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Abstract 

 
Neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s 

disease (PD), are characterized by the selective loss of subsets of neurons in the central 

nervous system (CNS). While increasing evidence suggests a combination of both genetic 

and environmental factors as the cause of both AD and PD, the molecular etiology 

underlying the pathogenesis of these diseases remains largely unknown. The gene 

Suppressor enhancer lin-12 1-Like (SEL1L) is widely known to encode an endoplasmic 

reticulum (ER) membrane protein and is highly expressed in CNS neurons. To investigate 

the potential association between neurodegeneration and dysfunction of SEL1L, we 

generated and characterized mice with a neuron-specific knockout of SEL1L (Sel1l-NKO). 

Sel1l-NKO mice have an average lifespan of 8-10 weeks and show significant growth 

retardation. These mice progressively developed motor dysfunction, manifested by 

abnormal limb clasping, impaired gross and fine motor coordination, and loss of body 

strength. In addition, Sel1l-NKO mice exhibited broad deficits in spatial memory and 

learning. Immunohistological analysis revealed a perturbed dendritic network in the 

cerebral cortex. Cultured SEL1L-deficient primary neurons of the cerebral cortex displayed 

impaired dendritic growth. Furthermore, Fluoro-Jade C staining revealed an increased 
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number of degenerating neurons in Sel1l-NKO mice. Altogether, these behavioral and 

cellular defects indicate that SEL1L deficiency results in neurological disorders.  

The molecular mechanism behind these neurological disorders is unclear. We therefore 

investigated the protein expression pattern of the Sel1l-NKO brain to identify the 

mechanistic alternation in the absence of SEL1L. The results show that SEL1L deficiency 

induced disruption of ER homeostasis and activated the unfolded protein response (UPR), 

an adaptive response to misfolded protein aggregation. Unexpectedly, we found elevated 

levels of phosphorylated microtubule tau protein (p-tau), a pathological characteristic of 

many neurodegenerative diseases. Our data suggest that a brachial downstream gene of 

UPR, c-Jun N-terminal kinases (JNK), might be the major tau kinase that induces tau 

phosphorylation in Sel1l-NKO mice. To further investigate the role of UPR in these 

neurological disorders, an inhibitor of the eIF2alpha kinase (PERK) branch of the UPR 

was administrated to Sel1l-NKO mice, which slightly improved their motor function 

performance. Collectively, our data suggest that dysfunction of SEL1L, via sustained UPR 

and tau pathology, induces neurotoxicity. 
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Chapter 1 LITERATURE REVIEW 

 

1.1 AN OVERVIEW OF NEURODEGENERATIVE DISEASES (NDDs) 

In the United States, the number of patients diagnosed with neuron degenerative 

diseases (NDDs) is around 6 million and the estimated economic impact of medical, formal 

and informal care is higher than 150 billion dollars (Trojanowski and Hampel, 2011). More 

than ninety percent of these cases are Alzheimer's disease (AD), Parkinson's disease (PD), 

and amyotrophic lateral sclerosis (ALS). The prevalence of these three major NDDs 

increases rapidly with age. Because of the aging baby boom generation and increased life 

expectancy, the number of NDD cases is projected to double by 2050. 

 

In NDDs, there is a progressive and irreversible failure in the structure and function of 

the neural cells of the nervous system. Patients with NDDs usually exhibit three major 

categories of symptoms: loss of cognitive or intellectual abilities, impairment of body and 

motor function, and behavior disorders (Mauskopf and Mucha, 2011). The symptoms 

consistently increase with age and complications might cause mortality in later stages of 

the disease. The etiologies and pathological processes of various NDDs are different and 

elusive. However, at the cellular level, most NDDs share some similarities, e.g., (1) 

Progressive and programed death of neural cells: Most NDDs, including AD and PD, start 

with small-scale neural cell death, largely through apoptosis (Friedlander, 2003). As the 

disease progresses, massive neuron loss is observed in most regions of the nervous system 
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along with severe functional disorders. (2) Mis-folded protein aggregation: Most NDDs 

can be categorized as proteopathies as protein aggregation is a hallmark of the neurons of 

NDD patients. Particular proteins fold abnormally (e.g., amyloid plaques in AD or Lewy 

bodies in PD) and form intracellular or intercellular aggregations in the brain, which 

severely disrupt the normal function of neural cells and even induces programed cell death.  

1.2 CEREBRAL PROTEOPATHIES AND MIS-FOLDED PROTEINS  

The irregular aggregation of specific proteins is the hallmark of most NDDs. The 

etiologies of these abnormal aggregations vary and are puzzling, but the neurotoxic effect 

is substantial and severe. The neurotoxic effect not only disturs the function and fate of 

neural cells but is also involved in the pathogenesis of NDDs. In the following paragraph, 

we discuss the association between protein aggregations and the three most severe NDDs, 

i.e., Huntington's disease (HD), PD and AD. 

 

HD is an autosomal-dominant disorder, which is attributed to the genetic mutation in 

the trinucleotide repeat of the Huntingtin (HTT) gene. HTT is highly expressed in the 

nervous system and functions in neurogenesis by modulating the production of the brain-

derived neurotrophic factor and synaptic vesicular transport (Walker, 2007). The CAG 

repeats of the HTT gene encode to the amino acid glutamine and produce the poly-

glutamine tract of the HTT protein. In HD patients, the CAG repeats mutationally expand 

to higher than 36 repeats and result in long poly-glutamine tracts in the translated protein. 

Due to posttranslational modification, this over-lengthened protein is subsequently cleaved 
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into shorter N-terminal fragments, which aggregate in the neurons and affect cellular 

homeostasis and cell fate. 

 

PD is the second most restrictive NDD in the world. The typical physiological 

characteristics include the massive loss of dopaminergic neurons with the presence 

of Lewy bodies and neurites in the substantia nigra. Lewy bodies are characterized 

mainly by the accumulation of α-Synuclein(α-Syn) (Engelender, 2008). α-Syn is a 140-

amino acid protein that is expressed abundantly in the central nervous system. This protein 

is involved in the formation of SNARE protein complexes, functioning of the golgi 

apparatus and vesicle trafficking in neurons (Bonini and Giasson, 2005; Cooper et al., 

2006). However, the abnormal accumulation of misfolded αSyn leads to neurotoxic effects. 

The following is the evidence and proposed mechanism of αSyn neurotoxic effects. First, 

the α-Syn oligomer can disrupt the bilayer structure of lipid membranes, which is important 

in membrane vesicle trafficking, especially in ER-to-Golgi transportation (Auluck et al., 

2010). This results in the accumulation of ER vesicles and the α-Syn oligomer. This cellular 

characteristic is linked to the elevated production of reactive oxygen species (ROS) and 

ER dysfunction in the α-Syn mouse model (Cooper et al., 2006). In addition, the 

accumulation of α-Syn impedes the function of the ER-associated degradation complex by 

overburdening its capacity, which causes a vicious cycle and further affects the 

homeostasis of neurons. As a result, the prolonged oxidative stress and ER stress might 

result in the loss of neurons in PD patients. 
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Tau pathology is another category of neuro-proteopathies. The Tau protein is a 

microtubule-associated protein that is highly expressed in neurons of the central nervous 

system. The phosphorylation and dephosphorylation of tau are important for modulating 

microtubule (MT) structure. Dephosphorylated tau binds to MTs and stabilizes their 

structures by enhancing the polymerization of tubulins (Tseng et al., 1999). Under 

pathological conditions, tau is abnormally hyperphosphorylated and loses affinity for MTs 

(Figure 1-1). This results in a disruption of the microtubule assembly and destabilizes the 

structure of neural-cytoskeletons (Iqbal et al., 1986). Recent in vivo data also show that the 

accumulation of phosphorylated tau (P-tau) leads to the disruption of ER-associated 

degradation (ERAD) and induces ER stress (Abisambra et al., 2013), which is a main 

contributor to cell death (Sano and Reed, 2013). The accumulation of P-tau aggregates with 

other MT-associated proteins to form neurofibrillary tangles (NFTs), a distinguishing 

physiological characteristic of many NDDs, such as AD, Pick disease, and frontotemporal 

dementia (Kolarova et al., 2012).  
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Figure 1-1 Tau pathology. Tau is an important microtubule (MT) -associated protein that 

is involved in MT stabilization. Under pathological conditions, Tau hyperphosphorylation 

results in MT collapse and formation of neurofibrillary tangles. 

 

Amyloid plaque is the first-discovered pathological protein aggregation in the nervous 

system. Early in the 18th century, extracellular starch-like plaques were observed in the 

brain sections of AD patients, and were believed to be the crucial pathogen of AD at that 

time. However, this concept has changed largely in the past decades. Evidence shows that 

the presence of amyloid plaques does not directly correlate with the severity of neurological 

symptoms in AD patients (Alafuzoff et al., 1987; Arriagada et al., 1992). The new theory 

is that the amyloid plaques might be a late-stage event, instead of the cause, in the 

progression of AD (Skaper, 2012). Recent data suggest that the substantial contributor of 

amyloid pathology might be soluble beta-amyloid peptide (Aβ), the main component of 

amyloid plaques.  
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The Aβ is an abnormal cleavage fragment of the amyloid precursor protein (APP), 

which functions in the formation of synapses and neural plasticity (Priller et al., 2006; 

Turner et al., 2003). In a pathological state, APP is cleaved by β and γ secretases to generate 

36-43-amino acid Aβ peptides. This deleterious Aβ form subsequently induces the 

activation of Gsk3β kinase to lead to p-tau accumulation and tau pathology (Takashima et 

al., 1996a, 1996b). Evidence suggests that amyloid neurotoxicity relies highly on tau 

pathology. First, the brain injection of synthesized Aβ in mutant tau transgenic mice 

induced a 5-fold production of NFTs compared with the control group (Bloom GS, 2014). 

Second, the tau-deficient neurons reduced the neurotoxic effect of Aβ exposure (Rapoport 

et al., 2002). Third, tau-deficient mice resist the amyloid-induced premature mortality and 

memory disorders when crossbreed with an Alzheimer’s mouse model (Roberson et al., 

2007).  

 

1.3 INTRACELLULAR PROTEIN DEGRADATION SYSTEM 

As previously mentioned, misfolded protein aggregation is the key event in many 

NDDs. The intracellular protein degradation system is therefore crucial to serve as a 

defensive mechanism against NDDs. The ubiquitin–proteasome (UPS) and autophagy–

lysosome (ALS) pathways are the major protein degradation systems in eukaryotic cells. 

These two systems digest different types of redundant proteins to maintain cellular 

homeostasis. The main substrates of ALS are long-lived proteins, macromolecular 

aggregates, and intracellular organelles. The UPS, in contrast, predominantly degrades 
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short-lived nuclear and cytosolic proteins. ALS and UPS are important but play different 

roles in the clearance of neuro-pathological proteins (Nedelsky et al., 2008).  

 

The ALS pathway is involved in the degradation and recycling of large cellular 

components. The redundant organelles are the major substrates of ALS. First, the 

double-membrane autophagosomes form and surround the targeted proteins 

(Figure 1-2). The autophagosome subsequently combines with lysosome, which 

contains lysosomal hydrolase for protein digestion. As a result, the substrates are 

degraded and released for recycling. The ALS route is crucially important for 

maintaining cellular homeostasis and preventing NDD. In vivo evidence shows that 

a deficiency of ALS induces neurodegeneration (Engelender, 2008; Komatsu et al., 

2006).  

 

Figure 1-2 Autophagy–lysosome degradation (ALS). The ALS is a major degradation 

route of cellular organelles and proteins. The substrates are encompassed by 

autophagosomes that fuse with lysosomes for protein digestion.  
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The UPS route is controlled by the 26s proteasome complex, which is comprised of 

two 19s regulatory particles and one 20S proteolytic particle (Figure 1-3). There are 

three major steps in UPS protein clearance, i.e., Ubiquitin (ub) ligation, substrate 

recognition, and proteasome degradation. In the first step, the UPS substrate is 

ubiquitinated through the sequential action of three enzymes, i.e., ubiquitin-activating 

enzyme, ubiquitin-conjugating and ubiquitin ligase. This ubiquitinated protein (ub-

protein) is recognized by the 19S regulatory particle of the proteasome. The gate of 

the 20S proteolytic particle is opened and is accessible to substrate entry. 

Consequently, the ub-protein is digested and released in a peptide form, which is 

subsequently further hydrolyzed by cytosolic peptidases.  

 

Figure 1-3 Ubiquitin–proteasome degradation (UPS).  The substrate is ubiquitinated as 

a digestion marker. The proteasome recognizes these ubiquitin-targeted substrates and 

breaks the protein down to peptides, which are subsequently degraded by cytosolic 

peptidases.  



 

 

 

 

 

 

18 

The UPS route is highly efficient in protein degradation. If the substrate is accessible 

to both systems (ALS and UPS), the UPS is the default and dominant pathway for protein 

degradation. Nevertheless, the narrow pore of the proteasome barrel limits the substrates 

of UPS. Larger oligomeric and aggregated proteins, such as NFTs, are inaccessible to UPS 

and are mainly degraded by ALS (Rubinsztein, 2006). In tau proteins, full length tau is 

preferentially degraded by UPS, but the truncated tau and oligomer NFTs are major 

substrates of ALS (Lee et al., 2013). Two other major neurotoxic proteins, poly-glutamine 

and α-syn, are degraded in a similar manner by ALS and UPS (Ravikumar et al., 2002; 

Webb et al., 2003). Collectively, these two intracellular protein degradation systems, ALS 

and UPS, are crucial in the clearance of neurotoxic proteins and prevention of 

neuropathogenesis. 

