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ABSTRACT 

Title of Dissertation: ALS/FTD-Linked UBQLN2 Mutations Result in Aberrant 

Accumulation and Aggregation of Serine Protease Inhibitor Proteins 

Nicole Higgins, Doctor of Philosophy, 2022 

Dissertation Directed by Mervyn J. Monteiro, Ph.D., Professor, Department of Anatomy 

and Neurobiology and Program in Molecular Medicine 

 Mutations in the protein UBQLN2, which functions in protein quality control, 

cause amyotrophic lateral sclerosis with frontotemporal dementia (ALS/FTD). However, 

the mechanism(s) by which the mutations cause disease remains unclear. In this study, we 

used proteomic profiles generated from 8-week-old transgenic mice expressing either 

P497S mutant (P497S line) or wildtype UBQLN2 (WT356 line), and non-transgenic (Non-

Tg) mice to gain insight into the pathophysiologic mechanisms driving disease. The P497S 

line recapitulates key features of human ALS/FTD, including motor neuron disease, 

cognitive impairments, and pathologic accumulation of UBQLN2 inclusions; symptoms 

and pathology which are largely absent in the WT356 line. Comparison of proteomic 

changes in the hippocampus and spinal cord of these animals revealed several members of 

the serine protease inhibitor (serpin) protein family are more highly expressed in P497S 

animals compared to either WT356 or Non-Tg controls. Serpins function in the regulation 

of proteolytic cascades by entrapping and destroying proteases through a conformational 

switch of the protein. However, this metastability makes serpins highly prone to misfolding 

and polymerization, placing a high demand on protein degradation systems to remove the 

misfolded proteins. Thus, we tested the hypothesis that ALS/FTD mutations in UBQLN2 

perturb proteostasis, causing aberrant accumulation of misfolded serpin proteins. Double 



  

immunofluorescent staining revealed colocalization of Serpin A1, C1 and I1 with 

UBQLN2 inclusions that form in the brain and spinal cord of P497S mice. To further 

investigate the aberrant accumulation and mislocalization of serpins, we performed 

aggregation assays on cortical tissue from 8- and 32-week-old P497S, WT356, and Non-

Tg animals, which revealed that serpin proteins have an increased tendency to aggregate 

in P497S animals compared to control mice. We also studied the effects of altered 

UBQLN2 expression on serpin protein levels and aggregation and found that UBQLN2 

knockout induces serpin aggregation while overexpression of WT or mutant UBQLN2 

oppositely affected serpin protein levels. These results are consistent with ALS/FTD 

mutations causing aberrant serpin accumulation through a loss-of-function mechanism. 

Taken together, this study identifies a novel role for UBQLN2 in the proper regulation of 

serpin expression and suggests that misaggregation of serpin proteins may be a pathologic 

consequence of UBQLN2 mutations. 
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CHAPTER 1: BACKGROUND 

Section 1.1: Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD) 

 Amyotrophic lateral sclerosis (ALS) is a debilitating neurodegenerative disease 

affecting motor neurons (MNs), which can be divided into two broad groups: upper and 

lower MNs. Upper MNs are located in the primary motor cortex of the brain and innervate 

lower MNs, while lower MNs reside throughout the brainstem and spinal cord and 

innervate the muscles (Figure 1). The brainstem, also known as the bulbar region, houses 

bulbar MNs, a class of lower MNs that innervate and control the muscles needed for 

swallowing, speaking, chewing, etc. (1, 2). Skeletal muscles, such as those found in the 

limbs, are innervated by lower MNs, termed spinal MNs, that reside throughout the spinal 

cord (1, 2). In ALS, progressive degeneration of these MNs leads to muscle denervation 

and atrophy (Figure 1) (1, 3). Typically, the disease begins in a localized area of the body, 

commonly the hands or feet, and spreads to other areas as the disease progresses (1, 2). The 

location and nature of the pathology in ALS cases are used to define clinical subsets of the 

disease, which indicate which sets of MNs are primarily affected (1, 2). ALS is invariably 

fatal and progresses very rapidly, with most patients living only 2-5 years following 

diagnosis (1, 2, 4). ALS has a disease incidence of 1-2 new cases a year per 100,000 in the 

United States and Europe and an estimated disease prevalence of 3-5 per 100,000 (1, 4). In 

the United States alone, this translates to approximately 6,000 new cases and 800,000 

persons living with ALS in any given year (1, 4). Currently, there are only two FDA 

approved therapeutics, both of which have limited effectiveness and only marginally slow 

disease progression (4-7). Riluzole, a glutamate release inhibitor, was the first drug 

approved by the FDA to treat ALS (4, 6). The drug is proposed to prolong disease survival      
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FIGURE 1 

 

 
 

Figure 1. Motor neuron (MN) degeneration in ALS. Comparison between healthy MNs 

innervating muscles and degenerated MNs in ALS. ALS is a neurodegenerative disease 

affecting both the upper and lower MNs of the brain and spinal cord, respectively. MN 

death results in loss of muscle innervation and subsequent muscle weakness and atrophy 

due to the muscle’s inability to receive signals from the motor cortex in the brain. Created 

in Biorender. 

 

by preventing the accumulation of glutamate to toxic levels (6, 8). Excess glutamate in the 

synapse can result in the formation of free radicals which may, in part, contribute to 

excitotoxicity and neuronal death (8-11). Initial clinical trials on Riluzole appeared to slow 

disease progression and improve survival of patients (12). However, more recent reviews 

of Riluzole, which included elderly patients and those with more advanced disease, have 

shown that the average increase in patient survival after receiving Riluzole was only two 

months (6, 13). Furthermore, benefits of the drug appear to disproportionately benefit 

patients with bulbar onset of the disease, which makes up approximately a third of all ALS 

cases (1, 6, 12). It took an additional 22 years after the approval of Riluzole for the FDA 
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to approve a second therapeutic, Edaravone, for the treatment of ALS (7). Edaravone is a 

free radical scavenger that was originally developed for the treatment of acute ischemic 

stroke for its antioxidant properties (7, 14). The mechanism by which Edaravone acts in 

ALS has not been fully elucidated, however the drug appears to mitigate damage to MNs 

caused by oxidative stress (7). Similar to Riluzole, Edaravone clinically acts to slow disease 

progression, though the effect has been shown to be rather limited (1, 7). Thus, the standard 

of care for ALS patients is currently limited to symptom management and palliative care 

as the disease progresses (1).     

Importantly, as many as 50% of ALS cases are also coincident with frontotemporal 

dementia (FTD), the second most common form of dementia in individuals below age 65 

(2, 15, 16). FTD is a heterogeneous neurodegenerative disease associated with the loss of 

neurons in the frontal and anterior temporal lobes (17, 18). Clinically, the disease manifests 

as changes in personality and behavior, problems with language use, and loss of executive 

functions such as emotional and impulse control (17, 18). Like ALS, FTD is classified into 

three subgroups based on early disease pathology and predominant clinical symptoms: the 

behavioral variant, semantic dementia, and progressive nonfluent aphasia (17, 19). 

Interestingly, the behavioral variant of FTD occurs more frequently in patients with ALS 

than other subtypes of the disease (19). As the name suggests, the behavioral variant of 

FTD is primarily characterized by changes in behavior and personality which are primarily 

driven by degeneration of neurons in the frontal cortex (17).  

Apart from the coincidence of clinical symptoms of the two diseases, considerable 

genetic and pathological links have also been identified and ALS and FTD are now 

recognized as a spectrum disorder (ALS/FTD) (16, 19). Mutations in at least seven genes 
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have been shown to be common genetic players in ALS and FTD, including in C9orf72, 

the most common cause of familial ALS, and in TARDBP, the gene encoding TAR-DNA 

binding protein (TDP-43) (19). TDP-43 was found to be the major component of protein 

aggregates in 97% of ALS cases, while up to 50% of FTD cases were found to have protein 

aggregates containing ubiquitinated TDP-43, providing strong evidence of a pathological 

link between the diseases (17, 18, 20-22). 

 The vast majority of ALS/FTD cases (90%) are considered sporadic, meaning they 

have no identified genetic cause. The remaining 10% of cases are categorized as familial 

ALS/FTD, and have been linked to mutations in over 30 different genes discovered over 

the past three decades (1, 2). Despite the large number of genes linked to ALS/FTD 

pathogenesis, these causative genes can be grouped into three distinct categories pertaining 

to the cellular function of their encoded proteins: protein quality control, RNA 

homeostasis, and cytoskeletal function (1). Interestingly, over half of all ALS-linked genes 

identified have known functions related to protein quality control systems, highlighting 

impaired protein homeostasis as a critical part of disease pathogenesis (1, 23). Recently, 

mutations within one such protein, Ubiquilin 2 (UBQLN2), were shown to cause dominant 

X-linked inheritance of ALS with FTD (18, 24-28) (Figure 2A). 

Postmortem analysis of brain and spinal cord tissue from ALS/FTD cases linked to 

UBQLN2 mutations show significant accumulation of UBQLN2 inclusions. These 

inclusions, which are most prominent in the hippocampus of the brain, are positive for 

ubiquitin and p62, suggesting that they may result from failure of protein degradation 

systems caused by mutations in UBQLN2 (18, 29, 30). Furthermore, the accumulation of 

UBQLN2 inclusions in the hippocampus of the brain strongly correlates with cases in 
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FIGURE 2 

 

Figure 2. UBQLN2 structure and function in proteasomal degradation. UBQLN2 

belongs to the UBL-UBA domain containing protein family that functions in protein 

quality control, and ALS/FTD-linked mutations in the protein impede these functions. (A) 

Schematic of UBQLN2 functional domains. The general location of currently documented 

disease-linked mutations is also shown. (B) UBQLN2 functions in proteasomal 

degradation through interaction with the proteasome and ubiquitinated substrates via its 

UBL and UBA domains, respectively. Created in Biorender. 

 

which patients developed ALS/FTD compared to cases of ALS without dementia (18). 

Notably, UBQLN2 pathology is also present in ALS and dementia cases that are not linked 

to UBQLN2 mutations, and UBQLN2 inclusions are also known to co-aggregate with 

TDP-43, suggesting UBQLN2 dysfunction plays an important role in ALS/FTD 

pathogenesis (18, 20-22).    
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Section 1.2: Structure and function of UBQLN2 in health and disease  

UBQLN2 belongs to the Ubiquilin (UBQLN) protein family, which, in humans and 

mice, consists of five members: UBQLN 1-4 and UBQLN L (31-35). Tissue expression of 

UBQLN proteins varies, with UBQLN1 and UBQLN4 being ubiquitously expressed 

throughout the body, while UBQLN2 expression is mostly restricted to the brain and 

muscle (32-34, 36, 37). Expression of UBQLN3 and UBQLN L has been shown 

exclusively in the testis (35, 38). The best characterized function of UBQLN proteins is 

their role in protein homeostasis where they act as shuttle factors to deliver ubiquitinated 

proteins to the proteasome for degradation (32, 33, 39). This function is accomplished 

through the characteristic ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains 

of the UBQLN protein family (Figure 2A and B). The UBA domain is a protein motif 

capable of binding to various ubiquitin linkages that are typically conjugated to proteins 

marked for degradation, while the UBL domain binds to Rpn subunits found in the 19S 

regulatory cap of the proteasome (40-44). Thus, UBQLN proteins bind ubiquitinated 

substrates via their UBA domain and shuttle them to the proteasome, where the UBL 

domain of UBQLN docks with subunits in the proteasome cap (39, 43, 45-47). ALS/FTD-

linked mutations in UBQLN2 have been shown to disrupt the protein’s function in 

proteasomal degradation through impaired delivery of ubiquitinated substrates to the 

proteasome, improper degradation of which can result in sequestration of these proteins 

into insoluble aggregates (47, 48). Another mechanism by which UBQLN2 mutations are 

proposed to interfere with protein degradation is through disruption of proteasome 

assembly as proteasome subunits misaccumulate in UBQLN2 aggregates in mouse models 

of ALS/FTD (49-51). 
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In addition to their role in proteasomal degradation of cytosolic proteins, UBQLN 

proteins also function in endoplasmic reticulum-associated degradation (ERAD), the 

process by which misfolded proteins in the endoplasmic reticulum (ER) are 

retrotranslocated to the cytoplasm for ubiquitination and proteasomal degradation (52, 53). 

The proteins interact with ERAD-associated proteins, such as Herp, erasin (UBXN4), and 

UBXD8 (UBXN3B), to facilitate transfer of ERAD substrates to the proteasome for 

degradation (46, 54, 55) (Figure 3). Proper function of UBQLN proteins in the ERAD 

pathway is critical, as siRNA knockdown of the proteins was shown to decrease turnover 

of ERAD substrates (46, 54). Buildup of ERAD substrates induces the unfolded protein 

response (UPR), an integrated signaling pathway that functions to restore ER homeostasis 

(56). However, if the UPR is chronically active, it induces ER stress, which is known to be 

pathogenic and is implicated in a number of diseases, including ALS/FTD (56, 57). 

ALS/FTD-linked mutations in UBQLN2 have also been shown to impair delivery of 

ERAD substrates to the proteasome. Similar to earlier findings that loss of UBQLN 

proteins leads to accumulation of misfolded proteins within the ER, expression of mutant 

P497H UBQLN2 caused greater accumulation of the ERAD substrate NHK than WT 

UBQLN2 expression (55). Interestingly, ERAD function is disturbed by both UBQLN2 

overexpression and knockdown, with loss of UBQLN2 causing a greater accumulation of 

NHK than overexpression of either WT or mutant UBQLN2 (55). These findings indicate 

not only that the level of UBQLN2 expression plays an important role in proper disposal 

of ERAD substrates, but also that defects in ERAD arise chiefly from a loss of proper 

UBQLN2 function in the pathway. 
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FIGURE 3 

 

Figure 3. UBQLN2 functions in ER-associated degradation (ERAD). UBQLN2 

facilitates transport of ubiquitinated ERAD substrates to the proteasome for degradation 

through interaction with ERAD components including UBXD8, erasin, and Herp. Created 

in Biorender. 
 

UBQLNs also function in autophagy, the second major degradation pathway in 

cells (58, 59). Although the exact mechanism by which the proteins are recruited to the 

pathway is less clear, recent studies have shown that inactivation of UBQLN2 in cells, as 

well as knockout of the sole ubqln gene in Drosophila, impairs autophagosome 

acidification (60, 61). Reduction of the pH in autophagosomes is essential for the activation 

of the acid hydrolases involved in catabolizing proteins (62). This pH acidification is 

facilitated by action of the V-ATPase proton pump (63). Expression of P497S mutant 
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UBQLN2 in mice and UBQLN2 knockout in HeLa epithelial and NSC34 mouse motor 

neuron cells reduces expression of ATP6v1g1, a critical subunit of this ATPase pump. 

These results indicate that UBQLN2 plays an important role in V-ATPase regulation 

(Figure 4) (60). In addition, UBQLN2 was shown to bind directly with the ATP6v1g1 

subunit, suggesting UBQLN2 may act as a chaperone for the protein (60).  

