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ABSTRACT OF THE DISSERTATION 
 

Finding balance in Huntington's disease: PIAS1 and huntingtin in protein homeostasis 
 

by 
 

Joseph Ochaba 
 

Doctor of Philosophy in Biological Sciences 
 

 University of California, Irvine, 2016 
 

Professor Leslie Thompson, Chair 
 
 

The disruption of protein quality control networks that ensure proper folding and 

degradation of cellular proteins is likely central to pathology in Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD), and other “protein misfolding” 

diseases (La Spada and Taylor, 2010; Wilkinson et al., 2010). A detailed understanding of 

the proteostasis network components and their contributions to pathology are therefore 

crucial to developing improved therapeutic interventions. HD is caused by the abnormal 

expansion of a CAG repeat within the HD gene resulting in an expanded stretch of 

polyglutamines in the Huntingtin (HTT) protein (Group, 1993a). A key pathological feature 

is the accumulation of mutant HTT protein (mHTT) (Cisbani and Cicchetti, 2012; Zhao et 

al., 2016). Post-translational modifications of HTT, including SUMOylation and 

phosphorylation (Ehrnhoefer et al., 2011; Pennuto et al., 2009), appear to contribute to 

mechanisms underlying mHTT function, clearance, and accumulation (O'Rourke et al., 

2013; Ochaba et al., 2016; Zhao et al., 2016). 

The work presented here represents an innovative conceptual shift to address questions 

fundamental to HD and other diseases where protein homeostasis is affected.  This 

approach may therefore provide insight into a broad spectrum of protein misfolding 
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disorders.. My dissertation utilized gain-of and loss-of-function approaches to query the 

importance of HTT function, modulation of PIAS1-regulatory networks, and SUMO-

interaction motifs in the context of cell culture and in vivo mouse model systems to assess 

the impact on critical disease regulatory networks and HD pathogenesis. The precise 

mechanisms involved in the aforementioned have not yet been elucidated, nor has the 

PIAS and SUMO pathways been tested in vivo for its relevance to the following: the 

accumulation of neurodegenerative disease-causing proteins, neuroinflammation, protein 

clearance networks, or overall impact on disease phenotypes. My dissertation suggests 

that PIAS1 may link protein homeostasis and neuroinflammation in HD through a 

combination of modulating accumulation of toxic HMW species of HTT and compensating 

for dysfunctional inflammatory signaling cascades between neurons and microglia, 

potentially allowing improved flux through protein clearance pathways, of which HTT itself 

is likely involved in regulating.  
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INTRODUCTION 

Huntington’s disease: from protein to pathogenesis 

Huntington's disease (HD) can be regarded as a paradigm for a range of 

neurodegenerative disorders. It is monogenic, fully penetrant, and—similar to other 

neurodegenerative diseases—a disorder of protein misfolding and aggregation. 

Huntingtin (HTT) was the first disease-associated gene to be molecularly mapped to a 

human chromosome (Gusella et al., 1983). Ten years later, scientists as part of an 

ongoing Huntington's Disease Collaborative Research Project, identified the DNA 

sequence and determined the precise nature of the HD-associated mutation in HTT 

(1993). This was the result of an extensive study focusing on the populations of two 

isolated Venezuelan villages within the Lake Maracaibo region, Barranquitas and 

Lagunetas, where there was an unusually high prevalence of the disease. Extensive 

analysis revealed that the mutation was an expansion in the number of CAG repeats 

within the HTT gene and the increase in the number of CAG repeats above a threshold 

determined whether or not an individual would have HD. During protein synthesis, the 

expanded CAG repeats are translated into a series of uninterrupted glutamine residues 

forming what is known as a polyglutamine tract (polyQ). Individuals with six to 35 CAG 

repeats will be unaffected; individuals with 36-39 repeats will be at increased risk for 

HD; and individuals with 40 or more CAG repeats will manifest disease phenotypes 

(Ross et al., 2014). A more recent study reported an individual presenting late onset HD 

symptoms with a 29 triplet expansion suggesting that individuals with lower repeat 

ranges (27-35) may also be susceptible to inheriting the disorder (Garcia-Ruiz et al., 

2016). The disease was found to be inherited in an autosomal dominant manner with 
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age-dependent penetrance, and repeat CAG lengths of 40 or more are associated with 

nearly full penetrance by age 65 years and longer CAG repeats are predictive of earlier 

onset, accounting for up to 50–70% of variance in age of onset, with the remainder 

likely to be due to modifying genes and the environment (Wexler et al., 2004). The gene 

itself encodes a 350-kDa protein, named huntingtin (HTT), that may function as a giant 

scaffold for organizing signaling complexes (Desmond et al., 2013) and possibly for 

selective autophagy (Ochaba et al., 2014; Steffan, 2010), among other potential 

functions. These functions are likely perturbed upon polyQ expansion associated with 

HD. 

Global prevalence of HD is approximately 4–10 per 100,000 in the western world, 

although these numbers are likely a significant underestimate, with many more 

potentially at risk of the disease. The mean age of disease/clinical onset is 40 years, 

with death occurring 15–20 years from onset (Bates, 2005). HD is characterized by 

clinical features including progressive motor dysfunction, cognitive decline, and 

psychiatric disturbances, due to a marked loss of medium spiny neurons (MSNs) in the 

striatum in addition to shrinkage of the cortex (Bates, 2005); both of these clinical 

characteristics are associated with neuronal dysfunction and neuronal cell death. 

Formal diagnosis of Huntington's disease is made on the basis of characteristic motor 

signs of chorea, dystonia, bradykinesia, or incoordination (UCDRS scale). Although 

chorea is usually prominent early in the stages of the disease, later progressive 

bradykinesia, incoordination, and rigidity (so-called motor impairment) are more 

disabling functionally. Most patients have substantial cognitive or behavioral 

disturbances before onset of diagnostic motor signs which progress with disease. 
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Currently the specific mechanisms which trigger the onset of HD are not clear, nor are 

there any effective, disease modifying treatments for this devastating disease. 

A major pathological indicator of HD pathogenesis is HTT accumulation and the process 

of aggregation in regions of the brain and in peripheral tissues, which has been shown 

to interfere in several ways with normal cell metabolism and function (Kim and Kim, 

2014; Sassone et al., 2009; Weydt et al., 2006). Especially affected in HD are cells of 

the brain cortex and striatum.  However, it is important to note that the presence of 

inclusions does not necessarily correlate with huntingtin-induced death (Lee et al., 

2013a). Rather, it may be the formation of an insoluble high molecular weight (HMW) 

HTT species that most closely tracks with HD pathogenesis and disease progression 

(O'Rourke et al., 2013; Shibata et al., 2006). Although the precise mechanisms by which 

the expanded poly-Q contributes to HTT-induced toxicity remain unknown, the formation 

of nuclear inclusions of HTT in the brain of HD patients is an invariant feature.  

Inclusions appear to be comprised largely of mutant HTT fragments and proteolysis of 

full length HTT may play an important role in the pathogenesis of HD.  Indeed, 

extensive work suggests that N-terminal HTT fragments may constitute a toxic form of 

HTT by virtue of the ability to aggregate rapidly, nucleate, and accelerate the 

aggregation process (Cha et al., 1998; Mangiarini et al., 1996b). By investigating these 

various forms and dynamic states of HTT implicated in disease pathogenesis, we can 

use different models of HD to study disease pathogenesis and evaluate potential 

therapeutic interventions through their modulation. One of the goals of my dissertation is 

to gain an understanding of the processes that impact these various HTT species and 

their contribution to disease. 
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The formation of nuclear inclusions of HTT in the brain of HD patients and animal 

models is an invariant feature and aggregate serves as a surrogate marker of potential 

gain-of-function and partial loss of normal function that is linked to the polyQ-mediated 

neurotoxicity (Schulte and Littleton, 2011). The inverse correlation between the length of 

the polyQ and the age at onset and severity suggests that the polyQ expansion is the 

primary determinant of HTT aggregation and toxicity and a direct relationship between 

the length and the aggregation propensity of polyQ repeats in peptides in cultured cells 

and animal models is observed. The dominant toxicity of polyQ expansions is supported 

by the identification of other polyQ-containing proteins as causative factors in other 

neurodegenerative diseases (e.g. SBMA and the SCAs). The accumulation of expanded 

poly-Q-containing proteins is a hallmark of HD as well as other poly-Q expansion 

diseases such as Spinal and Bulbar Muscular Atropha, Spinocerebellar ataxia, and 

Dentatorubral-pallidoluysian atrophy (Jochum et al., 2012; Michalik and Van 

Broeckhoven, 2003; Ross, 2002).  However, more recent lines of evidence suggest that 

HTT oligomerization, inclusion formation, and toxicity are also strongly influenced by 

sequences outside of the polyQ domain (Wang and Lashuel, 2013). Several findings 

indicate that extensive cross-talk and interactions between the different domains in HTT 

may be critical: 1) Mutations, deletions, or post-translational modifications (PTMs) within 

the flanking sequences of the polyQ repeats region in Httex1 strongly influence the 

aggregation, cellular behavior, and toxicity of mutant HTT; 2) N-Terminal HTT fragments 

of different lengths (e.g., 120, 171, and 586) containing similar numbers of polyQ 

repeats exhibit different aggregation and toxicity properties in cellular and animal 

models of HD (Wang and Lashuel, 2013). Further,  longer N-Terminal HTT fragments 
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can demonstrate enhanced aggregation propensity (e.g. Htt1–117) and/or toxicity (Htt1–

20813) compared with the shorter exon1 fragments (Wang and Lashuel, 2013), and 

additional aggregation motifs have been identified within these longer fragments. 

Accumulated-cleaved/truncated forms of HTT containing the N-terminal expanded poly-

Q are most easily recognized as neuronal inclusions.  

As a whole, my dissertation seeks to understand the roles that HTT and a specific 

modifier of HTT play in protein and disease homeostasis. Previous studies have shown 

that treatment with Congo Red and trehalose, compounds which reduce the 

accumulation of over-expressed expanded poly-Q-positive proteins by enhancing the 

rate of their degradation and clearance/turnover, alleviated neuropathological marks 

and neurological symptoms in various HD transgenic mouse models (Frid et al., 2007; 

Tanaka et al., 2004), suggesting that approaches to modulate mHTT accumulation may 

be important.  However, these studies have not translated well to clinical application and 

by focusing on visible inclusions, may not be targeting key pathogenic species.    

The results presented here underscore the importance of studying the underlying 

mechanisms that regulate aberrant homeostasis of proteins with expanded poly-Q. 

 

Protein clearance pathways in HD 

The age-related decline in protein homeostasis challenges the capacity of neurons to 

counteract the accumulation of misfolded proteins such as mHTT. This may explain in 

part the late onset of HD and other protein conformation diseases (Balch et al., 2008). 

While a invariant feature of polyQ diseases, the role of inclusions in HD has been 

controversial and some forms of inclusions/aggregates are even thought to be 
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protective, serving as possible clearance intermediates (Arrasate and Finkbeiner, 2012; 

Arrasate et al., 2004). Interestingly, neuronal HTT aggregates found in human 

postmortem brain material are positive for ubiquitin in addition to autophagy cargo, 

indicating a role of the ubiquitin-proteasome and autophagy related protein quality 

control systems (DiFiglia, 1997; Gutekunst et al., 1999; Ochaba et al., 2014; Sapp et al., 

1997; Sieradzan et al., 1999). Previous studies showed that wildtype and mutant HTT 

are cleared by the proteasomal and autophagosomal pathways (Juenemann et al., 

2013; Thompson et al., 2009; Waelter et al., 2001; Wyttenbach et al., 2000). 

Furthermore, HTT can be ubiquitinated and SUMOylated at its N-terminal region, 

suggesting specific ubiquitin-mediated degradation by cellular clearance mechanisms 

(Bhat et al., 2014; Juenemann et al., 2013; Lu et al., 2013; O'Rourke et al., 2013; 

Steffan et al., 2004). The specific role of the proteasome and clearance networks 

involving HTT is controversial and it is not clear modulating it is key to regulating mHTT 

clearance Poly-Q-expanded HTT inhibits the UPS before its progression into large 

aggregates (Bennett et al., 2007; Bett et al., 2009; Schipper-Krom et al., 2012). 

However, there is pharmacological evidence to suggest the role of autophagy, a large-

scale catabolic mechanism, in regulating the degradation of the N-terminal part of HTT. 

Autophagy is an intracellular mechanism that mediates the degradation of large protein 

complexes and damaged organelles in a lysosome-dependent manner (Boya et al., 

2013). The hallmark of autophagy is the formation of a double-membrane cytosolic 

vesicle, the autophagosome, which sequesters cytoplasm and delivers it to the 

lysosomes for degradation. Interestingly, our group and others have suggested that 

HTT itself may act as a mammalian ATG11 - a scaffold involved in mitophagy (a form of 
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mitochondrial autophagy) (Ochaba et al., 2014; Steffan, 2010). Indeed, Dr. Steffan at 

UCI was the first to hypothesize that HTT could be involved in its own clearance. 

Several studies have specifically targeted autophagy in HD; specifically, Rapamycin, an 

inducer of autophagy, has been shown to reduce the aggregation of expanded poly-Q 

polypeptides in transfected cells, HD fly and mouse models, and also improve 

performance on behavioral tests (Sarkar et al., 2009). It is important to note the complex 

nature of this clearance network in that that there are many forms of autophagy being 

regulated by many different processes. Experimental evidence is building that suggests 

HTT is not simply a passive passenger in autophagy but that it may also be an 

important regulator of autophagy acting as a scaffold for autophagosome transport and 

biogenesis. What makes this so compelling is the fact that mutations in several motor 

proteins and autophagy regulators also lead to neurodegenerative disease with HD-like 

phenotypes. For example, neural-specific deletion of another Atg11 protein, FIP200, led 

to cerebellar degeneration caused by increased neuronal death, axon degeneration, 

and accumulation of ubiquitinated protein aggregates (Liang et al., 2010). Additionally, 

similarly to HTT, dynein is involved in autophagy, ER structure, mitotic spindle 

orientation, and retrograde transport. Loss of dynein results in death and specific 

mutations in dynein lead to a toxic gain of function that promotes mild but similar 

phenotypes to HD (Hinckelmann et al., 2013). This study and others suggest a pivotal 

role in autophagy proteins in contributing to regulation of neuronal homeostasis through 

autophagic functions.  



 

8 

 

HD is typically described as a toxic gain of function by mHTT, but a loss-of-function 

mechanism of WT HTT that involves autophagy may also contribute significantly to the 

disease.  

These results support the possible role of autophagy in regulating the clearance and 

turnover of expanded poly-Q proteins.  While various genetic studies have identified the 

genes and defined pathways that regulate autophagy in yeast (He and Klionsky, 2009), 

we still do not understand, the molecular mechanisms that mediate the turnover of poly-

Q expanded proteins or whether a mechanistic defect might contribute to the age-

dependent accumulation of HTT species. Further, it is important to note that these 

identified relationships are relatively novel and there are many forms of autophagy that 

are being investigated to further elucidate the role of HTT in autophagy and protein 

homeostasis. 

 

The role of SUMOylation: A post-translational modification with disease relevance 

The disruption of protein quality control networks that ensure proper folding and 

degradation of cellular proteins is central to pathology of a number of 

neurodegenerative diseases including AD, PD and HD (Gestwicki and Garza, 2012). 

Therefore, understanding the contribution of such networks to pathology is crucial to 

devise strategies to improve therapeutic interventions, especially since no therapeutic is 

presently available that changes the course of any neurodegenerative disease. In HD a 

key pathological feature is the accumulation of mHTT protein (Waelter et al., 2001; 

Zhao et al., 2016). mHTT can be modified by multiple post-translational modifications 

(PTMs), including SUMOylation. Covalent modification by SUMO polypeptides, or 
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SUMOylation, is an important regulator of the functional properties of many proteins. 

This PTM causes de-aggregation of inclusions, releasing the soluble mHTT monomers, 

increasing neurotoxicity, and accumulation of PTM-HTT inhibits protein clearance 

machinery (Juenemann et al., 2013; Steffan et al., 2004). PTMs of HTT, including 

SUMOylation and phosphorylation (Ehrnhoefer et al., 2011; Pennuto et al., 2009), 

appear to contribute to mechanisms underlying mHTT clearance and accumulation 

(O'Rourke et al., 2013; Thompson et al., 2009) and influence in vivo pathogenesis (Gu 

et al., 2005). Additionally, SUMO modification itself can function as a secondary signal 

affecting ubiquitin-dependent degradation by the proteasome (UPS) (Praefcke et al., 

2012).  
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SUMOylation is the covalent attachment of SUMO to target proteins that regulates 

subcellular localization, protein stability, transcriptional regulation, and interaction 

properties of SUMO-modified proteins with their cellular targets (Cubenas-Potts and 

Matunis, 2013; Gareau and Lima, 2010). Four different forms exist in the mammalian 

system, SUMO-1-4; SUMO-2 and SUMO-3 are nearly identical and are often referred to 

as one protein (SUMO-2/3) (Geoffroy and Hay, 2009). The SUMOylation pathway 

involves a cascade of enzymes, with a single E1-activating enzyme (SAE1/UBA2), a 

single E2-conjugating enzyme (UBC9), multiple E3-ligating enzymes (Protein Inhibitors 

of Activated STAT [PIAS], PC2, MMS21, and RanBP2), which provide substrate 

Figure 1 The SUMOylation pathway. SUMO is expressed as a precursor protein and processed by SUMO 
specific proteases (SENPs) to expose a C terminal diglycine motif (-GG). Enzymatic reactions are similar to 
ubiquitination and include a single SUMO E1-activating enzyme (SAE1/UBA2), a single SUMO E2-
conjugating enzyme (Ubc9) and transfer of SUMO to target lysines (eg HTTex1) with or without the 
assistance of the SUMO E3-ligating enzymes. Multiple SENPs both cleave and process SUMO itself.  
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specificity, and multiple proteases (SENPs) that both cleave and process the SUMO 

moiety from target proteins (Figure 1). SUMO modification occurs at the same lysine 

residue that is used for ubiquitination, and ubiquitnation and SUMOylation have 

extensive crosstalk in regulating clearance of cellular proteins. SUMO1-3 conjugation 

has been shown to play a major role in many cellular networks including 

embryogenesis. A report showed embryos deficient in the SUMO-conjugating enzyme 

Ubc9 die at the early post-implantation stage and that SUMO1-deficient mice are viable, 

as SUMO2/3 can compensate for most SUMO1 functions (Zhang et al., 2008). In a 

separate study, SUMO-2, specifically, was found to be the predominantly expressed 

isoform and that expression levels and not functional differences between SUMO-2 and 

SUMO-3 are critical for normal embryogenesis (Wang et al., 2014a). The involvement of 

SUMO modification has further been demonstrated for a growing number of 

neurodegenerative diseases including AD, PD, polyglutamine repeat diseases, and 

even in settings of transient cerebral ischemia (Datwyler et al., 2011; Krumova and 

Weishaupt, 2013; McMillan et al., 2011).  

In HD, SUMO-1/2 modified proteins accumulate in an insoluble protein fraction from HD 

postmortem striatum, and SUMO isoforms can regulate the formation and accumulation 

of insoluble HTT species in cells (O'Rourke et al., 2013). We previously reported that 

HTT can be modified by SUMO-1 in cell culture, and that SUMO-1 co-localizes with 

expanded HTTex1p at the nuclear periphery and in inclusions within immortalized 

striatal neurons (Steffan et al., 2004).  Further, mutation of the lysine residues 6 and 9 

within the exon 1 fragment significantly reduced or eliminated HTTex1p modification by 

His-SUMO-1. Of relevance, transgenic flies expressing either HTTex1p-97QP or 
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HTTex1p-97QP K6, 9, 15R under the same conditions displayed strikingly different 

phenotypes where expression of the HTTex1p-97QP transgene produces visible 

neurodegeneration, while K6, 9, 15R mutant transgene display almost no detectable 

phenotype (Steffan et al., 2004).  These studies were taken further and show that HTT 

is SUMO-1 and 2 modified within the amino terminus and at downstream sites in the 

full-length wild type and mutant proteins (O'Rourke et al., 2013; Steffan et al., 2004). 

The SUMO modification network may further impact other cellular processes relevant to 

HD, including NF- B inflammatory signaling through IKK-α SUMOylation (Huang et al., 

2013). Since chronic expression of the causative proteins in neurodegenerative 

diseases such as mHTT cause cellular stress, including oxidative stress (Turner and 

Schapira, 2010) and inflammation (Bjorkqvist et al., 2008), cellular processes such as 

SUMOylation that respond to stress likely contribute to disease. These studies support 

hypotheses to be tested in the thesis that SUMO regulates accumulation of mHTT and 

that modulation of this network in vivo will impact disease. 

SUMO and ubiquitin modification have also been shown to be a relevant modification 

that can differentially regulate mHTT clearance by autophagy (Martin et al., 2015). 

Specifically, ubiquitination at residues K6, K9, and K15 in particular is associated with 

HTT degradation, and SUMOylation of these lysines competes with ubiquitination, 

leading to increased toxicity in the presence of the HD mutation. WT HTT is 

preferentially ubiquitinated through K48 linkage, which is considered the ‘classical’ 

signal for proteasomal degradation. Conversely, mHTT, and in particular mHTT 

fragments, show preferential ubiquitination through K63 of ubiquitin, and this is 

correlated with increased stability and aggregation (Bhat et al., 2014).  
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Other modification may also act in concert with SUMOyation to regulate mHTT flux. For 

example, the switch between HTT SUMOylation and ubiquitination at K6, K9, and K15 

is regulated through phosphorylation at S13 and S16, and it has been shown that these 

phosphorylation events are crucial determinants of mHTT toxicity and degradation (Gu 

et al., 2009; Thompson et al., 2009). 

In addition to HTT (both truncated and fragments derived from full length HTT) several 

other polyglutamine repeat disease proteins are SUMO modified (Chua et al., 2015; 

Craig and Henley, 2015; Poukka et al., 2000; Riley et al., 2005).  Further, an increase in 

SUMOylated proteins is observed in brain tissue of SCA1 patients and in transgenic 

mice (Kang and Hong, 2010). In Parkinson’s models, overexpression of SUMO has 

been shown to reduce the accumulation of protein aggregates that typify PD (Krumova 

et al., 2011) suggesting SUMO may act via different pathways depending on disease 

networks.  In Drosophila models of polyQ disease, overexpression of a mutant form of 

the SUMO E1 activating enzyme, UBC9, enhances neurodegeneration, implicating the 

SUMO conjugation pathway in polyglutamine pathogenesis (Chan et al., 2002).  These 

studies and others suggest that SUMOylation may be a significant modifier of 

neurodegenerative disease. 

 

PIAS1: An SUMO-HTT E3 ligase and Transcriptional repressor 

The diversity of SUMO substrates is governed by a relatively small number of SUMO E3 

ligases. The PIAS family of SUMO E3 ligases contains homologs in both vertebrates 

and invertebrates.  Mammals contain five major PIAS isoforms: PIAS1, PIAS2α/Xα and 

2β/Xβ, PIAS3, and PIAS4/y. At the protein level, PIAS1 is expressed in close to 90% of 
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tissues throughout the body including various brain regions with strong nuclear 

localization (The Human Protein Atlas). These proteins are characterized by the 

presence of five conserved and functional domains that dictate functions such as DNA 

binding, substrate interactions, SUMO ligase activity and potentially SUMO paralog 

selection (Shuai and Liu, 2005). Given the relationship of the SUMO network to HD 

pathogenesis and other neurodegenerative diseases, a key means to modulate this 

network in vivo is either through SUMO itself, which would be anticipated to have an 

overly broad impact and potentially deleterious effects, or through more selective means 

through regulation of a putative SUMO E3 ligase, in this case PIAS1. We previously 

demonstrated that PIAS1 is an E3 SUMO ligase for both HTT SUMO-1 and SUMO-2 

modification and that genetic reduction of the single dPIAS in a mHTT expressing 

Drosophila is protective. PIAS proteins can act as adaptor proteins that bridge the 

SUMO-conjugated E2 enzyme and the substrate in the SUMOylation cascade as well 

as act as E3 SUMO ligases.  

In addition to functioning as E3-ligases, PIAS proteins regulate transcription, 

immune responses and cytokine signaling (Liu and Shuai, 2008; Rytinki et al., 2009).  

PIAS1, in particular, is involved in the regulation of several key inflammatory signaling 

nodes (Shuai, 2006; Shuai and Liu, 2005) such as NFK-B and interferon-inducible 

genes. Of clinical relevance, PIAS1-associated complexes are implicated in multiple 

sclerosis and IFN-β non-responsive treatment outcome (O'Doherty et al., 2009). PIAS1 

is an important negative regulator of NF-κB transcription factors that are activated by 

proinflammatory cytokines, growth factors, bacterial lipopolysaccharides, viruses, and 

stress signals, and NF-κB is altered in expression in HD systems (Marcora and 
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Kennedy, 2010). The binding of PIAS1 to the p65 subunit of NF-κB inhibits cytokine-

induced NF-κB-dependent gene activation and induction of proinflammatory cytokine 

transcription. Further, PIAS1 null mice displayed elevated proinflammatory cytokine IL-

1β and TNF-α levels relative to their wild type littermates, increased resistance to viral 

and bacterial LPS infection, and partial perinatal lethality with no major later 

developmental abnormalities (Shuai, 2006), suggesting that some redundancy among 

PIAS proteins may exist, which would suggest that targeting  PIAS1 for HD is likely to 

be safe. PIAS1 is also implicated in negative regulation of interferon-inducible genes 

(Choleris et al., 2001). When interferon pathways are activated, clearance of 

accumulated misfolded proteins is induced and cytotoxicity in both HD (Lu et al., 2013) 

and Spinocerebellar Ataxia (Chort et al., 2013) models is reduced. As these networks 

are regulated by PIAS and are highly relevant to HD, PIAS1 may play a fundamental 

role in HD pathogenesis through a combined impact on SUMO modification pathways 

and transcription. Recent studies have also indicated that proinflammatory stimuli, such 

as TNFα and LPS, can activate PIAS1 through a SUMO-dependent, IKKα-mediated 

phosphorylation event. Activated PIAS1 is then recruited to inflammatory gene 

promoters to repress transcription. Further, SUMOylation can regulate inflammation 

through the direct modulation of the activity of key transcription factors involved in 

inflammatory responses (Lu et al., 2013). For example, the SUMOylation of members of 

the nuclear-receptor family, such as the peroxisome proliferator-activated receptor γ, 

regulates the activity to transrepress inflammatory gene activation (Liu and Shuai, 

2008). More specifically and of relevance to these studies, PIAS1, while functioning as a 

SUMO E3 ligase, is also a transcriptional repressor of NF-κB and STAT1. PIAS1 
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functions by blocking the DNA-binding activity of NF-κB and STAT1 on gene promoters 

(Shuai, 2006) to regulate inflammation. 

These findings support a hypothesis that therapies targeting the PIAS1 SUMO 

E3-ligase pathway might be developed to modulate inflammatory signaling pathways 

(Liu and Shuai, 2008). To date, few studies have investigated ways to modulate 

neuroinflammatory pathways in HD and none have investigated the interrelationship 

between mHTT accumulation and neuroinflammation.  

 

Inflammation and Huntington’s Disease 

Neuroinflammation is implicated in the pathogenesis of several neurodegenerative 

diseases including HD. The process of inflammation is initiated in response to tissue 

damage and infectious agents. These responses must be regulated properly, and 

unrestricted inflammation can lead to inflammatory disorders and cancers. The 

transcriptional induction of genes involved in inflammatory responses is controlled by 

various transcription factors, including NF-κB, STAT1, and activator protein-1 (AP-1). 

Interestingly, these pathways are altered in HD and have been suggested to contribute 

to disease progression (Trager et al., 2013). Post-mortem human HD tissue has a 

distinct profile of inflammatory mediators such as increased IL-1β and TNF-α in the 

striatum (Silvestroni et al., 2009), although the role of neuroinflammation is not clear. 

Additionally, microglial activation is observed in HD human tissue and R6/2 mice 

(Simmons et al., 2007). Studies in AD have suggested a beneficial role for 

neuroinflammation in the recruitment of macrophages in clearing intracerebral Aβ 

deposits, mobilizing astrocytes for trophic support and blood brain barrier integrity, and 
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in production of neurotrophic factors (Simard et al., 2006; Wee Yong, 2010). Of further 

relevance, following impairment of the UPS, an alternative clearance network 

associated with immunoproteasome activity may be activated. Additionally, autophagy 

can regulate inflammation through directing interactions with innate immune signaling 

pathways, by removing endogenous inflammasome agonists and through effects on the 

secretion of immune mediators (Guo et al., 2015). Moreover, autophagy contributes to 

antigen presentation and to T-cell homeostasis, and it affects T-cell repertoires and 

polarization (Arroyo et al., 2014). The proposed roles of autophagy in regulating 

inflammatory networks, bridge both the innate and adaptive immune systems and 

autophagic dysfunction associated with inflammation, infection, and neurodegeneration.  

These and another studies have implicated the innate and adaptive immune systems in 

HD. Particularly, studies have shown innate immune activation of microglia with 

expression of proinflammatory cytokines, impaired migration of macrophages, and 

deposition of complement factors in the striatum (Ellrichmann et al., 2013).  A large 

body of evidence exists for a pivotal role of neuroinflammation in the development of 

several neurodegenerative diseases including HD. Yet, the exact underlying 

inflammatory pathomechanisms and the definite impact of the innate and adaptive 

immune system in HD pathology are still not fully understood. It is unclear if changes in 

the immune system are the cause or the consequence of HD pathology. However, 

immune system activation during HD is clear given the elevated expression of cytokines 

such as IL-6 in mouse models and symptomatic as well as presymptomatic patients. 

Furthermore, activation of CNS innate immune cells in HD, such as microglia and 

astrocytes, is one of the universal components of neuroinflammation. Therefore, the 
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contribution of inflammation to neurodegeneration in HD is strongly suggested but not 

definitely demonstrated. 

Although mHTT is ubiquitously expressed, an emerging concept is how it impacts non-

neuronal tissues. An important factor that influences HD neuropathology is cell-cell 

interactions. Of particular relevance to neuroinflammation, it is known that in the brain 

over 90% of cells are glial cells that support the survival of neuronal cells (Colon-Ramos 

and Shen, 2008). Glial pathology has been found in many HD mouse models (Bradford 

et al., 2010) and in postmortem brains of HD patients (Myers et al., 1991). Glial cells 

also play a crucial role in neuronal function and cell-cell communication. Further, mHTT 

is also expressed in glial cells and affects neuronal pathology in HD (Lin et al., 2001).  

HTT inclusions, however, are much more common in neurons than in glia in HD model 

mouse brains, suggesting that glial cells have mechanisms that prevent the 

accumulation and deposition of HTT aggregates in glia (Bradford et al., 2010). At the 

same time, mHTT stimulates microglia and leads to microglia activation. Migrating 

microglia secrete proinflammatory cytokines (e.g., TNFα) and nitric oxide, both of which 

contribute to neurotoxicity. However, phagocytic microglia may also produce 

neuroprotective factors. Additionally, glial cells also protect against excitotoxicity by 

clearing excess excitatory neurotransmitters from the extracellular space (Maragakis 

and Rothstein, 2001, 2004). This protective function may be particularly relevant to the 

selective degeneration of MSNs in the striatum in HD and glia are believed to play a 

prominent role in excitotoxicity induced HD pathogenesis (Coyle and Schwarcz, 1976). 

Glia conditioned medium appeared to provide neuroprotective effects in cell models and 

an R6/1 mouse model of HD in addition to other models of neurodegenerative diseases 
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(Ruiz et al., 2012). Of relevance to this thesis, PIAS1 is involved in the negative 

regulation of several key inflammatory signaling nodes (Liu and Shuai, 2008; Shuai and 

Liu, 2005) such as NF-κB and interferon-inducible genes.  

