 

decreased upon high fat diet feeding (Figure 2.7A). On the contrary, western blotting for 

protein abundance and phosphorylation indicated no significant alteration in PERK-

eIF2α (Figure 2.2A) or IRE1α-xbp1s (Figure 2.2B and C) signaling arms of the UPR. 

Interestingly, upon acute HFD, the protein abundance of HRD1 significantly increased 

(Figure 2.2D and E) and meanwhile, there was also a trend of transient increased 

chaperones BiP and PDI protein levels (Figure 2.2D and E). The transient induction of 

hepatic HRD1 protein level is coincidentally consistent with the previous finding of acute 

induction of hypothalamic HRD1. Besides, no significant phosphorylation of Akt or JNK 

was observed in the liver upon HFD (Figure 2.2F and G). 

 

PERK-eIF2α, but not IRE1α-Xbp1s was activated in adipose tissue upon HFD. 

We evaluated the UPR and inflammation in adipose tissues upon HFD feeding. No 

evident alteration in mRNA levels of UPR sensors or downstream effectors including 

chaperones and ERAD components (Figure 2.8A). However, we observed a significant 

eIF2α phosphorylation upon chronic, but not acute HFD feeding (Figure 2.3A). This 

activated p-eIF2α can be partially attributed to the increased of PERK signaling 

cascades (Figure 2.3A). On the contrary, the IRE1α-xbp1s arm of the UPR is not 

significantly activated (Figure 2.3B and C). Intriguingly, acute HFD feeding significantly 

increased SEL1L protein abundance in gWAT (Figure 2.3D and E) and there was also a 
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trend of transient increased HRD1 levels (Figure 2.3D and E), indicating similarity to 

findings in liver (Figure 2.2D and E). Besides, AKT and JNK phosphorylation is not 

significantly altered upon chronic HFD feeding (Figure 2.3F and G). 

 

UPR can be uncoupled from HFD-induced hypothalamic leptin resistance. 

We next asked whether HFD feeding triggers UPR activation in the hypothalamic region 

with observed leptin resistance. Much to our surprise, we failed to detect any signs of 

UPR, including phosphorylation of UPR sensors IRE1α and PERK, as well as the 

downstream effector XBP1 mRNA splicing and phosphorylation of eIF2α (Figure 2.4A-

C).  Moreover, the 8-week HFD feeding significantly elevated mRNA (Figure 2.9A), but 

not protein levels (Figure 2.4D and E) of key ER chaperon BiP in the ARC. Quantitative 

PCR analysis suggests no significant effects of HFD on the transcriptional levels of UPR 

sensors (Figure 2.9A). Thus, we concluded that HFD feeding, acute or chronic, does not 

trigger overt UPR in the hypothalamus. Further, there’s an increase of astrocytes 

observed at DMH regions of the hypothalamus upon 1w-, but not 8w-HFD, suggesting a 

mild hypothalamic astrogliosis upon chronic HFD feeding. 

 

The ER stress inducers may affect leptin signaling differently despite of UPR 

activation. 

Our data suggested ER stress and UPR activation were absent in both 1w- and 8w-

HFD in hypothalamus where leptin resistance was clearly established, suggesting UPR 

can be uncoupled from HFD-associated central leptin resistance. We then tested 

whether ER stress can necessarily impair the leptin signaling. We used both 
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thapsigargin and tunicamycin to induce ER stress in 293T cells with LepRb expression. 

Both ER stress inducers effectively triggered the UPR activation including PERK 

phosphorylation as well as IRE1α phosphorylation (Figure 2.5A and C). Notably, Tg 

treatment, didn’t alter leptin-induced pSTAT3 signaling while TM treatment can 

significantly inhibit leptin-induced pSTAT3 in a dose dependent manner. This is likely 

due to the intrinsic difference in their working mechanisms, where Tg disturbs calcium 

balance inside of ER with maintained and even induced abundance of glycosylated full-

length LepRb (Figure 2.5B and Figure 2.10A), while Tm disrupts all N-linked 

glycosylation, as indicated by significant reduction of the fully glycosylated mature 

LepRb with increased smaller size LepRb bands likely due to defective glycosylation 

(Figure 2.5C and Figure 2.10A). 

 

2.4 Discussion 

Previous studies have proposed that hypothalamic ER stress, UPR activation, links 

HFD feeding to leptin resistance and concomitant pathogenesis. However, a distinguish 

between causation and correlation is difficult, the administration of various UPR 

inducers/inhibitors may not be representative of physiological situations, and the 

conclusions are controversial between different studies[19, 20]. More importantly, 

previous studies lacked a comprehensive analysis of the complex machineries 

maintaining ER homeostasis. Thus, our study revisits carefully the UPR in DIO and 

provides extensive evidence suggesting that hypothalamic UPR can be uncoupled from 

HFD induced leptin resistance.  
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Interestingly, we found transient induction of SEL1L-HRD1 protein levels upon 1w-HFD 

in various tissues. Due to absence of UPR activation, such increase of protein 

abundance may be uncoupled from UPR known as canonical cascade for ERAD 

components upregulation. It is reported that androgen could upregulate HRD1 in an 

IRE1α independent manner[27]. However, much further investigation is needed to 

elucidate any potential non-canonical signaling pathways that mediate SEL1L-HRD1 

expression in both CNS and peripheral tissues upon HFD. 

Another intriguing observance is that the acute upregulation of SEL1L-HRD1 in liver and 

gWAT, along with hypothalamus[28], somehow showed up simultaneously. It has been 

reported that proteostasis and its regulators, including UPR and autophagy, in CNS may 

regulate proteostasis in peripheral tissues accordingly in a cell non-autonomous 

manner[18, 29-35]. Therefore, the outstanding question is whether SEL1L-HRD1 may 

also possess this feature, which if addressed, may provide groundbreaking insights of 

the field. 

With a more comprehensive analysis, revisiting hypothalamic UPR during DIO provides 

strong evidence suggesting that UPR can be absent, and thus not required for HFD-

induced pathogenesis including leptin resistance. Further, we have provided evidence 

that the presence of UPR activation doesn’t necessarily lead to leptin resistance. 

Instead, different ER stressors may or may not impair leptin signaling depending on 

their working mechanisms[36-42] and distinct effects on LepRb maturation regardless of 

induction of ER stress/UPR. Our study, therefore, calls for caution when interpreting 

UPR as primary causal link to metabolic diseases where it is likely to be secondary 

effects of adaptation or maladaptation of the organisms under various patho-
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phosiological conditions. The risk of attributing pathogenesis to UPR is that such 

generalization may lose the comprehensive insights towards intricate regulation of ER 

homeostasis and proteostasis. Moreover, this study questions the value of targeting ER 

stress as a therapeutic approach, e.g., the use of chemical chaperones to reduce ER 

stress [43], for the treatment of diet-induced obesity and type-2 diabetes.  

 

2.5 Methods 

Mice. WT B6 mice were purchased from JAX and bred in our mouse facility. Mice were 

fed a chow diet (13% fat, 57% carbohydrate and 30% protein, PicoLab Rodent Diet 

5L0D) and placed on a high-fat diet (HFD, calories provided by 60% fat, 20% 

carbohydrate and 20% protein, Research Diet D12492) from 5 or 12 weeks of age for 8 

weeks or 1 week. All mice were housed in a temperature-controlled room with a 12-hour 

light/12-hour dark cycle. 

 

Glucose (GTT) and insulin tolerance test (ITT).  As described [44], male mice were 

fasted for 16 or 6 hours for GTT and ITT respectively, followed by i.p. injection with 

glucose (2 g/kg body weight) or insulin (1 unit/kg body weight). At indicated time points, 

blood glucose was monitored using AimStrip ™ Plus Blood Glucose Testing System. 

 

Leptin ELISA. Mouse serum samples were stored at -80°C. The samples were 

defrosted on ice and used for leptin measurement by Mouse/Rat Leptin Quantikine 

ELISA Kit (R&D Systems; catalog MOB00B).  
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Leptin treatment in mice.  For phosphorylated STAT3 staining, leptin (2 mg/kg body 

weight, R&D systems; catalog 498-OB-05M) were intraperitoneally (i.p.) injected to 

thirteen-week-old mice, followed by overnight fasting. PBS was used as control. Mice 

were anesthetized by isoflurane for fixation-perfusion 30 min after injection. 

 

Tissue and blood collection.  These procedures were carried out as previously 

described[44]. Briefly, blood was collected from anesthetized mice via cardiac puncture, 

transferred to 1.5ml microcentrifuge tubes, kept at room temperature for 30 minutes 

prior to centrifugation at 2,000 g for 15 minutes. Serum was aliquoted and stored at -

80°C until analysis. For brain microdissection, Adult Mouse Brain Slicer Matrix 

(BSMAA001-1, Zivic Instruments) was used to collect coronal brain slices containing 

ARC region with further microdissection to obtain ARC-enriched region. All tissues were 

snap-frozen in liquid nitrogen and stored at -80°C before use. 

 

Preparation of brain sections. Mice were anesthetized with isoflurane, perfused with 

PBS followed by 4% paraformaldehyde (PFA) (Electron Microscopy Sciences; catalog 

19210) for fixation. Brains were then postfixed in 4% PFA for overnight at 4°C, 

dehydrated in 15% sucrose and then 30% sucrose consecutively overnights at 4°C, and 

sectioned (30 μm) on a cryostat (Microm HM550 Cryostat, Thermo Fisher Scientific). 

The sections were stored in DEPC-containing anti-freezing media (50% 0.05 M sodium 

phosphate pH 7.3, 30% ethylene glycol, 20% glycerol) at −20°C. Different brain regions 

were identified using the Paxinos and Franklin atlas. Counted as distance from bregma, 
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the following coordinates were used: PVN (–0.82 mm to –0.94 mm) and ARC (–1.58 

mm to –1.7 mm). 

 

Western blot and antibodies. Frozen tissue or cells were homogenized by sonication 

in lysis buffer [150mM NaCl, 50mM Tris pH 7.5, 10 mM EDTA, 1% Triton X-100] with 

freshly added protease inhibitors (Sigma; catalog P8340), phosphatase inhibitors 

(Sigma; catalog P5726) and 10 mM N-ethylmaleimide (Thermo Scientific; catalog 

23030). Lysates were incubated on ice for 30 min followed by centrifugation (13,000 g, 

10 min at 4 °C). Supernatants were collected and analyzed for protein concentration 

using Bradford assay (Bio-Rad; catalog 5000006). For denaturing SDS-PAGE, samples 

were further suppled with 1mM DTT and denatured at 95°C for 5 min in 5x SDS sample 

buffer (250 mM Tris-HCl pH 6.8, 10% sodium dodecyl sulfate, 0.05% Bromophenol 

blue, 50% glycerol, and 1.44 M β-mercaptoethanol). For phostag gel analysis based on 

phos-tag system as described[45, 46], SDS-PAGE gel was supplemented by 50μM 

MnCl2 (Sigma) and 25μM phostag reagent (NARD Institute; catalog AAL-107) and must 

be protected from light until finishing running. Protein isolated from the liver of mice 

treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours was used as a positive control 

to indicate the position of phosphorylated PERK and IRE1a.  

All samples were incubated in 65°C for 10min and run with 15-30 μg total lysate on 

SDS-PAGE gel for separation followed by electrophoretic transfer to PVDF membrane 

(0.45μm, Millipore; catalog IPFL00010). The blots were incubated in 2% BSA/Tri-

buffered saline tween-20 (TBST) with primary antibodies overnight at 4°C, washed with 

TBST followed by 1hr incubation with goat anti-rabbit or mouse IgG HRP at room 



 48 

temperature. Band density was quantitated using the Image Lab software on the 

ChemiDOC XRS+ system (Bio-Rad).  

Antibodies for Western blot were as follows: SEL1L (rabbit, 1:8000, Abclonal; catalog 

E112049), HRD1 (rabbit, 1:2000, ABclonal; catalog E15102), GRP78 BiP (rabbit, 

1:5000, Abcam; catalog ab21685), HSP90 (rabbit, 1:5,000, Santa Cruz Biotechnology 

Inc.; catalog sc-7947), FLAG (mouse, 1:2000, Sigma-Aldrich; catalog F-1804), IRE1α 

(rabbit, 1:2,000, Cell Signaling Technology; catalog 3294), p-eIF2α (rabbit, 1:2000, Cell 

Signaling Technology; catalog 3597), eIF2α (rabbit, 1:2000, Cell Signaling Technology; 

catalog 9722), p-JNK (mouse, 1:2000, Cell Signaling Technology; catalog 9255), JNK 

(rabbit, 1:1000, Cell Signaling Technology; catalog 9252), PERK (Rabbit, 1:1000, Cell 

Signaling Technology; catalog 3192), pSTAT3 (Tyr705) (rabbit, 1:1000, catalog 9131, 

Cell Signaling Technology), STAT3 (rabbit, 1:1000, Cell Signaling Technology; catalog 

9132), pJAK2 (Tyr1007/1008) (rabbit, 1:1000, Cell Signaling Technology; catalog 3771), 

JAK2 (rabbit, 1:1000, ABclonal; catalog A19629), Tubulin (mouse, 1:5000, Santa Cruz 

Biotechnology Inc.; catalog sc-5286). 

Secondary antibodies for Western blot were goat anti-rabbit IgG HRP and goat anti-

mouse IgG HRP at 1:5,000, both from Bio-Rad.  

 

Immunostaining and antibodies. For fluorescent immunostaining in free-floating brain 

sections, samples were picked out of anti-freezing buffer followed by 3 washes with 

PBS. Free-floating sections were simultaneously incubated with primary antibodies in 

blocking buffer (0.3% donkey serum and 0.25% Triton X-100 in 0.1 M PBS) overnight at 

4°C. Following 3 washes with PBS, sections were incubated with secondary antibodies 
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for 2 hours at room temperature. Brain sections were then mounted on gelatin-coated 

slides (Southern Biotech; catalog SLD01-CS). Counterstaining and mounting were 

performed with mounting medium containing DAPI (Vector Laboratories; catalog H-

1200) and Fisherfinest Premium Cover Glasses (Fisher Scientific; catalog 12-548-5P). 

To quantify immunoreactivity, identical acquisition settings were used for imaging each 

brain section from all groups within an experiment. The numbers of immunoreactivity-

positive soma analysis and intensity of immunoreaction were quantified in 3D stack 

volumes after uniform background subtraction using the NIS Elements AR software 

(Nikon) and FIJI (National Institute of Health, USA). 

Antibodies for immunostaining were as follows: GRP78 BiP (rabbit, 1:500, Abcam; 

catalog ab21685), p-Y705 STAT3 (rabbit, 1:200, Cell Signaling Technology; catalog 

9145), GFAP (rabbit, 1:500, Agilent; Z033429-2). 

Secondary antibodies for fluorescent immunostaining (all 1:500) were as follows: Anti-

rabbit IgG Alexa Fluor 647; anti-goat IgG Alexa Fluor 488 & 647; anti-sheep IgG Cy5 

were from Jackson ImmunoResearch. Donkey anti-mouse IgG Alexa flour 555 was from 

Invitrogen (catalog A32773) and goat anti-chicken IgY FITC was from Aves Labs 

(catalog F-1005). 

 

Plasmids. Mouse LepRb cDNA was provided by Dr. Martin Myer at University of 

Michigan Medical School. The LepRb coding region was amplified by PCR using a 

primer set containing HindIII and XbaI restriction site at 5’ and 3’ respectively. 

F: 5′- CCG AAGCTT ATGATGTGTCAGAAATTCTATGTGGTT-3′ 

R: 5′- TGC TCTAGA CACAGTTAAGTCACACATCTTATT-3′  
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Both PCR products and the backbone vector p3xFLAG-CMV14 were digested using 

HindIII and XbaI restriction enzymes in the double digestion system from New England 

BioLabs. For construction of LepRb point mutants, quick change mutagenesis was 

performed using PFU DNA polymerase (600140, Agilent). The following primers were 

used for mutagenesis to construct LepRb-C602S: 

F: 5’- CCTGCTGGTGTCAGACCTCAGTGCAGTCTATG-3’ 

R: 5’- CATAGACTGCACTGAGGTCTGACACCAGCAGG-3’ 

 

RNA isolation, RT-PCR and qRCR. Microdissected brain tissues were homogenized in 

Trizol reagent (Invitrogen; catalog 15596-018). The RNA was further extracted using 

BCP phase separation reagent (Molecular Research Center; catalog TR 118) and 

isopropanol precipitation. cDNA was synthesized with SuperScript™ III Reverse 

Transcriptase (Invitrogen; catalog 18080044). mRNA extraction and cDNA synthesis 

from liver and ARC of mice treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours 

were used as positive controls to indicate the position of spliced Xbp1. 

The ratio of Xbp1s to total Xbp1 (Xbp1u + Xbp1s) levels was quantified by Image Lab 

(Bio-Rad) software. For RT-PCR analysis the following primer sequences were used:  

mXbp1-F: 5’-ACGAGGTTCCAGAGGTGGAG-3’ 

R: 5’-AAGAGGCAACAGTGTCAGAG-3’ 

mL32- F: 5’-GAGCAACAAGAAAACCAAGCA-3’R:  

5’-TGCACACAAGCCATCTACTCA-3’  

Gene expression was analyzed using ABI (QuantStudio 5). Primers were used for this 

study:  
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mHrd1-F: 5’- CTGGGTATCCTGGACTTCCT -3’ 

R: 5’- ATTCTGATGACCATGGTGCT -3’ 

mSel1L-F: 5’- AGCCCAGATGCACAAGTACC -3’ 

R: 5’- ACACAGAATATCCAGGCAGC -3’ 

mPerk-F: 5’- TCAAGTTTCCTCTACTGTTCACTCA -3’ 

R: 5’- CCATGAGTTCATCTGGAACAAA -3’ 

mIRE1α-F: 5’- ATCTGCGCAAATTCAGAACC -3’ 

R: 5’- ACACCTACCAAGCCATGGAG -3’ 

mAtf6-F: 5’- ATTCTCAGCTGATGGCTGTC -3’ 

R: 5’- TTACCAAGGCTTCTTTGACG -3’ 

mChop-F: 5’- TTACCAAGGCTTCTTTGACG -3’ 

R: 5’- AAACAGAGTGGTCAGTGCCC -3’ 

mBip- F: 5’- TGTGGTACCCACCAAGAAGTC -3’ 

R: 5’- ATTCTCCGAGTGACAGCTGAA -3’ 

mErdj4-F: 5’- CTTAGGTGTGCCAAAGTCTGC -3’ 

R: 5’- TATGAAACACTCTCGGATGCC -3’ 

mEro1l-F: 5’- CGGACCAAGTTATGAGTTCCA -3’ 

R: 5’- TGAAGGGCAGAATCTCTCTGA -3’ 

 

H&E staining. Peripheral tissues were collected from mice and fixed in 10% formalin 

for overnight at 4 °C, washed with PBS and stored in 70% ethanol at 4 °C until 

dehydration for paraffin-embedding. Sectioning and H&E staining were performed on a 

fee-for- service basis by the Michigan Histology Core Facilities.  
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Cell lines and transfection. HEK293T cells (ATCC) were cultured in DMEM (Corning; 

catalog 10-013-CV) with 1% Penicillin-Streptomycin (Gibco; catalog 15140122) and 

heat inactivated 10% FBS (ThermoFisher; catalog FB12999102), respectively. Cells 

were transfected within 24 hours at 60-80% confluency after plating using 

polyethylenimine (PEI). Cells were treated and harvested within 48 hours after 

transfection. 