UBQLN proteins also possess two highly conserved stress inducible 1 (STI) 

domains, which are known to bind with chaperone proteins such as Hsp70 and Hsp90 (64-

66). UBQLN2 was identified as part of the Hsp70-Hsp110 disaggregase complex, which 

aids in the clearance of protein aggregates from the cell, via its interaction with Hsp70 (48, 

67). However, mutations in UBQLN2 prevent the protein from binding to Hsp70, thus 

abolishing the protein’s function in degrading Hsp-70 client proteins (48). This impaired 

interaction with Hsp70 was also seen in ALS patient cells and with other ALS/FTD-linked 

UBQLN2 mutations (28). Additional functions of UBQLN proteins, such as their ability 

to enhance biosynthesis of membrane proteins (33, 36, 60, 68-70), have been attributed to 

STI domains within the proteins, although the exact mechanism by which this occurs 

requires further clarification. One possibility is that UBQLNs shield hydrophobic segments 

of the transmembrane proteins prior to their insertion into their designated membrane. 

Between the conserved UBA, UBL, and STI modules of UBQLN proteins, there are a 

series of insertions that vary in length and position between the different isoforms. Of 

particular interest is the presence of a repeat domain of 12 prolines, known as the proline-

rich domain (PXX), in UBQLN2 that is absent in other UBQLN proteins. Many of the 

mutations in UBQLN2 that are linked to ALS/FTD map in and around the PXX region of 

the protein, but the exact function of the domain remains elusive. 
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FIGURE 4 
 

 
 

Figure 4. UBQLN2 functions in autophagic degradation. UBQLN2 interacts with and 

regulates biogenesis of ATP6v1g1, a critical V-ATPase subunit required for the maturation 

of autophagosomes. Knockout of UBQLN2 or expression of ALS/FTD-linked UBQLN2 

mutants interferes with autophagosome acidification. Created in Biorender. 

 

Section 1.3: The P497S UBQLN2 mouse model of ALS/FTD 

 Upon discovery that mutations in UBQLN2 are linked to dominant X-linked ALS 

and ALS/FTD (18), a number of animal models expressing mutant UBQLN2 proteins, as 

well as UBQLN2 knockout models, were developed in order to model and study the 

mechanisms of disease pathogenesis (48, 51, 61, 71-78). Each of these models has its own 

unique advantages to studying disease mechanisms, but also shortcomings. Perhaps one of 

the more translational models is the P497S UBQLN2 mouse model generated by 

expression of the human UBQLN2 P497S mutant transgene under the control of the Thy1 
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promoter, which drives neuron-specific transgene expression (72). Mice expressing the 

P497S transgene develop motor neuron disease, behavioral deficits, cognitive impairments 

and, perhaps most importantly, TDP-43 proteinopathy. TDP-43 proteinopathy is 

characterized by the depletion of TDP-43 from the nucleus and, in some cases, 

accumulation of the protein in cytoplasmic inclusions. This pathology is seen in 

approximately half of FTD cases and over 95% of all ALS cases (21, 22, 79), making the 

P497S UBQLN2 mouse model of ALS/FTD a useful tool for studying the mechanism by 

which TDP-43 proteinopathy occurs, as well as how it contributes to overall disease 

pathogenesis. In addition, P497S UBQLN2 mutant mice show accumulation of UBQLN2 

protein inclusions in the cortex and hippocampus of the brain, as well as in the lumbar 

region of the spinal cord. The pattern of accumulation of these inclusions is similar to that 

seen in post-mortem analysis of patient tissues of ALS/FTD cases linked to UBQLN2 (18, 

29), further suggesting the utility of this mouse model in studying the pathological 

mechanisms of ALS/FTD. Importantly, a second transgenic line expressing human 

wildtype UBQLN2 under the Thy promoter (WT356 line), does not develop ALS/FTD 

pathologies despite similar transgene expression to the P497S line (72). The P497S and 

WT356 UBQLN2 transgenic models were used in conjunction with non-transgenic mice 

to conduct experiments throughout the present study. 

Section 1.4: Proteomic analysis of UBQLN2 transgenic mice 

 The discovery that mutations in UBQLN2, and other genes involved in protein 

quality control (PQC), cause ALS/FTD highlights impaired protein homeostasis as a 

critical part of disease pathogenesis. However, the mechanisms by which these mutations 

lead to disease remain unclear. In order to investigate potential mechanisms of disease 
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pathogenesis in the P497S mouse model of ALS/FTD, a tandem-mass spectrometry 

analysis was conducted on hippocampus brain tissue and cervical and lumbar spinal cord 

tissue from P497S, WT356, and non-transgenic mice in order to identify proteins with 

altered accumulation in the P497S mutant mice compared to control animals (78). Analysis 

was carried out using 8-week-old mice with the goal of identifying early proteomic changes 

related to pathogenesis rather than downstream changes associated with a chronic disease 

state. Results from the proteomics screen showed numerous changes. For example, proteins 

involved in mitochondrial function were generally downregulated while an upregulation of 

proteins involved in both proteasomal and autophagic degradation was observed in P497S 

mutant mice compared to the WT356 and non-transgenic control lines. Additionally, 

comparison of the Log2 ratio of average peptide expression among the three genotypes 

identified a dramatic increase in the level of many serine protease inhibitor (serpin) proteins 

in the mutant P497S animals (Table 1).  

Table 1. Proteomics analysis of 8-week-old P497S, WT356 and Non-Tg mice. Log2 

ratios comparing P497S/WT356, P497S/Non-Tg, and WT356/Non-Tg animals in the 

lumbar SC and hippocampus (78) show that serpins are specifically upregulated in P497S 

animals. Color shades correspond to the Log2 ratios. n=3 animals/genotype. *Denotes 

serpin proteins that were studied in this thesis. 
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TABLE 1 
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Section 1.5: Serine protease inhibitors (serpins) and serpinopathies 

 Serpins are a large family of metastable proteins that have been classified into 

clades that are all secreted, apart from members of clade B, which are intracellular serpins 

(80, 81). The proteins primarily function to regulate proteolytic cascades through the 

inhibition of serine proteases, although some non-inhibitory members function as 

chaperones in cellular processes such as hormone transport and storage (80, 82). 

Structurally, serpins have a conserved core structure composed of three β-sheets, a number 

of α-helices, and an exposed reactive center loop (RCL) that, for inhibitory serpins, 

contains a recognition sequence that allows them to act as bait for their target proteases 

(83-85). Upon interaction with a target protease, the RCL is cleaved and the serpin 

undergoes a large conformational shift to form a stable complex with the protease and 

render it inactive (Figure 5) (81, 85, 86). Although the metastable native state is crucial to 

the function of serpins, this metastability makes serpins particularly prone to misfolding 

and polymerization. Indeed, a number of diseases, termed serpinopathies, have been linked 

to the polymerization and/or dysregulation of serpin expression (87, 88). Two primary 

examples are α1-antitrypsin deficiency and familial encephalopathy with neuroserpin 

inclusion bodies (FENIB), which are caused by mutations in Serpin A1 and Serpin I1, 

respectively (87, 88). These serpinopathies arise chiefly because mutations in serpins cause 

them to misfold in the ER during synthesis. Canonically, misfolded serpins are removed 

from the ER and degraded by the proteasome via ERAD (88-91). However, the misfolded 

serpin proteins also exhibit increased tendency to polymerize in the ER, which causes ER 

stress, the chronic induction of which can cause cell death (92-94). Serpin polymerization 

leads to an overall depletion in the level of functional protein released into circulation, 
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which results in unrestricted activity of the protease targets of serpins and subsequent tissue 

damage (95, 96). The discovery that mutations in serpins can induce disease of both the 

tissues in which they are synthesized and the tissues in which the inhibitors act provided 

the first clear example of how protein aggregation causes disease through both gain and 

loss-of-function mechanisms (97-100). 

FIGURE 5 

 

Figure 5. Serpins inhibit serine proteases via a suicide inhibitor mechanism. General 

schematic of the suicide inhibitor mechanism used by serpin proteins to inactivate their 

target proteases. The exposed reactive center loop (RCL) of the metastable serpin protein 

acts as bait for its target protease. Upon recognition of the RCL, the target protease binds 

to the serpin forming a non-covalent docking complex. Binding of the protease causes a 

large conformational shift which results in the formation of a stable covalent complex in 

which the RCL is incorporated between the -sheets in the core of the protein and the active 

site of the protease is distorted, rendering it inactive. Created in Biorender. 

 

Section 1.6: Serpins in neurodegenerative diseases 

Alterations in the expression of serpin proteins have also been observed in several 

neurodegenerative disorders, including Creutzfield-Jakob disease, FTD, Alzheimer’s 

disease (AD) and Lewy body dementia (LBD) (101-104). For example, a study by Nielsen 
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et al. revealed increased expression levels of Serpin A1, Serpin A3, and Serpin I1 in 

cerebrospinal fluid (CSF) samples from patients with AD and/or LBD as well as increased 

levels of Serpin A3 in the plasma of AD patients compared to control cases (101). 

Additional studies suggested involvement of Serpin A3 in amyloid plaque formation in the 

brains of AD patients (102, 103). Similarly, Chou et al. reported the presence of several 

serpin-serine protease complexes within neurofilament conglomerates in lumbar spinal 

cords from ALS patients and suggested that the imbalance of serpins and their target 

proteases may play a pathogenic role in the formation of inclusions in the brain and spinal 

cord of ALS patients (105). Changes in expression of Serpin A1, also known as α1-

antitrypsin, have also been reported in ALS patients, however, the results of these studies 

are inconsistent. One study found that Serpin A1 levels are significantly upregulated in the 

CSF of ALS patients while a second study reported a 45% reduction in mean Serpin A1 

levels in the CSF of ALS patients (106, 107). Differences in the results of these studies 

may be due to the method of detection used in each study. Nevertheless, serpin protein 

expression is clearly altered in a number of neurodegenerative diseases, including ALS 

(101-106). Thus, we chose to investigate the possibility that the increased expression of 

serpin proteins in P497S animals contributes to the pathogenicity of ALS/FTD. 

Section 1.7: Goals and rationale 

Mutations in and around the Pxx region of UBQLN2 cause dominant X-linked ALS 

and ALS/FTD. UBQLN2 maintains protein homeostasis by shuttling ubiquitinated proteins 

from the cytoplasm to the proteasome for degradation. In addition, UBQLN2 contains 

STI1-like domains capable of binding known chaperone and autophagy proteins indicating 

that UBQLN2 is involved in several different aspects of protein quality control. Our lab 
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and others have shown that mutations in UBQLN2 cause impaired function in proteasomal, 

autophagic, and ERAD degradation (18, 47, 48, 55, 60, 61, 108). Therefore, it is widely 

believed that UBQLN2 mutations lead to deficits in PQC, resulting in a toxic buildup of 

intracellular protein aggregates within the cell and subsequent neurodegeneration. 

However, the mechanisms by which these disturbances cause disease are still largely 

unknown.  

In order to better understand how UBQLN2 mutations lead to disease, the lab 

developed lines of transgenic mice for driving the neuron-specific expression of either 

human wildtype or mutant UBQLN2 under the control of the Thy1.2 promoter (WT356 

and P497S lines, respectively). Characterization of these animals showed that P497S, but 

not WT356 animals, recapitulate ALS/FTD disease hallmarks including loss of motor 

function, motor neuron loss, and cognitive deficits (72). With these mouse models in hand, 

the goal of this study was to identify possible pathomechanisms by which UBQLN2 

mutations cause ALS/FTD. An analysis of proteomic changes in neural tissue was used to 

identify proteins with altered accumulation in the P497S UBQLN2 transgenic mouse 

model of ALS/FTD. We identified a dramatic increase in the protein level of several 

members of the serpin family in mutant P497S animals. The proteomic alterations of 

serpins found in P497S mutant animals and their known connection to disease provided 

the foundation for these studies. Because mutations in UBQLN2 are known to impair its 

function in PQC pathways, we hypothesized that the accumulation of serpin proteins in the 

P497S UBQLN2 mouse model of ALS/FTD is due to their impaired degradation. 

Immunohistochemistry and biochemical techniques were used to confirm and 

characterize the changes in serpin proteins in neural tissues of P497S mice. Additionally, 
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non-neural tissues commonly affected by serpin dysfunction were examined in order to 

assess whether similar changes in serpin proteins in our mouse model were present outside 

of tissues expressing the P497S UBQLN2 mutation. The results of these experiments are 

discussed in detail in Chapters 3 and 4. Lastly, we evaluated changes in serpin proteins 

using UBQLN2 knockout cell lines and Tet-On wildtype and mutant UBQLN2 inducible 

cell lines. These cell systems provide useful tools for studying the mechanisms by which 

the P497S UBQLN2 mutant protein expressed in our mouse model leads to altered 

accumulation and behavior of serpin proteins. Furthermore, they allow for further 

investigation of how altered UBQLN2 levels, as well as expression of UBQLN2 mutants, 

affect cellular pathways linked to ALS/FTD. These questions are explored in Chapter 5. 
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CHAPTER 2: MATERIALS AND METHODS 

Section 2.1: UBQLN2 Transgenic mice and animal procedures 

 Three congenic C57BL6/J mouse lines were used for studies discussed in 

subsequent chapters: a non-transgenic (Non-Tg) C57BL6/J line (Strain 000664, The 

Jackson Labs, Bar Harbor, ME) and two UBQLN2 transgenic (Tg) lines expressing 

equivalent levels of either human wildtype UBQLN2 (WT356 line) or the P497S ALS/FTD 

UBQLN2 mutant protein (P497S line) (72). The mutant P497S line was shown to model 

central features of human ALS/FTD, including development of motor neuron disease, 

cognitive deficits, TDP-43 pathology, and deposition of UBQLN2 inclusions in the brain 

and spinal cord (SC) (72). By contrast, these phenotypes and pathology were not observed 

in the WT356 line, despite similar levels of UBQLN2 transgene expression (72). Both Tg 

lines used in the present studies were backcrossed with C57BL6/J mice for at least 10 

generations. During the backcrossing, the phenotype of the P497S line was partially 

attenuated, and mice used in the present study exhibited milder disease symptoms than the 

originally characterized mice. We recently described the behavioral deficits and pathology 

of this attenuated phenotype, showing that at 52 weeks of age P497S mutant animals have 

diminished grip strength, reduced muscle fiber diameter, massive accumulation of 

UBQLN2 inclusions in the brain and SC, and significant loss of neurons in both the dentate 

gyrus of the brain and of MNs in the SC compared to Non-Tg animals (109). Husbandry, 

genotyping, and euthanasia of animals were as described previously (72, 109). All animal 

procedures were approved by University of Maryland-Baltimore Animal Care and Use 

Committees and conducted in full accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. 
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Section 2.2: Preparation of protein lysates, SDS-PAGE, and immunoblotting 

 Mouse tissue lysates were made from the isolated hippocampal region of the brain 

and lumbar region of the SC of three independent Non-Tg, WT356, and P497S animals at 

32 weeks of age. Hippocampal tissue was homogenized in 300 µl, and SC tissue in 800 µl, 

of our standard protein lysis buffer (50 mM Tris pH 6.8, 150 mM NaCl, 20 mM EDTA, 1 

mM EGTA, 0.5% SDS, 0.5% NP40, 0.5% N-lauroylsarcosine (sarkosyl), 10 mM 

orthovanadate, 2.5 mM sodium fluoride) (110) using a Kontes-type glass homogenizer with 

a Teflon pestle connected to a Yamato LSC LH21 homogenizer. Protein lysates from cell 

cultures were prepared by washing cultured cells twice with 1× PBS before collecting in 

the same protein lysis solution, followed by brief sonication (3 × 1 min periods) using a 

Branson Sonifier 450. Protein concentrations of both the tissue and cell lysates were 

measured by the BCA method (Pierce BCA Assay Kit, Thermo Fisher Scientific). Tissue 

lysates were then solubilized with five volumes of urea buffer (8 M urea, 50 mM EPPS, 

pH 8.5, 0.5% sarkosyl, 20 mM EDTA, 1 mM EGTA, 2.5 mM sodium fluoride, and 1 mM 

Pefabloc (Sigma-Aldrich, St. Louis, MO) and then mixed with one fourth volume non-SDS 

gel loading buffer (8 M urea, 40% glycerol, 0.25 M Tris-HCl pH 6.8, 15 mM dithiothreitol 

(DTT), 1.43 M 2-mercaptoethanol, and 0.04% bromophenol blue). Cell lysates were 

diluted in the same manner with gel loading buffer containing 8% SDS in place of urea. 