While the primary pathology associated with HD is thought to arise from neuronal 

dysfunction and death, as previously stated, HTT expression has been found in every 

tissue studied and is also expressed in immune cells and both central and peripheral 

innate immune cells have been shown to be abnormal in HD patients (Trager et al., 

2013). Further, there is peripheral immune system dysfunction in in HD patient plasma 

in the form of changes in levels of innate immune proteins such as complement factors 

and cytokines.  Elevated cytokine and chemokine levels have been identified in HD 

patients, which correlates with disease progression and can be detected about 16 years 

before disease onset (Trager et al., 2013). A particular mechanism behind this 

dysfunction is mHTT’s interaction with the key kinase of the NF-κB pathway – IKK – 

which has been shown as one cause of increased cytokine production in primary human 

HD immune cells, by leading to increased activation of the NF-κB signaling cascade 

upon stimulation with LPS (Khoshnan and Patterson, 2011). Intracellular signaling 

pathways leading to the activation of the transcription factor NF-κB are important 

regulators of cytokine production and play a key role in inflammation and immune 

dysfunction in HD. Events such as the activation of Toll-like receptors (TLRs) leads to 

the phosphorylation and activation of IKK. This kinase phosphorylates IkB, which is then 

ubiquitinated and degraded by the proteasome, whereby it dissociates from the NF-κB 

transcription factor subunits (RelA, RelB, cRel, NFkB1, NFkB2) that it sequesters in an 

inactive state in the cytoplasm. The free NFkB molecules can then translocate into the 
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nucleus and activate gene transcription (Hayden and Ghosh, 2012). Interestingly, 

PIAS1 has been strongly implicated in transcriptional silencing of this particular 

pathway. Striatal extracts and isolated astrocytes from HD modeled R6/2 mice reveal 

that overexpression of mHTT exon 1 can stimulate the NF-κB pathway by directly 

interacting with IKKα suggesting the NF-κB pathway is implicated in HD (Hsiao et al., 

2013).  

Another immune signaling pathway shown to play a role in HD dysfunction is the 

JAK/STAT signaling pathway which plays a critical role in the communication between 

immune cells and is mainly activated through cytokine receptors. The binding of 

cytokines to their receptors leads to the activation and cross-phosphorylation of JAK 

tyrosine kinases, which are bound to the intracellular domain of the cytokine receptor. 

Activation of these kinases leads to subsequent phosphorylation of tyrosine residues in 

the intracellular domain of the receptor. STAT signaling molecules may then bind these 

phosphotyrosine residues and are subsequently phosphorylated by JAKs, allowing the 

STATs to dimerize and then translocate into the nucleus to act as transcription factors 

and induce transcription of cytokine genes. It is important to note that there are many 

different STAT family members (STAT1-6), each of which is activated by different 

receptors and different JAKs. This inevitably leads to the expression of specific sets of 

genes, depending on which STAT has been activated. For instance, STAT1 is activated 

by IFNγ, while STAT3 is activated by IL-6 and IL-10 signaling, and STAT5 is activated 

by IL-2. Both STAT3 and STAT1 are activated in monocytes stimulated by IL-6, while 

STAT5 has been linked to monocyte production of IL-6. Given that different STATs have 

different roles within these signaling cascades, understanding how these are regulated 
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by factors such as PIAS1 and affected in HD may provide critical information regarding 

pathogenesis and progression. 

 

SUMMARY 

The misfolding and aggregation of disease proteins is characteristic of numerous 

neurodegenerative diseases. Particular neuronal populations are more vulnerable to 

proteotoxicity while others are more apt to tolerate the misfolding and aggregation of 

disease proteins. Thus, the cellular environment must play a significant role in 

determining whether disease proteins are converted into toxic or benign forms. There is 

immense molecular complexity in the cellular processes which regulate this conversion 

or ‘flux’ of pathways such as inflammatory responses and protein clearance networks, 

particularly in HD. For example, interacting partners and medications can modulate the 

conformation and localization of disease proteins and thereby influence proteotoxicity. 

Thus, interplay between these protein homeostasis network components can modulate 

the self-association of disease proteins and determine whether they elicit a toxic or 

benign outcome. My dissertation work suggests that PIAS1 may act as a regulator in 

this interplay by linking protein homeostasis and neuroinflammation in HD through a 

combination of modulating accumulation of toxic HMW species of HTT and modulating 

or compensating for dysfunctional inflammatory signaling cascades between neurons 

and microglia. These effects on mHTT itself as well as PIAS1 specific effects potentially 

allow improved flux through protein clearance pathways, of which HTT itself is likely 

involved in. Given that PIAS proteins regulate several critical cellular processes such as 

transcription, immune responses, and cytokine signaling (Liu and Shuai, 2008; Rytinki 
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et al., 2009), and the likelihood that these processes play critical roles in different stages 

of disease and development, PIAS1 may serve as an “opportunistic” target. The 

fundamental properties identified in this dissertation suggest that regulating HTT’s 

function or regulating PIAS1 and other E3 SUMO ligases may be key to tipping the 

balance between normal protein homeostasis and disease processes that ultimately 

contribute to neurodegeneration in HD, concepts that may broadly impact other 

neurodegenerative diseases.  
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CHAPTER 1 

A potential function for the huntingtin protein as a scaffold for selective 

Autophagy 

SUMMARY OF CHAPTER 1 

Since the Huntington’s Disease Collaborative Research Group first identified the 

mutation responsible for HD in 1993 (Group, 1993a), investigators have sought to 

understand how this defective gene causes the drastic neurodegeneration seen in 

individuals with HD (Gil and Rego, 2008; Lee et al., 2013b; Lee and Kim, 2006). 

Expansion of CAG repeats in the HTT gene results in a misfolded protein product 

referred to as mHTT. Most of these studies have focused on the role of mHTT in the 

initiation and progression of HD, with experimental evidence suggesting that chronic 

expression and accumulation of this abnormal protein is toxic to multiple cell types in 

the brain (Zhao et al., 2016). Despite the importance of understanding how mHTT 

causes neurodegeneration, there is also a great deal of scientific interest in studying the 

function of the “normal” un-mutated version of the protein. Although loss of function 

does not appear to “cause” HD, given results from genetic mouse knockout models, 

there may be more subtle impairments that significantly contribute to disease.  

Therefore understanding normal HTT protein function may provide a better 

understanding of pathogenic mechanisms related to impairment of these normal 

functions and alternative or additional therapeutic approaches.  

This portion of my dissertation examines a potential normal function of the HTT protein 

and gives possible insights into how HTT itself may contribute to its own homeostasis. 

For many years, the normal function of HTT was “unknown”; however, there are 
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emerging activities of HTT in transcription, as a protein scaffold and more recently in 

autophagy (Martin et al., 2015). Our group, working with collaborators, has recently 

defined a novel role for HTT in selective autophagy that is required in Drosophila and 

mouse CNS. This work was based a hypothesis developed by Dr. Joan Steffan, where 

she described similarities in structure between human HTT and yeast autophagy 

proteins.  My contribution to this work was to evaluate binding activity between the C-

terminal domain of HTT and the yeast autophagy scaffold protein Atg11, suggesting that 

HTT may normally function as a scaffold for various types of selective autophagy. In this 

work, we show that mice expressing an expanded repeat form of HTT produce deficits 

in protein clearance and dysregulation of autophagy in Drosophila. Because autophagy 

is critical for clearance of cellular proteins, including mutant HTT, the impairment of 

normal HTT function by the polyQ expansion could suppress activity of the autophagy 

machinery. These results may have important implications when evaluating therapeutic 

strategies for HD.  Further, research into HTT function is valuable not only because it 

can provide a better picture of what is disrupted in the mutant version of the protein, but 

may even offer clues for developing future treatments and cures based on boosting 

normal HTT function. 

Chapter from:  

Ochaba, J., Lukacsovich, T., Csikos, G., Zheng, S., Margulis, J., Salazar, L., Mao, K., 

Lau, A.L., Yeung, S.Y., Humbert, S., Saudou, F., Klionsky, D., Finkbeiner, S., 

Zeitlin, S.O., Marsh, J.L., Housman, D.E., Thompson, L.M., and Steffan, J.S. 

(2014).  A potential novel function for the Huntingtin protein as a scaffold for 
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selective autophagy.  Proceedings of the National Academy of Sciences, USA, 

111: 16889-94.  

 

INTRODUCTION 

Although the HTT gene was described in 1993, potential normal functions of HTT have 

only recently been suggested or described (Zheng and Joinnides, 2009). Although the 

exact function of this protein is unknown, it appears to play an important role in neurons 

and is essential for normal development before birth. Identifying the normal biological 

function of the HTT protein is important in the effort to design and implement effective 

therapeutic interventions for HD, but has proved challenging.   

In the mouse, loss of HTT leads to lethality during gastrulation at embryonic day seven 

(Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). Conditional inactivation of 

HTT in mouse forebrain at postnatal or late embryonic stages causes a progressive 

neurodegenerative phenotype associated with neuronal degeneration, motor 

phenotypes and early mortality (Dragatsis et al., 2000). Loss of HTT in mouse cells 

reduces primary cilia formation, and deletion of HTT in ependymal cells leads to 

alteration of the cilia layer, suggesting a role for HTT in ciliogenesis (Keryer et al., 

2011). Mutant HTT expression and HTT knockdown have also been found to impair 

axonal trafficking of vesicles, mitochondria and autophagosomes in neurons in vitro and 

in vivo (Gauthier et al., 2004; Trushina et al., 2004; Wong and Holzbaur, 2014). A clear 

molecular mechanism to relate these findings to the function of the HTT protein, 

however, has not yet emerged.  
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In contrast to the embryonic lethality observed in the mouse, Drosophila lacking the 

endogenous Htt gene develop normally. However, adult Drosophila HTT loss-of-function 

(LOF) flies show an accelerated neurodegenerative phenotype in a Drosophila model of 

HD expressing human mutant exon 1 HTT protein (Zhang et al., 2009). Loss of HTT 

function leads to defects in mobility and ultimately survival as the adult flies age, and to 

a mitotic spindle misorientation which is also observed in the conditional mouse 

neuronal HTT knockout. Drosophila HTT expression in mouse cells treated with mouse 

HTT si-RNA can compensate for the loss of mouse HTT demonstrating functional 

conservation of the mitotic spindle and axonal transport roles of HTT from these widely 

divergent species (Godin et al., 2010; Zala et al., 2013). In zebrafish, depletion of HTT 

produces symptoms of cellular iron deficiency, demonstrating a requirement for HTT in 

cellular iron utilization (Lumsden et al., 2007) while knockout of HTT in Dictyostelium 

discoideum demonstrates it is needed for survival when nutrients are limiting (Myre et 

al., 2011). 

In contrast to the sequence conservation among vertebrate and invertebrate HTT 

proteins, finding clear homologs of metazoan HTT in yeast has proved challenging. 

Bioinformatic studies suggest that the HTT protein shares a sequence relationship with 

three different components of the yeast autophagy system, Atg11, Atg23 and Vac8 

(Steffan, 2010), leading us to propose that HTT carries out cellular functions analogous 

to those carried out by these yeast proteins. To test this hypothesis, we conducted 

functional studies showing that Drosophila and mouse knockouts for HTT have impaired 

autophagic processes.  Molecular association studies utilizing co-immunoprecipitation 

reveal that HTT has high affinity for mammalian components of the autophagy system 
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that are known to interact with the relevant yeast autophagy proteins. These 

observations support the hypothesis that a normal function of the HTT protein is in the 

execution of autophagy pathways and that ablation of HTT function leads to defects in 

autophagy which may be important to consider in evaluating therapeutic options in HD. 

 

RESULTS 

HTT LOF in Drosophila inhibits autophagy  

Given the similarities in amino acid sequence between human HTT and yeast Atg11, 

Atg23 and Vac8 (Steffan, 2010), we asked whether normal Drosophila HTT plays a role 

in autophagy by assessing the ability of HTT LOF flies to mount a stress-activated 

autophagic response. Feeding larvae were immersed in 20% sucrose for 3 hours to 

induce a starvation response. Autophagy was monitored with both LysoTracker Red 

and by immunostaining with anti-p62/SQSTM1, a receptor protein for selective 

autophagy that is called Ref(2)P in Drosophila (Nezis et al., 2008). In normal larvae, this 

starvation regimen induces the rapid appearance of many acidic LysoTracker Red 

positive vesicles (Figure 1.1A). In HTT LOF larvae, the appearance of acidic vesicles 

(primary lysosomes and autolysosomes) induced by starvation stress is dramatically 

suppressed. Consistent with a disruption of autophagy, accumulation of Ref(2)P 

increased markedly in the fat bodies of HTT LOF larvae (Figure 1.1B).  The data from 

Figure.1.1A,B was quantitated and found to be highly significant (p<0.01).  These 

observations indicate that HTT-deficient Drosophila are unable to mount a stress-

induced autophagic response. This phenotype is similar to that reported for LOF 

mutants of Drosophila RB1CC1/FIP200 and Atg7, proteins that are also essential for 
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autophagy (Juhasz et al., 2007; Kim et al., 2013; Nagy et al., 2014). In addition, we 

observe a climbing deficit in HTT LOF larvae, a behavioral defect typical of impaired 

autophagy.  Late in the 3rd larval stage (L3) a hormone signal prompts the initiation of a 

wandering behavior when larvae leave the food and climb the walls of the vial searching 

for an appropriate place to pupariate.  HTT LOF larvae wander to pupriation sites 

significantly lower (approximately half) than controls (Figure 1.1C).  This behavior is 

similar to the motor deficit reported for RB1CC1/FIP200 and Atg7 LOF mutants (Juhasz 

et al., 2007; Kim et al., 2013). These data demonstrate that loss of HTT in Drosophila 

results in an almost complete loss of starvation-induced autophagy. 

Conditional knockout of HTT in the mouse CNS supports a role for HTT in 

autophagy   

Because complete loss of function of HTT in the mouse causes early embryonic 

lethality, we utilized the conditional inactivation of HTT in mouse forebrain to assess the 

impact of HTT LOF. HTT LOF at early postnatal or late embryonic stages causes a 

progressive neurodegenerative phenotype and early mortality (Dragatsis et al., 2000), 

reminiscent of the phenotypes caused by loss of autophagy proteins such as Atg5, Atg7 

and RB1CC1/FIP200 in the CNS of mice. These conditional knockouts cause abnormal 

accumulation of ubiquitinated protein aggregates accompanied by increased apoptosis 

and neurodegeneration (Hara et al., 2006; Komatsu et al., 2006; Liang et al., 2010). We 

analyzed HTT conditional knockout mice (Httflox/-;nestin-cre-tg) for similar biochemical 

correlates and observed statistically significant increases in p62 in the pellet fraction 

from dissected striata by 6 months of age compared to controls (Figure 1.1D). This 

dysregulation is progressive as by 14 months, accumulation of p62 in these fractions is 
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even more pronounced (Figure 1.2A). Dysregulation of autophagy is also suggested by 

a pronounced accumulation of lipofuscin and ubiquitin in thalamus from 7 month old 

conditional knockout mice (Figure 1.2B), a brain region that shows relatively early 

lipofuscin accumulation in aging rodents and for which dysfunction is implicated in HD 

(Kassubek et al., 2005; Nakano et al., 1995).  Lipofuscin and ubiquitin accumulation is 

similarly pronounced in striata from CAG140 HD mice (Zheng et al., 2010; Zheng et al., 

2012). Although most Htt-/- mutants die before 15 months of age because of 

hydrocephalus, in one surviving 2-year-old mutant mouse with milder hydrocephalus, 

ubiquitin and p62 puncta and lipofuscin accumulation were also prevalent in the 

striatum, similar to what we observed in 2 year old 140Q/+ mouse striatum (Figure 

1.2C). Taken together, these data are consistent with HTT playing a necessary 

essential role in autophagy that is impaired upon HTT knockout or mutation.   

The C-terminal domain of HTT is similar to yeast Atg11  

The in vivo data above support the hypothesis that HTT normally functions as a 

component of the autophagy system. Sequence analysis of HTT orthologs from 

mammals and invertebrates suggest that several regions of the HTT protein share 

similarity with Saccharomyces cerevisiae autophagic proteins (Figures 1.3A,1.4-1.6) 

(Steffan, 2010). The amino-terminal (N-terminal) domain of mammalian HTTs (human 

HTT amino acids [aa] 1-586) is similar to yeast Atg23 (Figure 1.4) the central region of 

HTT (aa 745-1710) is similar to yeast Vac8 (Figure 1.5), while the carboxy-terminal (C-

terminal) region of HTT (aa 1815-3144) is similar to yeast Atg11 (Figure 1.6).  This 

suggests the hypothesis that HTT is a protein in which the functionality of these three 

yeast proteins is combined into a single large polypeptide chain.  
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To evaluate whether the C-terminal region of HTT was functionally related to Atg11 in 

yeast, we asked whether it would co-immunoprecipitate with human orthologs of known 

yeast Atg11-interacting proteins. In yeast, the Atg1/ULK1 kinase complex is a key 

regulator of autophagic activation and inhibition and is comprised of several Atg proteins 

including Atg1, Atg11, Atg13 and Vac8 (Mao et al., 2013; Yorimitsu and Klionsky, 2005). 

In mammalian cells this complex includes ULK1, RB1CC1/FIP200 and Atg13 (Figure 

1.3A).  To test for interaction with members of this complex, a minimal fragment of the 

C-terminal domain of HTT (aa 2416-3144) that contains the Atg11 CC3- and CC4-like 

domains involved in interactions with autophagy proteins (Aoki et al., 2011; Yorimitsu 

and Klionsky, 2005), was fused in frame to an N-terminal Venus tag (Figure 1.3B). 

When epitope-tagged and overexpressed in HEK293T cells, we found that these three 

mammalian proteins co-immunoprecipitate with the C-terminal HTT fragment. In 

addition, this fragment also co-purified with autophagic receptor protein p62/SQSTM1, 

an ortholog of yeast Atg19 that is known to interact with Atg11 (Kraft et al., 2010; Mao et 

al., 2013) (Figure 1.3C).   

The mammalian homolog of Atg6, BECN1/Beclin-1 is part of the phosphatidylinositol 3-

kinase complex required for induction of autophagy and is phosphorylated and activated 

by ULK1 (Russell et al., 2013). As Atg6 has a genetic interaction with Vac8 (Hoppins et 

al., 2011), we investigated the potential interaction between BECN1 and HTT, since the 

central domain of HTT resembles Vac8 (Figure 1.5) (Steffan, 2010). BECN1 co-

immunoprecipitated with full-length wild type (WT; 23Q) and mutant (100Q) HTT in cells 

(Figure 1.3D). These data are consistent with HTT functioning like Atg11 and Vac8 in 

metazoans. 
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The N- and C-terminal domains of HTT interact 

In yeast, Atg23 and Atg11 work together to regulate autophagosome formation and 

Atg9 trafficking (Steffan, 2010).  In HTT, the N-terminal domain resembles the yeast 

Atg23 protein (Figure 1.4), while the C-terminal domain is similar to Atg11 (Figure 1.6).  

If these structural similarities are functionally relevant, one would predict that the N- and 

C-terminal domains of HTT might interact with each other. Consistent with this 

hypothesis, the N-terminal 586 amino acid-HTT fragment co-immunoprecipitates with 

the C-terminal region tested above (2416-3144) and expansion of the polyQ repeat did 

not affect the interaction (Figure 1.3E). The HTT fragment encoded by 90 amino acid 

exon 1 was not sufficient for this interaction, suggesting that HTT residues within the 91-

586 amino acid domain are required.  

 

 

HTT may play a role in mitophagy 

In yeast, selective autophagic clearance of mitochondria, mitophagy, requires an 

interaction between Atg11 and the protein Atg32, a receptor protein anchored to the 

outer mitochondrial membrane (Suzuki, 2013). The mammalian counterparts of Atg32 

are the integral membrane receptors BNIP3 and BNIP3L/NIX (Hanna et al., 2012; 

Parzych and Klionsky, 2014). Immunoprecipitation of MYC-tagged BNIP3 or 

BNIP3L/NIX after co-tranfection with Venus-tagged HTT (2416-3144) followed by 

Western blotting (Figure 3C) resulted in robust staining with anti-Venus antibody but not 

with anti-actin, demonstrating that the C-terminal HTT (2416-3144) interacts with the 

mammalian counterparts of yeast Atg32 that bind Atg11 during mitophagy. 
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BNIP3 and BNIP3L/NIX were both originally isolated as proteins that, when 

overexpressed in cultured mammalian cells (e.g. MCF-7, HeLa and Rat fibroblasts), 

cause apoptotic cell death, suggesting that destabilizing mitophagic balance may have 

severe consequences for the cell (Zhang and Ney, 2009). Furthermore, overexpression 

of Atg11 from a multi-copy plasmid in yeast results in cell death (Geng et al., 2008). 

Consistent with a disruption in cellular homeostasis, transiently transfecting C-terminal 

HTT fragments into rat primary cortical neurons (Figure 1.7) caused cell death, both 

when expressing either the minimal CC3 and CC4-like region (aa 2416-3144) or a 

longer fragment that comprises the full Atg11-like protein (aa 1651-3144).   

HTT and Atg11 have WXXL domains 

Atg8-family proteins are evolutionarily conserved proteins that are components of the 

core autophagic machinery and play a crucial role in the formation of autophagosomes. 

Yeast Atg8 is highly similar to the mammalian Atg8 family, which is comprised of at 

least three MAP1 light chain 3 proteins (LC3A, LC3B, LC3C), and four gamma-

aminobutyrate receptor-associated protein (GABARAP) and GABARAP-like proteins 

(GABARAPL1/Atg8L/GEC-1, GABARAPL2/Gate-16 and GABARAPL3) (Kalvari et al., 

2014). Atg8s are ubiquitin-like modifiers that become conjugated to 

phosphatidylethanolamine by a process similar to ubiquitination.  Lipidated Atg8s 

localize to phagophores (autophagosome precursors) and autophagosomes and are 

involved in the recruitment of the selective cargo to the forming autophagosome.  Atg11 

has recently been shown to directly interact with Atg8 (Li et al., 2014).  To examine 

whether the C-terminal domain of HTT interacts with the Atg8-family of proteins in cells, 
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the two different C-terminal HTT fragments were tested in co-immunoprecipitation 

experiments with mammalian Atg8 homologs LC3B and GABARAPL1. 

Proteins that dock onto Atg8s have a “WXXL” interaction surface with a consensus 

sequence W/F/Y-X-X-L/I/V/F. In mammals, this domain is also be referred to as a “LIR” 

for LC3-interacting region (Farre et al., 2013; Kalvari et al., 2014) and is found in many 

proteins including p62, OPTN/optineurin and BNIP3L/NIX, which are also Atg8 family-

interacting proteins (Figure 1.8A). The C-terminal domains of both Atg11 and HTT 

contain a highly conserved region (Figure 1.6, 1.8B) with a consensus LIR, coinciding 

with tryptophan (W) 3037 in human HTT. Using a web resource for prediction of Atg8-

family interacting proteins, iLIR (Kalvari et al., 2014), we find that human full-length HTT 

has 9 such xLIR motifs (LIR motifs containing flanking residues common to other Atg8 

family-interacting proteins) including the phylogenetically conserved motif at W3037 

which has the highest position-specific scoring matrix (PSSM) score (Figure 1.8C, 1.9). 

An additional 45 WXXL motifs were also identified within full-length HTT (Figure 1.10), 

again similar to yeast Atg11, which has 4 xLIRs and 23 WXXL domains predicted by the 

iLIR web resource (Figure 1.11).  

The p62 and OPTN proteins each contain only one predicted xLIR, and mutation of the 

p62 xLIR at W338A or the OPTN xLIR at F178A blocks their interaction with LC3 (Noda 

et al., 2008; Wild et al., 2011). We found that Venus-HTT (2416-3144) and Venus-

HTT(1651-3144) specifically co-immunoprecipitated with both MYC-LC3B and MYC-

GABARAPL1.  To test whether the interaction of HTT with either GABARAPL1 or LC3B 

was dependent on the presence of the conserved W3037 motif, a W to A mutation was 

introduced (W3037A) into both C-terminal HTT polypeptides. This mutation did not 
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affect the interaction with the longer construct (Figure 1.8D), but significantly reduced 

the interaction of GABARAPL1 with the shorter amino acid 2416-3144 HTT fragment 

(Figure 1.12). The interaction with LC3B was not affected by the presence of the 

W3037A mutation. These data suggest that the higher number of combined xLIRS and 

WXXL domains within the longer HTT fragment (26 vs. 11) may compensate for the 

mutation, but that this highly conserved motif at HTT W3037 is likely a functional LIR, as 

evidenced by reduced binding to GABARAPL1. The domain of mammalian Atg8s that 

interacts directly with WXXL domains, as shown by crystal structure, is negatively 

charged for GABARAPL1 but positively charged for LC3B (Noda et al., 2008).  

Therefore it is possible that the positively charged HTT residue R3035 adjacent to the 

WXXL at W3037 may directly interact with GABARAPL1 E7 and D8 negatively-charged 

residues, but not with LC3B R10 and R11 positively-charged residues.  There may 

therefore be a structural basis for the loss of GABARAPL1 interaction with HTT 

W3037A; this will be evaluated in future studies.   

DISCUSSION  

Autophagy is an evolutionarily-conserved lysosomal degradation pathway. Here we 

show that the HTT protein in Drosophila and mice is essential for normal selective 

autophagy and we propose that the HTT proteins of metazoans encapsulate the 

function of autophagy proteins Atg11, Atg23 and Vac8 in yeast.  Specifically, the protein 

Atg11 is known to regulate selective autophagy and act as a scaffold/adaptor protein 

that brings the autophagic core machinery into contact with targets for degradation. 

Vac8 is part of the Atg1 complex and plays a role in nucleophagy in the formation of 

nucleus/vacuole junctions, while Atg23 and Atg11 work together to regulate 
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autophagosome formation and Atg9 trafficking in yeast (Steffan, 2010).  We find that the 

C-terminal domain of HTT, similar in structure to yeast Atg11, can interact with the 

Atg1/ULK1 kinase complex, receptor proteins and the Atg8 family of proteins, 

suggesting that HTT may have activity as a scaffold for selective forms of 

macroautophagy and microautophagy, in essence functioning as a mammalian Atg11.   

The loss of HTT function in a number of different organisms and tissue types has led to 

a plethora of phenotypic consequences (Zuccato et al., 2010). The possibility that HTT 

plays a role as an autophagic scaffold has the potential to unite a diverse set of 

observations regarding HTT function and has relevance to therapeutic interventions in 

HD. In Figure 1.13, we outline a range of cellular processes which have been shown to 

involve selective autophagy and to require the specific functional components we 

suggest are attributable to HTT; many of these have been reported to be disrupted in 

HTT knockouts. For example, in zebrafish loss of HTT function is associated with a 

defect in iron metabolism which at present is mechanistically unclear. A defect in 

selective autophagic clearance of the iron-binding protein ferritin (ferritinophagy) with 

loss of HTT function in HD patients and mice may therefore reflect an impairment in 

ferritinophagy (Lumsden et al., 2007; Mancias et al., 2014; Simmons et al., 2007). Both 

mutant HTT expression and HTT knockdown are found to impair axonal trafficking of 

vesicles, mitochondria and autophagosomes in neurons in vitro and in vivo (Gauthier et 

al., 2004; Trushina et al., 2004; Wong and Holzbaur, 2014; Zala et al., 2013), consistent 

with a loss of Atg11/Atg23-like membrane trafficking.  

Autophagy proteins can regulate cell cycle progression, mitosis and selective midbody 

ring autophagic clearance (Dotiwala et al., 2013; Maskey et al., 2013; Pohl and Jentsch, 
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2009), therefore HTT activity at the mitotic spindle may reflect its function as part of the 

autophagic machinery. We also find that HTT knockout in the mouse CNS causes 

accumulation of p62- and ubiquitin-containing aggregates, which may reflect a loss of 

aggrephagy, the selective autophagic disposal of protein oligomers and aggregates 

(Lamark and Johansen, 2012). Atg11 is a scaffold protein required for selective 

targeting of oligomers to the yeast vacuole in the Cvt pathway. Two Atg11-interacting 

proteins required for the Cvt pathway, Atg20 and Atg24, are similar in amino acid 

sequence to HTT-interacting proteins OPTN and HAP1 respectively (Steffan, 2010), 

further supporting the similarity in aggrephagy function between HTT and Atg11.   

Loss of HTT function in mouse cells reduces cilia formation, and ciliogenesis is altered 

in HD.  The association of HTT with OPTN directly links it to the RAB8 protein, 

important for ciliogenesis (Hattula and Peranen, 2000; Keryer et al., 2011; Nachury et 

al., 2007; Wild et al., 2011). These data support a role for HTT in ciliogenesis/ciliophagy 

(Wrighton, 2013). A loss of WT HTT function may similarly cause dysregulation of RNA-

mediated gene silencing as HTT associates with Argonaute and P bodies/stress 

granules, both shown to be cleared by selective autophagy/granulophagy (Buchan et 

al., 2013; Gibbings et al., 2012; Savas et al., 2008).  These associations suggest that 

many of the phenotypic consequences caused by loss of HTT function can be 

understood in terms of disrupted selective autophagy. 

HD is a progressive neurodegenerative disease associated with protein accumulation 

and dysfunction and a growing number of studies suggest that fundamental defects in 

autophagy may underlie pathogenesis of this disease. In HD, autophagosomes form 

normally and are eliminated by lysosomes, but fail to efficiently trap cytosolic cargo in 
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their lumen. The number of lipid droplets increases in HD cells, paralleling their reduced 

association with autophagosomes which may reflect a loss of selective autophagic 

degradation of fats and lipids, lipophagy. Indeed, the accumulation of lipofuscin, which 

represents reduced lipid degradation and is a hallmark of aging and neurodegeneration, 

is observed in postmortem HD brain (Cortes and La Spada, 2014; Martinez-Vicente et 

al., 2010). Relevant to the proposal that HTT is a critical component of the autophagy 

machinery, when autophagy core proteins are reduced through knockdown (Dragatsis 

et al., 2000; Trushina et al., 2004), neurodegeneration is observed that is similar to that 

observed in HD models containing an expanded polyglutamine repeat within HTT. In 

Drosophila, HTT LOF animals are viable with no obvious developmental defects, 

however, removing endogenous Drosophila HTT leads to accelerated 

neurodegeneration in flies challenged with expanded human HTT exon 1 (Q93) and to 

loss of autophagy in starvation-stressed larvae (Figure 1.1). The loss of stress-induced 

autophagy can account for the accelerated degeneration when challenged with mutant 

HTT, consistent with a role for wild type HTT in autophagy in flies. 

Inactivation of HTT in mouse brain results in progressive neurodegeneration and in an 

accumulation of aggregates (Figure 1.1D) (Dragatsis et al., 2000). Conditional neuronal 

knockdown of autophagy core proteins Atg5 and Atg7 has previously been shown to 

cause neurodegeneration with corresponding accumulation of aggregates (Hara et al., 

2006; Komatsu et al., 2006). Knockdown of the ULK1 kinase complex protein 

RB1CC1/FIP200, a protein with sequence similar to yeast Atg11 (Li et al., 2014) and the 

C-terminal domain of HTT, causes cerebellar neurodegeneration and aggregate 

accumulation (Liang et al., 2010), while knockdown of HTT results in striatal cell loss 
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(Ross and Tabrizi, 2011), although at a much slower rate of progression possibly due to 

redundancy in Atg11-like protein function. Thus, differential expression and use of 

mammalian Atg11-like proteins in brain may contribute to the selective neuronal cell 

death observed in neurodegenerative diseases. BECN1 can regulate autophagic 

clearance of full-length and fragmented mutant HTT in cell culture and co-localizes with 

mutant HTT in inclusions in transgenic R6/2 HD mouse brain (Shibata et al., 2006) 

raising the possibility that sequestration of BECN1 in mutant HTT aggregates can 

contribute to disease by disrupting autophagy. Here we find that BECN1 associates with 

full-length WT and mutant HTT.  Together, these findings have significance for 

therapeutics that involve reduction of normal HTT function if HTT is indeed a critical 

scaffold protein involved in selective autophagy. 

The central domain of HTT shares similarity with Vac8 (Figure 1.5), a protein that 

functions together with Atg11 in yeast nucleophagy, suggesting that the central and C-

terminal domains of HTT may play a role in mammalian nucleophagy (Steffan, 2010). 

