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Abstract 

 

Title of Dissertation: Mitochondrial Dysfunction is Linked to Pathogenesis in the P497S 

UBQLN2 Mouse Model of ALS/FTD 

 

Brian Lin, Doctor of Philosophy, 2021 

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

and Neurobiology and Program in Neuroscience 

 

Ubiquilin-2 (UBQLN2) mutations cause amyotrophic lateral sclerosis (ALS) with 

frontotemporal dementia (FTD), but the mechanisms that drive disease pathogenesis 

remain unclear. Neurons have especially high energy requirements and consume copious 

amounts of ATP to support synaptic transmission and other complex processes. As such, 

mitochondrial dysfunction has been thought to play a pathogenic role in ALS. Recently, 

UBQLNs have been implicated in mitochondrial protein quality control whereby their 

inactivation in cells leads to the accumulation of cytostatic mitochondrial precursors. 

However, it is unclear what specific role UBQLN2 plays in maintaining mitochondrial 

proteostasis and how UBQLN2 mutations impact mitochondria physiology. In this thesis, 

I tested my hypothesis that the ALS-linked UBQLN2 P497S mutation causes 

mitochondrial dysfunction through loss of UBQLN2 chaperone function and impaired 

mitochondrial import. Our lab previously generated proteomic profiles of early-stage (8 

weeks) hippocampal and spinal cord (SC) tissues isolated from non-transgenic (Non-Tg), 

wild-type (WT356), and P497S UBQLN2 mutant mice, whereby the mutant animal 

closely models human ALS/FTD. Gene ontology analysis revealed “mitochondrial 

proteins” as a major category altered in P497S animals. I immunoblotted SC lysates of 

Non-Tg, WT356 and P497S UBQLN2 animals for various mitochondrial proteins, and 

found decreased levels of many mitochondrial proteins, including those involved in 



  
 

oxidative phosphorylation (OXPHOS), network dynamics and import. I discovered 

through Seahorse respiration assays that mitochondria purified from the SC of P497S 

mice have age-dependent respiration deficits unlike those of age-matched Non-Tg and 

WT356 animals. Electron microscopy of spinal motor neurons in the P497S animals 

revealed distortions to mitochondria cristae. I demonstrated that mitochondrial alterations 

found in P497S mutant animals are recapitulated in UBQLN2 knock-out cells, suggesting 

loss of UBQLN2 function may underlie the mutation’s effects. Additionally, inactivation 

of UBQLN2 compromised proper targeting and processing of the mitochondrial import 

factor, TIMM44, which subsequently could be rescued by reexpression of WT UBQLN2, 

but not by mutant UBQLN2 proteins. ALS/FTD UBQLN2 mutants bind weaker to 

TIMM44 compared to WT UBQLN2, providing a possible mechanism for the 

mitochondrial import defects. Overall, these studies highlight a potential key role of 

UBQLN2 in maintaining mitochondrial health, and how its function is impaired by 

mutations in UBQLN2. 
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CHAPTER 1: INTRODUCTION 

Section 1. The Genetic and Sporadic Nature of Amyotrophic Lateral Sclerosis (ALS) 

Amyotrophic Lateral Sclerosis (ALS) is a debilitating disease of the motor neurons that 

results in loss of motor functions due to progressive muscle atrophy. It is a 

neurodegenerative disease that affects, on average, between 1-3 persons out of every 

100,000 people (1). Countries in Europe have reported on the higher end of incidences, 

with Stockholm and Scotland indicating 3.8 per 100,000 person-years (Figure 1.1) (2, 3). 

Even more concerning is that in many countries, incidence rates have been reported to be 

increasing year over year, though this rise in cases could be attributed to recent 

advancements in genetic screening and testing (2, 4).  

 

Figure 1.1. Worldwide Distribution and Incidence of ALS. (Adapted from (5)). 

ALS age of onset is usually in the mid-late stages of life with peak incidence reported to 

be between ages 50 and 75 years (6). However, a number of factors can affect the age of 

onset, such as genetic factors – heredity and variants – and sex, with men typically 
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developing ALS earlier than women (7). Progression of ALS after disease onset is very 

rapid with death occurring roughly within 3-5 years from detection. This timeline persists 

if the disease is from limb onset, where symptoms begin in the arms and legs first. 

However, ALS tends to be more devastating if the individual exhibits bulbar onset, which 

is characterized by initial symptoms like choking, slurred speech, and twitching of 

muscles of the face, throat and jaw. In bulbar cases, disease progresses rapidly, and death 

can occur within 2 years. Unfortunately, there is no cure for ALS, and current therapeutic 

options have limited efficacy (8, 9). 

 While most cases of ALS are sporadic (sALS) and the cause is unknown, around 

10% of cases are familial (fALS), meaning that the disease is inherited. Most forms of 

fALS are due to autosomal dominant inheritance, but there are some occurrences where 

fALS is passed down through autosomal recessive and X-linked dominant inheritance. 

There are over 50 genes that have now been linked to fALS with variants in SOD1, 

C9ORF72, FUS, and TARDBP comprising the majority of such cases (ALS genes and 

their known functions are shown in Table 1).  

While advancements in techniques for performing genome-wide association 

studies and next generation sequencing have aided in diagnosing and identifying genetic 

causes of fALS, identifying the root causes for sALS has been challenging. Since the 

etiology of sALS is complicated by additional risk factors, such as environmental factors, 

it is extremely difficult to model sALS for scientific study. Genome-wide association 

studies that analyze single nucleotide polymorphisms (SNPs) have been insightful, but 

disease models derived from these analyses have been inadequate in replicating key 

features of the human disease. Additional factors, such as genetic risk and epigenetic 
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changes, which are unique characteristics to the individual are particularly difficult to 

model and often excluded due to their complexity. Many neurological diseases are now 

believed to be triggered through expression of  multiple gene variants, with the 

cumulative effects of all of these factors initiating disease (10-12).  

While trigger factors underlying sALS continue to elude us, studies of disease 

mechanisms of ALS-linked genes have been insightful. In characterizing disease 

mechanisms essential to the cause and progression of ALS, promising therapeutic 

candidates can be developed that directly target affected disease pathways. Indeed, 

emerging anti-sense oligonucleotide therapies that reduce levels of diseased-causing ALS 

protein variants have proven to be effective in animal models of the disease and are now 

under clinical trials (13-15). Furthermore, while ALS-linked proteins play diverse roles in 

cellular physiology, there are some overarching thematic elements on which their 

encoding genes converge. Cellular pathways such as RNA processing, protein quality 

control, axonal and cytoskeletal dynamics, and mitochondria quality control are pathways 

shared by many of these ALS-linked genes. In our lab, we study ALS caused by X-linked 

dominant mutations in ubiquilin-2 (UBQLN2), a protein that can be categorized with 

other ALS-linked proteins under “protein quality control” (Table 1).   
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Table 1. ALS-linked Genes* 

Cellular Pathway Gene Protein Main Functions 

RNA processing TARDBP TAR DNA-Binding 
Protein, 43-Kd 

RNA transport, splicing, mRNA biogenesis 

  FUS Fused in sarcoma RNA transport, splicing, mRNA processing 

  MATR3 Matrin-3 RNA processing, degradation and transport, 
splicing, chromatin modifications 

  ATXN2 Ataxin 2 RNA processing, endocytosis, mTOR 
signaling 

  hnRNPa1 Heterogeneous 
nuclear 
ribonucleoproteins 
A1 

mRNA processing, splicing, and transport 

  hnRNPA2B1 Heterogeneous 
nuclear 
ribonucleoproteins 
A2/B1 

mRNA processing, splicing, and transport 

Protein Quality 
Control 

C9ORF72 Guanine 
nucleotide 
exchange C9orf72 

Transcription, splicing regulation, 
endosomal trafficking, autophagy 

  UBQLN2 Ubiquilin-2 Protein Degradation (autophagy/UPS), 
chaperone 

  SQSTM1 Sequestosome-1 
(p62) 

Protein Degradation (autophagy/UPS) 

  OPTN Optineurin Protein Degradation (autophagy), 
exocytosis, vesicular and membrane 
trafficking 

  TBK1 Tank Binding 
Kinase 1 

Protein degradation (autophagy) 

Cytoskeletal 
Dynamics 

PFN1 Profilin 1 Cytoskeletal structure and signaling  

  NEK1 NIMA (Never in 
Mitosis Gene A)-
Related Kinase 1 

Microtubule stability, DNA-damage 
response 

Mitochondria CHCHD10 Coiled-Coil-Helix-
Coiled-Coil-Helix 
Domain 
Containing 10 

Mitochondrial cristae formation, OxPhos 

  SOD1 Superoxide 
dismutase [Cu-Zn] 

Antioxidant 

*table is not a comprehensive list of ALS-linked genes, but includes those I considered 

most pertinent to the discussion of these studies.  
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Section 2. UBQLN2 – a Multi-faceted Shuttle Protein  

Healthy cells rely on the synergistic interactions of a network of quality control proteins 

and degradation pathways to properly maintain protein homeostasis. Ubiquilin (UBQLN) 

proteins play an essential role in these pathways, and the manifestation of diseases 

through mutations in UBQLNs or loss of UBQLN function, suggest that UBQLNs are 

important for cellular health (16-19). In the next sections, I will examine the structure of 

UBQLNs and discuss how their unique domain architecture imparts many of their protein 

homeostasis functions. Subsequently, I will review UBQLN2’s role in a variety of protein 

quality control systems. 

 

UBQLN Structure 

Humans express five members of the UBQLN family (1, 2, 3, 4, L). Aside from 

UBQLN3 and UBQLNL that are expressed exclusively in the testes, UBQLN proteins 

are widely expressed in tissues throughout the body (20). In other mammals, a sixth 

UBQLN gene, UBQLN5, was discovered, and a seventh UBQLN gene, UBQLN6, has 

been identified in vertebrate species (20). While humans and mice express the five 

UBQLN genes, most other organisms, such as Drosophila only express a single gene 

from the UBQLN family. UBQLN proteins are all roughly 600 amino acids in length, 

except for UBQLNL, which is 475 amino acids. UBQLNs were first discovered as the 

yeast homolog DSK2 and subsequently in humans, as a presenilin-interacting protein (21-

23). 

Based on staining, UBQLNs were shown to localize to various organelles and 

structures throughout the cytoplasm and nucleus, consistent with its multifaceted 
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functions (17). However, the lack of UBQLN isoform-specific antibodies has made it 

challenging to properly assess whether individual UBQLN isoforms have specific 

distributions within the cell. UBQLN1 (PLIC-1) is proposed to predominantly localize to 

the cytosol, while UBQLN2 (PLIC-2) has been observed in both the cytosol and nucleus. 

UBQLN4 (A1Up, UBIN, CIP75) localizes to the nucleus and ER. In many cases, 

UBQLN staining has revealed prominent staining in the nucleus, in puncta within the 

cytoplasm, and/or in the ER and cytoskeletal network. UBQLNs are highly homologous 

proteins. UBQLN1 shares roughly 83% and 70% sequence homology with UBQLN2 and 

UBQLN4, respectively. UBQLNs are part of the evolutionarily conserved UBL/UBA 

protein family, characterized by ubiquitin-like (UBL) and ubiquitin-associated (UBA) 

domains at the N-terminus and C-terminus sides of the protein, respectively (Figure 1.2).  
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Figure 1.2. Structure of UBQLN2. UBQLN2 binds ubiquitinated substrates through its 

C-terminal UBA domain and shuttles it to the proteasome via the N-terminal UBL 

domain. ALS-linked mutations reside in the PXX domain, which impair UBQLN2’s 

ability to deliver the ubiquitinated proteins to the proteasome. 

 

As their names appropriately suggest, the UBL domain has a similar domain 

architecture to ubiquitin, a small protein that conjugates to proteins to target them for 

degradation, and the UBA domain is similarly structured as other proteins that associate 

with ubiquitin (24-27). UBQLNs engage with the proteasome via their UBL domain, 

which is a ~70aa region that directly interacts with the proteasomal subunits, Rpn1, 

Rpn10 and Rpn13; these subunits make up the proteasomal 19S regulatory cap that 

support the ends of the proteasomal 20S catalytic core (27-29). Once proteasomal 

subunits bind the UBL domain of UBQLN proteins, the subunits are sterically blocked 

from preferentially seeking ubiquitin chains directly (29). At the other end of the UBQLN 

protein lies the UBA domain, which is an ~42aa region that is able to bind tightly to both 

monoubiquitinated and polyubiquitinated proteins (30). While the UBA domain itself 
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displays little specificity in binding specific ubiquitin chains, full-length UBQLN1 

exhibits stronger binding with K63-linked chains than with K48-linked chains, 

suggesting that ubiquitin-binding specificity is regulated by sequences beside the UBA 

domain (31, 32). For particular substrates, UBQLN proteins can bind and then recruit 

ligases to ubiquitinate the substrate (33, 34). Based on these structural features, UBQLN 

proteins canonically serve as multifaceted shuttle factors to deliver ubiquitinated proteins 

bound through the UBA domain to the proteasome via their UBL domain (35). In 

addition to proteasomal degradation, UBQLNs also function in a second major 

degradation pathway called autophagy. However, their initial recruitment to the 

autophagic pathway is less understood. The role of UBQLN2 in autophagy will be 

discussed in a later section (on pg. 16). 

The central domain of UBQLN proteins is composed of STI1-like (stress-induced 

phosphoprotein 1-like) motifs that facilitate interactions of UBQLN proteins with other 

protein quality control proteins. Recent studies discovered that UBQLNs serve as 

chaperones or co-chaperones via this central domain through interactions with client 

proteins and other chaperones, such as heat-shock proteins (HSPs) (34, 36-38). In 

addition, this domain interacts with the autophagy protein LC3 (39) and has other notable 

interactions with mammalian target of rapamycin (mTOR), RNA-binding proteins (e.g. 

hnRNPA1), and ER proteins (e.g. erasin and ER B12 J protein) (40, 41). Collectively, 

this central region allows UBQLNs to stabilize proteins, support other chaperones, and 

aid in multiple degradation pathways. Furthermore, this central module is involved in 

UBQLN dimerization where UBQLNs can form homodimers (ex. UBQLN2-UBQLN2) 

or heterodimers (ex. UBQLN1-UBQLN2) (42, 43). But, in many cases, it is the active 
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monomeric version of UBQLNs that is involved in its core functions (42). For UBL-UBA 

family proteins, interactions with ubiquitin and proteasomal subunits can disrupt 

intradomain interactions (44). 

Of the UBQLN proteins, UBQLN2 is especially interesting because its levels are 

elevated in the nervous system and in muscles (20). In addition, it is the only UBQLN 

isoform that contains a proline-rich repeat region, PXX domain, which separates the STI1 

motifs from the UBA domain of the protein. Most notably, the PXX domain contains a 

cluster of ALS-linked mutations in UBQLN2 that cause disease (P497H, P497S, P506T, 

P509S, P525S) (19, 45). Since this study, over 10 additional mutations have been 

identified with most of these mutations residing in the PXX domain, but several in STI1 

regions or regions outside of characterized domains. Although the direct function of this 

domain is unknown, mutations in this region impair UBQLN2 interactions with specific 

binding partners, suggesting that this region confers client specificity (40). In addition, 

the PXX domain along with the central domains of UBQLNs are considered to be 

intrinsically disordered, modulating its liquid-liquid phase separation behavior (LLPS) 

(33, 46). Under stress, cellular proteins and RNA form membraneless structures called 

stress granules (SG). UBQLN2 was shown to interact with SG components and undergo 

LLPS into SGs (33, 40, 47).  

Interestingly, overexpressed wild type and mutant UBQLN2 proteins can manifest 

as puncta inside cells, and staining of UBQLN proteins was observed in pathologic 

inclusions that characterize neurodegenerative diseases, such as ALS, Alzheimer’s, 

Huntington’s and Parkinson’s (19, 48, 49). In ALS, UBQLN2 can be found in inclusions 

of the spinal cord and hippocampus of human patients and in mouse models of the 
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disease (19, 50). A common property of all of these neuropathologic inclusions is that 

they contain misfolded and aggregated proteins that are heavily modified by ubiquitin 

(51). UBQLN proteins are likely recruited to these inclusions through binding of the 

ubiquitin chains tagged to the misfolded proteins. This binding may lead to depletion of 

the functional UBQLN pool in cells. Such depletion could be particularly problematic 

because of the age-dependent decline in UBQLN isoform expression in the brain (52). An 

alternative hypothesis is that UBQLN dysfunction may directly lead to their 

accumulation, i.e. functional UBQLN depletion is not due to accumulation in the 

inclusions, but instead occurs prior to inclusion formation. 

Thus, UBQLNs are multifaceted proteins involved in many aspects of cellular 

physiology. In the next sections, I will introduce the biological functions of UBQLN2 in 

a variety of protein quality control systems and outline how UBQLN2 mutations were 

shown to impact these pathways. 
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Section 3. Biological Functions of UBQLN2 in Protein Quality Control and 

Neurodegeneration 

Ubiquitin-Proteasome System and ER-associated degradation (ERAD) 

A major pathway by which misfolded proteins are canonically disposed of is through the 

ubiquitin-proteasomal system (UPS). This process relies on ubiquitination, a post-

translational modification in which a single (mono-ubiquitination) or multiple (poly-

ubiquitination) ~76aa small ubiquitin proteins are attached to the protein targeted for 

degradation (25, 53, 54). Ubiquitination occurs predominantly at lysine residues through 

a multistep enzymatic cascade (Figure 1.3) (55). Interestingly, ubiquitination occurs 

through a hierarchical ubiquitin E1-E2-E3 cascade, where there are only two identified 

E1 enzymes that catalyze the first step, while there are over 40 and 600 known E2 and E3 

members, respectively. Furthermore, the specific type of linkage has been characterized 

to aid in directing the protein to discrete degradation pathways where K48-linked 

polyubiquitin chains favor marking the protein for proteasomal degradation, while K63-

linked chains favor autophagic degradation. However, as has been shown in many cases, 

both types of linkages can still be degraded through either system (53). 

In UPS, UBQLN2 acts as a shuttle protein to bind these ubiquitinated proteins and 

bring them to the S5a proteasomal cap of the 26S proteasome for its degradation. The 

26S proteasome is a macromolecular complex with two main components: a 20S core 

and 19S regulatory cap (56). The core is a highly symmetrical structure consisting of 

proteolytically active subunits and is responsible for the main breakdown of the substrate. 

The substrates enter the core through the 19S regulatory caps. Ubiquitinated proteins 

dock to the proteasome via Rpn1, Rpn10, or Rpn13 subunits that act as receptors to bind 
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poly-ubiquitin chains (47, 57-59). K48-linked chains have been shown to be almost 

exclusively targeted to the proteasome through interaction with Rpn10 (60). Another 

subunit, Rpn11 then cleaves the poly-ubiquitin chain prior to the substrate entering the 

proteasomal core and allowing for ubiquitin chain proteins to be recycled back into the 

cellular pool (61, 62). Both this cleaving action on the ubiquitin chains and the 

translocation of the substrate through the core are ATP-dependent processes. UBQLN2, 

with ubiquitinated proteins bound to its UBA domain, interacts through its UBL domain 

with the proteasome through the Rpn10 and Rpn13 receptors (29). These interactions 

lead to the activation of the proteasome and systematic degradation of ubiquitinated 

substrates (28). 

 

Figure 1.3. Ubiquitination and Proteasomal Degradation. (Figure adapted from (63)). 

(A) Ubiquitination process through the enzymatic E1-E2-E3 cascade. (B) K48-linked 

ubiquitination and interaction with the proteasome. 
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UBQLN2 mutations have been found to cause ALS and are closely linked to an 

impairment in proteasomal degradation (19, 64). A large cluster of ALS-linked UBQLN2 

mutations reside in the PXX domain (19), but several others reside in the central region 

of the protein (65). Though UBQLN2 mutations are not directly present in the UBL 

domain, ALS-linked UBQLN2 mutations affect binding with the S5a subunit of the 

proteasome (64). The same mutations do not, however, impair binding of 

polyubiquitinated substrates, and some evidence even suggests that mutant UBQLN2 

binds stronger to these ubiquitinated cargo compared to wild type UBQLN2 (66). Instead, 

the mutants reduce binding to the Rpn10 subunit, the proteasome docking receptor for 

UBQLN proteins (67). Collectively, these results suggest that UBQLN2 mutations do not 

prevent binding of ubiquitinated substrates, but instead impair delivery of the cargo to the 

proteasome. Subsequently, improper degradation of these cargo can lead to sequestration 

of these substrates into insoluble aggregates, positive for ubiquitin and mutant UBQLN2 

protein (68). Canonically, UBQLN2 interacts with Hsp70 as part of the Hsp70-Hsp110 

disaggregase complex. This complex extracts ubiquitinated components of insoluble 

protein aggregates and degrades them through the proteasome (69). However, in a knock-

in mouse model of UBQLN2P506T, mutant UBQLN2 is unable to interact with Hsp70, and 

is therefore, unable to aid in the degradation of misfolded and aggregated Hsp70 client 

proteins (68). This impaired interaction with Hsp70 was also seen in ALS patient cells 

with other mutations in UBQLN2 (P494L, P497H and P506A) (70).  

