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ABSTRACT 

Title of Dissertation:  Characterization of ubiquilin proteins and assessment of ubiquilin-

1 overexpression as a therapy for Huntington’s disease. 

Nathaniel Safren, Doctor of Philosophy, 2014 

Dissertation Directed by:  Dr. Mervyn Monteiro, professor, department of anatomy and 

neurobiology. 

 Huntington’s disease (HD) is a hereditary neurodegenerative disorder 

characterized by motor dysfunction, cognitive decline, and premature death.   Currently 

there is no cure for HD, and most therapies focus on alleviating the symptoms of the 

disease.  One approach in the effort to develop meaningful therapies treating the 

underlying pathology of HD is to enhance cellular proteostasis pathways.  Ubiquilins 

represent a conserved family of proteins that share a common structure consisting of an 

N-terminal UBL domain and a C-terminal UBA domain.  This allows these proteins to 

act as shuttle factors in the ubiquitin proteasome system (UPS), endoplasmic reticulum 

associated degradation (ERAD), and autophagy pathways.  Mutations in ubiquilin 

proteins cause neurodegeneration, presumably due to loss of protein function.  

Overexpression of ubiquilin-1 suppresses polyglutamine toxicity in both cell culture and 

Caenorhabditis elegans models of HD.  Moreover, knockdown of ubiquilins exacerbates 

toxicity, shortens the lifespan of worms, impairs autophagosome formation, and reduces 

clearance of ERAD substrates.  Here, we characterized the expression of ubiquilins 1-4 in 

the brains of wild-type and R6/2 HD model mice.  We found that ubiquilins 1, 2, and 4, 

but not 3, are expressed in the brain, and that they all colocalized with huntingtin (HTT) 



 

 

inclusion bodies.  In addition, a progressive loss of ubiquilin-1 was observed that 

correlated with disease progression.  This finding coupled with previous overexpression 

data suggested the possibility that ubiquilin-1 overexpression would be protective in R6/2 

mice.  To test this, transgenic mice were generated that express human ubiquilin-1 under 

the control of the THY1.2 promoter, which drives transgene expression in neurons.  

These mice were then crossed with R6/2 mice in order to produce R6/2-UBQLN1 mice. 

These mice lived 20% longer than R6/2 mice and displayed delayed accumulation of 

inclusions in the hippocampus and cortex, and decreased ER stress in the hippocampus. 

Experiments in NB2a neuroblastoma cells indicate that the observed reduction in 

inclusions is dependent on proteasomal degradation.  Despite these findings, ubiquilin-1 

overexpression did not reduce aggregate load in the striatum or improve motor function 

in R6/2-UBQLN1 mice.  I discuss the possible reasons why this could have occurred and 

outline a strategy for use of ubiquilin-1 for HD therapy. 
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CHAPTER 1: BACKGROUND 

Section 1.1:  Huntington’s disease 

 Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease 

that causes motor dysfunction, affective disturbance, and cognitive decline1, 2.  HD is 

ultimately fatal and results in shortened lifespan.  With a prevalence of 1 in 20,000 

people, HD is the most common inherited neurodegenerative disease3.  Currently there is 

no cure for HD, only drugs to treat its symptoms.  HD pathology is characterized by 

tissue degeneration throughout the brain with the most profound loss in the striatum and 

cerebral cortex4, 5.  Intracellular protein aggregates called inclusion bodies are seen 

predominantly in the nucleus but also in the cytoplasm of both neurons and astrocytes6, 7. 

 HD is caused by a CAG expansion in exon 1 of the HTT gene that is found on the 

short arm of chromosome 4.   This gene encodes huntingtin, a 350kDa protein with 

several reported functions8, 9.  This CAG expansion is translated into an abnormally long 

tract of polyglutamine (poly-Q) repeats near the N-terminus of HTT.  Unaffected 

individuals have between 10 and 34 poly-Q repeats, while individuals with HD have over 

40 repeats8, 10.  Variable penetrance is observed in individuals with tracts containing 34-

40 repeats11.    The age of onset of the disease is inversely correlated with the 

polyglutamine repeat length, while severity is directly correlated.  Individuals with 

particularly long CAG expansions, such as those with ≈100 repeats, have a very 

aggressive form of the disease, typically with juvenile onset10. 

 HD is one of 16 known trinucleotide disorders, 9 of which are poly-Q diseases12-

14.  Trinucleotide expansion occurs when the DNA replication machinery makes an error 
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while replicating long stretches of trinucleotide repeats.  These sequences are unstable 

and what is believed to occur is that during replication the daughter strand slips relative 

to the parent strand, leading DNA polymerase to add nucleotides to the daughter strand 

and effectively expand the gene.  Trinucleotide diseases are subject to genetic 

anticipation, where, in each subsequent generation, the trinucleotide expansion grows 

longer due to mistakes in replicating increasingly unstable trinucleotide repeat sequences.  

As trinucleotide expansions cause a nucleotide insertion that is divisible by three, they do 

not result in a frame shift15.  Therefore, the mutant protein in these disorders avoids 

immediate degradation but contains additional amino acids that cause the protein to 

undergo a conformational change and misfold16. 

Regardless of which protein contains a poly-Q expansion, every poly-Q disease is 

characterized by neurodegeneration and the presence of protein aggregates.  This 

underscores the common mechanism of protein misfolding in neurodegenerative diseases.  

Moreover, it suggests that the poly-Q expansion in itself is  a primary cause of these 

diseases.  Studies have demonstrated that ectopically expressed CAG repeats are 

sufficient to cause intranuclear inclusions and degeneration.  In one study, 146 CAG 

repeats were inserted into the hypoxanthine phosphoribosyltransferase (Hprt) gene, 

which has not been implicated in any poly-Q disease. Mice expressing this mutated gene 

developed intranuclear inclusions and motor impairments, and died prematurely.  

Inactivation of the Hprt gene produced no overt phenotype17.  This suggests that the 

polyglutamine expansion is causing disease through gain of function. 

Mutant HTT causes altered transcription, mitochondrial dysfunction, elevated 

reactive oxygen species, and impaired axonal transport. Perturbations in cortico-striatal 
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synaptic function have been reported including reduced BDNF release, reduced 

presynaptic cannabinoid receptor 1 (CB1) expression, and increased dopamine levels.  

Excitotoxicity is observed due to decreased glutamate uptake by astrocytes 9, 18-21. 

Moreover, protein degradation is impaired in HD.  Accumulation of mutant HTT induces 

both ER stress and the unfolded protein response (UPR) 23, 24. Disruptions in proteasomal 

degradation, ERAD, and autophagy have also been reported in both cell and animal 

models of HD.  25-28. 

Cells transfected with mutant HTT show an accumulation of proteasome 

substrates29-31.  The underlying mechanism responsible for this accumulation is a matter 

of ongoing debate.  Some data suggest that mutant HTT directly blocks the catalytic core 

of the proteasome32.  However, a series of elegant experiments strongly suggests this is 

not the case.  Rather, the accumulation of proteasome substrates is due to competition for 

delivery to the proteasome by ubiquitinated huntingtin.  In other words, the cell’s 

degradation machinery cannot clear all the proteins that need to be cleared within cells 

due to the heavy burden of degrading mutant HTT 29. 

A similar accumulation of autophagy substrates is observed in HD.  This 

accumulation is observed despite normal formation and clearance of autophagosomes.  

Rather, the ability to recognize and package cytosolic cargo into autophagosomes is 

diminished33.  These data suggest that increasing factors that deliver substrates into 

autophagosomes or the proteasome may be protective. 

Cleavage of mutant HTT into an N-terminal fragment appears to be a key step in 

HD pathogenesis.  HTT is cleaved by caspases and calpains into a series of fragments34.  
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N-terminal fragments are more toxic than full-length mutant HTT, and transgenic 

expression of mutant N-terminal fragments is sufficient to cause HD pathology in mouse 

and primate models35, 36.  Inhibition of caspase-6-mediated cleavage of HTT protected 

against striatal neurodegeneration and susceptibility to excitotoxicity in mice that 

overexpress full-length mutant HTT37. 

While there is a consensus that proteolytic cleavage of HTT contributes to 

toxicity, the role of aggregation in the disease process remains controversial.  It is unclear 

whether inclusion bodies contribute to toxicity, suppress toxicity, or are epiphenomena.  

Some studies suggest that soluble mutant HTT is the most toxic species of HTT, and that 

aggregation is protective because it sequesters soluble mutant HTT, effectively 

decreasing the surface area of exposed poly-Q tracts within the cell38, 39.  However, bulky 

HTT inclusions may pose a challenge to processes that need tight spatial regulation such 

as axonal transport and synaptic function, both of which are impaired in HD40, 41.  In 

addition, aggregates pose gain of function toxicity by sequestering surrounding proteins9.  

Administration of the anti-aggregation agent Congo-Red to HD model mice shows a 

protective effect42.  Moreover, the appearance of inclusions correlates well with the onset 

of behavioral changes, and aggregate load correlates well with disease progression43, 44.  

Therefore, a measurement of inclusion burden is a widely used metric for assessing 

disease severity45. 

Beyond just gain of function toxicity, in HD, loss of HTT function also appears to 

contribute to toxicity.  HTT knockout mice are embryonic lethal, indicating that HTT is 

carrying out an essential function46.  In conditional knockout mice where both 

endogenous alleles were knocked out in postnatal neurons, neurodegeneration resulted47.  



 

 5 

Similar pathology was observed in HTT +/- mice46.  Moreover, overexpression of wild-

type (wt) HTT in a mutant HTT background is protective48. Together this suggests that 

HTT is a vital protein in neurons.   

What specific function, or functions, underlies HTT’s essential role in neurons is 

a matter of ongoing investigation.  Answering this question is difficult for several 

reasons.  HTT is a 350kDa protein that is hard to isolate and analyze.  Moreover, HTT 

does not share considerable homology with other proteins of known function.  HTT does 

not seem to be enriched in any one tissue or subcellular compartment. Rather, HTT is a 

ubiquitously expressed protein, seen at similar levels in the central nervous system and 

peripheral tissues9.  HTT is both a nuclear and cytoplasmic protein that associates with 

the endoplasmic reticulum (ER), Golgi, mitochondria, plasma membrane, microtubules, 

autophagosomes and endosomes49-51.  In neurons, HTT is found in the soma, axon, 

terminals and dendrites9, 52.  HTT possesses a wide variety of domains and motifs that 

make it hard to hone in on any one single role. Rather HTT has been implicated in several 

cellular processes including transcriptional regulation, vesicle transport, cytoskeletal 

anchoring, inhibition of apoptosis, and the regulation of brain derived neurotrophic factor 

(BDNF) production9, 53, 54.  Finally, HTT has been shown to interact with over 200 

proteins53, 55.  Therefore, it is unlikely that the disruption of any one process is solely 

responsible for HTT’s loss of function toxicity.  It is possible that different processes are 

impaired to different extents depending on cell type, and this could explain why certain 

cell types, such as medium spiny neurons in the striatum, are particularly vulnerable to 

mutant HTT toxicity. 
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Section 1.2:  The R6/2 mouse model 

Several different mouse models are available for the study of HD.  These fall 

within a few broad classes, each of which has advantages and disadvantages. Transgenic 

mice are available that express human HTT carrying a different number of CAG repeats. 

One group of these transgenic mice expresses full-length HTT, while the other (R6 mice) 

expresses just exon 1.  Knock-in mice, where different lengths of CAG expansion have 

been introduced into the endogenous murine HTT gene, are also available.  Finally, HTT 

knockout lines and conditional overexpressing lines also exist56.   

While knock-in mice are attractive because the endogenous mouse HTT promoter 

regulates the expression of huntingtin, they have a very subtle phenotype and survival 

studies take two years to complete.  Moreover, these mice are not as well characterized as 

those that express human HTT57, 58. 

Among transgenic models, R6 mice, and specifically the B6CBA-

Tg(HDexon1)62Gpb/3J mouse commonly referred to as the R6/2 mouse, is the best 

characterized and most studied56.  These mice have an aggressive phenotype that makes 

them amenable to relatively short survival studies, which can be used to assay the 

efficacy of different experimental therapeutics for HD.  These mice recapitulate many of 

the features of human HD including motor dysfunction, weight loss, changes in activity, 

and shortened life span.  Inclusion bodies are found throughout the brain and preempt the 

onset of motor impairment that begins at approximately 7 weeks of age.  By 12 weeks, 

motor dysfunction becomes severe and premature death is observed typically after 14-15 

weeks of age.  Rarely do R6/2 mice live past 18 weeks59.  Unfortunately, R6/2 colonies 

are difficult to maintain.  Males suffer from sterility and pregnancy is complicated in 
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females due to the early onset of behavioral symptoms60.  Therefore ovary-transplanted 

females are used for breeding. 

Section 1.3:  Structure and function of ubiquilin proteins 

The ubiquilin gene family is evolutionarily conserved and is represented in all 

eukaryotes.  Humans have five ubiquilin genes, UBQLN1-4 and UBQLNL, each of which 

is translated into a seperate protein.  With the exception of Drosophila melanogaster, 

which possesses two ubiquilin genes, all invertebrates have just a single ubiquilin gene.  

Expansion of the gene family is observed in vertebrates with the greatest expansion 

observed in mammals.  To date, seven ubiquilin genes have been identified in vertebrate 

species.  Ubiquilins 1-4 are the most well conserved genes, as well as the best 

characterized, while 5 and 6 were only recently identified.  UBQLN5 is found in many 

mammals, but not man, while UBQLN6 is present only in birds and reptiles.  Variation in 

expression levels in different tissues is observed among the ubiquilin proteins.  Ubiquilin-

1, and 2 are expressed throughout the body with the exception of the testis, with elevated 

levels in the nervous system. Ubiquilin-3 and ubiquilin-L are only expressed in the testis.  

Only ubiquilin-4 is seen in both the testis and the rest of the body61.  The subcellular 

localization of each ubiquilin protein needs to be explored further, but ubiquilin proteins 

have been reported in the cytosol, nucleus, endoplasmic reticulum (ER), and 

autophagosomes62-64. 