 

Thapsigargin, tunicamycin and leptin treatment in vitro. HEK293T cells transfected 

with LepRb-3xFLAG were serum depraved for 6hrs followed by leptin (100nM, R&D 

systems; catalog 498-OB-05M) treatment for 30min and harvested by snap-frozen in 

liquid nitrogen. For thapsigargin treatment, indicated dose of thapsigargin (Millipore; 

catalog T9033-1MG) will be added into cells after 2h-serum deprivation followed by 

leptin treatment after another 4 hours. For tunicamycin treatment, indicated dose of 

tunicamycin will be added into cells after 2h-serum deprivation followed by leptin 

treatment after another 4 hours. 

 

Statistics.  Results are expressed as the mean ± SEM unless otherwise stated.  

Statistical analyses were performed in GraphPad Prism version 8.0 (GraphPad 

Software Inc.).  Comparisons between the groups were made by unpaired two-tailed 

Student's t test for two groups, or one-way ANOVA or two-way ANOVA followed by 

multiple comparisons test for more than two groups.  P value < 0.05 was considered as 
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statistically significant.  All experiments were repeated at least twice and/or performed 

with several independent biological samples, and representative data are shown. 

 

Study Approval.  All experiments performed with mice were in compliance with 

University of Michigan (Ann Arbor, MI) Institutional Animal Care and Use Committee 

(#PRO00006888) guidelines. 

 

Data and material availability. The materials and reagents used are either 

commercially available or available upon the request, with detailed information included 

in Methods. 
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2.7 Figures and figure legends 

 
 
Figure 2.1 High fat diet-associated pathogenesis in peripheral tissues. 
(A) Growth curve of C57BL/6J male mice on normal chow diet (NCD) or 60% fat diet 
(HFD) (n>20 in each group). 
(B) Representative images of H&E staining in the liver of the male mice fed on NCD and 
8w-HFD.  
(C) GTT in male mice fed NCD or HFD for 8 weeks. Mice were fasted for 16 hours prior 
to glucose (2 g/kg body weight). (n=7 for NCD group, n=8 for HFD group) 
(D) ITT in male mice fed NCD or HFD for 8 weeks. Mice were fasted for 16 hours prior 
to glucose (2 g/kg body weight). (n=7 for NCD group, n=8 for HFD group) 
(E) Serum leptin levels at mice fed on NCD, 1w- and 8w-HFD (n=6-13 mice per group) 
(F)Representative immunohistochemical (IHC) staining of pSTAT3 in C57BL/6J male 
mice at NCD, 1w- and 8w-HFD. Mice were fasted for overnight (16hrs) and 
administrated with leptin (i.p., 2 mg/kg body weight) followed by perfusion 30 minutes 
after injection (n=2 mice per group) 
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NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week; ARC, arcuate 
nucleus; 3V, third ventricle. Values, mean ± SEM. n.s., not significant; *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001 by two-way ANOVA followed by Tukey’s multiple 
comparison tests (A, C, D) or one-way ANOVA followed by Tukey’s multiple comparison 
tests (E) 
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Figure 2.2 UPR can be uncoupled from hepatic pathogenesis upon HFD. 
(A) Representative images and quantitation of western blot for PERK-eIF2α analysis in 
the liver of the male mice fed on NCD, 1w- and 8w-HFD. (n=6-7 mice each group) 
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(B) Representative images of phostag-gel (P-T) for IRE1α phosphorylation analysis in 
the liver of the male mice fed on NCD, 1w- and 8w-HFD. Protein isolated from the liver 
of mice treated with tunicamycin (1 mg/kg, i.p.) for 24 hours was used as a positive 
control to indicate the position of phosphorylated IRE1a shipped up on the phostag-gel. 
HSP 90 is used as a protein loading control.  
(C) Representative images and quantification of reverse transcriptase PCR (RT-PCR) 
analysis of Xbp1 mRNA splicing (u, unspliced; s, spliced) in liver. L32 is used as a 
house keeping gene control. 
(D-E) Representative images (D) and quantitation (E) of western blot for chaperones 
(BiP and PDI) and ERAD (SEL1L and HRD1) analysis in the liver of the male mice fed 
on NCD, 1w- and 8w-HFD. (n=3-5 each group) 
(F-G) Representative images (F) and quantitation (G) of western blot for 
phosphorylation of Akt and JNK analysis in the liver of the male mice fed on NCD, 1w- 
and 8w-HFD. (n=3 each group) 
NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week. Values, mean ± 
SEM. n.s., not significant; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by one-way 
ANOVA followed by Tukey’s multiple comparison tests (A, C, E, G) 
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Figure 2.3 Upregulated PERK-eIF2α, but not IRE1α-Xbp1s are detected in adipose 
tissue upon HFD feeding. 
(A) Representative images and quantitation of western blot for PERK-eIF2α analysis in 
the gWAT of the male mice fed on NCD, 1w- and 8w-HFD. (n=6-7 mice each group) 
(B) Representative images of phostag-gel (P-T) for IRE1α phosphorylation analysis in 
the gWAT of the male mice fed on NCD, 1w- and 8w-HFD. Protein isolated from the 
liver of mice treated with tunicamycin (1 mg/kg, i.p.) for 24 hours was used as a positive 
control to indicate the position of phosphorylated IRE1a shipped up on the phostag-gel. 
HSP 90 is used as a protein loading control.  
(C) Representative images and quantification of reverse transcriptase PCR (RT-PCR) 
analysis of Xbp1 mRNA splicing (u, unspliced; s, spliced) in gWAT. L32 is used as a 
house keeping gene control. 
(D-E) Representative images (D) and quantitation (E) of western blot for chaperones 
(BiP and PDI) and ERAD (SEL1L and HRD1) analysis in the gWAT of the male mice fed 
on NCD, 1w- and 8w-HFD. (n=3-5 each group) 
(F-G) Representative images (F) and quantitation (G) of western blot for 
phosphorylation of Akt and JNK analysis in the gWAT of the male mice fed on NCD, 1w- 
and 8w-HFD. (n=3 each group) 
NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week; gWAT, gonadal 
white adipose tissue.Values, mean ± SEM. n.s., not significant; *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001 by one-way ANOVA followed by Tukey’s multiple 
comparison tests (A, C, E, G) 
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Figure 2.4 UPR can be uncoupled from high fat diet associated leptin resistance 
in the CNS. 
(A) Representative images and quantitation of western blot for PERK-eIF2α analysis in 
the ARC of the male mice fed on NCD, 1w- and 8w-HFD.  
(B) Representative images of phostag-gel (P-T) for IRE1α phosphorylation analysis in 
the ARC of the male mice fed on NCD, 1w- and 8w-HFD. Protein isolated from the liver 
of mice treated with tunicamycin (1 mg/kg, i.p.) for 24 hours was used as a positive 
control to indicate the position of phosphorylated IRE1a shipped up on the phostag-gel. 
HSP 90 is used as a protein loading control.  
(C) Representative images and quantification of reverse transcriptase PCR (RT-PCR) 
analysis of Xbp1 mRNA splicing (u, unspliced; s, spliced) in ARC. L32 is used as a 
house keeping gene control. 
(D) Representative images and quantitation of western blot for BiP analysis in the ARC 
of the male mice fed on NCD, 1w- and 8w-HFD. (n=5 each group) 
(E) Representative images shown IF staining of BiP in the ARC of C57BL/6J male mice 
fed on NCD, 1w- and 8w-HFD. (n=2 mice per group, 90-130 cells per mice). 
NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week; ARC, arcuate 
nucleus; 3V, third ventricle. Values, mean ± SEM. n.s., not significant; *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001 by one-way ANOVA followed by Tukey’s 
multiple comparison tests (A, C, D, E) 
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Figure 2.5 Activation of UPR induced by distinct ER stressors may differentially 
affect leptin sensitivity. 
(A) Representative images of UPR in HEK293T transfected with LepRb treated with 
leptin after fasted in Thapsigargin (Tg)-containing serum free DMEM.  
(B) Representative images and quantitation of leptin signaling analysis in HEK293T 
transfected with LepRb treated with leptin after fasted in Thapsigargin (Tg)-containing 
serum free DMEM.  
(C) Representative images of UPR and leptin signaling analysis in HEK293T 
transfected with LepRb treated with leptin after fasted in Tunicamycin (Tm)-containing 
serum free DMEM. 
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Figure 2.6 HFD-associated pathogenesis in peripheral tissues. 
(A) Representative images of H&E staining in the BAT, IWAT and gWAT of the mice fed 
on NCD and 8w-HFD.  
NCD for normal chow diet; 8w-HFD for 8-week; BAT, brown adipose tissue; IWAT, 
inguinal white adipose tissue; gWAT, gonadal white adipose tissue. 
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Figure 2.7 Transcriptional analysis of UPR in liver upon HFD feeding. 
(A) Quantitative PCR (qPCR) analysis of UPR and ERAD in the liver of C57BL/6J male 
mice fed on NCD, 1w- and 8w-HFD. (n=3-5 mice per group) 
NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week. Values, mean ± 
SEM. n.s., not significant; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by one-way 
ANOVA followed by Tukey’s multiple comparison tests (A) 
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Figure 2.8 Transcriptional analysis of UPR in gWAT upon HFD feeding. 
(A) Quantitative PCR (qPCR) analysis of UPR and ERAD in the gWAT of C57BL/6J 
male mice fed on NCD, 1w- and 8w-HFD. (n=3-5 mice per group) 
NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week; gWAT, gonadal 
white adipose tissue. Values, mean ± SEM. n.s., not significant; *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001 by one-way ANOVA followed by Tukey’s multiple 
comparison tests (A) 
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Figure 2.9 Transcriptional analysis of UPR and inflammatory analysis for 
astrogliosis in ARC upon HFD feeding. 
(A) Quantitative PCR (qPCR) analysis of UPR in the ARC of C57BL/6J male mice fed 
on NCD, 1w- and 8w-HFD. (n=4 mice per group). 
(B) Representative images shown IF staining of GFAP in the hypothalamic ARC and 
DMH of C57BL/6J male mice fed on NCD, 1w- and 8w-HFD. (n=3 mice per group). 
NCD for normal chow diet; 1w-HFD for 1-week; 8w-HFD for 8-week; ARC, arcuate 
nucleus; DMH, dorsomedial hypothalamus; 3V, third ventricle. Values, mean ± SEM. 
n.s., not significant; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by one-way 
ANOVA followed by Tukey’s multiple comparison tests (A) 
  



 69 

 
Figure 2.10 Tm, but not Tg, impaired leptin signaling by disrupting glycosylation 
of LepRb. 
(A) Representative images and quantitation of leptin signaling analysis in HEK293T 
transfected with LepRb treated with leptin after fasted in Tg-or Tm- containing serum 
free DMEM. 
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3.1 Abstract 

Endoplasmic reticulum (ER) homeostasis in the hypothalamus has been implicated in 

the pathogenesis of certain patho-physiological conditions such as diet-induced obesity 

(DIO) and type 2 diabetes; however, the significance of ER quality control 

mechanism(s) and its underlying mechanism remain largely unclear and highly 

controversial in some cases. Moreover, how the biogenesis of nascent leptin receptor in 

the ER is regulated remains largely unexplored. Here we report that the SEL1L-HRD1 

protein complex of the highly conserved ER-associated protein degradation (ERAD) 

machinery in POMC neurons is indispensable for leptin signaling in diet-induced 

obesity. SEL1L-HRD1 ERAD is constitutively expressed in hypothalamic POMC 

neurons. Loss of SEL1L in POMC neurons attenuates leptin signaling and predisposes 

mice to HFD-associated pathologies including leptin resistance. Mechanistically, newly 

synthesized leptin receptors, both wildtype and disease-associated human mutant 

Cys604Ser (Cys602Ser in mice), are misfolding prone and bona fide substrates of 

SEL1L-HRD1 ERAD. Indeed, defects in SEL1L-HRD1 ERAD markedly impair the 

maturation of these receptors and causes their ER retention. This study not only 

uncovers a new role of SEL1L-HRD1 ERAD in the pathogenesis of diet-induced obesity 

and central leptin resistance, but a new regulatory mechanism for leptin signaling.  
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3.2 Introduction 

Hypothalamic neurons play important roles in the adaptation and mal-adaptation to 

pathophysiological conditions such as diet-induced obesity (DIO) and type-2 diabetes 

[1-7]. Homeostasis in the endoplasmic reticulum (ER) regulates many physiological 

processes such as systemic inflammation, inter-organellar crosstalk and mitochondrial 

dynamics [8-14]. It has been proposed that hypothalamic ER stress or unfolded protein 

response (UPR) may play a causal role in inflammation and leptin resistance in DIO and 

type-2 diabetes [15-21]. However, others have reported a protective role of UPR in 

similar experimental settings [22, 23]. Hence, the significance of ER quality control 

pathways and its underlying mechanisms remain controversial.  

 

In addition to UPR that responds to misfolded proteins in the ER, ER-associated protein 

degradation (ERAD) is a constitutively active and highly conserved process responsible 

for recruiting unfolded or misfolded proteins in the ER for cytosolic proteasomal 

degradation [24-31]. Among over a dozen of putative ERAD complexes, the SEL1L-

HRD1 protein complex represents the most evolutionarily conserved ERAD branch 

where SEL1L/Hrd3p is an obligatory cofactor for the E3 ligase HRD1 [28-30, 32-34]. 

Recent studies using cell type-specific SEL1L or HRD1 knockout mouse models have 

revealed the patho-physiological importance of SEL1L-HRD1 ERAD in a substrate-

specific manner [35-42]. Particularly relevant to this study, SEL1L-HRD1 ERAD has 

been reported as indispensable for AVP and POMC neurons to control water balance 

and food intake via the maturation of prohormones, proAVP and POMC, respectively 

[39, 40]. POMC neuron-specific Sel1L deletion leads to hyperphagia and age-
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associated obesity starting around 13 weeks of age when fed a low-fat chow diet [39]. 

Given the importance of POMC neurons in maintaining energy homeostasis under 

various nutritional status, one outstanding question is the relevance and significance of 

SEL1L-HRD1 ERAD in POMC neurons under pathophysiological conditions, including 

DIO.  

 

Here, we show that SEL1L-HRD1 ERAD in POMC neurons at the arcuate nucleus 

(ARC) of the hypothalamus, a key group of metabolic neurons that control food intake 

and energy expenditure [43], controls DIO pathogenesis and leptin sensitivity via the 

regulation of leptin receptor biogenesis and signaling. Soon after weaning, POMC-

specific Sel1L deficient (Sel1LPOMC) mice are hypersensitive to DIO. Much to our 

surprise, SEL1L-HRD1 ERAD is indispensable for the maturation of nascent leptin 

receptor to reach to the cell surface. Hence, SEL1L-HRD1 ERAD is a critical regulator 

of the maturation of leptin receptor in the ER and thereby leptin signaling in POMC 

neurons. 

 

3.3 Results 

Transient upregulation of SEL1L-HRD1 ERAD expression in the hypothalamus in 

response to high fat diet (HFD) feeding.  

We previously showed that the SEL1L-HRD1 protein complex is constitutively 

expressed in the ARC of the hypothalamus [39]. Here we first asked whether its 

expression in the ARC region is regulated in response to overnutrition by placing the 

mice on 60% HFD (60% calories derived from fat) for 1 or 8 weeks. HFD feeding 
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expectedly reduced the expression of Pomc, Npy and Agrp (Figure 3.10A), while 

enhancing the protein levels of POMC derivatives β-Endorphin and α-MSH (Figure 

3.10B-E). Moreover, HFD feeding enhanced neuronal activity in the PVH region as 

measured by nuclear c-FOS following both 1- and 8-week HFD (Figure 3.10D and E). 

One-week HFD significantly induced Hrd1 mRNA level, but not Sel1L mRNA level, while 

8-week HFD feeding had no such effect (Figure 3.1A). At the protein level, both SEL1L 

and HRD1 proteins, were elevated at 1-week HFD, and returned to basal levels after 8-

week HFD (Figure 3.1B and C), pointing to transient response of SEL1L-HRD1 

expression in the hypothalamus in response to HFD challenge. We next performed 

confocal microscopy to visualize SEL1L-HRD1 expression in the ARC regions in 

response to HFD. To visualize POMC neurons, we used POMC-eGFP transgenic mice 

where eGFP is under the control of POMC promoter [39, 44]. SEL1L protein level was 

increased specifically in POMC neurons upon 1-week HFD, and returned to the basal 

level with prolonged HFD feeding (Figure 3.1D and E). Similar observation was 

obtained for HRD1 protein levels in POMC neurons, but unlike SEL1L, HRD1 protein 

level was transiently upregulated in non POMC neurons as well (Figure 3.1F and G). 

Hence, SEL1L-HRD1 expression in POMC neurons are responsive to acute, but not 

chronic, nutrient overload.  

 

Hypothalamic POMC-specific ERAD deficiency leads to early-onset DIO and its 

pathologies. 

To delineate the significance of hypothalamic ERAD in DIO, we next characterized the 

phenotypes of Sel1LPOMC mice, generated by crossing Sel1Lf/f with the Pomc-Cre 
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mouse line [39], following 8-week HFD feeding from 5 weeks of age. In line with our 

previous report, Sel1LPOMC mice appeared comparably to WT littermates in terms of 

body weight on chow diet for the first 13 weeks of age [39] (Figure 3.2A), Sel1LPOMC 

mice, both sexes, gained significantly more body weight soon after HFD feeding (Figure 

3.2A). Body composition analysis showed that fat content was significantly increased in 

Sel1LPOMC mice, reaching over 50% of body mass after 8-week HFD (Figure 3.2B and 

Figure 3.11A) with more lipid deposition in the liver, as well as both white and brown 

adipose tissues (WAT and BAT) (Figure 3.2C). Sel1LPOMC mice became highly glucose 

intolerant and insulin resistant following 8-week HFD (Figure 3.2D and E), with elevated 

ad libitum and fasting blood glucose (Figure 3.2F) and ad libitum insulin levels (Figure 

3.2G). In addition, glucagon and corticosterone levels were elevated in Sel1LPOMC mice 

(Figure 3.11B and C), while rectal temperature in Sel1LPOMC mice was decreased by 2 

degrees compared to that of WT littermates (Figure 3.11D). Hence, we concluded that 

mice with POMC-specific ERAD defects exhibit early onset DIO and its pathologies 

including glucose intolerance and insulin resistance. 