This proteasomal degradation defect also translates to dysfunction in the 

degradation of ER proteins called endoplasmic reticulum-associated protein degradation 

(ERAD) in UBQLN2 mutants. In ERAD, UBQLN2 interacts via its central domains, with 
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ER-anchored proteins, such as Herp, erasin (UBXD2) and UBXD8, which facilitate the 

retro-translocation of misfolded ER substrates to the cytoplasm where UBQLN2 can 

shuttle ubiquitinated ER substrates to the proteasome for degradation (Figure 1.4) (41, 

71). Both mutations and loss of UBQLNs leads to impairment of turnover of ER 

substrates (72, 73). Conversely, ER stress can cause an increase in UBQLN expression, 

suggesting that UBQLN also serves as a stress-response protein. 

 

Figure 1.4. UBQLN2’s Role in ERAD. UBQLN2 shuttles ubiquitinated proteins, 

retrotranslocated out from the ER, to the proteasome for its degradation via its interaction 

with UBXD2. 
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Autophagy 

UBQLN2 has been found to play a role in a second major degradation pathway called 

autophagy. In autophagy, misfolded proteins, organelles and other cargo are degraded 

through the engulfment of these components into autophagosomes, double-membrane 

structures that then fuse with lysosomes, containing catabolic hydrolases (74). UBQLNs 

were implicated in macroautophagy through their interaction with 

macroautophagy/autolysosome component 1A/1B-light chain 3 (LC3), a cytosolic protein 

that is recruited to autophagosomal membranes (39). In macroautophagy, LC3 matures 

from LC3-I to LC3-II in order to assist in the formation and maturation of the 

autophagosome. Loss of UBQLN2 has been shown to increase the LC3-II/LC3-I ratio, 

resulting in upregulation of  autophagy induction, but impaired autophagy flux (75). This 

impaired autophagy flux has been attributed to disrupted lysosomal acidification  (Figure 

1.5). When lysosomes fuse with autophagosomes, the catabolic hydrolases become 

activated in response to a decrease in the pH of the autophagolysosome. This reduction in 

pH occurs through the activity of a vacuolar-ATPase proton pump. Recently, UBQLNs 

were found to be important for the regulation of individual vacuolar H+-ATPase subunits 

(75, 76). Wu et al., discovered that UBQLN2 regulates the biogenesis of the ATP6v1g1 

subunit; the absence of UBQLN2 leads to a significant accumulation of stalled 

autophagosomes, evidently due to the loss of autophagosome acidification. In mutant 

P497S transgenic mice, levels of the ATP6v1g1 subunit are also significantly reduced 

compared to age-matched non-Tg animals. 

 



 16 
 

 

Figure 1.5. UBQLN2’s Role in Autophagy. UBQLN2 regulates the biogenesis of 

subunit ATP6v1g1 of the vacuolar type ATPase, a complex that acidifies lysosomes by 

pumping protons across the lysosomal membrane. The P497S UBQLN2 mutation impairs 

the biogenesis of the G subunit, thereby preventing acidification of lysosomes and 

blocking autophagic flux. 

 

Molecular Chaperoning 

A protein’s life cycle consists of its synthesis, post-translational folding and 

modifications, integration and localization to enable its appropriate functions, and finally 

its degradation. Toxic proteostasis conditions can arise from external stresses and through 

natural effects of aging on the cellular metabolic and protein synthesis systems (77). One 

step that becomes significantly challenged with age is the subsequent step after initiation, 

whereby proteins adopt their higher-level structures through folding. In most cases, other 

proteins called chaperones facilitate this folding process. However, with age, chaperone 

activity decreases leading to greater accumulation of misfolded proteins.  
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 The capability of UBQLN proteins to bind proteins containing transmembrane 

domains suggests that UBQLNs are chaperone proteins, which function has been 

attributed to the central STI1 domains of the protein. Several lines of evidence suggest 

that UBQLNs have chaperone properties. First, UBQLN1 has been shown to chaperone 

and maintain the stability of APP in response to elevated temperatures, thereby 

preventing APP aggregation and fragmentation (38). UBQLNs also chaperone 

cytosolically-localized transmembrane proteins, such as misfolded mitochondrial 

precursor proteins (34). In the absence of UBQLN proteins, these precursor proteins 

accumulate in the cytosol. Thus, UBQLN proteins are likely required for the proper 

targeting of mitochondrial proteins (34). In addition, loss of UBQLN2 expression leads to 

reduced accumulation of the ATP6v1g1 subunit of the V-ATPase pump, leading to 

disruption of these client proteins’ functions (76). Furthermore, UBQLN interacts with 

other chaperone proteins, such as Hsp70 and the Hsp70-Hsp110 disaggregase complex, 

to either aid in the degradation of aggregated and misfolded proteins and/or stabilize 

other proteins (68). Though it remains unclear how UBQLNs discriminate between 

stabilizing proteins via chaperoning versus aiding in their degradation, it is clear that 

UBQLNs are involved in directing the cellular outcomes of many newly synthesized 

proteins through their chaperone activities. 

 

Section 4. Bioenergetic Demands of Neurons and Mitochondria  

Neurons and Mitochondria 

Compared to other tissue types, the brain consumes the greatest amount of oxygen to 

support its complex processes (78). The elaborate architecture of neurons, the prominent 
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cell type of the CNS, poses significant physiological challenges to maintain healthy 

cellular functions. Neurons, especially motor neurons, have a large soma or cell body and 

axonal projections that can extend long distances. At the terminal ends of these axons are 

synapses, which direct synaptic communication through the release of synaptic vesicles. 

In order to sustain synaptic transmission, neurons must maintain proper Ca2+ regulation 

and produce a large energy supply in the form of Adenosine 5’-triphosphate (ATP). As a 

result, synapses tend to be packed with mitochondria, the organelles responsible for 

energy metabolism, calcium homeostasis, and reactive oxygen species (ROS) regulation  

(79). Mitochondria are double-membrane structures with the inner membrane folded into 

cristae structures, for the purpose of increasing interior surface area for accommodating 

many mitochondrial protein complexes. Mitochondria provide roughly ~90% of the ATP 

pool in neurons (80), while the remaining portion is produced through glycolysis. ATP is 

generated from ADP, so measuring the ADP to ATP ratio has been a common measure of 

the energy state of the cell. Indeed brain activity is tightly coupled to the production rate 

of ATP and can be directly affected by ADP availability (81). Even moderate reductions 

in ATP/ADP ratios can cause cellular dysfunction, as seen in many mitochondrial 

diseases (82).   

 

Oxidative Phosphorylation 

 The predominant process by which ATP is produced in neurons is through 

mitochondrial oxidative phosphorylation (OxPhos) (83-85). The OxPhos system is 

composed of a series of complexes (I, II, III, IV) and the ATP synthase (Complex V). 

These complexes operate in conjunction with two electron carriers – coenzyme Q and 
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cytochrome c – to coordinate a transfer of electrons and form a proton gradient. These 

complexes are embedded in the inner membrane of the mitochondria and the proton 

gradient is generated across the inner membrane through activity of complexes I-IV, with  

protons accumulating within the intermembrane space. Subsequently, the ATP Synthase 

(F1Fo-ATPase) uses energy derived from the proton gradient to produce ATP from ADP. 

Most of the ATP can then be exported out of the mitochondria to be used for a variety of 

energy intensive cellular functions. 

 Mitochondria are unique in that their proteomic composition is derived f rom both 

the nuclear genome and mitochondrial genome. Interestingly, more than 1000 

mitochondria proteins are encoded by the nuclear genome, while the mitochondrial 

genome encodes only 13 critical proteins of the OxPhos system. The translational mito-

ribosomes along with amino-acyl tRNA synthetases, initiation factors, and elongation 

factors, are all nuclear-encoded as well. As a result, the regulatory mechanisms for 

translation of mitochondrial OxPhos proteins relies on the coordinated signaling between 

mitochondria and the nucleus (86, 87).  

Disruptions to the OxPhos system are at the heart of many mitochondrial diseases 

and neurological disorders (88). Leigh syndrome is one of the most well-known 

mitochondrial diseases caused by OxPhos deficiencies (89). Leigh syndrome is a 

neurological disorder characterized by the loss of both mental and physical faculties. 

Most individuals with Leigh syndrome die within two years of symptom onset with the 

majority of deaths occurring due to respiratory failure. Leigh syndrome is attributed to 

defects in all facets of the OxPhos system, but most notoriously through complex I or IV 

deficiencies (90). 
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Mitochondrial Protein Import 

 As most mitochondrial proteins are nuclear encoded, the translocation and 

integration of these proteins from the cytosol to mitochondria is integral for maintaining 

healthy mitochondrial proteostasis. Nuclear-encoded mitochondrial proteins are 

translated with a mitochondrial targeting precursor sequence. In the classical pathway of 

import of mitochondrial proteins destined for the inner membrane or matrix, import of the 

mitochondrial protein precursor is carried out by the interaction of the precursor with the 

outer membrane surface Tom20 receptor (Figure 1.6)(91, 92). Once the precursor is 

translocated into the intermembrane space, the protein is recognized by the inner 

membrane surface Tim50 receptor, which directs it through the inner membrane TIM23 

translocase. The pre-protein is largely positively-charged and gravitates to the negatively 

charged membrane potential of the inner membrane (93). The pre-protein then interacts 

with TIMM44, which recruits mitochondrial heat-shock protein 70 (mtHSP70) and acts 

in conjunction with the pre-sequence translocase associated motor (PAM) to direct the 

protein into the mitochondrial matrix. The preprotein subsequently gets cleaved by 

mitochondrial processing peptidases (MPP) to form the mature protein (94). 

 Alternatively, inner membrane proteins can bypass the Tom complex through the 

carrier pathway. These precursor proteins have an internal targeting sequence rather than 

an N-terminal pre-sequence, which allows them to pass through the outer membrane via 

the Tom70 receptor. Subsequently, in the intermembrane space, they are inserted into the 

inner membrane through the TIM22 translocase. Unsurprisingly, deficits in mitochondrial 
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protein import underlie many cases of mitochondrial dysfunctions associated with 

OxPhos deficiencies.  

 

Figure 1.6. Classical Pathway of Mitochondrial Import of Inner Membrane and 

Matrix-localized proteins. 

 

Mitochondrial Dynamics 

The mitochondrial network is dynamic. Within the cell, mitochondria are constantly 

altering their shape, size, movements and locations to meet the cell’s bioenergetic 

demands. The mitochondrial network constantly undergoes processes of fusion and 

fission to closely regulate the length and morphology of mitochondria. At steady-state, 

the frequency of mitochondrial fusion and fission events are roughly comparable. 



 22 
 

However, when the fusion-to-fission ratio is increased, there are fewer mitochondria, but 

the mitochondria are more interconnected and of greater length. If the fusion-to-fission 

ratio is decreased, the network is considered to be “fragmented”, consisting of mostly 

short and round mitochondria.  

Fusion of mitochondria is a process mediated by several proteins. Mitofusins, 

Mfn1 and Mfn2, form as oligomeric complexes on the outer mitochondrial membrane to 

fuse the outer membranes of closely tethered mitochondria (95). Opa1 (Dynamin-like 

GTPase), which is localized to the intermembrane space and inner mitochondrial 

membrane, is responsible for fusing the inner membranes of mitochondria (96, 97). On 

the other hand, mitochondrial fission relies on the function of cytosolic Drp1 (Dynamin-

related protein 1), which forms a ring around mitochondria to constrict and separate the 

mitochondrial tubule into two daughter mitochondria (98). Drp1 is recruited to the 

mitochondria via receptors, such as mitochondrial fission factor (MFF) and/or Fis1, 

which are mitochondrial outer membrane proteins and adapter proteins, like Mid49 and 

Mid51, which aid in this recruitment (99-101). 

These cycles of fission and fusion are essential to maintaining the morphology, 

function, and distribution of the mitochondrial network. For a functional pool of 

mitochondria, fusion proteins are especially important; loss of Mfn proteins or Opa1 

causes a decreased capacity for respiration (102). Mitochondria fuse for the purpose of 

passing mitochondrial content to other mitochondria. This continuous exchange of 

material ensures that the mitochondria are able to maintain their physiological functions, 

such as the production of ATP by Oxphos. In addition, fission is equally important. The 

reason for this is because if mitochondrial components within the mitochondrial network 
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are damaged, mitochondria must be able to detach the damaged parts from the overall 

network. These damaged mitochondria separated by fission can then be degraded through 

mitophagy. 

In neurons especially, mitochondrial dynamics are of great importance for cell 

survival. In addition to their high energy demand, neurons have a unique and 

concentrated distribution of mitochondria to specific subcellular regions, such as the pre-

synaptic terminals (103, 104). Neurons that lack the mitochondrial fission protein Drp1 

show a significant reduction in mitochondrial mobilization and synaptic transmission 

defects (105, 106). In addition, in hippocampal neurons receiving excitatory stimulation, 

mitochondria tend to accumulate in dendritic spines (104). Thus, mitochondrial dynamics 

are important for maintaining a healthy mitochondrial network and if impaired, may lead 

to disease. 

 

Section 5. Mitochondria and ALS 

As the primary organelle for ATP generation, mitochondria have been implicated in ALS 

pathology due to the high bioenergetic demands of neurons. Unlike other cell types, 

neurons have a complex shape with elongated dendritic arbors. They are not mitotic, and 

after differentiation, neurons must finely tune their proteostasis and maintain their 

physiology to sustain life. Accumulating damage from proteostatic stress and 

mitochondrial dysfunction must be dealt with quickly, as any damage would persist 

through the lifetime of the neuron. Thus, protein turnover occurs rapidly and 

mitochondria at the distant peripherals of the cell are constantly rejuvenated, despite 

residing so far from the cell body. A variety of important processes, such as axonal 
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transport of mitochondria, mitochondrial dynamics, local mitochondrial protein synthesis, 

and the clearance of damaged mitochondria and their proteins are critical for maintaining 

a healthy network of mitochondria. Consequently, defects to these mitochondrial 

processes are linked to ALS and other neurodegenerative diseases. 

 In ALS, mitochondrial dysfunction appears in many forms including improperly 

regulated ROS production, impaired oxidative phosphorylation and imbalanced 

mitochondrial dynamics. Aside from RNA toxicity, all the common thematic disease 

pathways in ALS, are linked to mitochondrial health, including impaired protein 

homeostasis – by UPS and autophagy, excitotoxicity due to excessive glutamate receptor 

stimulation, and compromised axonal transport.  

 Aberrations in mitochondria structure were one of the first observations of ALS 

patient motor neurons (107, 108). ALS mitochondria display a swollen appearance and 

many show distorted cristae structure. In addition, abnormal mitochondria are prevalent 

in both cell and animal models of ALS. For example, expression of mutant TDP-43 

results in fragmented and swollen mitochondria (109-111). Furthermore, the earliest 

linked ALS gene was superoxide dismutase 1 (SOD1), an enzyme that normally acts to 

reduce reactive oxygen species that can damage mitochondria and other cellular 

constituents. In SOD1 G93A transgenic mice, motor neuron mitochondria are more 

fragmented and spherical with an odd clustered distribution of mitochondria in the axons 

(110, 112). Similar abnormalities are observed in cultured motor neurons with 

overexpression of ALS mutant FUS and in iPSC models of C9orf72-associated ALS 

(113-115). Perhaps the most direct evidence of mitochondria as a driver of disease are 

that mutations in the ALS-linked mitochondrial protein CHCHD10 can cause fALS (116, 
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117). CHCHD10 resides at contact sites between the mitochondrial outer and inner 

membranes and plays a role in maintaining cristae architecture and oxidative 

phosphorylation. In fibroblasts expressing the CHCHD10S59L mutation, mitochondria lose 

their cristae structure (118). Interestingly, mitochondrial structural aberrations seen in 

ALS models tend to occur prior to clinical disease onset, suggesting that mitochondria 

deficits may precede neurodegeneration (112). 

 Tied closely to the structure of mitochondria, deficits in mitochondrial respiration 

and, consequently, ATP production are observed in most models of ALS as well. In ALS 

patient tissues, the activities of all OxPhos complexes were decreased (119, 120). In 

SOD1 G93A transgenic mice, respiration deficits precede disease onset and persist 

through disease progression (121, 122). These defects were recapitulated in cell culture 

models of the disease, which include primary motor neurons of mutant TDP-43 and NSC-

34 lines expressing a number of mutated ALS-linked genes, such as SOD1, FUS, TDP-43 

and CHCHD10 (116, 123-125). 

 As discussed earlier, the mitochondrial network undergoes dynamic processes of 

fusion and fission that are linked to the bioenergetic state of the cell. In SOD1-based 

cellular ALS models, mutant G93A SOD1 is associated with a more fragmented 

mitochondrial network, increased levels of Mfn1 and Opa1, and a progressive decrease in 

fission proteins like Fis1 and activated Drp1 through phosphorylation at the Serine616 

site (126). In transgenic mice expressing TDP-43 mutants, mitochondria were of 

significantly shorter length compared with non-transgenic mice, but levels of fission and 

fusion proteins were balanced (127). When analyzing patient fibroblasts of TDP-43 

mutants, Fis1 levels were significantly increased, consistent with the fragmented 
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mitochondrial network (128). Despite the variability in changes to mitochondrial 

dynamics proteins in ALS models, mitochondria are generally of shorter length with 

expression of mutant transgenes. It is likely that there are multiple mechanisms that 

define mitochondrial length. Shorter mitochondria can be attributed to mechanisms that 

either increase proteins involved in fragmentation and/or impair proteins responsible for 

fusion processes. Furthermore, levels of mitochondrial fusion proteins could be increased 

as a compensatory response to dysregulation of mitochondrial dynamics but fail to 

correct the morphology of the mitochondria for unknown reasons. Nevertheless, though 

the mechanisms that drive disordered mitochondrial dynamics remain unclear, smaller 

mitochondria are generally associated with decreased ATP-producing capacity and 

increased susceptibility to oxidative damage or other stressors, and these are commonly 

seen across disease models. 

 Another process that plays a vital role in mitochondrial protein quality control is 

mitochondria-specific autophagy, aptly called mitophagy. Accumulation of damaged 

mitochondria is a common feature in ALS. One hypothesis is that improper clearance by 

degradation pathways due to mutations in ALS and autophagy-linked genes drives this 

phenomenon. A main catalyst for mitophagy induction is the overall loss of 

mitochondrial membrane potential, which leads to dysfunctional mitochondrial protein 

import. PINK1, a kinase which is normally imported into the mitochondrial matrix and 

subsequently cleaved, instead becomes expressed on the surface of the mitochondria due 

to this import failure, thereby signaling the cell to the presence of dysfunctional 

mitochondria. PINK1 phosphorylates a variety of surface proteins on the mitochondria, 

including ubiquitin (129), and promotes the recruitment of the E3 ubiquitin ligase, 
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Parkin, to mitochondria (130). Parkin then ubiquitinates outer mitochondrial membrane 

proteins and facilitates degradation of the ubiquitinated mitochondria through standard 

autophagy pathways. In addition to the accumulation of damaged mitochondria, stalled 

autophagosomes have been commonly observed in ALS, suggesting that there may be a 

mitophagy defect. Loss of TDP-43 and FUS are associated with decreased levels of 

Parkin (131). Parkin levels are also decreased in TDP-43 mutant transgenic mice (132). It 

is important to note that mitophagy is simply a mitochondria-specific naming of the 

canonical autophagy pathway. OPTN and p62, which are autophagy receptors that guide 

an array of cargo into autophagosomes, are considered to be ALS-linked genes in which 

mutations impair their receptor functions and are likely to impede mitophagy (133, 134). 