Ubiquilin proteins all share a common structure.  They are characterized by 

having an N-terminal ubiquitin-like (UBL) domain, which binds to proteins with an 

ubiquitin interacting motif (UIM) including the S5a subunit of the 19S proteasome.  At 
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the C-terminus, ubiquilins possess a ubiquitin associated (UBA) domain, which 

recognizes ubiquitinated proteins63.  These two domains are highly homologous among 

the ubiquilin isoforms61, 63.  Between these two domains is a central region consisting of 

many chaperone-binding sites, including STI1 domains, which mediate binding to the 

HSP70-like Stch65.  This region is more variable, with different isoforms containing 

different numbers and orientations of binding sites61, 63. 

Section 1.4: The role of ubiquilin proteins in protein degradation pathways. 

The structure of ubiquilin proteins allow them to act as shuttle factors, binding 

polyubiquitinated proteins and delivering them to the proteasome62, 66, 67.  This function is 

best characterized in ubiquilin-1 and 2, but is likely to occur in other, if not all, 

ubiquilins.  Ubiquilin-1’s UBA domain has been shown to bind to both mono-ubiquitin 

and polyubiquitin chains with high affinity.  The UBA domain has been shown to bind to 

the hydrophobic patch of ubiquitin with a Kd of 20µM.  Ubiquilin-1’s affinity for K48 

and K63 polyubiquitin chains is even greater, and this binding seems to be non-selective 

with respect to the two chain linkages68.  Following binding of ubiquitinated proteins, 

ubiquilins are able to facilitate delivery of proteins to the proteasome.  In accordance with 

this role of ubiquilin, a genomic screen in Yeast identified the orthologue DSK2 along 

with the polyubiquitin-binding protein Rad23p as being essential mediators of 

proteasome degradation.  Deletion of these two genes leads to the accumulation of 

polyubiquitinated protein69. 

Ubiquilins also act as shuttle factors in the endoplasmic reticulum associated 

degradation (ERAD) pathway62.  In this way they regulate the turnover of misfolded 
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proteins in the secretory pathway.  Proteins that fail to fold in the endoplasmic reticulum 

(ER) are retrotranslocated through a pore in the ER membrane composed of Derlin 

proteins.  P97/VCP associates with this pore and is thought to provide the driving force 

needed to extract proteins through it70, 71.  In response to ER stress, erasin, an ER 

membrane protein, is upregulated.  Erasin recruits both p97/VCP and ubiquilin to the ER 

membrane forming a trimeric complex.  Ubiquilin, then, recruits the proteasome, in effect 

acting as a bridge between it and extracted polyubiquitinated proteins.  This model is 

depicted in figure 1.  Knockdown of either erasin or ubiquilin leads to accumulation of 

polyubiquitinated proteins as well as ER stress62. 
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Figure 1: 

 

Figure 1.  Model depicting the role of ubiquilin and erasin in ERAD62.  (A) A 
secretory pathway protein fails to properly fold in the lumen of the ER and is recognized 
by ER chaperones as an ERAD substrate.  (B) The misfolded protein is unfolded and 
passes through a Derlin channel in the ER membrane.  P97/VCP is believed to provide 
the driving force for this extraction.  As the protein enters the cytosol it is binds to the ER 
membrane protein Erasin that forms a complex with P97/VCP and resident ER ubiquitin 
ligases.  These serve to ubiquitinate the misfolded protein. (C) Erasin recruits ubiquilins, 
which interact with the polyubiquitin chain on the extracted protein via their UBA 
domain.  (D) Ubiquilins’ UBL domain recruits the proteasome and therefore acts to 
deliver the misfolded protein to it for degradation. 
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Ubiquilins also function in macroautophagy, a cellular process where double 

membrane vacuoles called autophasomes engulf cytosolic proteins and organelles and 

then fuse with lysosomes where their content is degraded72.  Ubiquilins 1 and 2 form a 

complex with the autophagosome membrane protein LC3 and both K48 and K63 

ubiquitinated proteins, which are enriched in autophagsomes.  Knockdown of ubiquilin-1 

and 2 causes a decrease in autophagosome number, presumably through inhibiting the 

maturation of LC3I to LC3II, a key step in autophagosome formation.  In addition, 

ubiquilin knockdown impairs autophagosome acidification, suggesting that ubiquilin-1 

and 2 play a role in the conversion of autophagosomes to autolysosomes64, 73. Contrary to 

the original view of autophagy, which consisted of the non-selective engulfment and 

degradation of cytosolic material, research has demonstrated that the packaging of 

cellular components into autophagosomes is a regulated, selective process74, 75. Recent 

evidence suggests that ubiquilins 1 and 4 act in tandem as an autophagy cargo receptor.  

In this way the two proteins recognize autophagy substrates and deliver them to nascent 

autophagosomes.  Ubiquilin-4 co-precipitates with both ubiquilin-1 and LC3.  Ubiquilin-

4 knockdown abolishes the interaction between LC3 and ubiquilin-1, which suggests that 

ubiquilin-4 is acting as an adaptor protein, linking LC3 in forming autophagsomes to 

ubiquilin-1, which has the capacity to deliver ubiquitinated proteins76. 

Section 1.5: Ubiquilins in neurodegenerative diseases 

 The role of ubiquilin proteins in protein degradation has focused attention on their 

role in neurodegenerative diseases, which are characterized by impaired proteostasis and 

the accumulation of misfolded proteins.  Ubiquilins have emerged as key players in the 

pathogenesis of many of these diseases.  Genetic variants in ubiquilin-1 have been linked 
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to increased incidence of Alzheimer’s disease (AD) 77, and mutations in ubiquilin-2 are 

associated with X-linked amyotrophic lateral sclerosis (ALS) with dementia78.  Mutations 

in ubiquilin-4 have also been associated with ALS79.  Therefore, all three ubiquilin 

proteins expressed in the nervous system are implicated in the pathology of 

neurodegenerative diseases.  How exactly these mutations cause disease is a matter of 

ongoing research.  Presumably, loss of ubiquilin function leaves neurons vulnerable to 

proteotoxic stress; however, other mechanisms should also be explored. 

 Ubiquilin proteins are also found in the protein aggregates that are hallmarks of 

different neurodegenerative diseases. Immunohistochemical analysis of human brain 

tissue reveals that ubiquilin-1 is present in neurofibrillary tangles in the hippocampus of 

patients who died of Alzheimer’s disease80.  Ubiquilin-2 immunoreactivity is observed in 

nuclear and cytoplasmic inclusions in both the spinal cord and hippocampus of ALS 

patients78, 81.  Ubiquilin-2 pathology is also observed in frontotemporal lobar dementia 

with TAR DNA-binding protein (TDP-43)-positive inclusions82.  Unfortunately, many 

pathology studies have been performed using antibodies that are unable to distinguish 

between ubiquilin-1 and 2.  Nevertheless, these studies demonstrate that ubiquilin protein 

is a common component of protein aggregates.  These studies show ubiquilin-positive 

inclusions in Parkinson’s disease, neocortical-type dementia with Lewy bodies, multiple 

systems atrophy, progressive supranuclear palsy, corticobasal degeneration, argyrophilic 

grain disease, spinal and bulbar muscular atrophy, dentatorubral-pallidoluysian atrophy, 

spinocerebellar ataxia (SCA) type 1, SCA2, SCA3, and intranuclear inclusion body 

disease63, 83.  Ubiquilin-1 and 2 have been demonstrated to colocalize with HTT inclusion 

bodies in HD; however, it is unclear whether ubiquilin-4 does as well84, 85. 
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Section 1.6: Overexpression of ubiquilin-1 in Huntington’s disease. 

 With their role in multiple neurodegenerative diseases and involvement in 

different protein clearance pathways, ubiquilin proteins may regulate HD pathogenesis.  

Indeed, this has been demonstrated in both ubiquilin knockdown and overexpression 

studies.  Expression of GFP-HTT-Q74 (Green Fluorescent Protein tagged-HTT with 74 

poly-Q repeats) in HeLa cells or primary cortical neurons results in cell death and 

accumulation of HTT inclusions.  Overexpression of ubiquilin-1 cDNA leads to a 

decrease in the percentage of neurons with inclusions and reduced cell death in both cell 

types.  Ubiquilin-1 overexpression also protects against oxidative stress-induced cell 

death in HeLa cell lines that stably express GFP-HTT-Q7486.  Furthermore, ubiquilin-1 

overexpression selectively enhances the turnover of GFP-HTT-Q74 but not GFP-HTT-

Q2887.  Conversely, knockdown of ubiquilin-1 and 2 using siRNA in these cell lines 

caused increased HTT aggregation, DNA fragmentation, caspase activation and cell 

death86. 

 C. elegans lines expressing GFP-HTT fusion proteins in their body wall muscle 

display both inclusions and have a polyglutamine length-dependent motility impairment.  

Knockdown of C. elegans’ single ubiquilin gene exacerbated this defect even further, 

whereas overexpression of RFP-C. elegans-ubiquilin reduced the impairment in a dose 

dependent fashion86.  Loss of ubiquilin or its interactor erasin also shortens the lifespan of 

worms.  This suggests an essential role of ubiquilin-1 and erasin in ERAD.  Following 

treatment with tunicamycin, a drug that induces ER stress, there is a robust upregulation 

of both ubiquilin and erasin, underpinning their role in alleviating ER stress via ERAD62. 
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Section 1.7: Goals and Rationale 

 While ubiquilin-1 overexpression has been shown to be prevent cell death in cell 

cultures in and C. elegans models of HD, it is unclear whether overexpression of 

ubiquilin-1 would be an effective therapeutic strategy for HD patients.  Before even 

considering such a strategy, the efficacy of ubiquilin-1 overexpression needs to be 

demonstrated in mammalian animal models of HD.  Cell cultures and C. elegans 

experiments provide valuable mechanistic insights and promising leads for potential 

therapies. However, safety and efficacy of experimental therapeutics need to be tested in 

higher animal models.  With this in mind, the main goal of my work is to determine 

whether ubiquilin-1 overexpression can effectively halt the progression of the HD 

phenotypes in mammals.   To accomplish this goal, transgenic mice were generated that 

express human UBQLN-1 under the THY1.2 promoter, which drives transgene expression 

in neurons.  These mice were then crossed with R6/2 mice in order to generate R6/2-

UBQLN1 double transgenic mice.  Using a number of complementary behavioral, 

histological, and biochemical assays, the effects of ubiquilin-1 overexpression were 

assessed.   

Identifying the effects of ubiquilin-1 overexpression in R6/2 mouse model of HD 

represented the first step in testing the overarching hypothesis that “overexpression of 

ubiquilin-1 suppresses mutant HTT toxicity by reducing inclusion body 

accumulation in a proteasome-dependent manner.”  Experiments were, then, carried 

out in NB2a neuroblastoma cells in order to demonstrate that the function of the 

proteasome is required for the reduction in inclusion bodies seen upon ubiquilin-1 
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overexpression in the HD mouse model. As it will be presented here, the results of these 

experiments strongly support the hypothesis. 

In addition to testing this hypothesis, another major goal of this work is to further 

characterize ubiquilin proteins in the brains of both wt and R6/2 mice.  To date there has 

not been a comprehensive study analyzing the expression and localization of ubiquilin 

proteins in the mammalian brain.  mRNA data is available through the Allen Brain Atlas, 

but protein data is lacking.  Moreover, how ubiquilin protein levels change throughout 

the progression of HD has not been explored.  Additionally, although previous data have 

shown that ubiquilin-1 and 2 colocalize with HTT inclusions, it is unclear whether 

ubiquilin-4 does as well. These questions are explored in chapter 4. 
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CHAPTER 2:  MATERIALS AND METHODS 

Animal research 

This study was carried out in strict accordance with the recommendations in the Guide 

for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

protocol was approved by the IACUC committee of the University of Maryland School 

of Medicine. 

Generation of ubiquilin-1 transgenic mice 

In order to generate ubiquilin-1 overexpressing transgenic mice, a 1.8-kb cDNA 

fragment encoding human ubiquilin-1 fused with a FLAG-tag at its N-terminus was 

inserted into the THY1.2 expression cassette. The transgenic construct was then 

linearized with EcoRI and PvuI and used for pronuclear injection into fertilized eggs of 

the hybrid strain B6C3F2 and inbred strain C57BL/6J. Founder mice were then identified 

using Southern blotting and polymerase chain reaction (PCR). Two transgenic founder 

mice, lines 48 and 62, were found to carry different copy numbers of the injected 

transgene. Immunoblots indicated line 62 had higher levels of the ubiquilin-1 

overexpression. Thus, line 62 mice were backcrossed in a C57BL/6J background for 7 

generations. 

Animal husbandry and crosses 

Line 62 ubiquilin-1 males were crossed with ovary-transplanted R6/2 females 

(strain 006494) carrying 120 ± 5 CAG repeats from Jackson Labs (Bar Harbor, Maine). 

We used ovary-transplanted females because R6/2 mice are poor breeders. Mice were 
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weaned and tail snipped at postnatal day 21. Following genotyping, at week 4 mice were 

regrouped into experimental cages containing four mice each, with one of each genotype. 

The following numbers of female mice from each genotype were used for behavioral 

tests: WT = 4, UBQ1 = 12, R6/2 = 10, R6/2-UBQLN1 = 7. For survival studies, fourteen 

R6/2 mice were used, of which three were euthanized at 112, 130, and 136 days, and 

seven R6/2-UBQLN1 mice were used, of which three were euthanized at 141, 142, and 

164 days as they reached endpoint criteria. This was defined as the point when mice were 

unable to initiate movement when placed on their side for 20 seconds88. Mice that were 

euthanized upon reaching this point are referred to as “endpoint mice” throughout this 

document.  The rest of the animals were found dead. Four WT and fourteen UBQ1 mice 

were used for these survival studies, all of which survived the entire duration of the 

experiment. Data of the behavioral and pathological changes are reported for female 

animals to avoid potential confounds that can occur when using males59. All animals 

were housed in a pathogen-free facility at the University of Maryland animal facility and 

given regular mouse chow and fresh water. Only one person, besides the personnel 

involved in cage maintenance, handled the animals for the entire study. The person was 

blinded to the genotypes. The animals were monitored daily at the beginning of the study 

and twice daily when animals were close to reaching endpoint criteria. A veterinarian 

also ensured the health of animals. No drugs were used for the entire study except for tail 

biopsies for genotyping purposes. For this procedure the animals were anesthetized by 

brief inhalation with isoflurane and a small segment of the tail was removed using a razor 

blade. For euthanasia, mice were placed in an enclosed chamber and exposed to CO2 

from a regulated tank to effect, followed by cervical dislocation. This same procedure 
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was used for animals used for all biochemical and immunohistochemical analyses. 