 

Hypothalamic ERAD deficiency triggers hyperphagia and leptin resistance.  

We next explored the possible mechanism underlying the susceptibility to DIO in 

Sel1LPOMC mice. Sel1LPOMC mice consumed ~ 40% more food daily, i.e., hyperphagia, 

upon both 1- and 8-week HFD feeding (Figure 3.3A). To directly demonstrate the direct 

causal link between food intake and weight gain, we performed pair feeding (giving the 

same amount of the food as WT littermates consume) following 8-week ad libitum HFD 

feeding. Sel1LPOMC mice gained weight quite rapidly under ad libitum feeding of HFD; 
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however, their weight gain was significantly slowed following pair-feeding and recovered 

when placed on ad libitum HFD feeding again (Figure 3.3B). Indeed, weight gain of 

Sel1LPOMC mice was comparable to that of WT littermates if pair-feeding was performed 

at the beginning of HFD feeding (Figure 3.3C). We then tested whether hyperphagia of 

Sel1LPOMC mice is caused by leptin resistance (Figure 3.3D). Leptin injection was 

expected to induce body weight loss in WT mice, but not Sel1LPOMC mice. Indeed, unlike 

WT mice, Sel1LPOMC mice continued to gain body weight following leptin injection 

(Figure 3.3D and E). This difference in body weight gain was likely due to the 

differences in food intake in response to leptin injection (Figure 3.3F), pointing to a 

significant leptin resistance in Sel1LPOMC mice. Sel1LPOMC mice exhibited progressively 

marked hyperleptinemia with HFD feeding (Figure 3.3G). Hence, we concluded that 

hypothalamic POMC neurons-specific ERAD deficiency triggers hyperphagia and leptin 

resistance.  

 

The effect of hypothalamic SEL1L-HRD1 ERAD in DIO is mediated by leptin 

resistance. 

To further establish the effect of leptin resistance in ERAD deficiency-associated DIO, 

we next performed parabiosis between two littermates to allow the sharing of the 

circulation (Figure 3.4A). Following two weeks of recovery on chow diet, the parabionts 

WT: Sel1LPOMC (Group III) were placed on HFD for 8 weeks (Figure 3.4A). Two control 

parabionts, WT: WT (Group I) and Sel1LPOMC:Sel1LPOMC (Group II), gained weight as 

expected with the latter pair becoming obese (Figure 3.4B). However, in WT: Sel1LPOMC 

(Group III) parabionts, body weight gain for WT mice was attenuated compared to WT 
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mice in WT: WT (Group I) control parabionts (P=0.08), while body weight gain for 

Sel1LPOMC mice was comparable to that of Sel1LPOMC:Sel1LPOMC parabionts (Group II) 

(Figure 3.4B). Body compositions (i.e., lean vs. fat) in parabionts were not affected by 

the partner (Figure 3.4C). Moreover, serum leptin and insulin levels were highly 

elevated in the Sel1LPOMC mice, but unaltered in WT mice regardless of the partners 

(Figure 3.4D and E). Hence, these data suggested that hypothalamic SEL1L-HRD1 

ERAD controls DIO pathogenesis via hyperleptinemia. 

 

Hypothalamic SEL1L-HRD1 ERAD deficiency impairs leptin-pSTAT3 signaling. 

We next asked how POMC-specific SEL1L-HRD1 ERAD regulates leptin sensitivity. As 

leptin signaling induces phosphorylation of STAT3 (pSTAT3), we next examined the 

levels of pSTAT3 in POMC neurons following leptin challenge. To visualize POMC 

neurons, we generated Sel1LPOMC mice on the POMC-eGFP background 

(Sel1LPOMC;POMC-eGFP) [39, 44]. HFD feeding progressively blunted leptin-induced 

pSTAT3 in the POMC neurons of the ARC region of WT mice, but to a much greater 

extent, in Sel1LPOMC mice (Figure 3.5A-D and Figure 3.12). In keeping with the notion 

that pSTAT3 is a critical transcription factor for the Pomc gene [45], hypothalamic Pomc 

mRNA expression was markedly decreased in Sel1LPOMC mice with HFD (Figure 3.5E). 

Moreover, Western blot analysis of pSTAT3 of the ARC region also showed a greater 

reduction of the percent of STAT3 being phosphorylated following HFD feeding (Figure 

3.5F and G). Thus, our data suggested that SEL1L-HRD1 ERAD in POMC neurons is 

vital for maintaining central leptin sensitivity during DIO pathogenesis. 
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The effect of POMC-specific ERAD in DIO is likely uncoupled from UPR or 

inflammation. 

As ERAD deficiency expectedly causes the accumulation of unfolded/misfolded proteins 

in the ER that can potentially trigger UPR and given the reported role of UPR in DIO 

pathogenesis, we next tested whether ERAD deficiency activates UPR and if so, to 

what extent. There was no detectable activation of the PERK pathway as measured by 

phosphorylation of PERK and its downstream phosphorylation of eIF2α (Figure 3.6A 

and Figure 13A). Phosphorylation of IRE1α, on the other hand, was moderately 

elevated in the ARC of Sel1LPOMC mice, so was the splicing of Xbp1 mRNA (a 

downstream effector of IRE1α) (Figure 3.6B and C, Figure 3.13B and C). Consistently, 

ER chaperon BiP (an XBP1 target) was mildly elevated in the ARC of Sel1LPOMC mice 

(Figure 3.6A and Figure 3.13A and D). In vitro, treatment with an ER stress inducer 

thapsigargin (Tg) induced strong ER stress, but failed to affect leptin signaling in WT 

HEK293T cells transfected with long isoform of mouse Leptin receptors (mLepRb) 

(Figure 3.6D and Figure 3.13E), indicating that UPR is not sufficient to induce leptin 

resistance. Importantly, we found no significant POMC neuronal loss in the ARC of 

Sel1LPOMC;POMC-eGFP mice (Figure 3.6E). Inflammatory markers were largely 

comparable in the ARC of Sel1LPOMC mice compared to those in WT littermates as 

measured by phosphorylation and protein levels of c-Jun N-terminal Kinase (JNK) as 

well as protein levels of I kappa B alpha (IκBα) (Figure 3.6F and G). Chronic HFD 

feeding mildly increased astrogliosis in the ARC regions of both Sel1LPOMC and 

Sel1LPOMC mice as measured by both Western blot and immunofluorescence staining of 

astrocyte marker Glial Fibrillary acidic protein (GFAP) and/or microglia marker Ionized 
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calcium-binding adaptor molecule 1 (IBA1) (Figure 3.6F-H and Figure 3.13F). Taken 

together, these data demonstrate that Sel1L deficiency in POMC neurons triggers leptin 

resistance, independently of UPR, neuronal cell death and inflammation.  

 

SEL1L-HRD1 is required for the maturation of nascent leptin receptor (LepR). 

The forementioned data suggested that SEL1L-HRD1 ERAD regulates leptin sensitivity 

upstream of STAT3. To further explore the underlying mechanism, we generated leptin-

responsive HEK293T cell system expressing the long isoform of LepR (LepRb) 

responsible for leptin-induced JAK2-STAT3 signaling [46-49].  Indeed, in line with 

decreased leptin sensitivity in vivo, mLepRb-positive HRD1-/- HEK293T cells exhibited 

impaired phosphorylation of JAK2 and STAT3 compared to those in transfected WT 

cells in response to leptin stimulation (Figure 3.7A and B). Surprisingly, the protein level 

of mLepRb was significantly higher in HRD1-/- HEK293T cells compared to that of WT 

cells, under both serum-deprived and -supplemented conditions (Figure 3.7B and C). 

Moreover, SEL1L interaction with in LepRb-transfected cells was markedly enhanced in 

HRD1-/- cells where substrate-SEL1L interaction is known to be stabilized [29, 50, 51] 

(Figure 3.7D and E). LepRb was ubiquitinated in an HRD1-dependent manner (Figure 

3.7F) and was significantly stabilized in HRD1-/- cells compared to that in WT cells 

(Figure 3.7G).  

We next assessed the consequence of ERAD deficiency on LepRb maturation in the 

ER. Endoglycosidase H (EndoH) digestion, which cleaves asparagine-linked high 

mannose or hybrid glycans of the immature glycoproteins predominantly in ER [52], 

revealed a significantly lower fraction of EndoH resistant LepRb (i.e., the form able to 
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exit the ER for complete maturation) in HRD1-/- HEK293T cells (Fig. 7H). This was 

further confirmed by surface biotinylation assay followed by immunoprecipitation with 

streptavidin-beads, which indicated reduced proportion of surface LepRb in HRD1-/- 

cells (Figure 3.7I and Figure 3.14A). Moreover, confocal microscopy following 

immunofluorescence staining further demonstrated an altered distribution of LepRb with 

increased intracellular, but decreased surface, expression in ERAD-deficient cells 

(Figure 3.7J and Figure 3.14B). In the absence of SEL1L-HRD1, LepRb protein was 

prone to form high molecular weight aggregates via disulfide bonds (Figure 3.7K) Taken 

together, our data show that SEL1L-HRD1 ERAD is required for the maturation of 

LepRb by targeting the misfolding-prone or misfolded LepRb for proteasomal 

degradation.  

 

SEL1L-HRD1 ERAD degrades and limits the pathogenicity of human LepRb 

Cys604Ser (C604S) mutant. 

To demonstrate the clinical relevance of our findings, we asked whether human LepRb 

(hLepRb) mutants [53, 54] are SEL1L-HRD1 ERAD substrates. Here, we focused on 

hLepRb mutant C604S, a recessive point mutation due to missense homozygous 

substitution T > A at position 1810, identified in two brothers at 1- and 5-years old with 

severely early onset obesity [54, 55]. C604-C674 forms a disulfide bond in human 

LepRb corresponding to C602-C672 in mouse LepRb (Figure 3.8A and B) [56-58]. This 

mutation has been predicted as loss-of-function likely due to defects in folding [54, 56-

58]. C602S mLepRb significantly impaired leptin response compared to WT mLepRb in 

WT cells, which was further diminished in HRD1-/- cells (Figure 3.8C). Similar to WT 
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mLepRb, C602S mLepRb was stabilized in the absence of HRD1 (Figure 3.8D). 

Notably, C602S mLepRb readily formed HMW aggregates in WT HEK293T cells, and to 

much greater extent, in HRD1-/- cells (Figure 3.8E). Such aggregates likely formed in the 

ER as demonstrated by their colocalization with the ER chaperone BiP based on 

immunostaining (Figure 3.8F-I). Hence, SEL1L-HRD1 ERAD is indispensable for the 

degradation of nascent WT and, at least a subset of, disease mutant LepRb, which 

ensures the maturation, trafficking and membrane display of functional LepRb.  

 

3.4 Discussion 

This study not only identifies a novel regulatory mechanism for leptin receptor and 

signaling, but also reports a key role of hypothalamic ERAD in maintaining energy 

homeostasis under nutrient overload conditions. SEL1L-HRD1 ERAD defects in POMC 

neurons predispose mice to DIO and its pathologies, due to hyperphagia and 

hypothalamic leptin resistance. Our mechanistic studies establish LepRb as a bona fide 

endogenous substrate of SEL1L-HRD1 ERAD. Pointing to the clinical relevance of our 

findings, human recessive LepRb C604S variant is trapped in the ER and degraded by 

SEL1L-HRD1 ERAD (Figure 3.9). In the absence of SEL1L-HRD1 ERAD, both WT and 

C604S LepRb are trapped in the ER in the form of HMW aggregates, with attenuated 

cell surface expression (Fig. 8E-I and Fig. 9). While this reported effect of ERAD in 

POMC neurons is in keeping with recent studies demonstrating the profound 

physiological importance of SEL1L-HRD1 ERAD in vivo [39, 40], it uncovers a novel 

function of SEL1L-HRD1 ERAD in leptin signaling and a novel regulatory mechanism for 

leptin biology.     
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Our data show that hypothalamic SEL1L deficiency markedly increases the progression 

and pathogenesis of DIO in mice. Sel1L-deficient POMC neurons exhibit mild 

alterations in ER homeostasis including elevated activation of the IRE1α -XBP1 

pathway and expression of ER chaperones, but without any detectable cell death. As 

previous studies have shown that deficiency of Ire1a or Xbp1 in POMC neurons 

predispose mice to DIO [21], while gain-of-function of XBP1s in POMC neurons had an 

opposite effect [23], we conclude that the effect of SEL1L-HRD1 ERAD is uncoupled 

from IRE1α -XBP1 pathway of the UPR and cell death, which is in line with many recent 

studies of various tissue-specific Sel1L- or Hrd1-deficient models [37, 39-42, 59]. These 

findings point to cellular adaption in response to ERAD deficiency [25]. Such mild UPR 

activation and chaperone expression are potentially cyto-protective in response to the 

accumulation of misfolding proteins in the ER.  

 

Previous reports have suggested that UPR may play a causal role in leptin resistance 

due to impaired leptin signaling [15, 17, 60]. These studies were performed via the 

administration of ER stress inducers tunicamycin and thapsigargin which can be fraught 

with artefacts. Indeed, tunicamycin can inhibit glycosylation of the glycoproteins[61] 

including LepRb, and thus the  impaired leptin signaling can be directly due to defective 

glycosylation and concomitant functionality of LepRb instead of UPR activation as a 

general outcome of numerous dysregulation of glycoproteins. Further, high dosage of 

ER stress inducers included in previous studies may fall far from any physiological 

relevance[15, 17, 60]. In our study, thapsigargin treatment induced a range of ER stress 
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response in a dose dependent manner, but failed to alter leptin signaling in WT 

HEK293T cells transfected with mLepRb even at a high level of UPR. Hence, collective 

evidence suggests that UPR is likely uncoupled from leptin signaling. The reason for 

these discrepancies remains unknown. Careful future studies are needed to validate 

either model. 

 

This study demonstrates an important role of SEL1L-HRD1 ERAD in leptin signaling, at 

least in part via the regulation of the maturation of nascent LepRb protein. We 

previously showed that SEL1L-HRD1 ERAD is required for the posttranslational 

maturation of POMC prohormone in mice on chow diet and that Sel1L deficiency in 

POMC neurons cause age-associate obesity in mice on chow diet due to the ER 

retention of POMC prohormone [39]. In DIO mouse models, we found defects in 

Sel1LPOMC mice occurring upstream of POMC transcription as leptin-induced STAT3 

phosphorylation is impaired in the absence of SEL1L-HRD1 ERAD [45-49]. Further 

mechanistic studies identify partial loss-of-function of LepRb resulted from attenuated 

ER exit of nascent LepRb in SEL1L-HRD1 ERAD deficient cells. This study suggests 

that nascent LepRb protein is likely misfolding prone in the ER, likely due to multiple 

glycosylation and the formation of disulfide bonds, and hence relies on SEL1L-HRD1 

ERAD to generate an ER environment conducive for the proper folding and 

conformation of bystander LepRb.  

 

Several human mutants have also been identified as SEL1L-HRD1 ERAD substrates 

that readily form aggregates and become resistant to and bypass the quality control 
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mediated by ERAD, leading to loss-of-function disease phenotype. These misfolded 

substrates with highly reactive cysteine thiols accumulate and promote the formation of 

inter- or intra-molecular disulfide-bonded aggregates [39-41]. Hence, SEL1L-HRD1 

ERAD-mediated degradation of nascent unfolded and misfolded substrates, including 

LepRb in this study, may effectively prevent protein aggregation and maintain the 

folding environment in the ER. Efforts to target SEL1L-HRD1 ERAD function may 

represent a viable means for the treatment of certain diseases caused by a dominant-

negative disease allele or a general collapse of the folding environment in the ER.   

 

3.5 Methods 

Mice. As described previously [39], POMC-specific Sel1L-deficient mice (Sel1LPOMC) 

and control littermates (Sel1Lf/f) were generated. The mice were further crossed with 

Pomc-eGFP reporter mice to generate Sel1LPOMC;POMC-eGFP and control littermates 

Sel1Lf/f;POMC-eGFP. WT B6 mice were purchased from JAX and bred in our mouse 

facility. Mice were fed a chow diet (13% fat, 57% carbohydrate and 30% protein, 

PicoLab Rodent Diet 5L0D) and placed on a high-fat diet (HFD, calories provided by 

60% fat, 20% carbohydrate and 20% protein, Research Diet D12492) from 5 weeks of 

age for 1 week or 8 weeks. All mice were housed in a temperature-controlled room with 

a 12-hour light/12-hour dark cycle. 

 

Food intake measurement and pair-feeding.  Food intake were measured as 

previously described [39]. Briefly, to perform daily food intake measurement, mice were 

first acclimatized to single housing 24 hours before the experiment. Daily food intake 
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was measured 1 hour before the onset of the dark cycle each day. For the pair-feeding 

at later stage of HFD feeding, Sel1LPOMC and WT littermates had continuous free 

access to HFD for eight weeks and were then single housed and fed ~2.5 g, which was 

determined by the average of daily food intake of WT littermates, at the start of the dark 

cycle. For the pair-feeding at early stage of HFD feeding, 5-week-old Sel1LPOMC mice 

were split into two groups: One group of Sel1LPOMC and WT littermates had continuous 

free access to food; the other group of Sel1LPOMC mice (pair-fed) was fed ~2.5 g at the 

start of dark hours. Weekly bodyweight gains were monitored. 

 

Leptin treatment in mice.  Twelve-week-old mice were intraperitoneally (i.p.) injected 

PBS followed by leptin (2 mg/kg body weight, R&D systems; catalog 498-OB-05M) 1 

hour before the onset of dark cycle for three consecutive days as described [39]. Body 

weight and food intake were monitored daily during the treatment period.  For 

phosphorylated STAT3 staining, 2 mg/kg leptin were i.p. injected to mice, followed by 

overnight fasting. Mice were anesthetized by isoflurane for fixation-perfusion 30 min 

after injection.  

 

Tissue and blood collection.  These procedures were carried out as previously 

described[39]. Briefly, blood was collected from anesthetized mice via cardiac puncture, 

transferred to 1.5ml microcentrifuge tubes, kept at room temperature for 30 minutes 

prior to centrifugation at 2,000 g for 15 minutes. Serum was aliquoted and stored at -

80°C until analysis. For brain microdissection, Adult Mouse Brain Slicer Matrix 

(BSMAA001-1, Zivic Instruments) was used to collect coronal brain slices containing 
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ARC region with further microdissection to obtain ARC-enriched region. All tissues were 

snap-frozen in liquid nitrogen and stored at -80°C before use. 