Furthermore, tank-binding kinase-1 (TBK1), which activates these autophagy receptors, 

is also an ALS-linked gene (135). However, how TBK1 mutations cause disease is 

unclear (136-138). 

 

Is there a role for mitochondrial dysfunction in UBQLN2-linked ALS? 

While many ALS-linked genes impact mitochondria physiology, it is unknown what role 

UBQLN2 plays in mitochondrial biology. In theory, UBQLN2 canonically functions in 

maintaining cytosolic proteostasis. Although the final destination of mitochondrial 

proteins is not to the cytosol, they are exposed to cytosolic proteostasis mechanisms by 

virtue of them being predominantly nuclear-encoded proteins. Proper mitochondrial 

function relies on successful integration and targeting of newly synthesized mitochondrial 

precursor proteins to mitochondria, and in its absence, would produce an accumulation of 

mitochondrial proteins in the cytosol. Subsequently, these proteins would be subjected to 
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UPS or autophagy degradation systems for their clearance. While the mechanistic role of 

UBQLN2 in maintaining mitochondrial proteostasis is unclear, recent studies have 

provided evidence that UBQLNs do function in mitochondrial proteostasis. Knock-out of 

other UBQLN isoforms, such as UBQLN1 was shown to lead to an accumulation of 

mitochondrial precursor proteins in the cytosol in various cell types (139). Indeed, 

UBQLNs were shown to be chaperone proteins that guide degradation of misfolded and 

unimported mitochondrial precursor proteins (34). Surprisingly, these studies did not 

reveal a direct effect of loss of UBQLNs on mitochondrial structure and function. 

However, none of these studies assessed direct loss of UBQLN2 or evaluated neuronal 

cell types that would be more susceptible to loss of mitochondrial proteostasis. 

 Mitochondrial dysfunction has been linked to all of the prominent ALS-linked 

genes, including C9ORF72, FUS, TDP-43 and SOD1. Alterations in these proteins due to 

ALS mutations have been found to interact and impair the assembly and function of key 

mitochondrial OxPhos proteins (114, 140). It is therefore likely that UBQLN2 mutations 

also cause mitochondrial dysfunction, albeit through a potentially different mechanism 

than other ALS-linked proteins. Based on the extensive literature on the function of 

UBQLNs, I predict that the UBQLN2 P497S mutation or complete loss of UBQLN2 

causes an accumulation of mitochondrial precursor proteins in the cytoplasm through 

failed chaperone function and/or compromised import and targeting of these proteins to 

the mitochondria. This deficit in mitochondrial proteostasis would then lead to impaired 

mitochondrial structure and function and drive motor neuron loss. Fortunately, our lab 

had the unique resources to test my predictions. Our lab had generated a UBQLN2 P497S 

ALS mouse model that nicely recapitulates many of the key features of the human ALS 
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disease, such as motor neuron loss, motor behavioral impairments, and key 

proteinopathies, such as protein aggregation and nuclear depletion of TDP-43. Currently, 

few ALS mouse models have been generated that can successfully recapitulate the 

majority of these key disease features. Therefore, this model provided a compelling 

opportunity to explore the mechanisms of disease in a translational system. In this thesis, 

I investigated whether the P497S mutation causes mitochondrial dysfunction through the 

loss of UBQLN2’s canonical functions in proteostasis. 

  



 30 
 

Section 6. Goals of this Study 

UBQLN2 mutations were discovered to cause ALS, a debilitating motor neuron disease 

(19). Mitochondria have long been thought to play a direct role in the pathogenesis of 

ALS due to the intrinsically high energy-consuming nature of neurons, compared to other 

cell types. Currently, the role of UBQLN2 in maintaining healthy mitochondrial 

physiology and function is unclear. Likewise, the effects of UBQLN2 mutations on 

various facets of mitochondrial health, such as its structure, function and network 

dynamics are unknown. At the start of this thesis work, our lab performed an exhaustive 

proteomics study on our UBQLN2 ALS mice of the three genotypes, non-Tg, WT356 

and P497S mutant. Results indicated a systematic downregulation of mitochondrial 

proteins in the SC of the P497S animals. I validated the proteomics results through 

immunoblotting total SC lysates, which corroborated the decrease in OxPhos and import 

proteins. These initial studies led me to hypothesize that the UBQLN2 P497S mutation 

causes mitochondrial dysfunction through impaired mitochondrial chaperoning and 

import (Figure 1.7).  

 

To test this hypothesis, I developed the following three aims: 

• Aim 1: To determine if mitochondrial dysfunction is present in the P497S 

UBQLN2 mouse model 

• Aim 2: To determine if UBQLN2 is required for healthy mitochondrial 

physiology and function 

• Aim 3: To determine if the P497S mutation disrupts mitochondrial chaperoning 

and import  
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Figure 1.7. Schematic of Main Hypothesis. In a healthy motor neuron, UBQLN2 

chaperones nuclear-encoded mitochondrial proteins and the proteins are correctly 

imported into mitochondria. In an ALS motor neuron, the mutant P497S UBQLN2 is 

unable to chaperone mitochondrial proteins, leading to its accumulation in the cytosol 

and failed import into mitochondria. Loss of nuclear-encoded mitochondrial proteins, 

especially those involved in OxPhos, leads to dysfunctional mitochondria and eventually 

neuronal death.  
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CHAPTER 2: METHODS 

All experimental protocols were performed in accordance with and approved by the 

University of Maryland School of Medicine IACUC committee and in compliance with 

NIH guidelines. 

 

Antibodies and Reagents 

The following primary antibodies were used: Anti-OXPHOS antibody cocktail (Abcam, 

ab110413; contains antibodies against ATP5A, UQCRC2, COX1, SDHB, and NDUFB8), 

NDUFA9 (Abcam, ab14713), SDHA (ProteinTech, 14865-1-AP), COX2 (ProteinTech, 

55070-1-AP), COX4 (ProteinTech, 11242-1-AP), CMC1 (ProteinTech, 11448-1-AP), 

TOMM20 (LSBio, LS-C417027; ProteinTech, 11802-1-AP), TOMM40 (SantaCruz, sc-

365466 and sc-365467), TOMM70 (Santa Cruz, sc-390545), Opa1 (LSBio, LS-

C143234), Mfn1 (Abcam, ab75602), Mfn2 (ProteinTech, 12186-1-AP), Drp1 (Cell 

Signaling, 8570S), p-Drp1 (Cell Signaling, 4867S and 4494S), Fis1 (ProteinTech, 10956-

1-AP), MiD49 (ProteinTech, 16413-1-AP), MiD51 (ProteinTech, 20164-1-AP), TIMM44 

(ProteinTech, 13859-1-AP), TIMM50 (Abcam, ab204486), MCL1 (SantaCruz, sc-

12756), UBQLN2 (NovusBiologicals, NBP2-25164), GFP (eBioscience, 14-6674-82 and 

UM281, made in-house), His (Invitrogen, MA1-135), HA (Sigma-Aldrich, H3663 and 

UM80, made in-house), myc (UMY81, made in-house), GAPDH (ProteinTech, 60004-1-

Ig), -actin (SantaCruz, sc-1616), p97/VCP (UMY475, made in-house), and ChAT 

(#AB144P, IF, Millipore-Sigma, Burlington, MA). The following secondary antibodies 

were used: Goat anti-rabbit IgG Secondary Antibody, HRP (ThermoScientific, 31460) 

and Goat anti-mouse IgG (H+L) Secondary antibody, HRP (ThermoScientific, 31460), 
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donkey anti-rabbit IgG Alexa Fluor 488 (Abcam, ab150073), donkey anti-mouse IgG 

Alexa Fluor 594 (Abcam, ab150108), and donkey anti-goat IgG Alexa Fluor 647 

(Abcam, ab150131). 

 

Tissue culture and transfections 

HeLa (ATCC CCL-2) and NSC34 (Cedarlane CLU140) cultures were grown and 

maintained in DMEM media supplemented with Pen-Strep, L-glutamine and 10% FBS. 

For cells cultured in oxidative media, cells were grown in DMEM media without glucose 

(ThermoScientific™, A1443001) and supplemented with 5 mM galactose, 1 mM sodium 

pyruvate and 10% FBS (141). The generation of the HeLa and NSC34 UBQLN2 KO 

lines used in the study were described previously (76). They were cultured similar to their 

parental lines. Transient transfection experiments were conducted with Lipofectamine 

3000 (ThermoFisher) or through standard CaPO4 transfection (142). 

 

UBQLN2 Transgenic Mouse Lines 

Three different congenic C57BL/6 mouse lines, a Non-Tg line, a Tg P497S line with 

Thy1.2 neuron-specific expression of FL human UBQLN2 carrying the ALS/FTD P497S 

mutation, and a WT356 line with Thy1.2 expression of equivalent amounts of WT 

UBQLN2 were used for all the studies. Detailed characterization of the behavior and 

pathology in the three lines have been described (50, 143)(Figure 2.1). The lines were 

backcrossed with C57BL/6 mice for at least 10 generations prior to use for the current 

experiments. 
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Figure 2.1, adapted from Le et al., 2016. ALS UBQLN2 P497S mouse model. 

Schematic for generation of UBQLN2 P497S transgenic mice, which express human 

UBQLN2 P497S mutation and human WT UBQLN2 (WT-356) under the neuron-

specific Thy1.2 promoter. Expression levels of UBQLN2 transgenes are shown and are 

distinct from the endogenous UBQLN2 band. UBQLN2 P497S mice show hindlimb 

paralysis and motor deficits and present with loss of motor neurons as early as 3 months 

of age. A separate UBQLN2 mutation line (P506T) is shown, but was not used in this 

study.  
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RNAseq 

Translational RNAseq profiling of genes in MN cells in P497S and Non-Tg mice were 

performed using BacTRAP technology of GFP-immunoprecipitated complexes from SC 

tissue homogenates of 8-wk-old double Tg mice also carrying the Chat-BacTRAP-

Rpl110a transgene as described previously (144, 145). The Log2 fold ratio change in 

mRNA expression (averaged for 3 different animals) of candidate mitochondrial proteins 

found between P497S vs Non-Tg is shown. 

 

Mitochondrial Isolations 

Tissues were isolated from UBQLN2 transgenic mice and homogenized at 200 rpm with 

a Yamato LSC LH21 homogenizer for ~5 strokes and then at 400 rpm for ~3 strokes in 

mitochondrial isolation buffer (220 mM mannitol, 70 mM sucrose, 2 mM HEPES, 1 mM 

EGTA). Crude nuclear pellet was removed through centrifugation at 1,330g for 10 mins 

at 4°C. Supernatant was centrifuged at 21,200g for 10 mins at 4°C for isolation of a crude 

mitochondrial pellet. An Optiprep™ layered gradient was constructed with densities of 

1.079 g/mL and 1.175 g/mL solutions. The crude mitochondrial pellet was re-suspended 

in a 5:1 solution of Optiprep (100%) to isolation buffer and layered under the 1.175 g/mL 

solution layer. The gradient was centrifuged at 30,700g for 1 hr at 4°C. The 

mitochondria-containing band at the interface of the 1.079 g/mL and 1.175 g/mL layers 

was extracted and re-suspended in mitochondrial assay solution (MAS; 70 mM sucrose, 

220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, 0.2% 

BSA). Suspensions were re-pelleted through centrifugation at 12,500g for 5 mins at 4°C. 
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The pellet was washed with 1 mL of MAS and re-pelleted by centrifugation at 12,500g 

for 5 mins (3 times). Final pellet was then resuspended in 200 µL of MAS. 

 

Transmission Electron Microscopy 

Spinal cord and hippocampus were excised, trimmed, and fixed in a solution of 2% 

paraformaldehyde, 2.5% glutaraldehyde, in 0.1 M PIPES buffer (pH 7) at 

4oC overnight.  Specimen were washed with 0.1M PIPES buffer (pH 7), treated with 

50mM glycine in 0.1 M PIPES buffer for 15 minutes and washed again with 0.1M PIPES 

buffer. Tissue pieces were then post-fixed with 1% osmium tetroxide, 1.5% potassium 

ferrocyanide in 0.1 M PIPES buffer for 60 min, washed and followed by en bloc staining 

with 1% (w/v) uranyl acetate for 60 min.  After washing, specimens 

were dehydrated using serial graded ethanol solution, including 30%, 50%, 70%, 90% 

and 100% ethanol and then 100% acetone.  After dehydration, specimen was infiltrated 

and embedded in Durcupan resin (Electron Microscopy Sciences, PA) following the 

manufacturer’s recommendation. Ultrathin sections of ~70nm thickness were cut from 

the cured resin block on a Leica UC6 ultramicrotome (Leica Microsystems, Inc., 

Bannockburn, IL), collected onto copper grids, and examined in a FEI Tecnai T12 

transmission electron microscope (Thermo Scientific., Hillsboro, OR) operated at 80 kV. 

Digital images were acquired by using a bottom mount CCD camera (Advanced 

Microscopy Techniques, Corp, Woburn, MA) and AMT600 software. 

  

Purified mitochondria were processed similarly to the method described above for 

hippocampus tissue except that the purified mitochondria were fixed and pelleted at 
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~15,000 g for 15 min, and enrobed in agarose before osmication, dehydration and 

embedding. Spinal cord and hippocampus were excised, trimmed, and fixed in a solution 

of 2% formaldehyde, 2.5% glutaraldehyde.  

 

Seahorse Respiration Assays + Complex Activity 

Seahorse XF24 V7 plates (Agilent Technologies) were coated with polyethylenimine for 

1 hour and washed with 95% ethanol three times and then air-dried. The plates were used 

for performing Seahorse assays with isolated mitochondria. For cells, polyethylenimine 

coating was unnecessary. For isolated mitochondria, 10 µg of  mitochondrial protein 

suspension, quantified by Bicinchoninic acid assay (BCA) Assay (Thermo Scientific™, 

Waltham, MA), was plated in XF24 wells in a volume of 50 µL. Plating was randomized 

to avoid plating effects and each sample was plated as 5-7 replicates. Plates were spun at 

2300g for 20 minutes and, after centrifugation, 450 µL of Seahorse assay media, 

supplemented with 10 mM pyruvate and 2 mM malate, was carefully added to each well 

so as not to disturb the homogenous mitochondrial layer. During centrifugation, the XF24 

Seahorse cartridge was switched to XF calibrant media after overnight equilibration in 

distilled water. The Seahorse cassette was loaded with ADP, oligomycin, FCCP and 

antimycin A/rotenone with optimal concentrations for ADP and FCCP pre-determined by 

titration. 

For HeLa cells 60,000 cells/100 µL was found to be the optimal seeding density 

by titration, while for NSC-34 cells 80,000 cells/100 µL achieved an optimal OCR signal. 

Cells were plated into the XF24 wells and, after observing that the cells were attached, an 

additional 150 µL of media was added to each well 4 to 5 hours later. A separate small 
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aliquot of cells was plated into 6-dishes and were used for normalization after the 

Seahorse assay to compensate for differences in growth rates. Cells were grown 

overnight in the Seahorse plate, and Seahorse XF24 cartridges were equilibrated in water 

overnight. On the subsequent day, cells were washed with Seahorse assay media and 

equilibrated in media for 1 hour prior to running the assay. Cell density, morphology, and 

health were monitored under a light microscope. At the same time, Seahorse cartridges 

were switched to XF calibrant solution and cassettes were loaded with oligomycin, 

FCCP, and antimycin/rotenone. Optimal concentrations of drugs were titrated prior to 

experiments. Optimal final concentrations for oligomycin and antimycin A/rotenone were 

found to be 1 µM for both HeLa and NSC34 cells, while FCCP concentration for HeLa 

cells and NSC-34 cells were 2 µM and 1 µM, respectively. Depending on group 

allocations, each cell line was analyzed as 5-7 replicates.  

 

Immunofluorescence 

Immunofluorescence was performed as previously described (50). HeLa WT and 

UBQLN2 KO cells were stained with primary antibodies against proteins shown and 

detected with complementary anti-mouse conjugated Alexa Fluor 488, 594 and/or 647 

secondary antibodies. SC and brain tissues were dissected and stored at -80°C prior to 

embedding in O.T.C. compound (Sakura Finetek USA, Inc., Torrance CA) and cut with a 

cryostat (Leica Biosystems, Buffalo Grove, IL). SC and brain sections were stained with 

primary antibodies against UBQLN2, TIMM44 and Tom20 and detected with 

complementary anti-rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 594 secondary 

antibodies. Cells and tissues were visualized with 40x Apo objective lens using a Nikon 
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Eclipse Ti A1R confocal microscope. Images were processed with iVision software 

(BioVision Technologies, PA). Line scans to evaluate colocalization within regions of 

interest were performed using ImageJ software. Lines of interest were drawn to include at 

least two representative puncta. The plot profile function was used to analyze the pixel 

intensity across a defined line of interest across each color channel. Intensity profiles 

were overlaid to analyze the degree of immunofluorescence signal colocalization between 

proteins. 

 

SDS-PAGE and Immunoblotting 

Protein lysates from cells or tissues were prepared by homogenization in protein lysis 

buffer (50 mM Tris pH 6.8, 150 mM NaCl, 20 mM EDTA, 1 mM EGTA, 0.5% SDS, 

0.5% NP40, sarkosyl 0.5%, 1 mM Prefabloc (AEBSF, Roche, Indianapolis, IN), 10 mM 

orthovanadate, 2.5 mM NaF) (50). Protein concentration of lysates was measured by 

Bicinchoninic acid assay (BCA) Assay (Thermo Scientific™, Waltham, MA). Samples 

with equivalent protein levels were mixed with SDS sample buffer and separated by 

SDS-PAGE. Proteins were transferred to 0.45 µM PVDF membranes (Millipore, Billeria, 

MA) for 20 mins using Invitrogen Power Blotter semi-dry transfer system (Invitrogen, 

ThermoScientific™, Waltham, MA). Membranes were probed with primary antibodies 

and appropriate complementary secondary horseradish peroxidase-conjugated antibodies. 

The chemiluminescence signal produced after incubation with the Supersignal West Pico 

reagent (Thermo Fisher Scientific, Rockford IL) was captured using a Fluoro-Chem M 

Imager (Protein Simple, Santa Clara, CA). Densitometric quantification of protein levels 

was performed using Alpha View software (Protein Simple, San Jose, CA). 
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Cycloheximide-Chase 

Cycloheximide (CHX)-chase experiments were performed by adding CHX to a final 

concentration of 100 µM to cell cultures grown in standard DMEM media, followed by 

incubation for different lengths of time at 37ºC in 5% CO2. The cultures were then 

removed at appropriate intervals, washed 3 times with 1 x PBS buffer and the cells were 

lysed using our standard lysis buffer. Lysates were sonicated, the protein concentrations 

determined by the BCA assay, and equal amounts of total proteins were separated by 

SDS-PAGE and immunoblotted for different individual proteins. 

 

Bacterial expression and purification of HIS and GST-tagged recombinant proteins  

The same procedures that were described previously for bacterial expression and 

purification of recombinant HIS and GST-fusion proteins were used (64, 76). The GST-

UBQLN2 fusion proteins used in this study all had GST-fused in-frame at the N-terminus 

of the complete human UBQLN2 open reading f rame (ORF). A description of the 

constructs encoding WT UBQLN2 and each of the 5 different familial ALS/FTD 

mutations (P497H, P497S, P506T, P509S and P525S) identified by Deng et al (146) were 

described previously (64). The ligands for the GST-pulldown assays were all C-

terminally HIS-tagged proteins expressed using a pET21a expression vector. The entire 

FL ORF of human TIMM44 (FL-TIMM44-HIS), as well as the protein deleted of the 

mitochondrial leader sequence (ΔLS-TIMM44-HIS) and the leader sequence fused to 

GFP (LS(TIMM44)-GFP-HIS) were expressed in Rosetta(DE3) E. coli and purified using 

Ni-NTA agarose according to the procedure described by the manufacturer (Qiagen, 
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Germantown, MD). All of the purified GST and HIS-tagged recombinant proteins were 

dialyzed against a 20 mM Tris pH 8.0, 150 mM NaCl and 10% glycerol solution and 

frozen at -80ºC until use.  