The SDS mixtures were heated at 100ºC for 5 min before gel loading, whereas the urea 

mixtures were heated at 37ºC for 10 min to avoid protein carbamylation. Samples were 

resolved on 8.5–10% SDS-PAGE polyacrylamide gels at 60–90 V and then transferred 

onto 0.45 µm polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, 

USA) using the semidry transfer Power Blotter XL System (Thermo Fisher Scientific). 
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Membranes were probed with primary serpin antibodies overnight and washed five times 

before incubating with corresponding HRP-conjugated secondary antibodies (all from 

Thermo Fisher Scientific, Waltham, MA) for 1.5 h. Chemiluminescence images were 

captured using a FluorChem E imager (Protein Simple, San Jose, CA) and band intensities 

were quantified using AlphaView software (Protein Simple). 

Section 2.3: Antibodies and antibody validation  

 Primary antibodies used for immunoblotting (IB) and immunofluorescence (IF) 

studies throughout these studies are listed in Table 2. To validate the specificity of serpin 

antibodies used in these studies, complementary DNAs encoding the entire open reading 

frames of either full-length human Serpin A1, B1, and I1, and a 258 amino acid spliced-

variant of human Serpin C1 (clones MHS6278-202756262, MHS6278-202755832, 

MHS6278-202806491, and MHS6278-202841233, respectively, from Dharmacon, Inc, 

Chicago, IL) were cloned between the EcoRI and XhoI restrictions sites of the pCMV-

Myc-C vector (Clontech) to express each serpin protein with a C-terminal Myc-tag. The 

recombinant plasmid DNAs were transfected into HeLa cell cultures using Lipofectamine 

LTX (Thermo Fisher Scientific, Waltham, MA). Lysates were collected 24 hr post- 

transfection using our standard lysis buffer, mixed with SDS gel loading buffer and, 

following separation by SDS- PAGE, were immunoblotted with different serpin antibodies 

to ensure their specificity. The serpin antibodies used for all of the immunostainings 

reacted only with their corresponding Myc-tagged recombinant protein as well as with 

endogenous proteins of their expected size. 
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TABLE 2 

 
 

Table 2. Primary antibodies used for immunoblotting (IB) and immunofluorescence 

(IF) studies. 

 

Section 2.4: Tissue sectioning and immunofluorescence staining and imaging 

 Whole brains and SCs were dissected from perfused and non-perfused P497S, 

WT356, and Non-Tg animals. All tissues were fixed with 4% paraformaldehyde (PFA) in 

1× PBS at 4ºC for 24 hr prior to transferring to a 25% sucrose solution in 1× PBS at 4ºC 

Antibody Source Catalog 

Number 

Study Use 

Rat anti-Serpin A1a R&D Systems #MAB7690 IB/IF 

Rabbit anti-Serpin 

B1 

Thermo Fisher 

Scientific 

#PA576875 IB/IF 

Rat anti-Serpin C1 R&D Systems #MAB1287 IB/IF 

Rabbit anti-Serpin 

C1/antithrombin III 

Novus Biologicals #NBP2-76966 IB 

Rabbit anti-

Neuroserpin 

Abcam #ab33077 IB/IF 

Mouse anti-

neuroserpin 

Proteintech Group, 

Inc 

#66997-1 IB/IF 

Mouse anti-
UBQLN2 

Novus Biologicals #NBP-25164 IB/IF 

Rabbit anti-
UBQLN2 

Proteintech Group, 
Inc 

#23449-1-AP IF 

Mouse anti-

ubiquitin 

Santa Cruz 

Biotechnology 

Sc-8017 IB 

Rabbit anti-GFAP Thermo Fisher 

Scientific 

#PA1-10019 IF 

Rabbit anti-IBA1 FUJIFILM Wako 

Pure Chemicals, 

Corp 

#019-19741 IF 

Goat anti-ChAT Millipore-Sigma #AB144P IF 

Rabbit anti-LC3A/B Cell Signaling 

Technology 

#4108 IF 

Goat anti-LAMP1 Santa Cruz 

Biotechnology 

Sc-8098 IF 

Rabbit anti-Myc 

(UMY81) 

Homemade against 

amino acid 

sequence 

MEQKLISEEDLN 

N/A IB 

Rabbit anti 

p97/VCP 

(UMY475) 

Homemade N/A IB 
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for another 24 hr. Tissues were then embedded in OCT Compound (Sakura Finetek USA, 

Inc., Torrance CA). Sagittal sections (14–20 µm) of brain hemispheres and transverse 

sections of the lumbar region of the SC were cut on a Leica CM3050 cryostat and mounted 

onto glass slides pretreated with a 5% solution of 3-Aminopropyltriethoxysilane. Brain and 

lumbar SC sections were fixed, permeabilized, and blocked by sequential incubation with 

4% PFA, 0.1% Triton X-100, and 0.8% bovine serum albumin (BSA), before being 

incubated for 2 hr in a 1:100 dilution of primary antibodies (Table 2) at room temperature. 

Slides were then gently washed three times in 1× PBS prior to incubation for 2 hr at room 

temperature in a 1:200 dilution of AlexaFluor-conjugated secondary antibodies of different 

wavelengths (488, 594, and 647 nm). Slides were again washed with 1× PBS and incubated 

with 4′,6-diamidino-2-phenylindole (DAPI) (0.5 µg/ml) for 10 min. Coverslips were 

mounted with Aquamount and allowed to dry overnight.  

Slides were imaged using a Leica MZ 16 FA fluorescence stereo microscope to 

capture low magnification images of the hippocampus and with a Nikon A1R super 

resolution confocal microscope for high magnification images. For confocal imaging, an S 

Fluor 40× (1.30 oil) objective lens was used to capture immunohistochemical staining of 

brain (1× and a 5× zoom images) and SC (1×, 2×, and 5× zoom images) sections. Image 

channels were merged using iVision software (BioVision Technologies, Exton, PA), and 

line scans were performed on regions of interest from zoom confocal images using Image 

J software to analyze the degree of colocalization between proteins. Briefly, the Plot Profile 

function was used to analyze the pixel intensity along defined regions of interest, which 

were chosen so as to include representative puncta from the images. Plots were obtained 
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from identical regions of interest drawn in each of the color channels and then overlaid to 

produce the final plots. 

Section 2.5: Filter trap assays 

 Filter trap assays were performed with lysates made from the cortical region of the 

brain isolated from 8- and 32-week-old P497S, WT356, and Non-Tg animals, as well as 

with cell lysate and culture medium of HeLa and NSC34 mouse motor neuron cell cultures 

that were grown for 48 hr under previously described cell culture conditions (60). The 

generation and characterization of the UBQLN2 KO lines used in these studies were 

described previously (60). All lysates were homogenized in our standard protein lysis 

buffer. Following homogenization, the cortical lysates were centrifuged at 1000 × g for 10 

min to remove tissue debris. The protein concentration of the saved supernatant, as well 

that of the lysates from the cell cultures, was determined by the BCA method. Equal 

amounts of protein lysate for each sample were then adjusted with protein lysis buffer so 

that their volume was the same prior to their filtration. Equal volumes of the cell culture 

media were filtered. All the filter trap assays were conducted using 0.2 µm OE66 cellulose 

acetate membranes (Schleicher & Schuell, Dassel, Germany) using a Dot-Blot Apparatus 

(Bio-Rad, Hercules, CA) by first wetting the filters with wash buffer (0.1% SDS, 10 mM 

Tris pH 8.0, 150 mM NaCl) prior to gentle vacuum filtration of the samples through the 

membranes. The membranes were then washed twice with wash buffer before being 

removed from the apparatus, blocked with 4% BSA in PTX buffer (111) for 30 min, and 

probed by the method described in the immunoblotting section. 
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Section 2.6: Differential extraction assay 

 Aggregated proteins in mouse brain tissue were characterized by their differential 

extraction properties using different biochemical buffers as described by Neumann et al. 

(20, 112). Equal weights of 8- and 32-week brain cortical tissue from P497S, WT356, and 

Non-Tg mice were homogenized in 5 ml/g of low salt (LS) buffer (10 mM Tris pH 7.5, 5 

mM EDTA, 1 mM DTT, 10% sucrose, and protease inhibitor cocktail tablet). The 

homogenates were centrifuged at 25,000 × g for 30 min at 4ºC and the supernatant of each 

was saved. The remaining pellet was re-homogenized in Triton X-100 (TX-100) buffer (LS 

buffer plus 1.0% Triton X-100, 0.5 M NaCl) and centrifuged again at 180,000 × g for 30 

min at 4ºC and the supernatant was again saved. The resulting pellet was re-homogenized 

a second time in the TX-100 buffer with the addition of 30% sucrose to float and remove 

myelin debris. This supernatant was discarded. The remaining pellet was homogenized in 

sarkosyl (SARK) buffer (LS buffer, 1.0% sarkosyl, 0.5 M NaCl) and incubated on the 

shaker for 1 h at 22ºC. It was then centrifuged at 180,000 × g for 30 min at 22ºC and 

supernatant was collected. The final fraction was obtained by homogenizing the insoluble 

pellet in urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris-HCl pH 8.5), 

followed by centrifugation at 25,000 × g for 30 min at 22ºC, and saving of the supernatant. 

SDS buffer (10 mmol/L Tris pH 6.8, 1 mmol/L EDTA, 40 mmol/L DTT, and 1.0% SDS) 

was added to each of the saved extractions (LS, TX, SARK, and urea) and adjusted with 

SDS gel loading buffer. All of the mixtures, except the urea mixtures, were heated at 100ºC 

for 5 min and equal portions of the samples were separated on 8–12% Bis-Tris NuPage 

gels and immunoblotted with serpin or UBQLN2 antibodies (Table 2). 
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Section 2.7: Generation of Tet-On UBQLN2 inducible cell lines 

 Tet-On UBQLN2 inducible cell lines were generated using the Tet-On 3G 

Inducible Expression System (Takara Bio). Briefly, gene sequences corresponding to 

wildtype (WT) UBQLN2 and three different ALS/FTD-linked mutant UBQLN2 proteins 

(P497H, P497S, and P525S UBQLN2) were cloned into the pTRE3G vector downstream 

of the pTRE3G inducible promoter (pTRE-WT UBQLN2, pTRE-P497H UBQLN2, pTRE-

P497S UBQLN2, and pTRE-P525S UBQLN2). Stable cell lines expressing the Tet-On 3G 

transactivator protein were generated by transfecting HeLa UBQLN2 KO8 cells with the 

pCMV-Tet3G vector containing a G418 resistance marker and the Tet-On 3G 

transactivator protein. Forty-eight hr post-transfection, cells were split evenly into 4 x10 

cm dishes and cultured for an additional 48 hr before replacing the cell culture medium 

with fresh complete medium containing 700 g/mL G418 selection antibiotic. G418-

resistant colonies were allowed to grow for approximately two weeks before being isolated 

and grown up in a maintenance concentration of 200 g/mL G418 antibiotic. G418-

resistant clones were then tested for induction by transfecting in the pTRE3G-Luc plasmid, 

which expresses a luciferase gene under the control of the inducible pTRE promoter. 

Transfected cells were then treated with 500 ng/mL doxycycline to induce luciferase 

expression, assayed for luciferase activity, and compared to untreated control cells from 

each clone to calculate fold induction. The clone with the highest fold induction (KO8 Tet-

On #55) was selected to generate the double-stable WT and mutant UBQLN2 cell lines. 

KO8 Tet-On #55 cells were co-transfected with a hygromycin resistance marker 

and either the pTRE-WT UBQLN2, pTRE-P497H UBQLN2, pTRE-P497S UBQLN2, or 

pTRE-P525S UBQLN2 constructs to generate four individual double-stable lines 
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expressing the wildtype and mutant UBQLN2 proteins. After 48 hr, cells were again split 

into 4 x10 cm dishes and cultured for an additional 48 hr before adding complete medium 

containing 150 g/mL Hygromycin B selection antibiotic. Resistant colonies were cultured 

and isolated as described above except with maintenance concentrations of 200 g/mL 

G418 and 50 g/mL Hygromycin B. To screen for double-stable Tet-On UBQLN2 

inducible lines, clones were treated with 500 ng/mL doxycycline and incubated overnight 

before collecting cell lysate and comparing UBQLN2 protein expression level in induced 

cells to uninduced cells by western blot.   

Section 2.8: Statistical methods 

 Differences in protein expression were analyzed using Student's t-tests, one-way 

ANOVA, or two-way ANOVA in GraphPad Prism 9 software depending on the number 

of groups and factors being compared (Two groups or >two groups with one or two factors, 

respectively). p < 0.05 was considered statistically significant and *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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CHAPTER 3: SERPIN NEUROPATHOLOGY IN THE P497S MOUSE 

MODEL OF ALS/FTD 

Section 3.1: Alteration of serpin protein levels in P497S UBQLN2 mice by proteomic 

analysis 

 Proteome changes to the hippocampus and SC of congenic 8-week-old P497S Tg, 

WT356 Tg, and Non-Tg mice were recently described (78). The P497S Tg line expresses 

human UBQLN2 carrying the ALS/FTD-linked P497S mutation under control of the 

neuron-specific Thy1.2 promoter, whereas the WT356 line expresses an equivalent amount 

of WT human UBQLN2 by the same promoter (60). Behavioral and pathologic studies 

have shown that the P497S line recapitulates hallmark features of the human disease, while 

the WT356 line does not (60, 109). Examination of the Log2 ratio of change in protein 

expression between the genotypes revealed an increase in several members of the serpin 

protein family (Table 1) (113). Specifically, expression of ten serpins appeared higher in 

either the hippocampus or SC in P497S animals, but not in the WT356 or Non-Tg controls. 