 

Preparation of brain sections. Mice were anesthetized with isoflurane, perfused with 

PBS followed by 4% paraformaldehyde (PFA) (Electron Microscopy Sciences; catalog 

19210) for fixation. Brains were then postfixed in 4% PFA for overnight at 4°C, 

dehydrated in 15% sucrose and then 30% sucrose consecutively overnights at 4°C, and 

sectioned (30 μm) on a cryostat (Microm HM550 Cryostat, Thermo Fisher Scientific). 

The sections were stored in DEPC-containing anti-freezing media (50% 0.05 M sodium 

phosphate pH 7.3, 30% ethylene glycol, 20% glycerol) at −20°C. Different brain regions 

were identified using the Paxinos and Franklin atlas. Counted as distance from bregma, 

the following coordinates were used: PVN (–0.82 mm to –0.94 mm) and ARC (–1.58 

mm to –1.7 mm). 

 

Western blot and antibodies. Frozen tissue or cells were homogenized by sonication 

in lysis buffer [150mM NaCl, 50mM Tris pH 7.5, 10 mM EDTA, 1% Triton X-100] with 

freshly added protease inhibitors (Sigma; catalog P8340), phosphatase inhibitors 

(Sigma; catalog P5726) and 10 mM N-ethylmaleimide (Thermo Scientific; catalog 

23030). Lysates were incubated on ice for 30 min followed by centrifugation (13,000 g, 

10 min at 4 °C). Supernatants were collected and analyzed for protein concentration 

using Bradford assay (Bio-Rad; catalog 5000006). For denaturing SDS-PAGE, samples 

were further suppled with 1mM DTT and denatured at 95°C for 5 min in 5x SDS sample 

buffer (250 mM Tris-HCl pH 6.8, 10% sodium dodecyl sulfate, 0.05% Bromophenol 
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blue, 50% glycerol, and 1.44 M β-mercaptoethanol).  For non-reducing SDA-PAGE, 

samples were prepared in 5x non-denaturing sample buffer (250 mM Tris-HCl pH 6.8, 

10% sodium dodecyl sulfate, 0.05% bromophenol blue, 50% glycerol). For phostag gel 

analysis based on phos-tag system as described[62, 63], SDS-PAGE gel was 

supplemented by 50μM MnCl2 (Sigma) and 25μM phostag reagent (NARD Institute; 

catalog AAL-107) and must be protected from light until finishing running. Protein 

isolated from the liver of mice treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours 

was used as a positive control to indicate the position of phosphorylated PERK and 

IRE1a. For phosphatase treatment, 100 µg tissue lysates were incubated with 1 µl 

lambda phosphatase (λPPase, New England BioLabs; catalog P0753S) in 1× PMP 

buffer (New England BioLabs; catalog B0761S) with 1 mM MnCl2 (New England 

BioLabs; catalog B1761S) at 30°C for 30 min. Reaction was stopped by adding 5× SDS 

sample buffer and incubated at 90°C for 5 min. 

All samples were incubated in 65°C for 10min and run with 15-30 μg total lysate on 

SDS-PAGE gel for separation followed by electrophoretic transfer to PVDF membrane 

(0.45μm, Millipore; catalog IPFL00010). The blots were incubated in 2% BSA/Tri-

buffered saline tween-20 (TBST) with primary antibodies overnight at 4°C, washed with 

TBST followed by 1hr incubation with goat anti-rabbit or mouse IgG HRP at room 

temperature. Band density was quantitated using the Image Lab software on the 

ChemiDOC XRS+ system (Bio-Rad).  

Antibodies for Western blot were as follows: SEL1L (rabbit, 1:8000, Abclonal; catalog 

E112049), HRD1 (rabbit, 1:2000, ABclonal; catalog E15102), GRP78 BiP (rabbit, 

1:5000, Abcam; catalog ab21685), HSP90 (rabbit, 1:5,000, Santa Cruz Biotechnology 
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Inc.; catalog sc-7947), FLAG (mouse, 1:2000, Sigma-Aldrich; catalog F-1804), IRE1α 

(rabbit, 1:2,000, Cell Signaling Technology; catalog 3294), p-eIF2α (rabbit, 1:2000, Cell 

Signaling Technology; catalog 3597), eIF2α (rabbit, 1:2000, Cell Signaling Technology; 

catalog 9722), p-JNK (mouse, 1:2000, Cell Signaling Technology; catalog 9255), JNK 

(rabbit, 1:1000, Cell Signaling Technology; catalog 9252), PERK (Rabbit, 1:1000, Cell 

Signaling Technology; catalog 3192), pSTAT3 (Tyr705) (rabbit, 1:1000, catalog 9131, 

Cell Signaling Technology), STAT3 (rabbit, 1:1000, Cell Signaling Technology; catalog 

9132), pJAK2 (Tyr1007/1008) (rabbit, 1:1000, Cell Signaling Technology; catalog 3771), 

JAK2 (rabbit, 1:1000, ABclonal; catalog A19629), Tubulin (mouse, 1:5000, Santa Cruz 

Biotechnology Inc.; catalog sc-5286), IκBα (rabbit, 1:1000, Cell Signaling Technology; 

catalog 9242) and IBA1 (rabbit, 1:1000, Proteintech; catalog 10904-1-AP) 

Secondary antibodies for Western blot were goat anti-rabbit IgG HRP and goat anti-

mouse IgG HRP at 1:5,000, both from Bio-Rad. 

 

Immunostaining and antibodies. For fluorescent immunostaining in free-floating brain 

sections, samples were picked out of anti-freezing buffer followed by 3 washes with 

PBS. Free-floating sections were simultaneously incubated with primary antibodies in 

blocking buffer (0.3% donkey serum and 0.25% Triton X-100 in 0.1 M PBS) overnight at 

4°C. Following 3 washes with PBS, sections were incubated with secondary antibodies 

for 2 hours at room temperature. Brain sections were then mounted on gelatin-coated 

slides (Southern Biotech; catalog SLD01-CS). Counterstaining and mounting were 

performed with mounting medium containing DAPI (Vector Laboratories; catalog H-

1200) and Fisherfinest Premium Cover Glasses (Fisher Scientific; catalog 12-548-5P). 
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For immunostaining in cells, 24 hours after transfection of LepRb-3xFLAG constructs, 

cells were placed on Poly-L-Lysine (Advanced Biomatrix; catalog 5048) coated Millicell 

EZ SLIDE 8-well glasses (Millipore; catalog PEZGS0816) for 24 hours before treatment 

and fixation.  For staining surface bound leptin, samples were washed by ice cold PBS 

for 5 times and fixed by 4% formaldehyde (VWR; catalog 89370-094) for 15 minutes on 

ice followed by 3 washes with PBS. No permeabilization reagents were involved. For 

staining other markers, permeabilization was included and the overall process were the 

same as described above. To quantify immunoreactivity, identical acquisition settings 

were used for imaging each brain section from all groups within an experiment. The 

numbers of immunoreactivity-positive soma analysis and intensity of immunoreaction 

were quantified in 3D stack volumes after uniform background subtraction using the NIS 

Elements AR software (Nikon) and FIJI (National Institute of Health, USA).   

 

Antibodies for immunostaining were as follows: HRD1 (rabbit, 1:500, homemade), 

GRP78 BiP (rabbit, 1:500, Abcam; catalog ab21685), α-MSH (sheep, 1:2,000, Millipore; 

catalog AB5087), β-endorphin (rabbit, 1:2,000, Phoenix Pharmaceuticals; catalog H-

022-33, provided by Carol Elisa), and GFP (chicken IgY, 1:300, Abcam; catalog 

ab13970), p-Y705 STAT3 (rabbit, 1:200, Cell Signaling Technology; catalog 9145), 

GFAP (rabbit, 1:500, Agilent; Z033429-2), FLAG (mouse, 1:500, Sigma-Aldrich; catalog 

F-1804), KDEL (rabbit, 1:500, Novus Biologicals; catalog NBP2-75549), eIF3η (goat, 

1:500, Santa Cruz Biotechnology; catalog sc-16377). 

Secondary antibodies for fluorescent immunostaining (all 1:500) were as follows: Anti-

rabbit IgG Alexa Fluor 647; anti-goat IgG Alexa Fluor 488 & 647; anti-sheep IgG Cy5 
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were from Jackson ImmunoResearch. Donkey anti-mouse IgG Alexa flour 555 was from 

Invitrogen (catalog A32773) and goat anti-chicken IgY FITC was from Aves Labs 

(catalog F-1005). 

 

Plasmids. Mouse LepRb cDNA was provided by Dr. Martin Myer at University of 

Michigan Medical School. The LepRb coding region was amplified by PCR using a 

primer set containing HindIII and XbaI restriction site at 5’ and 3’ respectively. 

F: 5′- CCG AAGCTT ATGATGTGTCAGAAATTCTATGTGGTT-3′ 

R: 5′- TGC TCTAGA CACAGTTAAGTCACACATCTTATT-3′  

Both PCR products and the backbone vector p3xFLAG-CMV14 were digested using 

HindIII and XbaI restriction enzymes in the double digestion system from New England 

BioLabs. For construction of LepRb point mutants, quick change mutagenesis was 

performed using PFU DNA polymerase (600140, Agilent). The following primers were 

used for mutagenesis to construct LepRb-C602S: 

F: 5’- CCTGCTGGTGTCAGACCTCAGTGCAGTCTATG-3’ 

R: 5’- CATAGACTGCACTGAGGTCTGACACCAGCAGG-3’ 

 

CRISPR/Cas9-based knockout (KO) in HEK293T cells. HEK293T cells were cultured 

at 37°C with 5% CO2 in DMEM with 10% fetal bovine serum (Fisher Scientific). To 

generate HRD1-deficient HEK293T cells, sgRNA oligonucleotides designed for human 

HRD1 (5’-GGACAAAGGCCTGGATGTAC-3’) was inserted into lentiCRISPR v2 

(plasmid 52961, Addgene). Cells transfected with empty plasmids without sgRNA were 

used as wild type control. Cells grown in 10 cm petri dishes were transfected with 
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indicated plasmids using 5μl 1 mg/ml polyethylenimine (PEI, Sigma) per 1μg of 

plasmids for HEK293T cells. Cells were cultured 24 hours after transfection in medium 

containing 2 µg/ml puromycin for 48 hours and then in normal growth media. 

 

Glucose (GTT) and insulin tolerance test (ITT).  As described [39], male mice were 

fasted for 16 or 6 hours for GTT and ITT respectively, followed by i.p. injection with 

glucose (2 g/kg body weight) or insulin (1 unit/kg body weight). At indicated time points, 

blood glucose was monitored using AimStrip ™ Plus Blood Glucose Testing System. 

 

Body composition. Mice were anesthetized and scanned using DEXA as described 

[39]. (PIXImus, GE Medical Systems Lunar). 

 

Parabiosis. Parabiosis surgery was performed in the mice at 7 weeks of age followed 

by two weeks of recovery as previously described[64]. After recovery, mice were fed on 

HFD for eight weeks. Body weights were recorded before and after parabiosis. 

 

Leptin ELISA. Mouse serum samples were stored at -80°C. The samples were 

defrosted on ice and used for leptin measurement by Mouse/Rat Leptin Quantikine 

ELISA Kit (R&D Systems; catalog MOB00B).  

 

RNA isolation, RT-PCR and qRCR. Microdissected brain tissues were homogenized in 

Trizol reagent (Invitrogen; catalog 15596-018). The RNA was further extracted using 

BCP phase separation reagent (Molecular Research Center; catalog TR 118) and 
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isopropanol precipitation. cDNA was synthesized with SuperScript™ III Reverse 

Transcriptase (Invitrogen; catalog 18080044). mRNA extraction and cDNA synthesis 

from liver and ARC of mice treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours 

were used as positive controls to indicate the position of spliced Xbp1. 

 

The ratio of Xbp1s to total Xbp1 (Xbp1u + Xbp1s) levels was quantified by Image Lab 

(Bio-Rad) software. For RT-PCR analysis the following primer sequences were used:  

mXbp1-F: 5’-ACGAGGTTCCAGAGGTGGAG-3’ 

R: 5’-AAGAGGCAACAGTGTCAGAG-3’ 

mL32- F: 5’-GAGCAACAAGAAAACCAAGCA-3’ 

R: 5’-TGCACACAAGCCATCTACTCA-3’  

hXbp1-F: 5’-GAATGAAGTGAGGCCAGTGG-3’  

R: 5’-ACTGGGTCCTTCTGGGTAGA-3’ 

hL32- F: 5’-AGTTCCTGGTCCACAACGTC-3’  

R: 5’-TTGGGGTTGGTGACTCTGAT-3’ 

 

Gene expression was analyzed using ABI (QuantStudio 5). Primers were used for this 

study:  

mHrd1-F: 5’-AGCTACTTCAGTGAACCCCACT-3’ 

R: 5’-CTCCTCTACAATGCCCACTGAC-3’ 
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mSel1L-F: 5’-TGGGTTTTCTCTCTCTCCTCTG-3’ 

R: 5’-CCTTTGTTCCGGTTACTTCTTG-3’ 

mPomc-F: 5’-AACGTTGCTGAGAACGAGTC-3’ 

R: 5’-ACCTGCTCCAAGCCTAATG-3’ 

mCart-F: 5’-GCCTGGCTTTAGCAACAATA-3’ 

 R: 5’-AGGCATTCTCCTTCACACAA-3’ 

mAgRP-F: 5’-GAATGGCCTCAAGAAGACAA-3’  

R: 5’-CGGTTCTGTGGATCTAGCAC-3’ 

mNpy- F: 5’- CGCTCTATCTCTGCTCGTGT-3’ 

 R: 5’-GTATCTGGCCATGTCCTCTG-3’ 

mBdnf-F: 5’-AAGTAAACGTCCACGGACAA-3’ 

 R: 5’-TCAAAAGTGTCAGCCAGTGA-3’ 

 

H&E staining. Peripheral tissues were collected from mice and fixed in 10% formalin 

for overnight at 4 °C, washed with PBS and stored in 70% ethanol at 4 °C until 

dehydration for paraffin-embedding. Sectioning and H&E staining were performed on a 

fee-for- service basis by the Michigan Histology Core Facilities.  

 

Cell lines and transfection. HEK293T cells (ATCC) were cultured in DMEM (Corning; 

catalog 10-013-CV) with 1% Penicillin-Streptomycin (Gibco; catalog 15140122) and 
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heat inactivated 10% FBS (ThermoFisher; catalog FB12999102), respectively. Cells 

were transfected within 24 hours at 60-80% confluency after plating using 

polyethylenimine (PEI). Cells were treated and harvested within 48 hours after 

transfection. 

 

Cycloheximide (CHX) and Brefeldin A (BFA) treatment in vitro. To study protein 

degradation, cycloheximide (CHX) chase experiments were performed where 

(transfected) HEK293T cells were cultured in DMEM w/ 10%FBS with 1h pretreatment 

of BFA (1μg/ml), followed by treatment with CHX (50 μg/ml) for the indicated times and 

harvested by snap-frozen in liquid nitrogen. 

 

Leptin and thapsigargin treatment in vitro. HEK293T cells transfected with LepRb-

3xFLAG were serum depraved for 6hrs followed by leptin (100nM, R&D systems; 

catalog 498-OB-05M) treatment for 30min and harvested by snap-frozen in liquid 

nitrogen. For thapsigargin treatment, indicated dose of thapsigargin (Millipore; catalog 

T9033-1MG) will be added into cells after 2h-serum deprivation followed by leptin 

treatment after another 4 hours. 

 

Immunoprecipitation. Cells were lysed in IP lysis buffer [150 mM NaCl, 0.2% Nonidet 

P-40 (NP40), 0.1% Triton X-100, 25 mM Tris-HCl pH 7.5] supplemented with protease 

inhibitors, protein phosphatase inhibitors, and 10 mM N ethylmaleimide for anti-LepRb-

FLAG and SEL1L IP. A total of 2 mg protein lysate was incubated with 20 μl anti-FLAG 

agarose (Sigma; catalog A2220), or 1μl anti-SEL1L home-made antibody overnight at 
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4°C with gentle rocking. SEL1L IP lysates were incubated with Protein A agarose 

(Invitrogen; catalog 20333) at 4 °C for 3 hours. The incubated agaroses were washed 

three times with IP lysis buffer and eluted in SDS sample buffer at 95oC for 5 min 

followed by SDS-PAGE and Immunoblot. For denaturing IP to evaluate the 

ubiquitination, 1% SDS was added to the lysates after protein level measurements and 

normalization with all other processes remain the same as above. 

 

Cell surface biotinylation and pull-down assay by NeutrAvidin beads. The 

biotinylation of cell membrane proteins was performed 48 hours after transfection in 

cells. The whole experiment was performed on ice. Cells were resuspended in ice-cold 

PBS and transferred into centrifuge tubes, followed by washes with ice-cold PBS (1ml 

each time, centrifuge at 300g, 3min at 4°C). Sulfo-NHS-SS-Biotin (ThermoFisher; 

catalog 21331) was dissolved in PBS at 1 mg ml−1 and store on ice. Cells were 

resuspended at a concentration of 1 × 107 cells/mL in freshly made biotin-containing 

PBS and incubated for 30min on ice with gentle shaking. Non-reacted biotinylation 

reagent was quenched and removed by 3 washes with ice-cold PBS supplemented with 

50mM glycine. Cells were lysed in IP lysis buffer [150 mM NaCl, 0.2% Nonidet P-40 

(NP40), 0.1% Triton X-100, 25 mM Tris-HCl pH 7.5] supplemented with protease 

inhibitors, protein phosphatase inhibitors, and 10 mM N ethylmaleimide and incubated 

on ice for 30min followed by centrifugation (13,000 g, 10 min at 4 °C). Supernatants 

were collected and analyzed for protein concentration using Bradford assay (Bio-Rad; 

catalog 5000006). Neutravidin beads (50μl per sample, ThermoFisher; catalog 29200) 

were washed 3 times in IP buffer. Incubate equal amount of total protein across all 
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samples with beads and rotate for 4hrs at 4°C. The beads were spun down at 300g in a 

4 °C centrifuge for 3min to remove the supernatant followed by 3 washes with 1 ml IP 

buffer (with inhibitors) by rotating the mixture for 5 min in the 4 °C room and 

centrifugation. After the final wash, the supernatant was removed and the beads were 

incubated in 40μl 2xloading buffer at 65 °C for 10 min to elute and denature samples. 