1.4 ENDOPLASMIC RETICULUM PROTEIN QUALITY CONTROL AND 

UNFOLDED PROTEIN RESPONSE (UPR) 

In addition to the two major protein clearance systems, it is important that the protein 

conformations are properly folded in the first place. The key organelle that modulates 

protein folding is the endoplasmic reticulum (ER), which regulates protein folding and 

quality control. Nascent polypeptides, which contain ER-destined signal peptides in the N 

terminal, are delivered from the cytosol to the ER and undergo post-translational processes, 

such as protein folding, N-linked glycosylation, and amino acid modifications. Protein 

folding is conducted by molecular chaperones and requires large amounts of energy, and 

proper protein folding is necessary for these functions. However, the accuracy of the 

chaperones is not always perfect and misfolded protein products are inevitable. Misfolded 
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proteins are redelivered to the cytosol and are ubiquitinated as targets for the ubiquitin-

proteome degradation system by the endoplasmic reticulum associated degradation 

complex (ERAD) (Smith et al., 2011).  

 

If misfolded proteins cannot be removed immediately, they accumulate in the ER 

lumen, which causes disruption of ER homeostasis, also referred to as ER stress. ER stress 

then activates the compensatory protective response, i.e., the unfolded protein response 

(UPR), to restore the homeostatic condition of the ER. The key regulator of UPR is binding 

immunoglobulin protein (BiP), which is a molecular chaperone that binds to the activators 

of three main UPR branches, i.e., RNA-activated protein kinase R (PKR)-like ER kinase 

(PERK), inositol requiring enzyme 1 (IRE1α) and activating transcription factor 6 (ATF6). 

When BiP switches to bind the misfolded proteins, the unbounded UPR regulators become 

active and induce the downstream reactions (Bertolotti et al., 2000). The overexpression of 

BiP suppresses the activation of UPR, and the accumulation of proteins not recognized by 

BiP does not  induce the UPR (Morris et al., 1997). These results further confirm that BiP 

is a key regulator of the UPR.    

 

1.5 THREE MAJOR UPR BRANCHES: PERK, IRE1α, AND ATF6 

PERK, IRE1α, and ATF6, the three main UPR branches, assist in restoring the 

homeostatic condition of the ER (Figure 1-4). PERK activation is the most rapid reaction 

to the accumulation of misfolded proteins, which globally suppresses the production of 

protein synthesis to reduce the burden on the ER (Kaufman, 2004). This global suppression 
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is due to PERK-mediated phosphorylation of eukaryotic translation initiation factor 2 on 

the alpha subunit (eIF2α). P-eIF2α then suppresses the formation of the eIF2 active GTP-

bound form, which is essential for the initiation of translation (Dever, 2002). In addition, 

PERK activation leads to the translation of activating transcription factor 4 (ATF4). The 

activated ATF4 induces the expression of several stress-responsive genes, including the 

growth arrest and DNA damage-inducible gene 34 (GADD34) (Szegezdi et al., 2006) and 

C/EBP  homologous  protein (CHOP) (Averous et al., 2004), which induces a pro-apoptotic 

response under ER-stress conditions. Another gene activated by PERK is the nuclear factor 

E2 related factor 2 (Nrf2), which induce the antioxidant cellular defense and autophagy for 

enhancing cell tolerance and survival under the stressful condition (Bi et al., 2005; Cullinan 

et al., 2003).    

 

Another branch of UPR is the IRE1α pathway, which is controlled mainly by the 

phosphorylated oligomerized form of IRE1α and causes two main effects. First, the 

endonuclease activity of IRE1α selectively splices the X-Box binding protein 1 (XBP1) 

mRNA and the spliced form of XBP1 triggers the production of the XBP1 protein. XBP1, 

a transcription factor, induces many UPR response genes, such as chaperones, ERAD 

components and proteins that involved in lipid synthesis (Hoozemans and Scheper, 2012). 

Second, IRE1α also activates the c-jun  N-terminal  Kinase  (JNK) pathway, which 

mediates the pro-apoptosis response (Urano et al., 2000) and inflammation (Han et al., 

2013).   
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The bZiP-containing activating transcription factor 6 (ATF6) is another major 

regulatory protein of the UPR, which is located in the ER membrane and bound to BiP in 

the inactive state. Under UPR conditions, unbounded ATF6 is translocated to the Golgi 

apparatus for cleavage into the active form by two proteases, i.e., site 1 and site 2 proteases 

(Haze et al., 1999; Yoshida et al., 2000). This cleaved active ATF6 is then delivered to the 

nucleus, where it induces the expression of many UPR genes, enhancing the protein folding 

capacity.  

 

 

 

 

 

 

 

 

 

Figure 1-4 An overview of three unfolded protein response (UPR) branches. PERK, 

IRE1α, and ATF6, the three main UPR branches, help restore the homeostatic condition of 

the ER 

1.6 THE ROLE OF UPR IN NEURODEGENERATIVE DISEASE 

Although short-term UPR is considered a cellular protective response for enhancing 

cell survival under ER stress, sustained UPR activation is observed in most common 
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neurodegenerative diseases, including AD (Hoozemans et al., 2005), Parkinson’s disease 

(Hoozemans et al., 2007),  frontotemporal lobar degeneration (FTLD) (Hoozemans et al., 

2009), and  amyotrophic lateral sclerosis (Kanekura et al., 2009). The role of UPR in these 

diseases might differ, but the results are similar, i.e., the massive loss of neurons in the 

central nervous system. In the following section, we discuss the possible causes of the 

UPR-mediated neurotoxic effect.  

 

1.6.1 UPR-INDUCED TRANSLATIONAL INHIBITION OF PROTEIN 

SYNTHESIS AND NEURONAL CELL DEATH 

Transient UPR-mediated translational inhibition of protein synthesis is a protective 

compensatory response to alleviate the loading of protein folding machinery, and thus to 

allow the recovery of cellular homeostasis. Once the level of misfolded protein 

aggregations increases, PERK, one branch of the UPR, activates and phosphorylates eIF2α. 

The p-eIF2α then blocks the formation of GTP- elf2, which is an active form and essential 

for the initiation of the translation complex (Malhotra and Kaufman, 2007). 

Phosphorylation of eIF2α, as well as UPR, is observed in AD and Parkinson’s disease (PD) 

patients (Hoozemans et al., 2005, 2007) and this result suggests that the UPR-mediated 

translational suppression is involved in the onset of several common neurodegenerative 

diseases.  

 

The Prion diseased mouse model, which has increased levels of p-eIF2α, was analyzed 

to provide a better understanding of the role of UPR-mediated translational suppression in 

neuropathology. The results indicate that the prolonged translational inhibition, via the p-
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eIF2α pathway, is associated with the loss of synaptic structure and neural deaths (Moreno 

et al., 2012). In order to further investigate the neurotoxic effect of protein attenuation and 

identify the potential therapeutic target of neurodegenerative disease, the same research 

group administrated oral-PERK inhibitor to a prion diseased mouse model. The results 

show that the recovery of the protein synthesis level through a reduction in p-eIF2α 

suppression attenuated neuronal abnormalities and improved the behavior of the prion mice  

(Moreno et al., 2013). These findings show that PERK/eIF2α-mediated translational 

suppression contributes neuronal cell death in the Prion mouse model. 

 

1.6.2 TRANSLATIONAL SUPPRESSION-INDUCED NEURAL CELL DEATHS: 

TWO POSSIBLE MECHANISMS    

PERK-mediated translational suppression results in the loss of neurons and synaptic 

dysfunctions. These results, however, raised the following question: How does PERK/ 

eIF2α-mediated translational suppression affect neuronal survival and structure? First, 

synaptogenesis and neuron fates are highly dependent on neuronal activity (Morimoto, 

2012). Neurotrophins, induced by action potential, modulate this neuroprotective effect 

and enhance the synaptogenesis of neurons (Cohen-Cory and Fraser, 1995). Similarly, the 

global UPR-mediated translational suppression affects the protein machineries that are 

involved in synaptic transmission. The expression of SNAP25, a presynaptic protein, and 

PSD95, a postsynaptic protein, are suppressed by the PERK/ eIF2α pathway and this helps 

to explain how synaptic proteins are affected by the global suppression (Moreno et al., 

2013). Second, prolonged translational suppression is expected to comprehensively affect 

the synthesis of most proteins, including energy metabolism, protein clearance, and so on. 
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This detrimental influence therefore exacerbates the deviation of cellular homeostasis and 

becomes a vicious cycle. In summary, these two possible molecular mechanisms might be 

associated with synaptic failure and neural cell deaths in the prion infected mouse model. 

 

1.6.3 TAU PATHOLOGY AND UPR: IS IT THE CONSEQUENCE OR CAUSE?  

The microtubule associated protein tau binds to MTs for stabilizing its structures. Once 

tau is hyperphosphorylated, it will detach from the MTs, resulting in the collapse of the 

MTs, which might help to modulate their dynamics. Tau is enriched in axons and is highly 

expressed in the central nervous system. The hyperphosphorylation of tau causes instability 

of the MTs and aggregates with other cytoskeletal proteins to abrupt cellular homeostasis. 

This pathological characteristic is involved in many neurological disorders, so-called tau 

pathologies. Several tau pathologies, including AD and FTLD, are observed with 

prolonged UPR activation in patient’s brains, but the association between Tau pathology 

and UPR is still elusive. Under different pathological conditions, Tau accumulation could 

be the culprit, accomplice or victim of UPR. 

 

 The neurotoxic effect of tau results from hyperphosphorylation, and tau then 

aggregates and forms the neurofibrillary tangles that correlate with neural cell death and 

the clinical degree of AD (Braak and Braak, 1991). In healthy brains, the ratio of tau to 

phospho-tau is 1 to 1.5, but this phosphor-tau ratio increases dramatically to 6-8 in AD 

patients(Spillantini and Goedert, 2013). A previous study showed that UPR, the 

compensatory response of ER stress, is activated in the neurofibrillary tangled neurons 

(Hoozemans et al., 2009). Another study on FTLD agreed with this observation and further 
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proved that UPR is activated in the early stages of tau pathology, which does develop 

apparent neurofibrillary tangles (Nijholt et al., 2012). These two human research results 

verify the association between tau pathology and ER stress, but the sequence of these two 

occurrences is still unknown. A recent study showed that the accumulation of tau induces 

the UPR, including PERK and the IRE1 pathway (Abisambra et al., 2013). In addition, 

CD3δ, the substrate of endoplasmic-reticulum-associated protein degradation (ERAD), 

accumulates with the production of phosphorylated tau, indicating that phosphorylated tau 

impairs the efficiency of the ERAD complex, which might result in the accumulation of 

mis-folded proteins and therefore induction of the UPR. Immunoprecipitation (IP) data also 

prove that tau has a binding affinity for two ERAD components, Hrd1 and VCP. 

Collectively, these results suggest a detrimental effect of tau on the ERAD complex, and 

the proposed pathological model might be that tau accumulation first impairs several 

components of the ERAD complex, which detrimentally affects the efficiency of ERAD 

and then results in the accumulation of misfolded proteins and activation of the UPR. 

 

1.6.4 UPR INDUCES THE PHOSPHORYLATION OF TAU 

Conversely, some studies report very different results, where UPR might be the inducer, 

instead of a consequence of tau phosphorylation. Tau phosphorylation is modulated by a 

group of specific kinases, and glycogen synthase kinase-3 (GSK3β) is believed to be the 

key kinase of tau phosphorylation and could be activated by beta amyloid peptide via 

insulin and Wnt pathways (Magdesian et al., 2008; Townsend et al., 2007).  
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 Considerable in vitro evidence suggests that UPR is the likely trigger of GSK3β. Cells 

in the SH-SY5Y neuroblastoma line shows increasing GSK3β activity after tunicamycin 

treatment, a UPR inducer (Song et al., 2002). In addition, research on the HepG2 cell line 

(Hepatocellular carcinoma) confirms UPR induction of GSK3β activation (Kim et al., 

2005), which might be involved in the modulation of the pro-apoptosis response in ER 

stress. Furthermore, a recent study provided better understanding of this GSK3β activation, 

which might be triggered by the PERK branch of the UPR. The authors used tunicamycin 

treatment to induce GSK3β activation in HT1080 cells, but the same effect was not evident 

in PERK knock-down cells (Baltzis et al., 2007).               

 

In the previous paragraph, we discussed in vitro UPR-GSK3β activation, or more 

precisely, PERK-GSK3β activation, which might be involved in tau hyperphosphorylation 

under ER stress. The next question is “Is any other tau kinase involved in the UPR-

mediated tau phosphorylation?”  The c-Jun N terminal kinase (JNK), the downstream gene 

of the IRE1α branch, is a one possible candidate because the level of JNK activation 

correlates with the development of AD (Shoji et al., 2000; Zhu et al., 2001a) and amyloid-

beta is capable of activating JNK to phosphorylate Tau (Minogue et al., 2003; Morishima 

et al., 2001). Several in vitro and in vivo data, including the data obtained in Alzheimer’s 

mouse model, also confirm that JNK activation causes tau hyperphosphorylation and 

treatment with the JNK inhibitor, D-JNK-I, significantly reduces the phosphorylation level 

of tau in vivo (Ploia et al., 2011). These results suggest involvement of IRE1α-JNKS in tau 

pathology and the potential value of this pathway as a therapeutic target in NDDs. 
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1.7 SUPPRESSOR-ENHANCER-LIN-12-1-LIKE (SEL1L) AND UPR-NDD 

ASSOCIATION 

Enormous efforts and resources have been invested in understanding the connection 

between ER homeostasis and the onset of NDDs, and considerable progress has been made 

in recent years. Nevertheless, the UPR-NDD association is highly complicated and largely 

unknown. Considerable evidence indicates the crucial role of the ERAD mechanism in 

neuroprotection, and, more importantly, the potential value as therapeutic targets in NDDs. 