However, comparison of their alteration within each genotype examined revealed wide 

fluctuation between individuals, likely resulting in many of the changes being 

nonsignificant. Nevertheless, because changes in serpin expression have been identified in 

neurodegenerative diseases, including ALS (101-104, 106, 107, 114), we conducted further 

investigations to determine if expression or localization of serpin family members were 

altered in P497S mice. We focused our studies on Serpin A1 (alpha-1-antitrypsin), Serpin 

B1, and Serpin C1 (antithrombin) because they were the most highly expressed serpins in 

P497S animals compared to controls and represent well-studied serpins from several 

different clades, including the intracellular clade B serpins (82, 83). Additionally, we chose 
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to investigate Serpin I1 (neuroserpin), because it is primarily expressed in the brain and 

involved in neurodegeneration (95). Furthermore, as described in Chapter 1, mutations in 

several of these serpins are known to cause disease (80, 87). 

Section 3.2: Serpin proteins accumulate and colocalize with UBQLN2 inclusions in the 

brains of P497S animals in an age-dependent manner 

 We first determined whether localization of serpin proteins was altered in P497S 

mice. Accordingly, we performed double immunofluorescent staining of sagittal brain 

sections of 8- and 52-week-old P497S, WT356, and Non-Tg animals for UBQLN2 and 

either Serpin A1, Serpin B1, Serpin C1, or Serpin I1. All the serpin antibodies used in these 

studies were validated by correct recognition of only their corresponding recombinant 

protein and the endogenous mouse serpin protein by IB (Figure 6) (113). However, because 

recognition of the SerpinI1 recombinant protein was weak compared to other serpin 

antibodies, we validated IF and IB experimental results with an additional Serpin I1 

antibody (Table 2). Consistent with previous findings (60, 115), UBQLN2 staining of 

P497S animals showed the distinctive pattern of concentrated UBQLN2 inclusions in the 

dentate gyrus and CA1 to CA3 regions of the hippocampus (Figure 7A), which were 

particularly prominent in the 52-week-old animals compared to the 8-week-old animals 

(Figures 8 and 9) (113). By contrast, age-matched WT356 and Non-Tg animals contained 

few, if any, such inclusions (Figure 8) (113). We did occasionally observe fibrillar-like 

staining in control animals. We attributed this staining to antibody cross-reaction with 

blood vessels in non-perfused animals since this staining was not observed in perfused 

animals of the same genotypes. Double staining of the sections for serpin proteins revealed   
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FIGURE 6 

 
 

Figure 6. Serpin antibody specificity. Immunoblots of HeLa cell lysates transfected with 

Myc-tagged Serpin A1, B1, C1 and I1 expression cDNAs to validate the specificity of 

serpin antibodies used in this study. All antibodies detect only their cognate recombinant 

protein and the correct size endogenous protein. 

 

FIGURE 7 

  

Figure 7. Schematic of brain and spinal cord regions analyzed by IF. (A) Schematic of 

a sagittal mouse brain section through the hippocampal region. Brain regions analyzed in 

the IF experiments of this thesis are labeled. (B) Schematic of cross sections of different 

regions of the spinal cord. Lumbar spinal cord sections, shown in the red box above, were 

used for IF analysis of UBQLN2 and serpin in this study.  
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a dramatic alteration in the localization of all four serpins in 52-week-old P497S animals 

compared to age-matched WT356 and Non-Tg animals, which was most apparent in the 

hippocampal region (Figure 8) (113). WT356 animals had similar serpin staining to the 

Non-Tg animals, indicating that the alteration in P497S animals is a result of expression of 

the ALS/FTD P497S mutant UBQLN2 protein rather than simple overexpression of 

UBQLN2. In the P497S animals, staining of Serpin A1, C1, and to a lesser extent Serpin 

I1, was coincident and closely aligned with the UBQLN2 inclusion pattern in the dentate 

gyrus, although subtle differences in the staining patterns of the serpins were evident 

(Figures 8 and 9) (113). Meanwhile, Serpin B1 staining was denser within the granule layer 

of the dentate gyrus and CA1 to CA3 regions of the hippocampus, in a pattern that was 

adjacent to but did not exactly overlap the UBQLN2 inclusions. 

Figure 8. Alteration of serpin localization in the brains of P497S mutant mice. Staining 

of UBQLN2 and Serpin A1, B1, C1, and I1 proteins and their corresponding merged 

images, including DAPI staining (not shown as a separate panel), in the hippocampal 

region of sagittal brain sections from 52-week-old P497S (top panel), WT356 (middle 

panel), and Non-Tg (bottom panel) animals. Scale bars shown = 100 m for all images. 

 

Figure 9. Age-dependent alteration of UBQLN2 and serpin staining in P497S mutant 

mice. (A and B) Immunofluorescence staining of UBQLN2 and Serpin A1, B1, C1, or I1 

in the hippocampal region of sagittal brain sections from 8-week-old (A) and 52-week-old 

(B) P497S animals. Scale bars shown = 100 m for all images. 
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FIGURE 8 

 



  33 

FIGURE 9 
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To determine the extent of colocalization of the serpin proteins with UBQLN2 

inclusions, we conducted higher magnification confocal microscopy of the dentate gyrus, 

CA1, and CA3 regions of the hippocampus as well as the cortex of the brain. The 

examination revealed that, compared to Non-Tg and WT356 animals, P497S animals had 

highly concentrated staining of Serpin A1, C1, and I1 in numerous irregularly shaped 

puncta, many of which colocalized with the UBQLN2 inclusions in all examined brain 

regions (Figures 10-13) (113). In the dentate gyrus region, the colocalization was mainly 

apparent in the molecular layer and less so in the granule layer where smaller serpin puncta 

were visible and UBQLN2 inclusions were less obvious (Figure 10) (113). In the CA1 and 

CA3 regions of the hippocampus, serpin puncta appeared to be most prominent in the 

pyramidal layer (Figures 11 and 12) (113). Serpin puncta were visible throughout the 

cortical region of the brain, with many puncta having a perinuclear localization (Figure 13) 

(113).  

To further assess the degree of colocalization between serpin puncta and UBQLN2 

inclusions, we performed line scans of staining images taken of the dentate gyrus of P497S 

animals using Image J software. Analysis of these line scans through representative areas 

of the staining confirmed the high degree of overlap between Serpin A1, C1, and I1 with 

UBQLN2 staining of puncta (Figure 14) (113). Furthermore, the degree of overlap was 

more striking for Serpin A1 and Serpin C1 compared to Serpin I1 (Figures 10 and 14) 

(113). Interestingly, we also observed a number of Serpin A1 and Serpin I1 puncta that did 

not colocalize with UBQLN2 staining. 

In contrast to the other serpins investigated in this study, Serpin B1 staining in all 

the brain regions examined did not overlap with that of the UBQLN2 inclusions (Figures 
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10-14) (113). Rather, Serpin B1 staining showed increased perinuclear staining in granule 

cells of the dentate gyrus in P497S animals compared to the WT and Non-Tg animals 

(Figure 10) (113). This increase in perinuclear Serpin B1 staining was also evident in the 

CA3 and cortical regions of the brain, but less obvious in the CA1 region (Figures 11-13) 

(113). The difference in Serpin B1 staining may be attributed to the fact that clade B serpins 

are intracellular, while all three of the other serpins analyzed are secretory proteins that 

carry out their inhibitory function extracellularly (80, 81).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  36 

FIGURE 10 

 

Figure 10. Colocalization of UBQLN2 and serpin proteins in puncta in the dentate 

gyrus region of the brain in P497S animals. Confocal microscopy images of the staining 

of UBQLN2 and Serpin A1, B1, C1, and I1 proteins and their corresponding merged 

images, including DAPI staining (not shown as a separate panel), of the dentate gyrus of 

52-week-old P497S (top panel), WT356 (middle panel), and Non-Tg (bottom panel) 

animals. Scale bars shown = 100 m and 20 m for 1 and 5 zoom images, respectively. 
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FIGURE 11 

 

Figure 11. Colocalization of UBQLN2 and serpin proteins in puncta in the CA1 region 

of the hippocampus in P497S animals. Confocal microscopy images of the staining of 

UBQLN2 and Serpin A1, B1, C1, and I1 proteins and their corresponding merged images, 

including DAPI staning (not shown as a separate pnael), of the CA1 hippocampal region 

of 52-week-old P497S (top panel), WT356 (middle panel), and Non-Tg (bottom panel) 

animals. Scale bars shown = 100 m and 20 m for 1 and 5 zoom images, respectively. 
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FIGURE 12 

 

Figure 12. Colocalization of UBQLN2 and serpin proteins in puncta in the CA3 region 

of the hippocampus in P497S animals. Confocal microscopy images of the staining of 

UBQLN2 and Serpin A1, B1, C1, and I1 proteins and their corresponding merged images, 

including DAPI staining (not shown as a separate panel), of the CA3 hippocampal region 

of 52-week-old P497S (top panel), WT356 (middle panel), and Non-Tg (bottom panel) 

animals. Scale bars shown = 100 m and 20 m for 1 and 5 zoom images, respectively. 



  39 

FIGURE 13 

 

Figure 13. Colocalization of UBQLN2 and serpin proteins in puncta in the cortex of 

the brain in P497S animals. Confocal microscopy images of the staining of UBQLN2 

and Serpin A1, B1, C1, and I1 proteins and their corresponding merged images, including 

DAPI staining (not shown as a separate panel), of the cortex of 52-week-old P497S (top 

panel), WT356 (middle panel), and Non-Tg (bottom panel) animals. Scale bars shown = 

100 m and 20 m for 1 and 5 zoom images, respectively. 
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Figure 14. Line scan analysis showing colocalization of serpins with UBQLN2 staining 

in the dentate gyrus of P497S animals. Line scans were performed using representative 

regions of the magnified images shown in Figure 10. Plots depict pixel intensity of the 

individual UBQLN2 (red) and serpin (green) image channels along the lines shown in the 

image panels to the right of each plot. Lines are drawn through the same region of interest 

in each image to determine the extent of overlap between UBQLN2 and serpin staining. 
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FIGURE 14 
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Section 3.3: Colocalization of serpin proteins with UBQLN2 inclusions in the spinal 

cords of P497S mice 

 Because P497S animals develop MN disease, we also examined lumbar SC sections 

(Figure 7B) from all three genotypes for alteration in serpin staining (Figure 15) (113). For 

this comparison, we used tissue from 32-week-old animals because MNs are still present 

in P497S animals at this age unlike at 52 weeks when most are lost (109, 115). The sections 

were triple-stained for UBQLN2, one of the four serpin proteins, and choline 

acetyltransferase (ChAT), a MN marker (Figures 15 and 16) (113). As expected, P497S 

animals contained numerous UBQLN2 inclusions that were spread throughout the SC, with 

the majority located in structures outside the MNs. This contrasted with UBQLN2 staining 

in the WT356 and Non-Tg animals, which was more diffuse. Examination of serpin 

staining of the same sections revealed that all four serpins also had more punctate 

distribution in P497S animals compared to WT356 and Non-Tg animals (Figure 15) (113). 

Merging of the images and analysis of the overlap of the fluorescent signals by line scan 

revealed excellent colocalization of all four serpin proteins with the UBQLN2-positive 

puncta (Figures 15 and 17) (113). The staining of the four serpin proteins in WT356 and 

Non-Tg animals was generally more diffuse, although more concentrated staining was 

evident in small puncta within MNs. Closer examination of the MNs using higher 

magnification revealed clear evidence of UBQLN2 colocalization with several of the serpin 

proteins in small, round puncta inside MNs of the mice (Figure 16) (113). 
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FIGURE 15 

 
 

Figure 15. Colocalization of UBQLN2 and serpin proteins in puncta in the SC of 

P497S animals. Confocal microscopy images of the staining of UBQLN2 and Serpin A1, 

B1, C1, and I1 proteins and their corresponding merged images, including DAPI staining 

(not shown as a separate panel), of the ventral horn region of the SC of 32-week-old P497S 

(top panel), WT356 (middle panel), and Non-Tg (bottom panel) animals. Scale bars shown 

= 100 m and 50 m for 1 and 2 zoom images, respectively. 
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Figure 16. Colocalization of UBQLN2 and serpin proteins in puncta within spinal 

MN. Confocal microscopy images of MN identified by ChAT-positive staining in the SC 

of 32-week old P497S animals (top panel), and of age-matched WT356 and Non-Tg 

animals (middle and bottom panels, respectively). Scale bars shown = 20 m for all images. 

 

Figure 17. Line scan analysis showing colocalization of serpins with UBQLN2 staining 

in the ventral horn of the SC of P497S animals. Line scans were performed using 

representative regions of the magnified images shown in Figure 15. Plots depict pixel 

intensity of the individual UBQLN2 (red) and serpin (green) image channels along the lines 

shown in the image panels to the right of each plot. Lines are drawn through the same 

region of interest in each image to determine the extent of overlap between UBQLN2 and 

serpin staining. 
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FIGURE 16 
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FIGURE 17 
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Section 3.4: UBQLN2 and serpins colocalize in autolysosomes in spinal motor neurons 

 Because UBQLN2 functions in autophagy, we postulated that the puncta double-

positive for UBQLN2 and serpins within MNs of control mice may correspond to 

autophagosomes or autolysosomes. To address this possibility, we co-stained SC tissue 

from 32-week-old Non-Tg, WT356, and P497S animals for each of the four serpin proteins 

individually, UBQLN2, and either LC3 or LAMP1, the latter two being autophagosome 

and lysosome markers, respectively (Figures 18 and 19) (62, 113). The triple staining 

revealed excellent colocalization of both LAMP1 and LC3 markers with puncta double-

positive for UBQLN2 and serpins in MNs of the animals, suggesting that the puncta are 

autolysosomes. Interestingly, line scans of these images showed a decrease in UBQLN2 

colocalization with these puncta in P497S animals, particularly those positive for LAMP1, 

consistent with previous studies suggesting the P497S UBQLN2 mutation interferes with 

autophagy (Figures 20 and 21) (60, 113). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  48 

FIGURE 18 

 
 

Figure 18. Colocalization of UBQLN2 and serpin proteins in autophagosomes. 