Impairment of nucleophagic transcription factor clearance caused by a loss in WT HTT 

function may contribute to HD pathogenesis, as transcriptional dysregulation has been 

demonstrated in HD and autophagic clearance of transcription factors has been recently 

shown to be progressively dysregulated with aging and neurodegeneration (Lu et al., 

2014; Zuccato et al., 2010).  In addition, we observe that the C-terminal domain of HTT 

co-immunoprecipitates with mitophagy receptor proteins p62, BNIP3 and BNIP3L/NIX. 

A loss of mitophagic function may contribute to the known abnormalities in 

mitochondrial function and bioenergetics that occur in HD (Rosenstock et al., 2010). 
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We find that the HTT N-terminal Atg23-like domain interacts with its Atg11-like C-

terminal domain. We postulate that posttranslational modifications within the N-terminal 

domain of HTT which regulate WT and mutant HTT abundance and mutant HTT-

mediated toxicity may serve as potential modulators of this intramolecular interaction 

and hence regulation of autophagy. These modifications include phosphorylation of 

serines 13, 16, and 421 and acetylation of lysines 9 and 444 (Steffan, 2010; Thompson 

et al., 2009). Phosphorylation of HTT serines 13 and 16 may change the conformation 

of a flexible hinge in the N-terminal domain of HTT to reduce the ability of HTT to fold 

back on itself (Caron et al., 2013), thereby potentially allowing the autophagy activity of 

the Atg11 C-terminal domain to be activated.  Indeed, mimicking this modification 

reduces mutant HTT-mediated toxicity in vivo (Gu et al., 2009), consistent with a central 

role for this phosphorylation event.  

We propose here that HTT may function as a scaffold for selective autophagy, based on 

structural similarities with Atg11, Atg23 and Vac8, interactions with Atg11 partners, the 

presence of a motif that can regulate at least one of these interactions, and findings that 

loss of HTT function recapitulates phenotypes in common with loss of core autophagy 

proteins. A loss of neuronal selective autophagy with age may contribute to the 

accumulation of protein aggregates, disruption of mitochondrial function and 

inflammation that are hallmarks of HD and other polyQ diseases, as well as diseases 

such as Alzheimer’s and Parkinson’s diseases, FTD and ALS. Given that autophagy 

has been implicated in many of these diseases, targeting HTT itself may provide an 

attractive therapeutic target for intervention in these disorders, suggesting that these 

findings may have broad relevance.  
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EXPERIMENTAL PROCEDURES 

Cell culture and transfection, Immunoprecipitation and Western blot 

ST14A and HEK293T cells were cultured, lysed and sonicated. For 

immunoprecipitation, 500µg of HEK293T cell lysate was incubated with anti-HA, anti-

MYC or anti-Living Colors antibody and Dynabeads (Invitrogen) and incubated on a 

rotator overnight at 4°C. Immunoprecipitates were washed three times and analyzed by 

Western blot and statistics as described in below.  

Nestin-cre conditional Htt knockout mouse 

For conditional knockout of Htt expression in neuronal progenitors, we used a nestin-cre 

transgenic line. Httflox/-;nestin-cre-tg mice were obtained from crosses between Htt+/-; 

nestin-cre-tg males and Httflox/flox females. Brains were frozen and subjected to analysis 

as described below.  p62/SQSTM1 was detected by Western analysis in the striatal 

insoluble pellet fraction and quantitated as previously described (Zheng et al., 2010). 

Drosophila HTT LOF experiments 

Autophagy was analyzed in HTT LOF Drosophila larvae (Zhang et al., 2009) as 

described in below. Briefly, early third instar larvae synchronized at 88 hours after egg 

laying (AEL) were starved through flotation in sucrose for 3 hours at room temperature. 

Fat bodies were dissected and processed with LysoTracker Red or fixed and subjected 

to immunohistochemistry with anti-p62/Ref(2)p. Climbing behavior was analyzed by 

averaging the distance from the food surface of the 5 highest pupae in each of 10 vials. 

Plasmids 

pARIS-httpcDNA3.2-N[His-mCherry]Q23-C[HA-TC] (pARIS-mCherry-httQ23), pARIS-

httpcDNA3.2-N[His-mCherry]Q100-C[HA-TC] (pARIS-mCherry-httQ100), pcDNA25QP-
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H4 exon 1, pcDNA97QP-H4 exon 1, pcDNA25Q-586aa and pcDNA137Q-586aa are 

previously described(O'Rourke et al., 2013; Pardo et al., 2010; Thompson et al., 2009). 

The following plasmids were obtained from Origene: myc-DDK-GABARAPL1 DNA 

(RC206762), myc-DDK-BNIP3L (NIX) DNA (RC203315), myc-DDK-MAP1LC3B DNA 

(RC207356). HA-ULK1, myc-mAtg13, myc-FIP200 and myc-p62 have been 

published(Jung et al., 2009; Wooten et al., 2008).    W3037A mutants were made in the 

full length HTT gene in pARIS by site directed in vitro mutagenesis.  Venus-HTT(2416-

3144) and Venus-(1651-3144) were generated fusing Venus in the vector pGW1 in 

frame with the C-terminal 728 aa of HTT using the pARIS SpeI site, and with the C-

terminal 1493aa of HTT using the pARIS SalI site. We inserted a short synthetic 

oligonucleotide into the BglII-EcoRI site of pGW1 just downstream of the Venus coding 

sequence:5'GATCTGTCGACATTCTAGATATAGAATTCTGA3' 

3'ACAGCTGTAAGATCTATATCTTAAGACTTTAA5'.  These oligonucleotides provided 

the SalI and the XbaI (that has a complementary 5’ overhang with SpeI) restriction sites 

in frame with the Venus coding sequence for the insertion of HTT gene fragments and 

also added a stop codon to terminate the fusion proteins at the 3' end of the HTT gene. 

We inserted both the SalI-EcoRI and the SpeI-EcoRI fragments of pARIS-HTT plasmids 

into pGW1. Using this technique we generated 4 constructs: Venus-HTT(2416-3144) wt, 

Venus-HTT(2416-3144) W3037A, Venus-HTT(1651-3144) wt, and Venus-HTT(1651-

3144) W3037A.  

Antibodies 

The following antibodies were used:  Anti-HTT-5492 (Millipore); Anti-HA11 Clone 16B12 

monoclonal (Covance); Anti-MYC 9E10 (Millipore); Anti-actin A2066 (Sigma-
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Aldrich)  Anti-β-actin (MP Biomedicals), Anti-alpha-Tubulin (Sigma-Aldrich), Anti-

p62/SQSTM1 (American Research Products, Inc.), Anti-Living Colors® (to detect EGFP 

and Venus) 632592 polyclonal or 632381 monoclonal (Clontech), anti-rabbit-FITC and 

anti-guinea pig-Cy3 (Jackson Immunologicals). Primary antibodies used for mouse 

immunohistochemistry were: p62/SQSTM1 (American Research Products, Inc.) and 

ubiquitin (Novus). Anti-Ref(2)P was kindly provided by Dr. Gabor Juhasz. (Eötvös 

Loránd University; Budapest, Hungary). 

Cell culture and transfection 

ST14A and HEK293T cells were cultured  at 33°C and 37°C, respectively at 5% CO2 in 

Dulbeco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine 

serum. Both cell lines were transfected using Lipofectamine 2000 reagent (Invitrogen). 

293T cells were harvested for Western analysis 48 h after transfection.  For 

fluorescence analysis, 293T cells were plated on poly-L-Lysine coated cover slips and 

transfected.  48h later, 293T cells were fixed in 4% paraformaldehyde, permeabilized 

with 0.2% Triton X-100 in PBS, and nuclei were stained with 4′,6-diamidino-2-

phenylindole. For St14A live cell fluorescence experiments, cells were seeded in 35mm 

glass bottom culture dishes (MatTek). Mitochondrial staining was performed with 50 nM 

MitoTracker Red (Molecular Probes) for 20 min at 33°C 24 hours after transfection and 

nuclear staining with Hoechst (10g/ ml) was done simultaneously.  Fluorescent 

microscopy was performed using Zeiss AxioObserver.Z1 microscope and images were 

captured with Axiovision 4.7 software.    

Immunoprecipitation 
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293T cells were lysed in buffer containing: 20 mM Tris-HCl, pH 7.5, 10% glycerol, 137 

mM NaCl, 0.5 mM EDTA, 1% NP-40, supplemented with 20 mM N-ethylmaleimide, 1 

mM PMSF, phosphatase inhibitors 2 and 3 (Sigma-Aldrich), complete mini protease 

inhibitor pellet (Roche), 10 ng/ml aprotenin, 10 ng/ml leupeptin, 5 mM nicotinamide and 

5 mM butyrate. Briefly, transfected cells were harvested, lysed, and sonicated on ice.  

500g of lysate was incubated with lysis buffer (- 10% glycerol) + phosphatase 

inhibitors 2 & 3 and added to Dynabeads (Invitrogen) coupled to anti-HA, anti-myc, or 

anti-living colors antibodies and incubated on a rotator overnight at 4°C. 

Immunoprecipitates were washed three times and analyzed by Western blot. 

Western blot 

Equal amounts of protein were subjected to SDS-PAGE on 4-12% bis-tris or 3-8% tris-

acetate mini gels (Invitrogen) and transferred onto 0.45m nitrocellulose membranes 

(Bio-Rad). Membranes were incubated with Starting Block – TBS blocking buffer 

(Thermo Scientific) for 1 hour, then with primary antibodies overnight.  Blots were  

washed three times with TBS-0.1% Tween-20 for 8 min and incubated with secondary 

IgG-HRP antibodies for 45 minutes, washed three more times and detected with 

SuperSignal West Pico Chemiluminescent Substrate or SuperSignal West Dura 

Extended Duration Substrate (Thermo Scientific) according to the instructions of the 

supplier. Membranes were exposed to BioMax XAR (Kodak) films and developed. The 

signal intensities were analyzed and quantitated using ScionImage. Experiments were 

performed in triplicate or greater with representative images shown.  

Statistical Analysis 
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All statistical analyses were performed using GraphPad Prism 5.04 software. All data 

are expressed as mean ± SE of measure. p < 0.05 was considered to be statistically 

significant in all cases. Statistical comparisons of results were performed by performing 

one-way ANOVA analysis followed by Bonferroni’s multiple comparison tests.   

Primary cortical neuron survival assay 

Cell culture and transfection: Cortical neurons were dissected from embryonic day 20-

21 rat pups and cultured at 0.6x106 cells/ml for 4 days in vitro, as described (Saudou et 

al., 1998). For survival analyses, cells were plated at a density of 0.1x106 cells per well 

of a 96-well plate. Euthanasia for these experiments was entirely consistent with the 

recommendations of the Guidelines on Euthanasia of the American Veterinary Medical 

Association. Transfection of primary neurons was accomplished using Lipofectamine 

2000 (Invitrogen). All transfections involved 0.02-0.7 µg DNA (total) and 0.5 µl 

Lipofectamine 2000 per well. Cells were incubated with Lipofectamine/DNA complexes 

for 60 min at 37°C before rinsing. The remainder of the transfection protocol was per the 

manufacturer’s suggestions, resulting in an overall transfection efficiency of < 1%.  

Longitudinal fluorescence microscopy: Experiments involving neuronal survival analysis 

utilized an automated microscopy platform described previously (Arrasate et al., 2004; 

Barmada et al., 2010). Briefly, images were obtained at 24 h intervals with an inverted 

microscope (Nikon Ti-E) equipped with the PerfectFocus system, a high-numerical 

aperture 20x objective lens and a 16-bit Andor 888 back-thinned EMCCD digital camera 

with a cooled charge-coupled device. Illumination was provided by a Lambda XL lamp 

(Sutter) with a liquid light guide. The MS-2500 XY stage (Applied Scientific) was 

controlled by rotary encoders in all three planes of movement. All components were 
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encased in a custom-designed, climate-controlled environmental chamber (In vivo 

Scientific). The illumination, filter wheels, focusing, stage movements, and image 

acquisitions were fully automated and coordinated with a mix of proprietary 

(GreenButtonGo + scheduler + Liconic Incubator) and publicly available (ImageJ, 

µManager) software. 

Image analysis  

Relevant data were extracted from the raw, digital images in a sequential process using 

an original script developed in Accelrys® PipelinePilot (San Diego, CA). Briefly, the 

median background fluorescence from a portion of all images was calculated and 

subtracted from individual image. The images were then assembled into montages 

representing each well at each time point. The montages were sequenced and aligned 

automatically, and neuron cell bodies segmented based on intensity and morphology. 

Among the variables recorded for each neuron were the fluorescence intensity and the 

time of death, marked by the loss of cellular fluorescence, rounding or dissolution of the 

cell body. Statistical analyses and the generation of cumulative hazard plots were 

accomplished using custom-designed algorithms and the survival package within R, 

while bar graphs were created using Prism.(Arrasate et al., 2004; Barmada et al., 2010; 

Saudou et al., 1998) 

Survival analysis 

For longitudinal survival analysis, the survival time of a neuron was defined as the time 

point at which a cell was last seen alive. Survival functions were fitted to Kaplan-Meier 

curves and used to derive cumulative hazard (or risk-of-death) curves that describe the 

instantaneous risk-of-death for individual neurons in the cohort being tracked. We used 
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Cox proportional hazards regression analysis (Cox analysis) to generate hazard ratios 

that quantified the relative risk-of-death between cohorts of neurons expressing different 

constructs. Hazard ratios and their respective p values were generated using the coxph 

function in the survival package for R statistical software. The date of the experiment 

was included as a stratification variable and expression of each construct at the first 

time point was included as a covariate. All Cox models were analyzed for violations of 

proportional hazards using the cox.zph function in R. 

Nestin-cre conditional Htt knockout mouse 

For conditional knockout of Htt expression in neuronal progenitors, we used a nestin-cre 

transgenic line (Tronche et al., 1999). Httflox/-;nestin-cre-tg mice were obtained from 

crosses between Htt+/-; nestin-cre-tg males and Httflox/flox females. Cre-mediated 

recombination begins ~E9.5, and HTT expression is eliminated in neuronal progenitors 

and their differentiated progeny (neurons and glia). Brains from Httflox/-;nestin-cre-tg and 

Httflox/+;nestin-cre-tg controls were rapidly frozen in isopentane chilled on dry ice, and 

then 14 m fresh frozen sections through the striatum were obtained using a cryostat 

(Bright Instrument Co.). Sections were washed briefly in PBS, fixed for 10 min in 4% 

paraformaldehyde for 10 min, followed by a rinse in PBS and then a second fixation 

step in 100% methanol for 15 min on ice. Sections were then washed again in PBS 

before blocking with 5% donkey serum, 0.1% Triton X100 in PBS for 1 h at RT, and 

then incubated o/n at 4˚C with primary antibody diluted in 5% donkey serum, 0.1% 

Triton X100 in PBS. Primary antibodies used were: p62/SQSTM1 (1:100 guinea pig 

polyclonal from American Research Products, Inc.) and ubiquitin (1:100 rabbit 

polyclonal from Novus). Following the primary antibody incubation, sections were 
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washed in PBS three times and incubated with secondary antibodies (anti-rabbit-FITC 

and anti-guinea pig-Cy3, Jackson Immunologicals), together with the fluorescent DNA 

stain To-Pro-3 iodide (1:10,000, Invitrogen) for 1 h at RT. Lipofuscin autofluorescence 

was suppressed by washing with PBS, and then incubating sections sequentially in 75% 

ethanol for 5 min, lipofuscin eliminator reagent (Millipore) for 5 min, and 5 min in 75% 

ethanol. Sections were then mounted with Vectashield (Vector Laboratory, and 

examined using either an Olympus BX51 microscope equipped with a MagnaFire CCD 

camera or a Nikon C1-confocal microscope. p62/SQSTM1 was detected by Western 

analysis in the striatal pellet fraction and quantitated as previously described (Zheng et 

al., 2010). 

Lipofuscin imaging   

Lipofuscin analysis was performed using 14 µm fresh frozen brain sections. Sections 

were fixed for 15 min on ice in 100% methanol, washed in PBS, and then incubated with 

To-Pro-3 iodide (1:10,000 dilution in PBS) for 1h at RT. Sections were then washed in 

PBS and mounted using Vectashield. Lipofuscin autofluorescence was imaged in the 

green and red channels (lipofuscin has a broad emission spectrum from 500 nm to 650 

nm).  

Drosophila HTT loss-of-function experiments 

Drosophila stocks: Stocks were maintained on a standard cornmeal/sugar/agar medium 

at 25°C and 50% humidity on a 12h light/12h dark cycle. To obtain a large amount of 

synchronized larvae, first the well-fed adults were transferred into new vials and allowed 

to lay their eggs for one hour. After this pre-laying period, the flies were transferred 
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again into new vials for egg laying for 3h. This second collection contained fertilized 

eggs which gave larvae with relatively synchronized stages with regard to development. 

Starvation treatments: Early third instar larvae synchronized at 88 hours after egg laying 

(AEL) were floated in 20% sucrose for 3h at room temperature (RT)(Neufeld, 2008). 

LysoTracker Red staining: Treated (starved) and non-treated larvae were dissected in 

100 μl PBS (phosphate-buffered saline) and stained in 100 μM LTR (Invitrogen, L7528) 

diluted in PBS for 3 min. After washing the tissues were mounted in 50% glycerol/PBS 

completed with 1 μg/μl DAPI (4’,6 diamidino- 2-phenylindole, Sigma, D9542).  

p62 immunostaining 

A polyclonal affinity-purified p62/Ref(2)P antibody (raised in rabbit) was used in this 

experiment (kindly provided by Gabor Juhasz). Fat bodies from synchronous 88h AEL 

starved third instar larvae were dissected and fixed with 3.6% formaldehyde in PBS for 

60 min at RT. Samples were washed 2 x 5min in PBS then were incubated for 20 min in 

PBS + 0.1% Triton X-100. Following 3 x 5 min wash with PBS, nonspecific binding sites 

were blocked by incubation with 3% milk powder dissolved in PBS for 1h. Incubations 

with primary and secondary antibodies were performed overnight at 4°C and for 1h at 

RT respectively in the blocking buffer diluted 1.1 with PBS. Primary antibodies were 

used at a dilution of 1:2000. Anti-rabbit-Alexa488 (Invitrogen) secondary antibody was 

used at a dilution of 1:1400. 

Microscopy 

Images were obtained on a fluorescent microscope (Carl Zeiss,  Axioimager 2.1) 

equipped with a grid confocal unit (Carl Zeiss,  Apotome) using Plan-NeoFluar 40× 0.75 
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NA air objective (Carl Zeiss), Axiocam Mrm camera (Carl Zeiss) and Axiovision software 

(Carl Zeiss). 

Climbing assay  

Just after onset of pupariation the distance between the surface of food and the middle 

point of five puparium located furthest from the food were measured.  The average was 

considered as the representative highest distance for that given culture. Ten vials of 

control and Htt loss-of-function lines were measured and the average values were 

presented in mm on the diagram. Both synchronous and non-synchronous Drosophila 

cultures were kept under similar conditions.   
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Figure 1.1. Loss of HTT function in Drosophila larvae or conditional knockout of HTT in the mouse 
CNS inhibits autophagy. (A) Loss of Drosophila HTT function results in an inhibition of autophagy in 
starved larvae as shown by significant reduction in numbers of acidic vesicles monitored by LysoTracker 
Red in fat body cells. (Scale bars, 30 μm.) (B) Drosophila p62/SQSTM1, Ref(2)P, significantly 
accumulates in the cytoplasm of fat body cells with HTT LOF in starved larvae. (Scale bars, 30 μm.) (C) 
Just before pupariation, the locomotion of the HTT LOF larvae exhibit a statistically significant climbing 
deficit. (D) Httflox/−;nestin-cre-tg CNS conditional Htt knockout mice significantly accumulate p62/SQSTM1 
in the striatal insoluble fraction with aging. n = 3 for each genotype. 
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Figure 1.2. p62, lipofuscin and ubiquitin accumulate in Htt knockout mouse brain. (A) 
Httflox/−;nestin-cre-tg CNS conditional Htt knockout mice (Htt−/−) significantly accumulate p62/SQSTM1 
in the striatal insoluble fraction with aging, as shown by Western blot. (B) Lipofuscin and ubiquitin 
accumulate in Httflox/−;nestin-cre-tg CNS conditional Htt knockout mouse thalamus at 7 mo. Confocal 
images of the thalamus of Httflox/+;nestin-cre (Htt+/− controls) and Httflox/−;nestin-cre (Htt−/−) 
conditional knockout mice. Increased lipofuscin autofluorescence in the green and red channels (yellow) 
and ubiquitin puncta (red) are evident in the mutant thalamus. (Scale bar, 159.13 μm.) (C) Two-year old 
Httflox/−;nestin-cre-tg CNS conditional Htt knockout mice and heterozygous CAG140 HD knockin mice 
accumulate lipofuscin and neuropil protein aggregates that can contain ubiquitin or p62/SQSTM1 in the 
striatum. (Scale bar, 25 μm). 
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Figure 1.3. HTT copurifies with proteins required for regulation of autophagy. (A) HTT shares 
similarity with yeast proteins Atg23, Vac8, and Atg11; its C-terminal Atg11-like domain may interact with 
mammalian homologs of yeast Atg11-binding proteins. A flexible hinge within the N-terminal domain of 
HTT may be modulated by HTT phosphorylation by IKK, AKT, and CDK5, activating the C-terminal Atg11-
like domain of HTT to function in selective autophagy. (B) HTT constructs used in this study: Venus-
HTT(2146–3144) (red) and Venus-HTT(1651–3144) (green). (C) Components of the Atg1 kinase complex 
and receptor proteins p62, BNIP3, and BNIP3L/NIX coimmunoprecipitate with HTT(2416–3144). 
HEK293T cells were cotransfected with Venus-HTT(2416–3144) and plasmids expressing HA-ULK1, 
MYC-RB1CC1/FIP200, MYC-ATG13, MYC-p62, MYC-BNIP3, and MYC-BNIP3L/NIX. Cell lysates were 
subjected to immunoprecipitation with (+) and without (−) antibodies against HA and MYC. (D) BECN-1 
co-immunoprecipitation with full length HTT. HEK293T cells were cotransfected with pARIS-HTT (23Q or 
100Q) and BECN1-GFP. Cell lysates were subjected to immunoprecipitation using antibodies against 
GFP. (E) 25QP and 97QP N-terminal HTT exon 1 fragments do not coimmunoprecipitate with Venus-
HTT(2416–3144), but 586 amino acid HTT fragments do copurify. HEK293T cells were cotransfected with 
Venus-HTT(2416–3144) and with exon1 and 586 HTT fragment constructs. Cell lysates were subjected to 
immunoprecipitation using antibodies against Venus. 
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Figure 1.4. Alignment of the N-terminal domain of HTTs with yeast Atg23s. The alignment was done 
using EMBL-EBI MUltiple Sequence Comparison by Log-Expectation (MUSCLE, 
www.ebi.ac.uk/Tools/msa/muscle) (1, 2) and Jalview Java Alignment Editor (3, 4). 
1. Edgar RC (2004) MUSCLE: A multiple sequence alignment method with reduced time and space 

complexity. BMC Bioinformatics 5:113. 
2. Edgar RC (2004) MUSCLE: Multiple sequence alignment with high accuracy and high throughput. 

Nucleic Acids Res 32(5):1792–1797. 
3. Clamp M, Cuff J, Searle SM, Barton GJ (2004) The Jalview Java alignment editor. Bioinformatics 

20(3):426–427. 
4. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009) Jalview Version 2—A multiple 

sequence alignment editor and analysis workbench. Bioinformatics 25(9):1189–1191. 



 

56 

 

 



 

57 

 

Figure 1.5. Alignment of the central domain of HTTs with yeast Vac8s. The alignment was done 
using EMBL-EBI MUltiple Sequence Comparison by Log-Expectation (MUSCLE, 
www.ebi.ac.uk/Tools/msa/muscle) (1, 2) and Jalview Java Alignment Editor (3, 4). 
1. Edgar RC (2004) MUSCLE: A multiple sequence alignment method with reduced time and space 

complexity. BMC Bioinformatics 5:113. 
2. Edgar RC (2004) MUSCLE: Multiple sequence alignment with high accuracy and high throughput. 

Nucleic Acids Res 32(5):1792–1797. 
3. Clamp M, Cuff J, Searle SM, Barton GJ (2004) The Jalview Java alignment editor. Bioinformatics 

20(3):426–427. 
4. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009) Jalview Version 2—A multiple 

sequence alignment editor and analysis workbench. Bioinformatics 25(9):1189–1191. 
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Figure 1.6. Alignment of the C-terminal domain of HTTs with yeast Atg11s. The alignment was done 
using EMBL-EBI MUltiple Sequence Comparison by Log-Expectation (MUSCLE, 
www.ebi.ac.uk/Tools/msa/muscle) (1, 2) and Jalview Java Alignment Editor (3, 4). 
1. Edgar RC (2004) MUSCLE: A multiple sequence alignment method with reduced time and space 

complexity. BMC Bioinformatics 5:113. 
2. Edgar RC (2004) MUSCLE: Multiple sequence alignment with high accuracy and high throughput. 

Nucleic Acids Res 32(5):1792–1797. 
3. Clamp M, Cuff J, Searle SM, Barton GJ (2004) The Jalview Java alignment editor. Bioinformatics 

20(3):426–427. 
4. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009) Jalview Version 2—A multiple 

sequence alignment editor and analysis workbench. Bioinformatics 25(9):1189–1191. 
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Figure 1.7. The C-terminal domain of HTT is toxic in primary cortical neurons. Venus-HTT(1651–
3144) and Venus-HTT(2416–3144) expression reduces survival of rat primary cortical neurons. Kaplan–
Meier plots are shown for survival analysis performed on primary rat cortical neurons. The table shows 
the results of a Cox proportional hazards analysis performed to compare survival across groups 
expressing different Venus constructs. Initial expression level of each construct was included as a 
covariate to account for differences in expression level between Venus constructs. CI, Confidence 
interval; HR, hazard ratio; n, number of neurons. 
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Figure 1.8. HTT contains a conserved WXXL domain at W3037. (A) Published WXXL domains shown 
to interact with the Atg8 family of proteins. (B) WXXL domain conserved between HTT and Atg11 families, 
aligned with W3037 of human HTT. (C) xLIRs defined in human HTT using iLIR web resource(1). (D) 
Venus-HTT(1651-3144) fusion protein coimmunoprecipitates with mammalian Atg8s. HEK293T cells were 
cotransfected with Venus-HTT(1651–3144) and MYC-LC3B or MYCGABARAPL1. Cell lysates were 
subjected to immunoprecipitation (using anti-MYC). The resulting precipitates were examined by 
immunoblot analysis with the indicated antibodies. W3037A mutation does not reduce binding of the 
longer HTT C terminal fragment, Venus-HTT(1651–3144) to MYC-GABARAPL1 or MYC-LC3B. 

1. Kalvari I, et al. (2014) iLIR: A web resource for prediction of Atg8-family interacting proteins. 
Autophagy 10(5):913–925. 
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Figure 1.9. xLIRs in human Huntingtin. 
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Figure 1.10. WXXLs in human Huntingtin. 
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Figure 1.11. xLIRs and WXXL domains in Saccharomyces cerevisiae Atg11. PSSM, position-specific 
scoring matrix. 
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Figure 1.12. The C-terminal domain of HTT interacts with GABARAPL1 and LC3B. Venus-
HTT(2416–3144) coimmunoprecipitates with mammalian Atg8s. HEK293T cells were cotransfected with 
Venus-HTT(2416–3144) and MYC-LC3B or MYC-GABARAPL1. Cell lysates were subjected to 
immunoprecipitation (IP) using anti-MYC. The resulting precipitates were examined by immunoblot 
analysis with the indicated antibodies. W3037A mutation significantly reduces the coimmunoprecipitation 
of Venus-HTT(2416–3144) with MYC-GABARAPL1 but not with MYC-LC3B. 
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Figure 1.13. Theoretical model of HTT as a scaffold protein required for selective autophagy. 
Functioning as a mammalian Atg11, HTT interacts with receptor proteins (e.g., p62, BNIP3, BNIP3L/NIX) 
and with ATG8s (e.g., LC3B, GABARAPL1) to enable various forms of selective autophagy. 
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CHAPTER 2 

SUMO-2 and PIAS1 modulate insoluble mutant huntingtin protein accumulation 

SUMMARY OF CHAPTER 2 

A key feature in HD is the accumulation of the mHTT protein, which may be regulated 

by posttranslational modifications. Of specific relevance to this dissertation, 

SUMOylation appears to contribute to HD pathology.  In 2004, our group  showed that 

HTT could be SUMO modified and that that SUMOylation decreased aggregation of 

soluble toxic mHTT, masks a signal for HTT to stay in the cytoplasm (nuclear retention 

signal), and promotes the dysregulation of gene transcription in the nucleus of the cell.  

As the next step, our lab defined the primary sites of SUMO modification in the amino-

terminal domain of HTT, showed modification downstream of this domain, and 

demonstrated that HTT is modified by the stress-inducible SUMO-2.  Prior to my joining 

the lab, a systematic study of E3 SUMO ligases was performed and demonstrated that 

PIAS1 is an E3 SUMO ligase for both HTT SUMO-1 and SUMO-2 modification and that 

reduction of dPIAS in a mutant HTT Drosophila model is protective.  Further, the 

accumulation of SUMO-2-modified proteins in the insoluble fraction of HD postmortem 

striata implicated SUMO-2 modification in the age-related pathogenic accumulation of 

mutant HTT and other cellular proteins that occurs during HD progression (Figure 2.1). 

My contribution to this published work helped reveal that SUMO-2 modification 

regulates accumulation of insoluble HTT in HeLa cells in a manner that mimics 

proteasome inhibition and can be modulated by overexpression and acute knockdown 

of PIAS1. This work for the first time suggested that targeting the SUMOylation network 
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involving HTT could result in a significant alteration of disease networks, particularly in 

the accumulation and proteostasis of mHTT. 

Chapter from:  

O’Rourke, JG, Gareau, JR, Ochaba, J, Song, W, Rasko, T, Reverter, D, Lee, J, Mas  

Monteys, A, Pallos, J, Mee, L, Vashishtha, M, Apostol, BL, Nicholson, TP, Illes, K, Zhu,  

Y-Z, Dasso, M, Bates, GP, Difiglia, M, Davidson, D, Wanker, EE, Marsh, JL, Lima, C,  

Steffan, JS, Thompson, LM (2013).  SUMO-2 and PIAS1 Modulate Insoluble Mutant  

Huntingtin Protein Accumulation.  Cell Reports 4, 1–14. 

 

INTRODUCTION  

Huntington’s disease (HD) is caused by the expansion of a CAG repeat within the HD 

gene and the corresponding polyglutamine track within the Huntingtin (HTT) protein 

(Group, 1993a). Symptoms include movement abnormalities, psychiatric symptoms and 

cognitive deficits with accompanying degeneration of medium spiny neurons in striatum 

and loss of cortical volume (Ross and Tabrizi, 2011).  Post-translational modifications 

modulate protein function and HTT is subject to multiple such functionally relevant 

modifications including SUMOylation, ubiquitination, acetylation, palmitoylation, and 

phosphorylation (for review, (Ehrnhoefer et al., 2011; Pennuto et al., 2009). We 

previously demonstrated that a fragment of mutant HTT is modified by SUMO-1 and 

genetic reduction of SUMO in Drosophila expressing mutant HTT exon 1 is protective 

(Steffan et al., 2004).  SUMO-1 modification of mutant HTT in cells was also associated 

with increased toxicity and decreased aggregation by the striatal enriched small guanine 

nucleotide-binding protein Rhes (Subramaniam et al., 2009). SUMO modification is also 
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implicated in Alzheimer’s disease (AD), Parkinson’s disease (PD), and Amyotrophic 

Lateral Sclerosis (ALS), as well as other CAG repeat diseases (SBMA, DRPLA, SCA1, 

and SCA7) (for review, (La Spada and Taylor, 2010; Wilkinson et al., 2010)). Although 

this modification is linked to pathogenesis, the precise mechanisms involved have not 

yet been elucidated.      

     SUMO modification is the covalent attachment of SUMO (Small Ubiquitin-like 

MOdifier) to specific lysine residues within a target protein and regulates key processes 

involved in normal cellular function, including subcellular localization, protein stability, 

transcriptional regulation and interaction properties of SUMO-modified proteins with 

their cellular targets (Cubenas-Potts and Matunis, 2013; Gareau and Lima, 2010).  