Our research target SEL1L, Suppressor-Enhancer-Lin-12-1-Like, is an ER membrane 

protein that is essential for the integrity and functioning of the mammalian ERAD complex 

(Sun et al., 2014). The genetic mutation of SEL1L, which has recently been reported, is 

linked to mammalian neuropathology (Kyostila et al., 2012; Saltini et al., 2006). However, 

the precise physiological role of SEL1L is unclear in both the ERAD complex and 

neuropathology. Here, we review the existing data to provide insight into the intriguing 

nature of the SEL1L gene. 

 

1.7.1 SEL1L GENOMIC STRUCTURE 

SEL1L, the mammalian ortholog of the C. elegans sel-1 gene, was first identified as 

a negative regulator of Notch (Lin-12) signaling, a pathway that is involved in cell fate 

determination in embryogenesis (Grant and Greenwald, 1996). The gene consists of 21 

exons spanning 62.24 Kb in the human genome and is located on the chromosome 14q24.3-

q31 region (GenBank accession no. NM_005065). The coding region is 2,385 Kb that 

encode a 793 amino acid full-length protein with 88,750 kDa molecular weight. There are 
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two noteworthy features of the SEL1L genomic structure. First, SEL1L is located in a 

typical “genome desert” (only 5 genes and 10 pseudogenes have been discovered in this 

7.3-Mb genomic stretch). The functional importance of this genomic structure is not fully 

understood. Evidence suggests that the structure might protect the integrity of gene coding 

and regulatory elements from chromosomal rearrangements (Ovcharenko et al., 2005). 

Second, the cross-species amino acid identity of SEL1L is very high between mammals. 

The human SEL1L protein sequence shares 99% identity with chimpanzee, 97% with dog, 

and 93% with hamster and mouse. Since the evolution pressure increases the divergence 

between species, the SEL1L protein identity between mammals and non-mammals is not 

significantly high. However, several motifs are completely identical from bacteria to 

humans (Biunno et al., 2002). Collectively, the high evolutional conservation of SEL1L 

might be attributed to the protection of the genomic desert structure, but this characteristic 

also suggests the functional importance of the SEL1L gene.  

 

1.7.2 SEL1L EXPRESSION PATTERN AND ALTERNATIVE ISOFORMS  

With the exception of the full length SELL, four human alternative isoforms have been 

discovered. The splicing of exon 8 and 9 produces two smaller isoforms, B and C (301 and 

312 amino acids), respectively .Isoform D is a truncated version that only contains 3 exons 

(18, 19, and 20) and 72 amino acids. A recent study discovered a new and rare isoform E 

that possesses exon 1 to 6. Although these four smaller alternations of SEL1L have been 

discovered, their biological functions are still unknown. The full length SEL1L is the most 

studied target. It is universally expressed in fetal and  adult pancreatic tissue, but is seldom 

present in other healthy adult tissues (Biunno et al., 1997, 2006). It is worth noting that 
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the SEL1L protein is down-regulated or absent in tumor cells, shown by analysis 

of human primary breast carcinomas and pancreatic adenocarcinoma (Biunno et al., 

2006; Orlandi et al., 2002). The importance of SEL1L in resistance of tumor 

progression has been shown (Cattaneo et al., 2004).  

 

1.7.3 SEL1L PROTEIN STRUCTURE AND ASSOCIATION WITH NDD 

The full-length SEL1L protein is composed mainly of several functional components 

and domains (Figure 1-5). The signal and PEST peptide (The polypeptide chain, enriched 

in proline (P), glutamic acid (E), serine (S), and threonine (T), might functioned as a signal 

peptides for protein degradation.) are located in the N-terminal (1-22 and 80-102 residues, 

respectively). The Fibronectin type II (FN2) domain is an amino acid residue. The exact 

function of the SEL1L-FN2 domain is still unknown. Evidence shows that FN2 is a 

multifunction domain involved in cellular adhesion, migration, differentiation and 

proliferation (Bencharit et al., 2007). Interestingly, the FN2 domain only exists in the 

vertebrate genome and is absent in invertebrates, such as C. elegans and Drosophila. This 

finding suggests that the major function of SEL1L is FN2-independent and FN2 might 

provide other biological function for higher organisms (Biunno et al., 2006).  

 

The SEL-1-like repeat, which consists of three large clusters, is a subtype of the 

tetratricopeptide repeat (TPR). TPR is a wide-spread protein–protein interaction module 

that plays multiple roles in different protein functions. The typical characteristic of TPR is 

a degenerating 34-amino acid motif composed of a pair of antiparallel alpha helices (Das 
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et al., 1998). The SEL1L-TPR, however, differs significantly from typical TPR by a 

variable amino acid residue between two alpha helices (Ponting, 2000). This special 

SEL1L-TPR is highly evolutionary conserved from bacteria to higher primates. The Hrd3-

like motif is composed of 12 amino acids that are located in residues 664 to 675. It was 

first discovered in the yeast Hrd3p protein, a component of ERAD machinery (Hampton et 

al., 1996). The Hrd3-like motif is the most evolutionary conserved domain of the SEL1L 

protein between various species, including vertebrates, invertebrates, plants and bacteria. 

This high conservation suggests the functional importance of the Hrd3-like motif in the 

SEL1L protein. Evidence shows that this motif is required in anti-proliferative signal 

transduction (Cattaneo et al., 2004). The end of the SEL1L c-terminal consists of a poly-

proline tail. Studies show that the proline-rich structure is involved in the mediation of the 

protein-protein interaction (Kay et al., 2000)   

 

 

Figure 1-5 SEL1L protein structure. The SEL1L protein consists of three main 

components, the fibronectin type II domain (FN2), the SEL1-like motif, and the proline 

tail. The SEL1-like motif clusters and the Hrd3-like motif are highly evolutionary 

conserved in most species. 
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The biological functions of SEL1L have been investigated in yeast to higher primates. 

The highly conserved Hrd3-like motif of SEL1L indicates that SEL1L is the mammalian 

homolog candidate of yeast Hrd3 (Kaneko and Nomura, 2003). Hrd3 is a component of 

ERAD that displaces ER-misfolded proteins to the cytosol for the UPS degradation 

pathway. In yeast ERAD machinery, Hrd3 modulates the stabilization of Hrd1p, a major 

membrane-anchored ubiquitin ligase (Bays et al., 2001). Considerable evidence shows the 

functional significance of SEL1L in the ERAD machinery (Figure 1-6). (1) The RNA 

interference of SEL1L induces the up-regulation of ER stress markers in C. elegans (Urano 

et al., 2002). (2) Akita mice, a misfolded insulin mouse model with high ER stress, had 

elevated expression of the SEL1L gene (Allen et al., 2004). (3) Human embryonic kidney 

293 cells, treated with ER-stress inducer, had increased SEL1L expression (Kaneko and 

Nomura, 2003). Collectively, these research results indicate the crucial role of SEL1L in 

the integrity of the ERAD machinery and ER homeostasis.  
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Figure 1-6 The role of SEL1L in the ERAD complex. Based on existing evidence from 

yeast to mammals, SEL1L is involved in the displacement of ER-misfolded proteins to the 

cytosol for the UPS degradation pathway. SEL1L might also regulate the stabilization of 

HRD1, a key ubiquitin ligase of the ERAD complex. 

 

As an important component of the ERAD machinery, some researchers have focused 

their attention on the connection between SEL1L and neuro-proteinopathies, a class of 

neural protein misfolding diseases. In human research, an intronic polymorphism of SEL1L 

was found that links to the elevated susceptibility of AD (Saltini et al., 2006). Moreover, a 

missense SEL1L mutation was reported to causes the early onset of cerebellar ataxia in 

Finnish Hound (Kyostila et al., 2012). To summarize, this in vivo evidence indicates 

the potential association and research value of the SEL1L gene in 

neuropathogenesis and further investigation of SEL1L is necessary to elucidate its 

functional importance in the nervous system.  
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1.8 DISSERTATION DESIGN 

Although the prevalence and economic impact of NDDs are predicted to increase in 

the near future, our understanding of the molecular basis of NDDs is still very limited. 

Increasing evidence suggests the association between ER homeostasis and pathologenesis 

of NDDs. The ERAD complex and UPR pathway are two pivotal cellular mechanisms to 

maintain ER homeostasis and prevent misfolded protein aggregation in the ER. Further 

understanding of ERAD and UPR might facilitate the development of a potential 

therapeutic strategy and potentially diminish the economic impact of NDDs in our society.  

 

Our research target, the SEL1L gene, is a ER membrane protein and is essential for the 

integrity and functioning of the mammalian ERAD complex (Sun et al., 2014). SEL1L 

deficiency disturbs ER homeostasis and induces activation of UPR (Francisco et al., 2010; 

Sun et al., 2014). Moreover, recent reports indicate that the mutation of SEL1L is 

associated with the pathogenesis of mammalian NDDs (Kyostila et al., 2012; Saltini et al., 

2006). Thus, we generated and investigated SEL1L neuron-specific knock-out mice. This 

will help us to understand the functional importance of the SEL1L gene, and also provide 

a good experimental model to study the obscure association between ER homeostasis and 

NDDs.  

 

This dissertation focuses on our finding in this model. In the next chapter, we review 

the current data of the SEL1L gene and describe our experimental design of generating 

SEL1L neuron-specific knock-out (NKO) mice. Chapter 3 contains the phenotypical 

analysis results of Sel1l-NKO mice. In chapter 4, we investigate neural cellular defects of 
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Sel1l-NKO mice. Chapter 5 contains the molecular mechanisms of cellular and 

phenotypical defects in Sel1l-NKO mice. In the final chapter, we propose our molecular 

model of SEL1L deficiency and list our conclusions.   
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CHAPTER 2   GENERATION OF SUPPRESSOR ENHANCER 

LIN 12 1 LIKE (SEL1L) NEURON-SPECIFIC KNOCK-OUT 

MICE (NKO) 

 

Wei-Hua Chang, Ph.D. 

Cornell University 2015 

 

Abstract 

 

SEL1L, Suppressor-Enhancer-Lin-12-1-Like, is an ER membrane protein and is 

essential for the integrity and functioning of the mammalian endoplasmic-reticulum-

associated protein degradation (ERAD) complex, which plays a crucial role in maintaining 

ER homeostasis. Recently, SEL1L deficiency has been reported to disturb ER homeostasis 

and induce the activation of the unfolded protein response (UPR). The UPR is an adaptive 

response for restoring ER homeostasis, but a sustained UPR might cause programmed cell 

death and is involved in the pathologies of many neurodegenerative diseases. To 

investigate the intriguing relationship between SEL1L, UPR activation and 

neurodegenerative diseases, our group first generated a global SEL1L knock-out model in 

2009. These mice exhibited increased cell death in the forebrain with up-regulation of UPR 

markers. However, global SEL1L deficiency also resulted in embryonic lethality. The 

information from the SEL1L global knock-out mouse model is meaningful but very limited. 

Therefore, our lab produced a neuro-specific SEL1L knock-out mouse model using the 
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synapsin Cre-loxP system. By investigating this in vivo model, we hope to understand the 

physiological role of SEL1L in the nervous system and neurodegenerative diseases. 

 

2.1 INTRODUCTION 

Our group first produced the global knock-out mouse model of SEL1L to investigate 

the functional significance of SEL1L in vivo (Figure 2-1). These mice exhibited increased 

cell death in the forebrain with up-regulation of UPR markers(Francisco et al., 2010). 

However, the global SEL1L deficiency also resulted in embryonic lethality. The 

information from the SEL1L global knock-out mouse model is meaningful, but insufficient. 

We therefore produced a conditional-specific SEL1L knock-out mouse model using the 

Cre-loxP system (Figure 2-4). The conditional knock-out effect was produced by Cre-lox 

recombination. The SEL1Lflox/flox mice contain a modified SEL1L exon 6 with two loxP 

sites. On exposure to cre-recombinase (Cre), the modified exon 6 was excised and leading 

to the production of a truncated and non-function SEL1L protein.  Using a cell type-

specific-expression promoter, we can restrict the loss of SEL1L gene function in to specific 

organs. To create SEL1L neuron-specific knock-out (NKO) mice, Synapsin I Cre 

transgenic mice were selected to breed with SEL1Lflox/flox mice. The Cre was specifically 

expressed in neuronal cells by embryonic day 12.5, indicating that the knock-out effect had 

start by this time(Rempe et al., 2006). There are two main research goals of this study. First, 

we intend to characterize the physiological role of the SEL1L gene in the nervous system.  

Second, we hope to identify the potential implication of SEL1L dysfunction in the 

pathogenesis of neurodegenerative disorders in humans. 
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Figure 2-1 The design of the global SEL1L knock-out model. Using a gene targeting 

method, the first SEL1L global knock-out mice were produced by inserting a gene trap in 

intron 14.  The gene trap contained an acceptor (SA) attached to β-galactosidase and 

neomycin cassette (β-Geo). The mutant form of SEL1L consisted of truncated SEL1L 

protein conjugated to β-galactosidase. 

 

 

Figure 2-2 The design of the conditional SEL1L knock-out model. The conditional 

knock-out effect was modulated by Cre-lox recombination. The mutant SEL1L was 
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modified by a targeting vector with loxP recombination sites flanking exon 6 and β-Geo 

with frt recombination sites for selection. 