Confocal microscopy images of the staining of UBQLN2, Serpin A1 or C1 proteins, and 

LC3 in the SC of 32-week-old age-matched P497S (left panel) and Non-Tg (right panel) 

animals. UBQLN2 puncta outside MN in P497S animals are positive for serpins, but LC3 

staining is very weak or absent from these puncta (arrows). UBQLN2 puncta within MN 

stain positive for all three proteins (arrow heads). Scale bars shown = 20 m for all images. 
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Figure 19. Colocalization of UBQLN2 with serpin proteins in LAMP1-positive 

puncta. Similar to Figure 18, but showing the staining of UBQLN2, Serpin A1, B1, C1, or 

I1 proteins, and LAMP1 in the SC of 32-week-old age-matched P497S (top panel) and 

Non-Tg (bottom panel) animals. Arrows indicate UBQLN2 puncta outside MN that stain 

positive for serpins, but negative for LAMP1. Puncta within MNs of Non-Tg animals 

stained positive for all three proteins (arrow heads), however UBQLN2 staining in P497S 

animals appeared more diffuse and LAMP1 positive puncta (arrow heads) were not always 

positive for UBQLN2. Scale bars shown = 20 m for all images. 
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FIGURE 19  
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FIGURE 20 

 

 
Figure 20. Line scans showing the degree of overlap between UBQLN2, serpin, and 

LC3 staining in P497S and Non-Tg SC sections. Plots depict pixel intensity for UBQLN2 

(red), serpin (green), and the autophagosome marker LC3 (magenta) for the lines shown in 

images from Figure 18 below each plot. Lines are drawn through the same region of interest 

containing representative puncta for either the larger, extracellular puncta in P497S animals 

(left column) or the smaller puncta within MNs of P497S and Non-Tg animals (middle and 

right columns, respectively). 
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FIGURE 21 

 

Figure 21. Line scans showing the degree of overlap between UBQLN2, serpins, and 

LAMP1 in P497S and Non-Tg SC sections. Similar to Figure 20, but measuring 

colocalization between UBQLN2(red), serpins (green), and the LAMP1 lysosomal marker 

(magenta) from Figure 19. 
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The larger, irregularly shaped puncta located outside of the MNs in P497S animals 

that stained double-positive for UBQLN2 and the serpins were negative for either LC3 or 

LAMP1, suggesting that they are unlikely to be autophagosomes (Figures 18-21). To 

further investigate the localization of the puncta outside of MNs, we conducted triple 

staining for UBQLN2, serpins, and either IBA1 or GFAP, markers of microglia and 

astrocytes, respectively. We predicted that these puncta would not colocalize with 

microglia or astrocyte markers because expression of the P497S UBQLN2 transgene is 

only driven in neurons. Staining of 32-week SC and 52-week brain sections from P497S 

animals showed that the UBQLN2 and serpin double-positive puncta were frequently 

juxtaposed to, but not colocalized with, microglia decorated by IBA1 staining, while 

GFAP-decorated astrocytes were rarely associated with the double-positive puncta 

(Figures 22 and 23) (113). These findings suggest the puncta are most likely localized to 

neuronal cells. To confirm this, we evaluated their localization in P497S mice crossed with 

a YFP mosaic mouse line, which labels neurons with YFP. Immunofluorescent staining for 

UBQLN2 in these animals revealed many UBQLN2 puncta localize to YFP-labeled 

neurons (Figure 24). Inclusions were seen in cell bodies of neurons as well as in neuronal 

projections. Further reinforcing our findings, Gorrie et al. also report that UBQLN2 

inclusions localize to dendritic spines in a P497H UBQLN2 mouse model (51). Thus, we 

postulate that UBQLN2-serpin inclusions originate in MNs and that inclusions observed 

outside of MNs in this study may be remnants from dead or dying neurons. 

Figure 22. UBQLN2 inclusions in the brain localize more closely to microglia than 

astrocytes. Comparisons of UBQLN2, Serpin A1 or C1 proteins, and either GFAP (left 

panels) or IBA1 (right panels) in the dentate gyrus of 52-week-old P497S, WT356, and 

Non-Tg animals. UBQLN2 and serpin double-positive puncta are more closely juxtaposed 

with microglia than with astrocytes. Scale bars shown = 100 m and 20 m for 1 and 5 

zoom images, respectively. 
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FIGURE 22 
Dentate Gyrus: 52 weeks 
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Figure 23. UBQLN2 inclusions in the SC localize more closely to microglia than 

astrocytes. Confocal microscopy images comparing staining of UBQLN2, Serpin A1 or 

C1 proteins, and either GFAP (left panels) or IBA1 (right panels) in the SC of 32-week-

old P497S, WT356, and Non-Tg animals. Similar to the dentate gyrus shown in Figure 21, 

UBQLN2 and serpin double-positive puncta are more closely juxtaposed with microglia 

than with astrocytes. Scale bars shown = 100 m and 20 m for 1 and 5 zoom images, 

respectively. 
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FIGURE 23 
Spinal Cord: 32 weeks 
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FIGURE 24 

 
 

Figure 24. UBQLN2 inclusions localize to neurons. Confocal microscopy images of 52-

week-old P497S/YFP double-positive mouse brain sections. YFP mosaic labeling of 

neurons reveals that UBQLN2 puncta localize to neuronal cell bodies and projections in 

the CA1 and dentate gyrus regions of the hippocampus. Arrows indicate UBQLN2 

inclusions colocalized with YFP-labeled neurons. 
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Section 3.5: Evidence of increased aggregation of serpin and UBQLN2 proteins during 

aging in P497S UBQLN2 mutant mice 

 Serpins inactivate proteases through a large change in their protein conformation, 

switching from a metastable active state to a cleaved inactivated state (81, 97). However, 

this metastability makes the proteins highly prone to misfolding. Such misfolding chiefly 

occurs during biosynthesis, which, by nature, is error prone, and is further induced by 

mutations (81, 116-119). We explored the possibility that the serpin puncta observed by 

immunofluorescent staining in the brain and SC of P497S animals are the result of 

aggregation of serpin proteins due to disturbances in proteostasis caused by the P497S 

UBQLN2 mutation. Accordingly, we conducted filter trap assays to determine whether 

P497S animals had higher levels of UBQLN2 and serpin aggregates than WT356 and Non-

Tg animals. In this assay, protein aggregates that are too large to pass through the pores of 

a 0.2 µm cellulose acetate membrane under vacuum filtration are retained and their amount 

can be quantified by antibody reactivity (109, 120). Filter trap assays were conducted with 

cortical lysates from three independent P497S, WT356, and Non-Tg animals at 8 and 32 

weeks of age. Immunoreactivity studies of the filtered membranes for UBQLN2 revealed 

little difference between the three genotypes in 8-week-old animals. However, the amount 

of UBQLN2 aggregates quantified by this assay was six-fold higher in 32-week-old P497S 

animals, compared to the age-matched WT356 or Non-Tg animals (Figure 25 A, B) (113). 

The increase in UBQLN2 aggregation in P497S animals is consistent with the age-

dependent increase in UBQLN2 puncta seen in this line by IF (60, 115). Quantification of 

the four serpin proteins retained on the filters by this same assay revealed significant 

differences in Serpin A1 and Serpin I1 among the different genotypes.  
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FIGURE 25 

 
 

 
 
Figure 25. UBQLN2 and serpin proteins form aggregates in P497S animals in an age-

dependent manner. (A) Representative images of filter trap assays of cortical tissue from 

8- and 32-week-old P497S, WT356, and Non-Tg animals indicates a significant increase 

in aggregation of UBQLN2, Serpin A1, and Serpin I1, especially in 32-week-old animals. 

(B) Quantification of filter trap assay: *p < 0.05, **p < 0.01, ****p < 0.0001. n=3-6 

animals/age and genotype.  
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In 8-week-old animals, the amount of Serpin A1 retained on the filters was not significantly 

different for the three genotypes, while increased Serpin I1 retention on the membrane in 

the P497S genotype was already apparent at 8-weeks of age (Figure 25A, B) (113). Higher 

amounts of both proteins were retained in samples of 32-week-old P497S animals 

compared to age-matched WT356 and Non-Tg animals (Figure 25A, B) (113). In contrast, 

Serpin B1 and C1 accumulation was more variable between samples of the same genotypes 

at both ages, making quantification of their change unreliable (Figure 25A, B) (113). 

 To further verify that serpin proteins form aggregates in the P497S mice, we 

compared the properties of serpin proteins in tissues from the three genotypes using 

biochemical extraction with increasingly harsh buffers, containing either salt, detergent, or 

denaturing agents according to a procedure that was successfully used to characterize TDP-

43 aggregates (20, 112). The reasoning behind the progressive extraction is that aggregated 

proteins should be resilient to extraction with milder buffers. Thus, protein should only be 

detected in the later extraction fractions if aggregation occurred. Equal amounts of cortical 

tissue from 32-week-old Non-Tg, WT356, and P497S animals were homogenized, 

beginning with a low salt buffer followed by Triton X-100, sarkosyl, and urea buffers. 

Equal volumes of the extracted material from each successive extraction were then 

immunoblotted for UBQLN2 and the four serpins (Figure 26) (113). As expected, the 

amount of UBQLN2 present in the ultimate urea-extracted fraction was higher in the P497S 

samples compared to the WT356 or Non-Tg samples whereas GAPDH, a protein not 

typically found in aggregates, was not detected (Figure 26A, E) (113). The P497S sample 

was also enriched for proteins that were strongly reactive for ubiquitin, a signature feature 

of ubiquitin-tagged misfolded proteins (Figure 26D, E) (113). Evaluation of Serpin A1, 
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B1, C1, and I1 in the same fractions revealed the presence of multiple bands for several of 

the serpin proteins, consistent with aggregation and/or modification of the proteins. 

Quantification of all bands for the three genotypes in the ultimate urea extraction revealed 

a dramatic increase in the levels of Serpin A1 in P497S animals compared to the WT356 

or Non-Tg animals (Figure26 B, C) (113). It is unclear why an increase in the other serpins 

was not detected in P497S animals, but we speculate it is most likely related to their 

resistance to solubility and/or detection by this methodology. One possibility is that 

extraction with the SARK buffer was not harsh enough to denature the aggregates while  

urea was too harsh. Repeating this analysis with an additional extraction with SDS buffer 

in between the SARK and urea extractions may allow for the detection of these aggregates. 

Alternatively, urea may not be harsh enough to denature other serpin aggregates. Other 

harsh denaturants such as guanidine hydrochloride or formic acid could also be used in an 

attempt to extract serpin aggregates. One study successfully used formic acid to dissolve 

CAG repeat aggregates of huntingtin protein (121), making this an intriguing future 

direction.   

Figure 26. Decreased solubility of UBQLN2 and Serpin A1 in P497S mutant animals. 

(A) Immunoblots of equal portions of low salt (LS), Triton-X100 (TX-100), sarkosyl 

(SARK), and urea fractions following sequential biochemical extraction of equal weights 

of cortical brain tissue from 32-week-old Non-Tg, WT356, or P497S mice. The fractions 

analyzed were obtained by progressive extraction of the tissues with LS, TX-100, SARK 

and urea buffers. (B) Quantification of the penultimate SARK fractions for UBQLN2 and 

serpin proteins. (C) Quantification of 32-week urea fractions for each serpin protein. (D) 

Ubiquitin (UBQTN) immunoblots of urea fractions from 8- and 32-week-old animals. (E) 

Quantification of 32-week urea fractions for UBQLN2 and UBQTN. 
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FIGURE 26 

 



  63 

 To confirm these findings, we repeated the analysis, comparing the extraction 

properties of Serpin A1 and UBQLN2 in cortical tissue from 8- and 32-week-old animals 

using a new cohort of animals for the three genotypes. We only focused on these two 

proteins because material needed for the analysis was limited. As expected, the blots for 

these extractions revealed that UBQLN2 was more resistant to extraction with the milder 

buffers in P497S mutant animals compared to the WT356 or Non-Tg animals, as evidenced 

by an increase in the amount of UBQLN2 extracted with the urea buffer (Figure 27A, B) 

(113). Moreover, the UBQLN2 protein in the urea-extracted fractions ran as a smear in the 

polyacrylamide gels, a characteristic of misfolded ubiquitinated proteins. This pattern was 

evident in samples from both 8- and 32-week-old animals, demonstrating the presence of 

the misfolded UBQLN2 protein at both ages. Blots of the same fractions for Serpin A1, 

likewise, revealed increased presence of the protein in the urea fractions of the P497S 

animals compared to Non-Tg or WT356 animals (Figure 27A, B) (113). In addition, it is 

worth mentioning that high molecular weight forms of Serpin A1, which likely represent 

polymers, were also detected by this analysis. Increases of Serpin A1 species were 

observed in the urea-extracted material of 8-week-old P497S animals but were more clearly 

apparent in P497S animals at 32 weeks of age. Quantification of the UBQLN2 and Serpin 

A1 signals in the urea fractions revealed that P497S animals, compared to the WT356 or 

Non-Tg animals, had significantly higher amounts of both proteins at the 32-week time 

point (Figure 27C) (113). 

Taken together with our immunological findings that the serpin proteins form 

puncta and have increased retention in filter trap assays, these biochemical fractionation 
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results provide strong support for the age-dependent increase of serpin protein aggregation 

(particularly Serpin A1) in P497S animals. 

FIGURE 27 

 

 
 

 
 
Figure 27. UBQLN2 and serpin proteins exhibit decreased solubility and form 

aggregates in P497S animals in an age-dependent manner. (A and B) Immunoblots of 

equal portions of fractions following sequential extraction of cortical tissues from 8- (A) 

and 32-week-old (B) Non-Tg, WT356, and P497S mice with increasingly harsh 

solubilizing buffers (LS, TX-100, SARK, and urea) The GAPDH signal was virtually 

undetectable on immunoblots of urea samples and, therefore, is not shown. (C) 

Quantification of the UBQLN2 and Serpin A1 signals in the urea fractions for 8- and 32-

week-old animals: *p < 0.05, **p < 0.01, ****p < 0.0001. 