GST pulldown assays were performed by incubating 10 µg of the GST-UBQLN2 

fusion proteins, or 4.5 µg of GST alone, with 12 µg of particular TIMM44-HIS tagged or 

GFP-HIS tagged proteins in 1 ml binding buffer (20 mM Tris pH 8.0, 150 mM NaCl, 

10% glycerol, 0.1% NP-40) at room temperature for 2 hours. The concentration of NP-40 

was increased from 0.1% to 0.3% and 5% milk was added to the beads for the pulldowns 

involving mutant UBQLN2 proteins to prevent non-specific binding of TIMM44 in the 

assays. A 1/10 portion of the mixture was saved for analysis of the input ligand. Then 100 

µL glutathione beads were added and this protein/bead mixture was rotated for 2 hours at 

room temperature. The beads were washed three times in binding buffer and resuspended 

in 100 mM Tris, pH 6.8 and 1X protein loading buffer. Equal portions of the input were 

similarly probed for the added ligands. The samples were resolved on SDS-PAGE gels 

and analyzed by immunoblotting. All pulldowns were repeated with similar results at 

least three times. 

 

ANSWER ALS Proteomics Analysis 

ALS patient proteomics data was provided through request of access to the ANSWER 

ALS data portal (dataportal.answerals.org). Mitochondrial protein hits were identified 

within the patient proteomics data set and categorized based on their roles in 

mitochondria. Log2 fold change ratios of individual mitochondrial proteins between ALS 

patients and healthy controls were calculated and compared to log2 fold changes in those 
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identical proteins between P497S mutant and Non-Tg animals, identified in the UBQLN2 

P497S proteomics data set. 

 

Statistical Analysis 

Statistical Analysis was performed using GraphPad Prism 8.0 software (GraphPad 

Software Inc, San Diego, CA). Western blot analysis, mitochondria length, respiration, 

and complex activity were statistically evaluated using one-way or two-way ANOVA 

with post hoc Tukey tests (95% confidence intervals). Experiments with only two groups, 

such as a comparison of mitochondrial length in WT parental cells vs UBQLN2 KO #8 

cells, were evaluated with a student t-test. Statistical significance was determined as *P < 

0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.  
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CHAPTER 3: RESULTS 

Alterations in mitochondrial proteins in the P497S UBQLN2 ALS mouse model 

To determine the pathways that drive disease pathogenesis in UBQLN2-linked ALS, our 

lab recently described global proteomic changes of the hippocampus and spinal cord (SC) 

of 8-week old isogenic non-transgenic (Non-Tg), wild-type (WT356), and P497S animals 

(147). From the gene ontology analysis, it was discovered that “mitochondrial proteins” 

were the largest category of proteins that were altered in P497S animals (Fig 3.1A). Log2 

ratios between P497S and either the Non-Tg or WT356 spinal cords of these animals 

indicated a statistically significant reduction in proteins that maintain diverse facets of 

mitochondrial structure and function (n = 3, P < 0.05) (Fig 3.1B). These included those 

involved in mitochondrial oxidative phosphorylation (both nuclear and mitochondria-

encoded), dynamics, carrier, import and ribosomal proteins. In all cases, the lumbar 

spinal cord of the P497S animals had decreased levels of these proteins compared to 

WT356 and non-Tg animals. These trends were not as evident in the proteomics of the 

hippocampal tissues (data not shown), suggesting that these global proteomic changes 

may be tissue and cell-specific. 

 I also examined the ANSWER ALS proteomics database, which consists of 

healthy patient controls and both fALS, but mostly sALS patients with varied causes of 

disease, to evaluate whether mitochondrial protein changes found in our P497S mutant 

animals also occur in human ALS cases. I found a similar general trend of a decrease in 

levels of mitochondrial proteins in ALS cases (Fig 3.2). However, the magnitude of many 

of the changes were quite different compared to P497S animals, suggesting that the 

underlying mechanisms for altering mitochondrial protein levels in P497S animals may 
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be different to cases in the ALS repository or may be attributed to other possibilities, such 

as species variations. One striking difference was the large decrease in the TOMM import 

complex in the mutant UBQLN2 animals, compared to human cases (mostly sporadic). 

Nevertheless, the comparison shows that mitochondrial protein changes are prevalent 

alterations seen throughout ALS. My subsequent studies focused on investigating the 

identity, timing and consequences of these mitochondrial changes.  
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Figure 3.1. Proteomics and gene ontology analysis identify mitochondria as the most 

significant category altered in the UBQLN2 P497S animals.  

(A) Gene ontology analysis reveals respiratory chain complex, mitochondrial 

membranes, and mitochondria as significantly altered groups in the lumbar SC of P497S 

versus Non-Tg and WT356 animals. (B) Statistically significant log2 ratio differences in 

mitochondrial proteins altered in the lumbar SC of UBQLN2 P497S mutant versus 

WT356 or Non-Tg animals (P < 0.05). The proteins are grouped according to different 

OXPHOS complexes.  



 46 
 

 

 

Figure 3.2. Changes in mitochondrial proteins in P497S animals and ALS cases in 

the ANSWER ALS database.  

(A) Comparison of mitochondrial protein changes in the ANSWER ALS database (ALS 

cases vs controls) for the electron transport chain complexes (ETC) and mitochondrial 

import factors compared to their ratio of change seen in P497S vs Non-Tg animals. The 

levels of protein increase or decrease in ALS and in the animals is color-coded by 

differences in red and green hues, respectively. (B) Graphical representation of the 

magnitude of protein changes of different functional mitochondrial complexes and import 

factors discovered in the ALS repository and in the P497S mice.  
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I next wanted to determine if these proteomic alterations could be attributed to changes in 

mRNA expression. Our lab recently performed translational RNAseq profiling of genes 

in the motor neurons of Non-Tg, WT356 and P497S animals at 8-weeks of age. This was 

performed using BacTRAP technology of GFP-immunoprecipitated complexes from 8-

week-old double Tg mice carrying the Chat-BacTRAP-Rpl110a transgene as described 

previously (144, 145). Like the proteomics, log2 ratio differences between RNA levels in 

Non-Tg and P497S lumbar SC tissues were measured (n =3). I juxtaposed the distribution 

of RNA log2 ratios for OxPhos subunits to the corresponding distribution of log2 ratios 

for the same OxPhos subunits identified in the proteomics. While the distribution of log2 

ratio changes were decreased in the proteomics, the distribution of log2 ratio changes in 

the RNAseq were mostly unchanged, indicating that the levels of OxPhos RNA in lumbar 

SC motor neurons of P497S and Non-Tg are similar (Fig 3.3). This suggests that the 

global downregulation of mitochondrial proteins, specifically substantiated for OxPhos 

complex proteins, cannot be attributed to changes in RNA levels, indicative of a post-

translational phenomenon.  

 

Figure 3.3. Distribution of mitochondrial subunit RNA levels and protein expression log2 

fold changes in the lumbar SC of P497S mutant vs non-transgenic animals. 
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To confirm these proteomic changes and to establish whether downregulation of 

mitochondrial proteins proceeds in an age-dependent manner, I immunoblotted 32-week-

old total SC lysates of age-matched Non-Tg, WT356 and P497S animals (n = 3 

independent animals for each genotype) and probed for notable mitochondrial proteins 

involved in OxPhos, network dynamics and protein import. 

 First, immunoblots for a set of OxPhos subunits showed that levels of the 

complex IV mitochondrial-encoded COX1 (MT-CO1) and COX assembly mitochondrial 

protein homolog (CMC1) were significantly decreased in 32-week-old P497S animals 

compared to Non-Tg animals (Fig 3.4A and B, n = 3, MT-CO1: *PANOVA = 0.033, 

CMC1: **PANOVA = 0.0053). This validated that mitochondrial proteins are decreased in 

the P497S mutant versus Non-Tg as revealed through proteomics. Second, further 

evaluation of the lysates for network dynamic proteins revealed a pattern of change in 

P497S animals, whereby proteins that support fusion dynamics were increased, while 

those promoting fission were decreased. The outer membrane fusion factor, Mfn2 was 

significantly increased in P497S animals compared to Non-Tg animals (Fig 3.4C and D, 

n = 3, *PANOVA = 0.014). Fission factors, such as Mid51 and Fis1 were decreased in 

P497S animals (Fig 3.4C and D, n = 3, Mid51: PANOVA = 0.042, Fis1 PANOVA = 0.033). In 

further confirmation of the pattern of changes, while the levels of fission dynamin-related 

protein Drp1 were unchanged, its phosphorylation at Serine637, which blocks its GTPase 

activity, was increased in the P497S mutant (n = 3, **PANOVA = 0.0057).  

 To determine when disturbances in mitochondrial dynamics in the mutant P497S 

line deviate from those of the Non-Tg and WT356 animals, total SC lysates of animals at 

8, 24, 32 and 52-weeks of age were probed for levels of Opa1 and its cleaved forms (Fig 
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3.4E and F, n = 3 for each age group). Total Opa1 levels were not significantly altered in 

32-week SC lysates across genotypes (Fig 3.4C and D, n = 3, Non-Tg vs P497S, PANOVA 

= 0.1375). I calculated the ratio between the upper uncleaved Opa1 band (100 kDa) over 

the total (lower – 80 kDa + upper band), and found that there were higher levels of the 

uncleaved Opa1 in P497S animals at and beyond 32 weeks of age (n = 3, PANOVA < 

0.001). Interestingly, the levels of uncleaved Opa1 remained relatively constant across 

ages in the P497S animals, but there was a noticeable reduction in the ratio of uncleaved 

Opa1 to total Opa1 in Non-Tg and WT356 at and beyond 32 weeks. This suggests that 

there exists an abnormal tilt towards fusion in the P497S animals over time, which is 

absent from the Non-Tg and WT356 animals. 

 The third group that I evaluated in the total SC lysates was mitochondrial outer 

membrane import proteins, Tom20 and Tom40. Tom20 is the major receptor for protein 

import, whereas Tom40 is an integral component of the channel itself. Both Tom20 and 

Tom40 levels were decreased in the SC of P497S mutant animals compared with Non-Tg 

animals (Fig 3.4C and D, n = 3, Tom20: ***PANOVA < 0.001, Tom40: ***PANOVA < 

0.001). 

 Collectively, the immunoblot results demonstrate a global alteration to the 

network of mitochondrial proteins in the SC of mutant P497S animals. Since the 

expression of the mutant UBQLN2 transgene is restricted to neurons, but protein levels 

were evaluated in tissue lysate, the changes detected by immunoblot may be 

underestimating the true magnitude of the neuronal mitochondrial protein deficits. 
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Figure 3.4. Mitochondrial protein changes in the P497S UBQLN2 mouse model of 

ALS/FTD. (A) Immunoblots of SC lysates from three independent mice for the three 

genotypes probed for mitochondrial electron transport chain proteins. (B) Quantification 

of the blots shown in A. *P < 0.05, **P < 0.01. (C) Immunoblots of SC lysates from 32-

wk-old animals probed for mitochondrial dynamics and import proteins. (D) 

Quantification of the blots shown in C. *P < 0.05, **P < 0.01, ***P < 0.001. (E) 

Immunoblots of SC lysates from mice of different ages and genotypes probed for Opa1. 

(F) Quantification of uncleaved Opa1 (100 kDa) relative to total Opa1 levels. *P < 0.05, 

***P < 0.001.   
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Age-dependent decline of mitochondrial function in P497S animals 

Mitochondrial function is intimately tied to the cohesive and systematic function of four 

complexes (I, II, III and IV) coupled to an ATP synthase (complex V); collectively, this 

unit is called the electron transport chain (ETC) (148). Levels of these ETC subunits are 

tightly regulated, as most of the subunits are encoded by the nucleus, while 13 subunits 

are encoded by the mitochondrial genome. Effective mito-nuclear communication is 

essential for ETC assembly (149). Based on results from the immunoblots and 

proteomics, the loss of these complex subunits in the lumbar SC suggests that 

mitochondria in the UBQLN2 P497S mutant animals are functionally impaired. 

To test this prediction, I adapted a mitochondrial isolation protocol, established in 

the lab of Dr. Tibor Kristian, for use with an isotonic Optiprep™ solution to purify nicely 

coupled and respiring mitochondria from CNS tissues (150, 151). Accordingly, I purified 

mitochondria from the SC of 52-week old animals of each genotype. I confirmed the 

purity and intact mitochondrial structure of these preparations using transmission electron 

microscopy (TEM) and by assessing the levels of cytosolic proteins, -actin and 

GAPDH, in these fractions through immunoblots. Preparation of mitochondria using this 

protocol yielded structurally intact mitochondria of high purity (Fig 3.5A and B).  
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Figure 3.5. Quality check of mitochondria purified from the SC. (A) Immunoblot of 

isolated mitochondria probed for mitochondrial proteins and for cytosolic contamination 

of -actin and GAPDH proteins. (B) TEM images of a purified SC mitochondria 

preparation. Scale bar, 500 nm. 

 

 

Subsequently, I immunoblotted equal amounts of purified mitochondrial protein 

lysates. This revealed a significant reduction in levels of several OxPhos subunits 

(Complex II, III, IV and V) and import factors, Tom20, VDAC and Tom70, in 

mitochondrial isolations from P497S animals compared to Non-Tg animals (Fig 3.6A and 

B, n = 4, CV-ATP5A: **PANOVA = 0.0072, CIII-UQCRC2: *PANOVA = 0.0159, CIV-MT-

CO1: **PANOVA = 0.0089, CII-SDHB: ***PANOVA = 0.0003, Tom20: **PANOVA = 0.0015, 

VDAC: **PANOVA = 0.0023, Tom70: ***PANOVA = 0.0006). 

Next, I evaluated the respiratory function of the mitochondria using Seahorse 

XF24 respirometers (152-154). I plated 10 µg of freshly isolated mitochondria from the 

SC of 24, 32 and 52-week old animals into XF24 wells with 7 technical replicates for 

each genotype. Each well was incubated with Seahorse assay media (see Methods) 

containing the Complex I-linked substrates pyruvate and malate. In the Seahorse 

cartridge, pre-titrated levels of ADP, oligomycin, FCCP and antimycin A + rotenone 
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were sequentially added to measure phosphorylating State 3 respiration, coupling, 

maximum respiration and basal oxygen consumption (155). Mitochondria from the 

P497S animals exhibited an age-dependent decline in mitochondria respiration compared 

with WT356 and Non-Tg animals (Fig 3.6C and D). I detected a decrease in 

phosphorylating State 3 respiration as early as 32 weeks in the P497S animals (n = 4, 32 

weeks: *PANOVA = 0.0142, 52 weeks: ***PANOVA < 0.0001). In addition to a deficit in 

state 3 respiration, at 52 weeks, mitochondria from the P497S animals showed 

statistically significant decreases in State 4o (oligomycin-sensitive respiration) and basal 

respiration (n = 5, State 4o: **P = 0.0011, NTg vs P497S, Basal: P = 0.057, WT356 vs 

P497S, Basal: ***P < 0.001). Interestingly, mitochondria from WT356 animals exhibited 

increased State 3u maximal respiration at and beyond 32 weeks of age, suggesting that 

expression of WT UBQLN2 may slightly enhance capacity for mitochondrial respiration 

(n = 4, 32 weeks: **P = 0.0054, 52 weeks: ***P < 0.0001).  
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Figure 3.6. Structural and functional mitochondrial defects in the SC of P497S 

animals. (A) Immunoblots of equal protein lysates of mitochondria purified from the SC 

from four 52-wk-old animals for the three genotypes probed for the proteins shown. (B) 

Quantification of the blots shown in A. *P < 0.05, **P < 0.01, ***P < 0.001. (C) 

Seahorse mitochondria respiration assays of freshly isolated mitochondria from the 

lumbar SC of mice from the three genotypes at 24, 32 and 52 weeks of age; oxygen 

consumption rate (OCR) curves are shown. n = 3-5. (D) Bar charts depict basal, State 3 

(ADP-stimulated), State 4o (proton leak) and State 3u (maximal) respiration rates from 

traces shown in C. *P < 0.05, **P < 0.01, ***P < 0.001. 
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I next wanted to ask the question of which complexes are contributing to the age-

dependent mitochondrial dysfunction. I conducted an electron flow assay to assess the 

activities of individual OxPhos complexes by sequentially adding the Complex I inhibitor 

rotenone, the Complex II substrate succinate, the Complex III inhibitor antimycin A, and 

the Complex IV electron donor TMPD/ascorbate to mitochondria initially incubated with 

the Complex I-linked substrates pyruvate and malate (156). I observed reduced rates of 

Complex II- and IV-dependent oxygen consumption (Fig 3.7, Complex II: *P = 0.046, 

Complex IV: **P = 0.0034). 

 

Figure 3.7. Activity of Mitochondrial Complexes in the SC of P497S animals. 

Electron flow assay performed on the Seahorse XF24 analyzer with isolated 

mitochondria of the lumbar SC for the three genotypes from animals at 32 weeks of age. 

Bar graph depicts activity of each ETC complex, measured as OCR (pmol O2/min). *P < 

0.05, **P < 0.01. 

 

 I repeated these functional assays using mitochondria purified from the 

hippocampus, which revealed similar age-dependent respiration deficits in P497S animals 

compared to WT356 and Non-Tg animals (Fig 3.8A and B, n = 3-5). However, these 

studies were limited by the lower yield of isolated mitochondria obtained from 

hippocampal tissues. Nevertheless, the data reinforces observations that mitochondria in 
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the P497S mutant animals are dysfunctional. Once again, these results may underestimate 

the true magnitude of the decline in mitochondria as mitochondria were isolated from a 

pool of various cell types in the SC and hippocampus, while UBQLN2 transgene 

expression is restricted to neurons. 

 

Figure 3.8. Age-dependent respiration deficits in mitochondria purified from brain 

tissues of P497S UBQLN2 mutant animals. (A) Seahorse respiration assays of 

mitochondria isolated from the hippocampus of different age animals for the three 

genotypes; oxygen consumption rate (OCR) curves are shown. n = 3-5. (B) Bar graphs of 

the basal, State 3 (ADP-stimulated), State 4o (proton leak) and State 3u (maximal) 

respiration rates determined from the traces shown in A. *P < 0.05, **P < 0.01, ***P < 

0.001. 

 

Structural abnormalities of mitochondria in spinal MN of P497S animals 

In classical ALS, and likewise in the P497S mouse model, motor neuron death is a key 

pathogenic outcome of disease (50). A typical motor neuron is composed of a large 

nucleus (6 to 10 µm) with an appropriately distributed pool of healthy mitochondria. I 
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predicted that there would be structural abnormalities to SC motor neuron mitochondria 

in the P497S animals due to the global reduction of mitochondrial proteins. I focused on 

motor neurons rather than other cell types present in the SC because UBQLN2 transgene 

expression is neuron-specific. Using electron microscopy, I imaged lumbar SC sections 

of 52-week old animals of each genotype, which revealed that MNs were noticeably 

shorter and had many large voids in cristae invaginations compared to Non-Tg and 

WT356 animals (Fig 3.9A and B, Non-Tg vs P497S, mitochondrial length (µm): 

****PANOVA < 0.0001). WT356 were slightly shorter than Non-Tg mitochondria, but did 

not have noticeable distortions in cristae structure (**PANOVA < 0.01). Collectively, these 

data suggest that over time, there are mitochondrial deficits – both functional and 

structural – resulting from neuron-specific expression of mutant UBQLN2. 

 

Figure 3.9. Structural mitochondrial deficits in the SC of P497S UBQLN2 mutant 

animals. (A) TEM images of the cell body regions of MN in the SC of 52-week-old mice 

for the three genotypes. Also shown are the magnified images of particular mitochondria 

in the MN (arrows). Scale bars for representative images, 500 nm and 100 nm for 

zoomed in mitochondria. (B) Average mitochondria length (m) in SC motor neurons. 