 

2.2 EXPERIMENTAL PROCEDURE 

Generation of SEL1Lflox/flox, Synapsin mice. The SEL1Lflox/+ embryonic stem (ES) 

cells, which were flanked by two loxP sites on exon 6, with the C57BL/6N background 

were purchased from the UC Davis KOMP repository (ID CSD44577, 

http://www.knockoutmouse.org/martsearch/project/44577). The SEL1Lflox/+ mice were 

generated and bred with βActin-FLPe mice to delete the lacZ-neo cassette and backcrossed 

to generates SEL1Lflox/flox homozygotes. To create the neuron conditional knock-out animal, 

the SEL1Lflox/flox homozygotes were generated by backcrossing SEL1Lflox/+ mice and 

breeding with the Synapsin Cre stain (Jax Lab Strain Name: B6.Cg-Tg(Syn1-cre)671Jxm/J 

http://jaxmice.jax.org/strain/003966.html for generating SEL1Lflox/+, SYN mice. The mice 

were backcrossed with SEL1Lflox/flox to generate SEL1Lflox/flox; SYN (SEL1Lflox/flox; SYN 

referred to as NKO hereafter) mice and littermate controls (SEL1Lflox/flox and SEL1Lflox/+, 

referred to as WT hereafter) were used in the experiments. All experimental mice were fed 

a normal diet that consisted of 13% fat, 67% carbohydrate and 20% protein (2014 Teklad 

Global 14% Protein Rodent Maintenance Diet). All experimental procedures were 

performed in accordance with the Cornell Animal Care and Use Guidelines. 

 

http://www.knockoutmouse.org/martsearch/project/44577
http://jaxmice.jax.org/strain/003966.html
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Genomic DNA isolation and genotyping PCR. All newborn mice were toe-clipped 

on postnatal day 10. The collected tissue was boiled with 50 ul tissue lysis buffer (25mM 

NaOH, 2mM EDTA) at 95℃ for 30 min and then the same volume of neutralization buffer 

(40 mM Trizma base) was added to isolate the genomic DNA for genotyping PCR. Two 

sets of primers were respectively used for detecting the presence or absence of SEL1L loxp 

sites (WT: 325 bp; Flox: 286 bp) and Cre recombinase in mice. The details of the PCR 

conditions are shown in figure 2-5.  

 

Step                Temperature              Time 

1                        95                              5 min 

2                        95                              2 min 

3                        58.4                           30 sec 

4                        72                              45 sec 

5                        go step 2 for 37 times 

6                         72                               5 min 

7                          4                                forever 

  

SEL1L primers    Forward: 5’CTGACTGAGGAAGGGTCTC 

                               Reverse: 3’GCTAAAAACATTACAAAGGGGCA 

 

Figure 2-3 The PCR conditions and primer design for SEL1L genotyping PCR.  
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2.3 RESULTS 

 

Figure 2-4. Genotyping results of SEL1L flox/flox and Synapsin CRE. 

Observed ratio of birth in SEL1Lflox/flox; Synapsin Cre offspring was consistent 

with the expected ratio. 

 

The synapsin Cre recombinase was expressed in neural cells after embryonic day 12.5. 

To assess possible embryonic lethality, we recorded the litter size of each genotype in five 

litters(SEL1Lflox/flox; SYN, SEL1Lflox/+; SYN, SEL1Lflox/flox and SEL1Lflox/+). The ratio of 
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NKO offspring roughly matched our mating plan (expected and actual ratio: 25% versus 

21.21%) and the average litter size was normal (9.4 offspring per litter). We did not observe 

significant difference in phenotype for litter size or for other characteristic of newborn 

offspring.   

 

2.4 DISCUSSION  

To generate the SEL1L neuro-specific deficient mouse model, we selected the synapsin 

CRE transgenetic mice. The synapsin Cre transgenic mice were created in 2001 (Zhu et al., 

2001b) and used as a tool for driving the neural-specific knock-out effect (Hasue et al., 

2005; He et al., 2004; Xia et al., 2003). However, several studies report that the synapsin I 

promoter drives ectopic transgenic expression in testis (Hoesche et al., 1993; Street et al., 

2005). The endemic synapsin I  expression is absent in testis(Rempe et al., 2006; Street et 

al., 2005). The reason of this unexpected expression is unknown. The lack of cis-elements 

in the native synapsin I region might be one possible explanation (Rempe et al., 2006).  

 

The ectopically testicular expression, driven by the synapsin promoter, might affect 

and confound the knock-out phenotypes. The major reason is the potential germline 

recombination in offspring. A report investigated this possible concern. The unexpected 

testicular expression of synapsin Cre resulted in germline recombination in progenies if the 

breeding male was synapsin Cre;flox/flox and was mated with a flox/flox female. The data 

show that 73% of offspring were globally recombined instead of neural-specifically 

knocked-out (Rempe et al., 2006). Fortunately, after the first few litters, we became aware 
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of this ectoptic expression and adapted a new mating design which male flox/flox mates 

are mated with synapsin Cre;flox/- female.  
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CHAPTER 3   PHENOTYPICAL ANALYSIS OF SEL1L NKO 

MICE 

 

Wei-Hua Chang, Ph.D. 

Cornell University 2015 

 

ABSTRACT 

Neurodegenerative diseases, such  as  Alzheimer’s  disease (AD) and Parkinson’s 

disease (PD), are characterized by the selective loss of subsets  of  neurons  in  the  central  

nervous  system  (CNS).  While increasing evidence  suggests  a  combination  of  both  

genetic  and environmental factors as the cause of both AD and PD, the molecular etiology  

underlying  the pathogenesis  of  these  diseases  remains  largely unknown. The gene 

Suppressor enhancer lin-12 1-Like (SEL1L) is known to encode an endoplasmic reticulum 

(ER) membrane protein, and is highly expressed in CNS neurons. To investigate the 

potential association between neurodegeneration and dysfunction of SEL1L, we generated 

and characterized mice with a neuron-specific knockout of this gene (NKO). The NKO 

mice  have  an average  lifespan  of  8-10  weeks  and  show  significant  growth retardation.  

These mice  progressively  developed  motor  dysfunction, manifested  by  abnormal  limb  

clasping,  impaired  gross  and  fine motor  coordination,  and  loss of  body  strength.  In 

addition, Sel1l-NKO mice exhibit broad deficits in spatial memory and learning in T-maze 

analysis. Collectively, these phenotypic disorders indicate that SEL1L is crucial for the 
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mammalian nervous system, and that dysfunciton of the SEL1L gene is implicated 

in the pathogenesis of neurodegenerative disorders. 

 

3.1 INTRODUCTION 

The endoplasmic reticulum (ER) plays an important role in the folding and post-

translational modifications of secreted and membrane proteins(Braakman and Hebert, 

2013). These processes are crucial for protein functions and cellular homeostasis, which 

are conducted by many sensitive molecular chaperones, glycosylation enzymes, and 

reductases to prevent mistaken conformations and modifications of proteins(Ma and 

Hendershot, 2004). In addition, an elaborate protein quality control system exists in the ER 

to further ensure the correct conformation of proteins and to transfer misfolded proteins to 

the cytosolic ubiquitin-proteosome pathway for degradation. This quality control system is 

highly efficient, but imperfect. Under some conditions, the misfolded proteins still 

accumulate and disrupt ER homeostasis. 

 

In order to restore the homeostatic condition, the ER activates transient adaptive 

responses, such as the unfolded protein response (UPR) to enhance the protein folding 

capacity, clear misfolded proteins, and decrease protein synthesis. There are three major 

branches of the UPR pathway, i.e., RNA-activated protein kinase R (PKR)-like ER kinase 

(PERK), inositol requiring enzyme 1 (IRE1α), and activating transcription factor 6 (ATF6), 

which are modulated by a key regulator, BiP. In the resting state, BiP binds to these three 
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transmembrane proteins and silences their function. When misfolded proteins accumulate, 

BiP releases these three transmembrane proteins, which results in the activation of the UPR.  

 

Short-term UPR is supposed to be a cellular protective response for enhancing cell 

survival under ER stress. However, evidence shows that prolonged UPR activation results 

in neurotoxic effects and cell death. Furthermore, sustained UPR activation is observed in 

most common neurodegenerative diseases, including AD (Hoozemans et al., 2005), 

Parkinson’s disease (Hoozemans et al., 2007), Frontotemporal lobar degeneration (FTLD) 

(Hoozemans et al., 2009), and amyotrophic lateral sclerosis (Kanekura et al., 2009). 

Although the association between neurodegeneration and UPR is supported, the exact role 

of UPR activation in neural cells is very complex and is mostly unknown.   

 

Our target gene, Suppressor enhancer lin-12 1-Like (SEL1L), is a component of the 

ERAD complex, which is an important machinery that maintains ER homeostasis. 

Considerable research indicates that SEL1L plays a crucial role in the stabilization of 

HRD1, a key ubiquitin-ligase of ERAD (Iida et al., 2011). SEL1L deficiency induces an 

elevated expression of UPR markers in vitro and in vivo (Grant and Greenwald, 1996; Sun 

et al., 2014). Recent studies show that the mutation of SEL1L is linked to mammalian 

neurodegenerative disease (NDD) (Kyostila et al., 2012; Saltini et al., 2006). Based on 

previous SEL1L evidence, we speculate that a deficiency of SEL1L will deteriorate the 

integrity of ERAD and induce neurodegeneration. In order to prove our hypothesis, the 

Long laboratory first produced SEL1L neuron-specific knock-out mice (NKO). By 
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characterizing the knock-out phenotype, we can investigate the physiological role and 

function of SEL1L in the mammalian nervous system. 

 

3.2 EXPERIMENTAL PROCEDURES 

Generation of SEL1Lflox/flox, Synapsin mice. The SEL1Lflox/+ embryonic stem (ES) 

cells, which were flanked by two loxP sites on exon 6, with the C57BL/6N background 

were purchased from the UC Davis KOMP repository (ID CSD44577, 

http://www.knockoutmouse.org/martsearch/project/44577). The SEL1Lflox/+ mice were 

generated and bred with βActin-FLPe mice to delete the lacZ-neo cassette and backcrossed 

to generates SEL1Lflox/flox homozygotes. To create the neuron conditional knock-out animal, 

the SEL1Lflox/flox homozygotes were generated by backcrossing SEL1Lflox/+ mice and 

breeding with the Synapsin Cre stain (Jax Lab Strain Name: B6.Cg-Tg(Syn1-cre)671Jxm/J 

http://jaxmice.jax.org/strain/003966.html) for generating SEL1Lflox/+, SYN mice. The mice 

were backcrossed with SEL1Lflox/flox to generate SEL1Lflox/flox; SYN (SEL1Lflox/flox; SYN 

referred to as NKO hereafter) mice and littermate controls (SEL1Lflox/flox and SEL1Lflox/+, 

referred to as WT hereafter) were used in the experiments. All experimental mice were fed 

a normal diet that consisted of 13% fat, 67% carbohydrate and 20% protein (2014 Teklad 

Global 14% Protein Rodent Maintenance Diet). All experimental procedures were 

performed in accordance with the Cornell Animal Care and Use Guidelines. 

 

Body weight and Survival rate. NKO (n=20-30) and WT (n=13-24) mice were 

weighed weekly from postnatal week 2 to 10. After postnatal week 3, all deaths were 

http://www.knockoutmouse.org/martsearch/project/44577
http://jaxmice.jax.org/strain/003966.html
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recorded and analyzed for the Kaplan-Meier survival curve. Moribund mice (i.e., severe 

tremors, inability to consume food and non-ambulatory) were euthanized by carbon 

dioxide treatment and considered as deaths in the survival record.   

 

Motor function test 1: Balance beam test (Stanley et al., 2005). A balance beam was 

comprised of three parts, i.e., a start platform along a wood beam elevated 30 cm above the 

ground to a dark goal box (Figure 3-1). WT and NKO mice (twenty mice each genotype) 

were initially placed in the goal box for 5 min and transferred to start platform to practice 

walking on the training beam (80 cm long, 30 mm diameter) 5 times. After the mice went 

directly to the goal box, the training beam was replaced by the narrower testing beam (80 

cm long, 10 mm diameter). The mice were placed on the start platform and were allowed 

to walk to the goal box. During the trip, the number of foot slips (one or both limbs slipped 

from the beam) and the number of falls were recorded. Three trials were performed for 

each mice with two min recovery periods between each trial. The balance beam test were 

performed at three different time points (4 wk, 6 wk and 8 wk of postnatal age). 
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Figure 3-1 A sketch of the balance beam. The balance beam was constructed of wood 

and the goal box was made of paper. The testing beam was 80 cm long, 30 cm high, and 

10 mm wide. 

 

Motor function test 2: Foot printing test (Carter et al., 2001). The WT and NKO 

mice were acclimatized a dark goal box for 5 min. After acclimatization, mice were 

transferred to an open-top runway (50 cm long and 4.5 cm wide with a wall 10 cm high) 

located opposite to the  the goal box, which the mice were allowed to run 5 to 10 times. 

Once the mice went directly to the goal box without hesitation, non-toxic paint was used 

to color their paws (front-paw: green, back paw: red) and a sheet of white paper was placed 

on the runway. The colored mice were immediately placed at the end of the runway and 

allowed to run to the goal box within 60 seconds. The average length of the footsteps was 

recorded and divided by the average width of the footsteps to reduce the effect of body size 

differences between WT and NKO mice at three different time points (4 wk, 6 wk and 8 

wk of postnatal age; n=19-20 each genotype). 
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Motor function test 3: Wire hanging test (van Putten et al., 2012).  To assess the 

body strength and motor coordination of WT and NKO mice, a wire hanging test was 

performed at three different time points (4 wk, 6 wk and 8 wk of postnatal age; n=19-20 

each genotype). The experimental equipment consisted of a paper box with a 1.8-mm 

metallic wire that was maintained 30 cm above a layer. The mice were allowed to grip the 

middle part of the wire with four limbs and the longest suspension time is as recorded. 

Three trials were performed in each test with two-minute resting intervals between each 

trial.     

 

Spatial memory test: T maze test (Deacon and Rawlins, 2006). To assess the 

cognitive ability and spatial memory of mice, a T maze test was performed on 7-week-old 

WT and NKO mice (10 mice each genotype). The equipment was a T-shaped maze with 

two goal arms and one start arm. The details of the maze plan are shown in figure 3-2. The 

spontaneous alternation method was used and each test included two trials, i.e., exploration 

and alternation. First, the test mouse was placed on the starting point opposite to the two 

goal arms and allowed to select the left or right arm. Once the mouse walked to one goal 

arm, a guillotine door was closed to restrict its movement for 30 seconds. In the second 

trial, the mouse was placed at the starting point and allowed to re-select a particular goal 

arm. Different goal arm selection of between two trials was recorded as a “correct choice.” 