While highly transient, the effects of this modification are long lasting  (Johnson, 2004).  

Four different forms, SUMO-1-4, exist in mammals. SUMO-2 and SUMO-3 are nearly 

identical (97% identity) and often referred to as one protein (SUMO-2/3) (Gareau and 

Lima, 2010; Johnson, 2004) and SUMO-4 is found only in a precursor form (Bohren et 

al., 2004). The SUMOylation pathway involves a cascade of enzymes, similar to 

ubiquitination, with a single E1-activating enzyme (SAE1/UBA2), a single E2-

conjugating enzyme (UBC9), multiple E3-ligating enzymes (PIAS, PC2, MMS21, and 

RanBP2), which provide substrate specificity, and multiple proteases (SENPs) that both 

cleave the SUMO moiety from target proteins and process SUMO itself (Figure 1A). 

Given that SUMOylation is implicated in HD and other neurodegenerative diseases, 

identification of the E3s responsible for HTT modification may provide insight into 

mechanisms underlying HD and provide novel therapeutic targets.   
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Here we systematically evaluated the enzymatic machinery involved in HTT SUMO 

modification and report for the first time that HTT is modified by SUMO-2 and that 

PIAS1 functions as a HTT SUMO E3 ligase.  This modification may serve more than 

one function since longer HTT polypeptides, both wild-type and mutant, are SUMO 

modified downstream of exon 1.  SUMO-2 overexpression causes mutant HTT to 

accumulate in cells.  In HD postmortem striatum, SUMO-2 modified proteins accumulate 

in the insoluble fraction, suggesting this modification is relevant in vivo to HD. Further 

validating the potential in vivo relevance for SUMO modification pathways in HD, 

genetic reduction of dPIAS in Drosophila expressing expanded repeat HTT is 

neuroprotective.   Taken together, these results provide a rationale for targeting SUMO-

2 and PIAS1 as novel therapeutic targets for HD.    

 

RESULTS 

HTTex1p Lys 6 and Lys 9 are the primary sites of SUMO modification 

We previously showed that truncated HTT (Httex1p) is SUMO-1 modified in cells and 

that Lys 6 (K6) and Lys 9 (K9) may represent primary sites for modification based on 

the absence of SUMO modification upon mutagenesis of target lysines (Steffan et al., 

2004). From these studies it was not clear which lysines are preferentially SUMO 

modified.  Based on SUMO prediction software, the lysines in HTTex1p (Figure 2.2A) 

do not fall within a classic SUMO consensus sequence, but rather are low probability 

SUMO sites or not predicted (Figure 2.6A). However, classic SUMO consensus 

sequences are neither necessary nor sufficient for determining SUMO modification of a 

protein.  To directly determine which of the three N-terminal lysines (K6, K9, or K15) are 
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preferentially SUMO modified, HTTex1p and lysine mutants, mutated singly and in 

combination, were purified and analyzed using an in vitro SUMO modification system 

followed by mass spectrometry analysis. SUMO-1 (T05R) was used based on ease of 

detection of mono-SUMO modification and to minimize the confounding effect of 

aggregation, unexpanded HTTex1p (25Q) constructs were used. When K6 and K9 were 

mutated singly to arginine (K6R, K9R), SUMO modification is reduced compared to 

wild-type, but when K6 and K9 (K6,9R) are mutated together SUMO modification is 

greatly reduced, similar to the three lysine mutant (Figure 1B) suggesting that K6 and 

K9 are the major target sites.  Mass spectrometry analysis confirmed that K6 and K9 

are indeed the primary sites of SUMO modification (Data not shown). 

HTTex1p is subject to other post-translational modifications such as ubiquitination and 

phosphorylation (Ehrnhoefer et al., 2011; Zheng and Diamond, 2012).  Since 

phosphorylation a) modulates SUMO modification of cellular proteins, b) mimicking 

phosphorylation of serines S13 and S16 in expanded repeat HTTex1p (97QP) regulates 

SUMO-1 modification in cells (Thompson et al., 2009) and c) this modification is 

relevant in vivo (Gu et al., 2009), we evaluated SUMO modification of wild-type 

HTTex1p (25Q) in the context of a HTT phosphomimic S13,16D in vitro.  SUMO 

modification of the phosphomimetic HTT (25Q)  SUMO modification was equal to or 

more rapid than for WT HTT control (Figure 2.2B); mass spectrometry analysis revealed 

that SUMO modification of the S13,16D phosphomimic is restricted to K6 (Data not 

shown). These results suggest that both in vitro and in cells, other post-translational 

modifications, including phosphorylation, may influence SUMO modification of HTT.   

PIAS and SUMO modification proteins are highly expressed in mouse brain  
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Since SUMO E3 ligases provide specificity in targeting proteins where a modified  lysine 

does not fall within a consensus site (Gareau and Lima, 2010), such as HTT, identifying 

the E3 ligase(s) that promote HTT SUMOylation may be key to identifying therapeutic 

targets that regulate this modification. Based on the fact that PIASy was identified as a 

HTT-interacting protein in a yeast two-hybrid screen (Goehler et al., 2004), we 

evaluated whether PIAS proteins could function as HTT E3 ligases. In humans, the 

PIAS family consists of 4 members, PIAS1, PIASx (xα and xβ), PIAS3 and PIASy.  

Originally identified as Protein Inhibitors of Activated STAT (PIAS) (Shuai and Liu, 

2005), the PIAS proteins are involved in regulation of transcription, immune responses, 

cytokine signaling, and E3 ligase activity (Liu and Shuai, 2008; Rytinki et al., 2009).  As 

E3 ligases, they enhance SUMOylation of a number of different proteins and multiple 

PIAS proteins can sometimes act as E3 ligases for the same substrate (Schmidt and 

Muller, 2002).   

To first establish that SUMO modification enzymes are present in brain regions relevant 

to HD, expression of SUMO related proteins was quantified in mouse striatum and 

cortex using qRT-PCR.  SUMO-1, SUMO-2, PIAS and SENP mRNAs are all expressed 

in wild-type cortex and striatum.  Within each region, PIASx is most highly expressed, 

followed by PIAS1, with PIAS3 and PIASy having similar expression profiles (Figure 

2.3A). This suggests that any PIAS could potentially serve as a HTT E3 SUMO ligase 

based its expression in vivo. The SENP proteins are also expressed in brain with 

SENP6 most highly expressed followed by SENP2 and SENP3, and finally SENP1 

(Figure 2.3A).  SUMO-1 and SUMO-2 are expressed in mouse brain at relatively high 
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levels. These data demonstrate that the SUMO machinery is present in relevant brain 

regions.     

To determine if these SUMO related genes show expanded repeat HTT-dependent 

alterations in expression patterns, each was quantified in wild-type and R6/2 mouse 

cortex and striatum at 4, 8 and 12 weeks.  R6/2 mice express a truncated HTT fragment 

( exon 1 with ~150Qs) and shows very rapid HD-like disease progression with onset by 

approximately 6 weeks, highly penetrant phenotypes at 8 weeks and end-stage disease 

by 12 weeks (Mangiarini et al., 1996a). At 4 weeks and 8 weeks, some dysregulation 

begins to occur (Figure 2.4A, B), and by 12 weeks there are statistically significant 

increases of SENP1, SENP3, and SUMO-1 in R6/2 cortex and of SENP1, SENP6, 

PIAS3, SUMO-1 and SUMO-2 in R6/2 striatum (Figures 2.3B, C), suggesting that in 

vivo SUMO modifying pathways may be perturbed in HD.  The increases in SUMO-1 

and SUMO-2 specifically in striatum, the region of greatest vulnerability to 

neurodegeneration, were particularly noteworthy. A similar pattern of increased SUMO-

2 in R6/2 striatum but not cortex was also observed at the protein level (Figure 2.3D,E), 

suggesting a SUMO-2 selective response in striatum.  RNA was also isolated from 

dissected brain regions of BACHD mice (Gray et al., 2008) that express full length 

human HTT as a BAC transgene with 97Qs and shows progressive disease over a 

longer time course.  SUMO-1 and -2 expression were similarly increased in BACHD 

striatal samples at 14 months (Figure 2.4C), a time when disease phenotypes are 

evident, and SUMO-2 is increased in N171 mouse striatum at 12 weeks compared to 6 

weeks (Jia et al., 2012).  The progressive nature of these changes, with the most robust 

observed at late disease stages, is consistent with the concept of early changes in 
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protein homeostasis systems (Schipper-Krom et al., 2012) with later profound disruption 

of the SUMO network at the gene expression and protein level.  Taken together, the 

most consistent changes in HD fragment and full length HTT mouse models is 

upregulation of SUMO, suggesting that this pathway may be dysregulated in vivo. 

HTTex1p is modified by both SUMO-1 and SUMO-2  

Modification by SUMO-2 is unique in its capacity to be induced by cellular stress (Saitoh 

and Hinchey, 2000).  Based on our previous data that the stress-inducible kinase IKK 

can activate phosphorylation of HTT S13 and S16 and increase polySUMOylation of 

97QP HTTex1p (Thompson et al., 2009), and given that oxidative stress and other 

cellular stressors are implicated in HD (Browne and Beal, 2006), we investigated 

whether SUMO-2 can modify HTT. A cell-based SUMOylation assay was optimized to 

visualize and quantify SUMO modification (Figure 2.5A), which for endogenous proteins 

is a highly dynamic process and only low levels of modification are typically observed 

for an individual protein at any given time (Johnson, 2004).  Expanded repeat HTTex1p 

(46QP) with a C-terminal epitope tag (46QP-H4) was co-transfected with SUMO-1 

(GFP-SUMO-1) or SUMO-2 (GFP-SUMO-2) and then purified under denaturing 

conditions using magnetic nickel beads (Ni-NTA). SUMO-1 and SUMO-2 can both 

modify HTTex1p and when the lysines (K6, K9, and K15) are mutated to arginine (3R), 

SUMO modification cannot be detected (Figure 2.6A).  An unusual laddering below 

control HTT in the presence of SUMO-2, but not in the presence of lysine mutants, is 

observed for this construct, however, the laddering is not detected by anti-GFP and its 

significance is not clear.   

PIAS1 is a candidate SUMO E3 ligase for HTT   
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Each of the PIAS proteins were evaluated for their ability to enhance SUMO 

modification of HTT and the ratio of SUMO modified HTT versus purified HTT was 

quantified using a Western blot imaging system (Odyssey Imager, LI-COR).  Since the 

PIAS proteins are regulators of transcription, like SUMO, and can act as co-activators 

and co-repressors in addition to their E3 ligase activity (Rytinki et al., 2009), 1/10 myc-

actin under a CMV-based promoter was co-transfected to account for transcriptional 

effects ((Thompson et al., 2009) and Figure 2.5A). To control for differences in protein 

loading due to denaturing conditions precluding protein assays, each membrane was 

stained with a reversible protein stain (MEMCode).  Finally, to control for differential 

HTT expression, 10% of each sample was trichloracetic acid (TCA) precipitated and 

subjected to Western analysis.  To demonstrate that the modified form of HTT does 

indeed represent SUMO modified HTT, SUMO-1 was co-expressed in its mature, 

processed form (SUMO-1-GG) together with each of the SUMO isopeptidases SENP 

(SENP1, SENP2, SENP3, SENP5, and SENP6) to show elimination by isopeptidases.  

SENP1, SENP2, and SENP6 each catalyzed removal of SUMO-1 from HTT while 

SENP3 and SENP5 had no effect (Figure 2.6B), providing validation that the shift in 

protein mobility represents SUMO modified HTT and suggesting selectivity of 

isopeptidase action.   

To evaluate each PIAS protein for the ability to enhance HTT SUMO modification, 

46QP-H4 was co-expressed with SUMO-1 (GFP-SUMO-1) and each of the PIAS 

proteins (PIAS1, PIASxα, PIASxβ, PIAS3, and PIASy).  HTT is readily modified by 

SUMO-1 (Steffan et al., 2004) and (Figure 2.6A) at saturating levels of SUMO-1.  In 

order to detect enhancement of SUMO-1 modification, a titration was performed to 
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determine the SUMO-1 concentration at which modification of HTT was barely 

detectable (Figure 2.6C) and the addition of a relevant E3 ligase could increase HTT 

SUMO modification (Stankovic-Valentin et al., 2007). PIAS1 repeatedly enhanced 

SUMO-1 modification of HTTex1p (Figure 2.7A, representative figure), as did Rhes as 

previously reported (Figure 2.6B).   

We next investigated whether SUMO-2 modification of HTT is also sensitive to the 

addition of an E3 ligase.  Because this modification is more difficult to visualize under 

basal conditions, limiting SUMO-2 levels was not necessary. SUMO-2 was co-

transfected with individual PIAS cDNAs and PIAS1 was also most effective at 

enhancing SUMO-2 modification of HTT (Figure 2.7B, representative figure).  In this 

assay, Rhes did not enhance the formation of a SUMO2-HTT species (Supplemental 

Figure 3C).  

Consistent with its role as an E3 SUMO ligase and the underlying rationale that direct 

interactions between E3 ligases and targets can promote SUMO modification, PIAS1 

was evaluated for its ability to bind to HTT fragments in vitro.  Using GST pull-down 

assays with HTT exon 1 encoding polypeptides, both normal range (20QP) and 

expanded repeat HTTex1p(51QP) interact strongly with PIAS1 (7.75% and 7% 

respectively) (Figure 2.7C).  As controls, protein lacking the protein-interacting proline 

rich domain of Htt (20Q and 51Q) or expressing the proline rich region alone showed 

greatly reduced interactions.  These results suggest that a direct interaction between 

PIAS1 and HTTex1p may facilitate SUMO modification.   

Longer HTT fragments are SUMOylated 
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A potentially critical and initiating cleavage event occurs at a caspase-6 cleavage site of 

HTT (Graham et al., 2006), creating a polypeptide of 586 amino acids (HTT 586 aa). 

Using bioinformatics tools (SUMOplot, Abgent), 5 additional lysines downstream of 

HTTex1p are predicted to be SUMO modification sites of high (2 lysines) or lower (3 

lysines) probability (Figure 2.8A). Of interest, further analysis of the 586 aa fragment 

(Tatham et al., 2008) reveals up to 13 potential overlapping SUMO-interacting motifs 

(SIMs) within this region depending upon consensus sequence designation (Figure 

2.8A). SIMs are non-covalent SUMO interacting motifs that may enhance SUMOylation 

of the SIM-containing proteins themselves (Blomster et al., 2010). Therefore, the SUMO 

and SIM motifs in HTT may work together to regulate HTT SUMOylation. 

To determine if longer HTT fragments are SUMOylated independently of the lysines 

within the first 17 amino acids, HTT 586 aa containing either an unexpanded (25Q-

586aa) or expanded polyQ repeat (137Q-586aa) was co-expressed with SUMO-1 

(Figure 2.8B), as this modification should be detected under basal conditions. As a 

control, HTT 586 aa constructs with K6,9,15R mutations that diminish SUMO 

modification within the 1st 17 aas were tested.  Immunoprecipitated HTTex1p (46QP-

H4) is monoSUMOylated by SUMO-1 (Figure 2.8B), but the 3R mutant form is not 

modified as expected.  However, other lysines downstream of this amino terminal 

domain can also be SUMOylated as SUMO-1 modification is observed even in the 

presence of the K6,9,15R mutation in either its expanded or unexpanded forms.  

PIAS1 increases SUMO-2 modification of HTT 586aa 

SUMO-2 modification of HTT 586 aa is not detected in the absence of external stimuli 

(Figure 2.8E), therefore longer HTT fragments were evaluated for SUMO-2 modification 
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in the presence of an E3-SUMO ligase. Potential interactions between longer HTT 

fragments and E3 SUMO ligases were first investigated using a large scale yeast two 

hybrid screen.  Here the 586 aa fragment of HTT was used as bait and PIAS1 emerged 

as the single E3 SUMO ligase interaction partner (Figure 2.8C), supporting its relevance 

even for longer HTT polypeptides. Previously identified interactors were also tested in 

this system and confirmed, including HIP2 and GIT2 (Goehler et al., 2004). To further 

validate this interaction in vitro, co-immunoprecipitation of HTT from cell lysates 

transfected with HTT (25Q-586) and PIAS1 with or without co-transfected SUMO-1 was 

tested.  PIAS1 binds both transfected HTT (586aa) and full length endogenous HTT 

based on PIAS1 detection even in the absence of exogenous HTT 586 overexpression 

(Figure 2.8D).  SUMO-2 modification of longer HTT polypeptides was therefore tested in 

the presence of PIAS1. Based on in vitro results (Figure 2.2B) and because SUMO-2 is 

stress inducible similar to the signal transduction cascades that modulate HTT 

phosphorylation, S13, 16D  phosphomimic polypeptides were also tested.  Expanded 

repeat HTT 586 aa fragments are SUMO-2 modified in the presence of PIAS1 and that 

this modification is enhanced by mimicking phosphorylation (S13, 16D-586aa) for both 

expanded and unexpanded HTT 586 aa (Figure 2.8E,F).   

SUMO-2 promotes accumulation of insoluble mutant HTT 

Emerging data suggests that SUMOylation may influence aggregation and 

accumulation of aggregation-prone neurodegenerative disease proteins (Kim et al., 

2011; Tatham et al., 2011). To address the functional consequences of SUMO 

modification of mutant HTT on disease, the involvement of SUMO-1 and SUMO-2 

modification on the formation of insoluble HTT species was evaluated in HeLa cells, 
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where SUMO modification systems are highly active. Our previous studies evaluated 

visible inclusion formation and levels of soluble mutant HTT and showed that fusion of 

SUMO to the HTTex1p N-terminus promoted stabilization of HTTex1p (Steffan et al., 

2004). However, we and others have since identified the HTTex1p N-terminus as an 

important mediator of aggregation, localization and protein stability (Atwal and Truant, 

2008; Rockabrand et al., 2007; Sivanandam et al., 2011; Thompson et al., 2009; Zheng 

et al., 2013), which may have been masked by the presence of the SUMO moiety.  

SUMO-1 also decreased mutant HTT aggregation in the presence of Rhes and 

increased toxicity in cells (Subramaniam et al., 2009). In each case, only SUMO-1 was 

evaluated.    

For HD, the process of aggregation and specific aggregation intermediates are likely to 

be critical to pathogenesis. Using a centrifugation protocol published for α-synuclein 

(Kim et al., 2011), lysates were separated into detergent-soluble and detergent-

insoluble fractions. The detergent-soluble fraction contains monomeric HTT, which 

includes overexpressed mutant HTTex1p (97Q) and endogenous full length HTT 

(indicated by arrows, Figure 2.9A, soluble fraction). In contrast, the detergent-insoluble 

fraction contains only high molecular weight (HMW) HTT in the samples containing 

97Q-HTTex1p (Figure 2.9A, insoluble fraction), which are likely multimers or potentially 

oligomers of soluble HTT.  

MG132 is a proteasomal inhibitor that causes the accumulation of mutant HTT in cells 

(Lee and Goldberg, 1998). To investigate the relationship between proteasomal 

degradation and SUMO modification and to analyze levels of soluble and insoluble HTT 

species in the presence of SUMO-1 and SUMO-2, HeLa cells were transiently 
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transfected with 97Q-HTTex1p and treated with MG132 (5µM). Treatment with MG132 

causes a robust increase in high molecular weight (HMW) mutant HTT in the insoluble 

fraction (Figure 2.9A), with accumulation of ubiquitin-modified cellular proteins (data not 

shown). In contrast, soluble, monomeric HTT levels are maintained or slightly 

decreased (Figure 2.9A), supporting the concept that impairment of proteasomal 

function increases levels of aggregating HTT.  Immunoprecipation was performed to 

increase HTT detection. Addition of SUMO-1 had little to no additional effect on soluble 

HTT or insoluble HMW HTT levels (Figure 2.9B and 2.9C). However, the addition of 

SUMO-2 caused an increase in insoluble HTT (Figure 2.9B and 2.9C) that was 

comparable to proteasome inhibition. This effect is not augmented by combined SUMO-

2 expression and proteasome inhibition, suggesting that SUMO-2 modulates 

accumulation and aggregation of mutant HTT in a manner that mimics proteasome 

inhibition. This regulation of insoluble HTT levels by SUMO-2 is dose-dependent.  When 

cells were treated with increasing amounts of SUMO-2, verified by increasing levels of 

mono-SUMO-2 by western analysis (Figure 2.9D, boxed in panel 1), increasing levels of 

high molecular weight (HMW) HTT were observed, while monomeric levels showed a 

corresponding decrease in the insoluble fraction, potentially reflecting insoluble 

monomeric HTT levels.  

Since SUMO-2 modulates HMW HTT species and SUMO-2 modification of HTT 

appears to require the presence of a SUMO E3 ligase, we tested whether PIAS1 alone 

can modulate mutant HTT accumulation.  When PIAS1 was overexpressed in the 

presence of expanded repeat HTT with 97Qs, the detergent-insoluble HTT HMW 

“oligomeric” species increased while soluble HTT appeared to be unaffected (Figure 
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2.10A), whereas a reduction of the HMW oligomeric HTT species is observed following 

PIAS1 acute knockdown (Figure 2.10B). Taken together, these data demonstrate that 

PIAS1 can regulate the accumulation of insoluble HMW HTT polypeptide species, 

suggesting that modulation of PIAS1 may influence pathogenesis in HD.   

Genetic reduction of (Su-var) 2-10 (dPIAS) is neuroprotective in mutant HTTex1p-

expressing Drosophila 

To validate the potential involvement of PIAS proteins in HD pathogenesis in vivo, the 

single Drosophila PIAS protein, Su(-var)2-10 (dPIAS) (Hari et al., 2001), was evaluated 

for its effect on HD-like phenotypes in a fly model (Steffan et al., 2001). When 

expressed in all neurons from embryogenesis on, expanded repeat HTTex1p (93Q) 

causes a progressive loss of visible rhabdomeres (photoreceptor neurons in the eye) 

(Marsh and Thompson, 2006) and a decrease in the number of flies that eclose from the 

pupal case as adult flies (Figure 2.10C). When expressed in a background of 

heterozygous genetic reduction of dPIAS, the number of visible photoreceptor neurons 

and survival (eclosion) are both increased (Figure 2.10C).  The observed 

neuroprotection is not simply a consequence of decreased transgene expression based 

on analysis of HTT RNA by qPCR (data not shown). These results are consistent with 

our previous observations showing that reduction of Drosophila SUMO (smt3) was 

protective in this same model (Steffan et al., 2004). 

Insoluble SUMO-2 modified proteins are increased in human HD brain 

To investigate whether SUMO-modified proteins accumulate in HD patient brain tissue 

compared to control subjects and whether SUMO-1 or SUMO-2 have selective effects, 

post-mortem striata from 3 control and 3 HD brains were evaluated.  Each of the HD 
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subjects displayed a remarkable accumulation of SUMO-2 modified protein compared to 

controls in insoluble fractions (Figure 2.10D). To a lesser extent, accumulation of 

SUMO-1 is also observed. Differences in levels of SUMO-2 modified protein do not 

correlate with ubiquitin reactivity in control and HD brain fractions, but rather appear to 

be specific for SUMO.  While we cannot conclude from these data that the increased 

SUMO-2 reactivity represents an increase in mutant HTT SUMO-2 modification per se, 

a HTT antibody raised against amino acids 115-129 shows a similar pattern of 

increased HMW HTT species in HD samples compared to controls (Figure 2.10D), 

suggesting that HTT is included in the proteins that accumulate in HD striata. Taken 

together, these results support SUMO-2 relevance in HD pathology and that SUMO 

modifying enzymes may be valid therapeutic targets.    

 

DISCUSSION  

SUMO modification contributes to an impressive array of regulatory mechanisms that 

have critical biological functions (Bruderer et al., 2011).  In turn, dysregulation of this 

cellular process is implicated in diseases ranging from cancer to neurological disease 

(Gareau and Lima, 2010). While SUMO modification is transient, downstream 

consequences are long lasting and impact processes such as protein folding, 

subcellular localization, stability, transcriptional regulation and protein activity (Geiss-

Friedlander and Melchior, 2007), all of which are affected in HD (Zheng and Diamond, 

2012).  Implicating a role in neurodegenerative diseases, a growing number of 

causative neurodegenerative disease proteins either co-localize with SUMO molecules 

or are target proteins for SUMO modification (for review (Krumova and Weishaupt, 
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2012; Wilkinson et al., 2010)).  To date, the primary mechanisms involve altered 

solubility of or visible inclusion formation by these disease proteins, with ensuing 

protective (SBMA), deleterious (SCA7), or mixed effects (α-synuclein) (Kim et al., 2011; 

Oh et al., 2011), depending on the protein context and form of SUMO tested.  Enzymes 

involved in these processes, such as Rhes, are beginning to emerge (Subramaniam et 

al., 2009).   

Here we demonstrate that SUMO-2 modification of HTT, a stress-responsive 

modification pathway not previously investigated for HTT, regulates the accumulation of 

insoluble mutant HTT. This SUMO form is consistently upregulated in striata from 

several HD mouse models, at a stage of disease anticipated to display significant 

dysregulation of protein homeostasis network components.  Further, PIAS1, which 

selectively enhances HTT SUMO-1 and -2 modification and is expressed in brain, is 

integral to this accumulation.  The functional relevance of these findings is further 

validated by 1) the neuroprotection observed upon reduction of the single Drosophila 

PIAS ( dPIAS), which is most similar to PIAS1 (Hari et al., 2001), in flies expressing a 

mutant fragment of HTT, and 2) the profound accumulation of SUMO-2 modified HMW 

protein in human HD brain. The finding that the stress-responsive SUMO-2 is likely 

most relevant to HD pathogenesis over basal SUMO-1 modification by regulating the 

accumulation of high MW and likely poly-SUMOylated protein, is consistent with the 

prevailing literature that chronic expression of mutant HTT causes cellular stress, 

including oxidative stress (Turner and Schapira, 2010).  This cellular stress, which is 

likely progressive and could therefore promote stress responses, including SUMO-2 

modification, could then contribute to disease. Validation of SUMO-2 involvement in 
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response to neuronal stressors has recently emerged in several systems, including APP 

overexpression in AD mice (McMillan et al., 2011), transient cerebral ischemia in brains 

of ground squirrels (Lee et al., 2012) and transient ischemia in cells (Yang et al., 2012), 

in some cases promoting a neuroprotective response to ischemic stress (Datwyler et al., 

2011).  

We previously reported that mimicking phosphorylation of S13 and S16 reduces 

monoSUMOylation and increases polySUMOylation of mHTTex1p with a highly 

expanded 97Q repeat (Thompson et al., 2009). Here we confirm that K6 and K9 within 

the first 17 amino acid domain are indeed SUMO-1 modification sites even though these 

lysines do not lie within classic SUMO consensus sequences. Intriguingly, SUMO-1 is 

conjugated to K6 and K9 equivalently in the absence of other modifications, whereas 

phosphomimetic substitutions of S13 and S16 appear to block SUMO modification on 

K9 or promote SUMO-1 modification on K6, which may be significant to regulation of 

other HTT modifications, such as K9 acetylation. In cells, mimicking phosphorylation at 

these sites enhances SUMO-2 modification in the presence of a relevant E3 SUMO 

ligase.  Given that phosphorylation of HTT is responsive to inflammatory cues 

(Thompson et al., 2009), that PIAS1 is involved in immune function, and that 

inflammation is increased in HD (Bjorkqvist et al., 2009; Khoshnan et al., 2004), it is 

likely that SUMO-2 modification is also responsive to inflammatory cues which appear 

early in HD.  

A key feature in HD is the accumulation of mutant HTT fragments containing the polyQ 

expansion (Landles et al., 2010). Wild-type and mutant HTT can be cleaved by 

caspases, calpains, and aspartyl proteases to form N-terminal fragments (Warby et al., 
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2008), which become toxic when in the context of the expanded polyglutamine repeat. 

Studies in mice expressing a caspase 6 resistant form of mutant HTT suggest that HTT 

proteolysis specifically at 586 may be critical to HD pathogenesis (Graham et al., 2006; 

(Warby et al., 2009) and overexpression of transgenic expanded repeat HTT 586 

supports potential toxicity of this fragment (Waldron-Roby et al., 2012).  Analysis of 

longer polyQ polypeptides revealed that unexpanded and expanded HTT 586 fragments 

are SUMOylated downstream of HTTex1p. The caspase 6 cleavage fragment of HTT 

(586aa) has 5 predicted SUMOylation sites C-terminal to exon 1, with potentially greater 

than 13 overlapping SIMs within this region, depending on SIM motif evaluated. SIMs 

are non-covalent SUMO interacting motifs that have recently emerged as having critical 

regulatory properties (Gareau and Lima, 2010).  For example, the ubiquitin ligase RNF4 

has multiple SIMs that recognize polySUMO-2 chains and ubiquitinate them for 

degradation by the proteasome (Geoffroy and Hay, 2009; Tatham et al., 2008). Indeed 

these SIMs may be important signal transduction inducers downstream of 

polySUMOylation events (Sun and Hunter, 2012). SIMs within target proteins can also 

enhance their SUMO modification and are found within several E3-SUMO ligases, 

including PIAS1 (Gareau and Lima, 2010). The implications of these multiple SIMs in 

HTT is not yet clear, however, we are actively pursuing this area of investigation.  

The interplay between SUMO2 and proteasome inhibition is consistent with recent 

proteomic analysis of extracts from HeLa cells treated with MG132 to identify SUMO-2 

modified proteins (Tatham et al., 2011). In these studies, all SUMO paralogs 

accumulated upon treatment with MG132, however the greatest response exhibited was 

by SUMO-2, suggesting that SUMO modification of cellular proteins is not only involved 
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in regulating proteostasis of unfolded and misfolded proteins within a cell, but may in 

fact represent a response to the presence of misfolded or oligomerized proteins, such 

as mutant HTT, and be involved in protein clearance mechanisms.  This hypothesis is 

supported by studies showing that the presence of mutant HTT polypeptide alone in C. 

elegans can cause the misfolding and inactivation of temperature sensitive mutant 

proteins to a similar degree as heat shock (Gidalevitz et al., 2006).  These findings 

suggested that mutant HTT protein expression is sufficient to impact the protein 

homeostatic network, and relevant to the work described here, accumulation of SUMO-

2-modified cellular proteins. Further, when the production of misfolded proteins exceeds 

the capacity of the chaperone and UPS systems, mimicked here by 

proteasome/cathepsin inhibition by MG132, then these proteins may be targeted for 

degradation by autophagy, which also becomes impaired late in disease.  As protein 

clearance mechanisms become impaired upon aging, modified proteins normally 

targeted for degradation by post-translational modification, such as phosphorylation and 

acetylation, may accumulate and take on toxic functions. Supporting this concept, 

proteasome inhibition promoted formation of aggregates containing SUMO-modified α-

synuclein (Kim et al., 2011).  

In summary, the work presented here supports a general mechanism in HD whereby 

the chronic expression of expanded repeat HTT promotes general protein misfolding 

and initiation of stress response pathways that promote SUMO-2 modification of HTT, 

progressively resulting in accumulation of insoluble and high MW species that may be a 

reflection of ongoing pathogenesis. In addition, loss of normal HTT functions may also 

contribute to the accumulation of SUMOylated proteins (Steffan, 2010).  Initially, SUMO-
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2 modification and polySUMOylation is likely to facilitate normal cellular clearance 

mechanisms with integration between SUMOylation and ubiquitination and serve in a 

neuroprotective capacity, however these are likely to become toxic as pathways 

become impaired and these species accumulate and cause further disruption of overall 

cellular protein homeostasis, reflected here by increased expression and level of 

SUMO-2 and other SUMO modification cellular components. This is demonstrated by 

the accumulation of SUMO-2 protein in a high MW insoluble fraction from human HD 

striatum, the region most profoundly affected in HD.  We further identify a HTT E3-

SUMO ligase, PIAS1, which is expressed in relevant brain regions and appears to have 

a pivotal role in the regulation of SUMO-2 modified HTT, providing a novel and selective 

therapeutic target.       