 

Endoglycosidase H (EndoH) and PNGase F treatment. EndoH and PNGase F 

treatment were performed as previously described [35]. Briefly, cell lysates were 

incubated with 1x glycoprotein denaturing buffer (New England BioLabs; catalog 

B1704S) at 100 °C for 10 min, and then digested with EndoH (New England BioLabs; 

catalog P0702L) with GlycoBuffer 3 (New England BioLabs; catalog B1720S) or 

PNGase F (New England BioLabs; catalog P0704L) with GlycoBuffer 2 (New England 

BioLabs; catalog B3704S) at 37 °C for 1 hr. The reaction was stopped by the addition of 

5X denaturing sample buffer and boiled at 95 °C for 5 min. 

 

Statistics. Results are expressed as the mean ± SEM unless otherwise stated.  

Statistical analyses were performed in GraphPad Prism version 8.0 (GraphPad 

Software Inc.).  Comparisons between the groups were made by unpaired two-tailed 

Student's t test for two groups, or one-way ANOVA or two-way ANOVA followed by 

multiple comparisons test for more than two groups.  P value < 0.05 was considered as 

statistically significant.  All experiments were repeated at least twice and/or performed 

with several independent biological samples, and representative data are shown. 
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Study Approval. All experiments performed with mice were in compliance with 

University of Michigan (Ann Arbor, MI) Institutional Animal Care and Use Committee 

(#PRO00006888) guidelines.  

 

Data and material availability. The materials and reagents used are either 

commercially available or available upon the request, with detailed information included 

in Methods. The predicted structure of mLepRb is available at AlphaFold ID AF-P48356-

F1. All data supporting the findings and materials for the manuscript are available within 

the article and the Supplementary Information.  
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3.7 Figures and figure legends 

 
Figure 3.1 Transient upregulation of SEL1L-HRD1 ERAD expression in the 
hypothalamus in response to high fat diet (HFD) feeding.  
(A) Quantitative PCR (qPCR) analysis of Sel1L and Hrd1 mRNA levels in the arcuate 
nucleus (ARC) of the C57BL/6J male mice fed on normal chow diet (NCD), 1w- and 8w-
HFD (n=3-4 mice per group). 
(B-C) Representative Western blot of SEL1L and HRD1 in the ARC of the C57BL/6J 
male mice fed on NCD, 1w- and 8w-HFD, with quantitation shown on the right (n=13-15 
mice per group). 
(D-E, F-G) Representative images and quantitation of IF staining of SEL1L (D-E) and 
HRD1 (F-G) in the ARC of POMC-eGFP mice fed NCD, or HFD for 1-week or 8-week 
(n=3-4 mice per group, 70-100 POMC and non-POMC cells respectively per mice). 
Yellow arrows, GFP-positive POMC neurons; White arrows, GFP-negative non-POMC 
neurons. 
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Values, mean ± SEM. ns., not significant; *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 by one-way ANOVA followed by Tukey’s multiple comparisons test (A, 
C, E, G).  
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Figure 3.2 Hypothalamic POMC-specific ERAD deficiency leads to early-set DIO 
and its pathologies. 
(A) Growth curve of Sel1Lf/f and Sel1LPOMC mice, male (left) and female (right), fed on 
NCD (open symbols/dotted lines) or HFD (solid symbols/lines) (n=18-24 per group for 
male mice, n=10-16 per group for female mice).  
(B) Body composition of Sel1Lf/f and Sel1LPOMC male mice after 8w-HFD (n=4-7 mice 
per group). 
(C) H&E images of peripheral tissues from male mice fed HFD for 8 weeks (n=3 mice 
per group). iWAT and gWAT, inguinal and gonadal white adipose tissues; BAT, brown 
adipose tissues.  
(D-E) Glucose tolerance (D) and insulin tolerance tests (E) in male mice fed HFD for 8 
weeks. Mice were fasted for 16 or 6 hours prior to glucose (2 g/kg body weight) or 
insulin (1 unit/kg body weight) injection, respectively (n=6 mice per group). 
(F) Serum glucose in 8w-HFD male mice, either ad-lib or after 6h-fasting (n=7-10 mice 
per group). 
(G) Insulin levels in 8w-HFD male mice under ad-lib condition (n=5-6 mice per group).  
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Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by multiple comparisons test (A-B, D-F) or 
two-tailed Student’s t-test (G). 
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Figure 3.3 Hypothalamic ERAD deficiency triggers hyperphagia and leptin 
resistance.  
(A) Daily food intake of male Sel1Lf/f and Sel1LPOMC mice at 1w- and 8w-HFD (n=9-11 
mice per group). 
(B) Growth curve of male Sel1LPOMC mice fed with either NCD or HFD under ad libitum 
or pair feeding as indicated (n=3 mice per group, blue solid circles). Male Sel1Lf/f mice 
fed ad libitum with the same diets were included as controls (n=3 mice per group, black 
open circles) 
(C) Growth of Sel1LPOMC male mice with either ad libitum or pair-feeding of HFD starting 
at 5 weeks of age (n=3-5 mice per group). 
(D) Body weights of 12-week-old mice put on HFD (at day 0) followed by daily i.p. 
injected with vehicle (PBS) and leptin (2 mg/kg body weight) for 3 days (n=2 per group 
for male mice, indicated in dots; n=2-3 per group for female mice, indicated in squares). 
(E-F) Percentage of body weight change (E), average daily food intake (F) following 3 
daily vehicle and leptin injections of the mice (n=2 per group for male mice, indicated in 
dots; n=2-3 per group for female mice). % Body weight is calculated based on the body 
weights at the end point over those at the starting point for each treatment. 
(G) Serum leptin levels in mice fed on NCD, 1w- and 8w-HFD (n=5-13 mice per group). 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 by two-way ANOVA followed by multiple comparisons test (A-G).  
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Figure 3.4 Hypothalamic SEL1L-HRD1 deficiency leads to DIO via leptin signaling. 
(A) Schematic diagram for parabiosis and pictures (right) of Sel1Lf/f and Sel1LPOMC 
female mice after parabiosis HFD for 8 weeks (n=3 pairs in group I, n=1 pair in group II, 
n=5 pairs in group III).  
(B-C) Body weights (B) of mice before and after parabiosis and body composition (C) 
after parabiosis following 8-week HFD for 8 weeks (n=6 mice in group I, n=2 mice in 
group II, n=5 mice per genotype in group III).  
(D-E) Serum leptin (D) and insulin (E) levels of mice after parabiosis HFD for 8 weeks 
(n=6 mice in group I, n=2 mice in group II, n=5 mice per genotype in group III).  
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by multiple comparisons test (B-E). 
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Figure 3.5 Hypothalamic SEL1L-HRD1 ERAD deficiency impairs leptin-pSTAT3 
signaling. 
(A-D) Representative immunofluorescence (IF) staining of pSTAT3 in Sel1Lf/f;POMC-
eGFP and Sel1LPOMC;POMC-eGFP mice at NCD (A), 1w-HFD (B) and 8w-HFD (C), with 
quantitation shown in D. Mice were fasted for overnight (16hrs) and administrated with 
leptin (i.p., 2 mg/kg body weight) for 30 min (n=3-4 mice per group). Yellow arrows, 
pSTAT3 positive POMC neurons; White arrows, pSTAT3 negative POMC neurons. 
PBS-injected mice were included as negative controls and shown in Supplementary Fig. 
3. 
(E) Quantitative PCR (qPCR) analysis of Pomc mRNA expression levels in ARC of 
Sel1Lf/f and Sel1LPOMC mice at 8w-HFD (n=3 mice per group).  
(F-G) Representative Western blot for pSTAT3 in ARC of Sel1Lf/f and Sel1LPOMC mice at 
NCD or 8w-HFD, injected with leptin or PBS for 30 min (n=4 male mice per group), with 
quantitation shown in G. 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by multiple comparisons test (D, E, G).  
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Figure 3.6 The effect of POMC-specific ERAD in DIO is likely uncoupled from UPR 
and inflammation.  
(A) Representative Western blot for the PERK pathway of UPR in the ARC of Sel1Lf/f 

and Sel1LPOMC mice fed on 8w-HFD (n=6 mice per group with 3 male mice and 3 
female), with quantitation shown on the right. Livers of mice treated with tunicamycin 
(TM, 1 mg/kg, i.p.) for 24 hours (Liver_TM) or not (Liver_CON), as well as lysates 
treated with Lambda protein phosphatase, included as controls. 
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(B) Phostag gel (P-T)-based Western blot for IRE1α phosphorylation in the ARC of 
Sel1Lf/f and Sel1LPOMC mice fed on 8w-HFD, with quantitation shown on the right (n=3 
mice per group with 2 male and 1 female).  
(C) Reverse transcriptase PCR (RT-PCR) analysis of Xbp1 mRNA splicing (u, 
unspliced; s, spliced) in ARC of Sel1Lf/f and Sel1LPOMC mice fed on 8w-HFD (n=2-3 male 
mice and n=2-3 female mice per group), with quantitation shown on the right. ARC of 
mice treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours (ARC_TM) included as a 
positive control. 
(D) Representative assays for UPR and pSTAT3 in mLepRb-transfected HEK293T 
treated with leptin with/without Thapsigargin (Tg) (n=5 independent cell samples for 
SDS-PAGE gel, n=3 for P-T gel, two independent repeats for RT-PCR). 
(E) Representative confocal images of the number of GFP-expressing POMC neurons 
in Sel1Lf/f;POMC-eGFP and Sel1LPOMC;POMC-eGFP mice after 8w-HFD, with 
quantitation shown on the right (n=6-9 mice per group). 
(F-G) Representative Western blot analysis of inflammatory markers in the ARC of 
Sel1Lf/f and Sel1LPOMC mice fed on 8w-HFD, with quantitation shown in G (n=3 mice per 
group). 
(H) Representative confocal images of GFAP, a marker of astrocytes, in the ARC of 
male Sel1Lf/f and Sel1LPOMC mice fed on 8w-HFD (n=3 mice per group).  
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by multiple comparisons test (D) or two-
tailed Student’s t-test (A-C, E, G).  
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Figure 3.7 SEL1L-HRD1 is required for the maturation of nascent LepRb. 
(A-B) Representative Western blot analysis for pJAK2, pSTAT3 and LepRb in HEK293T 
transfected with or without mLepR, treated with or without leptin (A), with quantitation 
shown in (B) (n=4-7 individual cell samples per group).  
(C) Representative Western blot analysis of mLepRb protein levels in mLepRb-
transfected HEK293T in complete medium (DMEM w/ 10% FBS), with quantitation 
shown on the right (n=8 individual cell samples per group).  
(D-E) Representative Western blot analysis of interaction between SEL1L-HRD and 
mLepRb following immunoprecipitation (IP) of Flag (D) or SEL1L (E) from lysates of 
mLepRb-transfected HEK293T (n=2-3 individual cell samples). 
(F) Representative Western blot analysis of Ub following denaturing 
immunoprecipitation (IP) of Flag from lysates of mLepRb-transfected HEK293T, with 
quantitation shown on the right (n=3 individual cell samples per group). 
(G) Representative Western blot analysis of LepRb protein decay in LepRb-transfected 
HEK293T cells co-treated with protein trafficking inhibitor Brefeldin-A and translation 
inhibitor cycloheximide (CHX) for the 0, 2 and 4 hours, with quantitation shown below 
(n=4 individual cell samples per group). 
(H) Representative Western blot analysis of LepRb glycosylation in LepRb-transfected 
HEK293T with EndoH and PNGase treatment, with quantitation shown on the right (n=3 
individual cell samples per group). 
(I) Representative Western blot analysis of mLepRb membrane display by surface 
biotinylation and streptavidin-bead pull down assay in mLepRb-transfected HEK293T 
treated with leptin. T, total lysate; S, surface fraction. (n=2 individual cell samples per 
group). 
(J) Representative IF images of LepRb in mLepRb-transfected HEK293T treated with 
leptin, with quantitation of %surface signals over total shown on the right (n=28 cells per 
genotype from 3 independent repeats). 
(K) Reducing and non-reducing SDS-PAGE and Western blot analysis of LepRb high 
molecular-weight aggregates of LepRb in mLepRb-transfected WT and HRD1-/- 
HEK293T, with quantitation shown on the right (n=3 individual cell samples per group). 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 by two-tailed Student’s t-test (A, C, F, H, J, K) or two-way ANOVA 
followed by multiple comparisons test (B, G).  
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Figure 3.8 SEL1L-HRD1 ERAD degrades and limits the pathogenicity of LepRb 
Cys602Ser disease mutant. 
(A) Schematic diagram of mouse LepRb. “SP”, Signal Peptide; “TM”, Transmembrane. 
Star symbols, N-glycosylation sites; Green lines, disulfide bonds. 
(B) Structural modeling of mouse LepRb by AlphaFold2. Red arrow, location of human 
mutation C604S (mouse C602S). 
(C) Representative Western blot analysis for pSTAT3 in HEK293T transfected with 
mLepRb-WT or mLepRb-C602S with or without leptin treatment, with quantitation 
shown below (n=3 individual cell samples per group). 
(D) Representative Western blot analysis of LepRb protein decay in WT and HRD1-/- 

HEK293T transfected with mLepRb-WT or -C602S, treated with brefeldin-A and 
cycloheximide (CHX) for the 0, 1 and 2 hours, with quantitation shown below (n=4 
individual cell samples per group). 
(E) Reducing and non-reducing SDS-PAGE and Western blot analysis of LepRb high 
molecular-weight (HMW) aggregates of LepRb in WT and HRD1-/- HEK293T transfected 
with mLepRb-WT or -C602S, with quantitation shown on the right (n=6 individual cell 
samples per group). 
(F-I) Representative IF images of mLepRb-WT and -C602S in transfected WT and 
HRD1-/- HEK293T cells (F) with quantitation %surface signals over total (G) (n=11-17 
cells per group) and analysis of co-localization of LepRb with BiP signals by Pearson 
correlation coefficient (H) and Manders overlap coefficient (I) (n=10-14 cells per group). 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 by two-way ANOVA followed by multiple comparisons test (C, D, E, 
G, H, I). 
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Figure 3.9 Proposed models for SEL1L-HRD1 ERAD degradation of wildtype 
LepRb and C604S disease mutant. 
In the basal conditions, SEL1L-HRD1 ERAD constitutively degrades misfolded LepRb 
and ensures the proper folding, maturation and surface expression of the LepRb. In the 
absence of ERAD, the accumulation of misfolded receptors forms aggregates, interferes 
with the folding and maturation of the nascent LepRb with attenuated surface display. In 
the context of recessive LepRb C604S mutant, though degraded by SEL1L-HRD1 
ERAD, C604S LepRb readily forms aggregates to the extent beyond the capacity of 
ERAD, resulting in impaired maturation and surface display of the receptors. 
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Figure 3.10 Altered hypothalamic proteostasis upon HFD. 
(A) Quantitative PCR (qPCR) analysis of hormones and neurotrophins mRNA 
expression in the arcuate nucleus (ARC) of the C57BL/6J male mice fed on normal 
chow diet (NCD), 1w- and 8w-HFD (n=3-4 mice per group). 
(B-C) IF staining and quantitation of β-endorphin in the ARC of male mice fed on NCD, 
1w- and 8w-HFD. (n=3-4 mice per group). 
(D-E) Co-IF staining and quantitation of α-MSH (green) and c-Fos (red) in the 
paraventricular nucleus (PVN) of male mice fed on NCD, 1w- and 8w-HFD (n=3-4 mice 
per group). 3V, third ventricle. 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by one-way ANOVA followed by Tukey’s multiple comparisons test (A, C, 
E). 
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Figure 3.11 Metabolic characterization of Sel1Lf/f and Sel1LPOMC mice upon HFD. 
(A) Tissue weight of Sel1Lf/f and Sel1LPOMC male mice after 8w-HFD (n=4 mice per 
group).  
(B-C) Glucagon (B) and corticosterone (C) levels in male mice fed HFD for 8 weeks 

(n=5-6 mice per group).  
(D) Rectal temperature of Sel1Lf/f and Sel1LPOMC male mice after 8w-HFD (n=6-8 mice 
per group).  
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-tailed Student’s t-test (A-D). 
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Figure 3.12 Leptin signaling in fasted Sel1Lf/f and Sel1LPOMC mice. 
Representative immunofluorescence (IF) staining of pSTAT3 in Sel1Lf/f;POMC-eGFP 
and Sel1LPOMC;POMC-eGFP mice. Mice were fasted for overnight (16hrs) and 
administrated with PBS for 30 min (n=3 mice per group). White arrows, POMC neurons. 
Quantitation is shown in Fig. 5. 
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Figure 3.13 Analysis of UPR and inflammation in Sel1Lf/f and Sel1LPOMC mice. 
(A) Representative Western blot for the PERK pathway of UPR in the ARC of Sel1Lf/f 

and Sel1LPOMC mice fed on NCD, 1w- and 8w-HFD (n=3 mice per group), with 
quantitation shown on the right. Livers of mice treated with tunicamycin (TM, 1 mg/kg, 
i.p.) for 24 hours (Liver_TM) or not (Liver_CON), included as controls. 
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(B) Phostag-gel (P-T)-based Western blot for IRE1α phosphorylation in the ARC of 
Sel1Lf/f (WT) and Sel1LPOMC (KO) mice fed on on NCD, 1w- and 8w-HFD (n=2 mice per 
group). 
(C) Reverse transcriptase PCR (RT-PCR) analysis of Xbp1 mRNA splicing (u, 
unspliced; s, spliced) in ARC of Sel1Lf/f and Sel1LPOMC mice fed on NCD, 1w- and 8w-
HFD (n=2 mice per group), with quantitation shown on the right. Liver and ARC of mice 
treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours (LIVER_TM, ARC_TM), 
included as controls. 
(D) Representative confocal images of BiP in the ARC of Sel1Lf/f;POMC-eGFP and 
Sel1LPOMC;POMC-eGFP mice fed on NCD and 8w-HFD. Yellow arrows, POMC 
neurons. (n=3 mice per group). 
(E) Representative assays for pPERK and pSTAT3 in mLepRb-transfected HEK293T 
treated with leptin and treated with or without Thapsigargin (Tg), with quantitation shown 
on the right (n=4-6 independent cell samples). 
(F) Representative confocal images of immunostaining of GFAP, a marker of 
astrocytes, in the ARC of Sel1Lf/f and Sel1LPOMC mice fed on NCD (n=3 mice per group). 
NCD for normal chow diet; HFD for high fat diet. ARC, arcuate nucleus. Values, mean ± 
SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by two-way 
ANOVA followed by multiple comparisons test (A) or one-way ANOVA followed by 
Tukey’s multiple comparisons test (E). 
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Figure 3.14 SEL1L-HRD1 deficiency reduces display of LepRb for leptin binding. 
(A) Representative Western blot analysis of mLepRb membrane display by surface 
biotinylation and streptavidin-bead pull down assay in mLepRb-transfected HEK293T in 
complete medium (DMEM w/ 10% FBS), with quantitation shown on the right. T, total 
lysate; S, surface fraction. (n=3 individual cell samples per group). 
(B) Representative IF images of LepRb in mLepRb-transfected HEK293T in compete 
medium, with quantitation of %surface signals over total shown on the right. (n=52-57 
cells per group) 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 by two-tailed Student’s t-test (A, B). 
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4.1 Abstract 

To date, despite various studies investigating the unfolded protein response (UPR) and 

autophagy regulation in neurons and glia, the investigation of potential roles of 

endoplasmic reticulum-associated degradation (ERAD) in the central nervous system 

(CNS) is still very limited. Interestingly, our recent exploration of endogenous SEL1L-

HRD1 ERAD substrates in different tissues and cell lines provided a variety of putative 

endogenous substrates in a cell type-specific manner. Particularly, astrotactin-1 

(ASTN1) was identified as a neuron-specific target among the top hits from a proteomic 

screen in neuroblastoma cells (N2a), which engages in contacts between neuron and 

astrocytes. Here, we show comprehensive in vitro demonstration of ASTN1 as an 

endogenous substrate of SEL1L-HRD1 ERAD followed by in vivo characterization. This 

evidence, for the first time, sheds light on the potential role of SEL1L-HRD1 ERAD in 

regulating neuron-glia crosstalk. 
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4.2 Introduction 

Approximately one third of proteins, particularly membrane and secretory proteins, pass 

through the endoplasmic reticulum (ER) during their maturation. Misfolding of these 

proteins occasionally occurs that, if not resolved efficiently and effectively, may result in 

protein aggregation and even accumulation of aggregates, leading to concomitant 

pathogenic consequences. To cope with the folding challenge, eukaryotic cells have 

evolved ER protein quality control systems including unfolded protein response (UPR), 

ER-associated degradation (ERAD) and autophagy (ER-phagy), In particular, ERAD is 

a constitutively active machinery maintaining both protein quantity and quality control. 