Conversely, the same goal arm selection was recorded as a “wrong choice.” A complete 

test was performed six times, twice a day over three consecutive days.  

 



 

 

 

 

 

 

50 

 

 

Figure 3-2 The design of the T-maze. The maze was constructed of a transparent plastic 

sheet and the outer surface was covered by a sheet of paper to restrict light. A central 

partition was used in the exploration run to provide visual clues.    

Statistical analysis.  Results are presented as the mean ± SEM. Unpaired two-tailed 

Student’s t-tests were used to compare difference between groups. P<0.05 was considered 

as statistically significant.  
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3.3 RESULTS 

SEL1L NKO mice exhibit severe growth retardation from postnatal week 3 

The synapsin Cre recombinase was expressed in neural cells after embryonic day 12.5 

(Rempe et al., 2006). To assess possible embryonic lethality, we recorded the litter size of 

each genotype in five litters. NKO offspring observed at expected frequency (expected and 

actual ratio: 25% versus 21.21%) and the average litter size was normal (9.4 offspring per 

litter). We did not observe significant physiological disorders in in newborn NKO offspring.   

 

The body mass of NKO and WT mice was monitored weekly and the sex ratio of each 

group remained around 1 to 1. After postnatal week 2, the NKO mice exhibited severe 

growth retardation (Figure 3-3). From week 3 to week 8, the increase in body weight was 

211.16% in WT, but only 152.09% in NKO mice (P<0.01). The average NKO body weight 

in week 8 was significantly lower than the WT body weight (WT: 21.54 g versus NKO: 

10.54 g; P<0.01).  
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Figure 3-3 Average body weight of WT and NKO groups. The figure shows the body 

weights of WT (n=13-24) and NKO (n=20-30) mice over 9 weeks. NKO mice showed a 

growth retardation after postnatal week 3 and a reduction in absolute body size.  

SEL1L deficiency results in premature death.  

NKO mice had a very short average life span (52.8 days, n=30) and the most long-

lived individuals only survived for 74 days. After postnatal week 3, the survival rate of the 

NKO group started to decrease (Figure 3-4) and mice exhibited mild functional 

neurological disorders, including tremors, impaired posture and balance motor ataxia, 

bradykinesia, and loss of neuromuscular strength. As the NKO mice grew, the symptoms 

become increasingly severe. We observed seizure-induced death in a few individuals and 

mortality occurred in all NKO mice by week 11. The log-rank test showed highly 

significant differences between the two groups (P<0.01).  
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Figure 3-4 Kaplan-Meier survival curve of WT and NKO. The Kaplan-Meier survival 

curves of NKO (n=29) and WT (n=28) mice are shown over 11 weeks. 

SEL1L deficiency induces abnormal limb clasping reflex in rodents 

Abnormal limb clasping reflex is a typical abnormality in the neuro-lesioned mouse 

model. Different brain-regional impairments and neuropathologies in the central nervous 

system induce this behavioral symptom (Lalonde and Strazielle, 2011). When diseased 

mice were picked up by the tail and slowly moved near to horizontal surface, they 

contracted their legs toward the body to form a bat-like position instead of the natural limb 

extension seen in WT mice (Figure 3-5). After the 3rd week of postnatal age, we started to 

observe this abnormal behavior in NKO mice. This neuro-pathological characteristic 

indicates neuro-lesion and pathology in NKO mice.                            
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Figure 3-5 Abnormal limb clasping reflex in NKO mice. Two 8-week-old 

representatives of WT and NKO mice showed different responses when lifted by the tails 

in an upside-down position. In contrast with WT mice, all NKO mice exhibited an 

abnormal limb-clasping response characterized by contraction of the legs toward the body 

instead of hind limb-extension. All NKO mice exhibited this reflex after postnatal week 3. 

 

SEL1L NKO mice display progressive motor dysfunction. 

To evaluate the neuromuscular strength of mice, we used a wire hanging test, which is 

an efficient and economical option. The mice were allowed to grip the wire with four limbs 

and the maximal hanging time was recorded. To assess the effect of the SEL1L deficiency 

over time. We performed this test at 4-, 6-, and 8 of postnatal age. The wire hanging latency 

of NKO mice was significantly lower than WT controls at all time points and significantly 

decreased over time (Figure 3-6).  

NKO WT 
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Figure 3-6 The latency of falls in wire hanging tests in WT and NKO mice. Results of 

wire-hanging tests, used to assess muscle strength and coordination by measuring the 

latency time of a wire-suspended subject until exhaustion (**, P<0.01; n=20).  

 

The balance beam test is a classic method for assessing rodent motor coordination and 

balance. The test uses the occurrence of foot slips and falls during travel as an indicator of 

motor function. We also performed this test in 3 different ages (4, 6, and 8 week of age) 

The NKO mice performance was significantly poorer than WT controls and significantly 

decreased (Figure 3-7).  
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Figure 3-7  The number of falls and footslips in balance beam tests in 4-, 6-, and 8-

week-old WT and NKO mice. Results of balance-beam tests, used to assess motor 

coordination, balance, and proprioception. A. Falls during balance-beam testing B. 

Footslips during balance-beam testing (**, P<0.01; n=19-20). 

 

Our final motor function analysis was a foot printing test, which uses step length as an 

indicator to evaluate rodent motor coordination. Because of the huge body size difference 

between WT and NKO mice, the step length of our test mice was divided by the step width 

to reduce the effect of body size (Figure 3-8 B). Similar to the previous two motor function 

tests, the NKO performance was significantly poorer than WT controls (P<0.01). 
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Figure 3-8 Foot print result. A. Representatives foot printing record of 6-week-old NKO 

and WT mice. B. The stride/width ratio of foot printing tests (**, P<0.01; n=19-20). 

Defective spatial memory in SEL1L NKO mice. 

 

A spontaneous alternation T-maze method was performed to assess the cognitive 

ability of the NKO mouse model. The experiment apparatus was a T-shape maze with two 

goal arms. The test mice were allowed to choose either the left or right arm in the first trial. 

In the second trial, a normal individual usually choose the unvisited goal arm. Accordingly, 

selection of a arm in the second trial was recorded as the correct choice. The percentage of 

NKO WT 
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correct choice in NKO mice was significantly lower than WT controls (P<0.01; Figure 3-

9 B). Moreover, the percentage of correct choice was 50%, suggesting the NKO mice 

randomly selected the goal arm by chance, instead of special memory.  

 

Figure 3-9 T-maze test. A. Correct choice of T-maze test B. Results of T-maze test (The 

different arm selection is recorded as correct choice; 10 mice each genotype; *, P<0.05; 

n=10). 

3.4 DISCUSSION  

Our laboratory was the first to develop the SEL1L neuro-specific knock-out mouse 

model using the Synapsin Cre-loxP system, which silences the expression of the SEL1L 

gene in the nervous system by embryonic day 12.5 (Rempe et al., 2006).  The newborn 

NKO mice did not display any observable phenotype and had no significant difference in 

body weight in the first two prenatal weeks. However, after postnatal week three, the NKO 

mice displayed a progressive behavioral and pathological phenotype that caused premature 
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death by postnatal week 10. The behavioral abnormalities included motor ataxia, loss of 

neuromuscular strength, and limb clasping reflection. These results identified the essential 

role of SEL1L in maintaining the functional integrity of the nervous system and survival 

in mice. Our finding is consistent with two mammalian genetic linkage studies, which 

suggest the implication of SEL1L deficiency in neurodegenerative disorders (Kyostila 

et al., 2012; Saltini et al., 2006). In the following paragraphs, we discuss the existing data 

of the SEL1L deficiency-induced neurological disorder. 

 

First, Saltini et al reported that an intronic mutation of SEL1L associated with an 

increased susceptibility of Alzheimer’s disease (AD), but performed no cellular or 

molecular investigation (Saltini et al., 2006). They proposed that intronic mutation might 

result in a change in genomic secondary structure, thus reducing the expression of SEL1L. 

The second study reported that a SEL1L mutation was associated with early onset 

cerebellar ataxia in Flinch Hound dog (Kyostila et al., 2012). This missense mutation was 

in a highly conserved protein motif. The mutated dogs developed motor ataxia and tremors 

by postnatal month 3, which is very similar to our findings in Sel1l-NKO mice. Increased 

loss of Purkinje cells, a major type of cerebellum neurons, and severe cerebellar atrophy 

were observed in dogs with this mutation. In addition, elevated expression of ER stress 

responsive genes was detected. This report suggests that ER stress might be the linkage 

between SEL1L deficiency and neurological diseases.  

 

The activation of ER stress responsive genes is observed in most common 

neurodegenerative diseases, including AD (Hoozemans et al., 2005), Parkinson’s disease 
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(Hoozemans et al., 2007),  Frontotemporal lobar degeneration (FTLD) (Hoozemans et al., 

2009), and amyotrophic lateral sclerosis (Kanekura et al., 2009). The precise role of ER 

stress in neuropathology remains unclear. One report reveals that ER stress could be 

induced by tau accumulation, a key pathological feature of AD, and acts as an accomplice 

to facilitate the progression of neurological disorders (Abisambra et al., 2013). The 

Flinch Hound SEL1L study, nevertheless, suggests that SEL1L deficiency induce ER stress, 

which in turn results in neurological disorders.  

 

The behavior abnormalities of our NKO mice provide the in vivo evidence to support 

SEL1L as a causative gene of neurological diseases. However, the mechanisms linking    

SELL deficiency and neurological diseases are still missing. The NKO mic offers a unique 

model to elucidate how SEL1L deficiency leads to neurological disorders. 
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CHAPTER 4 CELLULAR DEFECTS IN SEL1L NKO MICE 

 

Wei-Hua Chang, Ph.D. 

Cornell University 2015 

 

ABSTRACT 

Suppressor enhancer lin-12 1-Like (SEL1L) is widely known to encode an 

endoplasmic reticulum (ER) membrane protein, and is highly expressed in CNS neurons. 

Our laboratory generated and characterized mice with a neuron-specific knockout of this 

gene (NKO) to investigate the potential association between neurodegeneration and 

dysfunction of SEL1L. The sel1l-NKO mice have very short lifespans and progressively 

develop motor dysfunction, which was manifested by abnormal limb clasping, impaired 

gross and fine motor coordination, and loss of body strength.  In addition, Sel1l-NKO mice 

exhibited broad deficits in spatial memory and learning in a T-maze analysis. However, the 

neural cellular characteristics of sel1l-NKO mice are still unknown. To understand the 

impact of SEl1L deficiency at a cellular level, we performed several important histological 

analyses of NKO mice tissue sections. Gogi-cox analysis revealed a perturbed dendritic 

network in the cerebral cortex. Primary SEL1L-deficient neurons of the cerebral cortex 

displayed impaired dendritic growth in cell culture. Furthermore, Fluoro-Jade C staining 

revealed an increased number of degenerating neurons in Sel1l-NKO mice. These 

histological results indicate an unhealthy and malfunctioning nervous system in Sel1l-

NKO mice. 
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4.1 INTRODUCTION 

The major function of the nervous system is coordinating voluntary and involuntary 

activities of different parts of the bodies via neural signal transduction. Electrical and 

chemical signals are received and conveyed by the connection between neurons, which 

form a complex neuron network. Thus, the size, shape, activity and topology of neurons 

are crucial for neural signal transduction and functional integrity of the nervous system 

(Morimoto, 2012). Many neurodegenerative diseases share the same pathological 

characteristics, e.g., axonal and dendritic degeneration, loss of neurons and glucose 

hypometabolism, which eventually result in failure of neural signal transduction. Here, we 

review these three key pathological features and their detection methods(Braak and Braak, 

1991; Spillantini and Goedert, 2013).  

 

Cellular death can be categorized into two major types, i.e., necrosis and apoptosis 

(Edinger and Thompson, 2004). In the nervous system, the necrotic cell death results from 

acute insults, such as traumatic injury, neurotoxins, or acute ischemia. This causes 

unregulated digestion of cellular components and induces apoptosis of surrounding 

neurons via let7 microRNA (Wang et al., 2011). Unlike necrosis, apoptosis is a 

programmed cell death, which can be induced by acute and chronic neurodegenerative 

diseases. Fragmented chromatin is a cellular hallmark of apoptotic death and can be 

detected by TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay can detect this 

hallmark as an indicator of apoptosis in histology. However, there is no highly sensitive 

and eas method to detect necrosis (Krysko et al., 2008). Thus, to overcome this technical 

difficulty, we used Fluoro-Jade C staining, which is a simple and sensitive way to detect 
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neurodegeneration. The staining labels degenerating neurons in tissue sections with high 

specificity.   

 

Glucose hypometabolism is another key feature of neurodegenerative diseases. It 

affects energy supply and causes other pathological characteristics, including tau pathology 

(Cunnane et al., 2011). This biochemical hallmark of reduced glucose metabolism is a 

clinical indicator of Alzheimer’s disease and is also observed in other neurodegenerative 

diseases patients, including Huntington disease (Martin et al., 1992), amyotrophic lateral 

sclerosis (Dalakas et al., 1987), and Parkinson’s disease (Eberling et al., 1994). The most 

efficient way to detect brain glucose metabolism is positron emission tomography (PET), 

but this technique was not accessible. Thus, we used an alternative method, i.e., 

dihydroethidium (DHE) staining. This method analyzes the production of ROS, an 

essential byproduct of ATP production, to reflect energy metabolism in brain tissue 

sections.   