**P < 0.01, ****P < 0.0001. 
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UBQLN2 inactivation in cultured cells results in mitochondrial deficits similar to 

those seen in diseased P497S animals 

Evidence of UBQLN2’s role in maintaining mitochondrial health and function has been 

limited. Past studies have shown that inactivation of other UBQLN isoforms in cellular 

models result in accumulation of cytosolic mitochondrial precursors, but have not 

presented deficits in mitochondrial structure or function (34, 139). Nevertheless, based on 

the changes I observed in P497S mutant mice, I predicted that loss of UBQLN2 underlies 

the structural and functional deficits seen in the MN mitochondria. To test this prediction 

in cell culture models amenable to genetic manipulation, I used HeLa and NSC34 cell 

lines inactivated of UBQLN2 expression. These cell lines were generated using CRISPR-

Cas9 technologies as described previously (76). Our lab had generated two UBQLN2 KO 

HeLa lines (KO8 and KO12), but KO8 was mostly used for these studies as it did not 

display compensatory changes in other UBQLN isoforms (76). Two UBQLN2 KO 

NSC34 lines (KO20 and KO69) were also created and generally used for confirmatory 

purposes due to their poor survival in many functional assays. 

 I first investigated whether levels of mitochondrial proteins were altered in the 

UBQLN2 KO8 line compared to the parental HeLa line. I first evaluated OxPhos 

complex subunits using lysates from four independent cultures to ensure reproducibility. I 

discovered that the KO8 line had a significant reduction in levels of several OxPhos 

subunits compared with the parental HeLa line (Fig 3.10A and B). These subunits 

included decreased levels of Complex II SDHB (WT vs KO8, **Pt-test = 0.0022), 

Complex V ATP5A (***Pt-test < 0.0001), Complex IV MT-CO1 (***Pt-test < 0.0001) and 

MT-CO2 (***Pt-test = 0.00021), and Complex III UQCRC2 (**Pt-test = 0.008). Next, I 
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evaluated the levels of import proteins Tom20 and Tom40; both indicated a reduction in 

the KO8 line (Tom20: ***Pt-test < 0.0001, Tom40: **Pt-test = 0.001971). These reductions 

were also present in the UBQLN2 KO NSC34 lines (Fig 3.11A and B). 

 

Figure 3.10. Inactivation of UBQLN2 expression in cells recapitulates the 

mitochondrial deficits seen in P497S animals. (A) Immunoblots of four independent 

lysates from parental HeLa WT and CRISPR/Cas9 UBQLN2 KO8 lines probed for the 

indicated mitochondrial import and OXPHOS proteins. (B) Quantification of the blots 

shown in A. **P < 0.01, ***P < 0.001. 
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Figure 3.11. Alterations in mitochondrial protein levels in NSC34 UBQLN2 KO cell 

lines. (A) Immunoblots of four independent lysates from the parental NSC34 WT and 

two CRISPR/cas9 UBQLN2 KO20 and KO69 lines probed for the indicated 

mitochondrial proteins. (B) Quantification of immunoreactivity for the proteins shown in 

A. **P < 0.01, ***P < 0.001. 

 

 One explanation for the reduction of mitochondrial proteins could be that there 

are differences in protein stability and increased turnover in the absence of UBQLN2. To 

assess this, I conducted cycloheximide (CHX)-chase experiments to monitor the turnover 

of several mitochondrial proteins (Fig 3.12A and B). Turnover of MCL-1, a protein that 
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degrades rapidly, was used as a positive control to ensure that cycloheximide successfully 

inhibited new protein synthesis, without inhibiting degradation pathways. MCL-1 

degraded rapidly in both the parental HeLa and KO8 line, confirming that degradation 

pathways were not blocked upon cycloheximide addition. I discovered that turnover of 

nuclear-encoded proteins (UQCRC2, ATP5A, Tom20) did not significantly differ 

between UBQLN2 KO8 and the parental line, suggesting that UBQLN2 is not required 

for the turnover of these proteins. Surprisingly, the rate of turnover of mitochondrially 

encoded MT-CO1 was faster in KO8 cells, suggesting that UBQLN2 knockout may 

destabilize mitochondrial proteins that are directly synthesized within the organelle. As 

mito-nuclear communication and mitochondrial import are intertwined in regulating 

mitochondrial protein synthesis and protein quality control, I predicted that UBQLN2 

plays a vital role in the import of mitochondrial proteins, a possibility evaluated in later 

experiments (continued on pg. 72). 
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Figure 3.12. Protein turnover of mitochondrial proteins in HeLa WT and UBQLN2 

KO8 cultures. (A) Immunoblots of the turnover of different mitochondrial proteins in 

HeLa and UBQLN2 KO8 cells analyzed by a cycloheximide (CHX) chase experiment. 

(B) Quantification of turnover of mitochondrial proteins in HeLa and UBQLN2 KO8 

cells. Data are fitted with an exponential trend line. 

 

 

KO of UBQLN2 leads to functional defects in mitochondrial respiration 

I next examined whether mitochondrial respiration is altered in KO8 cells, predicting that 

cellular respiration changes may mirror those deficits observed in the SC of P497S 
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mutant animals. Likewise, I used the Seahorse respirometer to evaluate mitochondrial 

respiration through the addition of complex inhibitors oligomycin, antimycin A, 

rotenone, and the mitochondrial uncoupler FCCP. These drug additions allowed me to 

estimate basal respiration, oligomycin-sensitive respiration, which is the fraction of 

respiration corresponding to ATP production, and maximal respiration in the KO8 line 

compared to wild type. When the parental and KO8 cell lines were cultured in standard 

glucose-containing DMEM media, there were no statistically significant differences in 

any of the respiration measurements (Fig. 3.13A and B, n= 3, WT vs KO8, Basal: Pt-test = 

0.1252, ATP production: Pt-test = 0.4535, Maximal respiration: Pt-test = 0.9797). However, 

when cultured in galactose medium to force cells to rely on the OxPhos system for ATP 

production, as galactose yields no net ATP production by glycolysis (141, 157-159), I 

saw a robust and statistically significant decrease in basal respiration, oligomycin-

sensitive respiration and maximal respiration in the KO8 line (Fig 3.13C and D, n= 3, 

WT vs KO8, Basal: ***Pt-test <0.001, ATP production: ***Pt-test < 0.001, Maximal 

respiration: ***Pt-test < 0.001). These functional deficits are consistent with the loss of 

key OxPhos subunits found in the KO8 line.  
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Figure 3.13. Inactivation of UBQLN2 expression in cells grown in oxidative media 

recapitulates the mitochondrial respiration deficits seen in P497S animals . (A) OCR 

curves depicting respiration rates of HeLa WT and UBQLN2 KO8 cell lines grown in 

standard DMEM media supplemented with glucose. (B) Bar chart of basal, ATP 

(oligomycin-sensitive) and maximal respiration. n = 4, ns, not significant. (C) OCR 

curves of HeLa WT and UBQLN2 KO8 lines grown in oxidative DMEM media 

supplemented with galactose. (D) Bar chart of basal, ATP (oligomycin-sensitive) and 

maximal respiration. n = 4, ***P < 0.001. 

 

I repeated these assays in the NSC34 KO lines. These experiments revealed statistically 

significant deficits in basal respiration and ATP production in both KO lines when 

cultured in standard glucose medium (Fig 3.14A and B, n = 3, WT vs KO20, Basal: 

**PANOVA = 0.0029, ATP production: ***PANOVA <0.001, WT vs KO69, Basal: **PANOVA 

= 0.0056, ATP production: ***PANOVA <0.001). The viability of these cell lines was 

problematic for investigating the NSC34 KO lines in galactose supplemented media, 
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possibly suggesting that motor neuron-like cell lines may rely more on OxPhos for 

energy production relative to HeLa cells. Nevertheless, the data suggests that loss of 

UBQLN2 impacts OxPhos-dependent mitochondrial respiration in HeLa and NSC34 

cells. 

 
Figure 3.14. Alteration in mitochondrial respiration rates in NSC34 UBQLN2 KO 

cell lines. (A) Oxygen consumption rate (OCR) curves of respiration rates in NSC34 WT 

and UBQLN2 KO20 and KO69 cell lines grown in standard DMEM media supplemented 

with glucose. (B) Bar graphs of the basal, ATP (oligomycin-sensitive) and maximal 

respiration rates for traces shown in C. n = 3, **P < 0.01, ***P < 0.001. 

 

KO of UBQLN2 leads to alterations in mitochondrial dynamics   

Since mitochondrial respiration is closely tied to mitochondria morphology, I next 

wanted to investigate whether mitochondrial dynamics are impacted by loss of UBQLN2. 

In P497S lumbar SC mitochondria, I observed an interesting dichotomy where fusion 

proteins were increased and fission proteins were decreased in the mutant, but the 

mitochondria were of shorter length. To evaluate if these observations would also be seen 

in UBQLN2 KO lines, I first examined whether mitochondrial morphology is altered in 

the KO8 lines by staining parental HeLa and KO8 cell lines with the outer mitochondrial 

marker, Tom20. I then classified the mitochondrial network in cells into three classes 
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dependent on whether the network was predominantly elongated (>80% elongated), of 

intermediate length (>50% short rod-like mitochondria), or fragmented (>5% oval 

mitochondria). My analysis revealed that in the WT HeLa line the vast majority of cells 

had an elongated mitochondrial network (~70%), while the remaining cells contained 

mostly mitochondria of intermediate length, with just a few showing fragmented 

mitochondria (Fig 3.15A and B). In contrast, I observed that the KO8 line had far fewer 

elongated mitochondria (~down to 49%) and the populations of cells with intermediate 

and fragmented mitochondria rose to 34% and 17%, respectively. 

 I next evaluated whether changes to levels of mitochondrial dynamic proteins in 

the UBQLN2 KO8 line mirror those observed in the mutant P497S animals. For this 

purpose, I immunoblotted cell lysates from four independent cultures for proteins that 

regulate mitochondrial dynamics. I observed a distinctive pattern where levels of factors 

that promote mitochondrial fusion were increased in the KO8 line (Fig 3.15C and D). 

Levels of Mfn2 and the proportion of 100 kDa active Opa1 band were increased in the 

KO8 line (n = 4, WT vs KO8, Mfn2: ***Pt-test = 0.00039, Opa1 ratio: **Pt-test = 0.0055). 

In accordance with this pattern favoring fusion over fission, Mid49 and Mid51, which 

functions with Drp1 to regulate mitochondrial fission, were decreased in the KO8 line 

compared with the parental HeLa line. (n = 4, WT vs KO8, Mid49: ***Pt-test < 0.001, 

Mid51: **Pt-test = 0.0013). However, fission protein Fis1 was slightly increased (n = 4, 

*Pt-test = 0.0197). Nevertheless, both the levels of Drp1 and its phosphorylation at 

Serine616, which stimulates mitochondrial fission, were decreased in the KO8 line (n = 4, 

WT vs KO8, Drp1: ***Pt-test < 0.0001, phosphorylated-Drp1: **Pt-test < 0.001). 

Therefore, similar to mitochondria in P497S animals, I observed this interesting 
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dichotomy whereby KO8 lines presented with greater numbers of cells with a fragmented 

network, but generally had reduced levels of fission proteins. 

 To gain further insight into these dynamic changes, I used live-cell imaging to 

compare rates of fusion between the WT and KO8 HeLa lines (160). Accordingly, I 

evaluated the rate of dissipation of fluorescence of two focally activated regions in WT 

and KO8 HeLa cells transfected with a photoactivated mito-PAGFP reporter (160, 161). 

Based on visualization of the mito-PAGFP fluorescence, the dissipation of the signal was 

dramatically slower in KO8 cells compared to normal HeLa cells (Fig 3.15E). I then 

quantified the time taken until the first fusion event in KO8 cells and compared it to 

HeLa cells. KO8 cells had a considerable delay in their initial fusion step  when compared 

to WT HeLa cells (n = 12, **Pt-test = 0.0018). Collectively, these results provide insight 

into the network dynamics of mitochondria in cells lacking UBQLN2. The results suggest 

that the dichotomy of a more fragmented mitochondrial network, but higher fusion 

protein levels can be attributed to an impairment in fusion dynamics – a seemingly futile 

attempt of the cells to restore mitochondrial length. 
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Figure 3.15. Alterations in mitochondria proteins, structure, function and dynamics 

in UBQLN2 KO cells. (A) Parental HeLa WT and UBQLN2 KO8 lines stained with 

Tom20 to decorate mitochondria. Scale bar, 10 µm. (B) Quantification of the 

mitochondria network morphology of WT and KO8 cells into the percentage with tubular 

(>80% elongated mitochondria), intermediate (>50% short rod-like mitochondria), or 

fragmented (>50% fragmented mitochondria) mitochondria. n = 5, 50 cells per group. (C) 

Immunoblots of four independent lysates from WT and KO8 cultures probed for proteins 

shown. (D) Quantification of mitochondrial dynamic proteins shown in C. *P < 0.05, **P 

< 0.01, ***P < 0.001. (E) Time course images showing the extent of dissipation of GFP 

fluorescence in two focally activated regions in WT and KO8 cells expressing the mito-

PAGFP reporter. (F) Quantification of the time to first fusion from the assay shown in E. 

n = 12, **P < 0.01. 
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Rescue of mitochondrial respiration deficits by re-expression of WT, but not 

ALS/FTD P497S mutant UBQLN2 

 To further confirm that UBQLN2 is required for proper mitochondrial function, I 

tested whether re-expressing WT or ALS mutant UBQLN2 proteins can rescue the 

respiration defects seen in KO8 cultures. To accomplish this, I transfected KO8 cultures 

with cDNA encoding HA-tagged WT-UBQLN2 or, in parallel cultures, transfected them 

with cDNA encoding the P497S UBQLN2 mutant or an empty vector control (Fig 3.16A 

and B). These cultures were grown in galactose medium and similarly to prior results, 

there was a statistically significant change in both basal respiration and maximal 

respiration between the WT HeLa and KO8 line (n = 5, WT vs KO8, basal: **Pt-test = 

0.0012, maximal: ***Pt-test = 0.00019). Re-expression of WT UBQLN2 into the KO8 line 

was able to partially rescue basal and maximal respiration (n = 5, basal: HeLa: 616.5 ± 

39.34, WT UBQLN2: 573.7 ± 176.1, P = 0.652, maximal: HeLa: 616.5 ± 47.63, KO8: 

573.7 ± 180.0, P = 0.336). Expression of the P497S mutant UBQLN2 was unable to 

rescue the mitochondrial dysfunction (n = 5, basal: HeLa: 616.5 ± 39.34, P497S 

UBQLN2: 479.2 ± 173.3, P = 0.169, maximal: HeLa: 616.5 ± 47.63, P497S: 418.0 ± 

144.6, *P = 0.029). The levels of UBQLN2 expression were roughly equivalent across 

experiments (Fig 3.16C and D), suggesting that inability of the mutant to rescue the 

respiration deficits cannot be attributed to lower expression. These results provide strong 

evidence that the mitochondrial deficits in KO8 cells originate from loss of UBQLN2 

expression and that mitochondrial dysfunction in the P497S mutant animals is due to a 

loss-of-function mechanism. 
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Figure 3.16. Rescue of the functional deficits in UBQLN2 KO cells by re-expression 

of WT UBQLN2, but not by mutant P497S UBQLN2 proteins. (A) OCR curves 

depicting parental HeLa WT and UBQLN2 KO8 cultures transfected with empty vector 

control, HA-tagged WT UBQLN2 or HA-tagged P497S UBQLN2 grown in oxidative 

DMEM media supplemented with galactose. (B) Quantification of basal and maximal 

respiration are shown for traces in A. n = 5, *P < 0.05, **P < 0.01, ***P < 0.001. (C) 

Immunoblots to show expression of the HA-tagged UBQLN2 constructs for 3 separate 

experiments shown in A and B. (D) Quantification of HA-tagged WT and P497S mutant 

UBQLN2 proteins shown in C. 

 
 

Aberrant targeting of TIMM44 to mitochondria in UBQLN2 KO cells 

UBQLN2 canonically functions as a cytosolic shuttling protein that transfers misfolded 

proteins to the proteasome or autophagic systems for degradation. More recently, 

UBQLN2 was characterized as playing a chaperone role for precursor mitochondrial 
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proteins. Because mitochondrial respiration and levels of several mitochondrial proteins 

were reduced in KO8 cells, I predicted that UBQLN2 is required for chaperoning 

mitochondrial proteins and aiding in their import. In the absence of UBQLN2, these 

proteins may be degraded or accumulate as insoluble aggregates in the cytosol, which 

would corroborate the loss of mitochondrial proteins. To test this prediction, I identified 

TIMM44 as a candidate to study for several reasons. First, proteome analysis indicated its  

levels were reduced in the SC of P497S animals (Fig 3.1B). Second, TIMM44 was 

recovered in a screen of UBQLN2 interactors (47). Third, mitochondrial targeting and 

import of TIMM44 can be easily scored by virtue of a 5 kDa reduction in its size due to 

proteolytic cleavage of its N-terminal leader sequence upon import (162, 163). 

 I first examined whether levels of TIMM44 were altered in both the P497S 

animals and in the HeLa KO8 cell line. I discovered by immunoblotting and analyzing 

levels of TIMM44 in the SC of 14 independent 24-week old non-Tg and P497S animals 

that TIMM44 levels were significantly reduced in P497S animals compared to Non-Tg 

(Fig 3.17A and B, n = 14, Non-Tg: 1 ± 0.284, P497S: 0.494 ± 0.280, *Pt-test < 0.0001). I 

further confirmed a reduction in TIMM44 through evaluating 32-week old SC lysates 

(Fig 3.18A and B, n = 3 for each genotype, Non-Tg vs P497S, *Pt-test = 0.012). Similarly, 

TIMM44 levels were significantly reduced in UBQLN2 KO8 cells (Fig 3.18C and D, n = 

4, WT: 1 ± 0.122, KO8: 0.778 ± 0.076, *Pt-test < 0.0217).  

 Next, I posed the question as to whether TIMM44 targeting to mitochondria 

differs between WT and KO8 cells. I analyzed targeting by determining whether GFP 

fluorescence of a TIMM44-GFP reporter construct colocalized with staining of Tom20, a 

known mitochondrial outer membrane marker. I observed almost complete colocalization 
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of the GFP fluorescence with Tom20 staining in HeLa WT cells (Fig 3.18F). In contrast, 

careful examination of KO8 cells revealed that the GFP fluorescence in mitochondria was 

weaker and concentrated in multiple foci dispersed in the cytosol (Fig 3.18E and F). 

These foci were negative for Tom20 staining, and surprisingly, also negative for ubiquitin 

as determined by line scan analysis (Fig 3.19A and C). Roughly half of KO8 cells 

transfected with the TIMM44 reporter contained these abnormal foci compared to 2% in 

normal HeLa cells (Fig 3.20, WT: 1.775 ± 0.79%, KO8: 52.47 ± 4.91%, ***PANOVA < 

0.001).  

It was unexpected that the foci were negative for ubiquitin staining because I 

predicted that mistargeted TIMM44 would likely be ubiquitinated and subsequently 

degraded. To further evaluate this outcome, I stained for endogenous TIMM44 and 

ubiquitin in HeLa WT and KO8 cells. Similarly, a vast number of KO8 cells had 

TIMM44 puncta, whereas there were few puncta observed in the HeLa WT cells. This 

staining revealed that these endogenous TIMM44 puncta were ubiquitin-positive (Fig 

3.19B, D and E). Collectively, these results suggest that loss of UBQLN2 compromises 

TIMM44 targeting to mitochondria, which results in cytosolic accumulation and 

aggregation of the protein.  
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Figure 3.17. Alteration of TIMM44 protein levels in P497S animals at 24 weeks of 

age. (A) Immunoblots of SC lysates from three independent 24-wk-old animals for the 

two mouse genotypes probed for TIMM44 and p97. (B) Quantification of TIMM44 

levels in the blots shown in A after normalization of protein loading. ****P < 0.0001. 
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Figure 3.18. Alteration of TIMM44 protein levels in P497S animals and differences 

in mitochondrial targeting of the protein in cells containing or lacking UBQLN2. (A) 

Immunoblots of SC lysates from three independent 32-wk-old animals for the three 

mouse genotypes probed for TIMM44 and GAPDH. (B) Quantification of TIMM44 

levels in the blots shown in A after normalization to GAPDH protein loading. *P < 0.05. 