SEL1L-HRD1 ERAD, as the most conserved ERAD across mammals, has been 

reported to play vital patho-physiological roles in a cell type- and substrate-specific 

manner. Moreover, recent identification of human patients carrying SEL1L and HRD1 

variants with ERAD-associated neurodevelopmental disorders with onset infancy 

syndrome (ENDI) further emphasize the importance of SEL1L-HRD1 in central nervous 

system (CNS)[1, 2]. We recently deciphered several proteome-wide endogenous 

SEL1L-HRD1 substrates in vitro (HEK293T cells) and in vivo (mouse brown adipose 

tissue) using SEL1L-IP based mass spectrometry (IP-MS)[3]. Despite recent advances 

in understanding the SEL1L-HRD1 complex, a lot remains unknown including how 

SEL1L-HRD1 regulates neuronal health and diseases potentially in a substrate specific 

manner in CNS. 

Here, we identified a bona fide neuron-specific substrate of SEL1L-HRD1 ERAD, 

Astrotactin-1 (ASTN1), from SEL1L-IP based IP-MS in mouse neuroblastoma cell line 

(N2a). Both in vitro and in vivo characterization demonstrated that the quantity as well 
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as maturation of ASTN1 highly relies on SEL1L-HRD1 degradative activity. ASTN1 has 

been reported as a fundamental factor involved in gial-guided neuronal migration and 

synaptic plasticity via mediating neuron-glia physical contact[4-9]. Further, chromosomal 

mapping of astrotactin localizes the gene to human chromosome region associated with 

micrencephaly, the smaller brain size attributed to a variety of neurodevelopmental 

disorders in human patients exhibiting cerebral malformation and cerebellar 

hypoplasia[10, 11]. Consistently, mice lack of astrotactin exhibited slower granule cell 

migration, defective cerebellar cortical development and impaired coordinated balance 

and movement[12]. Hence, our study, for the first time, shines a light on the potential 

role of SEL1L-HRD1 in regulating neuron-glia contacts and communication, directly via 

substrate mediation, which is indispensable for proper neurodevelopment and function. 

 

4.3 Results 

Identification of ASTN1 as endogenous SEL1L-HRD1 ERAD substrate in N2a 

We performed proteomics screen of the SEL1L interactome to identify ERAD substrates 

in N2a cells with or without SEL1L or HRD1, based on the notion that in the absence of 

HRD1 degradative activity, the interactions between SEL1L and substrates will be 

prolonged and more substrates can be pulled down by SEL1L IP (Figure 4.5A). Several 

protein candidates are selected with stringent cut-off criteria with higher signal detected 

only in HRD1-/- cells, and no or very low signal in WT and SEL1L-/- cells. Notably, 

ASTN1 showed up as one of the top hits (Figure 4.5B). The interaction between 

endogenous ASTN1 and endogenous SEL1L was confirmed (Figure 4.1A) along with 

detection of significantly increased ASTN1 protein abundance in SEL1L-/- and HRD1-/- 
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cells (Figure 4.1B). Further, reciprocal immunoprecipitation of transfected ASTN1 also 

validated the interaction (Figure 4.1C). Moreover, the induction of ASTN1 protein levels 

in SEL1L-HRD1 deficient cells are independent of mRNA regulation (Figure 4.5C), 

suggesting post-translational regulation as major contributor to the altered protein 

turnover. Indeed, ASTN1 has several post-translational modifications, including six 

glycosylation sites and multiple intramolecular disulfide bonds (Figure 4.1D), requiring 

high demand in quality control for correct folding. ASTN1 is cleaved at the second 

transmembrane domain between Ser401 and Ser402, resulting two fragments that 

remain connected with a disulfide bond [13-15] (Figure 4.1D). Therefore, the major band 

of ASTN1 detected and shown using the available ASTN1 antibody will be around 

130kDa (Figure 4.5D). 

 

ASTN1 is a bona fide endogenous substrate of SEL1L-HRD1 

To further demonstrate whether SEL1L-HRD1 indeed regulates post-translational 

turnover of the ASTN1, we performed cycloheximide (CHX) chase, which suggested 

that ASTN1 protein was unstable in WT N2a cells with a half-life less than 6 hours, but 

was completely stabilized in SEL1L-/- or HRD1-/- cells (Figure 4.2A). Further in SEL1L-/- 

or HRD1-/- N2a cells, ASTN1 accumulated and formed high molecular weight (HMW) 

aggregates mediated by disulfide bonds (Figure 4.2B), which decayed significantly 

slower in the absence of SEL1L or HRD1 (Figure 4.6A and B). The deficiency of SEL1L 

or HRD1 resulted in reduced polyubiquitination of ASTN1 (Figure 4.2C). Further 

investigation of cellular location of the accumulated ASTN1 aggregation in SEL1L-/- or 

HRD1-/- N2a cells using EndoH and PNGase treatment indicated that the majority, if not 
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all, of the ASTN1 increment was retained inside of the ER (Figure 4.6C). To our 

surprise, in the absence of glial cells, there was no evident EndoH resistant fraction of 

ASTN1 even in WT N2a (Figure 4.6C).  

 

ASTN1 maturation is regulated by SEL1L-HRD1 in CNS 

We then wondered whether ASTN1 was regulated by SEL1L-HRD1 ERAD in vivo. We 

first evaluated the protein level of ASTN1 widely across various tissues of peripheral 

and CNS, and detected high level of ASTN1 protein expression in CNS tissues, but 

relatively low, if not absent, in peripheral tissues (Figure 4.7A), though various brain 

regions express different levels and distinct forms of ASTN1 (Figure 4.7A and C). Thus, 

we focused on characterization of ASTN1 in mouse models with SEL1L deficiency in 

different neuron populations. We included mice with hypothalamic POMC neuron-

specific SEL1L knockout (SEL1LPOMC) as well as mice deficient in SEL1L in CamKII-

expressing neurons (SEL1LCamKII).  Strikingly, compared to control littermates (SEL1Lf/f) 

there are significant increase of ASTN1 only in regions with SEL1L deficient cell 

populations, including the ARC in SEL1LPOMC mice (Figure 4.3A) as well as the 

hippocampus and cortex in SEL1LCamK mice (Figure 4.3D), but not in the unaffected 

regions such as the cerebellum in SEL1LCamK mice (Figure 4.3D). Moreover, the 

increase of ASTN1 in the KO tissues were attributed to additional band with lower 

molecular weight (Figure 4.3A and D). Further EndoH digestion indicated that this extra 

smaller band is immature ASTN1 retained inside of the ER (Figure 4.3B, E and Figure 

4.7B). Further the ER retention of the immature ASTN1 in SEL1L deficient neurons 

tended to form HMW aggregates (Figure 4.3C), consistent with the observation in vitro. 
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Hence, ASTN1 is a bona fide substrate of SEL1L-HRD1 ERAD, which accumulates and 

is retained if ERAD function is impaired in vitro and in vivo.     

 

SEL1L-HRD1 deficiency in neurons alters neuron-glia plasticity with impaired 

neuronal activity 

Considering the function of ASTN1 in mediating neuron-glia contacts, we then wonder 

whether the SEL1L deficiency in specific neurons may alter their contact with 

astrocytes. Immunofluorescent staining for GFAP as biomarker of astrocytes indicated 

increased astrogliosis in SEL1L deficient POMC neuron-enriched ARC region but not in 

other neighboring areas (Figure 4.4A and Figure 4.8A). There was putative increased 

coverage of SEL1L deficient POMC neurons by surrounding astrocytes (Figure 4.4A 

and Figure 4.8A). The glial coverage of POMC neurons is negatively correlated with 

neuronal firing and activity[16]. Therefore, we tested whether increased astroglial 

ensheathing would interfere with neuronal activity. Immunofluorescent staining and 

immunoblotting of cFOS as readout of neuronal firing activities suggested reduced 

neuronal activation in ARC regions in response to fasting-refeeding stimulus (Figure 

4.4B, C and D), which is mainly attributed to the impaired neuronal activities in SEL1L-

deficient POMC neurons (Figure 4.4B and C). Hence, in vivo evidence suggested 

alteration of neuron-glia plasticity upon neuronal SEL1L deficiency with defective 

neuronal activities. 
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4.4 Discussion 

In this study our data identified ASTN1 as an endogenous SEL1L-HRD1 ERAD 

substrate that is highly dependent on the activity of SEL1L-HRD1 for proper folding, 

maturation and trafficking. The deficiency of SEL1L-HRD1 both in vitro and in vivo 

renders impaired maturation of ASTN1 with ER retention and accumulation. However, it 

still remains unclear how ASTN1 may link SEL1L-HRD1 regulation to neuron-glial 

crosstalk and plasticity as well as neuronal activity and function. The SEL1L deficiency 

in POMC neurons induced astrogliosis with increased contacts between neurons and 

astrocytes. The increase of ASTN1 protein levels has previously been correlated with 

increase in Bergmann glia[17]. Considering the intrinsic feature of neuronal adhesion 

protein ASTN1, one potential mechanism underlying induced physical neuron-astroglia 

contacts may be attributed to the overall ASTN1 gain-of-function due to lack of quantity 

control upon ERAD deficiency, despite that a fraction of ASTN1 increment is immature. 

However, it cannot be ruled out the possibility that astrogliosis is merely a secondary 

effect.  

Further, both family members of ASTN, ASTN1 and ASTN2, involve regulating neuronal 

migration, morphogenesis and synaptic strengths[9, 12-14, 17-22], and human genetic 

defects in ASTN have been linked to neurodevelopmental symptoms such as 

developmental delay and intellectual disability [10, 22-26]. Hence, it’s tempting to 

speculate that impaired function of specific SEL1L-HRD1 ERAD substrate(s) such as 

ASTN1 may underlie neurological defects in ENDI patients with genetic SEL1L or HRD1 

mutations. Future studies are required to identify and validate more such substrates and 

to delineate importance of SEL1L-HRD1 in health and disease of CNS. 
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4.5 Methods 

Mice. As described previously [27], POMC-specific Sel1L-deficient mice (Sel1LPOMC) 

and control littermates (Sel1Lf/f) were generated. To generate CaMKII expressing 

neuron-specific Sel1L-deficient mice (Sel1LCaMKII), Sel1Lf/f mice[28] on the C57BL/6J 

background were crossed with CaMKIIα-Cre line (B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, 

JAX 005359). C57BL/6J mice were purchased from JAX and bred in our mouse facility. 

Mice were fed a chow diet (13% fat, 57% carbohydrate and 30% protein, PicoLab 

Rodent Diet 5L0D). All mice were housed in a temperature-controlled room with a 12-

hour light/12-hour dark cycle. 

 

Cell culture, CRISPR/Cas9-based knockout in HEK293T and N2a cells. HEK293T 

and N2a cells were cultured at 37°C with 5% CO2 in DMEM with 10% fetal bovine serum 

(Fisher Scientific). To generate SEL1L- or HRD1-deficient HEK293T and N2a cells, 

sgRNA oligonucleotides designed for human SEL1L (5’-

GGCTGAACAGGGCTATGAAG-3’), mouse SEL1L (5’-GAGCATAGGACACTCTCTCC-

3’), human HRD1 (5’- GGACAAAGGCCTGGATGTAC-3’) or mouse HRD1 (5’-

GTACGCCATTCTGATGACCA-3’) were inserted into lentiCRISPR v2 (plasmid 52961, 

Addgene). To generate ASTN1-deficient N2a cells, mouse ASTN1 (5’-

AGGAGCTGGAGTGCAAGCTC-3’, Crispr1) and (5’- GCGGGCCCTGGGCCATGGAC-

3’, Crispr2) were inserted lentiCRISPR v2. Cells transfected with empty plasmids 

without sgRNA were used as wild type control. Cells grown in 10 cm petri dishes were 

transfected with indicated plasmids using 5μl 1 mg/ml polyethylenimine (PEI, Sigma) 
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per 1μg of plasmids for HEK293T cells. Cells were cultured 24 hours after transfection 

in medium containing 2 µg/ml puromycin for 48 hours and then in normal growth media. 

 

SEL1L IP-based mass spectrometry in N2a cells. N2a cells were collected and 

pooled from 4x10cm petri dishes for each group. For SEL1L-IP, immunoprecipitation of 

endogenous SEL1L in WT, SEL1L-/- or HRD1-/- N2a cells were performed using 5 mg 

proteins from each sample lysed with the ice-cold NP-40 lysis buffer [150 mM NaCl, 

0.2% Nonidet P-40 (NP40), 0.1% Triton X-100, 25 mM Tris–HCl pH 7.5] supplemented 

with protease inhibitors (Sigma-Aldrich, P8340), protein phosphatase inhibitors (Sigma-

Aldrich, P5726), and 10 mM N- ethylmaleimide. The cell lysates were first incubated 

anti-SEL1L (home-made, 1:10,000) at 4°C overnight, followed by incubating with 

Protein A Agarose (Invitrogen, 20333) at 4°C for 2 hours. An IP reaction with IgG using 

cell lysate of HRD1-deficient N2a cells was included as a negative control. 

Samples were resuspended in 50 μl of 0.1M ammonium bicarbonate buffer (pH~8). 

Disulfide bonds were reduced by adding 50 μl of 10 mM DTT and incubating at 45°C for 

30 min. Samples were cooled to room temperature and alkylation of cysteines was 

achieved by incubating with 65 mM 2-Chloroacetamide, under darkness, for 30 min at 

room temperature. An overnight digestion with 1 μg sequencing-grade modified trypsin 

was carried out at 37°C with constant shaking in a Thermomixer. Digestion was stopped 

by acidification and peptides were desalted using SepPak C18 cartridges using 

manufacturer’s protocol (Waters). Samples were completely dried using vacufuge and 

were proceeded to mass spectrometry signal acquisition and database searching 

following the same procedure described above. 
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For the mass spectrometry of SEL1L-IP, the protein hits from mass spectrometry were 

first filtered by restricting peptide-spectrum match (PSM) counts to be zero in both IgG 

and wildtype samples, not greater than 1 in the SEL1L-/- sample and greater than 1 in 

the HRD1-/- sample. The remaining hits meeting at least one of the following criteria 

were kept: contains a signal peptide, contains transmembrane domain(s), is N-

glycosylated, contains disulfide bond(s), or is not a nuclear, ribosomal or keratin-derived 

protein. The hits identified from both two independent IP- MS experiments were 

considered as final SEL1L-interacting candidates. Detailed criteria were the same as 

previously described[3]. 

 

Plasmid. Plasmid pcDNA3-mASTN1-FLAG (ASTN1-FLAG) was generated where 

mouse ASTN1 cDNA was cloned from N2a cell cDNA and inserted into the pcDNA3. 

The primers  

 

Cycloheximide (CHX) treatment in vitro. To study protein degradation, cycloheximide 

(CHX) chase experiments were performed where N2a or (transfected) HEK293T cells 

were cultured in DMEM w/ 10%FBS with CHX (50 μg/ml) treatment for the indicated 

times and harvested by snap-frozen in liquid nitrogen. 

 

EndoH and PNGase treatment. EndoH and PNGase F treatment were performed as 

previously described [29]. Briefly, cell lysates were incubated with 1x glycoprotein 

denaturing buffer (New England BioLabs; catalog B1704S) at 100 °C for 10 min, and 

then digested with EndoH (New England BioLabs; catalog P0702L) with GlycoBuffer 3 
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(New England BioLabs; catalog B1720S) or PNGase F (New England BioLabs; catalog 

P0704L) with GlycoBuffer 2 (New England BioLabs; catalog B3704S) at 37 °C for 1 hr. 

The reaction was stopped by the addition of 5X denaturing sample buffer and boiled at 

95 °C for 5 min. 

 

Fasting-refeeding. The mice were fasted for 16 hours and refed for 2 hours on chow 

diet before fix perfusion or tissue collection. 

 

Tissue collection. These procedures were carried out as previously described[27]. For 

brain microdissection, Adult Mouse Brain Slicer Matrix (BSMAA001-1, Zivic 

Instruments) was used to collect coronal brain slices containing ARC region with further 

microdissection to obtain ARC-enriched region. All tissues were snap-frozen in liquid 

nitrogen and stored at -80°C before use. 

 

Preparation of brain sections. Mice were anesthetized with isoflurane, perfused with 

PBS followed by 4% paraformaldehyde (PFA) (Electron Microscopy Sciences; catalog 

19210) for fixation. Brains were then postfixed in 4% PFA for overnight at 4°C, 

dehydrated in 15% sucrose and then 30% sucrose consecutively overnights at 4°C, and 

sectioned (30 μm) on a cryostat (Microm HM550 Cryostat, Thermo Fisher Scientific). 

The sections were stored in DEPC-containing anti-freezing media (50% 0.05 M sodium 

phosphate pH 7.3, 30% ethylene glycol, 20% glycerol) at −20°C. Different brain regions 

were identified using the Paxinos and Franklin atlas. Counted as distance from bregma, 

the following coordinates were used: PVN (–0.82 mm to –0.94 mm) and ARC (–1.58 
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mm to –1.7 mm). 