  

Axonal and dendritic degeneration is a typical pathological characteristic of many 

neurodegenerative diseases. It results in dystrophic neuron networks and affects neural 

signal transduction. The classic method to visualize neuron networks is Golgi-cox staining, 

a silver staining technique that randomly labels neural connections and neurons (Das et al., 

2013). This method was used to detect the neuronal structure of NKO mice. In addition, 

we used primary culture neural cells from the NKO cerebral cortex to assess neurite 

outgrowth.  
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In summary, three typical pathological characteristics (axonal and dendritic 

degeneration, loss of neurons and glucose hypometabolism) of NKO mice were analyzed 

by different methods. We intend to understand the missing link between SEL1L deficiency 

and neurological disorders. 

 

4.2 EXPERIMENTAL PROCEDURE 

Generation of SEL1Lflox/flox, Synapsin mice. The SEL1Lflox/+ embryonic stem (ES) 

cells, which were flanked by two loxP sites on exon 6, with the C57BL/6N background 

were purchased from the UC Davis KOMP repository (ID CSD44577, 

http://www.knockoutmouse.org/martsearch/project/44577). The SEL1Lflox/+ mice were 

generated and bred with βActin-FLPe mice to delete the lacZ-neo cassette and backcrossed 

to generates SEL1Lflox/flox homozygotes. To create the neuron conditional knock-out animal, 

the SEL1Lflox/flox homozygotes were generated by backcrossing SEL1Lflox/+ mice and 

breeding with the Synapsin Cre stain (Jax Lab Strain Name: B6.Cg-Tg(Syn1-cre)671Jxm/J 

http://jaxmice.jax.org/strain/003966.html) for generating SEL1Lflox/+, SYN mice. The mice 

were backcrossed with SEL1Lflox/flox to generate SEL1Lflox/flox; SYN (SEL1Lflox/flox; SYN 

referred to as NKO hereafter) mice and littermate controls (SEL1Lflox/flox and SEL1Lflox/+, 

referred to as WT hereafter) were used in the experiments. All experimental mice were fed 

a normal diet that consisted of 13% fat, 67% carbohydrate and 20% protein (2014 Teklad 

Global 14% Protein Rodent Maintenance Diet). All experimental procedures were 

performed in accordance with the Cornell Animal Care and Use Guidelines. 

 

http://www.knockoutmouse.org/martsearch/project/44577
http://jaxmice.jax.org/strain/003966.html
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Fluoro-jade C staining. WT and NKO mice were euthanized 9 weeks of age (three 

mice each genotype). The brains were fixed with 4% paraformaldehyde and then embedded 

by optimal cutting temperature compound (OCT). Frozen coronal sections were cut to 

a thickness of 10 µm using a cryostat-microtome at -17℃. The sections were incubated in 

0.06% potassium permanganate solution for 10 min and then transferred to a 0.0001% 

solution of fluoro-jade C dissolved in 0.1% acetic acid for 10 min. The sections were rinsed 

in water twice for 3 min, and then the slides were counterstained with 0.001% 4',6-

diamidino-2-phenylindole (DAPI) and covered by aqua-mount mounting media  (Thermo 

scientific, Waltham, USA). The images were captured by a fluorescent microscope at 

excitation and emission wavelengths of 495 and 521 nm, respectively. 

 

Dihydroethidium (DHE) staining. To assess superoxide production, DHE saline 

solution (27 mg per kg) was injected into the 4 week old WT and NKO mice by 

intraperitoneal injection (three mice each genotype). After 18 hours, the mice were 

euthanized by carbon dioxide treatment, and the brains were fixed with 4% 

paraformaldehyde and embedded by OCT. Frozen coronal sections were cut to a thickness 

of 10µm thickness using a cryostat microtome at -17℃. The images were immediately 

captured with a fluorescent microscope at excitation and emission wavelengths of 520 and 

610 nm, respectively. The superoxide production of each cell was detected from the 

fluorescent intensity of the captured images by Zeiss software. The fluorescent intensity of 

cells was used as an index of superoxide production.  

   

Golgi-cox staining. Golgi-cox staining was performed at 9 weeks of age using a Hito 

Golgi-cox optimstain kit (Hitobiotec Inc., USA). The unfixed brains were embedded in 
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the Hito impregnation solution for two weeks at room temperature and then embedded by 

OCT. Frozen coronal sections were cut to a thickness of 80 um using a cryostat microtome 

at -19℃ and placed onto gelatin-coated slides. The slides were immersed in Hito staining 

solution 5 for 10 min and covered by DPX mounting solution. The images were captured 

with an optical microscope. 

 

Primary neuronal cell culture. Mouse cerebrum tissues were isolated from postnatal 

day 0 mice and sectioned into approximately 400-mm thick slices. The slice was immersed 

in cold dissection buffer (PBS solution contains glucose 33.3 mM and sucrose 43.8 mM) 

and the cortex was gently dissected into 1-mm pieces. The cortex pieces were treated for 

25 min at 37 ℃ with 500 ul digestion enzyme solution (30 unit Papain, 7 mM NaOH, 5 

mM APV and 0.6 mg L-cysteine in 500ml dissection buffer). After digestion, tissue were 

rinsed with the dissection buffer three times and the tissue was transferred to 5-ml cell 

culture medium (Neurobasal I with 2% B27 supplement; Life Technologies, USA). The 

pieces were triturated by gently passing through a P1000 pipette for neural cell release. The 

cell suspensions were transferred into 15-ml conical tubes and the cortex debris was 

allowed to settle for 1 min. The supernatant was collected, the cell density was determined 

and the supernatant was placed in a 6-well cell culture dish and covered with a poly-D-

Lysine coated glass slide. The cell culture medium was replaced every 2 days.   

 

Immunostain of cultured neurons. The cultured neurons were immunostained by 

DAPI (nucleus), Microtubule-associated protein 2 (MAP2) antibody and fluorescent-

conjugated phalloidin (actin filaments) for neural cytoskeleton observation. First, the cells 
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were cultured on glass coverslips and fixed with 4% paraformaldefyde solution (4% 

paraformaldefyde plus 4% sucrose in PBS) for 20 min. The fixed cell were permeabilized 

by Triton buffer (0.20% Triton X-100 in 0.1 M PBS) for 10 min and blocked by 10% 

donkey serum and BSA solution for half an hour. Then, the cells were treated with anti-

MAP2 antibody (1:500; Abcam, USA) and fluorescent-conjugated phalloidin (1:500; 

Sigma, USA) at 4℃ overnight. The following day, cells were stained by fluorescent-

conjugated secondary antibody (1:1000 Life Technologies, USA) and DAPI (1:10000; Life 

Technologies, USA).    

 

Statistical analysis.  Results are presented as the mean ± SEM. Unpaired two-tailed 

Student’s t-tests were used to compare difference between groups. The level of statistical 

significance was set at P<0.05.  

 

4.3 RESULTS 

Elevated fluoro-jade C positive cells were observed in NKO brain sections. 

 

Fluoro-jade C stain, a fluorochrome derived from fluorescein, was used to label 

degenerating neurons in tissue sections of the central nervous system. Three 8-week-old 

individuals from each group (WT and NKO), were randomly selected for fluoro-jade C 

staining. We observed significantly increased fluoro-jade positive neurons in the cerebral 

cortex region of NKO mice (Three brains sections from three separate mice; P<0.01; 
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Figure 4-1 A and B). This result indicates that neuro-SEL1L deficiency induced severe 

neurodegeneration in the cerebral cortex region. 

 

Figure 4-1 Fluoro-jade C stain analysis. A. Representative fluoro-jade C images of the 

WT and NKO mice. Elevated stain-positive cells were observed in the cerebral cortex 

region of NKO mice. B. Fluoro-jade C positive cell ratio. 100 cells were randomly 

selected from each brain tissue section. Each bar graph represents the mean +/-se of Jade 

C positive cells (** P<0.01) 

Reduced production of Reactive oxygen species (ROS) in NKO brain sections. 

 

Lower brain metabolism is an indicator of many neurodegenerative diseases, including 

Alzheimer’s disease. To assess the metabolic condition of NKO mice, dihydroethidium 

(DHE) staining assays were performed in triplicate to reflect and compare the yield of ROS, 
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an essential byproduct of ATP production, between the two groups. Quantitation of 

ethidium fluorescence in 4-week-old brain sections indicated significantly lower ROS 

production in NKO mice (Three brains sections from three separate mice; P<0.01), which 

reflects low cellar metabolism and unhealthy condition of neurons (Figure 4-3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Dihydroethidium (DHE) staining. A. Representative images of 

Dihydroethidium (DHE) staining in cerebral cortex of WT and NKO brains. B.  

Quantitation of ethidium fluorescence in WT and NKO brain sections in the DHE assay. 

The level of fluorescence intensity of DHE staining was quantified by Zeiss AxioVision 

software. There was a decrease in the fluorescence intensity of DHE staining in NKO mice. 
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Figure 4-3 Quantitation of ethidium fluorescence in the DHE assay in WT and NKO 

brains. DHE staining assays were performed in triplicate (Three brains sections from three 

separate mice) and compare the production of ROS between the two groups. The five 

highest peaks of fluorescence intensity in each image were recorded.  

 

Absence of neuro-SEL1L affects development of process arborization and 

dendritic connections and results in defective neuronal structure. 

 

Neuronal structure, especially axonal and dendritic connections between neurons, is 

important in conducting action potential and signal transduction. Loss of connections 

severely affects neuronal function and is a typical pathological characteristic of most 

neurodegenerative diseases. To analyze the neuronal structure of NKO mice, we used 
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Golgi-cox staining, a silver staining method to visualize neuronal architecture in tissue 

sections. The NKO brains displayed diminished neural connections and structural 

abnormality (Figure 4-4), which indicates defective signal transduction and functional 

disorder of the NKO nervous system. 

 

Figure 4-4 Golgi-Cox staining showing neuronal morphology of brain tissue sections. 

Representative Golgi-Cox images of cerebral cortex in 8 week old WT and NKO mice.  

 

Reduced axon-dendrite connections and structural abnormity were observed in NKO 

mice. To further confirm and investigate this disorder, we used primary neural cell cultures 

to visualize dendritic outgrowths in the absence of SEL1L. SEL1L-deficient cortical 

neurons, isolated from NKO mice, were not significantly different from WT neurons in the 

culture on either day 1 or day 8 (Figure 4-5). After 14 days in culture, the cortical neurons 

of the NKO mice showed drastically reduced synaptic connections and a vastly 

underdeveloped neuron network compared with cortical neural populations in the WT mice. 

Moreover, we observed numerous dead floating cells in the NKO group, which indicates 
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that long-term SEL1L dysfunction affects the survival of cells under culture conditions. 

This in vitro observation is generally consistent with the in vivo Golgi-cox result and 

provides more information of dendritic outgrowth in the absence of SEL1L. In the early 

culture stage, the SEL1L-deficient neurons exhibited normal development of complex 

neuronal architecture. Sustained SEL1L deficiency, nevertheless, remarkably affects the 

formation of the neural network and cellular fate.  

 

 

Figure 4-5 Immunostaining images of WT and NKO primary neurons stained with 

anti-MAP2 (Green), phalloidin (Red), and DAPI (Blue). The primary neurons of 

different time points after cultural day were collected and immunostain with anti- 

Microtubule-associated protein 2 (MAP2) antibody (microtubule filament), phalloidin 

(actin filament), and DAPI (nucleus) for visualizing the neural cytoskeleton. 
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4.4 DISCUSSION 

The next big challenge is to determine the molecular mechanism behind this 

neurological disorder. In the following section we discuss several lines of evidence the 

might support the potential mechanistic routes of SEL1L deficiency-induced neurological 

disorder. First, SEL1L is highly expressed during the embryonic stage, especially in 

pluripotent embryonic stem cells and multipotent neural stem cells(Biunno et al., 2006). 

SEL1, the yeast orthologous gene of SEL1L, is a negative regulator of the Notch signaling 

pathway, which plays a crucial modulatory route of neural stem cell differentiation. 

However, the role of mammalian SEL1L in cell fate determination is largely unknown, 

with very few published studies. One of these studies shows that SEL1L-deficient neural 

stem cells lose their self-renewing ability and express very low neural progenitor markers 

PAX-6 and OLIG-2 (Cardano et al., 2011). All these data suggest an important role of 

SELlL in the developing nervous system. However, our SEL1L-deficient model still 

developed a functional nervous system and showed no observable phenotype within the 

first two postnatal weeks. A possible explanation for this contradiction might be the model 

limitation. The Synapsin CRE promoter, which drives the SEL1L deficiency in our mouse 

model, was activated at embryonic day 12.5, i.e., the knock-out effect started at this time, 

after which several important neural developmental events had already occurred. Moreover, 

the previous studies supported the importance of SEL1L, but did not find any clues with 

respect to its function. The characteristics of SEL1L in neural development cannot be fully 

explored by our NKO mouse model, but it still improves our understanding. Our NKO 
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mouse model suggests that SEL1L is not essential in the late stages of embryonic neural 

development. 

 

Second, SEL1L plays a completely different role as a key component of the ER-

associated complex. The ERAD complex facilitates misfolded protein translocation from 

the ER to the cytosol for ubiquitin-proteome degradation. Since protein aggregation is a 

hallmark of many neurodegenerative diseases, recent studies have focused mainly on the 

role of SEL1L in misfolded protein degradation. The precise function of SEL1L in 

mammalian-ERAD is not fully understood. Recent in vivo data show SEL1L is essential to  

ERAD integrity and that SEL1L dysfunction results in ER-stress (Iida et al., 2011; Sun et 

al., 2014). ER stress is a pathological characteristic of many neurodegenerative diseases 

and is involved in many disease-relevant processes, including programed cell death, 

inflammation, global translation attenuation, and tau pathology. Based on existing 

evidence, it is reasonable to postulate that neurological disorder in our NKO mice result 

from ER stress or an ER-stress related effect.  