(C) Immunoblot of four different HeLa WT and UBQLN2 KO8 cultures probed for 

TIMM44 and GAPDH. (D) Same as B, but for the blots shown in C. *P < 0.05. (E) 

Representative images of TIMM44-GFP fluorescence and of DAPI staining in HeLa WT 

and UBQLN2 KO8 cells. Scale bar, 10 µm. (F) Different color fluorescence images of 

cells stained for the proteins shown to monitor targeting of TIMM44-GFP to 

mitochondria in HeLa WT (1st row) and UBQLN2 KO8 cells (2nd row). Magnified 

images of boxed area in the 1st row are shown on the upper right-hand-side. Scale bar, 10 

µm and 5 µm. 
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Figure 3.19. Characterization of TIMM44 foci for ubiquitin staining  (A) Confocal 

images of a TIMM44-GFP transfected cells showing lack of colocalization of the GFP-

fluorescent foci (arrows) for ubiquitin and Tom20 staining. Scale bar, 10 m. (B) 

Endogenous staining of TIMM44 and ubiquitin in a HeLa WT and a UBQLN2 KO8 cell. 

Note that many of the TIMM44 foci in the KO8 cell, but not the HeLa WT cell, are 

positive for ubiquitin (arrows). Scale bar, 10 m. (C) Line scan analysis showing lack of 

correspondence in the peaks (white arrows A and B) of fluorescence for a representative 

line (yellow) drawn arbitrarily in the cell shown in A. (D and E) Line scan analysis 

showing either lack of correspondence, or good overlap (white arrows A and B), for the 

peaks of fluorescence for the lines (yellow) drawn arbitrarily in the cells shown in B to 

examine colocalization of TIMM44 and ubiquitin in the HeLa WT and KO8 cells.     
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Rescue of TIMM44-GFP targeting to mitochondria by re-expression of WT but not 

ALS/FTD mutant UBQLN2 proteins 

To further validate that UBQLN2 is required for efficient TIMM44 targeting, I next 

tested whether re-expression of WT-UBQLN2 or ALS/FTD mutant UBQLN2 proteins 

were able to rescue TIMM44 targeting. I observed through microscopy that there were 

significantly fewer KO8 cells cotransfected with cDNA encoding WT-UBQLN2 that 

contained abnormal GFP fluorescent foci compared with cells transfected with the GFP-

TIMM44 reporter alone (Fig 3.20A, KO8: 35.9 ± 10.0%, WT UBQLN2: 23.5 ± 8.80%, 

*PANOVA = 0.0278). In addition, the percentage of cells containing abnormal foci was not 

altered by cotransfection with any of the five different ALS/FTD mutant UBQLN2 

cDNAs (Fig 3.20B). This suggests that ALS/FTD mutations compromise UBQLN2 

targeting of TIMM44 to mitochondria. 
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Figure 3.20. Rescue of TIMM44-GFP targeting to mitochondria by re-expression of 

WT but not ALS/FTD-linked mutant UBQLN2 proteins. (A) Merged images of KO8 

cells showing extent of colocalization of GFP fluorescence of the TIMM44-GFP reporter 

with TOMM20 staining in cells co-transfected with empty vector, or with WT UBQLN2, 

or with 5 different ALS/FTD mutant UBQLN2 cDNAs. Scale bar, 10 µm. (B) 

Quantification of cells with TIMM44 foci for experiment presented in A. n = 150-300 

cells, *P < 0.05. 

 

UBQLN2 mutations weaken its binding to TIMM44 

I next considered two possibilities for TIMM44’s improper targeting to mitochondria in 

the absence of UBQLN2. The first possibility is that UBQLN2 is required for regulating 

TIMM44 turnover, and in its absence, the protein exhibits aberrant accumulation. To 

investigate this possibility, I compared the turnover of TIMM44 in normal and KO8 

HeLa cells through cycloheximide-chase experiments. These experiments revealed that 

there is no difference in turnover of TIMM44 in the WT and KO8 HeLa lines (Fig 3.21). 



 79 
 

Thus, I decided to evaluate a second possibility for the improper TIMM44 targeting, 

which is that UBQLN2 is required for chaperoning TIMM44 to the mitochondrial 

membrane for its insertion. 

 

Figure 3.21. Turnover of TIMM44 in HeLa and UBQLN2 KO8. Immunoblot of a 

cycloheximide (CHX) chase experiment was quantified for turnover of TIMM44 in the 

HeLa and UBQLN2 KO8 cells. Data was fitted with an exponential trend line. 

 

 To investigate this possibility, I conducted co-immunoprecipitation and GST 

pulldown assays to assess binding between UBQLN2 and TIMM44. For endogenous 

immunoprecipitation, HeLa lysates were incubated with a UBQLN2-specific antibody or 

an IgG control. UBQLN2 was immunoprecipitated out by the UBQLN2 antibody, but not 

by the IgG antibody. Along with UBQLN2, a small amount of TIMM44 coprecipitated, 

suggesting that the two endogenous proteins, UBQLN2 and TIMM44 bind together in a 

complex (Fig 3.22A). Subsequently, I performed additional immunoprecipitation 

experiments to examine whether ALS mutations in UBQLN2 alter binding with 

TIMM44. I co-transfected HeLa cell cultures with expression constructs encoding either 

HA-tagged WT UBQLN2 or the P497S mutation with C-terminus GFP-tagged TIMM44. 
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TIMM44-GFP was coimmunoprecipitated by both the WT and P497S UBQLN2 proteins, 

but there was slightly less TIMM44-GFP that coimmunoprecipitated with the P497S 

mutant protein. This suggests that there is weaker TIMM44 binding with the mutant (Fig 

3.22B). 

 

Figure 3.22. Characterization of TIMM44 binding to UBQLN2 through 

immunoprecipitations. (A) Immunoprecipitation of endogenous proteins from HeLa 

cells with either IgG control antibody or anti-UBQLN2 antibody and immunoblotted for 

either TIMM44 (short and long exposures) or UBQLN2. (B) Immunoprecipitation 

analysis showing UBQLN2 co-immunoprecipitates with TIMM44 in transfected HeLa 

cells. HeLa cultures were transfected with the constructs shown and HA-

immunoprecipitated proteins were probed for co-immunoprecipitation of TIMM44-GFP 

using a GFP antibody. Arrowheads indicate IgG bands and arrows denote position of 

TIMM44-GFP protein. 
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I next posed the question as to whether the binding between TIMM44 and 

UBQLN2 is a direct interaction. For this purpose, pulldown assays with recombinant 

purified GST-WT UBQLN2 and His-tagged TIMM44 proteins were analyzed. 

Interestingly, although full-length (FL) human TIMM44 was expressed as a C-terminus 

His-tagged protein in Escherichia coli, the largest His-purified protein ran anomalously 

on gels, highly suggestive of cleavage of the TIMM44 leader sequence. To confirm this, I 

deleted the leader sequence (LS-TIMM44-His) (164) and found that the shorter 

expressed protein was similar in size to the FL purified product, consistent with my 

prediction. Both TIMM44 proteins were used for pulldown assays (Fig 3.23A). The 

assays revealed equivalent and 25 times stronger binding of both TIMM44-His ligands 

with GST-WT UBQLN2 than with GST alone (Fig 3.23B). The assays were repeated and 

analyzed for whether TIMM44 leader sequence alone binds UBQLN2 but there was little 

evidence of its binding (Fig 3.23C). 
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Figure 3.23. Characterization of TIMM44 binding to UBQLN2 through pulldown 

assays. (A) Pulldown assays showing direct binding between both FL and the LS 

TIMM44-HIS recombinant proteins with GST-UBQLN2 fusion protein. (B) 

Quantification of the amount of TIMM44 pulldown relative to the amount of GST-fusion 

protein recovered and normalized to the binding of WT GST-UBQLN2 protein. n = 4, 

**P < 0.01. ***P < 0.001. (C) GST-pulldown assay of different GST-fusion proteins 

following incubation with different HIS-tagged portions of TIMM44 (LS-TIMM44-His, 

deleted of the leader sequence; GFP-LS-TIMM44, TIMM44 leader sequence fused with 

GFP) expressed alone or when fused with GFP. (D) Coomassie Blue stained gel showing 

the purity of the GST-fusion proteins used for the pulldown assays. 

 

I next asked whether GST-UBQLN2 proteins containing one of five different 

ALS/FTD mutations (P497H, P497S, P506T, P509S and P525S) differ in their binding 

with TIMM44. Quality of the GST-purified proteins was similar for the comparison (Fig 

3.17D). The pulldown assays revealed a general trend of weaker binding for all the 

mutants tested, with four of them (P497H, P497S, P506T and P509S) displaying 

significantly weaker binding than WT UBQLN2 (Fig 3.24), suggesting that loss of the 
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binding may compromise TIMM44 targeting to mitochondria. Interestingly, the P525S 

mutant, which was the only mutant that did not show significantly weaker binding with 

TIMM44, is the least pathogenic of the five ALS/FTD UBQLN2 mutants tested, based on 

the age of clinical onset of ALS in carriers of the mutations (45).    

 

Figure 3.24. ALS/FTD mutant UBQLN2 proteins bind weaker to TIMM44. (A) 

Pulldown assays comparing binding of FL TIMM44-HIS protein with WT and ALS/FTD 

mutant GST-fusion proteins. (B) Quantification of the amount of TIMM44 pulldown 

relative to the amount of GST-fusion protein recovered and normalized to the binding of 

WT GST-UBQLN2 protein. n = 4, **P < 0.01. ***P < 0.001. 

 

Facilitation of TIMM44 maturation in KO8 cells by WT but not ALS mutant 

UBQLN2 proteins  

Because the TIMM44 leader sequence is cleaved subsequent to its import into 

mitochondria, I analyzed the amount of the precursor that remains in HeLa cells lacking 

or expressing WT and mutant UBQLN2 proteins. Accordingly, I co-transfected normal 

HeLa or UBQLN2 KO8 cell cultures with a constant amount of Myc-tagged TIMM44 

cDNA, along with increasing amounts of either HA-tagged WT or P497S mutant 

UBQLN2 cDNAs (1 µg or 5 µg). At 24 h post-transfection, lysates from the cultures 

were then immunoblotted for TIMM44-Myc and UBQLN2-HA (Fig 3.25). In WT HeLa 

cells most of the TIMM44 protein detected was the mature form (44 kDa), with trace 
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evidence of the precursor (49 kDa form). The ratio of these forms did not change 

significantly upon overexpression of either WT or P497S mutant UBQLN2 cDNAs in 

WT HeLa cells, although expression of higher amounts of the mutant slightly increased 

precursor accumulation. By contrast, the proportion of immature TIMM44 protein in 

non-UBQLN2 transfected KO8 cells was higher compared with WT HeLa cells, strongly 

suggesting UBQLN2 is required for efficient import of TIMM44 into mitochondria. 

Overexpression of WT UBQLN2 in KO8 cells increased TIMM44 import, based on the 

reduction in the amount of TIMM44 precursor in the transfected cells. Importantly, 

overexpression of P497S mutant UBQLN2, particularly higher amounts of its cDNA, led 

to a dramatic rise in accumulation of the TIMM44 precursor (Fig 3.25). Curiously, 

expression of lower amounts of the mutant decreased both the mature and immature 

TIMM44 forms, for unknown reasons. Nevertheless, when combined with the GFP-

targeting results, these results strongly suggest that UBQLN2 is required for the efficient 

targeting and import of TIMM44 into mitochondria. 

 
Figure 3.25. ALS/FTD mutant P497S-UBQLN2 impairs TIMM44 maturation. (A) 

Demonstration that UBQLN2 promotes maturation of TIMM44. HeLa and UBQLN2 

KO8 cultures were transfected with cDNAs (g) as shown (equivalent amount of total 

cDNA). Lysates were immunoblotted and probed with anti-Myc and anti-HA antibodies. 

(B) Quantification of precursor TIMM44 (50 kDa) over total TIMM44 levels in blot 

presented in A.  
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A characteristic of many neurodegenerative diseases is the formation of insoluble 

aggregates due to misfolded and mislocalized proteins. To rule out the alternative 

possibility that TIMM44 is sequestered by mutant P497S UBQLN2 protein in aggregates, 

preventing its delivery to mitochondria, I stained brain and SC sections of P497S animals 

to determine whether UBQLN2 and TIMM44 colocalize with one another. Confocal 

microscopy revealed that TIMM44 does not colocalize with the majority of UBQLN2 

inclusions in either the brain or SC of the mutant animals, consistent with lack of 

sequestration by the mutant UBQLN2 protein (Fig 3.26A). Interestingly, however, I 

observed good colocalization of TIMM44 with UBQLN2 in inclusions within MN of the 

SC in P497S animals (Fig 3.26B). To confirm this finding, I stained SC sections from 32-

week old P506T UBQLN2 mutant animals, from mice that we have previously analyzed 

(50), and discovered that TIMM44 was also colocalized with UBQLN2 in MNs within 

the P506T line (Fig 3.26B). Although we do not know the identity of the puncta, we 

speculate that they could be either defective autophagosomes, an observation seen 

previously in the UBQLN2 P497S mouse model (76), or aggregates containing the 

misfolded TIMM44 and UBQLN2 proteins. If they are aggregates it is curious as to why 

TIMM44 is absent from inclusions outside the MNs. To ensure the mistargeting of 

mitochondrial proteins is not unique to TIMM44, I conducted an additional staining to 

examine localization of another mitochondrial protein, TIMM50, and found a similar 

colocalization of the protein in inclusions in MNs (Fig 3.27), suggesting a common 

pattern of mistargeting of mitochondrial proteins in UBQLN2 mutant animals.  
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Figure 3.26. Double staining of Tim44 and UBQLN2 in the brain and SC of Non-Tg 

and P497S mutant animals. (A) Fluorescent images of the molecular layer region of the 

dentate gyrus (DG) in the hippocampus in 52-week-old Non-Tg and a P497S mutant 

animal stained for markers shown. The three panels in the columns on right hand side of 

each row are the magnified regions shown in the stippled white boxes. Note that although 

most UBQLN2 inclusions in the DG are negative for TIMM44 staining, some have faint 

staining. (B) Staining of the ventral horn region of the SC for the markers shown in 

P497S and P506T (stored sections) mutant animals. Arrows indicate strong colocalization 

of UBQLN2 with TIMM44 in puncta within MNs. Note that UBQLN2 inclusions outside 

MN are negative for TIMM44 staining. 
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Figure 3.27. Double staining of TIMM50 and UBQLN2 in the SC of a P497S animal. 

Staining of the ventral horn region of the SC for the markers shown in a section taken 

from a 52-week old. P497S mutant animal. The three panels in the columns on the right 

hand side of each row are the magnified regions shown in the stippled white boxes. 
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CHAPTER 4: DISCUSSION 

Section 1. Introduction 

 In this study, I tested the hypothesis that the ALS/FTD-linked UBQLN2 P497S 

mutation causes mitochondrial dysfunction through impaired mitochondrial protein 

import and UBQLN2 chaperoning function. Mitochondrial dysfunction has been 

suggested to play a role in the pathogenesis of many neurodegenerative diseases, such as 

ALS, Parkinson’s and Alzheimer’s diseases (165, 166). However, it was unknown 

previously whether ALS-linked UBQLN2 mutations can cause mitochondrial 

dysfunction. My studies suggest that the UBQLN2 P497S mutation can cause 

mitochondrial dysfunction in both cellular and mouse models of the disease through a 

loss-of-function mechanism.  

 The UBQLN2 P497S mouse model provided a robust translational model of 

ALS/FTD. In evaluating the progression of disease in these mice, I observed that in the 

SC, there was a reduction in levels of many key mitochondrial proteins involved in 

various aspects of mitochondrial function, such as OxPhos and protein import, consistent 

with the proteomics study. In addition, the mitochondria in MNs of the SC of the P497S 

animals had distorted mitochondrial cristae and displayed age-dependent defects in 

mitochondrial respiration, such as decreased oligomycin-sensitive respiration, which is 

indicative of a potential deficit in ATP production. In addition, mitochondria in the SC of 

P497S animals were also smaller in length, and total SC lysates indicated an 

overabundance of fusion proteins and a reduction in fission proteins. These dynamic 

changes to the mitochondrial network occurred at 32 weeks of age and later, suggesting 

that morphological changes occur through disease progression. In contrast, mitochondrial 
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deficits were absent from age-matched Non-Tg and WT356 animals. Collectively, these 

results reveal a link between mitochondrial dysfunction and ALS pathogenesis caused by 

the UBQLN2 P497S mutation in vivo. 

 

Section 2. UBQLN2’s role in maintaining mitochondrial hea lth and physiology 

Does UBQLN2 play a role in maintaining healthy mitochondria?  

 I discovered that there were similar deficits in the mitochondria network of HeLa 

and NSC34 motor neuron-like cell lines with UBQLN2 deletion, as seen in the UBQLN2 

P497S mutant animals. Using CRISPR-Cas9-generated HeLa and NSC-34 UBQLN2 KO 

cell lines, I assessed the effects of this inactivation of UBQLN2 expression on 

mitochondria health. Loss of UBQLN2 expression caused a reduction in many 

mitochondrial OxPhos and import proteins, including those of the outer membrane 

translocase complex (TOM) and the inner membrane translocase complex (TIM). In 

addition, the HeLa KO8 cell line had a larger percentage of cells with a fragmented 

mitochondrial network compared to the parental HeLa line. These UBQLN2 KO cell 

lines also presented with an interesting dichotomy of a reduction in mitochondrial fission-

promoting proteins and conversely, increased levels of fusion proteins. Insight into this 

paradox was provided through the PAGFP-mito fusion assay. In evaluating the 

dissipation of photo-activatable mitoGFP fluorescence, I noticed a delay in fusion in cells 

with UBQLN2 ablation. Likewise, in many similar studies evaluating mitochondrial 

dynamics in various neurodegenerative diseases, such as Huntington’s, Parkinson’s, 

Alzheimer’s and ALS, a more fragmented network has been attributed to a reduction in 

mitochondrial fusion (165, 167-169). Therefore, while the expression levels of 
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mitochondrial fusion/fission proteins do not seem to determine the dynamic state of the 

mitochondrial network, there must be alternative factors in play, which shift the 

fusion/fission ratio. One possibility is that alterations to post-translational modifications 

of mitochondrial dynamic proteins may be altered, which would impact the activity, 

expression and localization of mitochondrial dynamic machinery. For example, one of 

the main players in mitochondrial fission is Drp1, whereby its activity is closely linked to 

multiple modifications, such as phosphorylation, sumoylation, ubiquitination and S-

nitrosylation (170). Further studies into the post-translational modifications of these 

fission and fusion proteins could provide key insights into the dynamics of the 

mitochondrial network in motor neurons of the P497S mutant animals.  

In addition, the UBQLN2 KO8 cell lines also showed a marked reduction in 

mitochondrial basal, oligomycin-sensitive, and maximal respiration when grown in 

oxidative galactose-supplemented media compared to the parental HeLa line grown under 

the same conditions, suggesting that oxidative phosphorylation is compromised with loss 

of UBQLN2 expression. 

 To more definitively determine whether UBQLN2 is required for maintaining 

mitochondrial health, I performed a rescue experiment. I transfected cDNAs encoding 

HA-tagged WT or P497S mutant UBQLN2 into the KO8 line, observing that re-

expression of WT, but not P497S mutant UBQLN2 was able to rescue the mitochondrial 

respiration deficits.  

 Importantly, many of these functional assays could not be repeated in the NSC-34 

motor neuron-like cell line due to loss of cell viability in galactose medium, suggesting 

that neuron-like cells may be more sensitive to OxPhos deficits compared to other cell 
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types. In addition, mitochondrial dysfunction was more significant in the lumbar SC of 

the P497S mutant mice than in the hippocampus. This may indicate that neurons of the 

two tissue types may have a differential vulnerability to the UBQLN2 mutation, possibly 

attributed to intrinsic differences in gene expression levels, including different levels of 

UBQLN protein isoforms. An alternative possibility is that the efficient purification of 

mitochondria might differ between tissues. If hippocampal mitochondria are too 

damaged, the impaired mitochondria may not have been properly isolated through a 

simple density gradient; these may have been lost in the analysis. Nevertheless, this 

analysis was performed on whole tissues, which consists of many cell types in addition to 

neurons to which the transgenic expression of the P497S mutant was restricted. Although 

impairments were significant, the results of the analysis likely represent an 

underestimation of the true mitochondrial dysfunction in vivo.  