Genotyping and CAG Repeat Sequencing 

Genomic DNA was extracted from tail tissue using the Puregene Core Kit A 

(Qiagen, Hilden, Germany). Transgenic progeny were identified by Southern blotting and 

PCR analysis. For Southern blotting, mouse genomic DNA was digested with EcoRV 

enzyme and hybridized with 32P-labeled with an EcoRV-XhoI fragment, spanning 

human ubiquilin-1 and 39 sequences in the THY1.2 transgenic cassette. The ubiquilin-1 

transgene was screened using primers containing sequences specific to the Thy1.2 

expression cassette and the UBQLN1 cDNA. For PCR based genotyping the transgene 

was amplified using the sense primer (5’-TCTGAGTGGCAAAGGACCTTA-3’) and the 

antisense primer (5’-GCTCTAGACTAAGACAAAAGTTGTCGCTGCATCTGACT-3’) 

at the following cycling conditions: 98°C for 2 min, then 30 cycles (composed of 95°C 

for 10 sec, 62°C for 15 sec, and 72°C for 90 sec), followed by 72°C for 8 min, and 

terminating with 4°C. Mice containing the polyglutamine expansion were screened as 

previously described 59. The CAG repeat length of R6/2 carriers was determined by 

Laragen (Los Angeles, CA). 

Body Weight and Survival 

Body weight was measured on a weekly basis to the nearest 0.1 g beginning at 8 

weeks of age. Both mice that were found dead and those that were euthanized after 

reaching endpoint criteria were used in measuring survival. 88. 
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Rotarod 

Rotarod analysis was performed on a custom-built rotarod, set to accelerate from 

4 to 40 rpm over a 530-s period. The rod was fitted with a bicycle inner tube to increase 

traction59. Latency to fall was recorded on three trials, with each trial separated by a 30-

min rest period. The trial with the longest latency was scored. At 7 weeks of age, mice 

were trained on three consecutive days. Only data from the last day of training was used 

in statistical analyses. Performance was measured weekly from 7 to 12 weeks of age. 

Grip Strength 

Forelimb grip strength was measured weekly from 8 weeks to 13 weeks of age 

using a Ugo Basile (Varese, Italy) 47106 grip strength meter. Mice were held in front of a 

grasping bar, which they instinctually gripped onto. Mice were pulled by the tail until 

their grip strength was overcome and they lost grip of the bar. Their peak pull force was 

recorded in each of five trials. The three trials with the highest recorded force were then 

averaged. 

Open Field 

At 10 and 12 weeks of age locomotor activity was assessed using the open field 

test. To best measure the activity of the mice, trials were conducted one hour after the 

beginning of their dark cycle. Mice were placed into a 50 x 50 cm open field box arena, 

with one mouse from each genotype tested at the same time in different arenas. Chambers 

were illuminated at 30 Lux, and even lighting was ensured using a light meter.  Total 

distance traveled was measured over the period of 15 min. Between trials, the floor of 
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each chamber was washed with 70% ethanol followed by a ten-min period where the 

smell of ethanol was allowed to dissipate. This was done to minimize any odors left by 

mice from previous trials that could potentially affect exploratory behavior89. 

SDS PAGE 

Brains were dissected immediately following euthanization. One hemisphere was 

then homogenized in protein lysis buffer (PLB: 50mM Tris pH6.8, 150mM NaCl, 20mM 

EDTA, 1mM EGTA, 0.5% SDS, 0.5% NP40, sarkosyl 0.5%, 1 mM prefabloc, 10 mM 

orthovanadate, 2.5 mM sodium fluoride) 90, 91.  Cells were collected and lysed in PLB and 

subsequently further lysed by passing the lysates through a 25G needle at least 10 times. 

Total protein concentrations were then determined using the bicinchoninic acid 

assay (Thermo Scientific, Rockford, IL). Brain homogenates and cell lysates were both 

stored in aliquots at -20°C. 

Freshly thawed brain homogenates and cell lysates were each diluted to working 

concentrations in sample loading buffer consisting of 15mM DTT, 8M urea and 10% 

betamercaptoethanol and loaded onto either 8.5% or 10% SDS PAGE gels.  Proteins 

were then transferred to 0.45 mm PVDF membranes (Immobilon-P, Millipore, Billeria, 

MA) using the Mini-Trans Blot system (BioRad) for 3 hours at 200 mA. 

Western Blot Analysis 

PVDF membranes were incubated for 10 minutes in blocking buffer.  Blocking 

buffers used were either 5% milk in 1X PBST (1X phosphate buffered saline (PBS), 

0.2% Tween-20), 0.1% milk in PBST, or 4% bovine serum albumin (BSA) in 1x PTX 
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(0.2% Triton X-100, 150nM NaCl, 10mM NaPO4, pH 7.5, 1mM EDTA, and 10% sodium 

azide).  Membranes were then incubated in blocking buffer overnight with a primary 

antibody.  The next day the membranes were washed with 1X PBST several times and 

then incubated in 5% milk in PBST containing an HRP-conjugated secondary antibody 

for 75 minutes at 4°C.  Membranes were washed again and then proteins were detected 

using the SuperSignal West Pico system (Thermo Fisher Scientific).  

Antibodies 

Both commercially available and in-house developed antibodies were used in 

western blotting.  Antibodies were produced that specifically recognize, ubiquilin-1 

(UMY-74), ubiquilin-2 (UMY-75) and ubiquilin-3 (UMY-78).  Peptides were generated 

containing sequences with low homology between the ubiquilin isoforms.  These include 

ubiquilin-1:  NGSNATPSEN, ubiquilin-2:  RPSRGPAAA, ubiquilin-3:  RSLRPDGMNP.  

Polyclonal rabbit antibody production with these peptides was performed by Cocalico 

Biologicals, Inc. (Reamstown, PA).  These antibodies are summarized in Table 1.  The 

following commercially available antibodies were used as well:  Affinity Bioreagents 

(Golden, CO) Anti-Ubiquilin-1 Polyclonal PA1-759, Invitrogen (Carlsbad, CA) 

monoclonal ubiquilin antibody 37-7700, Novus (Littleton, CO) monoclonal ubiquilin, 

Aviva Biosystems (San Diego, CA) Anti-UBQLN4 ARP57355, mouse anti-FLAG 

(#F3165 Sigma Aldrich, St. Louis, MO), rat anti-BiP (sc-13539 Santa Cruz 

Biotechnology, Santa Cruz, CA), goat anti-actin (Santa Cruz Biotechnology), rabbit anti-

PDI (#2446 Cell Signaling, Danvers, MA), mouse anti-CHOP (#2895 Cell Signaling). 

Secondary antibodies used were horseradish peroxidase-conjugated goat anti-mouse 
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(#31430), goat anti-rabbit (#31460), goat anti-rat (NA935V GE Healthcare) and rabbit 

anti-goat (#31492 Thermo Scientific). 

TABLE 1:  Ubiquilin antibodies used 

 

Affinitiy Purification of ubiquilin antibodies 

 Ubiquilin antibodies were affinity-purified from rabbit serum.  First GST-fusion 

proteins were coupled to an Affigel-10 column.  Purified peptides were dialyzed against 

100mM MOPS buffer and incubated overnight at 4°C with AffiGel beads.  Next the 

slurry was incubated with 600µl of 1M ethanolamine HCl (pH 8), to block unbound 

active esters, and rotated at 4°C for 1 hour.  The mixture was then washed with 25mL 

PO4 buffer (10mM NaPO4, 0.3M NaCl) ten times and then incubated with 5mL of 

antibody at 4°C while rotating overnight.  The following day columns were washed with 

PO4 buffer and then eluted with citrate buffer (100mM sodium citrate, 300mM NaCl, pH 

2.2).  Fractions were then neutralized with 1M Tris, pH 9.1).  A BCA assay was 

performed in order to determine peak fractions. 
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Immunohistochemistry 

Immediately following mouse euthanasia one hemisphere of the brain was 

removed and flash-frozen using dry ice. Hemispheres were stored at -80°C until they 

were retrieved for sectioning. Coronal sections (25 µm thick) were cut using a crysostat 

(Leica Biosystems, Buffalo Grove, IL). Immunohistochemistry was performed as 

previously described92. The EM48 antibody93 (1:100; Millipore, Billerica, MA) as well as 

the ubiquilin antibodies outlined in Table 1 were all used at a dilution of 1:100. 

Secondary antibodies were used at the following dilutions donkey-anti-mouse 488 

(1:500), goat anti-mouse 594 (1:500), donkey anti-rabbit 488 (1:500). In order to quantify 

inclusion bodies, 6 sections containing the striatum and 6 sections containing the 

hippocampus per animal were analyzed under an inverted Leica DMIRB fluorescent 

microscope using a 406 objective. Images were captured using a Hamamatsu digital 

C8484 camera using iVision software (BioVision Technologies, Exton, PA). In order to 

reduce bias, a script, which counted the number of puncta above a certain intensity 

threshold and then filtered them according to size, was ran in the program iVision 

(BioVision). Number of inclusions was then averaged. 

Colocalization of ubiquilin with HTT inclusions was carried out using a Zeiss 510 

confocal microscope using 405 (DAPI), 488, and 594 nm laser lines. 

Cell culture and transfection 

NB2A Neuroblastoma cells were maintained in Dubecco’s Modified Eagle Media 

(DMEM) with 4.5g/L glucose, L-glutamine and sodium pyruvate (Cellgro, Manassas 

VA) supplemented with 10% fetal bovine serum and penicillin streptomycin.  HeLa cells 
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were maintained in the same media without sodium pyruvate.  Transient transfection of 

5-10 µg plasmid DNA was performed using Lipofectamine LTX (Life Technologies, 

Carlsbad CA).  Lysates were collected 24 hours following transfection and then 

immunoblotted. In order to knockdown ubiquilin-4, Accell SMARTpool siRNA (Thermo 

Scientific) was transfected into NB2A cells using DharmaFect1 (Dharmacon).  The 

protocol provided by the manufacturer was used to achieve successful transfection. 

Huntingtin inclusion body assay 

NB2A cells were plated in 60-mm dishes and transfected with 5µg RFP-HTT-

Q74, RFP-HTT-Q28 or RFP control DNA, as well as 5µg GFP or GFP-ubqln1.  After 

two days inclusion bodies could be detected visually.  At this point, cells were treated 

with 50µM MG132 for 7H.  RFP and GFP channel images were taken of at least ten 

fields per dish.  RFP and GFP images of each field were then overlayed and analyzed.  

The number of red cells (positive for HTT expression), green cells (positive for ubiquilin 

expression), and green/red cells (positive for both HTT and ubiquilin expression) were 

counted.  Next the number of cells containing inclusions was counted for each population 

of cells, and this number was divided by the total number of cells within that population 

to determine the % of cells that have HTT inclusions.  RFP puncta occupying the entire 

volume of a cell were excluded from inclusion counts, as they may be artifacts of 

overexpression rather than bonafide inclusions.  An example of the scoring for a 

representative field can be seen in Figure 2. 
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Figure 2.  HTT inclusion assay scoring.  Red cells are those that express RFP-HTT, 
green cells express GFP-ubiquilin-1, and green and red cells express both.  The number 
of inclusions, which are seen as red puncta, in each population are counted and 
compared. 
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Statistical Analysis 

Analysis of Variance (ANOVA) was performed using GraphPad Prism 5.  The 

Bonferroni post-hoc test was used to determine significant differences between individual 

groups.  Student T-tests were performed in Microsoft Excel.  Data are presented as mean 

± standard error of the mean (SEM). 
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CHAPTER 3: UBIQUILIN-1 OVEREXPRESSION INCREASES THE LIFESPAN 

AND DELAYS ACCUMULATION OF HUNTINGTIN AGGREGATES IN THE 

R6/2 MOUSE MODEL OF HUNTINGTON’S DISEASE 

Published: Safren N, El Ayadi A, Chang L, Terrillion CE, Gould TD, et al. (2014) 

Ubiquilin-1 Overexpression Increases the Lifespan and Delays Accumulation of 

Huntingtin Aggregates in the R6/2 Mouse Model of Huntington’s Disease. PLoS ONE 

9(1): e87513. doi:10.1371/journal.pone.0087513 

Huntington’s Disease is a neurodegenerative disorder that is caused by abnormal 

expansion of a polyglutamine tract in huntingtin protein. The expansion leads to 

increased huntingtin aggregation and toxicity. Factors that aid in the clearance of mutant 

huntingtin proteins should relieve the toxicity. We previously demonstrated that 

overexpression of ubiqulin-1, which facilitates protein clearance through the proteasome 

and autophagy pathways, reduces huntingtin aggregates and toxicity in mammalian cell 

and invertebrate models of HD. Here we tested whether overexpression of ubiquilin-1 

delays or prevents neurodegeneration in R6/2 mice, a well-established model of HD. We 

generated transgenic mice overexpressing human ubiquilin-1 driven by the neuron-

specific Thy1.2 promoter. Immunoblotting and immunohistochemistry revealed robust 

and widespread overexpression of ubiquilin-1 in the brains of the transgenic mice. 

Similar analysis of R6/2 animals revealed that ubiquilin is localized in huntingtin 

aggregates and that ubiquilin levels decrease progressively to 30% during the endpoint of 

disease. We crossed our ubiquilin-1 transgenic line with R6/2 mice to assess whether 

restoration of ubiquilin levels would delay HD symptoms and pathology. In the double 

transgenic progeny, ubiquilin levels were fully restored, and this correlated with a 20% 
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increase in lifespan and a reduction in HTT inclusions in the hippocampus and cortex. 