 

EXPERIMENTAL PROCEDURES 

siRNA 

siRNA against PIAS1 and a non-targeting control were purchased from Dharmacon 

(Thermo Scientific) and include PIAS1-ON-TARGETplus SMARTpool (L-008167-00-

0005), Human PIAS1, NM_016166 and ON-TARGETplus Non-targeting siRNA #1 D-

001810-01-20. 

Primary Antibodies 

Anti-HTT (Enzo) antibody was generated in collaboration with England Enzo Life 

Sciences UK (Palatine House, Matford Court, Exeter EX2 8NL, United Kingdom).  The 

following antibodies were also used:  anti-HTT (MAB5490), anti-HA.11 Clone 16B12 

monoclonal (Covance); anti-Myc 9E10 (Millipore); anti-EGFP detected by Living 
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Colors® Full-length Monoclonal Antibody (Clontech, Living Colors® A.v. Monoclonal 

Antibody (JL-8), anti-mPIAS1 (Invitrogen), anti-SUMO-1 (Enzo Life Sciences), anti-

SUMO-2 (MBL International), and anti-ubiquitin (Santa Cruz Biotechnology). 

GST Pull-Down Assays 

Performed as previously described (Steffan et al., 2000). 

In vitro SUMO modification 

The expression and purification of human E1 (SAE1/UBA2ΔCT), E2 (UBC9), IR1* 

(RanBP2, aa 2631-2695) and mature SUMO-1 have been previously described 

(Bernier-Villamor et al., 2002; Lois and Lima, 2005; Olsen et al., 2010; Reverter and 

Lima, 2005).  

Mass spectrometry 

SUMO-1 T95R was generated by PCR mutagenesis (Quikchange; Stratagene) to 

introduce a trypsin cleavage site near the SUMO C-terminus and purified as described 

for SUMO-1.  Reactions containing 200 μM SUMO-1 T95R, 200 μM HTT (WT or 

S13,16D), 200 nM E1, 200 nM E2 and 2 μM IR1* in reaction buffer (20 mM HEPES, pH 

7.5, 50 mM NaCl, 5 mM MgCl¬2, 1 mM DTT, 1 mM ATP and 0.01% Tween-20) were 

incubated at 37°C and aliquots were removed at 0 and 60 minutes.  Samples were 

enriched by incubation with Ni-NTA beads (QIAGEN) and eluted with loading buffer 

containing 100 mM EDTA. Samples were resolved by SDS-PAGE and stained with 

Coomassie blue.  Bands corresponding to HTT and SUMO-modified HTT were 

submitted for analysis by mass spectrometry. 

Cell Culture 
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HeLa cells were plated on 10 cm plates and cultured in DMEM plus 10% FBS.  For 

cDNA only, cells were plated on Day 1 and transiently transfected with 6 µg of total DNA 

and 8 µl Lipofectamine 2000 (Invitrogen) on Day 2, media was changed on Day 3, and 

cells were collected on Day 4.  For siRNA only, transient transfections were carried out 

as described above, except that 720 pmol siRNA and 36 µl of RNAi Max were used.  

For combined siRNA and cDNA experiments, cells were transfected with siRNA, media 

replaced Day 2 and cDNA transfected 12 hours after siRNA.  Day 3 and 4 are as 

described above.  Cells were transfected at ~70% confluency for DNA and ~30-50% 

confluency for siRNA.   

Western blot analysis 

8% bis-acrylamide gels and Invitrogen 4-12% bis-tris mini gels were used for SDS-

PAGE and proteins were transferred to nitrocellulose membrane and nonspecific 

proteins were blocked with SuperBlock blocking buffer (Thermo Scientific).  Two types 

of detection were used: Chemiluminescence/film or Odyssey Imager/LI-COR 

(Supplemental Methods). Experiments were performed in triplicate with representative 

images shown. 

Nickel purifications 

His-tagged HTT proteins were purified using magnetic Ni-NTA nickel beads  

(QIAGEN).  For in vitro SUMOylation assays, ST14.A cells were transfected with the 

25QP-HBH constructs into ~25 10 cm plates per construct and purified under native 

conditions using the recommended buffers from QIAGEN (lysis buffer- 50 mM 

NaH2PO4, 300 mM NaCl, 10 mMimidazole, 0.05% Tween 20, pH8; Wash buffer- 50 mM 

NaH2PO4, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, pH8). For denaturing 
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SUMO cell culture assay, HeLa cells were transfected and purified under denaturing 

conditions recommended buffer from QIAGEN (lysis buffer- 6M Guanidine HCl, 0.1M 

NaH2PO4, 10mM Tris-Cl, pH 8, Wash Buffer #1- 8M urea, 100mM NaH2PO4, 10mM 

Tris-Cl, pH 8, and Wash buffer #2- 8M urea, 100mM NaH2PO4, 10mM Tris-Cl, pH 6.3).  

Ten percent of each lysate was subjected to TCA precipitation. For the nickel 

purification, 50 μl of magnetic bead slurry was added to each sample and incubated at 

room temperature for 3 hours. Beads were collected on the magnetic rack, washed two 

times with Wash buffer #1 (8M urea, pH 8), one time with Wash buffer #2 (8M urea, pH 

6.3), and one final time with 1X PBS.  Washed beads were submerged in 2x Laemmli 

sample buffer, boiled for 10 min, analyzed using Western analysis. Each experiment 

was performed in triplicate and a representative figure is represented. 

Immunoprecipitations 

HeLa cells were lysed in buffer containing 50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% 

NP40 alternative, a mini protease inhibitor pellet (Roche), 2 mM DTT, and 25 mM N-

Ethylmaleiamide (NEM) (Ulrich, 2009). HTT protein was either precipitated using protein 

G plus from Santa Cruz or hydrazide-link beads from Bioclone 

Soluble/Insoluble fractionation 

HeLa cells were collected in lysis buffer containing10mM Tris (pH 7.4), 1% Triton X-100, 

150 mM NaCl, 10% Glycerol, and 0.2 mM PMSF, Roche complete protease mini and 

phosphoSTOP pellets.  Cells collected were lysed on ice for 60 min before 

centrifugation at 15,000xg for 20’ at 4°C.  Supernatant was collected as the detergent-

soluble fraction.  The pellet was washed 3x with lysis buffer and centrifuged at 15,000xg 

for 5’ each at 4°C.  The pellet was resuspended in lysis buffer supplemented with 4% 
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SDS, sonicated 3x, and boiled for 30 min. and collected as the detergent-insoluble 

fraction.  Protein concentration was quantitated using Lowry Protein Assay (Bio-Rad) 

Soluble/insoluble fractionation protocol was previously described (Kim et al., 2011). 

Filter retardation assay 

30ug of detergent-soluble and detergent-insoluble protein in 200 μl of 2% SDS was 

boiled for 5’ and vacuumed through a dot blot apparatus onto a cellulose acetate 

membrane.  Membrane was then washed 3x with 0.1% SDS and then blocked in 5% 

milk and subject to western blot analysis (previously described (Sontag et al., 2012a; 

Wanker et al., 1999)).  

RNA isolation and Real-time quantitative PCR (RT-PCR) 

Cortex and striatum were dissected from 4, 8, and 12 week old female wild-type and 

R6/2 mice. At King’s College London, hemizygous R6/2 mice were bred by 

backcrossing R6/2 males to (CBA x C57BL/6) F1 females (B6CBAF1/OlaHsd, Harlan 

Olac, Bicester, UK) and maintained as previously described (Labbadia et al., 2011). The 

CAG repeat was 204.7 ± 5.8. Brain tissues were homogenized in Trizol (Invitrogen) and 

total RNA was isolated using RNEasy Mini kit (QIAGEN). DNase treatment was 

incorporated into RNEasy procedure in order to remove residual DNA. Reverse 

transcription was performed using oligo (dT) primers and 1 µg of total RNA using 

Superscript III First Strand Synthesis system (Invitrogen).  Quantitative PCR (qPCR) 

was performed (Supplemental information).  

Automated Y2H Screening 

GATEWAY technology (Invitrogen) was used to subcloning of 25Q-586aa and 73Q-

586aa cDNAs encoding human HTT fragments into Y2H expression plasmids. 
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“Gateway compatible” cDNAs encoding selected proteins were generated by PCR 

amplification. Amplified DNA products were isolated from agarose gels and combined 

with the pDONR221 plasmid (Invitrogen), creating the desired entry DNA plasmids. The 

identity of all PCR products was verified by DNA sequencing. Subsequently utilizing LR 

recombination, pBTM116_D9 plasmids (for the production of LexA DNA binding domain 

fusions) were generated encoding HTT bait proteins for automated Y2H interaction 

mating. The identity of the plasmids was verified by BsrGI restriction digestion. Bait 

plasmids were transformed into the L40ccua MATa yeast strain and yeast clones 

individually mated against a matrix of MATα yeast clones encoding 16,888 prey proteins 

(with Gal4 activation domain fusions) using pipetting and spotting robots. The 

automated Y2H screenings were repeated 3 times.  Interaction mating experiments and 

imaging were performed as described previously (Stelzl et al., 2005).  

Drosophila crosses 

Flies were reared on standard cornmeal molasses medium at 25°C. To compare 

phenotypes of HTT expressing animals in a normal vs. a Su(var)2-10 (dPIAS) reduced 

background, w/w; +/+; UAS>HTTex1p-Q93/UAS>HTTex1p-Q93 females were crossed 

to elav-GAL4/Y; Su(var)2-10[zimp-2]/Sp males.  Eclosion data from ≥1500 segregants 

was calculated as percent of elav-GAL4/+; Su(var)2-10/+ HTT/+ or elav-GAL4/+; +/Sp; 

HTT/+ flies vs. HTT non-expressing male siblings.  Pseudopupil analysis was carried 

out on 7 day old flies as described (Steffan et al., 2001).  

Human postmortem brain 

Human autopsy brain tissue, from the striatum of control and HD patients, was flash 

frozen with postmortem intervals ranging from 13 to 22 h and were obtained from 
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individuals with ages at autopsy from 72 to 93 years of age and Grades 3-4. Frozen 

human brain tissue was homogenized on ice using T-PER Tissue Protein Extraction 

Reagent (Thermo) containing a complete mini pellet (Roche), phosphotase inhibitor #1 

(Sigma), phosphotase inhibitor #2 (Sigma), and 25 mM NEM.  Lysates were 

ultracentrifuged at 45,000 rpm at 4°C for 60 min, and the pellet was homogenized on ice 

in 70% formic acid, ultracentrifuged at 45,000 rpm at 4°C for 60 min, and the 

supernatant collected as the “insoluble fraction”.   

Plasmids 

HTTex1p cDNA containing 25, 46, and 97 CAG/CAA repeats in pcDNA3.1 (Invitrogen) 

were used as previously described (Aiken et al., 2009; Steffan et al., 2004).  The 

unexpanded 25Q construct contains a C-terminal HBH tag (Aiken et al., 2009) and was 

a generous gift from Peter Kaiser and Christian Tagwerker.  The expanded HTTex1p 

with 46Q has a C-terminal His tag H4 (His-HA-HA-His) (Thompson et al., 2009) and 

HTTex1p with 97Q is untagged (Steffan et al., 2004).  HTT constructs containing 586aa 

unexpanded (25Q-586aa) and expanded (137-586aa) are described (Apostol et al., 

2003). Mutations in HTTex1p were created using double-stranded oligonucleotides as 

previously described (Thompson et al., 2009) for the following plasmids: 25QP-HBH, 

25QP-K6R-HBH, 25QP-K9R-HBH, 25QP-K6,9R-HBH, 25QP-K6,9,15R-HBH, 25QP-

S13,16D-HBH, and 46QP-K6,9,15R-H4 (3R).  Site directed mutagenesis was used to 

make the Lys to Arg (25Q-3R-586aa and 137Q-3R-586aa) and the Ser to Asp (25Q-

S13,16E-586aa and 137Q-S13,16D-586aa) mutants for the unexpanded and expanded 

586aa constructs.  Human PIAS constructs (PIAS1, PIASxα, PIASxβ, and PIASy) 

constructs were kind gifts from Ke Shuai (UCLA).   PIAS3 cDNA was purchased from 
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(Invitrogen). The myc-actin plasmid was a kind gift from H. Rommelaere at Ghent 

University, Ghent, Belgium.  All human PIAS proteins were PCR amplified using double-

stranded oligonucleotides and subcloned into the pGWIZ vector with no tag.  The 

following plasmids were provided from the following laboratories: pCS2-EGFP-SUMO-1 

and pCS2-EGFP-SUMO-2 (PR Potts and H Yu, The University of Texas Southwestern 

Medical Center, Dallas, TX); pMyc-Actin (H. Rommelaere, Ghent University, Ghent, 

Belgium), GFP-SENP1, GFP-SENP2, GFP-SENP3, GFP-SENP5, GFP-SUSP1 

(SENP6) and GFP-SENP7 (M. Dasso, NIH), and His-SUMO-1 and SUMO-2 (gift from 

Ron Hay, University of Dundee, Dundee, UK). *Note: here we refer to SUMO-2 as 

accession number NM_006937.3. 

Protein Identification-Nano-LC-MS/MS 

Wild-type (WT) and mutant (S13, 16D) Huntington (HTT) preparations are in-gel 

digested and generated peptides subjected to a micro-clean-up procedure (Erdjument-

Bromage et al., 1998) on 2 ml bed-volume of Poros 50 R2 (Applied Biosystems – ‘AB’) 

reversed-phase beads, packed in an Eppendorf gel-loading tip, and the eluant diluted 

with 0.1% formic acid (FA) to yield a final concentration of 6% acetonitrile (MeCN). 

Analysis of the resulting peptides is done using a QSTAR-Elite hybrid quadrupole time-

of-flight mass spectrometer (AB/MDS Sciex) equipped with a NanoSpray ion source 

(AB/MDS Sciex). Peptide mixtures (in 20 microL) are loaded onto a trapping guard 

column (0.3x5-mm PepMap C18 100 cartridge from LC Packings) using a Tempo nano 

MDLC system (Applied Biosystems) at a flow rate of 20 microL/min. The mass analyzer 

is operated in automatic, data-dependent MS/MS acquisition mode; the collision energy 

is automatically adjusted in accordance with the m/z value of the precursor ions 
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selected for MS/MS. Initial protein identifications from LC-MS/MS data is done using the 

Mascot search engine (Matrix Science, version 2.3.02; http://www.matrixscience.com) 

and the NCBI (National Library of Medicine, NIH) databases. Up to two missed tryptic 

cleavage sites are allowed, precursor ion mass tolerance = 0.4 Da, fragment ion mass 

tolerance = 0.4 Da; protein modifications are allowed for Metoxide, Cys-acrylamide, N-

terminal acetylation and GlyGly modification (adduct) on internal Lysine after tryptic 

digestion. MudPit scoring is typically applied with ‘require bold red’ activated, and using 

significance threshold score p < 0.05. 

Drosophila transgene analysis 

To quantify expression of the Htt transgene, Heads of elav-GAL4/+; Su(var)2-10[zimp-

2]/+; UAS>Httex1pQ93/+ and elav-GAL4/+; +/Sp; UAS>Httex1pQ93/+ female flies were 

homogenized in TRIzol reagent (Invitrogen) and RNA was prepared according to the 

manufacturers recommendations. First strand cDNA was prepared from 1 µg of total 

RNA with Maxima Universal First Strand cDNA Synthesis Kit (Thermo Scientific) using 

random hexamer primers. The resulting cDNA was diluted 1:10 and quantitated in 

qPCR reactions in an MJ Research Opticon thermal cycler using SYBR Green PCR 

Master Mix (Applied Biosystems). Transgene expression levels were determined 

compared to a template calibration curve and normalized to the levels of the rp49 

housekeeping gene. 

Cell-Based SUMO Assay 

Overexpression of a moderately expanded form of HTTex1p with 46 polyglutamines 

(46QP-H4) fused in frame with a C-terminal multi-epitope tag without any confounding 

lysines, 6xHis-HA-HA-6xHis (H4, (Thompson et al., 2009)), allows purification of 
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HTTex1p under denaturing conditions (Ni-NTA) (Herbst and Tansey, 2000). By co-

transfecting SUMO-1 or SUMO-2, SUMOylation of HTTex1p can be selectively 

visualized using the triple lysine mutant (3R) as a negative control. Human HeLa cells 

were chosen based upon previous studies analyzing global SUMO modification 

(Bruderer et al., 2011). 

qPCR primers 

Primer sequences are listed in Table 2.1. 
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Sumo1-F GTGAATCCACGTCACCATGTC 

Sumo1-R GTATCTCACTGCTATCCTGTC 

Sumo2-F GTCAATGAGGCAGATCAGATTC 

Sumo2-R CACATCAATCGTATCTTCATCC 

Pias1-F GTCTCCTACGTCACCACTAAG 

Pias1-R GCATAGGCGTCATGTGGAAG 

Pias2-F CCGTGCAGTGACTTGTACAC 

Pias2-R CTCATCCACATCAGAACAGTC 

Pias3-F GGTGAGGCAATTGACTGCAG 

Pias3-R GTAGTAGCCACTTCACTGTCG 

Pias4-F GACGCTAGTGGCCAAGATGG 

Pias4-R GTCACCAGTTCGTGCTTCAG 

mActin-F AGGTATCCTGACCCTGAAG 

mActin-R GCTCATTGTAGAAGGTGTGG 

Table 2.1. qPCR Primers 
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Figure 2.1. Illustration showing modulation of PIAS1 alters levels of insoluble mHTT accumulation. 
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Figure 2.2.  K6 and K9 are primary sites for HTTex1p in vitro SUMOylation. (A) Schematic illustration 
of the SUMOylation pathway. SUMO is expressed as a precursor protein (SUMO-X) that is processed by 
SUMO specific proteases (SENPs) to expose a C terminal diglycine motif (-GG).  Enzymatic reactions are 
similar to ubiquitination and include activation by the SUMO E1-activating enzyme (SAE1/UBA2), to the 
SUMO E2-conjugating enzyme (Ubc9) and transfer of SUMO to target lysines with or without the 
assistance of the SUMO E3-ligating enzymes.  (B) Time course of SUMO-1 modification of His tagged 
HTTex1p (25Q) purified proteins (WT, K6R, K9R, K6,9R, K6,9,15R, and S13,16D) was performed in vitro. 
SUMOylation was visualized using anti-His antibody. Wild-type HTTex1p (WT) is SUMOylated within 16 
min, K6R or K9R mutations delays SUMOylation and combined mutations (K6,9R or K6,9,15R) greatly 
reduce SUMOylation, Mutations that mimic phosphorylation (S13,16D) alter kinetics of SUMO-1 
modification with SUMO modification observed beginning by 4 minutes.   
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Figure 2.3. SUMO-1 and SUMO-2 are differentially expressed in HD mice versus control. 
(A) QRT-PCR analysis of SUMO modifying proteins and enzymes in cortex and striata of WT mice at 12 
weeks.  Relative expression for all the SUMO enzymes is normalized to mouse β-actin. (B and C)   qRT-
PCR of SUMO mRNAs from 12 week old WT and R6/2 mouse cortex (B) and striatum (C). SUMO 
enzyme mRNAs are differentially expressed in R6/2 versus control with statistically significant increases 
in SENP1 (p=0.01), SENP3 (p= 0.02), and SUMO-1 (p= 0.003) in cortex and SENP1 (p=0.02), SENP6 
(p=0.04), PIAS3 (p=0.007), SUMO-1 (p=0.02), and SUMO-2 (p=0.02) in striatum.  Samples were 
analyzed in quadruplicate and normalized to mouse β-actin.  Data are shown as R6/2 expression relative 
to WT levels set at 1 for each enzyme with +/- S.D., n=4, *, p<0.05.   
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Figure 2.4. mRNA Expression of the SUMO Enzymes. qRT-PCR data showing relative mRNA 
expression levels of the SUMO enzymes in cortex and striata of 4 and 8 weeks in R6/2 and age matched 
controls. (A) At 4 weeks, SUMO-1 is upregulated in cortex (p = 0.0004) and SENP2 (p = 0.05), SENP5 (p 
= 0.025), and SUMO-1 (p = 0.04) are upregulated in R6/2 versus control striata. (B) At 8 weeks, in cortex 
SENP3 (p = 0.015) and PIAS3 (p = 0.003) are upregulated in R6/2 versus control. In striata, none of the 
SUMO enzymes are statistically significantly different between R6/2 and control. Note: all data shown as 
relative expression to WT levels set at 1 for each enzyme with +/_ S.E.M., n = 4, *p < 0.05. (C) qRT-PCR 
of RNA isolated from 14 month old WT and BACHD striatum showing relative mRNA expression levels of 
the SUMO-1, SUMO-2, and PIAS enzymes. Both SUMO-1 (p = 0.03) and SUMO-2 (p = 0.02) expression 
levels are significantly elevated in BACHD versus control. Samples were analyzed in triplicate and 
normalized to mouse b-actin. Note:WT and BACHD mice were treated with control microRNA for another 
study. Note: all data shown as relative expression to WT levels set at 1 for each enzyme with +/_ S.E.M., 
n = 6, *p < 0.05. 
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Figure 2.5. Establishment of SUMOylation Assay. (A) HeLa cells overexpressing SUMO (GFP-SUMO-
1 or GFP-SUMO-2) and Httex1 (46QP-His-HA-HA-His or 46QP-H4) were lysed under denaturing 
conditions 48 hr after transient transfection. Htt was purified using magnetic nickel beads (NiNTA) and 
subjected to Western analysis using the Odyssey Infrared detection system from LI-COR. The Odyssey is 
a quantitative Western blot detector that has the ability to detect two proteins in separate fluorescent 
channels, even if the bands co-migrate. The Odyssey scanner detects fluorescent secondary antibodies 
using an infrared laser; for rabbit polyclonal antibodies a goat-anti-Rabbit secondary (IRDye 800CW, LI-
COR) was used, which fluoresces red, and for mouse monoclonal antibodies goat-anti-Mouse IgG 
secondary (IRDye 680LT, LICOR), which fluoresces green, was used. Since, the GFP tag on the SUMO 
protein can bind non-specifically to the magnetic nickel beads, the NiNTA blots were probed with anti-Htt 
antibodies (anti-Htt (Enzo) or anti-HA) and the three lysine mutant (3R) served as a negative SUMO-Htt 
control. Due to the denaturing conditions each Western blot was subjected to a reversible protein stain 
(Memcode) to account for any unequal protein loading and NiNTA. Western blots are presented in the 
gray scale. (B) Bar graph representing the amount of Htt SUMO modified. Using the Odyssey software, 
the amount of Htt SUMOylated (Htt-SUMO) is divided by the total amount of Htt purified and then 
multiplied by 100. This ratio allows us to compare across lanes when analyzing the SUMO E3 ligases and 
the SUMO isopeptidases (SENPs). (C) Trichloroacetic Acid precipitation (TCA) performed on 10 percent 
of the whole cell lysates allows for an approximation of protein expression levels and is referred to as WC 
TCA. Once again, the reversible protein stain (MemCode) helps determine equal loading of protein, myc-
actin (1/10) serves as a transfection control for possible CMV promoter effects caused by the 
overexpression of transcriptional regulators and is detected with the anti-myc antibody (Millipore). 
Relative expression level of Htt in whole cells is detected with either the polyclonal antibody anti-Htt 
(Enzo) or the monoclonal antibody anti-HA. 
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Figure 2.6. HTT is modified by both SUMO-1 and SUMO-2. (A) HeLa cells transfected with His tagged 
HTTex1p (46Q) or 46QP-K6,9,15R (3R) along with GFP-SUMO-1 or GFP-SUMO-2, lysed under 
denaturing conditions, and nickel purified (Ni-NTA).  Unmodified HTT-46Q is indicated by the arrow and 
SUMO modified HTT the boxed region.  The lysine mutant (3R) serves as a negative control. Ni-NTA 
represents nickel purified His-tagged HTT and WC TCA represents 10% of the whole cell lysate 
expression of HTT and myc-actin (transfection control).   HTT is modified by SUMO-1 (left) and SUMO-2 
(right).  (B) SUMO isopeptidases (SENP1, SENP2, SENP3, SENP5, and SENP6) modulate SUMO 
modified HTT when overexpressed together with HTT (46QP-H4 or 3R) and SUMO-1 (GFP-SUMO-1). 
SENP1, SENP2, and SENP6 decrease HTT SUMOylation. Graph depicts quantitation of western blot 
using the Odyssey® Infrared Imaging System (LI-COR®) to calculate the ratio of HTT purified versus the 
HTT modified by SUMO multiplied by 100.  (C) Titration of SUMO-1.  Denaturing nickel purification of 
HTTex1p (46QP-H4) following transfection with decreasing amounts of SUMO-1 reduces the amount of 
SUMO modified HTT to undetectable levels.  The Ni-NTA blot displayed in the grey scale shows purified 
HTTex1 and SUMO-modified HTTex1 using HTT antibody.  *Note: 0.5µg of SUMO-1 (1/4) was used for 
identifying the SUMO-1 E3 ligase for HTTex1p.  Graph depicts quantitation of western blot using the 
Odyssey® Infrared Imaging System (LI-COR®) to calculate the ratio of HTT purified versus the HTT 
modified by SUMO multiplied by 100. *Note: all experiments were performed in triplicate and a 
representative figure is shown. Western blot analysis of SUMO-2 in 14 week R6/2 cortex (D) and striatum 
(E) versus aged matched controls. SUMO-2 is upregulated in R6/2 striatum versus control (p=0.026, 
n=4).  Protein is normalized to alpha-tubulin and quantitated using imageJ.  
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Figure 2.7. PIAS1 is a SUMO E3 ligase for HTT. (A) Under limiting SUMO conditions (¼ SUMO-1, lanes 
3-10), PIAS1 increases HTT-SUMO modification above ¼ SUMO alone.  Purified HTT (arrow) and 
SUMO-HTT (boxed region) were detected using anti-HTT.  Graph depicts quantitation of the Ni-NTA 
Western blot using the Odyssey® Infrared Imaging Software (LI-COR®) to calculate the ratio of HTT 
purified versus the HTT modified by SUMO multiplied by 100.  (B) Western analysis of overexpression of 
HTTex1 (46QP-H4 or 3R), SUMO-2 (GFP-SUMO-2), and all the PIAS proteins (PIAS1, PIASxα, PIASxβ, 
PIAS3, and PIASy). Under non-limiting SUMO-2 conditions, PIAS1 enhances SUMO modification of HTT. 
WC TCA shows overall myc-actin (transfection control) and HTT levels. Graph quantitating the ratio of 
HTT purified versus the HTT modified using the Odyssey® (LICOR). (C) Top: autoradiography results of 
GST pull-down assay showing that radiolabeled human PIAS1interacts with HTTex1p. Bottom: 
phosphorimager analysis of GST pull-downs, performed in triplicate, showing the percent of 35S-labeled 
PIAS protein that bound the GST proteins; GST alone, unexpanded HTT with and without the proline-rich 
region (20QP and 20Q), expanded HTT with and without the proline-rich region (51QP and 51Q), and the 
proline-rich region alone (Pro).  *Note: all experiments were performed in triplicate; representative figures 
are shown. 
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Figure 2.8. A 586aa fragment of HTT is SUMO modified downstream of exon 1. (A) SUMOplot 
(Abgent) predicts HTT is SUMOylated downstream of HTTex1p lysines. Abgent SUMOplot analysis 
predicts two high probability SUMO sites (red) and three low probability SUMO sites (blue) identified 
downstream of HTT exon 1. Greater than 13 overlapping non-covalent SUMO interacting motifs (SIMs) 
are observed within this fragment (yellow).  (B) Longer HTT polypeptides are modified by SUMO-1. 
Western blot overexpressing HTTex1p (46QP-H4 or 3R), unexpanded HTT-586 fragment (25Q-586aa or 
25Q-3R-586aa), and expanded HTT-586 fragment (137Q-586aa or 137Q-3R-586aa) with SUMO-1 (GFP-
SUMO-1). Cell lysates were subjected to HTT immunoprecipitation (IP) using HTT antibody.  Western 
analysis performed with the Odyssey® (LI-COR) allows detection of HTT (not shown) and SUMO 
simultaneously, and shows all forms of HTT are SUMO-1 modified using the anti-GFP antibody. HTTex1p 
is covalently SUMO-1 modified (lane 3) and the modification disappears when Lys are mutated to Arg 
(3R) (lane 4).  Both unexpanded (lane 4 and 5) and expanded HTT-586 fragments (lane 6 and 7) are 
covalently SUMO-1 modified in both the presence and absence of the 3 Lys in the N-terminal region of 
HTT (3R).  Free SUMO-1 is indicated with the arrow and SUMO modified HTT indicated by the boxes.  
Inset on the right, from a replicate experiment, shows co-migration of expanded HTT (anti-HTT) and 
SUMO-1 (anti-GFP) displayed in the grey scale, and in color when the two antibodies are merged (HTT in 
red and SUMO-1 in green and yellow when co-localizing). (C) Bait plasmids (HTT-586aa-25Q or HTT-
586aa-73Q) were transformed into the L40ccua MATa yeast strain. Yeast clones encoding bait proteins 
were individually mated against a matrix of MATα yeast clones encoding 16,888 prey proteins (with Gal4 
activation domain fusions) using pipetting and spotting robots. Diploid yeasts were spotted onto SDIV (-
Leu-Trp-Ura-His) agar plates for selection of PPIs as well as nylon membranes placed on SDIV agar 
plates for β-galactosidase assays. After 5–6 days of incubation at 30°C, digitized images of the agar 
plates and nylon membranes were assessed for growth and β-galactosidase activity using the software 
Visual Grid (GPC Biotech).  (D) Overexpression of PIAS1 alone, with unexpanded HTT constructs (25Q-
586aa) plus SUMO-1 (GFP-SUMO-1) shows PIAS1 binds both full length HTT and HTT-586 fragment 
(25Q-586aa). Wild-type HTT was used in these experiments to preclude confounding aggregation effects. 
Western analysis detection was performed using Odyssey (LI-COR) and displayed in the grey scale, but 
shown in color on the merge (HTT is Red and PIAS1 is Green).  (E)  HeLa cells overexpressing either 
expanded 586aa-HTT or the phosphomemetic (S13,16D= DD) with SUMO-2 plus and minus PIAS1.   
HTT was purified by IP using hydrazide beads (Bioclone) cross-linked to HTT (Enzo, UK) antibody and 
subjected to western analysis using anti-HTT (MAB5490).  (F) IP of HTT with hydrazide linked beads 
shows both unexpanded and expanded HTT 586aa phosphomimetics (S13, 16D-586aa) are modified by 
SUMO-2.  *asterisks indicated SUMO conjugated HTT. *Note: all experiments including the yeast two 
hybrid assay were done in triplicate; representative experiments are shown. 
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Figure 2.9. SUMO-2 causes mutant HTT to accumulate. (A) Western analysis of whole cell lysates 
from HeLa cells transfected with His-SUMO-1 or -2 and/or 97Q-HTT exon-1 and treated with 5μM MG132 
for 18 h.  Lysates were separated using differential centrifugation into a detergent-soluble fraction 
(SOLUBLE) with 1% triton-x 100 and a detergent-insoluble fraction (INSOLUBLE) with 4% SDS.  Western 
blot probed with anti-HTT shows full length endogenous HTT in the SOLUBLE fraction, upper arrow, and 
97Q-HTTex1, lower arrow (Left panel).  In the INSOLUBLE fraction: HTT HMW)species are indicated by 
the bracket and asterisks (Right panel).  (B) MG132 and SUMO-2 cause mutant HTT to accumulate as 
HMW species (bracket and asterisk). Western blot showing immunoprecipitation (IP) with HTT antibody 
cross-linked beads from the detergent-insoluble fraction probed with the anti-HTT antibody. (C) Mutant 
HTT (97Q-Httex1) fibrils are detected with anti-HTT in the insoluble fraction with treatment of MG132 or 
addition of exogenous SUMO-2. (D)  Western blot with increasing concentrations of SUMO-2 detected 
with anti-His antibody - left panel.  Middle panel- same western blot probed with anti-HTT showing soluble 
forms of HTT.  Right panel- western blot from detergent-insoluble fraction with monomeric HTT (97Q) at 
55 kDa and * indicating the HMW species.  *Note: all experiments were performed in triplicate, 
representative figures are shown. 
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Figure 2.10. SUMO-2 proteins accumulate in HD brain. (A) Western blot analysis of HeLa cells 
overexpressing exogenous PIAS1 in the presence of mutant HTT (97Q) when separated into detergent-
soluble and detergent-insolube fractions. No difference detected in monomeric HTT (Top panel, Soluble), 
but high molecular weight HTT levels increases with PIAS1 overexpression.  Anti-PIAS1 antibody 
(Invitrogen). (B)  Acute knockdown of PIAS1 decreases HMW HTT species in the detergent-insoluble 
fraction.  PIAS1 knockdown is detected in detergent-soluble and insoluble fractions using anti-PIAS1 
antibody (Invitrogen). (C). Drosophila melanogaster expressing mutant HTTex1p (93Q) in a reduced 
Su(var)2-10/dPIAS genetic background exhibit statistically significantly reduced photoreceptor neuron 
(rhabdomere) degeneration (left panel, P=0.033 when comparing dPIAS/+ to +/+ flies) and increased 
overall survival (right panel, P=0.047 when comparing dPIAS1/+ to +/+ flies). Significance was measured 
by Student’s t-test. (D) High molecular weight (HMW) SUMO-2 accumulates in postmortem HD striata. 
Western blot analysis of the insoluble fraction from three control and three HD patient postmortem striata 
as described (methods).   
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CHAPTER 3 

PIAS1 regulates mutant huntingtin accumulation and Huntington's disease-associated 

phenotypes in vivo 

SUMMARY OF CHAPTER 3 

In the previous chapter, we reported the discovery that the SUMO E3 ligase, PIAS1 

regulates mHTT accumulation and SUMO of HTT in cells. As reported in Chapters 1-2, 

HTT plays a major in protein quality control networks and the disruption of protein 

quality control networks is central to pathology in HD and many other 

neurodegenerative disorders. Specifically, the aberrant accumulation of insoluble high-

molecular-weight protein complexes containing the HTT protein and SUMOylated 

proteins corresponds to disease manifestation.  My dissertation work  is focused on 

mechanisms associated with disease pathology; specifically, the disruption of these 

protein quality control networks that ensure proper folding and degradation of cellular 

proteins is likely central to pathology in “protein misfolding” diseases. The results from 

the study presented in this chapter and in the corresponding recent publication (Ochaba 

et al., 2016) confirm the association between aberrant accumulation of expanded 

polyglutamine-dependent insoluble protein species and pathogenesis, and provide a 

link between phenotypic benefit to reduction of these species through PIAS1 

modulation. At the end of the chapter, I describe unpublished studies to begin to 

evaluate structure-function relationships of PIAS1 and HTT. 