 

RNA isolation, RT-PCR and qRCR. Microdissected brain tissues were homogenized in 

Trizol reagent (Invitrogen; catalog 15596-018). The RNA was further extracted using 

BCP phase separation reagent (Molecular Research Center; catalog TR 118) and 

isopropanol precipitation. cDNA was synthesized with SuperScript™ III Reverse 

Transcriptase (Invitrogen; catalog 18080044). 

For RT-PCR analysis the following primer sequences were used:  

mASTN1-F: CAATCTCTTCAATGGCTACAC R: TCAGATCTCCAAGCTGGGAAAGGAT  

 

Western blot and antibodies. Frozen tissue or cells were homogenized by sonication 

in lysis buffer [150mM NaCl, 50mM Tris pH 7.5, 10 mM EDTA, 1% Triton X-100] with 

freshly added protease inhibitors (Sigma; catalog P8340), phosphatase inhibitors 

(Sigma; catalog P5726) and 10 mM N-ethylmaleimide (Thermo Scientific; catalog 

23030). Lysates were incubated on ice for 30 min followed by centrifugation (13,000 g, 

10 min at 4 °C). Supernatants were collected and analyzed for protein concentration 

using Bradford assay (Bio-Rad; catalog 5000006). For non-reducing SDA-PAGE, 

samples were prepared in 5x non-denaturing sample buffer (250 mM Tris-HCl pH 6.8, 

10% sodium dodecyl sulfate, 0.05% bromophenol blue, 50% glycerol). For phostag gel 

analysis based on phos-tag system as described[30, 31], SDS-PAGE gel was 

supplemented by 50μM MnCl2 (Sigma) and 25μM phostag reagent (NARD Institute; 

catalog AAL-107) and must be protected from light until finishing running. Protein 

isolated from the liver of mice treated with tunicamycin (TM, 1 mg/kg, i.p.) for 24 hours 
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was used as a positive control to indicate the position of phosphorylated PERK and 

IRE1a. For phosphatase treatment, 100 µg tissue lysates were incubated with 1 µl 

lambda phosphatase (λPPase, New England BioLabs; catalog P0753S) in 1× PMP 

buffer (New England BioLabs; catalog B0761S) with 1 mM MnCl2 (New England 

BioLabs; catalog B1761S) at 30°C for 30 min. Reaction was stopped by adding 5× SDS 

sample buffer and incubated at 90°C for 5 min. 

All samples were incubated in 65°C for 10min and run with 15-30 μg total lysate on 

SDS-PAGE gel for separation followed by electrophoretic transfer to PVDF membrane 

(0.45μm, Millipore; catalog IPFL00010). The blots were incubated in 2% BSA/Tri-

buffered saline tween-20 (TBST) with primary antibodies overnight at 4°C, washed with 

TBST followed by 1hr incubation with goat anti-rabbit or mouse IgG HRP at room 

temperature. Band density was quantitated using the Image Lab software on the 

ChemiDOC XRS+ system (Bio-Rad).  

Antibodies for Western blot were as follows: SEL1L (rabbit, 1:8000, Abclonal; catalog 

E112049), HRD1 (rabbit, 1:2000, ABclonal; catalog E15102), GRP78 BiP (rabbit, 

1:5000, Abcam; catalog ab21685), HSP90 (rabbit, 1:5,000, Santa Cruz Biotechnology 

Inc.; catalog sc-7947), FLAG (mouse, 1:2000, Sigma-Aldrich; catalog F-1804), IRE1α 

(rabbit, 1:2,000, Cell Signaling Technology; catalog 3294), OS9 (Abcam, ab109510), 

ASTN1 (Santa Cruz, sc-514299) 

Secondary antibodies for Western blot were goat anti-rabbit IgG HRP and goat anti-

mouse IgG HRP at 1:5,000, both from Bio-Rad. 

 

Immunoprecipitation (IP). Cells were lysed in IP lysis buffer [150 mM NaCl, 0.2% 
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Nonidet P-40 (NP40), 0.1% Triton X-100, 25 mM Tris-HCl pH 7.5] supplemented with 

protease inhibitors, protein phosphatase inhibitors, and 10 mM N ethylmaleimide for 

anti-LepRb-FLAG and SEL1L IP. A total of 2 mg protein lysate was incubated with 20 μl 

anti-FLAG agarose (Sigma; catalog A2220), or 1μl anti-SEL1L home-made antibody 

overnight at 4°C with gentle rocking. SEL1L IP lysates were incubated with Protein A 

agarose (Invitrogen; catalog 20333) at 4 °C for 3 hours. The incubated agaroses were 

washed three times with IP lysis buffer and eluted in SDS sample buffer at 95oC for 5 

min followed by SDS-PAGE and Immunoblot. 

 

Denaturing IP. HEK293T cells transfected with the indicated plasmids were snap-

frozen in liquid nitrogen and whole cell lysate was prepared in the NP-40 lysis buffer [50 

mM Tris-HCl at pH7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA] at 4°C supplemented 

with 10 mM N-ethylmaleimide, 1% SDS and 5 mM DTT, and denatured at 95°C for 10 

min. The lysates were diluted 1:10 with the NP-40 lysis buffer and a total of 2mg protein 

lysate incubated with 20 μl anti-FLAG agarose (Sigma; catalog A2220) overnight at 4°C 

with gentle rocking. The incubated agaroses were washed three times with the NP-40 

IP lysis buffer and eluted in the SDS sample buffer at 95°C for 5 min followed by SDS-

PAGE and Immunoblot.  

 

Immunostaining and antibodies. For fluorescent immunostaining in free-floating brain 

sections, samples were picked out of anti-freezing buffer followed by 3 washes with 

PBS. Free-floating sections were simultaneously incubated with primary antibodies in 

blocking buffer (0.3% donkey serum and 0.25% Triton X-100 in 0.1 M PBS) overnight at 



 138 

4°C. Following 3 washes with PBS, sections were incubated with secondary antibodies 

for 2 hours at room temperature. Brain sections were then mounted on gelatin-coated 

slides (Southern Biotech; catalog SLD01-CS). Counterstaining and mounting were 

performed with mounting medium containing DAPI (Vector Laboratories; catalog H-

1200) and Fisherfinest Premium Cover Glasses (Fisher Scientific; catalog 12-548-5P). 

For immunostaining in cells, 24 hours after transfection of LepRb-3xFLAG constructs, 

cells were placed on Poly-L-Lysine (Advanced Biomatrix; catalog 5048) coated Millicell 

EZ SLIDE 8-well glasses (Millipore; catalog PEZGS0816) for 24 hours before treatment 

and fixation.  For staining surface bound leptin, samples were washed by ice cold PBS 

for 5 times and fixed by 4% formaldehyde (VWR; catalog 89370-094) for 15 minutes on 

ice followed by 3 washes with PBS. No permeabilization reagents were involved. For 

staining other markers, permeabilization was included and the overall process were the 

same as described above. To quantify immunoreactivity, identical acquisition settings 

were used for imaging each brain section from all groups within an experiment. The 

numbers of immunoreactivity-positive soma analysis and intensity of immunoreaction 

were quantified in 3D stack volumes after uniform background subtraction using the NIS 

Elements AR software (Nikon) and FIJI (National Institute of Health, USA).   

Antibodies for immunostaining were as follows: GFP (chicken IgY, 1:300, Abcam; 

catalog ab13970), GFAP (rabbit, 1:500, Agilent; Z033429-2), cFOS (rabbit, 1:500, Cell 

Signaling Technology; catalog 2250) 

Secondary antibodies for fluorescent immunostaining (all 1:500) were as follows: Anti-

rabbit IgG Alexa Fluor 647 was from Jackson ImmunoResearch. Donkey anti-mouse 

IgG Alexa flour 555 was from Invitrogen (catalog A32773) and goat anti-chicken IgY 
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FITC was from Aves Labs (catalog F-1005). 

 

Statistics. Results are expressed as the mean ± SEM unless otherwise stated.  

Statistical analyses were performed in GraphPad Prism version 8.0 (GraphPad 

Software Inc.).  Comparisons between the groups were made by unpaired two-tailed 

Student's t test for two groups, or one-way ANOVA or two-way ANOVA followed by 

multiple comparisons test for more than two groups.  P value < 0.05 was considered as 

statistically significant.  All experiments were repeated at least twice and/or performed 

with several independent biological samples, and representative data are shown. 

 

Study Approval. All experiments performed with mice were in compliance with 

University of Michigan (Ann Arbor, MI) Institutional Animal Care and Use Committee 

(#PRO00006888) guidelines.  
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4.7 Figures and figure legends 

 

 
Figure 4.1 ASTN1 as putative SEL1L-HRD1 ERAD substrates from IP-MS analysis 
in N2a cells. 
(A) Immunoprecipitation of SEL1L in WT, SEL1L-/- or HRD1-/- N2a cells to evaluate the 
interaction between SEL1L and ASTN1. *, non-specific bands. 
(B) Representative images and quantitation of ASTN1 protein abundance in WT, 
SEL1L-/- or HRD1-/- N2a cells. *, non-specific bands. 
(C)  Immunoprecipitation analysis by FLAG-agarose pull-down in WT, SEL1L-/- or 
HRD1-/- HEK293T cells to evaluate the interaction between SEL1L and ASTN1. 
(D) Domain structure of mouse ASTN1 protein. SP, signal peptide; TM, transmembrane 
domain; EGF, epidermal growth factor domain; MACPF, MAC/Perforin domain; FNIII, 
fibronectin III domain; “Y”, N-glycosylation; red arrow head, cleavage site; green line, 
disulfide bond that keeps the two proteolytic fragments together. 



 143 

Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by one-way ANOVA followed by multiple comparisons test (B). 
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Figure 4.2 Identification of ASTN1 as an endogenous SEL1L-HRD1 ERAD 

substrate.  

(A) Cycloheximide (CHX) chase analysis and quantitation of ASTN1 protein in WT, 
SEL1L-/- or HRD1-/- N2a cells. *, non-specific bands. (n=3 independent biological 
repeats) 
(B) Reducing and non-reducing SDS-PAGE and western blot analyses of ASTN1 high 
molecular-weight (HMW) aggregates in WT, SEL1L-/- or HRD1-/- N2a cells. *, non-
specific bands. 
(C) Immunoblot analysis of Ub following denaturing immunoprecipitation (IP) of FLAG 
from lysates of HEK293T transfected with ASTN1-FLAG. 
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Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by multiple comparisons test (A). 
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Figure 4.3 Characterization of ASTN1 in various neuronal regions with SEL1L-

HRD1 deficiency.  

(A) Immunoblot analysis of ASTN1 in ARC of the mice deficient in SEL1L in POMC 
neurons (Sel1LPOMC) and littermate control (Sel1Lf/f). (n=3 mice each group) 
(B)EndoH treatment analysis of ASTN1 in Sel1LPOMC and Sel1Lf/f mice. (n=3 mice each 
group) 
(C) Non-reducing SDS-PAGE and western blot analyses of ASTN1 high molecular-
weight (HMW) aggregates in Sel1LPOMC and Sel1Lf/f.  
(D) Immunoblot analysis of ASTN1 in hippocampus, cortex and cerebellum of the mice 
deficient in SEL1L in CaMKII-expressing neurons (Sel1LCaMKII) and littermate control 
(Sel1Lf/f). 
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(E) Representative images of western blot for ASTN1 in cortex of Sel1LCaMKII and 
Sel1Lf/f ice with EndoH and PNGase treatment. 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-tailed Student’s t-test (A, B). 
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Figure 4.4 Alteration of neuron-glia contacts and neuronal activity 
(A) Representative immunofluorescence (IF) staining of GFAP in the ARC of Sel1Lf/f 

and Sel1LPOMC mice. Putative contacts between POMC neuron and astrocytes are 
indicated by white arrows. (n=3 mice each group) 
(B-C) Representative immunofluorescence (IF) staining(B) and quantitation(C) of cFOS 
in the ARC of Sel1Lf/f and Sel1LPOMC mice. Mice were fasted for overnight (16hrs), 
followed by 2h refeeding before harvested. cFOS positive POMC neurons are indicated 
by white arrows. (n=3 mice each group) 
(D) Immunoblot analysis of cFOS in the ARC of Sel1Lf/f and Sel1LPOMC mice. Mice were 
fasted for overnight (16hrs), followed by 2h refeeding before harvested. (n=3 mice each 
group) 
VMH, ventromedial nucleus of hypothalamus; ARC, arcuate nucleus. Values, mean ± 
SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 by two-way 
ANOVA followed by multiple comparisons test (C) or two-tailed Student’s t-test (D).  
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Figure 4.5 ASTN1 as putative SEL1L-HRD1 ERAD substrates from IP-MS analysis 
in N2a cells. 
(A) The diagram of immunoprecipitation and mass spectrometric (IP-MS) analyses of 
SEL1L interactome in WT, SEL1L-/- or HRD1-/- N2a cells 
(B) Identification of ASTN1 from two independent batches of IP-MS top hits. OS9 is a 
positive control as a highly abundant SEL1L-HRD1 substrates. 
(C) Reverse transcriptase PCR (RT-PCR) analysis of ASTN1 mRNA levels in WT, 
SEL1L-/- or HRD1-/- N2a cells. 
(D) Validation of ASTN1 antibody by Crispr KO ASTN1 in N2a cells. *, non-specific 
bands. 
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Figure 4.6 ASTN1 is degraded by SEL1L-HRD1 ERAD and retained inside ER 
accumulatively upon ERAD deficiency. 
(A-B) Non-reducing and reducing SDS-PAGE western blot of CHX chase analysis of 
ASTN1 protein in WT, SEL1L-/- or HRD1-/- HEK293T transfected with ASTN1-FLAG. 
(C) EndoH and PNGase treatment analysis of ASTN1 in WT, SEL1L-/- or HRD1-/- N2a 
cells. *, non-specific bands. 
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Figure 4.7 Characterization of ASTN1 in various neuronal regions with SEL1L-

HRD1 deficiency.  
(A) Immunoblot analysis of ASTN1 in various tissues of the wildtype mice. (n=2 mice) 
(B) EndoH and PNGase treatment analysis of ASTN1 in Sel1LPOMC and Sel1Lf/f mice. 

(C) Immunoblot analysis of ASTN1 in hippocampus, cortex and cerebellum of the mice 
deficient in SEL1L in CaMKII-expressing neurons (Sel1LCaMKII) and littermate control 
(Sel1Lf/f), with different denaturing conditions. 
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Figure 4.8 Alteration of neuron-glia contacts and neuronal activity. 
(A) Representative immunofluorescence (IF) staining of GFAP in the ARC of Sel1Lf/f 

and Sel1LPOMC mice. Putative contacts between POMC neuron and astrocytes are 
indicated by white arrows. (n=3 mice each group) 
VMH, ventromedial nucleus of hypothalamus; ARC, arcuate nucleus. 
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Chapter 5 Conclusion, Perspectives and Future Directions 

5.1 Overview 

With high demand in production and trafficking of secretory proteins including 

neurotransmitters and neuropeptides, ER homeostasis is of vital importance in 

maintaining neuronal activities and functions. To date, various studies have 

demonstrated the role of neuronal ER proteostasis in different contexts of health and 

diseases dominated by regulation of CNS. This dissertation starts from revisiting ER 

proteostasis in peripheral tissues and CNS upon over nutritional status in Chapter 1, 

where we provide evidence indicating potential uncoupling of ER stress/UPR from diet-

associated pathogenesis including hypothalamic leptin resistance. Further in Chapter 3, 

we explore the potential role of SEL1L-HRD1 ERAD in maintaining POMC neuronal 

function mediating organismal adaptive response to nutritional overload. SEL1L-HRD1 

ERAD was found indispensable for maintaining leptin sensitivity in POMC neurons to 

control energy balance by regulating food intake and energy expenditure. Apart from 

elucidating significance of SEL1L-HRD1 ERAD in hypothalamic regulation of energy 

homeostasis, we further unravel the concept of neuron-glia crosstalk mediated by 

SEL1L-HRD1 in Chapter 4. Analysis from recent IP-MS data in neuronblastoma cell 

lines provide a variety of putative neuronal specific SEL1L-HRD1 ERAD substrate. 
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From the candidates of top hits, we identified and demonstrated ASTN1 as a genuine 

endogenous SEL1L-HRD1 ERAD substrate and brought up its potential role, thought 

remains to elucidate, linking SEL1L-HRD1 to neuron-glia connection. That said, much 

remains to be investigated in CNS ER proteostasis considering heterogeneity of cell 

populations within the CNS including complex types of neurons and glia with distinct 

functionality in different regions of brain responsible for specific physiological and 

cognitive functions. This chapter will provide several more comprehensive perspectives 

of proteostasis in the CNS, stepping outside of hypothalamic ER homeostasis for 

energy regulation, into the broader field of neuronal health and diseases. Future 

directions are proposed with summary, discussion of previous findings of by us and 

others, as well as relevant preliminary data that help establish the foundation for 

upcoming endeavors. 

 

5.2 ER Proteostasis in neuronal health and diseases 

5.2.1 ERAD 

Neuronal ER homeostasis is indispensable for healthy brain development and aging. 

Studies have revealed that several neurodevelopmental and neurodegenerative 

diseases are closely related to the dysfunction of ER proteostasis in neurons.  

Of note, recent identification and characterization of hypomorphic human SEL1L and 

HRD1 variants shines light on importance of SEL1L-HRD1 ERAD in neuronal 

development[1, 2]. Further, such studies provide insights into the dramatic variance in 

different tissues in terms of their tolerance to disturbed ER homeostasis due to partial 

loss-of-function of SEL1L-HRD1 ERAD. As one of the most severe symptoms is 
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neurodevelopment disorder[1, 2], this implies at neurons in the brain, may be one of the 

most susceptible systems upon reduced capacity of ERAD. Of note, there’s only very 

mild, if any, constant ER stress or UPR activation upon partial deficiency of the SEL1L-

HRD1 ERAD, indicated by non-detectable phosphorylation of the UPR sensors, IRE1α 

and PERK, as well as downstream effectors, phosphorylation of eIF2α and XBP1 

splicing. However, the ER chaperones including BiP and PDI were significantly 

accumulated in the SEL1L-HRD1 mutant KI cells, suggesting cellular adaptation in 

disease variants-expressing cells[1, 2].  

Previous research identified a specific SEL1L missense mutation (Ser658Pro) in Finnish 

hounds that developed progressive cerebellar ataxia, gait irregularities with Purkinje cell 

depletion[3]. More recent study investigating this recessive hypomorphic SEL1LS658P 

mutation characterized partial embryonic lethality in homozygous mice carrying the bi-

allelic variant with early-onset cerebellar ataxia[4]. Mechanistically, the study 

demonstrated how SEL1LS658P may attenuate SEL1L-HRD1 interaction and activity. 