Furthermore, immunoblots indicated that endoplasmic reticulum stress response that is 

elevated in the hippocampus of R6/2 animals was attenuated by ubiquilin-1 

overexpression. However, ubiquilin-1 overexpression neither altered the load of HTT 

aggregates in the striatum nor improved motor impairments in the mice. 

Section 3.1: Ubiquilin levels decline dramatically during the late stages of HD 

We first examined whether ubiquilin proteins are contained in huntingtin 

aggregates by immunohistochemistry. Similar to previous findings in mouse and human 

brain84, 85, 94, we found ubiquilin staining colocalized with HTT inclusions in brain 

sections of end-point R6/2 animals (Figure 3A). We next examined whether ubiquilin 

levels change during disease progression in R6/2 mice. Immunoblotting of whole brain 

lysates with the Invitrogen 37-7700 ubiquilin antibody revealed a dramatic 70% decrease 

in ubiquilin levels at the end stage of disease (Figure 3B and Figure 5F). The results 

suggest that ubiquilin colocalizes with HTT inclusions and that advanced stages of HD 

ubiquilin expression is significantly decreased in the brain. 
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Figure 3. Ubiquilin is found in HTT inclusions and its levels decrease in the R6/2 
model of HD. (A) Confocal staining of a 15-week old end-point R6/2 brain section of the 
hippocampus showing staining with anti-ubiquilin (red), anti-HTT EM48 (green) and 
DAPI (blue). The merged image of the red and green fluorescence images shows 
ubiquilin colocalizes with HTT inclusions (arrows). Bar = 15 µm. (B) Equal amounts of 
protein in whole brain homogenates from three end-point R6/2 mice and three 19 week-
old WT mice were immunoblotted for ubiquilin and for actin. Note the decline in 
ubiquilin levels in endpoint R6/2 animals. 
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Section 3.2:  Generation and characterization of ubiquilin-1 transgenic mice 

In order to test whether increasing ubiquilin expression would be protective in 

HD, we generated transgenic mice that express N-terminal FLAG-tagged human 

ubiquilin-1 under the control of the THY1.2 promoter (Figure 4A), which drives 

transgene expression specifically in neurons95-97.  Founders were identified via Southern 

blotting (Figure 4B) and subsequently confirmed via diagnostic PCR analysis (Figure 

4C). Two transgenic lines were further characterized, line 62 and line 48 (Figure 4D). 

Immunoblots of brain lysates indicated that total ubiquilin levels in line 62 were 

increased approximately 200% compared to control nontransgenic mice (Figure 4E and 

5E), whereas ubiquilin levels were lower in line 48 when the different bands seen in the 

blots were considered together (Figure 4E). Both lines expressed appropriate size FLAG-

tagged human ubiquilin-1 protein that migrated on gels with a mass of ≈68 kDa, similar 

to what we had shown previously63. Interestingly, the Invitrogen 37-7700  and Novus 

5F5 monoclonal antibodies reacted with multiple bands in the mouse brain lysates, 

including the ≈68-kDa band and the more prominent band at ≈90-kDa, which we 

presume reflects some post-translation modification of the proteins (Figure 5A and 6A). 

Further immunoblots of different brain regions, as well as immunohistochemistry 

revealed global overexpression of the UBQLN-1 transgene in the brain (Figure 5A, B, 6B 

and D). All subsequent studies were carried out using the higher expressing line 62 mice 

(henceforth referred to UBQLN1 mice). 

More detailed characterization of the UBQLN1 transgenic mice (as well as the 48 

line) indicated they were completely normal in terms of appearance, lifespan and 

according to a battery of behavioral tests (rotarod, grip strength and open field analysis). 
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The mice therefore possessed the appropriate characteristics, overexpression of ubiquilin-

1 with no unintended detrimental effects, making them suitable for crossing with mouse 

models of HD. 
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Figure 4 

 

 

Figure 4.  Generation of transgenic mice that overexpress human ubiquilin-1. (A) 
Schematic of the THY1.2 expression construct used to generate ubiquilin-1 transgenic 
mice. Human ubiquilin-1 with an N-terminal FLAG tag was cloned in the appropriate 
orientation between the XhoI site of the Thy1.2 expression cassette. (B) Southern Blot of 
the first generation offspring of two founder mice (48 and 62). (C) Validation of a PCR 
genotyping protocol. Amplification of the transgene was only observed in mice that 
Southern blotting revealed to be positive. (D) Immunoblots of brain cortical lysates with 
an anti-FLAG antibody and for tubulin indicated that line 62 offspring express higher 
levels of FLAG-ubiquilin-1 than line 48.  
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Figure 5 
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Figure 5. (previous page). Transgene expression profile for UBQLN1 mice. (A) 
Immunoblots of equal amounts of total brain lysates from 12 month-old WT mouse, 12 
month-old UBQLN-1 48 transgenic mouse, 12 month-old UBQLN-1 62 transgenic mouse 
and endpoint 15 week-old R6/2 transgenic mouse. The top panel was probed with a 
monoclonal anti-ubiquilin antibody (Invitrogen antibody 37-7700) and the lower panel 
with a different monoclonal anti-ubiquilin antibody (Novus antibody clone 5F5). Note 
two immunoreactive ubiquilin bands are seen at ≈70 kDa and at ≈90 kDa, which we 
presume is a modified form of ubiquilin. Both blots were also probed for actin to ensure 
equal loading. (B) Cryostat sections of a UBQLN-1 62 transgenic mouse brain (a–f) and 
WT mouse brain (g-i) showing anti-FLAG antibody staining (Alexa 594, left panels) and 
corresponding DAPI staining (center panels) and the result of merging the fluorescent 
and DAPI signals (right hand panels). The brain sections shown are of the hippocampus 
(a–c and g–i) and cerebellum (d–f). Identical exposure settings were used for the left 
hand panels. 

Section 3.3: Restoration of ubiquilin levels in R6/2 mouse brains by transgenic 

overexpression of ubiquilin-1 

Because the R6/2 model is widely used to test therapeutic candidates for HD, we 

crossed our UBQ1 62 transgenic line with R6/2 mice and obtained progeny with 

appropriate Mendelian transmission of the two transgenes. Comparison of ubiquilin 

levels in various brain regions of 9-week old animals in each of the four resulting 

genotypes revealed higher expression in the animals that inherited the ubiquilin-1 

transgene, as expected (Figure 6B and C). Importantly, the increase was seen in R6/2-

UBQLN1 double transgenic mice, indicating successful overexpression of ubiquilin-1 in 

the presence of the R6/2 transgene (Figure 6A–C). Moreover, immunoblots of brain 

lysates from endpoint HD-affected R6/2-UBQLN1 double transgenic mice revealed 

ubiquilin levels had been fully restored to the amount that is typically found in age 

matched wild type animals (Figure 6D and F). An immunoblot with EM48 antibody, 

which selectively recognizes human mutant huntingtin protein, revealed an ≈50% 

decrease in mutant soluble huntingtin protein in R6/2-UBQLN1 double transgenic mice 

compared to R6/2 animals (Figure 6G and H). However, the changes were not 
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statistically significant at this time-point. There was variability in ubiquilin expression in 

the mice that inversely correlated with huntingtin protein accumulation. The consequence 

of increased ubiquilin-1 expression was further evaluated by conducting a battery of tests 

on the mice, including monitoring effects on survival, body weight, behavioral 

phenotypes and neuropathology. Changes in all of these parameters are strongly linked 

with the transmission of the R6/2 transgene. 59, 98. 
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Figure 6. (from previous page) Restoration of ubiquilin levels in animals carrying the 
R6/2 transgene and accompanying changes in HTT protein levels. (A) Immunoblots 
of lysates made from dissected brain regions of 9 week-old mice with different genotypes 
obtained after crossing UBQLN1 transgenic mice with R6/2 mice and probed for 
ubiquilin (upper panel) and for actin (lower panel). Note successful overexpression of 
ubiquilin in animals carrying the ubiquilin-1 transgene. (B) Immunoblot analysis similar 
to A, but this time showing ubiquilin levels in different regions of the brain (Ce = 
cerebellum, BS = Brain stem, FC = frontal cortex, St = striatum, Hi = hippocampus, VC 
= visual cortex). Note overexpression of ubiquilin in all tissues of transgenic mice 
carrying the ubiquilin-1 transgene. (C) Immunoblots of equal amounts of protein in 
lysates made from the striatum (St), hippocampus (Hi) and frontal cortex (FC) of 9 week-
old mice from the same cross mentioned above (W = non-transgenic for UBQ1 or R6/6, 
U = UBQLN1 transgenic, R = R6/2 transgenic, R/U = R6/2-UBQLN1 double transgenic) 
and probed for ubiquilin or actin. (D) Immunoblots of brain lysates from endpoint mice 
showing R6/2-UBQLN1 double transgenic mice have higher ubiquilin levels detected in 
the resolving gel than R6/2 animals, which correlated with decreased ubiquilin that was 
trapped in aggregates in the stacking gel. Also included is a lysate from a 19-week old 
WT animal (right lane). (E and F) Quantification of ubiquilin levels in 9-week (E) and 
endpoint or equivalent time-point animals (F) showing the amount of ubiquilin protein 
expression in animals with different genotypes used in our study. Note that ubiquilin 
levels are reduced by 70% in endpoint R6/2 animals compared to wild type age-matched 
controls (p=0.0011). Furthermore, ubiquilin levels were fully restored in the brains of 
endpoint R6/2-UBQLN1 double transgenic mice compared to R6/2 transgenic mice (p = 
0.0017). (G) Immunoblot of same lysates shown in D with EM48 antibody showing 
ubiquilin overexpression in R6/2-UBQLN1 double transgenic mice have reduced levels of 
soluble mutant HTT protein accumulation compared to R6/2 animals. Note the WT lysate 
was loaded on the left lane. (H) Quantification of soluble HTT protein shown in panel G. 

 

Section 3.4: Ubiquilin-1 overexpression increased survival of R6/2 mice, but had no 

effect on motor behavior or body weight 

The length of polyglutamine tracts in R6/2 mice has been shown to have a 

profound effect on phenotype99. Moreover, polyglutamine expansions are unstable and 

have the potential to increase in size upon transmission to progeny59, 100. In order to 

ensure that all experimental mice had comparable numbers of repeats, the polyglutamine 

region was sequenced in all R6/2 carriers. The measurements indicated that R6/2 and 

R6/2-UBQLN1 double transgenic mice had, on average, the same number of CAG repeats 
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(R6/2 (n = 18): Mean = 125, SD = 2, R6/2-UBQLN1 (n=10): Mean=125, SD=2). 

To eliminate other possible confounds, all of the animals were housed, handled 

and tested using the recommended guidelines for R6/2 mice59. Because of the aggressive 

nature of male mice, which can profoundly affect the behavior and well-being of cage 

mates, the results presented are those for females only, although similar effects were 

obtained when the data from both sexes were combined. Ubiquilin-1 overexpression 

significantly improved survival of R6/2 mice (Figure 7). Mean survival of R6/2- UBQ1 

mice increased by 20% compared to R6/2 mice (R6/2: 119.5 days, n=14, SEM=3.16, 

R6/2-UBQLN1: 144 days, n=7, SEM = 5.71; p = 0.0032). None of mice lacking the R6/2 

transgene died before the longest surviving R6/2 carrier. 

Despite this increase in lifespan, R6/2-UBQLN1 mice did not exhibit improved 

motor function. The rotarod test was performed on a weekly basis in order to assess 

balance and coordination (Figure 8). Repeated Measures ANOVA revealed a main effect 

of genotype (F3, 108 = 22.68, p<0.0001). Bonferroni post-hoc test found significant 

differences between WT and R6/2 at weeks 7 and from 9 to 12, and between WT and 

R6/2-UBQLN1 mice at all time points. Statistical analysis of the data indicated no 

significant difference between R6/2 and R6/2-UBQLN1 mice at any time point. 

Therefore, we conclude that ubiquilin-1 overexpression had no effect on rotarod 

performance. 

We observed a similar trend when measuring grip strength (Figure 9). Repeated 

Measures ANOVA showed a main effect of age (F 5, 150 = 2.48, p = 0.0341), genotype (F 

3, 150 = 32.92, p<0.0001), as well as an interaction between age and genotype (F 15, 150 = 
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2.94, p = 0.0004). Bonferroni post-hoc tests revealed significant differences between WT 

and R6/2 from weeks 9 to 13, and between WT and R6/2-UBQLN1 mice from weeks 10 

to 13. However, no significant differences were observed between R6/2 and R6/2-

UBQLN1 mice at any time point. 

R6/2 mice initially display hyperactivity at 3 weeks of age and later exhibit 

hypoactivity beginning at 7 weeks, which becomes more pronounced with age101. In 

order to determine whether ubiquilin-1 overexpression had an effect on locomotor 

activity the open field test was performed initially at 10 weeks, and then repeated at 12 

weeks of age (Figure 10). A main effect of testing session (F 1, 23 = 27.71, p<0.0001) and 

genotype (p<0.0001) was observed. However, post-hoc tests failed to reveal a difference 

between R6/2 and R6/2-UBQLN1 mice at either time point, indicating that ubiquilin-1 

overexpression has no significant effect on locomotor activity. Finally, ubiquilin-1 

overexpression also failed to significantly improve body weight at any time point (Figure 

11). 
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Figure 7 

 

Figure 7.  Ubiquilin-1 overexpression increased survival. (A) Kaplan-Meier survival 
curve showing a 20% increase in lifespan in double transgenic mice (R6/2: N=14, R6/2-
UBQLN1: N=7, p=0.0032). 
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Figure 8 

 

Figure 8.  The effect of ubiquilin-1 overexpression on rotarod performance.  
Ubiquilin-1 overexpression failed to improve rotarod performance at any time point 
tested (WT: N = 4, UBQ1: N = 12, R6/2: N = 10, R6/2-UBQLN1: N=7). 
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Figure 9 

 

Figure 9.  The effect of ubiquilin-1 overexpression on grip strength.  Ubiquilin-1 
overexpression failed to improve grip strength at any time point tested (WT: N = 4, 
UBQ1: N = 12, R6/2: N = 10, R6/2-UBQLN1: N=7). 
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Figure 10 

 

Figure 10.  The effect of ubiquilin-1 overexpression on locomotor activity.  Ubiquilin-
1 overexpression failed to rescue the deficit in locomotor activity observed in R6/2 mice 
at 10 or 12 weeks of age (WT: N = 4, UBQ1: N = 12, R6/2: N = 10, R6/2-UBQLN1: 
N=7). 
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Figure 11 

 

Figure 11. The effect of ubiquilin-1 overexpression on body weight.  Ubiquilin-1 
overexpression failed to reverse the body weight loss observed in R6/2 mice at any time 
point tested (WT: N = 4, UBQ1: N = 12, R6/2: N = 10, R6/2-UBQLN1: N=7). 
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Section 3.5: Ubiquilin-1 overexpression delays huntingtin aggregates in the 

hippocampus, but not the striatum 

Previously we demonstrated that ubiquilin-1 overexpression suppresses HTT 

aggregation in cell culture86. We therefore explored whether ubiquilin-1 overexpression 

could reduce or delay the formation of inclusion bodies in the brains of R6/2 mice. We 

tested several methods to quantify the changes in huntingtin protein aggregation. We 

found immunohistochemistry was the most reliable and reproducible method to quantify 

aggregates. iVision software was used to identify inclusions that were greater than 0.5 

µm in diameter. We then filtered the inclusions to identify those greater than 1.0 µm in 

diameter, enabling us to quantify small inclusions (<1.0 µm) and distinguish them from 

large inclusions (>1.0 µm).  