In this work, I performed all experiments to investigate whether PIAS1 modulation in 

neurons alters HD-associated phenotypes in vivo. This work was in collaboration with 

the Davidson lab, who provided the miRNA used to perform in vivo knockdown.  
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Instrastriatal injection of a PIAS1-directed miRNA significantly improved behavioral 

phenotypes in rapidly progressing mHTT fragment R6/2 mice. PIAS1 reduction 

prevented the accumulation of mHTT and SUMO- and ubiquitin-modified proteins, 

increased synaptophysin levels, and normalized key inflammatory markers. In contrast, 

PIAS1 overexpression exacerbated mHTT-associated phenotypes and aberrant protein 

accumulation. These results confirm the association between aberrant accumulation of 

expanded polyglutamine-dependent insoluble protein species and pathogenesis, and 

they link phenotypic benefit to reduction of these species through PIAS1 modulation. 

These findings suggest a novel role for PIAS1 in HD as a novel therapeutic target which 

may act as an important regulatory switch. A detailed understanding of the proteostasis 

network components and their contributions to pathology are therefore crucial to 

improved therapeutic interventions.  

A Portion of Chapter from published studies: 

Ochaba, J., Mas Monteys, Al., O’Rourke, J.G., Reidling, J., Steffan, J.S., Davidson, 

B.L., and Thompson, L.M. (2016).  PIAS1 regulates mutant Huntingtin 

accumulation and Huntington’s disease-associated phenotypes in vivo. Neuron 

90:507-520. 

 

INTRODUCTION 

Huntington’s disease (HD) is caused by an expansion of a CAG repeat within the HD 

gene, encoding an expanded stretch of polyglutamines in the Huntingtin (HTT) protein 

(Group, 1993b). Symptoms include movement abnormalities, psychiatric symptoms and 

cognitive deficits with accompanying cortical atrophy and degeneration of medium spiny 
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neurons in the striatum (Ross and Tabrizi, 2011). A key pathological feature is the 

aberrant accumulation of mutant HTT (mHTT) protein (Waelter et al., 2001), potentially 

through the disruption of protein quality control networks that ensure proper folding and 

degradation of cellular proteins (La Spada and Taylor, 2010; Wilkinson et al., 2010). 

Post-translational modifications (PTMs) of HTT, including SUMOylation and 

phosphorylation (Ehrnhoefer et al., 2011; Pennuto et al., 2009), may contribute to 

mechanisms underlying mHTT accumulation (O'Rourke et al., 2013; Thompson et al., 

2009) and influence in vivo pathogenesis (Gu et al., 2005). Additionally, SUMO 

modification itself can function as a secondary signal affecting ubiquitin-dependent 

degradation by the proteasome (UPS) (Praefcke et al., 2012).  

SUMOylation is the covalent attachment of a Small Ubiquitin MOdifier Protein (SUMO) 

to target proteins. Although a transient modification, SUMOylation has long-lasting 

effects, including the regulation of subcellular localization, protein stability and 

clearance, chromatin remodeling, and interaction properties of modified proteins 

(Cubenas-Potts and Matunis, 2013; Gareau and Lima, 2010). Four different forms, 

SUMO 1-4, exist. The SUMOylation pathway involves a cascade of enzymes, with an 

E1-activating enzyme (SAE1/UBA2), an E2-conjugating enzyme (UBC9), and multiple 

E3-ligating enzymes (Protein Inhibitors of Activated STAT [PIAS], PC2, MMS21, and 

RanBP2) which provide substrate specificity. The diversity of SUMO substrates is 

governed by a relatively small number of SUMO E3 ligases. SUMO modification can 

occur on the same lysine residue as ubiquitination with extensive crosstalk in regulating 

cellular protein clearance. More recently, the importance of the SUMO modification 

system in brain has emerged, given the number of  neurotransmitters and receptors that 
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are regulated by SUMOylation (Sen and Snyder, 2010). Further, SUMO proteins are 

implicated in a growing number of neurodegenerative diseases including Alzheimer’s 

disease, Parkinson’s disease, Amyotrophic lateral sclerosis (Hickey et al., 2008), 

polyglutamine repeat diseases, and transient cerebral ischemia, as well as HD 

(Datwyler et al., 2011; Krumova and Weishaupt, 2013), typically through an association 

with dysregulated disease protein aggregation and abundance. 

We previously showed that SUMO-1/-2 modified proteins accumulate in an insoluble 

protein fraction from human HD postmortem striatum, and that SUMO isoforms can 

regulate the formation and accumulation of this insoluble HTT species in cells 

(O'Rourke et al., 2013). Both wild type and mHTT are SUMO-1 and 2 modified within 

the amino terminal 17 amino acids and at downstream sites within the full-length protein 

(O'Rourke et al., 2013; Steffan et al., 2004). Modulation of the SUMO network in vivo to 

investigate functional consequences in HD related systems can either be through 

SUMO itself, which would be anticipated to have an overly broad impact and potentially 

deleterious effects, or through more selective means such as regulation of a relevant 

SUMO E3 ligase.  

Five major PIAS isoforms are expressed in mammals and can act as adaptor proteins 

that bridge the SUMO-conjugated E2 enzyme and the substrate in the SUMOylation 

cascade as well as act as ligases. The PIAS proteins themselves were originally 

characterized by their ability to regulate transcription, immune responses, and cytokine 

signaling (Liu and Shuai, 2008; Rytinki et al., 2009), although roles in protein clearance 

pathways are emerging (Lee et al., 2009; Liu and Shuai, 2009). We previously 

demonstrated that PIAS1 can selectively enhance HTT modification by both SUMO-1 
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and SUMO-2 and regulate the formation of insoluble high molecular weight (HMW) HTT 

species, suggesting that PIAS1 might influence pathogenesis in HD. Further, genetic 

reduction of the single dPIAS in mHTT-expressing Drosophila is protective (O'Rourke et 

al., 2013).  

Given the ability of PIAS1 to enhance SUMO modification of HTT and regulate mHTT 

accumulation in cell models, we hypothesized that reduction of PIAS1 in HD striata 

might confer neuroprotection. Using viral delivery of a mouse PIAS1-targeting artificial 

microRNA (miRNA) to the HD modeled R6/2 mouse striatum, which shows progressive 

accumulation of HMW mHTT protein, PIAS1 reduction significantly prevented HD-

associated phenotypes and accumulation of insoluble mHTT. Strikingly, PIAS1 

ameliorated disease-associated increases in apparent microglial activation and 

dysregulation of relevant proinflammatory cytokines. Conversely PIAS1 overexpression 

exacerbated disease phenotypes and the accumulation/aggregation profile. These 

results suggest that PIAS1 may link protein homeostasis, neuroinflammation and 

disease symptomatology by modulating formation of toxic forms of accumulated mHTT.  

 

RESULTS 

Targeted modulation of PIAS1 in the striatum of mHTT expressing R6/2 mice 

To investigate the relationship between mHTT accumulation and functional outcomes 

and determine whether PIAS1 contributes to this network in vivo, we used acute 

instrastriatal knockdown or overexpression of PIAS1 in a mHTT expressing mouse 

model. PIAS1 protein is expressed in most tissues including brain therefore we confined 

knockdown to the brain. Our studies utilized R6/2 transgenic mice, based on their 
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relatively rapid progression, the formation of detergent-insoluble aggregated species of 

HTT which increase with disease progression, and inflammatory responses that are 

reminiscent of symptomatic human HD (Chang et al., 2015; Hsiao et al., 2013). These 

mice express the first exon of human HTT (CAG repeat of ~125), and show 

reproducible and rapidly progressing motor and metabolic symptoms at 6 weeks of age 

and eventually develop tremors, lack of coordination, excessive weight loss, and early 

death (~12 weeks) (Mangiarini et al., 1996a).  

Adeno-associated viruses, which transduce striatal neurons (AAV2/1 or 2/2) (Harper et 

al., 2005; McBride et al., 2008), were engineered to express PIAS1-targeting artificial 

miRNAs for acute knockdown of PIAS1 in vivo. A series of mouse PIAS1-directed 

artificial miRNAs were tested and miPIAS1.3 selected based on optimal knockdown in 

NIH3T3 cells (Figure 3.1A-B). Striata of mice were bilaterally injected with 

rAAV2/1miPIAS1.3-CMVeGFP (miPIAS1.3) or rAAV2/1-mU6miSAFE-CMVeGFP 

(miSAFE) (mismatch control) for knockdown studies and rAAV2/2-CMVPIAS1 (PIAS1) 

or rAAV2/2-CMVeGFP (eGFP) (viral control) for overexpression studies at 5 weeks of 

age. For knockdown studies, mice were sacrificed at 10 weeks. PIAS1 overexpression 

mice were sacrificed at 9 weeks due to declining health of mice. Consistent with other 

studies (Aschauer et al., 2013; Harper et al., 2005; McBride et al., 2008), AAV2/1 and 

2/2 viral transduction was exclusively neuronal as demonstrated by βIII-tubulin/eGFP 

co-localization and lack of GFP expression in microglia or astrocytes as measured by 

Iba1 or GFAP co-staining (Figures 3.2A-B).  

PIAS1 protein levels were evaluated to determine whether modulation was achieved in 

treated mice following viral injections. We previously showed that PIAS1 is primarily in 
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the detergent-insoluble fraction, similar to HMW HTT and modified proteins (O'Rourke 

et al., 2013), therefore isolated detergent-soluble and detergent-insoluble proteins. The 

detergent-soluble fraction contains mainly cytoplasmic proteins such as GAPDH, 

monomeric forms of HTT (including the R6/2 mHTT fragment encoding human 

transgene), endogenous mouse full-length HTT, and soluble oligomeric species of HTT 

which do not fully resolve on standard PAGE gels (O'Rourke et al., 2013; Sontag et al., 

2012b) (Figure 3.3). In contrast, the detergent-insoluble fraction contains primarily 

nuclear proteins including Histone H3 (Figure 3.3), HMW HTT species (likely multimers 

or potentially insoluble oligomers and fibrils), and accumulated forms of SUMO- and 

ubiquitin-modified proteins. Levels of PIAS1, primarily a nuclear protein, were monitored 

in striatal tissues from 10 week old R6/2 and non-transgenic (NT) mice. In the soluble 

fraction, PIAS1 levels are slightly higher in NT animals by Western analysis (Figure 

3.4A), however PIAS1 protein levels were significantly elevated in the insoluble, nuclear 

fraction from R6/2 mice (Figure 3.4A). In miPIAS1.3 treated R6/2 mice, insoluble PIAS1 

levels in the striatum were markedly reduced, as indicated by decreased protein 

expression at 5 weeks post-injection relative to miSAFE treated R6/2 mice (Figure 

3.5A). While there was a significant decrease in levels of soluble PIAS1 in NT mice with 

miPIAS1.3 injection, there was little to no impact on soluble PIAS1 levels in R6/2 mice 

(Figure 3.4B). Given the already high levels of PIAS1 in R6/2 mice, miPIAS1.3 miRNA 

produced a relatively greater apparent degree of knockdown compared to NT mice. As 

a control for off-target viral effects, we found that apart from eGFP expression, vehicle 

treated (Formulation Buffer 18) mice did not differ biochemically nor behaviorally from 

miSAFE treated mice (Figure 3.5A-C). Given the relatively low levels of insoluble PIAS1 
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in NT mice, miPIAS1.3 miRNA produced a relatively smaller apparent degree of 

knockdown compared to R6/2 mice, therefore no statistically significant decrease in 

PIAS1 levels was detected following miPIAS1.3 treatment in NT mice (Figure 3.4B). 

However, knockdown was observed in RNA from both R6/2 and NT mouse striata 

(Figure 3.6). For overexpression studies, virus expressing PIAS1 bilaterally injected into 

R6/2 mouse striata resulted in a significant increase in insoluble PIAS1 levels 4 weeks 

post-injection (Figure 3.2D), a significant reduction in soluble PIAS1 levels was found in 

NT mice, but not R6/2 mice (Figure 3.4B). 

Modulation of PIAS1 alters behavioral phenotypes in the R6/2 mouse model of HD 

R6/2 mice show progressive weight loss, abnormal hind limb posture/splayed limbs 

when held by the tail (clasping) (Mangiarini et al., 1996a), loss of motor coordination 

and balance measured using a Rotarod test (Carter et al., 1999), a decrease in 

sensorimotor performance when climbing down a vertical pole (Hickey et al., 2008) and 

diminished forelimb grip strength (Woodman et al., 2007). To determine whether 

altering PIAS1 levels in vivo had an effect on these R6/2 phenotypes, we injected rAAV 

virus that either knocks down or overexpresses PIAS1 into the striatum of 5 week old 

mice and then monitored their body weight and ability to perform on a series of 

behavioral tasks (Figure 3.7A).  

R6/2 mice begin losing weight and show a decline in behavioral tests at 6 weeks 

(Mangiarini et al., 1996a) and our results are consistent with those findings. No 

treatment effect on weight was observed for either PIAS1 knockdown or overexpression 

(Figure 3.8A-B). Reduction of endogenous levels of PIAS1 in R6/2 mice caused a 

significant improvement on Rotarod performance compared to miSAFE injected mice at 
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7 weeks (Figure 3.7B), but deficits reappeared at 9 weeks (Figure 3.9). In the pole test 

task there was no effect observed with miPIAS treated R6/2 mice at 6 weeks, however, 

by 8 weeks of age they exhibited a complete rescue in deficits observed compared to 

miSAFE treated R6/2 mice that was comparable to NT mice (Figure 3.7C). When grip 

strength was measured, R6/2 mice injected with miPIAS1.3 had no treatment effect at 

6.5 weeks, but had a significant and almost complete rescue effect by 8 weeks 

compared to miSAFE treated R6/2 mice (Figure 3.7D). Finally, miPIAS1.3 delayed the 

onset of clasping in R6/2 mice relative to miSAFE treated R6/2 mice (Figure 3.7E), 

which persisted up to the 9 week end point. CAG repeat length variability did not 

account for the behavioral improvement as repeat lengths assessed in a subset of 

animals (tail and striatal tissue) are within a tight range of 122-132 CAGs across 

animals with variation between individual animal tail samples and striatal tissue within 1-

2 CAG repeats.  

Next, we injected the striatum of NT and R6/2 mice with AAV virus expressing either 

eGFP (as the control) or PIAS1 and performed complementary behavioral analyses as 

above. At 7 weeks, R6/2 mice overexpressing PIAS1 were not significantly different in 

Rotarod performance when compared to eGFP injected R6/2 controls (Figure 3.7F). 

R6/2 mice overexpressing PIAS1 demonstrated significantly impaired pole test 

descending times compared with eGFP treated R6/2 mice as early as 6 weeks of age 

(Figure 3.7G), with deficits disappearing at 8 weeks. For grip strength, R6/2 mice 

overexpressing PIAS1 were significantly weaker than eGFP injected mice at 8 weeks 

for grip strength task (Figure 2H). PIAS1 exacerbated the onset of clasping in R6/2 mice 

relative to eGFP treated mice (Figure 3.7I). 
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To determine whether PIAS1 modulation altered longevity in R6/2, we evaluated 

survival in a small cohort (n=5 for each condition) and found that PIAS1 knockdown 

significantly increased survival when compared to control, whereas PIAS1 

overexpression HD mice had no significant effect (Figure 3.10A).  

Observational screens were performed weekly to rapidly assess general health, body 

weight, posture, appearance of the fur, neurological reflexes, home cage activity levels, 

and reactions to handling as designated by a multi-component Irwin Assessment Scale 

(Irwin, 1968). Of these parameters, modulation of PIAS1 appeared to show an effect on 

3 physiological assessments: spontaneous activity, piloerection, and gait. Specifically, 

PIAS1 knockdown delayed the onset of abnormal spontaneous activity (Figure 3.10B), 

piloerection (Figure 3.10C), and gait impairments (Figure 3.10D), relative to miSAFE 

and PIAS1 overexpression treated R6/2 mice. PIAS1 overexpression mice also 

exhibited earlier onset of abnormal physiological characteristics such as abnormal 

piloerection and gait impairments (Figure 3.10B-C). 

Taken together, these results demonstrate that PIAS1 knockdown significantly improves 

neurological phenotypes of R6/2 mice and that this effect is selective, given 

exacerbation of some phenotypes following PIAS1 overexpression. Interestingly, there 

were no significant differences across the battery of behavior assessments when 

comparing treatment effects on NT mice for either PIAS1 miRNA or cDNA delivery, 

supporting a selective role for PIAS1 in the disease setting. 

PIAS1 knockdown decreases pathogenic accumulation of mHTT, SUMOylated, 

and Ubiquitinated proteins 
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Given that HMW mHTT species and SUMO-1 and 2/3 modified proteins accumulate in 

HD brain and that PIAS1 regulates accumulation of mHTT and SUMO-modified proteins 

in cells (O'Rourke et al., 2013), we investigated the impact of PIAS1 modulation on 

insoluble mHTT accumulation and protein homeostasis in vivo. The detergent insoluble 

fraction of R6/2 striatum plus and minus PIAS1 knockdown (mPIAS1.3 treatment) was 

analyzed for the presence of insoluble accumulated mHTT. Similar to our previous 

findings in cells, PIAS1 knockdown decreased insoluble HTT accumulation by ~60% in 

R6/2 mouse striatum (Figure 3.11A-B) compared to R6/2 treated with control virus 

(miSAFE). Further, this reduction in mHTT accumulation was due to PIAS1 knockdown 

and not to a decrease in mHTT transgene expression, as no differences in soluble 

mHTT transgene expression or HTT mRNA expression by RT-PCR between miPIAS1.3 

treated mice compared to miSAFE were observed (Figure 3.6).  

We previously showed PIAS1 could modulate levels of SUMO-modified proteins in cells 

(O'Rourke et al., 2013) and here reduction of PIAS1 also significantly reduced levels of 

insoluble SUMO-1 (Figure 3.11A and 3.11C), SUMO-2 (Figure 3.11A and 3.11D), and 

ubiquitin-modified proteins (Figure 3.11A and 3.11E) in R6/2 striatum, suggesting that 

PIAS1 may be critical in generation of these modified and potentially pathogenic protein 

species. These fractions represent SUMO- and ubiquitin-modified cellular proteins 

including HTT as there are currently no antibodies that exclusively detect SUMO- or 

ubiquitin-modified HTT. 

As observed for behavioral outcomes, overexpression of PIAS1 had the opposite effect 

compared to reduced PIAS1 and promoted aberrant protein accumulation and 

aggregation. Insoluble HTT accumulation was significantly increased in mouse striatum 
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by week 9 (Figure 3.11F and 3.11H). Insoluble SUMO-1 (Figure 3.11F and 3.11H), 

SUMO-2 (Figure 3.11F and 3.11I), and ubiquitin-modified proteins (Figure 3.11F and 

3.11J) were also significantly increased in 9 week old R6/2 striatum following PIAS1 

overexpression. 

Finally, aberrant accumulation of mHTT is reflected in the formation of large visible 

aggregates, therefore we also evaluated the formation of inclusions in tissue sections 

from treated R6/2 mice. HTT-containing aggregates within the striatum were 

significantly reduced in striata of R6/2 mice injected with miPIAS1.3 compared to the 

miSAFE treated control group (Figure 3.12A). As expected, no inclusions were 

observed in NT mice (data not shown). Conversely, a 2-fold increase in inclusion bodies 

was observed in R6/2 mice treated with PIAS1 overexpressing vectors (Figure 3.12B). 

Reduction of PIAS1 increases synaptophysin levels 

A decrease in synaptic markers is associated with impaired synaptic activity and 

behavioral output in HD mice (Cepeda et al., 2003), whereas restoration of key synaptic 

marker levels prevented synapse degeneration, ameliorated motor and cognitive 

decline, and reduced striatal atrophy and neuronal loss in various mouse models of HD 

(Wang et al., 2014b). Further, one of the many neural SUMOylation targets includes 

transporters and neurotransmitter receptors; factors critical to the health of a synapse 

(Sen and Snyder, 2010). Synaptophysin is a presynaptic marker that is significantly 

decreased in the striatum of HD patients and animal models (Goto and Hirano, 1990); 

this decrease may be related to the accumulation of synaptotoxic mHTT species. 

Therefore we next investigated whether PIAS1 knockdown or overexpression 
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modulates synaptophysin expression in R6/2 mice compared to controls, which may be 

an indication of overall synaptic health/function. 

Immunohistochemical analysis of synaptophysin was performed on the striatum for both 

NT and R6/2 mice at 10 weeks for PIAS1 knockdown and 9 weeks for PIAS1 

overexpression. Expression was quantified and significantly increased in striatal areas 

expressing miPIAS1.3 when compared to miSAFE in both HD and NT injected mice 

(Figure 3.13A; Figure 3.14). In contrast, overexpression of PIAS1 resulted in a decrease 

of synaptophysin when compared to eGFP treated HD mice (Figure 3.13B), consistent 

with the increased HTT accumulation and worsening of behavioral readouts. There was 

no significant difference in synaptophysin levels in NT mice treated with either PIAS1 

overexpression or eGFP control (Figure 3.13B). 

Reduced PIAS1 selectively normalizes key dysregulated inflammatory markers in 

R6/2 mice 

The PIAS1-SUMO ligase pathway plays a critical role in innate immune signaling and in 

inflammatory responses (Liu and Shuai, 2008; Liu et al., 2005). Importantly, these 

pathways are dysfunctional in HD (Shuai, 2006; Shuai and Liu, 2005). Chronic 

expression of mHTT results in sustained neuroinflammation which can cause elevated 

microglia activation and dysfunctional proinflammatory signaling, potentially contributing 

to neurotoxicity in HD. We evaluated whether altering PIAS1 levels in R6/2 striatum 

results in modulation of disease-associated neuroinflammation by investigating levels of 

key inflammatory proteins such as those expressed by activated microglia, inflammatory 

factors, and proinflammatory cytokines.  
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As microglia are intimately involved in regulation of inflammation, levels of anti-ionized 

calcium binding adaptor molecule 1 (Iba1), a marker for microglia in mouse tissue, was 

evaluated. Upon activation of microglia due to inflammation, expression of Iba1 is 

upregulated allowing the discrimination between surveying and activated microglia 

(Jeong et al., 2013). As expected, HD mice were found to have elevated steady-state 

levels of Iba1, consistent with increased neuroinflammation in the context of mHTT 

expression (Figures 3.15A and 3.15B). Treatment with miPIAS1.3 significantly reduced 

Iba1+ microglia (Figure 3.15A) within the virus-expressing regions, suggesting that 

mHTT accumulation and PIAS1 signaling may be essential for this neuroinflammatory 

effect. When PIAS1 was overexpressed, a significant increase in Iba1 protein staining 

was observed in HD mice (Figure 3.15B). Modulation of PIAS1 in NT mice did not yield 

a significant change in Iba1 levels compared to control treated mice (Figures 3.15A and 

3.15B), suggesting that the presence of mHTT is an essential component of altered 

neuroinflammatory responses upon modulation of PIAS1. 

Cytokines constitute a significant portion of the immuno- and neuromodulatory 

messengers that can be released by activated microglia. Additionally, PIAS1 regulates 

several downstream activators of pro-inflammatory cytokine signaling pathways 

including NF-κB (Shuai, 2006). We therefore examined NF-κB (p65) following 

modulation of PIAS1 in the insoluble striatal protein fraction which as shown above 

contains primarily nuclear and accumulated proteins. Consistent with previous studies 

(Camandola and Mattson, 2007), p65 levels were significantly decreased in the 

insoluble/nuclear fraction in R6/2, suggesting defective activation and localization of p65 

to the nucleus (Figures 3.16A and 3.16B). Following PIAS1 knockdown in R6/2 mice, 
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insoluble/nuclear p65 levels were increased and restored to NT levels (Figure 3.16A). In 

contrast, overexpression of PIAS1 did not alter p65 levels (Figure 3.16B).  

Given Iba1 and NF-κB’s role in inflammation, we next determined if changes in these 

markers corresponded to alterations in proinflammatory cytokines. We used a sensitive 

immunoassay panel to measure levels of IL1-β, IL-12p70, IFNγ, IL-6, IL-4, IL-5, IL-6, IL-

2, KC/GRO, IL-10, and TNFα in striatal tissue. Several of these cytokines are altered in 

HD mouse models and human post-mortem tissue, including TNFα, IL1-β, IL-6, IL-10, 

and IFNγ (Ellrichmann et al., 2013; Silvestroni et al., 2009). Because detergent-

insoluble samples contained high levels of SDS and can disrupt ELISA detection and 

that cytokines are soluble in nature, only soluble protein fractions were analyzed. 

Strikingly, PIAS1 reduction restored levels of several dysregulated proinflammatory 

cytokines back to NT levels. For instance, IFNγ, IL-6, and KC/GRO were significantly 

increased in HD mice relative to NT animals (Figure 3.17A-D). However, this 

inflammatory effect was restored to NT levels in the presence of miPIAS1.3 (Figure 

3.17A-C). In the case of IL1-β, HD mice have relatively high levels at baseline; PIAS1 

knockdown increased its levels in controls and HD mice (Figure 3.17D). Further, there 

were no genotype or treatment effects for the other 7 cytokines on the panel (3.18A), 

indicating selectivity in this PIAS1-mediated response for genes known to be 

dysregulated in HD systems and regulated by PIAS1 (Shuai, 2006). In contrast to 

PIAS1 reduction, PIAS1 overexpression did not elicit any changes to these same 

cytokines (e.g. IFNγ, IL-6, KC/GRO, IL1-β) in R6/2 mice (Figure 3.17E-H), possibly 

because PIAS1 levels are already high, or in NT controls. No treatment effects were 
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observed for striatal expression of the cytokines IL-12p70, IL-4, IL-5, IL-2, or IL-10 in NT 

or R6/2 animals, as with miPIAS1.3 (Figure 3.18B). 

These results suggest that PIAS1 knockdown results in the selective restoration of 

several inflammatory markers that are dysregulated in R6/2 mice and HD patients. 

 

DISCUSSION 

Approaches to reduce the causal entity in HD by targeting the production or 

accumulation of the mHTT protein itself are each likely to ameliorate HD pathogenesis. 

Here we describe a selective approach to reduce the accumulation of an insoluble, 

HMW and modified form of HTT in vivo in R6/2 mice through acute knockdown of the 

E3 SUMO ligase PIAS1, thereby reducing HD related phenotypes, significantly 

normalizing aberrant neuroinflammatory responses and potentially improving synaptic 

health in these mice. Outcomes were specific to preventing formation of this HTT 

species and to decreasing PIAS1 whereas overexpression of PIAS1 significantly 

exacerbated HD phenotypes and dysregulated protein homeostasis as measured by 

accumulation of pathogenic insoluble mHTT, SUMOylated, and ubiquitinated proteins.  

PIAS1 and protein homeostasis  

There is growing awareness that the SUMO network is important in a number of critical 

cellular processes, including pathways responsible for maintaining proteostasis through 

quality control, regulation of the turnover of cellular components, and stress responses. 

Age- and disease-related decline in protein homeostasis challenges the ability of 

neurons to counteract the accumulation of misfolded proteins. Their apparent critical 

role in regulating clearance of toxic mHTT clearance intermediates make SUMO and 
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selective regulatory E3 ligases enticing targets for developing therapeutics for HD. Our 

findings indicate that PIAS1 may be a central feature in modulating the formation of 

accumulated/aggregated mHTT, either as a component of clearance mechanisms or 

through a contribution to the formation of toxic, modified clearance intermediates to be 

degraded. Our previous studies suggested that levels of PIAS1 can influence 

pathogenesis, given that reduced PIAS1 prevented aberrant accumulation of insoluble 

mHTT in cells (O'Rourke et al., 2013) and repressed PIAS1 was associated with 

improved behavior outcomes following AV.caRheb treatment in N171-82Q mice and WT 

control littermates (Lee et al., 2015). Importantly, PIAS1 appears to function at the 

protein homeostasis level versus acting to modulate HTT gene expression.  

Post-translational modification of proteins such as tau, α-synuclein, and HTT has 

been linked to regulating their abundance in cells, potentially in association with cellular 

clearance networks (Pennuto et al., 2009; Popova et al., 2015). As protein clearance 

mechanisms become impaired upon aging, modified proteins which normally would be 

targeted for degradation may ultimately create accumulated clearance intermediates 

that take on toxic properties (Orr and Zoghbi, 2007; Shao and Diamond, 2007). The 

outcome is likely tied to the overall functional state of protein clearance pathways in the 

cell at a given time. For instance, SUMOylation of disease proteins can positively or 

negatively regulate aggregation potential and cellular homeostasis (Sarge and Park-

Sarge, 2009). SUMOylated proteins, as well as other post-translationally modified 

proteins, can act as clearance intermediates, effectively targeting them for degradation 

by either the UPS or by autophagy. However, when these pathways become blocked or 

impaired, proteins begin to accumulate and aggregate and further modification by 



 

132 

 

ligases such as PIAS1 may generate more SUMOylated proteins than the system is 

able to effectively clear. It is possible that by reducing PIAS1 levels in our study, the 

formation of toxic HMW mHTT clearance intermediates is being significantly reduced, 

lightening the burden on the cell and shifting cellular homeostasis into a protective state. 

PIAS1 and Neuroinflammation 

In non-disease settings, inflammation acts as a homeostatic adaptive biological 

response to pathogen infection and tissue injury to activate the immune system and 

tissue repair mechanisms. However, when pathological processes result in a sustained 

inflammatory response, this chronic response may promote pathogenesis in several 

neurodegenerative diseases including HD and contribute to maladaptive responses that 

cause impaired neural plasticity and regeneration (Pekny and Pekna, 2014). Post-

mortem human HD tissue has a distinct profile of inflammatory mediators such as 

increased gene expression of IL1-β, IL-8 (KC/GRO in mice), IL-6, and TNFα in the 

cortex and cerebellum (Silvestroni et al., 2009), decreased IL1-β, IL-8, TNFα and 

increased IL-6 mRNA levels in both human HD and R6/2 mouse striatum (Laprairie et 

al., 2014). How these mediators contribute to disease is unclear.  