To summarize, the phenotypic study of our NKO mouse model confirmed that SEL1L 

absence caused neurodegenerative disease. It reveals effects of SEL1L dysfunction in the 

nervous system, which induces severe neurological disorders and premature death in mice. 

The molecular mechanism might be related to an ER stress-induced effect, but further 

examination is necessary. If ER stress is the main contributor, elevated expression of ER 

stress markers should be detected by western blot. Therefore, in the next chapter we 

investigate and focus on effects of SEL1L of absence on ER stress markers. 
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CHAPTER 5 MOLECULAR DEFECTS IN SEL1L NKO MICE 

 

Wei-Hua Chang, Ph.D. 

Cornell University 2015 

 

ABSTRACT 

Suppressor enhancer lin-12 1-Like (SEL1L) is an essential component of the 

endoplasmic reticulum-associated degradation (ERAD) complex, which functions in 

clearance of ER-misfolded proteins. The neuron-specific knockout mice of this gene (NKO) 

exhibit severe neurological disorders including motor ataxia, impairment of memory 

formation and premature death. At a cellular level, the SEL1L-deficient neurons show a 

defective neural network, reduced energy metabolism, and elevated levels of degeneration. 

The molecular mechanism behind this neurological disorder is unclear. Therefore, we 

investigated the protein expression pattern of NKO brains to understand the mechanistic 

alternations in the absence of SEL1L. The results show that SEL1L deficiency induced 

disruption of ER homeostasis and activated the unfolded protein response (UPR), an 

adaptive response in misfolded protein aggregation. Unexpectedly, we found elevated 

levels of phosphorylated microtubule tau protein (p-tau), a pathological characteristic of 

many neurodegenerative diseases. Our data suggest that a downstream gene of UPR, c-Jun 

N-terminal kinase (JNK), might be the major tau kinase that induces tau phosphorylation 

in NKO mice. To further investigate the role of UPR in this neurological disorder, an 

inhibitor of the eIF2alpha kinase (PERK) branch of the UPR was administrated to NKO 
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mice, which slightly improved the motor function performance. Collectively, our data 

suggest that dysfunction of SEL1L, through sustained UPR and tau pathology, induces 

neurological disorders. 

5.1 INTRODUCTION 

Suppressor enhancer lin-12 1-Like (SEL1L) is widely known to encode an 

endoplasmic reticulum (ER) membrane protein, and is expressed in neurons(Cardano et al., 

2011). Recent data indicate that SEL1L is essential for ER-associated degradation complex 

(ERAD), which translocates misfolded proteins from the ER to the cytosol to maintain ER 

homeostasis(Francisco et al., 2010; Iida et al., 2011; Sun et al., 2014). The disruption of 

ER, or so-called ER stress, is a pathological characteristic implicated in many 

neurodegenerative diseases. The dysfunction or dysregulation of SEL1L, due to aging or 

mutation, might be involved in human neuropathogenesis. Genomic linkage studies 

identified genetic mutations of the SEL1L gene, resulting in cerebrum ataxia in the dog 

and increased susceptibility to Alzheimer disease in human(Kyostila et al., 2012; Saltini et 

al., 2006). Further investigation of the functional importance of SEL1L in the nervous 

system is necessary to improve our understanding of the genetic basis of neurodegenerative 

disorders.  

 

To investigate the role of SEL1L in the nervous system, we generated and 

characterized mice with a neuron-specific knockout of this gene (NKO).  NKO mice  have  

an average  lifespan  of  8-10  weeks  and  show  significant  growth retardation.  These 

mice  progressively  developed  motor  dysfunction, manifested  by  abnormal  limb  
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clasping,  impaired  gross  and  fine motor  coordination,  and  loss of  body  strength.  In 

addition, Sel1l-NKO mice exhibited broad deficits in spatial memory and learning. 

Immunohistological analysis revealed a perturbed dendritic network in the cerebral cortex. 

Cultured SEL1L-deficient primary neurons of the cerebral cortex displayed impaired 

dendritic growth. These results indicate that SEL1L deficiency induces severe neurological 

disorders at cellular and whole animal level. 

 

The next challenge is to determine the molecular mechanisms accounting for effects 

of this SEL1L deficiency. The existing evidence indicates that the unfolded protein 

response (UPR) might be the link between the neural phenotype and SEL1L. In the absence 

of SEL1L, the integrity and function of ERAD would be impeded, leading to UPR 

activation to attenuate translation and enhance protein folding (Biunno et al., 2006; 

Cardano et al., 2011; Sun et al., 2014). This adaptive response helps to restore ER 

homeostasis in the short term, but leads to diminished cellular energy metabolism and cell 

death when UPR activation is sustained. Moreover, a recent study reported that UPR might 

result in the hyperphosphorylation of the microtubule tau protein (tau),  through the PERK-

GSK3β or IRE1α-JNK pathway (Ferreiro and Pereira, 2012a). Because 

hyperphosphrylated tau is a neuropathological hallmark, this could be a mechanism 

underlying SEL1L dysfunction caused neurological disorders. 

 

The relationship between UPR activation and tau pathology is very complicated. As 

mentioned in the last paragraph, UPR can induce tau pathology by activating the PERK-

GSK3β or IRE1α-JNK pathway. Current evidence, however, suggests multiple roles of 
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UPR in tau pathology. In other words, phosphorylated tau (p-tau) could be the cause instead 

of a result or late event. Accumulated p-tau can deleteriously bind to several ERAD 

components, including Hrd3 and VCP. This harmful association impedes the integrity and 

function of ERAD and subsequently causes UPR activation (Abisambra et al., 2013). As a 

result, UPR activates tau kinases to facilitate the accumulation of tau, which becomes a 

vicious cycle between these two neurotoxic events. 

 

As previously discussed, UPR activation is critically implicated in neuropathology. 

Alleviating this adaptive response and restoring ER homeostasis might be a potential 

therapeutic strategy for patients. Current studies report a few chemical compounds that can 

reduce UPR activation. The first drug candidate is sodium phenylbutyrate (4PBA), which 

is used to treat urea cycle disorder (Batshaw et al., 2001). Recent reports indicate that this 

drug can serve as a chemical chaperone to reduce ER stress and prevent apoptosis (Xiao et 

al., 2011; Yam et al., 2007). Thus, 4PBA was used to treat a transgenic model of 

amyotrophic lateral sclerosis, characterized by high UPR activation. The results indicate 

that this treatment significantly extended lifespan and showed a neuroprotective effect 

(Ryu et al., 2005). A second strategy could be silencing the activation of UPR-PERK 

signaling. This signaling pathway inactivates eukaryotic initiation factor 2 (eIF2) by 

phosphorylation. Thus, the UPR-PERK pathway alleviates ER loading by attenuating 

protein production to restore ER homeostasis. However, sustained translational 

suppression is implicated in synaptic failure and neuronal death (Moreno et al., 2012). 

Therefore, inhibition of PERK-mediated translational suppression is considered as a new 

therapeutic strategy. Oral administration of PERK inhibitor prevented neuropathological 
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symptoms in the prion-diseased mouse model (Moreno et al., 2013). Together, the 

suppression of continuous UPR activation could be a novel therapeutic target for patients 

with neurodegenerative diseases. Extensive research on PERK, or other proteins in this 

pathway, could aid in the development of drugs for UPR-implicated diseases.  

 

Based on these data, we predicate the following model of SEL1L deficiency activates 

UPR, resulting in the hyperphosphorylation of tau by the PERK-GSK3β and/or IRE1α-

JNK pathways (Figure 5-1). The accumulation of tau causes further UPR activation, 

resulting in a vicious cycle between tau pathology and UPR activation. These two 

neurotoxic events induce neurodegeneration, reduced neuro-metabolism, and a defective 

neuron network. To examine this model, we first analyzed the expression of three major 

UPR-regulators, i.e., PERK, IRE1α, and BiP, in NKO brains by western blot analysis. Tau 

phosphorylation in NKO brains was detected by Phospho-PHF-tau antibody. We also 

exanimated whether SEL1L deficiency increased two expression of the major tau kinases, 

i.e., CDK5, GSK3β, and JNK. Finally, we tested whether a PERK inhibitor or 4PBA could 

alleviates the neurological disorder of NKO mice.  
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Figure 5-1 Proposed model of UPR-induced neurological disorders. Based on current 

evidence, two potential pathways, i.e., PERK-GSK3β and IRE1α-JNK, might be 

implicated in UPR-induced tau phosphorylation. These pathways might be the major 

pathological causation of neurological disorders of our SEL1L-NKO mouse model. 

  

 

5.2 EXPERIMENTAL PROCEDURES 

Generation of SEL1Lflox/flox, Synapsin mice. The SEL1Lflox/+ embryonic stem (ES) 

cells, which were flanked by two loxP sites on exon 6, with the C57BL/6N background 

were purchased from the UC Davis KOMP repository (ID CSD44577, 
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http://www.knockoutmouse.org/martsearch/project/44577). The SEL1Lflox/+ mice were 

generated and bred with βActin-FLPe mice to delete the lacZ-neo cassette and backcrossed 

with SEL1Lflox/+ mice to generate SEL1Lflox/flox homozygotes. To create the neuron 

conditional knock-out animal, the SEL1Lflox/flox homozygotes were generated by 

backcrossing SEL1Lflox/+ mice and breeding with the Synapsin Cre stain (Jax Lab Strain 

Name: B6.Cg-Tg(Syn1-cre)671Jxm/J http://jaxmice.jax.org/strain/003966.html) for 

generating SEL1Lflox/+, SYN mice. The mice were backcrossed with SEL1Lflox/flox to 

generate SEL1Lflox/flox; SYN (SEL1Lflox/flox; SYN referred to as NKO hereafter) mice and 

littermate controls (SEL1Lflox/flox and SEL1Lflox/+, referred to as WT hereafter) were used 

in the experiments. All experimental mice were fed a normal diet that consisted of 13% fat, 

67% carbohydrate and 20% protein (2014 Teklad Global 14% Protein Rodent Maintenance 

Diet). All experimental procedures were performed in accordance with the Cornell Animal 

Care and Use Guidelines. 

 

 

Protein isolation. The WT and NKO mice were euthanized at 4 and 8 wk of postnatal 

age for brain tissue collection. Mouse brain tissue (~ 300 mg) was homogenized in RIPA 

(Radio-Immunoprecipitation Assay buffer; Sigma St. Louis, USA) buffer with freshly 

added protease and phosphatase inhibitors (Thermo scientific, Waltham, USA) by a bead-

based homogenizer. The mixture was centrifuged at 13,500 rpm for 20 min. The 

supernatant was collected and the protein concentration was determined by Pierce protein 

reagent assay BCA kit (Thermo scientific, Waltham, USA).    

 

http://www.knockoutmouse.org/martsearch/project/44577
http://jaxmice.jax.org/strain/003966.html
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Western blot. 50- 100 ug brain protein lysates were used for SDS-PAGE (sodium 

dodecyl sulfate polyacrylamide gel electrophoresis) in 100 voltage depending on 

antibody affinities to separate proteins from mixture. The proteins were transferred from 

the SDS-PAGE gel to PVDF (Polyvinylidene fluoride) membrane in 100 voltage at 4°C. 

The PVDF membrane was incubate for primary antibody at 4°C overnight. The following 

antibodies and conditions were used in this study: PERK (Goat, 1:500, Cell signaling, 

Danvers, USA), Bip (Mouse, 1:1000, Cell signaling, Danvers, USA), IRE1α (Rabbit, 

1:1000, Cell signaling, Danvers, USA), P-tau AT8 (Mouse, 1:1000, Thermo scientific, 

Waltham, USA), total-tau (Mouse, 1:1000, Cell signaling, Danvers, USA), EIF2 (Rabbit, 

1:1000, Cell signaling, Danvers, USA), P-EIF2 (Rabbit, 1:1000, Santa Cruz Biotechnology, 

Dallas, USA), GSK3β (Rabbit, 1:1000, Cell signaling, Danvers, USA), P-GSK3β 

Thr183/Tyr185 (Rabbit, 1:1000, Santa Cruz Biotechnology, Dallas, USA). P25/35 (Rabbit, 

1:1000 Cell signaling, Danvers, USA) and P-JNK (Mouse, 1:1000, Cell signaling, Danvers, 

USA). The following day, the membrane was incubated with HRP-conjugated secondary 

antibody solution for 1 hr at room temperature and staining by West Pico 

Chemiluminescent Substrate Kit (Thermo scientific, Waltham, USA). To quantify protein 

expression, the intensity of target bands in the gel were analyzed by Image J software and 

normalized to the loading control. 

 

4PBA rescue experiment. The 4PBA compound was purchased from Sigma. The 

treatment was administered to WT and NKO groups (ten mice each group) twice daily 

(1:00 AM and 9:00 PM) starting from postnatal week 3 until the death of test mice. The 
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daily drug dosage was 400 mg per kg, administered by intraperitoneal injection. The body 

weights were measured weekly.   

 

PERK inhibitor rescue experiment. PERK inhibitor (GSK2606414) was purchased 

from Medco Bioscience (Medco Bioscience Chapel Hill, USA). The daily drug dosage was 

50 mg per kg, administered by intraperitoneal injection to WT and NKO groups (seven 

mice each group). The treatment was administered twice daily (1:00 AM and 9:00 PM) for 

two weeks started from 4 wk of postnatal age. Balance beam and wire hanging tests were 

performed during before (4 wk of postnatal age) and the end of treatment. The body weights 

were measured weekly.   

Statistical analysis.  Results are presented as the mean ± SEM. Unpaired two-tailed 

Student’s t-tests were used to compare difference between groups. The level of statistical 

significance was set at P<0.05.  

 

 

5.3 RESULTS 

SEL1L deficiency induces elevated activation of unfolded protein response. 