In addition to the striatum, which experiences profound degeneration in HD, 

aggregate load was measured in the hippocampus and motor cortex because of the tissue 

loss seen in these regions and their roles in HD pathology.  Extensive neuronal loss is 

seen throughout the cortex but most notably in the frontal association and motor areas. 

Cortical pyramidal neurons display hyperexcitability before the onset of motor deficits 

and these changes predict both the onset and severity of symptoms102, 103.  Degeneration 

is also observed in the hippocampus and recent evidence suggests this contributes to the 

cognitive decline observed in HD104. 

We observed a 22% reduction in the number of total inclusions in the CA1 region 

of the hippocampus of 6 week-old R6/2-UBQLN1 mice (N = 3, p = 0.04) (Figure 12A 

and 13A). This was primarily due to a 24% reduction of small inclusions. This was 
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followed by a 40% reduction in large inclusions in CA1 at 9 weeks of age (N=3, p = 

0.027) (Figure 12A and 13B). Presumably, the reduction in large inclusions at week 9 

was due to a smaller pool of inclusions with which to expand at week 6. In the cortex we 

observed a similar trend during this period and a statistically significant reduction of 

0.5µm diameter inclusions in endpoint animals (Figure 12B, 13C and D). Ubiquilin-1 

overexpression failed to modify HTT aggregation at any time point in the striatum 

(Figure 13E and F). 

 

 

 

 

 

 

 

 

 

Figure 12. (following page) Representative images of the reduction in inclusions 
observed in R6/2-UBQLN1 mice.  (A) Representative fluorescence microscopy images 
of EM48 and DAPI stained cryostat sections of the CA1 region of the hippocampus in 
R6/2 transgenic and R6/2-UBQLN1 double transgenic mouse at 6 weeks, 9 weeks and 
following endpoint euthanasia. Bar = 15 µm. (B) Similar to A, but showing 
representative sections from the motor cortex in endpoint mice. Bar = 15 µm. 
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Figure 12 
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Figure 13 

Figure 13. Ubiquilin-1 overexpression modifies aggregate load in the hippocampus 
and motor cortex but not the striatum. (A) Quantification of HTT inclusions >0.5 µm 
in size in the CA1 region of the hippocampus at 6 weeks, 9 weeks and endpoint R6/2 and 
R6/2-UBQLN1 double transgenic mice. The R6/2-UBQLN1 double transgenic mice 
contained 22% fewer inclusions than R6/2 mice at 6 weeks (p = 0.04), but not at the other 
times. (B) Quantification of HTT inclusions >1 µm in size in the CA1 region of the 
hippocampus at 6 weeks, 9 weeks and endpoint R6/2 and R6/2-UBQLN1 double 
transgenic mice. The R6/2-UBQLN1 double transgenic mice had 40% fewer inclusions at 
9 weeks compared to R6/2 transgenic mice (p = 0.027). (C and D) Similar to A and B, but 
showing HTT inclusions in the cortex. R6/2-UBQLN1 double transgenic mice had 8.5% 
fewer inclusions greater than 0.5 µm at the endpoint of disease. (E, F) Similar to C and D, 
but comparing inclusions in the striatum. There was no difference in the number of 
inclusions in the striatum between the two genotypes at any time point. 
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Section 3.6: Overexpression of ubiquilin-1 attenuates ER stress in the hippocampus 

Because ubiquilin-1 facilitates ERAD62, 105 and because HTT proteins containing 

polyglutamine expansions have been implicated in disruption of ERAD 25, 26 we next 

investigated whether mice overexpressing ubiquilin-1 had altered ER homeostasis. 

Interference of ERAD can trigger the unfolded protein response (UPR), which involves 

the coordinated activation of a series of signaling pathways that function to restore ER 

homeostasis106. Several proteins are activated during UPR, so measuring fluctuations in 

their levels is used to monitor ER stress107-109. We focused on three classical ER stress 

markers: BiP (immunoglobulin-binding protein or grp78), PDI (protein disulfide 

isomerase), and CHOP (transcription factor C/EBP homologous protein)  110. BiP and 

PDI are two ER chaperones that are activated during UPR to restore protein folding in the 

ER, whereas activation of CHOP signals execution of the cell death or apoptosis 

program107. Accordingly, we examined if these three proteins were altered by ubiquilin-1 

overexpression in the hippocampus of 9 week-old animals. We focused on the 

hippocampus because it is where we found distinct changes in HTT aggregation from 

ubiquilin overexpression. The immunoblots indicated that BiP, PDI and CHOP were all 

elevated in R6/2 mice, compared to non- transgenic or ubiquilin-overexpressing mice 

(Figure 14A and B). More interestingly, overexpression of ubiquilin-1 attenuated the 

increase in each of these stress markers in ubiquilin-1-overexpressing R6/2 mice (Figure 

14A and B). Further analysis of hippocampal lysates for huntingtin protein trapped in the 

stacking gel confirmed EM48 immunoreactivity was reduced in R6/2-UBQLN1 mice 

compared to an R6/2 animal (Figure 14C). 
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Figure 14 
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Figure 14 (continued) 

 

Figure 14. Ubiquilin-1 overexpression attenuates ER stress in R6/2 animals. (A) 
Immunoblots of equal amounts of brain lysates from 9 week-old female animals from the 
R6/2 and UBQ1 cross. The blots were probed for PDI, BiP, ubiquilin, and CHOP as well 
as for actin to monitor protein loading. (B) Quantification of the expression of the 
different proteins in the four mice after normalization for actin loading. (C) Immunoblot 
of 12-week hippocampal lysates to detect HTT aggregates retained in the stacking gel. 
The double transgenic mice had an approximately 30% reduction in EM48 
immunoreactivity after normalization for actin loading. 
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Section 3.7:  Discussion 

Our study provides direct in vivo evidence that increasing ubiquilin-1 expression 

may be beneficial for HD. The most compelling evidence is that through transgenic 

overexpression of human ubiquilin-1 protein, mean lifespan of R6/2 mice was increased 

by 20%. The observed increase in lifespan is amongst the largest improvements in 

survival in R6/2 therapeutic trials111. In fact, most of the large improvements in R6/2 

survival have come from drug treatment of animals, and not by transgenic manipulation 

of proteins, as we have done here. Besides survival, ubiquilin-1 overexpression delayed 

inclusion body formation in the CA1 region of the hippocampus and motor cortex. 

Finally, consistent with a functional role of ubiquilin-1 in promoting ERAD, R6/2- UBQ1 

double transgenic mice overexpressing ubiquilin-1 had an attenuated ER stress response 

in the hippocampus compared to an age-matched mouse carrying the R6/2 transgene 

alone. There are several possible explanations for our findings. 

Because the exact mechanisms by which huntingtin proteins containing 

polyglutamine expansions cause disease is still not known, it is difficult to know if the 

increase in R6/2 survival from ubiquilin-1 overexpression is related to any specific 

improvement in a specific pathway(s). However, it is clear that it must represent some 

improvement in a crucial pathway(s) needed for survival. Two hints suggested by our 

study is the possible relationship of survival to formation of HTT inclusions and/or to an 

attenuation of ER stress. The reduction in HTT aggregates found in the hippocampus and 

motor cortex is consistent with our previous findings conducted in cell culture and C. 

elegans showing that ubiquilin overexpression reduces HTT aggregates and improves a 

motility defect in nematodes86. Moreover, previous studies have shown that ubiquilin-1 
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overexpression increases the turnover of expanded huntingtin protein87. Thus, a simple 

explanation for our findings is that R6/2-UBQLN1 mice overexpressing ubiquilin-1 have 

increased turnover of the polyQ-expanded HTT protein, thereby reducing the amount of 

mutant HTT protein available for aggregation and for inducing toxicity. Consistent with 

this idea we found ubiquilin-1 overexpression led to a reduction in accumulation of 

soluble mutant HTT protein in the mice (Figure 6G). 

A conundrum was why huntingtin inclusions in the striatum were not reduced 

despite clear evidence of ubiquilin overexpression? Although we do not have a definitive 

answer to this question, we speculate that intrinsic differences in the composition and/or 

function of neurons in the CA1 region of the hippocampus and motor cortex compared to 

the striatum could influence the ability of HTT protein to aggregate in one cell type, but 

not the other. It is interesting that the reduction in inclusions we found occur in regions of 

the brain that are rich in pyramidal neurons, which suggest that they could be more 

amenable to rescue by ubiquilin-1 overexpression. 

The attenuation of ER stress in R6/2 mice overexpressing ubiquilin-1 is most 

likely related to facilitation of ERAD by ubiquilin62, 105. For example, studies have shown 

that overexpression of ubiquilin-1 enhances degradation of ERAD substrates, whereas 

knockdown of ubiquilin-1 expression slows degradation62, 105. In accordance with 

facilitating ERAD, knockdown of ubiquilin in C. elegans induces ER stress62 . Thus, our 

results are consistent with ubiquilin-1 overexpression attenuating ER stress. Activation of 

ER stress is associated with induction of the unfolded protein response to restore ER 

homeostasis, but, if unsuccessful, its persistent activation can trigger cell death107, 108, 112, 
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113. In fact, there is growing evidence that ER stress could be involved in the etiology of 

many human diseases, particularly neurodegenerative diseases, such as Huntington’s 

disease106, 114. For example, HTT proteins with expanded polyglutamine tracts have been 

shown to interfere with ERAD resulting in induction of ER stress25, 26. Furthermore, ER 

stress markers are increased in different mouse models of HD115, including the R6/2 

model we have used116. It remains to be determined whether the increased survival of 

R6/2-UBQLN1 animals is related to alleviation of ER stress and/or whether it is related to 

the protective effects of ubiquilin in some other pathways.  

Despite reducing HTT aggregation, attenuating ER stress and increasing mouse 

survival, we found that mice overexpressing ubiquilin-1 had no significant improvement 

in the deterioration of motor function caused by the R6/2 transgene. Several reasons may 

account for this apparent discrepancy. The R6/2 mutant huntingtin transgene is 

ubiquitously expressed100, 117, while expression of our ubiquilin-1 transgene is restricted 

to neurons. It is possible that degeneration of muscle tissue (or other cell types, including 

glia) may have occluded any potential improvements in neurological function. Another 

possibility is that the R6/2 model, which expresses high levels of the toxic exon-1 

fragment of HTT, might have too aggressive and penetrant phenotypes that could mask 

subtle improvements from ubiquilin-1 overexpression. Mice with more modest 

behavioral and pathological phenotypes have been generated by expressing full-length 

HTT containing poly-Q expansions at more physiological levels, such as the BACHD 

and YAC128 transgenic models or the knock-in CAG140 and CAG150 models58, 118, 119. 

It is therefore possible that ubiquilin-1 overexpression would show some benefit when 

tested in these less aggressive mouse models of HD. On the other hand, the behavioral 
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impairments in R6/2 mice might be reduced or eliminated by even higher overexpression 

of ubiquilin-1, either by generating new ubiquilin-1 transgenic mice or by crossing our 

mice to obtain homozygous transmission of the ubiquilin-1 transgene. 

The ubiquilin transgenic mice we generated overexpress approximately 2-fold 

more ubiquilin protein in total brain lysates. Because the brain lysates are composed of 

neuronal and non-neuronal cells, and because expression of the Thy1.2 promoter is 

restricted to neurons, it is likely that ubiquilin-1 overexpression in neurons is even higher.  

Despite this large increase we have not noticed any overt toxic effects of its 

overexpression, suggesting any effort to increase ubiquilin overexpression for therapeutic 

treatment of neurodegenerative disease would likely be safe. Obviously, overexpression 

in cells other than neurons would have to be tested. 

An interesting observation regarding ubiquilin proteins in brain is the presence of 

a major protein band of approximately 90 kDa that is seen in addition to the normal ≈68 

kDa band. The ≈90 kDa band most likely reflects some post-translation modification of 

ubiquilin. It will be interesting to determine the nature of this modification, and whether 

ubiquilin function(s) are altered by the presence or absence of the modification. 