We investigated the expression of key inflammatory mediators in the presence of PIAS1 

modulation and observe selective restoration of inflammatory signaling. First, although 

TNFα levels are higher in the plasma and brain tissues of mice and patients with HD 

(Bjorkqvist et al., 2008), PIAS1 modulation did not appear to impact TNFα levels, 

suggesting that PIAS1’s effects on cytokine and inflammatory state may be downstream 

of TNFα regulation, potentially at the level of NF-κB. HTT can interact with p65 and 

mHTT expression impairs transport of NF-κB from the synapse to the nucleus, a 
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process which appears to be critical to cell survival, synaptic plasticity, and 

neuroprotection (Marcora and Kennedy, 2010). Inappropriate regulation of NF-κB is 

involved in a wide range of neurodegenerative disorders including HD (Camandola and 

Mattson, 2007) and p65 activation normalizes the expression of several cytokine genes 

in HD models (Laprairie et al., 2014). PIAS1 is an important negative regulator of NF-κB 

transcription factors that are activated by proinflammatory cytokines, growth factors, 

bacterial lipopolysaccharides, viruses, and stress signals (Liu et al., 2005). The binding 

of PIAS1 to p65 inhibits cytokine-induced NF-κB-dependent gene activation and 

induction of proinflammatory cytokine transcription, predicting that decreasing PIAS1 

could restore NF-κB activity. Indeed, reduction of PIAS1 restored insoluble/nuclear p65 

to NT levels (Figure 3.16). An intriguing connection between protein accumulation and 

these inflammatory responses is that IκB kinase β can regulate p65 clearance; this 

kinase also phosphorylates HTT S13 (Khoshnan and Patterson, 2011; Oeckinghaus 

and Ghosh, 2009; Thompson et al., 2009), which both facilitates SUMO modification of 

HTT and clearance of mHTT.  It is conceivable that PIAS1 is involved in this regulatory 

loop.  

Levels of microglia are also decreased following PIAS1 knockdown in R6/2 mice (Figure 

3.15). Microglial activation is observed in R6/2 mice and HD human tissue (Simmons et 

al., 2007) and expression of mHTT in microglia is sufficient to activate microglia and 

induce inflammatory responses via the myeloid lineage-determining factors PU.1 and 

C/EBPs (Crotti et al., 2014). Remarkably, PIAS1 serves as a SUMO E3 ligase to 

regulate C/EBPβ activity (Liu et al., 2013) suggesting PIAS1 may be critical to this 

pathway which is dysfunctional in HD. Given that cellular debris from degenerating 
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neurons, including aggregates, can stimulate inflammatory cascades by microglia (Eyo 

and Wu, 2013; Suzumura, 2013), the prevention of mHTT accumulation may directly 

influence microglial activation. Indeed, we find that specific modulation of PIAS1 in 

neurons may alter cell-to-cell communication with neighboring glial cells to alter 

inflammatory homeostasis. One powerful aspect of this study comes from comparing 

the behavioral and neuropathological changes to mHTT proteostasis and inflammatory 

markers, which allows predictions as to the relevance of each that can be formally 

tested in future studies. A potential association between effects on HTT proteostasis is 

that microglial neuronal toxicity may account for loss of synaptophysin (Rasmussen et 

al., 2007), therefore by reducing levels of Iba1, and possibly activated microglia, PIAS1 

knockdown may indirectly restore levels of synaptophysin in response to reduced 

neuronal toxicity. The significant reduction of accumulated insoluble mHTT and modified 

proteins in cells may restore positive cell-to-cell signaling between transduced neurons 

and neighboring/recruited microglia to limit the progression of a disease inflammatory 

state. PIAS1 knockdown, however, also appears to elicit selective effects beyond 

reducing mHTT accumulation. For instance, synaptophysin levels were increased in 

both NT and HD lines at 10 weeks following PIAS1 knockdown, suggesting that 

synaptotoxicity could be reversed both as a consequence of reduced mHTT 

accumulation but also at least in part, directly as a consequence of PIAS1 activity.  

PIAS1 is critically involved in the regulation of several key inflammatory signaling nodes 

(Liu et al., 2007; Shuai, 2006; Shuai and Liu, 2005) including STAT1, NF-κB as 

mentioned, and interferon-inducible genes and PIAS1 can negatively regulate 

interferon-inducible genes (Shuai, 2006). When interferon pathways are activated, 
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clearance of accumulated misfolded proteins is induced and cytotoxicity reduced in HD 

(Lu et al., 2013), SCA (Chort et al., 2013) and ALS (Hadano et al., 2010) models. IFN-γ 

levels are increased following PIAS1 knockdown in R6/2, consistent with PIAS1’s role 

as a negative regulator for IFN-γ mediated innate immune responses (Liu et al., 2004). 

As many of these highly relevant networks are transcriptionally regulated by PIAS, 

PIAS1 may therefore play a fundamental role in HD pathogenesis through a combined 

impact on SUMO modification pathways and transcriptional networks. Consistent with 

our findings, PIAS1-homozygous null mice have elevated proinflammatory cytokine IL1-

β levels relative to their wild type littermates (Liu et al., 2007).  

R6/2 mouse model and next steps 

Based on findings presented here using a rapidly progressing mouse model, R6/2, that 

expresses an amino terminal fragment of the full length mHTT protein (Mangiarini et al., 

1996a), PIAS1 knockdown would be predicted to be neuroprotective and potentially 

effective when treatment is initiated symptomatically or early in disease. However, this 

likely depends on model and/or disease stage. Pathogenesis in R6/2 mice represents 

aspects of manifest HD, showing demonstrable protein accumulation, nuclear HTT 

localization, neuroinflammation, and dysregulated transcriptional signatures similar to 

striatal tissues from both symptomatic full length knock-in mouse models of disease and 

to human HD brain (Chang et al., 2015; Ciamei et al., 2015; Simmons et al., 2007). It 

will be essential to evaluate the effects of PIAS1 modulation in full length models of HD 

at various stages of the disease and perhaps in human patient-derived induced 

pluripotent stem cell neuronal subtypes in future studies in order to fully understand the 

contribution of PIAS1 to disease and its potential as a clinical target. Further, our 



 

136 

 

findings elucidate effects on neuronal dysfunction versus neurodegenerative aspects of 

disease, given the limited neuronal loss that is observed in mouse models of HD relative 

to human HD.  

Summary 

There is immense molecular complexity of inflammatory responses in HD. The data 

suggests that PIAS1 may link protein homeostasis and neuroinflammation in HD 

through a combination of modulating or compensating for dysfunctional inflammatory 

signaling cascades between neurons and microglia, and modulating accumulation of 

toxic HMW species of HTT, potentially allowing improved flux through protein clearance 

pathways. Given that PIAS proteins regulate several critical cellular processes, such as 

transcription, immune responses, and cytokine signaling (Liu and Shuai, 2008; Rytinki 

et al., 2009), and the likelihood that these processes play critical roles in different stages 

of disease and development, PIAS1 may thus serve as an “opportunistic” target. As a 

therapeutic target, homozygous animals display partial perinatal lethality (Shuai, 2006), 

suggesting a requirement for sufficient PIAS1 during development, however 

heterozygous null mice do not display any perinatal lethality and are clinically normal. Of 

significance, no deleterious effects were observed in NT animals following partial 

reduction of PIAS1, suggesting that a therapeutic reduction of PIAS1 could be safe 

through knockdown or small molecule inhibitors. PIAS1 protein levels were not 

significantly altered in these NT mice, despite expression of AAVs and decreased 

mRNA levels (Figure 3.2C). It is conceivable that other PIAS proteins and/or overall 

cellular homeostasis mechanisms may normally maintain PIAS1 levels under strict 

control by either clearing out excess or maintaining levels of PIAS1 when 
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overexpressed or knocked down. Supporting this concept is the presence of a C-

terminal domain responsible for targeting for PIAS1 for proteolysis/clearance (Reindle et 

al., 2006). These cellular processes may be less functional in the expanded 

polyglutamine repeat context, as highlighted by the accumulation of PIAS1 in HD mice 

and impact on this accumulation through exogenous targeting of expression. The 

fundamental properties identified here may also broadly impact other 

neurodegeneration diseases, suggesting that PIAS1 and other E3 SUMO ligases may 

be key to tipping the balance between normal protein homeostasis and disease 

processes that cause neurodegeneration.  

 

B. UNPUBLISHED DATA  

Ongoing Studies: Targeting PIAS1 functional domains to achieve specificity  

Structurally, PIAS1 contains five functional domains, including the SUMO-interaction 

motif (SIM) functional domain; these domains regulate cell processes by altering 

subcellular localization and formation of protein complexes through non-covalent 

interaction with SUMOylated proteins and binding various transcriptional 

activators/complexes to either repress or enhance activation of specific pathways. While 

PIAS1 is associated with proteostasis mechanisms, including HTT from our work, the 

SIM-mediated interactions remain largely unknown. Further, the role of the PIAS1-SIM-

interactome in the context of HD has not been evaluated thus far, yet preliminary data 

show increased mHTT accumulation in the absence of the PIAS1 SIM. Interestingly, 

RNF4, another E3-SUMO ligase, also contains several SIMs that are required for 

recruitment and clearance of nuclear SUMOylated protein aggregates (Kung et al., 
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2014). Therefore, it is plausible that PIAS1 may also function as a scaffold for stress-

induced protein clearance complexes in the CNS through its SIM domain. 

Preliminary data: The PIAS1 SIM domain may regulate mHTT accumulation 

The PIAS protein family contains several highly conserved regions including the E3 

SUMO ligase domain and SIM (Palvimo, 2007; Yunus and Lima, 2009) that regulate 

PIAS functions (Figure 3.19). Given the multiple functions of PIAS1, it may be 

therapeutically relevant to targets individual functional domains of the protein rather 

than modulating its levels as a whole as demonstrated thus far in these studies. Of 

particular interest is a highly acidic region within the PIAS protein containing a putative 

SUMO1 and polySUMO ‘VIDLT’ interaction motif (SIM) which favors a β-strand 

confirmation as predicted by PELE, a collection of secondary structure prediction 

algorithms hosted on Biology Workbench (workbench.sdsc.edu). PIAS1-mediated 

recruitment of proteins following cell stress is dependent upon the SUMO-interacting 

motif (SIM) in various proteins (Azuma et al., 2005) and all three major SUMO 

paralogues (SUMO1–3) can bind SIMs (Hecker et al., 2006; Kerscher, 2007). Though 

important for ligase function, it is important to note that the PIAS1 SIM is not required for 

the E3 SUMO ligase activity (Kotaja et al., 2002; Sachdev et al., 2001). Given the 

involvement of SUMO molecules and modifications in HD, this SIM domain is likely 

regulatory and may modulate mHTT protein homeostasis.  

To investigate the importance of this domain in PIAS1’s function in HD protein 

homeostasis, we generated PIAS1 mutant constructs with the VIDLT SIM domain 

swapped with AAAAA stretch in order to conserve tertiary structure, and transiently co-

transfected with 25Q/97Q-HTTex1p or 25Q/137Q-586HTT into HeLa cells. Treatment 
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with PIAS1 causes a robust increase in HMW mutant HTT in the insoluble fraction as 

previously reported (O’Rourke et al., 2013). When co-expressed with expanded mHTT, 

PIAS1 lacking its SIM domain caused an even larger increase in HMW insoluble mHTT 

(Figure 3.20). Additionally, PIAS1 levels were significantly increased when the SIM was 

mutated (Figure 3.20).  

These preliminary findings suggest that the SIM domain within PIAS1 may represent a 

functional domain to target protein homeostasis mechanisms affecting mHTT 

accumulation.  

 

SUMMARY AND NEXT STEPS 

The role of PIAS1 in protein clearance in the CNS remains elusive. Future studies will 

identify PIAS1 SIM-mediated interacting proteins that may participate in proteostasis 

through mass spectrometry approaches. PIAS1 has a clear modulatory effect on mHTT 

homeostasis both in vitro and in vivo; therefore identifying the mechanisms whereby 

PIAS1 exerts this effect and the potential role of the SIM will provide valuable 

mechanistic insights. Future studies will also examine whether defined domains can act 

in concert with other conserved and functionally relevant regions of PIAS through 

generation of combinatorial PIAS1 domain mutants. Future studies regarding the role of 

the SIM and other PIAS1 domains in protein homeostasis, in addition to others, will 

inform next stage development of PIAS1 as a therapeutic target. 
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EXPERIMENTAL PROCEDURES 

Animals 

Experiments were carried out in strict accordance with the Guide for the Care and Use 

of Laboratory Animals of the National Institutes of Health and an approved animal 

research protocol by the Institutional Animal Care and Use Committee (IACUC) at the 

University of California, Irvine, an AAALAC accredited institution. All efforts were made 

to minimize animal suffering. R6/2 mice were obtained from Jackson Laboratories (Bar 

Harbor, ME) (RRID:IMSR_JAX:006494) and housed under 12 h light/dark cycle in 

groups of up to 5 animals/cage with food and water ad libitum. CAG repeat sizing of 

tails and a subset of striatal tissue was performed (Laragen, Los Angeles, CA). To 

justify group and trial sizes in the animal experiments, we used G Power 

(http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3/). Assessment of 

differences in outcome were based upon our previous experience and published results 

(Carter et al., 1999; Hickey et al., 2005; Hockly et al., 2003; Stack et al., 2005)use 

models and applying the power analysis to analysis of variance model under these 

conditions and assumptions we arrived at an n=10 per experiment for behavior and n=4 

for biochemical analysis.  

Injections 

Bilateral intrastriatal injections were performed using a stereotaxic apparatus 

(coordinates 0.01mm caudal to bregma, 0.2mm right/left of midline, 0.345 pocket to 

0.325mm ventral to pial surface). Mice were anesthetized with isofluorane, placed in the 

stereotax and 5μl (~3e12vg/ml) of either vector were dispensed in each hemisphere’s 

striatum with a Hamilton syringe (Hamilton, Reno, NV). Animals were injected with ~ 
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3e12vg/ml of either rAAV2/1mU6miSAFECMVeGFP (n=10), 

rAAV2/1mU6miPIAS1.3CMVeGFP (n=10), rAAV2/2CMVeGFP (n=10), or 

rAV2/2CMVPIAS1 (n=10) at a rate of 0.5μl/min and the needle was left in place for 2 

min after each injection. Once completed, the incision was sutured. 

Behavior and Tissue Collection for Biochemical Processing 

Behavioral studies were performed one week following surgeries and analyzed blinded 

using Rotarod, pole test, grip strength, and Irwin assessment (Supplemental 

Experimental Procedures). Mice were sacrificed by Euthasol and transcardial perfusion. 

For biochemical assessment, cortex, striatum, and cerebellum was microdissected from 

flash-frozen half brains and stored at -80C until processing; 40μm sections of post-fixed 

half brains were processed for immunohistochemistry and imaged via confocal 

microscopy. All animals were assigned to treatment groups with randomly generated 

identification codes to keep the researcher blind throughout testing and analysis. 

Immunohistochemistry and Quantitation 

The following primary antibodies were used: anti-Iba1 (Wako Cat# 27030 

RRID:AB_2314667), anti-GFAP (Abcam Cat# ab7260 RRID:AB_305808), anti-HTT 

(X.J. Li, Emory University School of Medicine; Georgia; USA Cat# mEM48 

RRID:AB_2307353), anti-Synaptophysin (Sigma-Aldrich Cat# S5768 

RRID:AB_477523), and anti-βIII Tubulin (Covance Research Products Inc Cat# PRB-

435P-100 RRID:AB_10063850). Alexa fluorescent conjugated secondary antibodies 

were used (Innovative Research Cat# A21103 RRID:AB_1500591, Thermo Fisher 

Scientific Cat# A21050 RRID:AB_10562369, Thermo Fisher Scientific Cat# A21070 

RRID:AB_10562894, Thermo Fisher Scientific Cat# A21428 RRID:AB_10561552, 
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Thermo Fisher Scientific Cat# A21422 RRID:AB_10561696). Stained tissue was 

mounted on slides and cover slipped with Fluoromount-G (SouthernBiotech). Images 

were acquired on a LeicaDM2500 confocal microscope. For each brain, five 

representative sections were chosen and eGFP localized 10x, 20x, and 63x z-stack 

images obtained for each treatment using confocal microscopy at comparable sections 

in each animal. Stacked images were obtained for each section containing viral 

expression as reported by eGFP expression, followed by automatic analyses using 

Imaris Bitplane 5.0.  

Western Blot Analysis 

Whole mouse striatum tissue was processed for either soluble/insoluble fractionation as 

previously described (O'Rourke et al., 2013) (Supplemental Experimental Procedures) 

or with TPER buffer with protease inhibitors (Complete Mini, Roche Applied Science, 

Mannheim) and phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail, 

Roche Applied Science, Mannheim). Protein concentration was determined by BCA 

assay (Pierce, Rockford), and 30µg of protein was reduced, loaded on 3-8% bis-

acrylamide gels/4%–12% bis-tris mini gels (Life Technologies) for SDS-PAGE, 

transferred to nitrocellulose membrane, and nonspecific proteins were blocked with 

SuperBlock Blocking Buffer (Thermo Scientific). Primary antibodies used were: Anti-

HTT (Millipore Cat# MAB5492 RRID:AB_347723); Anti-HTT (VIVA Bioscience Cat# 

VB3130, RRID:AB_2566818); Living Colors Full-Length Antibody (Clontech 

Laboratories, Inc. Cat# 632381 RRID:AB_2313808); anti-mPIAS1 (Thermo Fisher 

Scientific Cat# 396600 RRID:AB_10151462); anti-SUMO-1 (Enzo Life Sciences Cat# 

BML-PW9460 RRID:AB_10542961), anti-SUMO-2 (MBL International Cat# M114-A48 
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RRID:AB_1953063); anti-Ubiquitin (Santa Cruz Biotechnology Cat# sc-8017 

RRID:AB_628423); anti-NFκB p65 (Santa Cruz Biotechnology Cat# sc-8008 

RRID:AB_628017), anti-Histone H3 (Millipore Cat# 06-755 RRID:AB_2118461), anti-

GAPDH (IMGENEX Cat# IMG-5019A-1 RRID:AB_316884), and anti-α-tubulin (Sigma-

Aldrich Cat# T6074 RRID:AB_477582). Blots were developed using Pico/Dura Western 

Blotting Detection System (Pierce) and exposed to film for images. Protein 

quantification was performed using Scion Image analysis software. Band densities were 

normalized to α-tubulin.  

RNA Isolation and Real-Time Quantitative PCR 

Brain tissues were homogenized in TRIzol (Invitrogen), and total RNA was isolated 

using RNEasy Mini kit (QIAGEN). DNase treatment was incorporated into the RNEasy 

procedure in order to remove residual DNA. RIN values were >9 for each sample 

(Agilent Bioanalyzer). Reverse transcription was performed using oligo dT primers and 

1μg of total RNA using SuperScript III First-Strand Synthesis System (Invitrogen). 

Quantitative PCR was performed as previously described (Vashishtha et al., 2013) and 

ddCT values were quantitated and analyzed against RPLPO.  

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.04 software. All data are 

expressed as mean ± SEM, and a value of p<0.05 was considered to be statistically 

significant. Statistical comparisons of densitometry results were performed by one-way 

ANOVA followed by Bonferroni's multiple comparison tests. Student's t tests were used 

for aggregate size and number comparisons from the EM48 immuno-labeling study. 

One-way ANOVA followed by Bonferroni's multiple comparison tests was used to 
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establish significance of the body weight analysis from the R6/2 mouse study. 

Significance in the clasping assay was determined by Fisher's exact probability test. 

The Rotarod and pole test data were analyzed by one-way ANOVA followed by 

Bonferroni's multiple comparisons tests.  

Supplemental Experimental Procedures 

Production of AAV vectors 

To reduce mouse Pias1 mRNA levels, artificial miRNA sequences (miSafe, and miPias1 

variants) were generated by polymerase extension of overlapping DNA oligonucleotides 

(IDT, Coralville). Polymerase-extended products were purified using Qiaquick PCR 

purification kit, digested with XhoI-SpeI and cloned into a XhoI-XbaI site on a Pol-III 

expression cassette containing the mouse U6 promoter, a multiple cloning site and the 

Pol-III-terminator (6T’s) (Monteys et al., 2014). 

 For in vivo studies, the miRNA expression cassettes were moved into an AAV shuttle 

plasmid containing a eGFP gene under the control of the human cytomegalovirus 

immediate-early gene enhancer/promoter region (CMV promoter) and upstream of a 

SV40 poly (A) signal.  These transcriptional units are flanked at each end by AAV 

serotype 2 145-bp inverted terminal repeat sequences. Recombinant AAV vectors were 

produced by standard calcium phosphate transfection method in HEK293 cells by using 

the AdHelper, AAV1 transpackaging and AAV shuttle plasmids (Sandalon et al., 2004). 

Vector titers were determined by realtime PCR and were between 3e10 – 2.16e13 

vg/ml. 

Recombinant virus was purified by precipitation with PEG 8000, followed by iodixanol 

gradient ultracentrifugation with a final titer of 3e12 genome copies/mL. Three hours 
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before surgery, all viral vector preps were dialyzed against Formulation Buffer 18 

(Hyclone) to remove salts (three total hours of dialysis). 

Cognitive and Motor Behavioral Timeline & Assessment 

Body weights were obtained daily at 6–10 weeks of age at the same time each day. For 

clasping assessment, mice were suspended by the tail for 30 s daily at 6–10 weeks of 

age as described previously (Mangiarini et al., 1996). The presence or absence of 

hindlimb clasping was noted. Rotarod evaluations were performed using an accelerating 

apparatus (Dual Species Economex Rota-Rod; 0207-003M; Columbus Instruments) at 7 

and 9 weeks of age. The latency to fall from the rod was recorded. The three trials were 

averaged and analyzed for significance. Mice were also examined for performance on a 

vertical pole (1 cm in diameter, 60 cm high) at 6 and at 8 weeks of age. The mice were 

tested with a modification of this protocol by placing them facing down on the vertical 

pole and total time to descend measured. Mice were habituated to the task 1 d before 

testing. This task was performed four times with a 30 second rest between trials. The 

total time to descend from the starting point of placement on the pole was measured. 

The four trials were averaged and analyzed for significance. To measure forelimb grip 

strength, a mouse was held by the tail and lowered towards a specially designed pull 

bar with a force gauge in such a manner as to retain the peak force applied on a digital 

display grip strength meter. This assay senses the peak amount of force an animal 

applies in grasping (Ugo Basile, Italy). Mice were gently pulled back until they released 

their grip from the handle. Each session consisted of five consecutive trials, with the 

four strongest pulls being averaged and analyzed for significance. The equipment 

automatically measures the grams of force required to pry the mouse from the handle. 
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During the 14-week survival study, we monitored neurological signs with a modified 

Irwin test every 3 days beginning at 6 weeks and scored animals according to a pre-

defined scoring criteria. 

Soluble/Insoluble Fractionation 

Striatal tissue was homogenized in lysis buffer containing 10 mM Tris (pH 7.4), 1% 

Triton X-100, 150 mM NaCl, 10% glycerol, and 0.2 mM PMSF. Tissue was lysed on ice 

for 60 min before centrifugation at 15,000 × g for 20 min at 4°C. Supernatant was 

collected as the detergent-soluble fraction. The pellet was washed 3× with lysis buffer 

and centrifuged at 15,000 × g for 5 min each at 4°C. The pellet was resuspended in 

lysis buffer supplemented with 4% SDS, sonicated 3×, boiled for 30 min, and collected 

as the detergent-insoluble fraction. Protein concentration was quantitated using Lowry 

Protein Assay (Bio-Rad) Soluble/Insoluble fractionation protocol was previously 

described and optimized for HTT visualization (O'Rourke et al., 2013). 

Primers: 

oIMR1594: 5’-CCCCTCAGGTTCTGCTTTTA-3’, oIMR1596: 5’-

TGGAAGGACTTGAGGGACTC-3’; PIAS1 Forward: 5’-TTAAGGAGGATGGCACTTGG-

3’, PIAS1 Reverse: 5’-AGCTCAAGCATCCATCGACT-3’; RPLPO Forward: 5’-

TGGTCATCCAGCAGGTGTTCGA-3’, RPLPO Reverse: 5’-

ACAGACACTGGCAACATTGCGG-3’. 

 

 

 

 



 

147 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Figures 

 

 

 

 

 

 

 

 

 

 



 

148 

 

 

Figure 3.1. Silencing efficacy of artificial miRNAs targeting mouse Pias1 expression. (A) 
Quantitative analysis of Pias1 mRNA levels in NIH3T3 cells electroporated with U6/miCtl, U6/miPias1.3 
and U6miPias1.8 expression cassettes. Total RNA was collected 36h post-electroporation and Pias1 
transcripts were determined by RT- qPCR. All samples were normalized to ß-actin and results are the 
mean ± SEM relative to cells transfected with miCtl (n= 4 wells) (B) miCtl and miPias1.3 expression 
cassettes were transfected into mouse NIH3T3 cells, and endogenous Pias1 protein levels were 
determined 48 h after transfection. miCtl was used as a no silencing control and Beta-Catenin serves as a 
loading control. miPias1.3 expression resulted in a significant reduction in levels of Pias1 vs miCtl 
(p<0.05), whereas miPias1.8 expression did not result in a significant reduction in levels of PIAS1 vs 
miCtl. *P < 0.05; values represent means ± SEM. Statistical comparisons of results were performed by 
performing a Krustal-Wallis test; n=4/treatment. 
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Figure 3.2. PIAS1 levels are modulated in R6/2 mouse model following viral-mediated knockdown 
or overexpression. (A-B) miPIAS1.3 viral expression is limited to neurons. Confocal images of R6/2 

striatum (63x) with miPIAS1.3. (A) Red: immunohistochemical label for βIII-Tubulin, a neuronal marker; 
green: GFP expression of viral vector. (B) Red: immunohistochemical label for Iba1, a microglia marker; 

blue: GFAP, an astrocyte marker; green: GFP expression of viral vector. Scale bar = 75 µm. (C) 
Immunoblotting of PIAS1 from 10-week-old R6/2 and NT mouse striatal lysates following viral mediated 
miSAFE or miPIAS1.3 treatment. Insoluble PIAS1 levels are significantly reduced following miPIAS1.3 
treatment in R6/2, but not NT mice compared to eGFP treatment. All data are expressed as western 
quantitation and relative expression to NT + miSAFE treated mice. Protein expression was validated for 
protein loading prior to antibody incubation using reversible protein stain and each samples’ 

corresponding soluble α-tubulin expression. (D) Immunoblotting of PIAS1 from 9-week-old R6/2 and NT 
mouse striatal lysates following viral mediated eGFP or PIAS1 treatment. Insoluble PIAS1 levels are 
significantly increased following PIAS1 treatment in R6/2, but not NT mice compared to eGFP treatment. 
All data are expressed as western quantitation and relative expression to NT + eGFP treated mice. 
Protein expression was validated for protein loading prior to antibody incubation using reversible protein 
stain and each samples’ corresponding soluble a-tubulin expression. Densitometry analyses for (C) and 
(D) revealed increased levels of PIAS1 compared to age- and sex-matched NT littermates. Data 
represent mean ± SEM. *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001; One-way ANOVA followed by 
Bonferroni post-testing testing was applied. n=4/treatment.  
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Figure 3.3. Soluble/Insoluble fractionation represents Cytoplasmic/Nuclear fractions, respectively. 
Western blot analysis of 9-week old NT and R6/2 mouse striatal lysates separated into detergent-soluble 
and detergent-insoluble fractions. Cytoplasmic marker, GAPDH, was exclusively detected in the soluble 
striatal protein fraction in addition to monomeric transgene mHTT (5492) and soluble oligomeric/multimers 
of mHTT. Nuclear marker, Histone H3, was exclusively detected in the detergent insoluble striatal protein 
fraction in addition to an insoluble high molecular weight accumulated species of mHTT (5492). 
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Figure 3.4. Insoluble/nuclear PIAS1 levels are elevated in R6/2 HD mouse model. (A) Immunoblotting 
of PIAS1 showed significantly elevated levels of insoluble PIAS1 in the striatum of 10 week old R6/2 mice 
compared to NT controls (N=3). (B) Knockdown of PIAS1 resulted in a significant reduction in levels of 
soluble PIAS1 levels in NT striatum only and not in R6/2 mice at 10 weeks. Data represent mean ± SEM. 

*p < 0.05; **p < 0.01; One-way ANOVA followed by Bonferroni post-testing testing was applied. 

n=3/treatment. 
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Figure 3.5. Control miSAFE expression is equivalent to Vehicle injected R6/2 mice and does not 
influence HTT levels or alter behavioral outcomes. (A-B) Western blot analysis of 10-week old R6/2 
mouse striatal lysates separated into detergent-soluble and detergent-insoluble fractions. (A) No 
significant differences were observed in insoluble PIAS1 or soluble mHTT transgene for either Vehicle or 
miSAFE injected mice. Both miSAFE and miPIAS1.3 confirmed eGFP expression driven by viral vector 
(eGFP). (B) No significant differences were observed in insoluble accumulated mHTT for vehicle and 
miSAFE injected mice. (C) No significant differences were detected (apart from genotype) in NT and R6/2 
mice treated with miSAFE or vehicle on Rotarod (7 week), Pole Test (8 week), and Grip Strength (8 
week) behavior tasks. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 values represent means ± SEM. 
Statistical significance was determined by one-way ANOVA with Bonferroni post-testing for all behavioral 
analysis. n=10/group for all behavioral analysis. 
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Figure 3.6. Real-time PCR of PIAS1 and human HTT transgene expression in R6/2 mice. RPLPO 
(Large Ribosomal Protein) endogenous control was used to normalize gene expression differences in 
cDNA samples. Significance was determined by one-way ANOVA with Bonferroni post-testing; p<0.05; **, 
p<0.01. n=4/treatment. 
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Figure 3.7. Effects of PIAS1 modulation on behavior in R6/2 mice. (A) Timeline of the study shows 
age of mice at treatment and timing of behavioral testing (n=10 per group) assessed through clasping, 
Rotarod, pole test, and grip strength. (B-E) PIAS knockdown: 7-week (Rotarod) and 8-week (pole test and 
grip strength) old mice are shown. R6/2 mice treated with miSAFE performed significantly worse on all 
tasks compared to NT + miSAFE/miPIAS1.3. R6/2 mice injected with miPIAS1.3 virus demonstrated 
improvements in clasping over time. Behavioral deficits were significantly improved in HD + miPIAS1.3 
compared to HD + miSAFE on Rotarod time, descent time, and forelimb grip strength. (F-I) PIAS 
overexpression: 7-week (Rotarod), 6-week (pole test), and 8-week (grip strength) old mice are shown. 
R6/2 mice treated with eGFP performed significantly worse on all tasks compared to NT + eGFP/PIAS1. 
R6/2 mice injected with +PIAS1 virus demonstrated exacerbated deficits in clasping over time. Behavioral 
deficits were significantly worsened in R6/2 + PIAS1 compared to R6/2 + eGFP in descending time and 
forelimb grip strength. No significant treatment effect was detected for eGFP v. PIAS1 overexpression in 
R6/2 mice for Rotarod latency to fall time. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 values represent 
means ± SEM. Statistical significance was determined by one-way ANOVA with Bonferroni post-testing 
for all behavioral analysis. 
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Figure 3.8. PIAS1 modulation has no effect on mouse weight. A significant reduction in body weight 
compared with NT mice was detected from 8 weeks of age in R6/2 mice. Significance was determined by 
one-way ANOVA with Bonferroni post-testing; *** P < 0.001, ****P < 0.0001. n=10/treatment. 
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Figure 3.9. PIAS1 knockdown rescue on Rotarod task disappears at 9 weeks. No significant 
differences were detected (apart from genotype) in NT and R6/2 mice treated with miPIAS1.3 when 
compared to miSAFE on Rotarod (9 week) behavior task. Significance was determined by one-way 
ANOVA with Bonferroni post-testing; ****P < 0.0001; values represent means ± SEM. n=10/group for all 
behavioral analysis. 
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Figure 3.10. Effect of PIAS1 modulation on overall survival and physiological assessment of R6/2 
mice.  (A) Survival of mice after striatal stereotaxic viral injections was determined using 15 R6/2 mice (3 
groups, 5 mice each). One group received eGFP control; the remaining two groups were injected with 
either miPIAS1.3 (KD) or PIAS1 (OXP). PIAS1 knockdown significantly increased longevity of R6/2 mice, 
whereas PIAS1 overexpression had no significant effect when compared to eGFP injected mice. (B-D) 
Quick observational screens were performed weekly to rapidly assess spontaneous activity, piloerection, 
and gait and scored as designated by a multi-component Irwin Assessment Scale. PIAS1 knockdown 
delayed the onset of (B) abnormal spontaneous activity, (C) piloerection, and (D) gait impairments, 
relative to miSAFE and PIAS1 overexpression treated R6/2 mice. PIAS1 overexpression mice also 
exhibited earlier onset of abnormal physiological characteristics such as abnormal piloerection and gait 
impairments. n=5/treatment. 