Several reports indicate the critical role of SEL1L in the ERAD complex(Francisco et 

al., 2010; Iida et al., 2011; Sun et al., 2014). In our SEL1L-NKO mice, the disruption of 

ER homeostasis and activation of UPR should theoretically be observed. To test this 

hypothesis, we examined the protein expression of three main UPR regulators, i.e., PERK, 

BiP and IRE1α, as an indication of ER homeostasis (Figure 5-2). Four-week-old NKO 
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brain tissue was collected when the mice were still active and only showed minor 

behavioral abnormality. The brain tissue results showed that all these regulators were 

expressed in the NKO. The results indicated that the three UPR regulators showed 

significantly elevated expression at significant level in the NKO than WT mice. This 

indicates that SEL1L deficiency results in disruption of ER homeostasis and UPR 

activation.  

 

Figure 5-2 Western blot analysis of major UPR regulators in brain tissue at postnatal 

week 4. A. Activation of three major UPR regulators, i.e., PERK, BiP and IRE1α, in NKO 

brain tissue at postnatal week 4. B, C, D. Quantitation of western blot shown on the right, 

Data are the mean ± SEM. (**P < 0.01; n=3). 
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Accumulation of phosphorylated tau results from SEL1L absence. 

Recent evidence shows that UPR activation, through the PERK-GSK3β or IRE1α-JNK 

pathway, enhances the phosphorylation of tau protein, and causes a neurotoxic effect 

(Ferreiro and Pereira, 2012b; Urano et al., 2000). In our NKO mice, activation of PERK 

and IRE1α were observed, which might induce tau pathology to cause behavioral 

abnormalities. Thus, we collected early and late stages (4 week and 8 week, respectively) 

mouse brain to analyze p-tau levels. At both times, NKO mice had higher p-tau expression 

than WT mice (Figure 5-3) (P < 0.01). Moreover, the p-tau level in NKO mice increased 

between 4 wk and 8 wk (P < 0.05). 

 

Figure 5-3 Western blot analysis of p-tau (AT8) in brain tissue at postnatal week 4 

and 8. A. Elevated production of p-tau (AT8) in NKO brains at postnatal week 4 and 8. B. 

Quantitation of western blot, shown on the right, which was corrected by total tau as a 

loading control. Data are the mean ± SEM. (**P < 0.01; n=3). 
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SEL1L deficiency might facilitate the production of p-tau through the IRE1α-JNK 

pathway.  

Next, we measured the expression of kinases previously shown to phosphorylate tau 

including GSK3β, CDK5 (detected by its activator P25), JNK and P38(Lovestone et al., 

1996; Ploia et al., 2011; Spillantini and Goedert, 2013; Takashima et al., 1996a). Among 

those, only pJNK level was increase in NKO relative to WT brains (Figure 5-4). Since 

increased IRE1α (a JNK upstream activator) expression was detected, this result suggests 

that SEL1L deficiency might facilitate the production of p-tau through the IRE1α-JNK 

pathway.  

 

Figure 5-4 Western blot analysis of known tau kinases in brain tissue at postnatal 

week 4.  A. Activation of JNK kinase in 4-week-old NKO brains. B. Quantitation of 

western blot, shown on the right, which was corrected using SOD2 as a loading control. 

Data are the mean ± SEM. (*P < 0.05; n=3). 
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Activation of the PERK-eIF2 pathway suggests that SEL1L deficiency induces 

translational suppression.  

As previously discussed, UPR-PERK translational attenuation has a double effect. 

Transient suppression of translation could help to restore ER homeostasis, but sustained 

inhibition can result in neurodegeneration(Moreno et al., 2012). Thus, we hypothesized 

that long-term translational suppression might play a role in the neurological disorder see 

in the NKO mice. To test this, the expression of PERK and p-eIF2 (activated form) were 

analyzed by western blot. In 4-week-old NKO brains, PERK and p-eIF2 expression was 

significantly increased (Figure 5-5). This suggests that SEL1L deficiency might result in 

translational suppression through the PERK-eIF2 pathway.  

 

Figure 5-5 Western blot analysis of the PERK-eIF2 pathway in brain tissue at 

postnatal week 4. A. Activation of the PERK-eIF2 pathway in 4-week-old NKO brains. 

B. Quantitation of western blot, shown on the right, which was corrected using total eIF2 

as a loading control. Data are the mean ± SEM. (*P < 0.05; n=3). 
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The life span of our NKO mice is not extended by 4PBA treatment. 

The chemical chaperone, 4PBA, alleviates ER stress and increase the lifespan of 

amyotrophic lateral sclerosis mice (Ryu et al., 2005). If ER stress is the main contributor 

to SEL1L-induced neurological disorder, 4PBA treatment might increase the life span of 

NKO mice. We administered 4PBA to NKO mice by intraperitoneal injection from 

postnatal week 3. The results show that 4PBA treatment did not extend life span of NKO 

mice (4PBA: 54.9±5.02 days versus saline: 52.3 ±7.24 days; n=10). 

 

PERK inhibitor treatment does not improve the motor function of NKO mice 

Based on our data, PERK activation may implicate to the neurodegeneration of NKO 

mice. A recent report indicated that PERK inhibitor treatment has a neuroprotective effect 

in the prion diseased mouse model (Moreno et al., 2013), which also has high UPR 

activation. To further investigate the role of PERK in this neurological disorder, we treated 

our NKO mice with the PERK inhibitor (GSK2606414) from postnatal week 4 to 6(n=7) 

and compared motor function performances (Wire hanging and balance beam tests) 

between PERK inhibitor treated and untreated NKO mice. The results shows that the PERK 

inhibitor treatment does not significantly improve the motor function performance neither 

in wire hanging nor in balance beam test.  
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Figure 5-6 PERK inhibitor treatment does not improve motor function of NKO mice. 

A. The number of footslips in the balance beam test was recorded in the two groups in the 

pre- and post-treatment stages.  B. The wire hanging performance ratio of the pre- and post-

treatment stages is shown for the two groups. (n=7). 

 

5.4 DISCUSSION 

Our findings in the NKO mice shows that SEL1L is essential in mammalian ERAD 

integrity and the maintenance of ER homeostasis, these results are consistent with a recent 

study on the SEL1L-macrophage-knockout mouse model (MKO) (Sun et al., 2014). UPR 

activation, including PERK and p-eIF2 expression, was observed in both NKO and MKO 

mice. Moreover, we also observed increased expression of two additional regulators of 
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UPR, i.e., IRE1α and BiP. Our finding further demonstrates the crucial role of SEL1L in 

mammalian ERAD. 

  

The NKO mice can only survive 7 to 10 weeks and show a very severe growth 

retardation. The MKO mice, however, grew normally in the first four months. Mice 

with SEL1L deletion in either liver or β cells also have normal life cycles (unpublished). 

Why does neural SEL1L deletion cause this very severe phenotype? First, neural cells are 

vital and play multiple roles in maintaining body functions. Neural deletion of crucial genes 

can cause severe effects. Second, most neurons are irreplaceable. Adult neurogenesis only 

occurs in a limited area of mammalian brains (Ming and Song, 2011). Thus, affected 

neurons cannot be replaced to maintain normal functioning of the nervous system. Third, 

tau pathology is involved in this neurological disorder. Tau protein is predominantly 

expressed in the central nervous system. In our data, NKO mice progressively accumulated 

p-tau, which can induce activation of UPR (Abisambra et al., 2013). The tau accumulation 

and SEL1L deficiency-induced UPR activation becomes a vicious cycle, which leads to 

further disruption of ER homeostasis and induces strong neurotoxicity. These unique 

phenotype of neurons explain why SEL1L deficiency causes very severe abnormality in 

NKO mice. The physiological role of SEL1L in other non-neuron cells, including 

astrocytes, oligodendrocytes and ependymal cells, remains unknown. Further investigation 

is necessary to unveil the intriguing role of SEL1L in the nervous system.      

 

The PERK inhibitor (GSK2606414), shows a strikingly protective effect against 

preventing neurodegeneration in Prion diseased models (Moreno et al., 2013). Another 
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UPR targeting drug, 4PBA, functions as a chemical chaperone to alleviate ER stress and 

also has a significant protective effect in many models of neurological disease (Kaneko, 

2012; Mimori et al., 2012; Ryu et al., 2005; Yam et al., 2007). These studies indicate the 

crucial role of ER stress in neurodegenerative diseases and the potential value of UPR as a 

drug target. Our data unambiguously show that UPR is activated in NKO mice. However, 

neither PERK inhibitor nor 4PBA exhibit neuroprotective effects in our NKO model. There 

are two possible explanations. First, the drug treatment began after postnatal week 3 (4PBA: 

postnatal week 3 and PERK inhibitor: postnatal week 4), but the SEL1L knock-out effect 

likely starts by embryonic day 12.5. The delayed treatment might not be able to rescue this 

severe phenotype. Second, p-tau accumulation is already obvious by 4wk of age.  This 

suggests that tau pathology is also involved in this neurological disorder prior to the 

initiation of treatment.  To rescue this severe phenotypic disorder of our NKO mice, a 

multiple-drug cocktail treatment might be necessary. 

 

Our study of the NKO mice reveals two important contributors to the neurotoxicity induced 

by SEL1L absence, tau pathology and UPR activation. In addition, this study provides 

substantial linkage to explain cellular and behavioral abnormalities of NKO mice. First, 

the accumulation of p-tau disrupts microtubule structure. This could explain the defective 

neuronal network observed in NKO brain tissue sections. Second, sustained UPR activation 

can result in programed cell death, which explains the increased number of degenerating 

neurons in the NKO cerebral cortex region. Third, reduced energy metabolism of NKO 

brains might result from UPR-translational suppression. In summary, we have revealed 
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that SEL1L deficiency, through tau pathology and UPR activation, induces neurotoxicity 

and cellular and behavioral abnormalities in NKO mice. 
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CHAPTER 6 CONCLUSIONS, MOLECULAR MODEL AND 

SIGNIFICANCE OF THE STUDY  

 

Wei-Hua Chang, Ph.D. 

Cornell University 2015 

 

The broad goal of our research is to understand the physiological role of SEL1L in the 

nervous system. In chapter 3, we characterized the neuro-SEL1L deficient phenotype, 

including motor ataxia, memory impairment, and premature death. These behavioral and 

functional defects are associated with a defective neuronal network, reduced metabolic 

condition, and neurodegeneration in SEL1L deficient neurons. In chapter five, we found 

that tau pathology and the unfolded protein response (UPR) are two molecular outcomes 

of SEL1L deficiency. Thus, based on our findings and existing evidence, we proposed a 

working model and two major molecular routes to explain the SEL1L deficiency-induced 

neurotoxicity. 

 

Sustained UPR activation→ C-Jun N-terminal kinases (JNK) activation →Tau 

pathology.  

Our data show that UPR activation, through the IRE1α-JNK pathway, induces 

hyperphosphorylation of microtubule-associated protein tau (tau), an important 

microtubule stabilizer.  This results in unstable microtubules and protein aggradation.   
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 Tau pathology →Enhanced UPR activation →Vicious cycle 

The accumulated phosphorylated-tau can bind to several ERAD components, including 

Hrd3 and VCP (Abisambra et al., 2013). This causes UPR activation and results in a vicious 

cycle between tau pathology and UPR activation. 

 

Figure 6-1 Working model of SEL1L deficiency-induced neurotoxicity. Based on 

current evidence and our findings, two major molecular routes might be implicated in 

SEL1L deficiency-induced neurotoxicity.  

In summary, our study disovered three significant findings. First, we presented the 

multiple roles of UPR activation in neuropathology. Previous studies showed the role of 

UPR activation in many neurodegenerative diseases (Hoozemans et al., 2005, 2007, 2009), 
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but the precise role of UPR is largely unclear. UPR can act as an accomplice, by inducing 

cell death and translational suppression, to deteriorate the neuropathological process 

(Abisambra et al., 2013; Moreno et al., 2013). Our study, however, revealed that UPR 

activation can be the cause of neurodegeneration and neurological disorders. This indicates 

the importance of ER homeostasis in preventing the pathological condition of neurons. 

Second, our investigation provides in vivo evidence that SEL1L is a causative gene of 

neurodegenerative diseases. The dysregulation or dysfunction of SEL1L due to genetic 

mutation and aging may be implicated in the pathogenesis of neurodegenerative disorders 

in humans. Our study also suggests the crucial role of ER-associated degradation complex 

(ERAD).  Further study of other ERAD components is necessary to understand the 

molecular basis of neurodegeneration. Third, UPR activation can be the trigger to induce 

tau hyperphosphorylation. Before our study, limited in vitro studies showed that the IRE1α-

JNK and PERK-GSK3α pathways might be the link between UPR activation and tau 

pathology. Here, we provide in vivo evidence that UPR activation results in tau 

hyperphosphorylation via the IRE1α-JNK pathway. 

 

Even with these significant findings, there are several missing pieces of our study. First, 

our understanding of the SEL1L function in mammalian neurogenesis is very limited. 

SEL1, the yeast orthologous gene of SEL1L, is a negative regulator of the Notch signaling 

pathway, a crucial modulatory route of neural stem cell differentiation. One study shows 

that SEL1L-deficient neural stem cells lose their self-renewing ability and express very 

low neural progenitor markers PAX-6 and OLIG-2 (Cardano et al., 2011). Our study 

focused on the postnatal phenotype of NKO mice and investigation of the embryonic 
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phenotype is necessary. Second, our drug rescue experiment was not successful. Neither 

4PBA nor PERK inhibitor significantly alleviated the neurological disorders of NKO mice. 

In our investigation, tau pathology and UPR activation are the two main contributors to 

SEL1L deficiency-induced neurotoxicity. Thus, future rescue experiments should involve 

drugs cocktail treatment targeting all involved pathologies. JNK inhibitor is available and 

efficient to reduce tau pathology (Tran et al., 2012). The multiple cocktail treatment, 

combining 4PBA, PERK inhibitor, and JNK inhibitor, might be efficient in treating NKO 

mice.  
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