In summary, our studies suggest that overexpression of ubiquilin-1 provides some 

benefit when tested using the aggressive R6/2 model of HD. Similar tests conducted with 

other less aggressive HD mouse models should reveal whether methods to increase 

ubiquilin expression or activity would be effective for HD treatment. 
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CHAPTER 4:  SIGNATURE CHANGES IN UBIQUILIN EXPRESSION IN THE 

R6/2 MOUSE MODEL OF HUNTINGTON’S DISEASE 

Submitted for publication to Brain Research 

Ubiquilins are shuttle factors that facilitate protein clearance through the 

proteasome and lysosomal degradation pathways.  The proteins are highly conserved 

across species, with some species containing multiple isoforms. Humans and mouse each 

express four ubiquilin genes (UBQLN-1 to UBQLN-4), but it is not known if they have 

unique or redundant functions. Ubiquilin proteins have been implicated in the cause and 

the pathology of neurodegenerative diseases. We previously showed ubiquilin levels 

decline during disease progression in the R6/2 mouse model of Huntington’s disease and 

that restoration of ubiquilin levels by transgenic overexpression of ubiquilin-1 

significantly extends survival of the mice. Here, we provide a comprehensive assessment 

of the expression and localization of all four ubiquilin proteins in normal and R6/2-

affected mice brains using antibodies specific for each protein. The antibodies revealed 

that of the four ubiquilin proteins, ubiquilin-1, 2 and 4 proteins are expressed throughout 

the brain, with slight regional differences in the expression of each of them, particularly 

in the hippocampus and cerebellum. Expression of ubiquilin-3 was not detected. All three 

ubiquilins expressed in the brain were found in HTT inclusions in R6/2 mice. 

Immunoblots revealed developmental and disease specific changes in ubiquilin protein 

expression. Ubiquilin-1 and ubiquilin-2 proteins were found to decrease from 6 to 18 

weeks of postnatal mouse development, independent of disease. The profile of ubiquilin-

4 protein expression, changed most dramatically during HD disease progression. In 

particular, at the endpoint of disease, ubiquilin-4 proteins that are normally expressed in 
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the brain were lost and instead replaced by a 115 kDa molecular weight band. Taken 

together, our results demonstrate that all ubiquilin proteins expressed in the brain are 

involved in HD pathology and that discreet changes in the signature of ubiquilin-4 

expression could be useful for monitoring endpoint of HD. 

Section 4.1:  Characterization of antibodies that discriminate each of the four ubiquilin 

proteins in mouse 

In order to assess the profile and distribution of ubiquilin expression in normal 

and HD-afflicted mouse brains, we screened ubiquilin antibodies from commercial 

sources and the ones we had generated to identify those that were specific for each of the 

four ubiquilin gene products expressed in mammals. To establish their specificity, each of 

the four different ubiquilin isoforms was expressed as a GFP-fusion protein in mouse 

NB2a neuroblastoma cells and HeLa cells. Protein lysates from the transfected cells, and 

the mock-transfected controls, were probed with the antibodies to see which, and how 

many GFP-ubiquilin-fusion proteins, were recognized by the ubiquilin antibodies. For 

these tests, cDNAs encoding the entire open reading of human ubiquilin isoforms 1 to 4 

were expressed as they each share high homology with their corresponding mouse 

isoforms. We also expressed mouse ubiquilin-1 for similar purposes as described below. 

An anti-GFP immunoblot confirmed successful expression of the fusion proteins (Figure 

15A and B). These fusion proteins were slightly different in size, consistent with known 

differences in the lengths of the predicted ubiquilin polypeptides.  
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Figure 15 

 

Figure 15. Expression of GFP-UBQLN constructs.  Lysates from HeLa and NB2A 
mouse neuroblastoma cells transfected with GFP-UBQ1-4.  Successful expression of 
human ubqln1-4 in (A) NB2A cells and (B) HeLa cells. 
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 Through this screening procedure we identified antibodies that specifically 

recognized each of the four different ubiquilin isoforms, with no cross-reaction with the 

other ubiquilin isoforms (Figures 16, 17, 18).  Antibodies UMY75, UMY78 and ARP57-

355 were found to be specific for ubiquilin-2, ubiquilin-3 and ubiquilin-4, respectively 

(Figure 18). Because the peptides used to raise these antibodies (Table 1) are common 

between human and mouse we are confident that the antibodies recognize mouse 

ubiquilins as well, although their specificity was established with human ubiquilin fusion 

proteins. A commercial antibody, PA1-759, which specifically recognized mouse 

ubiquilin-1 (Figure 17B), but not human ubiquilin-1 (Figure 17A), or the other ubiquilins 

was further identified. Apart from the GFP-fusion proteins, the antibodies also reacted 

with other bands in the lysates.  It is likely that some of these bands represent reaction 

with the endogenous ubiquilin proteins, or their cleaved products. The ubiquilin-1 

antibody reacted with prominent 70 kDa and 35 kDa bands. The former is consistent with 

the size of endogenous mouse ubiquilin-1 polypeptide and the latter we presume is a 

cleaved fragment of it. Similar bands were detected with the ubiquilin-2 antibody. The 

ubiquilin-3 antibody also reacted with a 100-kDa band that we presume is a non-specific 

band as its detection was weak and variable. The ubiquilin-4 antibody reacted with a 115-

kDa band.  We believe the protein is related to ubiquilin-4 as it can be knocked down by 

RNAi (Figure 19). Besides these antibodies we also probed the lysates with the 

commercial ubiquilin monoclonal antibody from Invitrogen #37-7700, which we have 

used in several of our studies. The antibody was found to react with both mouse and 

human ubiquilin-1 and 2 proteins, but not ubiquilin-3 (Figure 16A and B). The antibody 

reacted with human ubiquilin-4 (Figure 16A and B), but very weakly with mouse 
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ubiquilin-4. This is evident based on the recognition of the 115-kDa ubiquilin-4 band in 

human HeLa lysates and lack of detection in mouse NB2a lysates. The 115 kDa band in 

NB2a cells is, however, recognized by the isoform specific ubiquilin-4 antibody (Figure 

18C). As expected, the monoclonal antibody otherwise reacted to different degrees with 

the full spectrum of bands that were detected with antibodies made to the individual 

proteins, suggesting that they are all ubiquilin-related. Taken together the blots 

demonstrate that we possess antibodies specific for each ubiquilin isoform. 
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Figure 16 

 

Figure 16. Specificity of Invitrogen 37-7700 antibody.  Lysates from HeLa and NB2A 
mouse neuroblastoma cells transfected with GFP-UBQ1-4. (A,B)  The Invitrogen 37-
7700 antibody recognizes both mouse and human ubiquilin 1 and 2, as well as human 
ubiquilin-4.  (B) In HeLa cell lysates this antibody also recognizes endogenous ubiquilin-
4. This band is highlighted with an arrow.   
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Figure 17 

 

Figure 17. Specificity of ubiquilin-1 antibodies.  Lysates from HeLa and NB2A mouse 
neuroblastoma cells transfected with GFP-UBQ1-4. (A) The PA1 ubiquilin-1 antibody 
fails to recognize human ubiquilin-1.  (B) Lysates from NB2A cells transfected with 
mouse-ubiquilin-1 indicate that the PA1 ubiquilin-1 antibody does specifically recognize 
mouse ubiquilin-1.  Endogenous ubiquilin-1 runs as two distinct bands, one at 70kDa and 
one at 35kDa 
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Figure 18 

Figure 18. Specificity of ubiquilin-2, 3, and 4 antibodies. Lysates from HeLa and 
NB2A mouse neuroblastoma cells transfected with GFP-UBQ1-4. (A) UMY75 
specifically recognizes ubiquilin-2.  An arrow highlights the predicted endogenous 
ubiquilin-2 band.  (B) UMY78 specifically recognizes ubiquilin-3.  (C) ARP57-355 
specifically binds ubiquilin-4. 
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FIGURE 19 

 

Figure 19. Knockdown of ubiquilin-4 using siRNA.  Successful knockdown of 
ubiquilin-4 in NB2a cells is observed at 2 and 3 days post siRNA transfection of either 20 
or 40nM ubiquilin-4 smartpool siRNA.  Knockdown is seen with both 115 and 35kDa 
bands, indicating that both represent ubiquilin-4 isoforms. 
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Section 4.2:  Expression patterns of ubiquilin proteins in mouse brain 

To determine the expression patterns of the different ubiquilin proteins in mouse 

brain we stained serial sagittal sections cut through a 4-month-old female C57BL/6J 

mouse brain with each of the ubiquilin antibodies (Figures 20-23). Consistent with a 

previous report showing RNA expression of ubiquilin-3 exclusively in the testis, we did 

not find any ubiquilin-3 protein staining in the brain (Figure 21) 120. By contrast both the 

ubiquilin-1 and ubiquilin-2 antibodies displayed relatively uniform staining throughout 

the brain, although ubiquilin-1 staining, and to a lesser extent ubiquilin-2 staining, was 

higher in the granule cell layer of the dentate gyrus as well as the CA1, CA2 and CA3 

regions of the hippocampus (Figures 20B, 21A, and 23A).  Ubiquilin-4 staining was also 

widely expressed throughout the brain, but staining was particularly prominent in the 

granular layers of the hippocampus and cerebellum (Figures 22 and 23), where 

expression is most enriched in Purkinje cells. Brain sections that were stained with the 

monoclonal ubiquilin antibody, which reacts with multiple ubiquilin isoforms, produced a 

pattern that was somewhat similar to the combined staining patterns produced by the 

individual antibodies (Figures 20A and 23). 
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FIGURE 20 

 

Figure 20. Expression profiles of ubiquilin proteins in mouse brain.  25µm thick 
sagittal sections were cut from a 4 month-old female C57BL/6J mouse.  (A) 
Immunostaining with the Invitrogen 37-7700 antibody shows global expression of 
ubiquilins in the brain.  (B)  Ubiquilin-1 is expressed throughout the brain and enriched in 
the hippocampus. (CB=cerebellum, HP=hippocampus, CTX=cerebral cortex, 
STR=striatum.) 
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FIGURE 21 

 

Figure 21. Expression profiles of ubiquilin proteins in mouse brain.  25µm thick 
sagittal sections were cut from a 4 month-old female C57BL/6J mouse.  (A) 
Immunostaining with the UMY75 antibody indicates that ubiquilin-2 is expressed 
throughout the brain with enrichment in the hippocampus.  (B) Ubiquilin-3 is not 
expressed in the brain. (CB=cerebellum, HP=hippocampus, CTX=cerebral cortex, 
STR=striatum.) 
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FIGURE 22  

 

Figure 22. Expression profile of ubiquilin-4 in mouse brain.  25µm thick sagittal 
sections were cut from a 4 month-old female C57BL/6J mouse.  (A) Immunostaining 
with ubiquilin-4 revealed global expression of ubiquilin-4 with enrichment in the 
hippocampus and cerebellum.  Particularly high expression was observed in Purkinje 
cells. (CB=cerebellum, HP=hippocampus, CTX=cerebral cortex, STR=striatum.) 
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FIGURE 23
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Figure 23.  (previous page) Expression profiles of ubiquilin proteins in mouse brain.  
25µm thick sagittal sections were cut from a 4 month-old female C57BL/6J mouse.  
Magnified views of the hippocampus (A) and cerebellum (B) illustrate the findings from 
figures 20-22 in greater detail. (DG=dentate gyrus) 

 

Section 4.3:  Ubiquilin-1, 2, and 4 proteins colocalize with huntingtin inclusions 

We next performed double immunofluorescence staining of brain sections of R6/2 

transgenic mice that had developed HD symptoms100 to determine whether huntingtin 

inclusions that form in the brains of these mice contain all four ubiquilins. The brains 

used were of mice that were between 15 and 18 weeks of age, at the endpoint of disease, 

when HTT inclusions are abundant35. The double immunofluorescence staining revealed 

colocalization of ubiquilin-1, ubiquilin-2 and ubiquilin-4 proteins with HTT inclusions 

throughout the brain, including the striatum, prefrontal cortex and hippocampus (Figure 

24 A and B). As expected, ubiquilin-3 staining was absent in these brains too (data not 

shown). The results demonstrate that HTT inclusions contain all three ubiquilins 

expressed in the brain. 
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Figure 24 

 

Figure 24:  Ubiquilin 1,2, and 4 co-localize with HTT inclusions in endpoint R6/2 
mice.  (A) Immunoreactivity of PA1 murine ubiquilin-1 antibody.  Co-localization with 
nuclear inclusions is observed in the (a) striatum, (b) frontal cortex, and (c) hippocampus.  
Similar colocalization was observed with the ubiquilin-2 specific antibody UMY75 
(c,d,e) and the ubiquilin-4 specific antibody ARP57-355 (g,h,i) 
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Section 4.4:  Age- and genotype-dependent changes in ubiquilin protein expression 

Previously we reported that the amount of soluble ubiquilin protein decreases 

dramatically in the brains of R6/2 mice at endpoint of disease121.  This observation, along 

with previous data showing that restoration of ubiquilin levels by transgenic 

overexpression of ubiquilin-1 can extend lifespan in these mice, suggests that the 

reduction of ubiquilin levels has important implications for disease.  In that study, the 

INV-37-7700 antibody was used to demonstrate the effect.  Here we were able to 

reproduce this effect.  A Two-Way Anova revealed an interaction of age and genotype (F 

1, 8 = 56.80, p= .003).  Since INV-37-7700 recognizes ubiquilins-1 and 2, it was unclear 

whether the decline in ubiquilin levels was due to a concomitant reduction in one or all of 

the ubiquilin isoforms.  Using the isoform-specific antibodies we were able to elucidate 

this (Figures 25, 26).  Interestingly, ubiquilin-1 protein expression decreased with age, 

regardless of genotype (Main effect of age F1, 8 = 49.57, p=.0001) (Figures 25 B and 26).  