 

A 

B 
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Section 3.6: Inconsistency in detection of serpin protein accumulation in P497S animals 

by SDS-PAGE and immunoblotting  

 We also attempted to quantify changes of the four serpin proteins in brain and SC 

tissues from mice of the three genotypes using SDS-PAGE and immunoblotting. However, 

we were mindful of known problems in accurately quantifying changes in serpin proteins 

by this method based on prior studies that had found serpin proteins, once aggregated, are 

resistant to entry in SDS-polyacrylamide gels (118, 122). Nevertheless, we conducted 

immunoblots probing equal amounts of protein lysate from both the hippocampus and 

lumbar SC tissue of three independent 32-week-old WT356, Non-Tg, and P497S animals 

(n=3/genotype) for all four serpin proteins. Interestingly, the quantifications revealed a 

significant decrease in Serpin A1 and I1 levels in the hippocampus of P497S animals as 

well as a significant decrease of Serpin C1 in the SC of P497S mice compared to the 

WT356 or Non-Tg animals (Figure 28A, B) (113). Other serpin proteins in these tissues 

followed this trend but did not decrease significantly compared to protein levels in control 

animals. It is also important to note that IB of mouse tissues for some serpin proteins 

yielded additional bands that we speculate may correspond to serpin-protease covalent 

complexes and/or cleaved serpin proteins(123-125). In addition, many serpin proteins, 

such as Serpin I1, are glycoproteins which can be detected at different molecular weights 

based on their glycosylation pattern (90, 126). Ultimately, based on the increased 

aggregation of several of the serpin proteins that we found in P497S animals, we postulate 

that the decreases noted for some of the serpins in P497S mutant animals by 

immunoblotting is probably an artifact arising from the known insolubility and/or 

resistance of serpin aggregates to separation by SDS-PAGE.  
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FIGURE 28 

 
 

Figure 28. Quantification of serpin protein levels in mouse tissues by SDS-PAGE 

analysis. (A) Immunoblots of hippocampus (left) and lumbar SC (right) tissue of three 

WT356, Non-Tg, and P497S animals per genotype, analyzed after separation by SDS-

PAGE. (B) Quantification of immunoblots in A showing a significant decrease in Serpin 

A1 and Serpin I1 in the hippocampus and a significant decrease in Serpin C1 in the lumbar 

SC of 32-week-old P497S animals. As expected, levels of the UBQLN2 transgene in both 

the hippocampus and SC were significantly increased in P497S animals. Arrows denote 

the predicted molecular weight of full-length serpins. *p < 0.05, **p < 0.01, ****p < 

0.0001. 
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Section 3.7: Summary and conclusions 

 The experiments discussed in this chapter were aimed at investigating the 

relationship between mutant UBQLN2 expression and upregulation of serpin proteins in 

our lab’s P497S mouse model of ALS/FTD. Increases in the level of serpin proteins were 

initially identified in an exhaustive proteomics screen of hippocampal and spinal cord 

tissue from our P497S mouse line compared to WT356 or Non-Tg control mice. By 

immunofluorescent staining, we observed a dramatic alteration in the staining pattern of 

serpin proteins, particularly for Serpin A1, C1, and I1, in brain tissues of P497S Tg animals. 

Serpin proteins accumulated in an age-dependent manner in puncta very similar to the 

UBQLN2 inclusions that develop in our mouse model, differing from the more diffuse 

localization seen in age-matched WT356 and Non-Tg animals. In SC sections, we 

identified large UBQLN2-serpin double-positive puncta that were primarily located 

outside of MNs and smaller UBQLN2-serpin double-positive puncta inside MNs. Closer 

examination of these puncta revealed that the smaller UBQLN2-serpin puncta inside MNs 

colocalize with LC3 and LAMP1 markers for autophagosomes and lysosomes, 

respectively. By contrast, the larger double-positive inclusions were negative for LC3 and 

LAMP1 staining. These findings suggest that serpin proteins are likely degraded by 

UBQLN2 via autophagy canonically and that the P497S mutation may disrupt this 

function, resulting in the accumulation of serpin puncta in these animals. 

Further insight into the identity of the serpin puncta was obtained from the results 

of filter trap and biochemical fractionation assays, both of which strongly suggest that they 

are likely to be inclusions composed of misfolded and aggregated serpin proteins. The 

strongest evidence was seen for Serpin A1, both by the significant increases in the amount 



  68 

of protein retained after filtration of P497S brain lysates through 0.2 m membranes and 

by the high molecular weight smear of the protein in immunoblots of the urea-extracted 

protein fraction from the sequential biochemical fractionation assays. Taken together, these 

data provide clear evidence that serpin proteins, especially Serpin A1, become mislocalized 

and aggregate in the brain and spinal cord during disease progression in the P497S model 

of ALS/FTD.   
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CHAPTER 4: SERPIN PATHOLOGY IN P497S UBQLN2 MICE IS 

SPECIFIC TO NEURONAL TISSUES 

Section 4.1: Does neuron-specific expression of the P497S mutant UBQLN2 transgene 

drive systemic serpin pathology? 

 Upon identifying aberrant accumulation and aggregation of serpin proteins in the 

brains and SCs of our P497S UBQLN2 mice, we then asked if other tissues in the mice are 

similarly affected. This is an important question considering that the primary site of 

synthesis for many serpins is in tissues outside of the brain. For example, Serpin A1 is 

largely expressed in the liver and in some inflammatory and epithelial cell types (127, 128). 

Furthermore, the primary site of action for Serpin A1 is the lungs, where it inhibits 

neutrophil elastase in order to prevent uncontrolled proteolysis and subsequent tissue 

damage (127, 128). Mutations in Serpin A1 have been shown to cause alpha-1 antitrypsin 

deficiency, which results in accumulation of misfolded Serpin A1 in the ER of hepatocytes 

and reduced levels of circulating Serpin A1 (88, 96). This leads to lung emphysema as a 

result of uncontrolled neutrophil elastase activity. In alpha-1 antitrypsin deficiency, 

misfolded Serpin A1 is retained in the ER of hepatocytes, resulting in the presence of large, 

globular masses within liver hepatocytes that are evident by hematoxylin and eosin (H&E) 

staining as well as by Periodic acid-Schiff (PAS) staining with diastase digestion  (Figure 

29) (129). By contrast, healthy liver tissue has a continuous cellular architecture in which 

the globular masses are absent. Furthermore, H&E staining of lung tissue from alpha-1 

antitrypsin patients often shows extensive inflammation of the bronchioles and infiltration 

of macrophages as a result of lung damage from uninhibited neutrophil elastase activity 

while healthy lung tissue exhibits unobstructed bronchioles and intact networks of alveoli 
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(Figure 30) (130). We obtained strong evidence, detailed in Chapter 3, that Serpin A1 

mislocalizes to UBQLN2 inclusions in the brain and SC and has a higher tendency to 

aggregate in our P497S mouse model of ALS/FTD. This begs the question of whether this 

accumulation and aggregation of the protein in the brain and SC tissues affect other tissues 

commonly impacted by disturbances to Serpin A1. 

FIGURE 29 

 

 
Figure 29. Comparison of healthy and alpha-1 antitrypsin deficiency diseased liver 

tissues. Adapted from Teckman and Blomenkamp, 2017 (129). H&E staining of healthy 

liver tissue compared to H&E and Periodic acid-Schiff (PAS) staining of liver tissues from 

alpha-1 antitrypsin deficiency patients homozygous for the Z mutant allele. The retention 

of misfolded Serpin A1 protein in the ER of hepatocytes results in the presence of large, 

globular masses in patient tissue. The globules, depicted by arrows, are positive for PAS 

staining and, unlike glycogen and other liver glycoproteins, are resistant to diastase 

digestion, making them easily visible by this staining method. 

  

It is important to note that the P497S UBQLN2 transgene in our mouse model is 

expressed under the control of the Thy promoter, driving neuron-specific expression (72). 

Thus, we predicted that systemic serpin pathology, if present, would be much less extensive 

than what we observed in neuronal tissues. Nevertheless, we performed histological and 

immunoblot analysis of liver and lung tissues from two-year-old P497S and Non-Tg 

animals to assess the possibility of systemic serpin pathology. We chose to focus on these 
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two tissues because our data provide the strongest support for Serpin A1 pathology in our 

mouse model and they are the primary sites of synthesis and activity for the protein. 

FIGURE 30 

 
 

Figure 30. Comparison of healthy and alpha-1 antitrypsin deficiency diseased lung 

tissues. Adapted from Theegarten et al., 2004 (130). H&E staining of healthy lung tissue 

compared to H&E and Periodic acid-Schiff (PAS) staining of lung tissues from alpha-1 

antitrypsin. Healthy lung tissue shown in the left panel depicts intact networks of alveoli 

and unobstructed bronchioles. Alpha-1 antitrypsin deficiency patients exhibit signs of 

emphysema, including destruction of the alveoli and infiltration of macrophages (middle 

panel) and severe obstruction of the bronchioles (right panel). 

      

Section 4.2: Histological analysis of P497S liver and lung tissue 

 In order to investigate the effects of neuron-specific expression of the P497S 

UBQLN2 transgene on liver and lung tissues, we first performed H&E staining to evaluate 

whether any morphological changes were present in P497S tissues compared to Non-Tg 

animals. H&E staining of liver cross-sections from P497S and Non-Tg mice in this project 

revealed an overall healthy network of hepatocytes. However, the presence of some large 

tears in the tissue sections, particularly for the P497S animals, made a definitive conclusion 

about the presence of tissue damage difficult (Figure 31A). Nevertheless, we did not 

observe any obvious signs of Serpin A1 polymerization or accumulation commonly 

associated with alpha-1 antitrypsin deficiency, such as globule formation or liver cirrhosis. 
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Similarly, H&E staining of coronal lung sections from P497S and Non-Tg mice showed 

an intact network of alveoli and little to no bronchiole obstruction for both genotypes 

(Figure 31B). Taken together, these results suggest that accumulation and aggregation of 

Serpin A1 and other serpins in the brain and SC of P497S animals does not extend to 

systemic tissues in which the P497S mutant UBQLN2 transgene is not expressed. 

In addition to assessing overall morphological changes by H&E staining, we also 

examined expression and localization of Serpin A1 and UBQLN2 in liver and lung sections 

by immunofluorescent staining to confirm that serpin pathology in the P497S mouse model 

is isolated to neuronal tissues expressing the P497S UBQLN2 transgene. As expected, this 

staining did not reveal any inclusions for UBQLN2 or Serpin A1 in either of the tissue 

types analyzed (Figure 32). Instead, Serpin A1 staining was relatively diffuse in both the 

liver and lung. In liver tissues, a pattern of Serpin A1 staining was detected in which higher 

levels of Serpin A1 protein were present in hepatocytes surrounding blood vessels in the 

tissue than cells more distant from the blood vessels (Figure 32A). This staining pattern 

likely reflects the secreted nature of Serpin A1. UBQLN2 staining in both tissues was also 

diffuse for both P497S and Non-Tg animals, although there did appear to be a higher 

concentration of UBQLN2 staining along the plasma membrane of cells, particularly 

hepatocytes, which may highlight UBQLN2’s function as an interactor with integrin-

associated proteins at the plasma membrane (32). 

Section 4.3: Summary and conclusions 

Experiments discussed in this chapter were aimed at addressing the question of 

whether serpin pathology observed in the brain and SC of our P497S UBQLN2 mouse 

model of ALS/FTD extends to other tissues commonly impacted by disturbances to serpin  
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FIGURE 31 

 
 
Figure 31. Neuronal expression of the P497S UBQLN2 transgene does not appear to 

cause systemic tissue damage. H&E staining of liver (A) and lung (B) tissues from P497S 

(top panels) and Non-Tg (bottom panels) mice does not show any overt damage caused by 

P497S UBQLN2 expression. These tissues are commonly affected by serpin 

polymerization and accumulation, indicating that the neuron-specific expression of P497S 

mutant UBQLN2 in the P497S mouse model of ALS/FTD does not appear to cause a 

systemic accumulation of serpin proteins. 
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FIGURE 32 

 

 
 
Figure 32. Neuronal expression of the P497S UBQLN2 transgene does not cause 

Serpin A1 accumulation in liver and lung tissues. Double immunofluorescent staining 

of liver (A) and lung (B) tissues from P497S (left panels) and Non-Tg (right panels) for 

UBQLN2 and Serpin A1. No inclusion formation for either protein is apparent, suggesting 

that the brain and SC pathology in P497S mice depends on expression of the P497S mutant 

UBQLN2 transgene in neurons, without a contribution from systemic accumulation. 
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proteins. We evaluated liver and lung tissues from P497S and Non-Tg animals by 

immunohistochemical analysis for overall damage and for Serpin A1 or UBQLN2 

inclusions. As predicted, data from these analyses suggest that neuron-specific expression 

of the P497S mutant UBQLN2 transgene has little to no effect on systemic tissue health or 

serpin expression and localization. However, it is also important to note that analysis of 

these tissues was limited to a small sample size due to breeding constraints, and a more 

thorough analysis of a larger sample size would be necessary to confirm the results of these 

experiments. 

Ultimately, the analysis of systemic tissues from our P497S UBQLN2 mouse model 

of ALS/FTD is a novel group of experiments that further confirms the neuron-specific 

transgene expression and development of ALS/FTD pathology in the model. However, this 

also highlights an important limitation of our mouse model, as transgene expression is 

restricted to neuronal cell types and any non-cell autonomous disease phenomena will be 

missed. Thus, it will be important to study serpin pathology, as well as other previously 

characterized ALS/FTD pathologies, in animal models with global expression of UBQLN2 

mutations and in human cases of the disease. 
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CHAPTER 5: UBQLN2 KNOCKOUT AND OVEREXPRESSION 

ALTER SERPIN PROTEIN LEVELS AND AGGREGATION  

Section 5.1: How does the P497S UBQLN2 mutant transgene induce serpin 

neuropathology in the P497S UBQLN2 mouse model of ALS/FTD? 

  Despite many years of study, the mechanisms by which UBQLN2 mutations cause 

ALS/FTD remain elusive. UBQLN2 knockout (KO) animal models of the disease have 

yielded variable phenotypes. One UBQLN2 KO rat model does not develop any overt 

phenotype or disease pathology while UBQLN2 KO mouse lines develop age-dependent 

motor deficits, but do not exhibit neurodegeneration (71, 78). However, KO of the sole 

UBQLN gene in Drosophila results in neuronal and glial degeneration along with 

impairments to ER and autophagy systems (61). Taken together, these KO models suggest 

that disease caused by mutant UBQLN does not arise from a simple loss of function 

mechanism, but rather from a combination of both loss-of-function and gain-of-function 

toxicity. Indeed, our studies of the P497S mouse model of ALS/FTD suggest that the 

P497S UBQLN2 mutation induces disease through both loss- and gain-of-function 

mechanisms (60, 69, 72). Thus, we chose to investigate the mechanism by which serpin 

neuropathology observed in the P497S UBQLN2 mouse model is likely to occur by using 

both KO and overexpression strategies in cell culture. We evaluated the expression level 

and aggregation propensity of serpin proteins in CRISPR/Cas9 UBQLN2 KO cell lines 

compared to their parent HeLa epithelial and NSC34 mouse motor neuron cell lines. In 

addition, we generated stable Tet-On UBQLN2 inducible cell lines using the HeLa KO8 

UBQLN2 cell line in order to assess how expression of either wildtype or mutant UBQLN2 

impacts serpin proteins.    
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Section 5.2: Inactivation of UBQLN2 expression in cell lines induces serpin aggregation 

 To determine if loss of UBQLN2 affects serpin expression and/or aggregation, we 

used UBQLN2 KO HeLa human epithelial and NSC34 mouse motor neuron cells. The 

properties of these knockout lines were described previously (60). Two independent clones 

from each cell line (HeLa KO8 and KO12 and NSC34 KO20 and KO69) were tested for 

Serpin A1, Serpin B1, Serpin C1, and Serpin I1 expression by immunoblots that compared 

serpin expression to that in the parental HeLa and NSC34 cell lines (Figure 33A) (113). 