In ALS, loss of motor neurons has been predominantly observed in the SC. The 

large size and extremely long processes of motor neurons are thought to contribute to 

their selective demise (171). Neurons have a high bioenergetic demand due to complex 

processes like synaptic transmission and axonal transport; thus, they are heavily reliant 

on functioning mitochondria for their survival. While I did not directly test whether 

mitochondrial dysfunction is directly responsible for the death of the motor neurons, 

alterations to levels of mitochondrial proteins seen in the proteomic study of P497S 

animals at 8 weeks of age suggest that mitochondrial changes begin to occur at an age 

that far precedes the onset of degeneration. Further studies that evaluate whether 

enhancing mitochondrial protein levels and proper import, especially for those proteins 

that are deficient in P497S animals, improves motor neuron loss and delays disease 
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progression would provide insight into the importance of healthy mitochondria for 

deterring disease manifestation.  

 

Loss of UBQLN2 alone does not cause disease, but is detrimental to mitochondrial health 

UBQLN2 KO mice have been shown to develop motor impairments, but not 

neurodegenerative disease (147), suggesting that the UBQLN2 ALS/FTD mutations are 

unlikely to cause ALS simply through a loss-of-function mechanism. From my studies in 

HeLa UBQLN2 KO cells, the loss of UBQLN2 impairs mitochondrial function only 

when these cells are cultured in galactose medium, thereby forcing energy reliance onto 

the OxPhos system. It is not surprising that this respiration deficit was not always 

observed in cells cultured in glucose-containing medium owing to OxPhos inhibition by 

the Crabtree effect (172). However, there was a mitochondrial deficit seen in NSC-34 

UBQLN2 KO cultures when grown in standard glucose-containing medium, suggesting 

that these neuron-like cells may be more reliant than HeLa cells on the OxPhos system 

for energy production. Indeed, studies have shown that OxPhos, rather than glycolysis is 

integral to powering the presynaptic and postsynaptic processes unique to neurons (83). 

Interestingly, it is the loss of hexokinase and lactate dehydrogenase, two enzymes integral 

for aerobic glycolysis, which marks both an energy transition to the OxPhos system and 

the initiation of progenitor cell differentiation into mature neurons (173). As a result, 

mitochondrial deficits due to loss of UBQLN2, particularly those affecting the OxPhos 

system, may pose a more significant challenge for neurons versus other cell types. 

Though UBQLN2 KO mice do not develop motor neuron disease, the combination of 
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loss-of-function and gain-of-function mechanisms have been suggested to be responsible 

for disease manifestation (76, 147). 

 

Does the P497S mutation impair mitochondrial protein import and UBQLN2 chaperone 

function? 

Previous studies have suggested that loss of other UBQLN isoforms lead to an 

accumulation of mitochondrial precursors (34, 139). I predicted that UBQLN2 loss would 

lead to a similar outcome via loss of UBQLN2 chaperoning and mitochondrial protein 

import. To test this prediction, I identified the mitochondrial import protein, TIMM44 as 

a potential candidate that may be directly regulated by UBQLN2. TIMM44 was an 

appealing candidate for many reasons. Canonically, TIMM44 is a nuclear-encoded 

protein vital for mitochondrial protein import. Complete loss of TIMM44 is lethal, due to 

the loss of protein translocation into mitochondria (174, 175). In addition, our proteomics 

revealed that TIMM44 levels are decreased in the SC of P497S animals compared to 

Non-Tg and WT356 animals. TIMM44 also appeared in a screen for UBQLN2 

interactors (47). Conveniently, TIMM44 is a protein in which its import can be easily 

evaluated because its import results in cleavage of its leader sequence – a noticeable 

reduction of 5 kDa from its precursor form (174, 176, 177). For all these reasons, I 

speculated that targeting and import of TIMM44 would be decreased by the loss of 

UBQLN2 or by the P497S UBQLN2 mutation. 

 I showed that TIMM44 levels were significantly reduced in SC lysates of the 

P497S animals at both 24 and 32-weeks of age. Its levels were likewise reduced in the 

KO8 cell line. Key evidence of its mistargeting came from microscopy analysis of 
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localization of transfected GFP-tagged TIMM44 in KO8 cells, where it accumulated in 

abnormal cytosolic foci. This phenomenon was absent from the parental HeLa line. 

Surprisingly, these foci were ubiquitin-negative. However, I also stained for endogenous 

TIMM44, which likewise accumulated as foci – of slightly smaller size – in KO8 cells. 

These foci were ubiquitin positive, suggesting that the TIMM44 protein misfolds and 

aggregates in the cytosol. This was further confirmed by immunoblots of cell culture 

lysates, which enabled observations of a greater accumulation of precursor GFP-tagged 

TIMM44 in KO8 cells compared to the parental HeLa cells. Co-transfection into GFP-

TIMM44 transfected cultures with 5 µg of cDNAs encoding HA-tagged P497S 

UBQLN2, but not HA-tagged WT UBQLN2 also enhanced the accumulation of 

precursor TIMM44 in the KO8 line.  

 Based on these observations, an interesting question then became how does loss 

of UBQLN2 disrupt TIMM44 import and targeting to mitochondria? I ventured that this 

could be due to disrupted chaperoning and/or improper TIMM44 degradation. In 

evaluating TIMM44 degradation, cycloheximide studies indicated no change to its 

turnover rate in the KO8 line. It is possible that the 8-hour time course of the experiment 

was too short to truly capture the turnover of the protein as mitochondrial proteins are 

extremely stable (178). Nonetheless, I favored the chaperoning hypothesis in that 

UBQLN2 chaperone function was likely impaired due to the UBQLN2 mutation. In 

investigating this possibility, I showed through both IP and pulldown assays that WT 

UBQLN2 can bind TIMM44. More importantly, both protein interaction experiments 

also revealed that binding between UBQLN2 and TIMM44 was weaker with ALS/FTD-

linked UBQLN2 mutant proteins. The IP revealed that less TIMM44 was co-
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immunoprecipitated with P497S mutant UBQLN2 compared with WT UBQLN2. The 

pulldown assay further revealed that four separate UBQLN2 mutant proteins (P497H, 

P497S, P506T, P509S) all exhibit reduced binding to TIMM44. Intriguingly, the P525S 

mutant, which is the least deleterious – based on clinical age of onset – of the five 

UBQLN2 mutants tested, was the only mutant that did not display weaker binding (45). 

This data reveals a possible mechanism whereby UBQLN2 binding may be required to 

either chaperone or prevent the misfolding of TIMM44 during, or prior to, its insertion 

into mitochondria.  

  

Could expression of WT-UBQLN2 or other UBQLN isoforms improve mitochondrial 

health? 

 UBQLN proteins are important for maintaining cytosolic proteostasis. As over 

1000 mitochondrial proteins are nuclear-encoded and, therefore, must be properly 

maintained in the cytosol prior to targeting to mitochondria, it is reasonable to assume 

that UBQLNs may be responsible for ensuring proper protein quality control of a portion 

of these proteins. Disturbances of mitochondrial protein quality control has been 

observed in cellular models depleted of UBQLN isoforms. Itakura et al. showed that 

simultaneous inactivation of UBQLN 1, 2 and 4 in HEK293 cells results in aberrant 

accumulation of mitochondrial proteins in the cytosol (34). Similarly, ablation of 

UBQLN1 yielded a similar accumulation of precursor mitochondrial proteins in other cell 

types (139). If regulation of mitochondrial proteins relies on UBQLN expression, a 

follow-up question then arises as to whether overexpressing WT-UBQLN2 or other 

UBQLN isoforms could improve mitochondrial health. A case can be made that 
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expressing WT UBQLN2 could improve mitochondrial health by allowing for an 

abundant pool of functional chaperones to ensure proper mitochondrial protein targeting. 

In my studies, proteomics indicated that while there was a global reduction of 

mitochondrial proteins in the SC of P497S animals, WT356 animals express higher levels 

of many of these mitochondrial proteins compared to non-Tg animals (Fig. 3.1B). In 

addition, functional Seahorse assays indicated that at 32 weeks of age, animals expressing 

the WT-UBQLN2 transgene had higher State 4o, oligomycin-sensitive respiration, 

compared to non-Tg animals. At both 32- and 52-weeks of age, WT356 animals had 

close to double the maximal respiration as non-Tg animals (Fig 3.8A and B). These 

changes were reciprocal to changes seen in P497S animals. The WT356 animals also 

have healthy mitochondrial cristae structure and re-expression of WT-UBQLN2 in the 

KO lines was able to rescue targeting of mitochondrial proteins and decrease the number 

of TIMM44 foci. Collectively, these results suggest that enhancing WT UBQLN2 

expression could be beneficial for mitochondrial health in cases of deficient levels of 

mitochondrial proteins. However, I must also emphasize that UBQLN2 overexpression 

has been shown to be toxic in mice (179), which suggests that overexpression without 

proper titration of UBQLN2 expression can end up being more harmful than beneficial.  

Furthermore, a similar question is whether expression of other UBQLN isoforms 

can compensate for the loss-of-function effects of the UBQLN2 P497S mutant protein 

and rescue the mitochondrial dysfunction observed in P497S animals. Our lab’s recent 

study indicates that overexpressing UBQLN1 in P497S animals reduces UBQLN2-

positive aggregation and improves motor neuron survival and motor behaviors of the 



 98 
 

P497S mice (143). It is unknown whether improved mitochondrial health contributes to 

these enhancements (143, 180).  

Furthermore, in other cellular and animal models of various neurodegenerative 

diseases including Huntington’s disease, Alzheimer’s disease, expanded polyalanine 

proteins, and ischemic brain injuries, overexpression of UBQLN1 protein, in  particular, 

reduces aggregation and toxicity of pathogenic proteins (181-184). Mechanistically, 

UBQLN1 overexpression was shown to selectively enhance the turnover of mutant 

polyglutamine-expanded huntingtin (Htt) protein without altering the turnover of Htt 

proteins containing the normal range of polyglutamine repeats (35). This selective 

degradation suggests that efforts to increase UBQLN1 expression may provide an 

attractive means to eliminate toxic proteins encoded by the mutant Htt allele without 

interfering with expression from the wild-type (WT) allele. This may be therapeutically 

beneficial in disorders where eliminating expression of both alleles could be detrimental, 

as shown for the Htt gene (185).  

In the P497S UBQLN2 mouse model, while aggregated proteins are present 

throughout the brain and SC, mitochondrial TIMM44 did not colocalize with protein 

aggregates outside of motor neurons. It did however, form punctate structures within 

motor neurons. I speculate that these structures could be stalled autophagosomes or, 

alternatively, may represent accumulations of misfolded proteins. Endogenous staining 

for UBQLN2 KO cells indicated that TIMM44 puncta were indeed ubiquitinated, and re-

expression of WT UBQLN2 reduced the number of cells exhibiting TIMM44 puncta. It 

will be interesting in the future to determine whether overexpressing other UBQLN 
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isoforms in cells, which stably express the P497S UBQLN2 mutant protein, will reduce 

the number of TIMM44 punctate structures. 

Furthermore, my studies also indicated that in a separate HeLa UBQLN2 KO12 

line, mitochondrial deficits were present, but were milder than the KO8 line (data not 

shown). The KO12 line shows complete loss of UBQLN2, but exhibits increased 

expression of UBQLN1 and 4 isoforms (76). This is likely a compensatory response to 

the loss of UBQLN2. These milder mitochondrial deficits further suggest the possibility 

that mitochondrial dysfunction may be mitigated by overexpression of other UBQLN 

proteins to compensate for the loss of UBQLN2. 

In the following sections, I will outline how results from this study fit into the 

broader picture of ALS and how impaired mitochondrial protein quality control pathways 

can lead to neurodegenerative disease. 

 

Section 3. Mitochondrial Protein Quality Control 

The complexity of mitochondrial protein quality control – a coordinated response 

In the past few years, it has become abundantly clear that there are multiple different 

pathways and mechanisms by which mitochondria are able to maintain their proteostasis. 

As the majority of mitochondrial proteins are nuclear-encoded, retrograde signaling and 

crosstalk between the nucleus and mitochondria are integral towards maintaining healthy 

levels of mitochondrial proteins (149). Often times, even miniscule imbalances in the 

stoichiometric ratios between nuclear- and mitochondrial-encoded proteins can cause 

mitochondrial dysfunction (186, 187). In my studies, evidence of this crosstalk was 

shown in cycloheximide turnover experiments. While cycloheximide inhibited new 
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cytosolic protein synthesis and had no effect on the turnover rate of nuclear-encoded 

mitochondrial proteins, it did yield faster turnover of mitochondrial-encoded protein 

levels, such as MT-CO1. Though there may be alternative explanations, one possible 

explanation for this result is that although cycloheximide should not have impacted 

mitochondrial protein synthesis directly, the inhibition of protein synthesis of nuclear-

encoded mitochondrial proteins resulted in crosstalk signaling between the nucleus and 

mitochondrial protein synthesis systems. The loss of nuclear-encoded proteins may have 

caused decreased translation or increased turnover of mitochondrial-encoded proteins. 

Cells closely regulate mitochondrial protein translation for the purpose of maintaining 

healthy stoichiometric ratios of these complex proteins to ensure proper complex 

assembly. Previous studies have provided strong evidence that mitochondrial translation 

adapts to changes to protein influxes of nuclear-encoded proteins (188, 189). Loss of 

nuclear-encoded proteins leads to pauses in translation of mitochondrial-encoded proteins 

(188). 

 In the UBQLN2 P497S model, I observed a nonselective decrease in levels of 

mitochondrial proteins in the isolated mitochondria fraction, with deficits to both nuclear 

and mitochondrial-encoded proteins. It would be interesting to evaluate whether levels of 

transcription factors, such as PGC1, TFAM, ATF5 and other mitochondria-associated 

transcription factors are altered in P497S mutant mice, which would be suggestive of 

compensatory transcriptional signaling in response to imbalances in levels of 

mitochondrial proteins.  

Furthermore, there are several mitochondrial stress response pathways that 

become activated due to improper mitochondrial proteostasis. To date, a specific role of 
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UBQLN2 in these pathways have not been elucidated, but UBQLN2 proteins impart 

many of the similar stress-response functions as analogous proteins within these 

pathways. Much of the insight into these pathways has only recently been discovered, 

and further studies into whether UBQLN proteins impact these mitochondrial stress-

response pathways would be thought-provoking. In the next sections, I speculate on 

UBQLN2’s potential involvement in two of these newly discovered mitochondrial 

protein quality control pathways – MitoUPR and MitoCPR. 

 

MitoUPR: Mitochondrial Unfolded Protein Response 

Mitochondria activate an innate stress response pathway called mitoUPR to combat 

accumulation of large amounts of misfolded proteins (190, 191). Activating transcription 

factor 5 (ATF5) is a protein that has both a nuclear localization sequence and a 

mitochondrial targeting sequence. In the absence of stress, ATF5 is normally imported 

into mitochondria and degraded (192, 193). However, when mitochondria become 

stressed, ATF5 is unable to be imported and instead localizes to the nucleus where it 

elevates the production of chaperones that regulate mitochondrial proteostasis (194). This 

pathway has been shown to be activated following the knockdown of several complex 

subunit proteins, impaired mitochondrial function, and decreased expression of 

mitochondria ribosomes (195). Based on proteomic analysis, functional respiration 

assays, and immunoblots, I have shown that these are all prominent mitochondrial 

features in the SC of the P497S mutant animals that could potentially trigger MitoUPR. A 

direct role of UBQLN2 in the mitoUPR response is unknown. However, it is possible that 
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UBQLN2 plays a role in assisting the import of mitochondrial chaperones or may even be 

a chaperone, which ATF5 may upregulate in response to proteostatic stress.  

In addition, through its central region and STI1 domains, UBQLN2 interacts with 

many chaperones, such as Hsp70, to clear aggregated proteins (68, 196). UBQLN2 works 

hand in hand with the HSP70-HSP110 disaggregase complex to degrade misfolded and 

aggregated proteins specifically via the proteasome. It is interesting to note that inside 

mitochondria, TIMM44 recruits the mitochondrial Hsp70 to chaperone imported 

mitochondrial proteins prior to the cleaving and maturation of these proteins (177, 197). 

Levels of mtHSP70 are upregulated in various ALS models, as well as in brain tissues of 

human ALS patients (198). It is feasible that UBQLN2 may interact with mitochondrial 

chaperones and help to regulate the proper folding and insertion of a variety of imported 

proteins into mitochondria. Currently, there is no evidence that UBQLN2 can be co-

imported into mitochondria. However, other ALS-associated proteins have been shown to 

cause mitochondrial dysfunction through interactions with mitochondrial chaperones, and 

jointly enter mitochondria with bound chaperones (114, 140, 199). My current studies 

have not indicated an ability of UBQLN2 to enter mitochondria, and as such, I favor the 

idea that UBQLNs function to maintain cytosolic protein homeostasis, with nuclear-

encoded mitochondrial precursors making up a proportion of its client proteins. I predict 

that UBQLNs interact with mistargeted mitochondrial precursor proteins in the cytosol 

and through chaperoning these precursors, aid in their eventual import into mitochondria. 
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MitoCPR: Mitochondrial Import Stress Response 

In yeast, a novel mitochondrial import surveillance pathway called mitoCPR has only 

recently been identified for clearing unimported precursors, which otherwise accumulate 

on the mitochondria’s surface (200). This pathway is triggered only through a protein 

import defect and not through respiration deficits or other sources of mitochondrial 

dysfunction. In mitoCPR, an import defect triggers activation of a transcription factor, 

Pdr3, which induces expression of a protein called Cis1. Cis1 binds import receptor 

Tom70 and recruits the protein Msp1 to clear unimported precursors from the 

mitochondrial surface and promote their degradation via the proteasome. Very little is 

known about the mammalian analogue of this pathway and it would be interesting to see 

if UBQLN2 interacts with any of the mammalian homologues in this stress response 

pathway. In addition, this stress response pathway relies on degrading unimported 

precursors through the proteasomal system, in which UBQLN proteins engage with 

directly. Based on comparison with the ANSWER ALS patient proteomics analysis, the 

UBQLN2 P497S mutation selectively impacts the TOM import complex unlike other 

cases in the ALS repository, which are sporadic or caused by mutations in other ALS-

linked genes. This indicates that the mechanistic import defects in ALS may be unique to 

UBQLN2 mutations. It will be intriguing in the future to discover insight into 

mechanisms and proteins involved in the mammalian mitoCPR system and to investigate 

whether UBQLN2 mutations impede the mitoCPR response. 
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Are UBQLNs involved in mitophagy? 

A decline in overall mitochondrial health can occur due to accumulation of damaged 

mitochondria, through failure of clearance by a process called mitophagy (201). 

Mitophagy, the autophagic removal of mitochondria, functions in many cell types 

through the involvement of a serine/threonine-protein kinase, PINK1 and the ubiquitin 

ligase, parkin (129). In canonical mitophagy, PINK1 accumulates on the outer membrane 

of mitochondria due to a loss of membrane potential, m. Subsequently, accumulated 

PINK1 recruits parkin to ubiquitinate mitochondrial proteins, signaling for its 

degradation (130, 202, 203). UBQLN2 mutations have been shown to impede autophagy 

through an autophagosome acidification defect (76). In turn, mitochondrial activity has 

been shown to regulate lysosomal biogenesis, suggesting that these two pathways may be 

connected (204, 205). Indeed, based on the proteomics, mitophagy-associated proteins, 

such as NIPSNAP proteins, which recruit autophagy receptors when mitochondria 

become depolarized due to stress, are decreased in the SC of the mutant animals 

compared to non-Tg animals (data not shown) (206). In addition, TIMM44 colocalized 

with UBQLN2 puncta inside motor neurons in the SC of P497S mutant animals, which 

may be classified as stalled autophagosomes as described previously (76). Collectively, 

this data along with the established link between UBQLN2 and autophagy suggest that 

there may be a mitophagy defect in the UBQLN2 P497S mutant animals. 
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Section 4. Trends and Perspectives – Mitochondrial dysfunction and its link to ALS-

linked genes.  

One of the hallmark pathologies in ALS is protein aggregation. Some of the proteins that 

aggregate in ALS include FUS, TDP-43, OPTN, UBQLN2 and the translated protein 

derived from intronic repeats of the C9ORF72 gene. The molecular characteristics of 

these proteins, including their self-aggregating properties, along with altered regulation of 

their formation, localization and/or protein quality control, contributes greatly to their 

propensity to aggregate. One underlying similarity among these proteins is that these 

ALS-linked genes are encoded by the nuclear genome and their function relies on proper 

targeting to compartments within the nucleus and/or cytosol. While the final destination 

of mitochondrial proteins is not the cytosol, most mitochondrial proteins are nuclear-

encoded and therefore undergo the same protein synthesis pathways and regulation as 

these proteins. For example, a large portion of nuclear-encoded mitochondrial proteins 

are hydrophobic integral, peripheral, or transmembrane proteins that require post-

translational chaperoning until they are properly integrated into mitochondria (148). As a 

result, mitochondrial proteins are vulnerable to defects in many key dysfunctional 

pathways in ALS, such as impaired RNA homeostasis and improper protein quality 

control. Indeed, in the last few years, direct links between the most common ALS-linked 

genes, such as FUS, C9ORF72, poly (GR) and mitochondria have been described (114, 

115, 140, 207). 