This would suggest that ubiquilin-1’s expression is developmentally regulated to be 

higher in juveniles than adults. Ubiquilin-2 expression was similar between WT and R6/2 

mice at both 6 weeks and 16-18 weeks, although a slight reduction in its expression as 

well as ubiquilin-1 was noticed in R6/2 animals (Figures 25 C and 26).  Instead, the most 

pronounced change between WT and R6/2 animals was seen for ubiquilin-4, during 

endpoint of disease (Figures 25E and 26).  In the brains of WT and 6 week-old R6/2 

mice, the ubiquilin-4 antibody recognized bands at 70, 35 and 18 kDa that were of similar 

intensity (Figure 25F).  However, in endpoint R6/2 mice, the bands were considerably 

diminished compared to WT animals, and instead a new band at 115 kDa appeared.  The 

70 kDa product was reduced by 87% (Bonferroni posttest p<.001), and the 35 kDa band 
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by 45% (Bonferroni posttest p<.05). There are two reported variants of murine ubiquilin-

4. The major variant is 596 amino acids long with a predicted molecular mass of 66 kDa, 

which likely corresponds to the 70 kDa band seen on the blots122, 123. The second variant 

is 543 amino acids long with a predicted mass of 60 kDa, which might correspond to the 

weaker 60 kDa band seen in the blots.  The smaller <35 kDa bands probably represent 

breakdown products of the larger 60 and 70 kDa polypeptides as their two profiles 

changes is similar accord during disease. The new 115 kDa band detected by the 

ubiquilin-4 antibody in endpoint animals appears distinct from a slightly smaller size 

~100 kDa band that is detected by the Invitrogen monoclonal antibody, because their 

patterns are different (compare Figure 25A with Figures 25E and F). We do not know the 

source of the 100 kDa band that is detected by the monoclonal ubiquilin antibody, but 

presume it is possibly a protein(s) that has sequence homology to the central region of 

ubiquilin-1 to which the monoclonal antibody was raised.  Although unknown, this 

protein(s) also declines during disease progression in HD mice, just like ubiquilin. The 

115 kDa band that is induced in endpoint R6/2 mice and detected by the ubiquilin-4 

antibody remains unaccounted, as it does not corresponds to any reported variants of 

UBQLN-4.  Therefore, it is possible it is a non-specific band that is induced at endpoint 

of HD that happens to cross-react with the ubiquilin-4 antibody. However, the same size 

band, as well as the 35 kDa band are also present in NB2a mouse neuroblastoma lysates, 

and both are subject to knockdown using ubiquilin-4 specific siRNA (Figure 19). 

Therefore we can conclude they are bonafide ubiquilin-4 products. Unfortunately, we do 

not know whether the 115 kDa band is a novel spliced variant of ubiquilin-4 that is 

induced during endpoint of disease or a post-translationally modified form of ubiquilin-4. 
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Figure 25 

 

FIGURE 25.  Changes in ubiquilin expression in HD pathology. Western blots of 
brain lysates from 6 week old and endpoint R6/2 mice along with aged matched wild-type 
controls.  (A) Expression changes for all ubiquilin proteins expressed in the brain using 
the Invitrogen 37-7700 antibody.  (B) Age dependent decrease in ubiquilin-1 expression.  
(C) The expression of ubiquilin-2 does not change regardless of age or genotype.  (D) 
Ubiquilin-3 protein is not expressed in the brain.  (E,F) Ubiquilin-4 expression changes 
as a result of HD pathology.  In endpoint R6/2 mice there is a dramatic reduction in both 
the 35kDa and 70kDa bands observed in 6 week-old R6/2 mice and healthy controls.  
This coincides with appearance of an 115kDa protein product. 
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Figure 26. Quantification of ubiquilin expression relative to 6 week WT expression.   
All values are normalized for actin loading.  (*) denotes a statistically significant 
difference defined as a p<.05 result from a Bonferroni post-hoc test comparing 6 week 
old and ~18wk old mice of the same genotype.  (#) indicates a significant difference 
defined as a p<.05 result from a Bonferonni post-hoc test comparing wt and R6/2 mice of 
the same age. 

Section 4.5:  Discussion 

Here we establish that all ubiquilin proteins expressed in brain colocalize with 

huntingtin inclusion bodies.  This provides further support for the idea that ubiquilin 

proteins are key players in HD pathology.  It is likely that the ubiquilin proteins are 

recruited to aggregates because of ubiquitination of the expanded misfolded HTT protein. 
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Ubiquilins possess a UBA domain, which is known to have high affinity for ubiquitin 

moieties68. Consistent with this idea, we found ubiquilin proteins coimmunoprecipitate 

more efficiently with expanded HTT proteins that are highly polyubiquitinated than with 

HTT proteins with a shorter CAG tract and polyubiquitinated to a lesser degree87. 

Additionally, the C-terminal UBA domain of ubiquilin-4 was found to bind ataxin-1 

protein with an expanded polyglutamine repeat, consistent with the involvement of the 

UBA domain in binding misfolded ubiquitinated proteins with polyglutamine 

expansions122. However, it remains possible that ubiquilins are also recruited to the HTT 

inclusion because of its chaperone-like activity. The protein possesses chaperone-binding 

motifs and bind Hsp70-like proteins that are known to be present in HTT inclusion65, 124, 

125. Of course, these two possibilities are not mutually exclusive.  One question that 

remains is whether ubiquilins are actively disaggregating inclusion bodies, or rather just 

being sequestered in them.  We have previously demonstrated that ubiquilin 

overexpression leads to a reduction in inclusion bodies86, 87, 121; however, it is unclear 

whether ubiquilin is reducing the formation of inclusions or enhancing their clearance 

once they have already formed. 

Relative to other brain regions, we observed enrichment of ubiquilin-1 in granule 

cells of the hippocampus as well as enrichment of ubiquilin-4 in granule cells and 

Purkinje cells of the cerebellum.  The increase in ubiquilin-4 protein that we detected in 

the cerebellum matches the high abundance of ubiquilin-4 transcripts found in the same 

cell types in an earlier study (ubiquilin-4 was called A1U) 122. Those investigators 

identified ubiquilin-4 by its interaction with ataxin-1, the protein responsible for causing 

spinocerebellar ataxia type 1 (SCA1).  Similar to HD, SCA1 is a polyglutamine 
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expansion disease.  It results from an expansion in ataxin-1126.  Purkinje cells are the 

primary site of SCA1 pathology127.  As such, the enrichment of ubiquilin-4 protein in the 

cerebellum strengthens the link between ubiquilin-4 and its possible involvement in 

SCA1 pathology. The increased expression of ubiquilin-1 in the hippocampus is 

noteworthy because alterations in ubiquilin-1 expression, or its variants, have been linked 

to increased incidence of Alzheimer’s disease (AD) 128, 129.  Also ubiquilin-1 interacts and 

modulates expression of presenilins, which are frequently mutated in AD63, 130-132. The 

hippocampus is crucial for memory and it is a primary site of damage in AD. Perhaps 

then, alteration in ubiquilin-1 expression increase the incidence of Alzheimer’s disease 

because they leave hippocampal neurons particularly vulnerable to proteotoxic stress that 

occurs during aging. Mutations in ubiquilin-2 cause ALS with dementia, and pathology is 

seen in multiple brain regions133, 134.  Therefore, the widespread expression of ubiquilin-2 

should not be surprising.  Future studies will look to see if ubiquilin-2 is enriched in the 

ventral horn of the spinal cord.  

The differential expression of ubiquilin-4, along with its colocalization with 

inclusion bodies implicates the protein in HD pathology. The dramatic reduction of 

ubiquilin-4 proteins that are normally seen in wild-type animals, and replacement by a 

novel band at 115 kDa is particularly noteworthy.  It is possible that this band represents 

an isoform that is stress responsive and/or which is a hallmark of endpoint HD.  The 

appearance of this novel form might be a useful biomarker for assessing the severity of 

HD in this and other models of HD. Future experiments will explore this possibility. 
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CHAPTER 5:  THE REDUCTION OF INCLUSION BODIES SEEN UPON 

UBIQUILIN-1 OVEREXPRESSION IS MEDIATED THROUGH 

PROTEASOMAL DEGRADATION 

 In HeLa cell and primary cortical neurons a reduction in huntingtin inclusions 

accompanies increased survival upon overexpression of ubiquilin-186, 121.  Extension of 

lifespan and reduced inclusions are also seen in R6/2-UBQLN1 mice. Knockdown of 

ubiquilin-1 furthers toxicity while increasing aggregation62, 86.  These data suggest that 

the pro-survival effect of ubiquilin-1 overexpression may be mediated through a 

reduction in huntingtin inclusions. 

 How ubiquilin-1 overexpression actually reduces inclusions is unknown.  It is 

possible that it is through ubiquilin-1’s role in protein degradation pathways.  In this way 

ubiquilin-1 can facilitate the clearance of already formed huntingtin inclusions, delay 

aggregation by increasing turnover of soluble mutant HTT, or increase the capacity of 

both protein chaperones and the degradation machinery to handle mutant HTT by 

facilitating the turnover of other misfolded proteins.  Both the ubiquitin proteasome 

pathway (UPS) and macroautophagy have been demonstrated to clear mutant HTT, with 

macroautophagy having the capability to clear already formed inclusions, while the UPS 

has been shown to degrade soluble HTT135-137.  Therefore, ubiquilin-1 could be working 

through either pathway to reduce HTT inclusions.  Of course, ubiquilin-1 overexpression 

may modify inclusions in a manner independent of protein degradation.  Ubiquilin-1 

contains many STI-1 binding motifs61, 63.  Therefore, ubiquilin-1 may aid in the 

trafficking of chaperones to ubiquitinated proteins.  There is also a possibility that 

ubiquilin-1 reduces inclusions through an entirely novel function. 
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 Facilitation of proteasomal degradation represents a strong candidate for what 

mediates ubiquilin-1’s role in reducing inclusions.  Soluble GFP-HTT-Q74 co-

precipitates with ubiquilin, and ubiquilin-1 overexpression increases turnover of GFP-

HTT-Q74 but not GFP-HTT-Q2887.  Overexpression of ubiquilin-1 reduces soluble HTT 

levels in the brains of R6/2 mice121. Moreover, ubiquilins function in ERAD, a pathway 

responsible for the proteasomal degradation of secretory pathway proteins62.  

Overexpression of ubiquilin-1 has been demonstrated to reduce ER stress in the 

hippocampus of R6/2 mice, while knockdown of ubiquilins increases ER stress in C. 

elegans and cell culture models62, 86, 121.  Knockdown of ubiquilin leads to the 

accumulation of ERAD substrates, indicating that ubiquilin plays an essential role in 

ERAD and suggests that the suppression of ER stress by ubiquilin-1 overexpression may 

be through its role in ERAD62. 

 Here I tested whether proteasome degradation is essential for the reduction in 

inclusions observed upon ubiquilin-1 overexpression.  In so doing, I further tested the 

hypothesis that overexpression of ubiquilin-1 suppresses mutant huntingtin toxicity by 

reducing inclusion body accumulation in a proteasome-dependent manner. 

Section 5.1:  Overexpression of ubiquilin-1 reduces huntingtin inclusions in NB2A 

cells. 

 Previous work demonstrated that ubiquilin-1 overexpression reduces huntingtin 

inclusions in HeLa cells that stably express GFP-HTT-Q74 and in primary neuronal 

cultures that were transiently transfected with GFP-HTT-Q74.  Each of these cells has 

advantages and disadvantages.  HeLa cells are easy to work with, transfect well, and are 

an immortal cell line, so it is easy to maintain stocks for future studies.  Stable expression 
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of GFP-HTT-Q74 eliminates issues of transfection efficiency in regards to the expression 

of HTT.  The disadvantages of using these cells is that HD is a neurodegenerative 

disease, and so a neuronal model is more appropriate.  Another issue is that with stable 

expression of mutant HTT, the ability to temporally regulate the formation of huntingtin 

inclusions is eliminated.  At least this is the case without the use of an inducible 

promoter.  Transient transfection of neurons in primary cultures eliminates both of these 

issues. However, this approach suffers from all of the disadvantages of using primary 

culture instead of a cell line.  In order to take advantage of the best components of both 

models, the NB2a neuroblastoma cell line was used in determining whether proteasome 

degradation is required to observe the protective effect of ubiquilin-1 overexpression. 

 NB2a cells were co-transfected with RFP-HTT constructs and GFP-ubiquilin-1.  

Two days following transfection, inclusion bodies became visible.  At this point the 

number of cells that contain inclusions was counted.  This was done for two different 

populations of cells, those that just express RFP-HTT and those that express both RFP-

HTT and GFP-ubiquilin.  By comparing these two values, it is possible to determine if 

ubiquilin-1 has an effect on the presence of inclusions.  Doing the measurement in this 

way ensures that the results are not affected by transfection efficiency because only the 

cells that express each protein are counted. 

 Since both the cell type and the methodology were different in previous studies 

showing the protective effect of ubiquilin-1 overexpression, it was important to first 

establish that I could observe a reduction in inclusions in NB2a cells analyzed in this 

way.  Indeed, a 46% (p<.05) reduction in inclusions was observed in cells that expressed 
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both RFP-HTT-Q74 and GFP-ubiquilin-1 (Figure 27 B). No inclusions were observed in 

cells that expressed RFP or RFP-HTT-Q28 (Figure 27 A). 

Section 5.2: The function of the proteasome is required to see a reduction in huntingtin 

inclusions upon ubiquilin-1 overexpression. 

 Now that it was established that inclusions can be reliably measured through this 

method and that ubiquilin-1 overexpression reduces inclusions in NB2a cells, the role of 

the proteasome in the protective effect of ubiquilin-1 overexpression was explored.  

These experiments were carried out in the same fashion as before, except that 41 hours 

following transfection cells were treated with 50µM MG132, a chemical that at this 

concentration specifically inhibits the proteolytic capability of the proteasome138.  Cells 

were then imaged 7 hours later.  This was determined to be the ideal time to inhibit the 

proteasome because it coincided with the first appearance of inclusions and did not 

require prolonged administration of MG132, which would be too toxic.  Previous studies 

show that blocking the proteasome enhances aggregation of HTT139, 140.  Therefore, an 

increase in inclusions is expected upon treatment with MG132.  If the reduction of 

inclusions observed upon ubiquilin-1 overexpression is dependent on the proteasome, 

then, upon treatment with MG132, ubiquilin-1 overexpression should not result in a 

decrease in inclusions.  However, if the reduction in inclusions is due to some other 

mechanism, MG132 treatment should not abolish this protective effect of ubiquilin-1. 