Few changes in the protein bands were visible in the resolving part of the gels. However, 

major changes were seen in the upper portion of the gels. For example, the level of 

immunoreactivity of Serpin A1 and Serpin B1 in the high molecular weight region of the 

gels containing HeLa UBQLN2 KO8 and KO12 lysates was notably higher than in the 

wildtype HeLa cells (Figure 33A, B) (113). Similar findings were noted for Serpin B1 in 

NSC34 UBQLN2 KO20 cells, compared to the parental WT UBQLN2-expressing line 

(Figure 33A, B) (113). We speculate that the increased accumulation of serpin proteins in 

the stacking gel in the UBQLN2 KO cells is due to increased aggregation of the proteins. 

Figure 33. Inactivation of UBQLN2 in cells induces serpin aggregation. (A) 

Immunoblots comparing Serpin A1 and Serpin B1 levels in parental HeLa and NSC34 lines 

to two independent UBQLN2 knockout lines (KO8/KO12 and KO20/KO69, respectively) 

for each cell type. (B) Both HeLa and NSC34 UBQLN2 knockout lines show increased 

accumulation of high molecular weight (High MWt) serpin bands, suggesting protein 

aggregation. (C) Filter trap assays using cell lysate and media aliquots from the parental 

HeLa and UBQLN2 KO8 cells, as well as from the parental NSC34 and UBQLN2 KO20 

cells. UBQLN2 knockout in either cell type results in increased serpin aggregation in cell 

lysates and the media. (D and E) Quantification of the signals for the filter trap assays 

shown in C. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n=3-6 replicates/cell 

line and results were reproduced in at least two independent experiments. 
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FIGURE 33 
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To determine whether UBQLN2 inactivation alters serpin aggregation, we 

conducted filter trap assays comparing retention of the four serpin proteins between the 

HeLa KO8 and NSC34 KO20 lines and their parental lines. As most serpins are secreted 

proteins, we also performed filter trap assays of the media in equal portions collected after 

a 48 hr culturing of the lines in equal cell densities to determine if the proteins accumulate 

extracellularly. Quantification of the serpin proteins retained after filtration of equal 

amounts of the HeLa cell lysates (of three independent cultures) indicated a significant 

increase in the amount of Serpin A1 that was trapped on the filters for the KO8 line 

compared to WT HeLa control line (Figure 33C, D) (113). Trends toward increases were 

also detected for Serpin B1, Serpin C1, and Serpin I1, although the changes were just 

outside significance. Quantification of the serpins retained after filtration of the media from 

these cultures revealed significant increases for all four serpin proteins in the HeLa KO8 

compared to the WT control line. Similar comparisons for the NSC34 cell lines revealed 

significant increases in the amounts of Serpin C1 and Serpin I1 in the NSC34 KO20 cell 

lysates compared to the parental WT line (Figure 33C, E) (113). Paradoxically, we did not 

detect an increase in Serpin A1 or Serpin B1 level in the KO20 lysates. By contrast, the 

amount of serpin proteins trapped after filtration of the media was significantly higher for 

all of the serpins in the KO20 line compared to the WT NSC34 line (Figure 33C, E) (113). 

Taken together, these results suggest that the aggregation of serpin proteins observed in the 

brains and SCs of P497S animals may arise from loss of UBQLN2 function. 

Section 5.3: Serpin levels are altered by induced expression of WT or P497S UBQLN2 

 In addition to studying the effect of UBQLN2 knockout on the expression and 

aggregation of serpin proteins, we were also interested in how the overexpression of either 
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WT or mutant UBQLN2 would impact serpins. To address this question, we generated Tet-

On UBQLN2 inducible cell lines using the HeLa KO8 cell line described in Section 5.2. 

Using the KO8 cell line as the parent line for the UBQLN2 inducible cell lines provides 

several advantages. First, it allows us to assess whether reintroducing WT UBQLN2 

expression in the UBQLN2 KO line by treatment with doxycycline (Dox) rescues the 

observed impairments in protein homeostasis. Second, it allows us to study the effects of 

expressing mutant UBQLN2 proteins without a background of endogenous UBQLN2 

expression. Briefly, Tet-On UBQLN2 cell lines were generated by creating double-stable 

cell lines expressing the Tet-On 3G transactivator protein and either WT or mutant 

UBQLN2 proteins under the control of the pTRE inducible promoter (Figure 34). To 

investigate the impact of UBQLN2 overexpression on serpin protein expression and 

aggregation propensity, we chose double-stable inducible lines expressing either WT 

UBQLN2 (WT Lin #44 line) or P497S mutant UBQLN2 (P497S Lin #10 line). 

 We first investigated whether inducing UBQLN2 expression in the WT Lin #44 or 

P497S Lin #10 cell line changed the level of serpin proteins. Inducible lines were cultured 

in the presence of two different concentrations (200 and 300 ng/mL) of Dox in order to 

induce the expression of WT or mutant UBQLN2. Treatment of the WT Lin #44 and P497S 

Lin #10 cell lines with Dox resulted in robust expression of the target UBQLN2 protein 

(Figure 35). Comparison of UBQLN2 levels between the WT Lin #44 and P497S Lin #10 

cell lines showed that, with equal concentrations of Dox, induction in the WT Lin #44 

resulted in a slightly higher level of UBQLN2 expression than induction in the P497S Lin 

#10 line. Thus, to control for any differences in UBQLN2 expression between the two 
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lines, we normalized serpin protein changes upon induction to the level of serpin 

expression of untreated cells from each cell line. 

FIGURE 34 

 
 
Figure 34. Schematic of the Tet-On UBQLN2 inducible cell system. Cell lines were 

generated from the HeLa UBQLN2 KO8 cell line. In this system, double-stable lines 

express the Tet-On 3G promoter, which drives expression of the Tet-On 3G transactivator 

protein in the presence of doxycycline (Dox), and either WT or mutant UBQLN2 proteins 

under the control of the pTRE-inducible promoter. When cells are treated with Dox, the 

Tet-On 3G activator protein is expressed and binds to the pTRE inducible promoter, which 

drives transcription of UBQLN2. 

  

We next evaluated whether induction of WT and P497S mutant UBQLN2 impacted 

serpin protein expression. Although changes to the level of serpin proteins in this analysis 

were not statistically significant, we did observe several trends worth noting. First, induced 

expression of WT UBQLN2 showed a trend toward decreases in the levels of Serpin A1 

and Serpin I1 compared to untreated cells (Figure 35). Levels of full-length Serpin B1 at 

45 kDa were relatively unchanged in response to WT UBQLN2 induction, however, there 

were higher molecular weight bands detected in the Serpin B1 blots at approximately 60 

and 100 kDa that may correspond to serpin-protease complexes (123, 131). Changes in the 

levels of these bands was highly variable between experiments and could not be reliably 



  82 

quantified. In contrast to the downward trend in some serpin levels observed with WT 

UBQLN2 induction, Serpin A1, Serpin B1, and Serpin I1 protein levels all trended upward 

upon induction of mutant UBQLN2 in the P497S Lin #10 cell line (Figure 35). It will be 

important to validate the trends observed for serpin expression in the WT and P497S 

inducible cell lines as changes in the current analysis are not statistically significant. We 

speculate that the analysis is underpowered and that variability in the level of UBQLN2 

induction between experiments contributed to the high p-values obtained for these data. 

Nevertheless, increased levels of serpin proteins in the presence of mutant UBQLN2 

expression is consistent with our results showing serpin accumulation in the brain and 

spinal cord of the P497S UBQLN2 ALS/FTD mouse model. Furthermore, the observed 

decrease in the level of serpin proteins upon WT UBQLN2 induction may support a role 

for UBQLN2 in the degradation of serpin proteins.   

Section 5.4: Summary and conclusions 

 In this chapter, we evaluated how changes in UBQLN2 expression in UBQLN2 KO 

and inducible cell culture systems impacted serpin protein expression and aggregation 

propensity. Previous studies have reported the effects of altered UBQLN2 expression in 

cell and animal models. As discussed at the opening of this chapter, UBQLN2 KO animal 

models have varying phenotypes, with some reports of progressive neuronal loss and 

degeneration (61, 78) and others of no overt phenotype (71). The finding that UBQLN2 

KO increases the propensity for serpin aggregation aligns with the hypothesis that serpin 

neuropathology observed in the P497S mouse model of ALS/FTD is due to loss of 

UBQLN2 function. These data also support the overarching hypothesis that loss of 

UBQLN2 function is toxic and contributes to disease pathology. 
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FIGURE 35 

 
 

 
 

Figure 35. Serpin protein levels in UBQLN2 inducible cell lines. Stable cell lines with 

inducible expression of either WT UBQLN2 (WT Lin #44) or mutant P497S UBQLN2 

(P497S Lin #10) may alter levels of serpin proteins upon induction with doxycycline 

(Dox). Induction of WT UBQLN2 showed a trend toward decreased levels of Serpin A1 

and I1 while induction of the mutant P497S UBQLN resulted in a slight, but nonsignificant, 

accumulation of Serpin A1, B1, and I1. Quantifications are the average fold change of each 

protein normalized to actin and to the protein level of untreated (0 ng) controls for each 

cell line. Data points represent the normalized fold change of three separate experiments. 

*p < 0.05. 

WT Lin #44 497S Lin #10HeLa

0 2
0

0

3
0

0

0Dox (ng/mL)

UBQLN2

Actin

0 0 2
0

0

3
0

0

0 2
0

0

3
0

0

0 2
0

0

3
0

0

Serpin A1

Actin

Serpin B1

Actin

Serpin I1

Actin



  84 

On the other hand, several studies have also evaluated the effects of increasing 

UBQLN2 expression. Overexpression of WT UBQLN2 was effective in alleviating 

neurodegeneration in a knock-in mouse model of Huntingtin’s disease and in reducing the 

toxicity associated with the hexanucleotide repeat mutation in C9ORF72-linked ALS (132, 

133). Our experiments in UBQLN2 inducible cell lines support the idea that overexpression 

of WT UBQLN2 may be beneficial, as overexpression of WT UBQLN2 led to decreased 

levels of serpin proteins while the mutant protein expression resulted in serpin 

accumulation. However, there also appears to be a limit to which UBQLN2 overexpression 

is tolerable, as very high levels of its expression have been found to induce 

neurodegeneration (134, 135). The results of these studies suggest that the level of 

UBQLN2 overexpression should be carefully considered when studying ALS/FTD 

pathology. However, the exact level at which overexpression of UBQLN2 crosses the 

threshold between beneficial and toxic is not known. Inducible cell lines such as the ones 

described in this study should serve as a useful tool in determining such thresholds and 

may provide important insight for therapeutic expression of WT UBQLN2.  

Ultimately, the results discussed in this chapter support a novel role for UBQLN2 

in the proper regulation of serpin expression. Further studies in these cell lines will be 

particularly useful in determining the nature of this regulation. The most likely possibility 

is that UBQLN2 regulates serpins through PQC pathways. Alternatively, UBQLN2 may 

play a role in the cellular trafficking of serpin proteins, either during their secretion or upon 

reinternalization of the serpin-protease complexes by endocytosis. Additional experiments 

to assess these possibilities are described in Chapter 6. 
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CHAPTER 6: DISCUSSION AND FUTURE DIRECTIONS 

ALS/FTD-linked UBQLN2 mutations are thought to disrupt proteostasis and cause 

disease through both loss- and gain-of-function mechanisms. However, the mechanism(s) 

by which these disturbances cause disease is still largely unknown. The previous five 

chapters explored and characterized the novel phenomenon of aberrant serpin 

accumulation and aggregation in brain and SC tissues of P497S UBQLN2 mice (Table 3). 

Furthermore, we established that the observed serpin pathology, as well as accumulation 

of UBQLN2 inclusions, is isolated to the neuronal tissues in which the P497S mutant 

UBQLN2 protein is expressed. We also provided evidence that KO of UBQLN2 in cell 

lines results in similar aggregation of serpin proteins, suggesting that the aberrant 

accumulation and aggregation of serpin proteins in this ALS/FTD disease model may stem 

from loss of UBQLN2 function. Furthermore, preliminary analysis of serpins in Tet-On 

inducible cell lines expressing either WT or P497S mutant UBQLN2 suggests that altering 

the level UBQLN2 expression level may result in changes to serpin protein levels. In the 

present chapter, we suggest possible mechanisms by which UBQLN2 mutations result in 

dysregulation of serpin proteins and discuss the potential implications of their abnormal 

accumulation. We also consider new and unanswered questions stemming from this work 

and outline future experiments to address them. 

Section 6.1: Serpin aggregation in the P497S UBQLN2 mouse model of ALS/FTD may 

arise from defects in protein quality control pathways 

A key question arising from these observations is how expression of the P497S 

mutant UBQLN2 protein causes serpin proteins to aggregate in neural tissues of P497S 

animals. Given UBQLN2’s role in multiple protein degradation pathways, one possibility 



  86 

TABLE 3 

 

Table 3. Summary of serpin accumulation or aggregation. Table indicating the 

experimental methods by which we obtained positive evidence for accumulation or 

aggregation of each serpin investigated in this study. 

  

is that serpin aggregation occurs due to a failure of these pathways in response to loss of 

UBQLN2 function. We discuss two chief, but non-mutually exclusive, possibilities by 

which this could occur. First, the P497S mutation could inactivate UBQLN2 function in 

ERAD, which is required for clearing serpin proteins that misfold during synthesis in the 

ER (90, 136). Loss of UBQLN2 function in ERAD could lead to accumulation and 

aggregation of the serpin proteins within the ER. Furthermore, loss of ERAD function 

could be particularly problematic for serpins due to both their high expression level and 

their propensity to misfold. Serpins are typically synthesized in high amounts in the ER 

(127) and, because protein folding is inherently error prone, the high rate of synthesis 

generates a corresponding high amount of terminally misfolded serpin proteins that must 

be efficiently removed from cells (119, 137, 138). Further, serpin polypeptides need to be 

folded into a metastable conformation for their activity. Deviation in their correct folding 

can cause collapse of the metastable structure into an inactive misfolded state, placing high 
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demand on an efficient ERAD system for their removal (81, 139-143). UBQLN family 

proteins are known to function in ERAD, including in removal of misfolded serpin proteins 

(46). Additionally, ALS/FTD mutations in UBQLN2 stall clearance of serpin proteins (55, 

144). Accordingly, we propose that loss of UBQLN2 function in ERAD, caused by 

mutation or knockout of UBQLN2, could lead to serpin aggregation. Consistent with this 

idea, ER stress, which is induced by a buildup of misfolded proteins in the ER, is increased 

in P497S animals (109). Thus, the colocalization of UBQLN2 and serpins could represent 

arrested ERAD complexes. In addition, the absence of any noticeable colocalization of 

Serpin B1 with UBQLN2 inclusions in the brains of P497S animals further supports the 

idea that defects in ERAD could underlie the accumulation of serpins seen in our study. 

This is because Serpin B1, in contrast to the other serpins we investigated, is synthesized 

in the cytoplasm. Therefore, deficiencies in ERAD are not expected to affect its 

degradation (145). Unexpectedly, we found that despite the lack of Serpin B1-UBQLN2 

colocalization, Serpin B1 expression level was increased in the cell bodies of a number of 

neuronal cells in the brain and SC. Although the reason for its upregulation is not known, 

we speculate that dysregulation of proteostasis by the UBQLN2 mutation may be the 

underlying cause (145).  