In ALS, the first implication of mitochondrial dysfunction was derived from the 

discovery that mutations in Cu, Zn superoxide dismutase (SOD1) cause dysfunctional 

mitochondria (208). There have been over 150 identified mutations in SOD1 that have 
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been linked to ALS. Canonically, SOD1 is a cytosolic or mitochondrial outer membrane 

or intermembrane space localized protein that is pivotal for breaking down reactive 

oxygen species (ROS). However, in ALS, SOD1 has been shown to aggregate in both the 

cytosol and on the surface of the mitochondria, leading to the accumulation of superoxide 

species in mitochondria of ALS SC motor neurons. Since that discovery, one other 

mitochondrial protein called CHCHD10 has been linked to ALS (117). CHCHD10 is 

believed to be involved in mitochondrial protein import and mutations in this protein are 

associated with deficits to mitochondrial cristae and oxidative phosphorylation (116, 

118). While mutations in SOD1 and CHCHD10 seem to cause mitochondrial dysfunction 

through loss-of-function mechanisms, previously mentioned ALS-linked proteins like 

FUS and poly (GR) repeat expansions in C9ORF72 also induce mitochondrial 

dysfunction, but through detrimental gain-of-function toxicity (114, 140). Mutant FUS 

has been shown to bind the mitochondrial ATP synthase beta subunit and perturb 

complex assembly, while the poly (GR) binds the ATP synthase alpha subunit and 

enhances its turnover (114, 140). Both of these mutant proteins specifically interfere with 

nuclear-encoded subunits involved in ATP generation. In addition, both studies indicated 

that these mutant ALS proteins were able to enter mitochondria and bind these subunits, 

preventing their proper assembly into OxPhos complexes. 

In a broad evaluation of how ALS-linked genes impact mitochondrial function, 

there seems to be a mechanistic convergence, in which ALS-linked mutated proteins bind 

nuclear-encoded mitochondrial proteins resulting in either the loss or toxic accumulation 

of these proteins. 
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Based on my studies, mutant UBQLN2 may cause mitochondrial dysfunction 

through both of these mechanisms. Pertinent to the toxic aggregation hypothesis, mutant 

UBQLN2 forms aggregates. While I showed that TIMM44 does not colocalize with the 

UBQLN2 aggregates, endogenous TIMM44 does accumulate with UBQLN2 puncta 

inside motor neurons, and in cells, endogenous TIMM44 puncta are ubiquitinated. 

However, whether these accumulations are aggregates of misfolded protein remains an 

open question. Further studies are necessary to identify other components of TIMM44 

aggregates. It is not implausible that some mitochondrial proteins are sequestered within 

these aggregates as UBQLN proteins have been shown to chaperone mitochondrial 

precursors. Previously studies have also shown that UBQLN2 interacts with a number of 

mitochondrial proteins, such as ATP synthase alpha and beta subunits, while other 

literature indicates that ALS-linked proteins, such as FUS and poly (GR) bind to these 

subunits and form toxic accumulations inside mitochondria. It will be interesting to 

determine the identities of other mitochondrial proteins that may be sequestered in 

UBQLN2 aggregates. 

The second hypothesis is that UBQLN2 loss of function causes mitochondrial 

dysfunction due to impaired protein import. In this study, I have shown that UBQLN2 

interacts directly with TIMM44, a vital inner membrane translocase protein that 

facilitates mitochondrial protein import. While it is unknown if UBQLN2 can be co-

transported into mitochondria, other ALS-linked proteins, when altered by mutation, are 

co-transported into mitochondria. These proteins impair mitochondrial function through 

binding and impeding assembly of mitochondrial subunits. In addition, the ALS-linked 

protein C9ORF72 has recently been shown to be a mitochondrial protein that is integral 
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for stabilizing TIMMDC1, a translocase of the inner mitochondrial membrane, required 

for proper assembly of OXPHOS complexes (209). In my studies, I was unable to detect 

UBQLN2 in mitochondrial fractions within KO cells or in purified mitochondria from the 

SC of P497S animals (data not shown). As a result, I favor the hypothesis that UBQLN2 

P497S mutant protein impairs mitochondrial protein import through its failure to 

chaperone TIMM44 in the cytosol and as a result, TIMM44 is mistargeted from the 

mitochondria. Without proper TIMM44 localization, mitochondria should exhibit 

decreased influx and assembly of nuclear-encoded mitochondrial protein subunits, 

resulting in dysfunctional mitochondria and activation of mitochondrial stress-response 

pathways. This prediction requires further investigation, but my studies highly suggest 

that mitochondrial protein import is impaired by the UBQLN2 mutation.  

 Another possibility is that the UBQLN2 mutation causes damaged mitochondria 

to accumulate through impaired autophagy. When damaged mitochondria become 

irreparable, the cell engages mitophagy to degrade the impaired organelles. Besides 

distinctive mechanisms for autophagy initiation, such as the ubiquitination of 

mitochondria, the canonical processes of autophagy recruitment and flux, such as 

autophagosome formation and lysosomal fusion/acidification in degrading damaged 

mitochondria, are indistinguishable from those of macroautophagy. In mitophagy, 

autophagosomes form to engulf damaged mitochondria then fuse with acidified 

lysosomes to degrade the mitochondrial cargo. Many ALS-linked genes have been 

identified with established roles in autophagy, such as p62/SQSTM1 and OPTN, which 

are autophagy receptors that bind ubiquitinated substrates, and TBK1, which is a kinase 

that phosphorylates these autophagy receptors (201). These proteins also are engaged in 
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mitophagy, and their mutations would hinder the clearance of damaged mitochondria. In 

this study, I observed the accumulation of UBQLN2 and TIMM44 proteins in motor 

neurons, which appeared as puncta when visualized by immunofluorescence. These 

puncta may represent stalled autophagosomes. A previous study in our lab highlighted a 

unique deficit in autophagosome acidification due to the loss of the ATP6v1g1 subunit of 

the lysosomal V-ATPase, resulting in stalled autophagosomes (76). Impaired 

acidification of autophagosomes by the UBQLN2 mutants would also perturb autophagic 

clearance of mitochondria, thereby contributing to the accumulation of damaged 

mitochondria and motor neuron death. 

In many ALS models, motor neurons are challenged by ER stress as well (210). 

ER and mitochondria interact through ER-mitochondria contact sites, which closely 

regulates the biogenesis and fission and fusion dynamics of mitochondria . Indeed, the 

UBQLN2 P497S mouse model exhibits signs of ER stress, such as upregulation of ER 

stress markers, such as IRE1 and PERK (41, 47, 71, 72). Mitochondria-ER contact sites 

(MERCS) underlie many important homeostatic mechanisms, such as mitochondrial 

quality control, calcium homeostasis and UPR (211). It is therefore possible that 

disruption of mitochondrial protein quality control and mitochondrial biogenesis can be 

attributed to dysfunctional MERCS or ER stress. MERCS are also sites where fusion and 

fission occur and thus could underlie the many dynamic changes observed in 

mitochondrial networks of the P497S mutant animals (212). Further studies are necessary 

to determine how activation of various ER stress pathways can impact mitochondrial 

physiology and function.  
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Thus, it is incredibly striking that despite the different and unique functions of 

many ALS-linked proteins, mutations in a variety of ALS-linked genes similarly result in 

mitochondrial dysfunction and impaired proteostasis. Future experiments should explore 

whether repairing or improving mitochondrial function through targeting dysfunctional 

mitochondrial pathways can delay disease progression. These studies will provide key 

insight into whether mitochondrial dysfunction is a driver of disease or simply an 

outcome of disease. 

 

Section 5. Summary 

My thesis work, through the following three major aims, tested the hypothesis that the 

UBQLN2 P497S mutation causes mitochondrial dysfunction through disrupting 

mitochondrial chaperoning and import: 

 

Aim 1 – To determine whether mitochondrial dysfunction is linked to pathogenesis in the 

UBQLN2 P497S ALS mouse model. 

• Result 1A. Proteomics of P497S ALS mice show a global reduction in SC 

mitochondrial proteins compared to non-Tg and WT356 animals. ANSWER ALS 

proteomics repository also indicates a reduction in mitochondrial proteins in 

human ALS cases (mostly sALS). 

• Result 1B. Mitochondria in the motor neurons of the SC of P497S UBQLN2 mice 

have distorted cristae structure and are of shorter length compared to non-Tg and 

WT356 animals. 
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• Result 1C. Levels of mitochondrial OxPhos proteins and import proteins are 

reduced in both mitochondrial fractions and in total SC lysates of P497S animals.  

• Result 1D. Age-dependent decline in mitochondrial respiration measurements is 

observed in isolated mitochondria of the SC in P497S animals at and beyond 32 

weeks of age. 

• Result 1E. Levels of fusion proteins are increased and levels of fission proteins 

are decreased in P497S animals compared to non-Tg and WT356 animals. 

• Result 1F. OpaI cleavage is reduced in the SC of P497S animals at and beyond 32 

weeks compared to non-Tg and WT356 animals. 

 

Aim 2 – To determine if UBQLN2 is required for maintaining healthy mitochondrial 

physiology and function 

• Result 2A. UBQLN2 KO8 line shows decreased levels of mitochondrial import 

and OxPhos proteins compared to the parental HeLa line. 

• Results 2B. UBQLN2 KO8 line shows decreased respiration compared to the 

parental HeLa line when both are grown in oxidative galactose media. 

• Results 2C. UBQLN2 KO8 cells have decreased levels of mitochondrial fission 

proteins and increased levels of fusion proteins but, nevertheless, a more 

fragmented mitochondrial network, than wild type cells. 

• Result 2D. UBQLN2 KO8 cells have delayed fusion dynamics 

• Result 2E. Decreased mitochondrial respiration in UBQLN2 KO8 cells can be 

rescued by re-expression of WT, but not P497S UBQLN2. 
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• Result 2F. Turnover of nuclear-encoded mitochondrial proteins in UBQLN2 KO8 

cells is not changed compared to the parental HeLa cell line. 

 

Aim 3 – To determine if the UBQLN2 P497S mutation disrupts mitochondria 

chaperoning and import. 

• Result 3A. Proteomics identified inner membrane translocase protein TIMM44 as 

a potential nuclear-encoded protein that is regulated by UBQLN2; a statistically 

significant reduction in TIMM44 levels in P497S SC compared to non-Tg or 

WT356 animals was seen 

• Result 3B. TIMM44 levels are reduced in P497S mutant animals at both 24- and 

32- weeks of age.  

• Result 3C. TIMM44 levels are decreased in UBQLN2 KO8 cell lysates compared 

to parental cell lysates. 

• Result 3D. TIMM44-GFP accumulates in abnormal foci in UBQLN2 KO8 cells. 

Endogenous TIMM44 foci in KO8 cells are ubiquitin-positive. 

• Result 3E. TIMM44-GFP targeting can be rescued by re-expression of WT 

UBQLN2, but not by five different ALS-linked UBQLN2 mutants. 

• Result 3F. Endogenous TIMM44 immunoprecipitates with UBQLN2 in HeLa 

cells. 

• Results 3G. TIMM44-GFP co-immunoprecipitates with both HA-WT and P497S 

UBQLN2, but binding of TIMM44 is reduced with the P497S UBQLN2 mutant 

protein. 
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• Result 3H. Recombinant TIMM44 can directly bind either WT or mutant 

UBQLN2 as determined by pulldown assays, but less TIMM44 is pulled down by 

the mutant protein. 

• Result 3I. Precursor TIMM44 accumulates more in UBQLN2 KO8 cells than the 

parental line and is robustly increased in KO8 cultures transfected with P497S 

UBQLN2 mutant. 

• Result 3J. TIMM44 staining colocalizes with UBQLN2 puncta inside motor 

neurons of the P497S and P506T animals. 

Future Directions 

In this next section, I outline potential future directions for this project. My hope is that 

this project will provide a foundation for studies to further uncover the mechanisms 

responsible for the mitochondrial changes observed in the P497S mutant mouse model.  

 Initial studies should focus on whether UBQLN2 regulates specific mitochondrial 

OxPhos proteins or assumes a more systematic and global effect on the ETC, which 

would provide insight into the source of dysfunction. A global dysregulation would 

reinforce the hypothesis of a systematic problem in import or mitochondrial protein 

quality control. On the other hand, if an individual complex subunit or group of subunits 

is selectively impaired, it would suggest that specific protein interactions are vital for 

mitochondrial health. Despite the observation of a global downregulation of OxPhos 

subunits in the proteomics, some evidence suggests that there could be selective targets 

that the UBQLN2 mutation impairs. My complex activity assay revealed that specifically 

complex II and IV are compromised. However, the OCR range for detecting complex I 

and complex III dysfunction may have been too low to accurately capture problems with 
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those specific complexes. Furthermore, in a screen for UBQLN2 interactors, ATP 

synthase subunits alpha and beta were identified as possible UBQLN2 client proteins, 

which suggests that complex V may be a disrupted target (47). Other ALS studies have 

discovered that pathogenic variants of ALS-linked proteins, FUS, poly (GR) and 

C9ORF72 specifically disrupt the alpha or beta subunits of the ATP synthase or specific 

subunits important for Complex I assembly (114, 140, 207). However, the mechanism by 

which these proteins inflict damage to the ETC is predominantly through a gain-of-

function mechanism via their co-transport into mitochondria. Currently, there is no 

evidence that mutant UBQLN2 can enter mitochondria; further studies using immuno-

EM labeling would provide greater insight into whether UBQLN2 is present in 

mitochondria. In addition, 2D-BN-PAGE native assessment of complex assemblies in 

isolated mitochondria fractions in SCs of the mutant mice would reveal whether the 

stoichiometric ratios of complex subunits and their assembly are perturbed. Insight into 

whether UBQLN2 has a systematic effect on the ETC system or maintains proper 

function of a specific family of complex subunits will guide subsequent mechanistic 

studies. 

 Another interesting question pertains to how import is disrupted by the UBQLN2 

mutation. For nuclear-encoded mitochondrial ETC subunits, mitochondrial import is a 

complex process that involves maintaining an unfolded proteins’ integrity, while 

translocating the nuclear-encoded protein through multiple import channels to be 

assembled into the inner mitochondrial membrane. This multistep import system exposes 

multiple points by which dysfunction can occur. One possibility, as highlighted by my 

study, is that UBQLN2 must properly chaperone mitochondrial proteins in the cytosol 
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following their translation by cytosolic ribosomes. Improper chaperoning would lead to 

accumulation of unfolded mitochondrial proteins by preventing them from even reaching 

mitochondria. Though my study revealed that mutant UBQLN2 proteins bound more 

weakly to TIMM44, my studies did not directly test for chaperoning. A viable experiment 

would be to use chemical chaperones to determine if they can rescue targeting of 

TIMM44 (213, 214). Alternatively, chaperoning of TIMM44 could be tested in vitro by 

evaluating the structure and aggregation of unfolded TIMM44 in the presence of 

increasing levels of UBQLN2. In addition, this experiment can be repeated with a variety 

of stresses, such as heat, to evaluate whether the TIMM44-UBQLN2 interaction is 

compromised under stress.  

Subsequently, improper cytosolic chaperoning is predicted to yield an 

accumulation of mitochondrial proteins. Stress induced by accumulated unfolded proteins 

on the surface of the mitochondria initiates a mitoCPR response to rapidly clear out these 

proteins (200). Therefore, it would be important to evaluate the mitoCPR response, which 

meticulously monitors ineffective outer mitochondrial membrane import to alleviate 

import-specific stress. The mechanism has not yet been fully elucidated in mammalian 

models, but the mammalian homologues for important factors involved in mitoCPR in 

yeast have been identified. Degradation of these surface proteins in yeast involves the 

proteasomal degradation system, which highly suggests that UBQLN proteins could play 

a role in this process. Evaluating proteins involved in this process through analyzing 

proteomics and immunoblotting for important factors in tissue and cell lysates would be 

instructive as to whether this would be an avenue worth investigating. 
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In addition, improper mitochondrial protein quality control may occur through 

impaired translocation across the outer mitochondrial membrane. I identified decreased 

levels of the mitochondrial outer membrane translocase proteins, Tom20 and Tom40 in 

the UBQLN2-deficient models, but I did not directly evaluate whether UBQLN2 P497S 

affects the function of the outer membrane translocases. Further experiments should 

involve a biochemical analysis of mitochondrial compartments using carbonate and 

digitonin to selectively breakdown specific outer and inner membranes, to determine if 

mitochondrial precursors accumulate directly in the cytosol, on the surface of 

mitochondria, and/or within the intermembrane space. In addition, evaluating the 

assembly of the TOMM complex through native BN-PAGE analysis would determine 

whether the TOMM complex is compromised. 

Alternatively, since inner membrane mitochondrial proteins require chaperoning 

within the intermembrane space, it is possible that inner membrane proteins, such as 

TIMM44 are improperly chaperoned by intermembrane space mitochondrial chaperones 

(215). Therefore, analyzing the proteomics data for any changes to intermembrane space 

chaperones would be insightful, along with using immunoprecipitation assays and mass 

spec analysis to identify whether any intermembrane space chaperones interact with 

UBQLN2. 

The final step by which import may be impaired is at translocation across the 

inner mitochondrial membrane via the TIMM complex. The deficits in TIMM44 in both 

UBQLN2 KO cells and in SC lysates of the P497S animals suggest that the TIMM 

complex may be dysfunctional simply through mistargeting of TIMM44. Further 

experiments investigating the assembly of the TIMM complex through BN-PAGE and in 
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vitro import assays would be instructive. Collectively, these experiments would 

thoroughly evaluate and identify any dysfunctional steps of mitochondrial import in the 

P497S UBQLN2 model. 

 A third promising direction to advance this study would be to investigate whether 

mitophagy is impaired in the P497S mutant mice, which is suggested by several lines of 

evidence. A previous study in the lab indicated that the P497S UBQLN2 mutation 

induces stalled autophagosomes due to impaired regulation of the ATP6v1g1 subunit of 

the V-ATPase responsible for acidifying lysosomes (76). In addition, TIMM44 

accumulated with UBQLN2 puncta inside motor neurons, which I speculate could be 

stalled autophagosomes. Furthermore, there is a direct relationship between mitochondria 

and autophagy, whereby mitochondria directly donate their membranes for 

autophagosome formation under starvation conditions (216) and autophagosomes form at 

contact sites between ER and mitochondria (217). There have been many recent technical 

advancements in studying mitophagy, including the development of mt-Keima mitophagy 

reporters for both in vitro and in vivo studies (218). It would be exciting to assess 

mitophagy in UBQLN2 KO cells or to take advantageous of our translational P497S 

mutant mice and cross them with mt-Keima mice to evaluate mitophagy in vivo.  

 The final experiments that I would propose is to determine whether mitochondrial 

dysfunction in UBQLN2 P497S mice can be rescued through manipulations that either 

enhance expression of specific mitochondrial proteins or increase levels of UBQLN 

isoforms. Our lab has UBQLN1 mice crossed with UBQLN2 P497S mice and has 

published a study indicating that increased UBQLN1 expression helps to reduce 

aggregation and improve motor neuron survival (143). It would be interesting to 
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investigate if these UBQ1xP497S mice have improved mitochondrial structure and 

function. In addition, import defects may be attributed to the decreased expression of 

mitochondrial TOMM and TIMM import proteins in the P497S animals. Possible follow-

up experiments include overexpressing the mitochondrial proteins that are deficient in 

UBQLN2 KO cells and investigating if this enhancement improves mitochondrial 

outcomes and protein import. 

 Further investigations into these questions will help to reveal the mechanisms 

responsible for the mitochondrial dysfunction, will inform on potential therapeutic 

interventions, and will provide further insight into the pathogenic mechanisms of 

UBQLN2 mutations. 
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