MG132 treatment resulted in a 78% increase in inclusions (p<.05), in keeping with 

previous data.  Upon both MG132 treatment and ubiquilin-1 overexpression, a 198% 

(p<.001) increase in inclusions was observed (Figure 14 A).  Two-Way ANOVA 

indicated that there was a main effect of both MG132 treatment (F1,8 = 251.45, p<.0001), 
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and ubiquilin-1 overexpression (F1,8 = 12.43, p=.0078).  In addition, there is an 

interaction between MG132 treatment and ubiquilin-1 overexpression (F1,8 = 64.89, 

p<.0001).  This demonstrates that the reduction in inclusions observed upon ubiquilin-1 

overexpression requires the proteolytic activity of the proteasome. 
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FIGURE 27 
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Figure 27 (previous page).  Proteasomal degradation mediates the reduction in 
inclusions observed with ubiquilin-1 overexpression.  (A) NB2A cells were transfected 
with RFP-HTT constructs.  Cells transfected with RFP-HTT-Q74 form inclusions after 2 
days, and display further aggregation after three days.  No inclusions are observed in cells 
transfected with RFP or RFP-HTT-Q28. (B) Overexpression of ubiquilin-1 reduces the 
percentage of cells containing huntingtin inclusions.  Upon inhibition of the proteasome 
with MG132 there is an accumulation of inclusions above baseline levels.  
Overexpression of ubiquilin-1 fails to reduce inclusions following treatment with 
MG132.  Rather it leads to an increase in inclusion body formation. 

 

Section 5.3: Discussion 

 Here, the mechanism underlying ubiquilin’s protective function was explored.  

Without proper functioning of the proteasome, ubiquilin-1 overexpression did not result 

in a reduction in the percentage of cells containing inclusion bodies.  Rather, a significant 

increase was observed following treatment with MG132.  This is in accordance with a 

model of ubiquilin-1 acting as a shuttle factor in the ubiquitin proteasome system.  In 

such a model, overexpression of ubiquilin-1 would increase the delivery of mutant HTT 

to proteasomes (Figure 28 B), such that when proteasome activity is normal, a decrease in 

the number of inclusions is expected.  Upon inhibition of the proteasome, the ability to 

clear mutant HTT is compromised and as a result inclusions accumulate (Figure 28 C).  

Overexpression of ubiquilin-1 should further this accumulation because it would result in 

the increased delivery of mutant HTT to inactive proteasomes.  In the absence of 

proteolytic activity, these species can accumulate around proteasomes and potentially 

aggregate.  Thus, when proteasomes are not functioning, the enhanced delivery of mutant 

HTT to proteasomes acts not to degrade HTT, but rather to bring these species in close 

proximity and potentially seed inclusions (Figure 28 D). 
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 Whether or not the increased cell survival seen upon ubiquilin-1 overexpression is 

mediated through proteasome function has yet to be determined.  Cell viability was 

assayed in the experiments outlined above. However, it was determined that NB2a cells 

are not a suitable model for assaying survival because expression of RFP-HTT-Q74 had 

no effect on viability (data not shown).  This can therefore be explored in other cell lines 

or animal models. 
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FIGURE 28 
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Figure 28.  (previous page) Model of ubiquilin-1 functioning as a shuttle factor 
delivering mutant huntingtin to the proteasome.  The following diagram represents a 
proposed model that explains the observed findings of experiments analyzing the 
accumulation of inclusions following ubiquilin-1 overexpression and MG132 treatment. 
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CHAPTER 6:  SUMMARY AND FUTURE DIRECTIONS 

 In the previous five chapters I explored the role of ubiquilin proteins in HD.  The 

use of ubiquilin-1 overexpression as a therapeutic strategy for HD was tested and the 

mechanisms underlying ubiquilin-1’s protective effects were elucidated in greater detail.  

The expression and localization of ubiquilin-1, 2 and 4 were also analyzed in the brains 

of both wild type and R6/2 mice. These findings have relevance not only to HD, but to 

neurodegeneration in general. 

 Previous studies have demonstrated that ubiquilin-1 knockdown enhances 

polyglutamine toxicity and impairs both ERAD and autophagy62, 64, 86.  However, there 

was no evidence suggesting that ubiquilin-1 protein was lacking in HD models.  Here, I 

demonstrated that ubiquilin protein levels are significantly reduced in the brains of R6/2 

mice, specifically at advanced stages of the disease.  This provides further rationale for 

overexpressing ubiquilin-1 in HD.  Full restoration of ubiquilin protein levels was 

observed in ubiquilin-1/R6 double transgenic mice, and overexpression, in addition to 

being apparently safe and resulting in no overt deleterious changes in phenotype, proved 

to be efficacious in prolonging the lifespan of the mice. 

 The 20% extension of lifespan seen in R6/2 mice overexpressing ubiquilin-1 is an 

encouraging finding.  What makes this result even more promising is that this was seen in 

mice that overexpress ubiquilin-1 only in neurons.  Expression of the HTT exon-1 

fragment is ubiquitous in these mice, so the fact that a significant increase in lifespan was 

observed implies both that ubiquilin-1 confers protection to neurons and that neuronal 

function is a key mediator in the lifespan of R6/2 mice.  It is possible that an even greater 

increase in survival would be seen if ubiquilin-1 transgene expression was global.   This 
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may be the case given the muscle degeneration seen in R6/2 mice and recent findings 

implicating astrocyte dysfunction in HD pathogenesis6, 7. 

The lack of improvement in motor function seen in double transgenic mice is 

unfortunate but may be explained by a number of factors.  One possibility is that the 

degeneration of muscle may have occluded any subtle neurological improvements.  Here 

again, a study where ubiquilin-1 transgene expression is global would resolve this issue.  

Surprisingly, there was no significant difference between R6/2 and R6/2-UBQLN1 mice 

in aggregate load at any time point in the striatum despite clear evidence of transgene 

expression there.  Therefore, in the absence of this improvement, motor function is 

unlikely to be rescued.  Perhaps overexpression of ubiquilin-1 in striatal astrocytes would 

be protective.  GLT-1 mediated glutamate uptake by astrocytes is reduced in R6/2 mice, 

which results in excitotoxicity41.  This further demonstrates the value of conducting a 

study where transgene expression is global. 

Interestingly, there was a reduction of inclusions in both the hippocampus and 

motor cortex, as well as a decrease in ER-stress in the hippocampus.  Perhaps then the 

cognitive decline observed in HD may be ameliorated through ubiquilin-1 

overexpression.  Cognitive behavioral tests are difficult in R6/2 mice due to their early 

onset of motor deficits and short lifespan59.  Many cognitive tests require training that 

takes up to several weeks.  This is difficult to achieve with R6/2 mice because they show 

motor deficits at 7 weeks of age.  Moreover, any subsequent measurements of cognitive 

function may be confounded by motor dysfunction. 
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 Taking all these factors into consideration, the best approach for a follow up study 

would be to drive global expression of ubiquilin-1 in the YAC-128 HD mouse.  These 

mice have a less aggressive disease phenotype and longer lifespan that would allow for 

cognitive testing to be performed.  In addition, the use of YAC-128 mice has increased, 

so they are well characterized now. Therefore, the results of the experiment would be 

suitable for inclusion in meta-analysis with other therapeutic trials for HD.  Finally, 

beyond the reasons outlined above for global expression of the ubiquilin-1 transgene, 

such an approach would establish whether overexpression of ubiquilin-1 in other cell 

types is safe and well tolerated. 

 Should such an experiment further demonstrate the safety and efficacy of 

ubiquilin-1 overexpression in treating HD, small molecules should be screened to find 

compounds that induce ubiquilin-1 expression.  This way these results could be translated 

into a meaningful therapy for HD patients.  Ideal candidates would include existing FDA-

approved small molecules that pass the blood-brain barrier and elicit few side effects.  

Such compounds would also be valuable in future studies of ubiquilin protein function.  

In working toward this aim, I have generated preliminary results identifying factors that 

increase ubiquilins 1-4 using multiplex real-time PCR.  In addition, I have conducted 

similar screens using a luciferase reporter system.  Hopefully, these studies will be 

continued in order to identify potential drugs that increase the expression of ubiquilin 

proteins. 

 It is worth noting that a therapy for HD involving ubiquilin-1 overexpression may 

have to be part of a combinatorial drug regimen.  This is based on the findings that 
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ubiquilin-1 extended lifespan but did not improve motor function.  Again, this may be a 

result of limited ubiquilin-1 expression, as alluded to above. However, if similar results 

are observed in mice with global transgene expression, then this would warrant 

accompanying a ubiquilin-1 upregulating drug with one that improves motor function. 

 One future avenue for study is whether overexpression of ubiquilin-2 and 4 can 

suppress polyglutamine toxicity.  These proteins contain considerable homology to 

ubiquilin-1 and are predicted to have similar structures.  Moreover, these results show 

that these proteins are expressed throughout the brain.  Preliminary results indicate that 

ubiquilin-2 and 4 do not modify aggregate load in NB2a cells (data not shown), but it is 

possible that these proteins could ameliorate other disease processes. 

 Overexpression of ubiquilins may represent a promising therapeutic strategy for 

other neurodegenerative diseases as well.  Here, I demonstrated that ubiquilin-4 protein is 

enriched in the cerebellum – the primary site of SCA1 pathology.  Previous research 

demonstrates that ubiquilin-4 associates with mutant ataxin-1141.  Perhaps, ubiquilin-4 is 

serving to deliver mutant ataxin-1 to the proteasome, or acting in tandem with ubiquilin-1 

in order to deliver the protein into autophagosomes.  These possibilities should be 

explored along with testing the effect of ubiquilin-4 overexpression in SCA1.  

Overexpression of full-length ubiquilin-1 may be beneficial in AD, as it has been shown 

that SNPs that increase the expression of transcript variant 2 (TV2) of ubiquilin-1 relative 

to the full-length TV1 have been shown to increase risk of AD77.  Finally, expression of 

wild-type ubiquilin-2 and 4 may be protective in ALS caused by mutations in those 
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proteins.  Of course this would only be the case if loss of function toxicity were 

responsible for the disease phenotype. 

An important consideration that has not been explored is whether ubiquilin-1 

overexpression affects neuronal excitability.  Previous studies indicate that ubiquilin-1 

stabilizes GABAA receptors in the ER and increases their membrane insertion142, 143.  

Increased inhibitory postsynaptic currents are observed in medium spiny neurons in HD 

mouse models41, 144-146.  Therefore, overexpression of ubiquilin-1 may further increase 

inhibitory currents.  It is unclear what effect this would have though.  Increased NMDA 

receptor activity, as well as decreased GLT-1 mediated glutamate uptake, are observed in 

R6/2 mice, which contributes to excitotoxicity41.  Perhaps increasing inhibitory tone may 

have a protective effect. 

 One of the important findings of this work is that ubiquilin-4 expression 

undergoes significant changes in the brains of R6/2 mice.  At 6 weeks of age these mice 

express a ≈70kDa isoform of ubiquilin-4 that matches what is seen in healthy controls.  

This band is absent in the brains of endpoint mice that, instead, express a ≈115kDa 

protein of unknown origin.  Perhaps this band represents ubiquilin-4 in complex with 

other proteins.  This however, seems unlikely because this band was still present when 

brain homogenates were resuspended in high urea +SDS protein loading buffer that were 

incubated in a prolonged heating step prior to loading in SDS-PAGE (data not shown).  

This procedure is done to ensure disruption of protein-protein complexes.  Also, it is 

possible that this band is a stress responsive isoform.  Future studies should be performed 

in order to resolve the nature of this 115 kDa band. 
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One question that remains unresolved is how ubiquilin-1 gets directed to one 

protein degradation pathway instead of another.  Previous studies have demonstrated that 

when autophagy is stimulated, ubiquilin-4 expression doubles while ubiquilin-1 

expression remains the same147.  Therefore, binding to ubiquilin-4 may serve as the signal 

that targets ubiquilin-1 to the autophagy pathway, where the two proteins would act in 

tandem as an autophagy cargo receptor. If such is the case, then regulation of ubiquilin-4 

expression can be used to manipulate the function of ubiquilin-1.  The ability to direct 

protein degradation factors in this way may be useful in cases where one pathway is 

blocked, such as with use of proteasome inhibitors during chemotherapy. 

Exploring the roles of ubiquilin-1 transcript variants in HD represents another 

potential avenue for future research.  Here, as well as with previous studies, full-length 

human transcript variant one was overexpressed.  There are four ubiquilin transcript 

variants148.  Transcript variant 1 (TV1) contains all 11 exons in the UBQLN1 gene.  TV2 

lacks exon 8, which corresponds to a region in ubiquilin-1’s central region.  SNPs that 

increase the ratio of TV2: TV1 have been shown to increase the risk of AD77.  The role of 

TV2 in HD has not been studied.  TV3 lacks the majority of ubiquilin-1’s UBL domain 

and therefore cannot bind the UIM of the proteasome.  A model has been proposed where 

TV3 preferentially directs misfolded proteins to the autophagy pathway148. TV3 should 

still be able to bind ubiquilin-4, as it has been shown that the interaction of ubiquilin-1 

with ubiquilin-4 is dependent on ubiquilin-1’s UBA domain, not the UBL domain147. 

TV4 only contains the first 3 exons of UBQLN1, which includes the UBL domain.  

Perhaps this isoform is able to function in the ubiquitin proteasome pathway but not 

autophagy.  Taken together, this suggests that ubiquilin-1 splicing may represent a 
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potential means to direct ubiquilin-1 to different degradation pathways.  It is also possible 

that some of the lower molecular weight bands observed when blotting lysates with the 

Invitrogen and PA1 antibodies represent transcript variants and not ubiquilin-1 

breakdown products.  Real time-PCR can be used to elucidate this issue. 

In the present study, I demonstrated that ubiquilin-1, 2, and 4 all colocalize with 

inclusions. What ubiquilin proteins are actually doing at inclusions remains a mystery.  

Are ubiquilin proteins found at inclusions simply due to the enrichment of ubiquitin in 

them?  Are ubiquilins sequestered within inclusions or rather are they actively trying to 

dissagregate them, further their aggregation, or deliver them into autophagosomes?  

These questions are difficult to resolve experimentally and are at the root of confusion 

regarding the role of aggregation in HD in general.  The present results indicate that 

ubiquilin-1 overexpression leads to a decrease in inclusions in both the hippocampus and 

cerebral cortex of R6/2 mice.  Moreover, proteasome degradation was demonstrated to be 

essential to observe this effect in NB2a cells.  Therefore, it is likely that the decrease in 

inclusions observed is due to a significant degree to a reduction in soluble HTT protein 

by proteasome degradation.  This does not, however, rule out the possibility that 

ubiquilin-1 is also serving to clear inclusions via autophagy.  This possibility warrants 

further investigation. 
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