Another early study indicated the decreased HRD1 levels in the cerebral cortex may 

contribute to pathogenesis of AD[5]. The study further demonstrated that amyloid 

precursor protein (APP) ubiquitination and degradation is mediated by HRD1, the 

deficiency of which would sufficiently induce APP accumulation and concomitant 

production of amyloid-beta (Aβ)[5]. All the aforementioned studies underscore the 

pathophysiological importance and disease relevance of ERAD, particularly SEL1L-

HRD1, in neurodevelopment and degenerative diseases. Further studies are needed to 

elucidate and unravel more comprehensive roles of ERAD in neuronal health and 

diseases.  
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5.2.2 UPR 

The organismal adaptive responses can be mediated by a variety of signaling cascades 

and UPR is one of the most powerful machineries for balancing ER homeostasis upon 

stress. Indeed, the pathogenesis of age-related neurodegenerative diseases have been 

closely related to the UPR pathways. Activation of UPR is observed from early onset 

throughout the entire pathogenesis of several age-related neurodegenerative diseases 

including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntingdon’s 

diseases (HD). Such close correlation is highly likely due to the accumulation of 

misfolded proteins, aggregation and inclusion bodies in the pathologies of the diseases.  

The autopsy samples from AD patients exhibited evident phosphorylation of PERK, 

IRE1α and eIF2α as well as upregulation of BiP[6-12]. As the featured pathologies of 

AD, the accumulation of tau proteins may stimulate PERK, IRE1α and ATF6 and trigger 

a concomitant inflammatory cascade[13, 14]. Evidence found from studies in AD, PD 

and HD suggested that activation of IRE1α-XBP1s and ATF6 pathways are likely to be 

neuroprotective by exerting pro-adaptive downstream effectors including upregulation of 

chaperones BiP and ERAD components[15-21], while PERK- eIF2α cascades may be 

more neurotoxic via proapoptotic CHOP signaling[22]. However, observations in other 

neuronal disease models such as amyotrophic lateral sclerosis (ALS) suggesting an 

opposing interpretation where inhibition of XBP1[23] and activation of PERK-eIF2 α are 

beneficial[24, 25].  
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5.2.3 ER-phagy 

One protective role of UPR in the pathogenesis of neurodegenerative diseases is via 

induction of autophagy[15, 26], while basal autophagy levels are critical for maintaining 

the health of neurons and the decline of autophagy flux has been closely related to 

neurodegenerative diseases during aging. On the other hand, the dramatic 

accumulation of aberrant protein aggregates may disrupt autophagy. Particularly, 

neuronal autophagic activities are essential for axonal and synaptic plasticity which is 

the fundament of cognitive function and memory. Of note, a more recent study 

unraveled the role of ER-phagy in axonal ER remodeling during neurogenesis mediated 

by ER-phagy receptors FAM134 and CCPG1[27]. 

 

5.3 Crosstalk between hypothalamic SEL1L-HRD1 ERAD and autophagy  

Previous in vivo and in vitro studies have observed a significant increase of autophagy 

flux in the absence of SEL1L-HRD1 ERAD in a various tissues including pancreatic beta 

cells[28], adipose tissues[29], and skeletal muscles[30]. Though not validated by 

experimental evidence, it is likely that autophagy may be upregulated in neurons with 

SEL1L-HRD1 deficiency as well in order to maintain the proteostasis, prevent 

proteotoxicity and promote survival of neurons by clearing accumulation of protein 

aggregates. This is supported by the observation of further increased HMW aggregation 

of LepRb in HRD1-/- cells upon lysosomal inhibition with bafilomycin A treatment 

(Figure 5.1A and B).  
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5.3.1 Investigation of ERAD and autophagy crosstalk in POMC neurons 

To this end, we are further interested in the potential interplays between SEL1L-HRD1 

ERAD and autophagy in the hypothalamic neuronal proteostasis and function in 

regulating energy homeostasis. We thus crossed and bred mice with single Sel1L 

knockout (Sel1LPOMC), single Atg7 knockout (Atg7POMC) and Sel1L, Atg7 double 

knockout (DKO) specifically in POMC neurons. From the preliminary data of 

bodyweight, the DKO mice started to gain significantly higher body weight at younger 

age than other cohorts in both sexes (Figure 5.2 A and B). In terms of cellular 

proteostasis, compared to WT control littermates (Figure 5.3A and Figure 5.4A and B), 

Sel1LPOMC indicated strong induction of KDEL and IRE1α in the ARC (Figure 5.3C and 

Figure 5.4A), indicating alteration of ER homeostasis that is absent in Atg7POMC mice 

(Figure 5.3B and Figure 5.4A). On the other hand, Atg7POMC mice exhibited a 

significantly increase of p62 (Figure 5.3B and Figure 5.4A), colocalized with Lamp1 in 

not only POMC neurons, but also across the entire ARC with a potential trend of 

projection towards regions outside the ARC (Figure 5.3B and Figure 5.4C). Notably, 

levels of KDEL and IRE1α as well as p62 in the ARC of DKO mice are evidently higher 

than control littermates but significantly dampened compared to each single KO 

counterpart(Figure 5.3D and Figure 5.4A and D). This could be attributed to a dramatic 

reduction in the number of neurons expressing eGFP reporter according to the IF 

staining (Figure 5.3D and Figure 5.4D). The remaining detectable POMC-eGFP 

neurons in DKO mice expressed both KDEL and p62 with a comparably strong signal 

intensity to that of Sel1LPOMC and Atg7POMC respectively (Figure 5.3D and Figure 5.4D). 

However, it was the reduction of cell number that dampened the signaling observed in 
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WB (Figure 5.4A). The underlying mechanisms of why less neurons expressed POMC 

driven eGFP upon SEL1L and ATG7 double deficiency remains to be determined. 

 

5.3.2 Future directions for understanding interplay between ERAD and autophagy 

Three potential hypotheses may explain the cellular phenotype we observed that can be 

tested. First, the number of mature POMC neurons wasn’t significantly affected in single 

mouse models Sel1LPOMC and Atg7POMC, despite that deficiency of ATG7 in POMC 

neurons could impair axonal growth. The question is then, whether ERAD and 

autophagy double deficiency may severely disrupt the differentiation of the POMC-

promoter expressing progenitors. To address this, much earlier mice need to be 

examined at different timepoints of embryonic stages as well as early postnatal days, 

thus capturing potential neurodevelopment alteration and defects in DKO mice. 

Another possibility is the loss of POMC neurons due to neurodegeneration and 

apoptotic cell death.  

Moreover, as in many cases, pos-mitotic neurons may try to avoid direct cell death and 

instead, undergo senescence to protect against unbearable stress. In this case, we can 

evaluate the biomarkers of neuronal senescence distinct from apoptosis. 

Another interesting point is that, regardless of potential death or senescence at later 

stage of the adulthood in 30-week-old mice, there were still POMC neurons remaining 

still and active despite significantly altered ER homeostasis and autophagic flux 

indicated by KDEL and p62. How those neurons survive and remain responsive is 

intriguing. Referring to the insights from recent discovery in how adipose tissues 

dispose of misfolded proteins upon lack of degradation systems, it will be intriguing to 
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investigate whether those living DKO neurons may also rely on another mechanism to 

dispose of misfolded proteins and aggregates to cope with the proteotoxicity. 

 

5.4 Proteostasis in glia populations of the CNS 

Of note, the majority of the cell populations in CNS are non-neuronal cells named glia. 

Increasing evidence suggest the significance of ER homeostasis and quality control in 

CNS glia cells, including oligodendrocytes, microglia and astrocytes, in pathogenesis of 

a variety of neuronal diseases. 

 

5.4.1 Oligodendrocytes 

The role of SEL1L in oligodendrocytes has been explored and reported to be vital for 

maintaining the myelination of neuronal axons[31, 32]. SEL1L deficiency in 

oligodendrocytes doesn’t necessarily affect development of myelin despite adult-onset, 

progressive myelin thinning in the CNS[31, 32]. Further inactivation of PERK restored 

CNS myelin thickness upon loss of SEL1L in oligodendrocytes, suggesting activated 

PERK signaling links oligodendrocyte-specific SEL1L deficiency to myelin thinning in 

adult CNS[31]. 

ER stress/UPR activation in CNS myelinating glia, oligodendrocytes, has also been 

closely correlated to neurological diseases such as multiple sclerosis (MS). MS is an 

autoimmune disease that the CNS is attacked by self-immune systems, resulting in 

inflammation, demyelination with loss of oligodendrocytes and eventually the axonal 

damage[33]. In MS patients, ATF4 and CHOP mRNA have been observed to be 

increased in demyelinating lesions in multiple cell types including oligodendrocytes[34]. 
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Further studies using mouse models of autoimmune encephalomyelitis combined with 

genetic modification investigated the correlation and potential causal relationship 

underlying UPR in oligodendrocytes and demyelination upon pathogenesis, with 

comprehensive summary in previous reviews[34-36]. Notably, the PERK signaling 

cascades in oligodendrocytes are protective against demyelination induced by 

inflammatory cytokine[37-39]. The loss of PERK in oligodendrocytes rendered 

increased severity of the disease pathogenesis[38, 40] while oligodendrocyte-specific 

activation of PERK protected remyelinating during recovery phase of the disease[41].  

Apart from the UPR, several CNS myelin disorders have been related to abnormal 

autophagy flux. LC3B are highly expressed in demyelinated lesions in various types of 

dysmyelinating disorders. A recent review summarized findings of autophagy in 

myelinating glia and highlighted its pathophysiological importance[42]. 

 

5.4.2 Astrocytes and microglia 

Moreover, the UPR and autophagy in another glia populations named astrocytes also 

plays an essential role in neurological survival and function[43, 44]. In brief, astrocytes 

not only provide structural support for neuronal synapses and blood vessels, but also 

mediate synaptic formation, plasticity and nutrient sensing and exchange between 

neurons and circulating factors, as part of the blood brain barrier (BBB), via electrical 

and chemical transmission[45]. On the other hand, astrocytes may also mediate 

inflammation in response, namely astrogliosis, to several stresses including neuronal 

injury, promoting neurotoxicity by secreting proinflammatory cytokines, closely 

associated with several neurological diseases[45-49]. Therefore, proteostasis and ER 
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homeostasis are of equal importance in astrocytes to that in neurons. Recent single cell 

RNA sequencing revealed the heterogeneity of the astrocytes where subpopulations 

were identified with increased UPR signaling pathways in mouse models for MS[50]. 

UPR in astrocytes has been associated with AD and MS that has been reviewed and 

summarized[6, 26, 43]. Of note, the deficiency of IRE1α signaling significantly improved 

the memory and learning in AD mice with alleviated astrogliosis[51]. Knockdown of 

IRE1 specifically in astrocytes reduced the inflammation and severity of the 

pathogenesis in MS mice[52]. The activation of PERK signaling in astrocytes has been 

identified in several neurological disease models including AD and PD[6, 26]. Moreover, 

ATF6 is suggested to involve astrocyte development[53] and, unlike IRE1 and PERK, 

may be protective in astrocytes during ischemia[54] while studies on its role in other 

neurological disorders are still limited. Autophagy in astrocytes is not only vital for 

astrocyte development and differentiation, but also controls age-related senescence 

and neurodegenerative disorders via regulating neuroinflammation and oxidative stress 

response[44]. 

Microglia, as the “macrophages” of the CNS, mediate inflammation and clearance of the 

apoptotic cells and myelin debris as well as synaptic pruning via phagocytosis. 

Autophagic activity is indispensable for maintaining the function of the microglia 

particularly the phagocytosis efficiency, and the deficiency of autophagy in microglia 

links neuroinflammation-induced exacerbation in age-associated neurological 

pathogenesis, including AD, PD, HD, MS[55, 56]. 

 

5.5 Cell autonomous and non-autonomous regulation of SEL1L-HRD1 in CNS 
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A closer analysis of evidence from previous chapters not only demonstrated cell 

autonomous regulation of SEL1L-HRD1 in chapter 3, but also suggested that this 

complex may control systemic metabolism in a cell nonautonomous manner including 

signaling between CNS (hypothalamus) and peripheral (liver) in chapter 2; and within 

CNS among different cell populations such as between neurons and astrocytes in 

chapter 4. However, a lot remains to explore and validate before any solid conclusion 

can be made.  

 

5.5.1 Future directions in demonstrating importance of SEL1L-HRD1 in the CNS in 

a substrate-dependent manner 

As such a fundamental protein quality control machinery, SEL1L-HRD1 is expected to 

regulate an enormous number of protein substrates. Indeed, proteome-wide screening 

of endogenous substrates via SEL1L-IP based immunoprecipitation provided 

informative dataset of hundreds of substrate candidates that remain for further 

validation and characterization of physiological relevance. Additionally, human patients 

carrying SEL1L and HRD1 mutations exhibit neurodevelopmental disorders as one of 

the severest symptoms, implying higher vulnerability of the CNS upon SEL1L-HRD1 

deficiency. Now that we have obtained a proteomic screen in N2a cells, we can start 

deciphering the neuronal importance of SEL1L-HRD1 linked by neuron-specific 

substrates. Meanwhile, as N2a is a tumor cell line unrepresentative of physiological 

features and functions of CNS, further proteomic screening can be performed in primary 

neurons, neurons derived from patient-derived iPSC, and brain tissues from genetic 

mouse models. 
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5.5.2 Future directions in studying potential cell non-autonomous regulation of 

SEL1L-HRD1 ERAD 

In chapter 2, the project revisiting UPR during DIO, we discovered an acute induction of 

SEL1L-HRD1 in the hypothalamus, liver and gWAT independent of UPR at the 

transcriptional level. This finding implied the regulation of SEL1L-HRD1 by other 

pathways that deserves further exploration. Further, as previous studies demonstrated 

cell nonautonomous signaling of proteostasis alteration from CNS to peripheral 

systems, we are curious about whether such signaling may also exist for SEL1L-HRD1 

levels. To test potential cell nonautonomous signaling of SEL1L-HRD1 among various 

tissues, we can overexpress SEL1L-HRD1 in different central and peripheral tissues, 

one at a time via tissue-specific AAV overexpression, and evaluate the SEL1L-HRD1 in 

other tissues. Further, it is worthwhile to investigate whether increase of SEL1L-HRD1 

activity may help the organism better adapt to nutritional overload. To address this, we 

can boost ERAD activity within the physiological range either via AAV overexpression or 

small molecule activator, and evaluate whether and how the treatment may protect mice 

against DIO and pathogenesis. Lastly, diets with different components and female mice 

can be included to better understand effect of nutrition ingredients on proteostasis and 

sexual dimorphism. 

In chapter 4, we provided characterization of ASTN1 in vitro and in vivo as a bona fide 

SEL1L-HRD1 substrate, but it remains uncertain whether ASTN1 exhibits gain or loss of 

function upon SEL1L-HRD1 deficiency, which can be tested by evaluating interactions 

between primary neurons or iPSC organoids and astrocytes via co-culture systems. 

Moreover, the abundance and isoforms of ASTN1 can vary at different developmental 
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stages across various brain regions, potentially linking SEL1L-HRD1 to distinct 

physiological relevance in the CNS. Apart from ASTN1, ASTN2 as another family 

member of astrotactins with similar topology as ASTN1, has been associated with more 

neurodevelopmental disorders and intellectual disability upon loss of function. It would 

be worth investigating whether ASTN2 is also substrate of SEL1L-HRD1 ERAD, which 

will provide comprehensive perspectives on role of SEL1L-HRD1 in neurological 

disorders via astrotactins. 

 

5.6 Concluding remarks 

ER proteostasis in the CNS has been closely related to neuronal function and regulation 

of systemic metabolism in association with environmental stress and aging. Despite of 

numerous studies on ER quality control machineries including UPR and ER-phagy, the 

investigation of ERAD in the CNS is still very limited. One major part of this work 

demonstrated the vital role of SEL1L-HRD1 in hypothalamic leptin signaling and its 

importance for central regulation of energy homeostasis in response to nutritional 

overload. Further, we provided more evidence indicating the great potential of the 

SEL1L-HRD1 complex in regulating neuronal activity, plasticity and communication 

between heterogenous cell populations in CNS. I hope that this work can be a great 

inspiration for future insights, comprehensive exploration and investigation in how 

ERAD contributes to proteostasis and function in CNS-mediated systemic metabolism. 
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5.8 Figures and figure legends 

 
Figure 5.1 The turnover of LepRb is regulated by both SEL1L-HRD1 and 
lysosomal degradation.  
(A-B) Non-reducing and reducing western blot analysis (A) and quantitation(B) of 
mLepRb-3xFlag in transfected HEK293T cells with Baflomycin A (BafA) for indicated 
time. (n=3 independent repeats) 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by Sidak’s multiple comparisons test (B).  
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Figure 5.2 High fat diet-associated pathogenesis in peripheral tissues. 
(A-B) Growth curve of WT (combining WT and Sel1LPOMC/+;Atg7POMC/+), Sel1LPOMC 
(combining Sel1LPOMC;Atg7+/+ and Sel1LPOMC;Atg7POMC/+), Atg7POMC (Atg7POMC;Sel1L+/+ 

and Atg7POMC;Sel1LPOMC/+) and DKO mice on normal chow diet (NCD) for both sexes. 
(n=15-20 in each group). 
(C) Significance between bodyweights of various cohorts at indicated weeks of age by 
by two-way ANOVA followed by Tukey’s multiple comparisons test shown in (A) and (B) 
(D) Representative images of H&E staining in the liver of the WT, Sel1LPOMC, Atg7POMC 
and DKO male mice fed on NCD. (n=3 mice per group) 
Values, mean ± SEM. ns, not significant; *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001 by two-way ANOVA followed by Tukey’s multiple comparisons test (C). 
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Figure 5.3 Characterization of ER homeostasis and autophagy in ARC of mice. 
(A-D) Representative immunofluorescence (IF) staining of KDEL (ER maker) and P62 
(autophagy substrate) in the ARC of WT (A), Atg7POMC (B), Sel1LPOMC (C) and DKO (D) 
male mice at 25 weeks of age. (n=2 mice each group) 
ARC, arcuate nucleus. 
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Figure 5.4 Evaluation of UPR and autophagy in ARC of mice. 
(A) Western blotting of WT, Atg7POMC, Sel1LPOMC and DKO mice at 30 weeks of age. 
(B-D) Representative immunofluorescence (IF) staining of LAMP1 (lysosome maker) 
and P62 (autophagy substrate) in the ARC of WT (B), Atg7POMC (C) and DKO (D) male 
mice at 25 weeks of age. (n=1 mice each group) 
ARC, arcuate nucleus. 
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