Another mechanism by which serpin proteins could aggregate is through loss of 

UBQLN2 function in autophagy. We cannot discount this possibility because the 

extracellularly secreted proteins and their inhibitory complexes can be reinternalized and 

cleared by autophagy (124, 141, 146, 147). ALS/FTD mutations in UBQLN2 have been 

found to reduce autophagic flux and impede autophagy due to a failure in autophagosome 

acidification caused by loss of UBQLN2 function (60). Thus, reinternalized serpin-
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protease complexes may accumulate in P497S animals due to impaired autophagic 

clearance. The importance of this clearance route for serpins is further highlighted by our 

findings that serpin proteins colocalize with UBQLN2, LAMP1, and LC3 proteins in 

puncta of spinal MNs in the Non-Tg and WT356 animals, consistent with normal disposal 

of the proteins via autophagy.  

UBQLN2 has been shown to play roles in the clearance of misfolded proteins 

through the ubiquitin proteasome system (UPS), ERAD, and autophagic degradation, 

which are all disrupted by ALS/FTD-linked mutations (46, 54, 60, 61, 108). Ultimately, 

we propose that one explanation for the observed accumulation of serpin aggregates in the 

brains and SCs of P497S animals is that serpin proteins are degraded through UBQLN2-

dependent pathway(s) that are impaired in our disease model. Whether this accumulation 

of protein aggregates results primarily from failures in ERAD, autophagy clearance, or a 

combination of the two requires further clarification. In order to investigate whether serpin 

proteins are clients of UBQLN2 degradation, and how loss or mutation of UBQLN2 

impacts this degradation, turnover assays should be performed in cells treated with 

proteasome and autophagy inhibitors. The UBQLN2 inducible cell lines described in 

Chapter 5 are an ideal system for these experiments as uninduced cells can be used to 

determine the level of serpin degradation without any UBQLN2 expression prior to 

evaluating how induction of either WT or mutant UBQLN2 impacts the degradation of 

serpin proteins in the same cell line. This approach should also provide more insight into 

whether ALS/FTD mutations affect serpin turnover by loss-of-function or by gain of new 

toxic function. Furthermore, as we have shown that UBQLN2 knockout in cells and 

expression of mutant UBQLN2 in mice induces serpin aggregation, it will also be 
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important to consider the impact of UBQLN2 knockout/mutation on the level of serpin 

aggregation during these experiments. Cell lysates should be separated into soluble and 

insoluble fractions to accurately determine the level of serpin accumulation under each of 

these conditions. 

In addition, the UBQLN2 inducible cell lines will also serve as a useful tool for 

discerning the subcellular localization of serpin proteins. For example, cellular 

fractionation of cells expressing either WT or mutant UBQLN2 can be performed to 

evaluate whether serpins accumulate in the ER. The accumulation of other ERAD 

components in isolated ER fractions may also suggest that serpin accumulation is due to 

failure of ERAD in response to mutant UBQLN2 expression. Furthermore, 

immunocytochemistry co-staining with subcellular markers may also shed light on whether 

the trafficking of serpin proteins is altered in cells expressing WT and mutant UBQLN2. 

Two important routes of study should be considered. First, it will be important to assess 

localization of serpin proteins within compartments of the secretory pathway to evaluate 

whether expression of mutant UBQLN2 alters degradation of serpins through ERAD or 

regular secretion of the proteins. Significant accumulation of serpin proteins in any 

compartment of the secretory pathway in response to mutant UBQLN2 expression could 

indicate that the P497S UBQLN2 mutation results in impaired protein transport. Indeed, a 

recent study showed that expression of P497H or P506T mutant UBQLN2 inhibits protein 

transport from the ER to the Golgi in neuronal cells (144). Furthermore, another study 

highlighted ER/Golgi transmembrane proteins and trafficking vesicles as major protein 

groups that interact with UBQLN2 (148). Taken together, these studies highlight an 

important role for UBQLN2 in maintaining protein homeostasis of ER-targeted proteins 
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not only through ERAD, but also via its involvement in ER to Golgi trafficking. Further 

characterization of UBQLN2 function in ER to Golgi transport is an intriguing route of 

study as impaired cellular trafficking could be especially harmful to neuronal functions 

such as axonal transport and synaptic transmission (144, 149).  

Second, immunocytochemical analysis of serpin and UBQLN2 localization with 

components of the endo-lysosomal system may provide important information about 

UBQLN2 function in these pathways, as well as how UBQLN2 mutations impact them. 

The endosomal system is necessary for regulating, sorting, and degrading proteins via 

autophagy or UPS degradation pathways (150). UBQLN proteins have been shown to 

interact with several key endocytic proteins, such as epsins and Eps-15-related proteins 

that are involved in membrane curvature and internalization of different cargoes/receptors 

through clathrin-mediated endocytosis (151-154). Furthermore, UBQLN proteins have 

also been found to regulate expression of many cell surface receptors, including G-protein 

coupled receptors, -aminobutyric acid A receptors, and nicotinic acetylcholine receptors 

(152, 155, 156). Importantly, UBQLN proteins also interact with Hrs proteins, which are 

involved in the formation of the late endosome organelle known as the multivesicular body 

(MVB) (151, 157). UBQLN homologs in yeast have been found to regulate anterograde 

sorting of proteins to the MVB, the contents of which can then be secreted in exosomes or 

degraded by fusion of the organelle with lysosomes or autophagosomes (158, 159). Taken 

together, these findings suggest that UBQLN proteins function at the crossroads of 

endosomal-lysosomal trafficking.  

There are several possibilities by which impaired function of UBQLN2 in these 

pathways may impact serpin accumulation and aggregation. First, UBQLN2 could be 
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involved in regulating the internalization of the low density lipoprotein receptor-related 

protein (LRP), which has been shown to bind with and endocytose serpin-protease 

complexes (124). Alternatively, our lab recently found that ALS/FTD-linked UBQLN2 

mutations impair autophagosome acidification, resulting in a buildup of unacidified 

autophagosomes and their cargo in the cell (60). Thus, increased localization of serpin 

proteins with subcellular markers for endosomes may indicate that reinternalized serpin-

protease complexes cannot be degraded due to loss of UBQLN2 function in the autophagy 

pathway. Ultimately, further studies to better understand UBQLN regulation of 

endocytosis and MVB formation, as well as how disease-linked mutations impact these 

functions, may provide important insight into overall UBQLN2 function in the endo-

lysosomal pathway and potential targets for therapeutic development.  

Section 6.2: Accumulation of serpin aggregates in the culture media of UBQLN2 

knockout cell lines may indicate altered secretion or internalization of serpin proteins 

In addition to identifying intracellular serpin aggregates, we also observed an 

increase in the level of serpin aggregation in the culture media of UBQLN2 KO cell lines. 

This is similar to the phenomenon seen for misfolded mutant Serpin A1 and neuroserpin 

proteins, where aggregated forms of both mutant serpin proteins were found in the culture 

media of mutant-expressing cells despite evidence of increased retention in the ER (90, 

160). Further studies are needed to identify the mechanism(s) underlying the increase of 

serpin aggregates in the culture media of UBQLN2 KO cells. There are at least three 

possible mechanisms by which the accumulation of these aggregates may occur: 1) release 

of immature ER proteins in response to cellular stress or damage, 2) increased secretion of 

serpins, or 3) impaired reuptake of secreted serpins and/or serpin-protease complexes from 
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the extracellular space. As serpin proteins are glycosylated in their mature secreted form, 

the first possibility can be addressed by treating serpin proteins found in the media of 

cultured cells with glycosidases to determine whether the proteins have been secreted 

canonically or released from the ER prematurely (160). Two different glycosidases, 

endoglycosidase H (endo H) and peptide-N-glycosidase (PNGase), are commonly used to 

analyze the glycosylation state of proteins. Prior to entering the Golgi apparatus, secreted 

glycoproteins have not been fully modified and are sensitive to treatment with EndoH. 

After the proteins have been N-glycosylated in the Golgi apparatus, they become resistant 

to EndoH deglycosylation. However, the proteins remain sensitive to PNGase, which 

removes all N-linked glycans. Thus, if serpin proteins are released from the ER prematurely 

in response to UBQLN2 KO, immunoblot comparison of media samples treated with 

EndoH would show a reduction in the size of serpin bands compared to untreated media 

samples.  

The latter two possibilities would indicate a role for UBQLN2 in the trafficking of 

serpin proteins, either as a negative regulator of secretion or as a positive regulator of 

serpin-protease endocytosis via the LRP receptor (124). Loss of UBQLN2 in either of these 

functions could result in increased levels of extracellular serpins which, if left unresolved, 

may result in increased aggregation. In the case of increased serpin secretion, it is also 

possible that serpin proteins are being directly secreted as polymers as an attempt to relieve 

ER stress caused by their accumulation. Pulse-chase assays have previously been used to 

analyze serpin trafficking (90). These assays can be adapted to more closely study the rate 

of serpin secretion in UBQLN2 KO and inducible cells. Pulse-chase assays use a labeling 

compound, most commonly 35S-methionine, to track proteins of interest. Because the start 
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codon for protein translation corresponds to methionine, cells can be starved of unlabeled 

methionine and then treated with 35S-methionine to create a ‘pulse’ of newly synthesized, 

radiolabeled proteins. Pulse medium can then be collected at specified time intervals and 

‘chased’ with complete growth medium containing unlabeled methionine. Serpin proteins 

can then be immunoprecipitated from the collected media and cell lysate samples in order 

to determine the level of protein found in the samples at each timepoint by immunoblot. If 

the rate of serpin secretion is increased in response to UBQLN2 KO, we would expect to 

see higher levels of serpin proteins at early timepoints in the pulse-chase assay.   

Ultimately, discerning the mechanism by which serpin aggregates accumulate 

extracellularly could reveal novel cellular trafficking functions for UBQLN2. Moreover, 

the presence of extracellular polymers themselves may have important implications in 

disease pathology as previous studies have shown that extracellular serpin polymers, 

specifically Serpin A1 polymers, act as chemoattractants, promoting neutrophil migration 

and contributing to prolonged tissue inflammation (161). The potential effects of serpin 

imbalances and aggregation on inflammatory pathways in ALS/FTD are further discussed 

in the following section. 

Section 6.3: Potential pathologic consequences of the accumulation of serpin aggregates 

in ALS/FTD and other neurodegenerative diseases 

 Based on the pathogenic mechanisms of other serpinopathies, the accumulation of 

serpin aggregates in the P497S animals may contribute to disease pathogenicity from gain-

of-function toxicity (87, 97, 117). For example, mutations in Serpin A1 and I1 are both 

thought to drive disease through aggregation (87, 97, 117, 162). Specifically, cognitive 

deficits and dementia symptoms seen in FENIB patients correlate with the rate of Serpin 
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I1 polymerization and inclusion formation, suggesting formation of Serpin I1 inclusions 

drive neurodegeneration (95). Additionally, abnormal aggregation of Serpin A1, Serpin 

A3, and Serpin I1, have been identified in ALS/ FTD and other neurodegenerative diseases 

(101-106). Thus, it is conceivable that the serpin inclusions seen in the P497S mice may 

play a direct or indirect role in neurodegeneration in the P497S mouse model.  

In addition to the potential gain of toxic function caused by serpin aggregation, a 

loss of normal serpin function may also have important consequences in ALS/FTD 

pathology. Based on current evidence that serpins play critical roles in the regulation of 

proteolytic cascades and inflammatory pathways, we suggest that loss of normal serpin 

function may contribute to the uncontrolled inflammation and increased neuronal death 

which occur in ALS/FTD (163, 164). Several of the proteases that serpins regulate can 

induce an inflammatory response. Serpin A1 and B1 are both inhibitors of neutrophil 

elastase, which is released by neutrophils and responds to acute inflammation. Both ALS 

patient tissue and rodent models reveal an upregulation of neutrophils along peripheral 

motor pathways and dystrophic muscle, correlated with progressive degeneration of MN 

axons and muscular dystrophy (165, 166). Other studies of Serpin B1 provide evidence 

that the protein inhibits pro-inflammatory cytokine production and is upregulated when in 

complex with neutrophil elastase in diseased lungs (123, 167). Loss of Serpin C1 function 

also affects the body's ability to properly mediate inflammation as inhibition of thrombin 

by Serpin C1 is imperative in the protection of motor axons (168). Moreover, thrombin has 

been shown to activate the complement cascade, which promotes inflammatory responses 

and is activated in the skeletal muscles of the hSOD1G93A ALS mouse model (169, 170). 

Taken together, these studies suggest that a loss of serpin inhibitory function and 
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unregulated levels of proteases are linked to neuroinflammation and motor deficits, 

common features of ALS/FTD.  

Our observation that UBQLN2-serpin puncta in the brains and SCs of P497S mice 

partially colocalize with the microglial marker IBA1 suggest that an immune response is 

related to the aberrant accumulation of serpin proteins in our model. It is important to note 

that the mouse models used in this study do not express the UBQLN2 transgene in glial 

cells. Thus, we propose two possibilities for these observations. First, as serpin 

colocalization with UBQLN2 puncta occurs in an age-dependent manner, it is possible that 

serpin proteins are being released by microglia in response to the formation of UBQLN2 

aggregates. In contrast, formation of serpin-UBQLN2 inclusions could occur upstream of 

microglial association. In this case, colocalization with IBA1 could indicate that microglia 

are phagocytosing these inclusions in an attempt to clear the aggregates, as occurs in FTD, 

multiple sclerosis, Alzheimer's disease, and Parkinson's disease (171-174).  

Section 6.4: Summary and future directions 

In summary, our study has identified a novel pathological feature of serpin 

misaggregation in the P497S mouse model of ALS/FTD. Further insight into the 

mechanism(s) of serpin aggregation and the relationship to neuroinflammation and toxicity 

are needed to fully understand whether they have a role in driving pathogenesis in 

ALS/FTD. Understanding the mechanistic connection between UBQLN2 and serpin 

proteins may provide important information concerning therapeutic targets for the 

treatment and prevention of ALS/FTD as well as elucidate novel functions for UBQLN2 

in cellular trafficking. In addition to further characterizing the effect of UBQLN2 knockout 

and mutation using the cell culture systems described and generated in this study, another 
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interesting route of study is to evaluate whether serpin pathology extends systemically in 

models of ALS/FTD with global expression of UBQLN2 mutations. Furthermore, it would 

be interesting to determine if the serpin pathology we observed in this study extends to 

ALS and FTD cases with other familial and sporadic origins, or even to other 

neurodegenerative diseases. Previous studies indicate alterations in the levels of various 

serpin proteins in the plasma and CSF of patients and animal models (101-106). However, 

it would also be interesting to evaluate whether there are tissue-related changes in these 

diseases such as the ones observed in this study.   
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