 

 

 



 

159 

 

 

Figure 3.11. PIAS1 modulates insoluble protein accumulation in R6/2 mice. Western blot analysis of 
mouse striatal lysates separated into detergent-soluble and detergent-insoluble fractions. (A) PIAS 
knockdown: R6/2 mouse striatum is enriched in insoluble accumulated mHTT and SUMO-1, SUMO-2, 
and ubiquitin conjugated proteins compared to NT mice at 10 weeks. PIAS1 knockdown in R6/2 mice 
results in a significant reduction of insoluble (B) HMW accumulated HTT, (C) SUMO-1 and (D) SUMO-2 
insoluble conjugated proteins, and a decrease in (E) ubiquitin-modified insoluble conjugated proteins 
compared to R6/2 miSAFE treated mice. Quantitation of the relative protein expression for mHTT, SUMO-
1, SUMO-2 and Ubiquitin is shown directly below.(F) PIAS1 overexpression in R6/2 mice results in a 
significant increase of insoluble (G) HMW accumulated mHTT, (H) SUMO-1 and (I) SUMO-2 insoluble 
conjugated proteins, and an increase in (J) ubiquitin-modified insoluble conjugated proteins compared to 
eGFP treated R6/2 mice. Quantitation of the relative protein expression for mHTT, SUMO-1, SUMO-2 and 
Ubiquitin is shown directly below.*P<0.05, **P<0.01, ***P<0.001 values represent means ± SEM. 
Statistical significance for relative insoluble accumulated mHTT expression was determined with a two-
tailed Student’s t test. One-way ANOVA followed by Bonferroni post-testing testing was applied for 
SUMO-1, SUMO-2, and ubiquitin accumulated proteins groups. n=4/treatment.  
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Figure 3.12. PIAS1 knockdown reduces mHTT inclusions in HD mouse striatum. Consecutive 
coronal brain sections containing striatum were immunostained against mHTT containing aggregates; 
anti-huntingtin (red) and viral reporter GFP expression (green). (A) Images (20x) show that animals with 
behavioral rescue associated with PIAS1 knockdown also showed a significant reduction in levels of 
EM48+ aggregates – red) in the striatum in comparison with miSAFE injected mice (n=3 mice) where 
virus was expressed (GFP - green) (shown below representative images). (B) R6/2 mice with PIAS1 
overexpression showed a significant increase in levels of EM48+ aggregates – red) in the striatum in 
comparison with eGFP injected R6/2 mice (shown below representative images). **P<0.01, ***P<0.001 
values represent means ± SEM. Statistical significance for number of EM48+ aggregates was determined 

with a two-tailed Student’s t test. Bars = 250 µm; n=4/treatment. 
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Figure 3.13. PIAS1 modulation alters levels of synaptophysin in the striatum of R6/2 mice. Confocal 
laser scanning microscopy images (63x) of immunofluorescence for synaptophysin in striatum of NT and 
R6/2 mice treated with miSAFE/miPIAS1.3 at 10 weeks of age (A) and NT and R6/2 mice treated with 
eGFP/PIAS1 at 9 weeks of age (B). Consecutive coronal brain sections containing striatum were stained 
against synaptophysin. Histograms describe the optical intensity levels of synaptophysin in neurons of the 
NT and R6/2 mice treated with miSAFE/miPIAS1.3 and NT and R6/2 mice treated with eGFP/PIAS1, 
respectively. There is a higher density of immunoreactivity in the NT mice relative to the R6/2 samples. 
Following treatment with miPIAS1.3, synaptophysin levels are significantly increased in both NT and R6/2 
mouse striatum (representative images). PIAS1 overexpression significantly reduced synaptophysin 
levels in the striatum of R6/2 mice compared to eGFP treated mice (shown below representative images). 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 values represent means ± SEM. One-way ANOVA followed 

by Bonferroni post-testing testing was applied for all immunofluorescence analysis. Bars = 75 µm; 
n=4/treatment.  
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Figure 3.14. miPIAS1.3 expression corresponds to altered levels of synaptophysin in the striatum 
of R6/2 mice. Representative low magnification (5x) confocal laser scanning microscopy images of 
immunofluorescence for synaptophysin in striatum of R6/2 mice treated with miSAFE/miPIAS1.3 at 10 
weeks of age. Consecutive coronal brain sections containing striatum were stained against 
synaptophysin. Expression of miPIAS1.3 and not miSAFE virus results in increased levels of 

synaptophysin. Bars = 1000 µm.  
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Figure 3.15. Iba1+ microglia numbers are decreased by PIAS1 reduction in the R6/2 striatum. 
Consecutive coronal brain sections containing striatum were stained against Iba1, a microglia marker. (A) 
Images (20x) show that R6/2 mice with behavioral rescue associated with PIAS1 knockdown also showed 
a significant reduction in levels of microglia (Iba1+ cells; red) in the striatum in comparison with miSAFE 
injected R6/2 mice (shown below representative images). (B) R6/2 mice with PIAS1 overexpression 
showed a significant increase in levels of microglia (Iba1+ cells; red) in the striatum in comparison with 
eGFP injected R6/2 mice (shown below representative images). *P<0.05, **P<0.01, ***P<0.001 values 
represent means ± SEM. Statistical comparisons of results were performed by performing one-way 
ANOVA analysis followed by Bonferroni’s multiple comparison tests; Bars = 250 µm; n=4/treatment. 
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Figure 3.16. Insoluble NF-κκκκB (p65) levels are restored to NT levels following PIAS1 reduction in the 
R6/2 striatum. (A-B) Western blot analysis of whole tissue mouse striatal lysates from R6/2 and NT mice. 
In both knockdown and overexpression studies, R6/2 mice exhibited significantly reduced levels of 
insoluble p65 compared to NT mice. (A) Striatal injections of miPIAS1.3 resulted in a significant 
knockdown of PIAS1 levels in both NT and R6/2 mice. PIAS1 knockdown in NT mice resulted in no 
significant alteration in levels of insoluble p65, whereas PIAS1 knockdown in R6/2 mice resulted in a 
significant increase. (B) PIAS1 overexpression in NT and R6/2 mice resulted in no significant alteration in 

levels of insoluble NF-κB p65. All data are expressed as western quantitation and relative expression to 
NT + miSAFE/eGFP treated mice. Protein expression was validated for protein loading prior to antibody 

incubation using reversible protein stain and each samples’ corresponding soluble α-tubulin expression. 
*P<0.05, **P<0.01, values represent means ± SEM. Statistical comparisons of results were performed by 
performing one-way ANOVA analysis followed by Bonferroni’s multiple comparison tests; n=4/treatment. 
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Figure 3.17. Soluble inflammatory cytokines are altered in the R6/2 striatum and restored to NT 
levels following PIAS1 knockdown. (A-H) Temporal profile of pro-inflammatory cytokines in detergent 
soluble fraction of striatal tissue homogenates. R6/2 mice contained significantly higher levels of IL-6 and 

KC/GRO, significantly reduced levels of IFNγ, and no change in IL1-β compared to NT mice. (A-D) PIAS1 

knockdown resulted in significant decreases in (A) IFNγ, (B) IL-6, and (C) KC/GRO concentrations (pg/ml) 

in R6/2 compared to miSAFE treated animals. PIAS1 knockdown significantly increased (D) IL1-β levels 
in both R6/2 and NT mice relative to miSAFE treated mice. (F) PIAS1 overexpression resulted in no 

significant alteration in (E) IFNγ (F) IL-6 (G) KC/GRO, and (H) IL1-β concentrations (pg/ml) in either R6/2 
or NT mice compared to eGFP treated animals. *P<0.05, **P<0.01, ***P<0.001 values represent means ± 
SEM. Statistical comparisons of results were performed by performing one-way ANOVA analysis followed 
by Bonferroni’s multiple comparison tests; n=4/treatment.  
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Figure 3.18. Temporal profile of pro-inflammatory cytokines in detergent soluble fraction of striatal 
tissue homogenates. (A) R6/2 mice contained no alteration in levels of IL-4 or IL-10 for either miPIAS1.3 
treatment or HD genotype. (B) R6/2 mice contained no alteration in levels of IL-4 or IL-10 for either PIAS1 
treatment or HD genotype. Values represent means ± SEM. Statistical significance was determined by 
one-way ANOVA with Bonferroni post-testing for all behavioral analysis. n=4/treatment. 
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Figure 3.19. Conserved domains of protein inhibitor of activated STAT 1(signal transducer and 
activator of transcription protein) protein (PIAS1). Most PIAS proteins have five conserved domains or 
motifs: the SAP domain (scaffold-attachment factor A (SAFA) and SAFB, apoptotic chromatin-
condensation inducer in the nucleus (ACINUS) and PIAS domain), which contains a conserved LXXLL 
amino-acid motif (where X denotes any amino acid); the PINIT amino-acid motif; the RLD (RING-finger-
like zinc-binding domain); the SIM (highly acidic domain), which contains a SUMO1 (small ubiquitin-like 

modifier 1)-interaction motif that is found in all PIAS proteins except PIASy and PIASyE6
-
; and the S/T 

region (serine- and threonine-rich region). 
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Figure 3.20. The PIAS1 SIM domain regulates accumulation of insoluble mHTT and self-turnover. 
Levels of insoluble HMW accumulated mHTT increased as a result of PIAS1 overexpression with and 
without SIM mutant in HeLa cells transfected with either 25QP or 97QP HTT exon1 fragments as shown 
by immunoblotting/western analysis. Overexpression of PIAS1 SIM mutant results in significant increases 
in PIAS1 levels. 
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CHAPTER 4 

SUMO-interaction motifs in huntingtin and α-synuclein modulate 

accumulation and aggregation propensity 

SUMMARY OF CHAPTER 4 

The misfolding and aggregation of disease proteins plays a pivotal role in altering 

cellular networks. However, this event is not completely exclusive to misfolding and 

aggregation. Additional cellular factors which may intervene and modulate misfolding 

events also play a critical role in regulating disease protein stability. Building off of the 

work established in the previous three chapters of this dissertation, interacting protein 

complexes and SUMOylation both play a major role altering function, protein 

homeostasis, and accumulation of mHTT.  Therefore, it is plausible that regulatory 

sequences such as SUMO binding domains and SIM motifs in HTT and other 

interacting proteins may work together to regulate HTT SUMOylation and subsequent 

downstream events. As described in Chapter 3, SIMs are non-covalent SUMO 

interacting motifs that have recently emerged as having critical regulatory properties 

(Gareau and Lima, 2010) and that may enhance SUMOylation of the SIM-containing 

proteins themselves (Blomster et al., 2010). For example, the ubiquitin ligase RNF4 has 

multiple SIMs that recognize polySUMO-2 chains and ubiquitinate them for degradation 

by the proteasome (Geoffroy and Hay, 2009; Tatham et al., 2011). Indeed these SIMs 

may be important signal transduction inducers downstream of polySUMOylation events 

(Sun and Hunter, 2012). SIMs within target proteins can also enhance their SUMO 

modification and are found within several E3-SUMO ligases, including PIAS1 (Gareau 

and Lima, 2010). The implications of multiple SIMs in disease proteins and PIAS1 
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(Chapter 3) are not yet clear. In this chapter, I examined several bioinformatic and 

biochemical approaches to identify and examine the significance of the SIM landscape 

within the disease proteins HTT and α-synuclein in order to understand the roles these 

domains play in mediating protein homeostasis networks in disease settings. 

 

INTRODUCTION 

SUMO conjugation and binding to target proteins regulate a wide variety of cellular 

pathways, including those involved in maintaining protein homeostasis.. The functional 

aspects of SUMOylation include changes in protein-protein interactions, intracellular 

trafficking as well as protein aggregation and degradation. Additionally, SUMO has been 

linked to specialized cellular pathways such as neuronal development and synaptic 

transmission. It is clear from our work (preceding chapters in this dissertation) and 

others that SUMOylation is associated with neurological diseases associated with 

abnormal protein accumulations. For example, SUMOylation of the amyloid and tau 

proteins involved in AD and other tauopathies may contribute to changes in protein 

solubility and proteolytic processing. Similar events have been reported for α-synuclein 

aggregates found in PD, polyglutamine disorders such as HD, as well as protein 

aggregates found in ALS.  

Our understanding of SUMO biology and function has been significantly advanced by 

the recent discovery of proteins and protein domains that contain SUMO-interacting 

motifs (SIMs), which interact non-covalently with SUMO and SUMO-modified proteins. 

Unlike the motifs and domains that mediate ubiquitin binding, the diversity of SIMs 

seems much more limited. Nevertheless, the identification and characterization of SIMs 

has already increased ourunderstanding of how SUMO affects DNA repair, 
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transcriptional activation, nuclear body formation, and of relevance to this body of work, 

protein turnover and homeostasis. SIMs are distinct from SUMO modification sites, that 

have critical regulatory properties (Gareau and Lima, 2010). SUMOylation mediates 

protein-protein interactions through binding of conjugated SUMO moieties to SIMs that 

are defined as four amino acids strings containing three hydrophobic residues (VVXV or 

VXVV where V=V/I) (Hunter and Sun, 2008). Structurally, SIMs display an extended β-

sheet structure, forming an extra intermolecular β-strand with β-strand 2 of SUMO and 

inserted in a hydrophobic groove created between β-strand 2 and the α-helix of SUMO 

(Kerscher, 2007). SIM consensus regions are highly hydrophobic and thus, likely 

aggregation-prone. SIMs are also reported to enhance protein SUMOylation (Kerscher, 

2007). Hydrophobic amino acid substitution in this motif is open to interpretation and 

many in the field define V as V/I/L (Hunter and Sun, 2008). For example, interactions 

between SUMO-modified proteins can impact numerous biological processes by 

creating new binding surfaces and inducing conformational changes, thus altering the 

activity, subcellular localization and degradation of target proteins, signaling cascades 

and transcription, and DNA damage cell responses. The ubiquitin ligase RNF4 has 

multiple SIMs, one of which recognizes polySUMO-2 chains and ubiquitinates them for 

degradation by the proteasome (Geoffroy and Hay, 2009; Sun and Hunter, 2012; 

Tatham et al., 2008), thus creating a molecular link between the SUMO and 

ubiquitin/proteasome systems. Further, SIMS may induce signal transduction 

downstream of polySUMOylation events (Sun and Hunter, 2012). SIMS within target 

proteins can also enhance the intramolecular SUMO modification at target SUMO 

modifiable-lysines within the same protein. SIMs are found within several E3-SUMO 
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ligases, including PIAS1 (Gareau and Lima, 2010) and of relevance to HD, we find 

Rhes, which can also enhance SUMO-1 modification of HTT, has 1 predicted SUMO 

modification site and 5 predicted SIMs, one of which is a polySUMO-2 chain SIM. 

Notably α-synuclein has 3 predicted SUMO modification sites and 1 high probability SIM 

(Figure 4.1B), suggesting potential broad relevance of this network to other 

neurodegenerative diseases.  

As discussed in the discussion of Chapter 2, further analysis of the 586 aa HTT 

fragment (Tatham et al., 2008) reveals up to 13-17 potential overlapping SIMs within 

this region depending upon consensus sequence designation (Figure 4.1A). Further, in 

Chapter 3, we evaluated a potential role of the polySUMO SIM within the PIAS1 protein 

and found that mutating this domain increased mHTT accumulation. Interestingly, in a 

separate study, RNF4, another ligase, also contains several SIMs that are required for 

recruitment and clearance of nuclear SUMOylated protein aggregates (Kung et al., 

2014). It is plausible that the SUMO-modified proteins and SIM motifs in proteins like 

PIAS1 and HTT may work together to regulate the accumulation or misfolding of 

aggregation-prone proteins including HTT. A common biochemical feature of many 

sporadic forms of neurodegenerative disease is decreased solubility of specific disease-

associated proteins resulting in the enhanced pathological propensity to form 

aggregates. The identification of specific motifs or sequences such as point mutations, 

deletions, or trinucleotide extensions in aggregation prone  proteins causing hereditary 

forms of neurodegenerative diseases further supports a critical role for the aggregation 

process in disease. One question that remains is the contribution of these various forms 
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of misfolded disease proteins and how each state inevitably contributes to aspects of 

the disease process.  

Data from other studies and also presented in the previous Chapters show that a 586 

aa N-terminal fragment (Graham et al., 2006), and full length HTT can be SUMO 

modified downstream of the sites originally identified within the shorter N-terminal 

fragments (O'Rourke et al., 2013; Steffan et al., 2004; Subramaniam et al., 2009). 

Within the first 586 amino acids of HTT, this disease relevant fragment contains 2 high 

probability SIM motifs which are conserved across vertebrate species (Figure 4.1A). 

The implications of the multiple SIMs is unclear, however they may be integral to HTT 

and other proteins for function and degradation. SUMO modification or interactions 

of/with HTT could mediate protein interactions with other SIM containing proteins 

implicated in disease pathogenesis, such as CoREST, HDAC1 and HDAC4, and in turn, 

SIMs may promote protein interactions with these and other SUMO modified proteins. It 

is evident that SUMOylation and ubiquitination pathways integrate to degrade proteins 

via proteasomal and autophagic degradation pathways and that SUMO modification and 

recognition of polySUMO modified proteins provide signals for these pathways. 

The results in this chapter examine the prevalence and conservation of SIMs in relevant 

disease proteins, unique structural properties, and potential roles in directing/modulating 

aggregation/accumulation dynamics. Additionally, these findings provide a rationale for 

identifying and targeting SIM domains to alter protein accumulation and homeostasis 

with respect to misfolded pathogenic proteins such as α-synuclein and HTT and further 

suggest a novel potential role of SIM domains in protein misfolding disorders such as 

PD and HD.  
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RESULTS 

HTT SIM domain identification, conservation, and structural properties 

To identify putative SIMs within HTT, we used in silico prediction of SUMOylation sites 

and SIMs in proteins using GPS-SUMO prediction software to greatly narrow down the 

number of candidate sites present in a 586 aa fragment of HTT based on its potential 

relevance to disease and propensity to aggregate (Zhao et al., 2014)(Fig. 4.1A). There 

are a total of 17 possible SIMs in the HTT586 fragment based on predictive searches 

(GPS-SUMO) and previously identified amino acid sequence. We increased selection 

thresholds within the software to narrow putative list resulting in putative SIMs within the 

586 fragment: SIM1: aa131-135 and SIM2: aa421-425. To eliminate false-positive SIMs, 

we performed a secondary structure prediction to identify β-strand overlap over putative 

SIMs based on local 3-dimentional structure. Both SIMs favored a β-strand confirmation 

as predicted by PELE, a collection of secondary structure prediction algorithms hosted 

on Biology Workbench (http://workench.sdsc.edu) (Madadkar-Sobhani and Guallar, 

2013) (Figure 4.2A). The structures analyzed include the α-helix, β-strand, β-turn, and 

random coil. Interestingly, of the two SIMs identified, all were evolutionarily conserved 

down from humans to rodents. Based on the sequence conservation and structure 

analysis and properties identified, we next used other structural prediction algorithms to 

determine if SIMs would be predicted to facilitate aggregation propensity. 

SIM domain motifs are structurally similar to aggregation domains 

As mentioned, SIM domains contain a secondary structure consisting of a beta strand.  

These beta strands are stabilized by hydrophobic contacts and backbone hydrogen 

bonding. Multiple beta strands can form into a sheet, which is stabilized by long-range 
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contacts. That being said, structurally, a sheet is slightly inferior in terms of stability 

compared to other structures. Further, mutations or misfolding in certain proteins such 

as HTT could result in exposure of hydrophobic residues. In this case, proteins 

aggregate to prevent hydrophobic exposure/avoid entropic penalty. Because both 

ordered and disordered aggregates show a high/higher beta strand/sheet content, we 

investigated whether SIM domains were located in particular amino acid stretches that 

were prone to aggregation. 

The AGGRESCAN and PASTA algorithms (Conchillo-Sole et al., 2007; de Groot et al., 

2012; Walsh et al., 2014) were used to identify if sequences within HTT that display 

aggregation-prone regions that might act as specific nucleating centers in self-

assembling reactions.  The sequence was processed through a software allowing for 

the Prediction of Amyloid STructural Aggregation (PASTA) domains within proteins with 

enhanced functionality and sequence based properties. It predicts the most 

aggregation-prone portions and the corresponding β-strand inter-molecular pairing for 

multiple input sequences. In addition, it predicts intrinsic protein disorder and secondary 

structure efficiently allowing analyses of complementary sequence properties within 

aggregation prone regions of the HTT protein. A secondary software, AGGRESCAN, 

was used to further confirm any identified aggregation-prone segments in the protein 

sequence. AGGRESCAN is a web-based software for the prediction of aggregation-

prone segments in protein sequences, the analysis of the effect of mutations on protein 

aggregation propensities and the comparison of the aggregation properties of different 

proteins or protein sets. 
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When analyzed by both PASTA and AGGRESCAN, HTT yielded X predicted 

aggregation “hot spots” (Figure 4.3A). Of particular relevance, tertiary properties 

analyzed by both tools identified a predicted hot spot sequence which encompasses 

both highly conserved SIM domain producing the highest normalized hot spot area 

values within the sequence of 5.441 and 2.322, respectively. Based on these 

assessments and high predicted scores, we next sought to characterize SIM-null forms 

of HTT-586 in cell culture. 

SIM deletion affects insoluble accumulation of mHTT  

Based on the bioinformatics assessments, we next sought to evaluate the putative SIMs 

found within HTT-586 biochemically. To do this, V/I/Ls were mutated to Ala as 

previously described (Sun and Hunter, 2012) in order to maintain structural sequences 

properties in both 25Q and 137Q fragments of HTT. 

HeLa cells were transfected with HTT-586 (25Q and 137Q) with and without SIM1, 

SIM2, SIM1&2 mutations present. 48 hours following transfection, lysates were 

sequentially extracted with 1% Triton X-100 (soluble) and 4% SDS (insoluble) and 

subjected to Western blotting with an anti-HTT antibody. 

When SIM1 was mutated in HTT-586 (25Q), there was no observable differences in 

ether soluble or insoluble forms of HTT (Figure 4.4A). However, when SIM2 was 

mutated, there was an increase in soluble fragmentation of HTT and insoluble 

accumulation, suggesting that the SIM2 domain somehow facilitates propensity to 

cleave and accumulate (Figure 4.4A; SOLUBLE and INSOLUBLE). Interestingly, when 

both SIM1 and 2 were mutated together, the increase in accumulation as seen with 

SIM2 mutation was abrogated.  
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We next evaluated HTT expression using a HTT-586 (137Q) fragment to evaluate the 

role of these two domains in expanded mHTT. Similar to HTT-586 (25Q), SIM1 mutation 

produced no effect in insoluble mHTT accumulation. However, when SIM2 was 

mutated, we found an observable increase in mHTT accumulation (Figure 4.4A; 

INSOLUBLE). Further, when both SIM1 and 2 were mutated together, there was an 

observable decrease in insoluble mHTT accumulation even below that of non-mutated 

fragments. Mutations in either SIM 1, 2, or 1 and 2, produced no changes in soluble 

HTT levels when HTT-586 (137Q) was overexpressed (Figure 4.4A).  

Because mHTT forms multiple clearance intermediates/forms, we wanted to investigate 

whether SIM mutation shifted preference from one species to another. Using a filter 

retardation assay, we analyzed insoluble samples to selectively capture an insoluble 

fibrillary species of mHTT (Figure 4.4C). As expected, 25Q fragments produced no 

insoluble fibrils regardless of SIM mutation, whereas 137Q fragments produced 

insoluble fibrils (Figure 4.4C). Both SIM1 and SIM2 mutations increased insoluble 

mHTT aggregation relative to non-mutated fragments. Interestingly, though insoluble 

accumulated levels were decreased (Figure 4.4B) with combinatorial mutations of both 

motifs, these same mutations increased insoluble fibrillary levels (Figure 4.4C). 

These preliminary results suggest that putative SIMs within HTT may serve different 

functions in maintaining protein structure and self-assembly/accumulation. The above 

data suggests that SIM2 may act to stabilize the protein, whereas SIM1 may be 

dispensable when mutated by itself. However, interpretation becomes complicated 

when both SIMs 1 and 2 are mutated in concert. Because HTT contains multiple SIMs 

which may or may not act in concert or opposition to one another, further studies will be 
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needed to elucidate their individual contribution to HTT SUMOylation and protein 

homeostasis. With this is mind, we decided to next evaluate another aggregation-prone 

disease protein as a prototype for these studies, α-synuclein. 

αααα-synuclein: A prototype for SIM assessment 

α-synuclein is a prototypic aggregation-prone protein that can be recombinantly 

expressed at high levels and that plays a pivotal role in the pathogenesis of a class of 

neurodegenerative diseases collectively called synucleinopathies. α-synuclein is a 

natively unfolded neuronal protein that is enriched in presynaptic terminals (Iwai, 2000) 

and to date, has no known defined function. However, a central role in the pathology of 

Parkinson’s disease, as well as Lewy body disease, has been attributed to α-synuclein 

aggregation and accumulation (Stefanis, 2012; Vekrellis and Stefanis, 2012). Specific 

missense mutations and increased gene dosage of α-synuclein have been shown to 

cause autosomal-dominant PD (Kruger et al., 1998; Polymeropoulos et al., 1997; 

Singleton et al., 2003; Zarranz et al., 2004). The three familial mutations, namely, A30P, 

E46K and A53T cause PD. Hydrophobic regions in α-synuclein acquire β-sheet 

configuration, and have a propensity to fibrillize and form amyloids that cause 

cytotoxicity and neurodegeneration (Vilar et al., 2008). 

To evaluate the significance of SIMs in disease proteins further, we investigated an 

A53T α-synuclein mutant as a simplified prototype for this system with the goal of 

evaluating the role of SIM domains in protein misfolding and homeostasis in initial proof-

of-concept studies. α-synuclein contains 1 high probability SIM based on GPS-SUMO 

scoring (Figure 4.1B), containing a corresponding β-strand confirmation prediction 

(Figure 4.2B). Additionally, this peptide is conserved from humans through lower 
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organisms. Given sequence conservation and prediction score, we selected the SIM 

domain (aa 37-40) to investigate further. 

Following selective and conservation alignment of SIM (aa 37-40) within α-synuclein, 

the sequence was processed through PASTA to evaluate domains within proteins with 

enhanced functionality and sequence based properties to predict intrinsic protein 

disorder and secondary structure. This was followed with secondary software, 

AGGRESCAN, to further confirm any identified aggregation-prone segments in the 

protein sequence.  

When analyzed by both PASTA and AGGRESCAN, α-synuclein yielded 6 predicted 

aggregation “hot spots” (Figure 4.3B). Of particular relevance, tertiary properties 

analyzed by both tools identified a predicted hot spot sequence which encompasses the 

highly conserved SIM domain producing the highest normalized hot spot area value 

within the sequence of 0.380. Based on these assessments and high predicted scores, 

we generated a SIM-null form α-synuclein to evaluate biochemically. 

SIM deletion affects insoluble accumulation of A53T αααα-synuclein  

Based on the computational assessments, the putative SIM found within the α-synuclein 

was evaluated biochemically in order to determine its pathological relevance. V/I/Ls 

were mutated to Ala to maintain structural protein properties in both WT and A53T 

mutant α-synculein.  

To establish an assay for accumulation of α-synculein, we analyzed soluble α-synuclein 

levels and insoluble α-synuclein aggregates in the presence or absence of  of 

proteasome inhibition.  COS-1 cells were transfected with α-synuclein (WT and A53T) 

with and without SIM mutations present and treated with MG-132 for 18 hours to 
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stimulate accumulation/aggregation of proteins. 48 hours following transfection, lysates 

were sequentially extracted with 1% Triton X-100 (soluble) and 4% SDS (insoluble) and 

subjected to Western blotting with an anti-α-synuclein antibody. Consistent with 

previous findings, A53T α-synuclein showed increased levels of insoluble aggregates 

both with and without proteasomal inhibiton (Ostrerova-Golts et al., 2000). Interestingly, 

proteasomal inhibition decreased the accumulation of HMW α-synuclein aggregates in 

the detergent-insoluble fraction possibly suggesting a role of autophagic/lysosomal 

compensation or flux when UPS is inhibited. When α-synuclein variants were mutated to 

eliminate the SIM domain, HMW insoluble α-synuclein aggregates were significantly 

reduced (Figure 4.5). Further, levels of an α-synuclein tetramer, which has been 

suggested to correspond to an “aggregation resistant” form (Bartels et al., 2011; 

Dettmer et al., 2015), was significantly increased when the SIM was mutated  compared 

to control (Figure 4.5). 

These preliminary findings suggest that the α-synuclein SIM may function either 

structurally to promote insoluble aggregation or may form complexes with SUMOylated 

proteins which ultimately promote HMW α-synuclein in the detergent-insoluble fraction. 

Though we identified putative SIMs in both α-synuclein and HTT using computational 

algorithm screens, we proceeded with α-synuclein as a surrogate for further 

biochemical analysis to determine the role of these domains in protein misfolding and 

homeostasis as initial proof-of-concept studies. These findings underscore the potential 

relationship between SUMO modification, interactions with other cellular proteins 

through SIMs, and the altered aggregation propensity that occurs in the various protein 

aggregation-based diseases. 
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DISCUSSION 

SIMs have been described as “gate keepers” for aggregation and misfolding of proteins 

containing these domains and our bioinformatics data suggests that these motifs are 

fundamental sequence motifs in cellular proteins which have not been evaluated in the 

context of neurodegeneration. Herein, we describe for the first time the discovery of a 

novel function for SIMs in relation to aggregation domains within α-synuclein. 

Given these preliminary findings in α-synuclein and HTT, it is possible that these SIMs 

may contribute to disease pathogenesis, given their relationship to the SUMO-2 network 

and overlapping comparisons with previously identified aggregation domains (Wang and 

Lashuel, 2013).  

Interestingly, we found that both SIM1 and SIM2 in HTT-586 overlapped with recently 

described aggregation-prone or amyloideogenic stretches important in protein folding 

and protein-protein interactions, which can shift to fibrillary structures when 

conformational stability is compromised (Sabate et al., 2012). Further, separate studies 

have identified novel aggregation domains within the HTT protein sequence in an 

amyloidogenic domain (aa105–138). Mutating this domain resulted in decreased 

aggregation and inclusion formation compared non-mutated peptides. This 

amyloidogenic domain encompasses a putative high probability SIM. It is possible that 

these domains are regulatory and modulate protein homeostatic networks, but once 

fragments such as exon 1 are released by proteolytic cleavage or through aberrant 

synthesis (Landles et al., 2010), these regulatory domains are either no longer present 

or no longer exposed for interact with SUMOylated proteins and exon1 and other small 

fragments may exert dominant effects. It is also possible that these domains may simply 
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act as potential spots for aggregation and when exposed through cleavage, associate 

with self/other complexes to aggregate. Proteomics and structural imaging studies and 

collaborations are in process to further elucidate the role of these domains for both α-

synuclein and HTT.  

Based on the striking effect observed through modulating α-synuclein and HTT 

insoluble accumulation propensity, the proposed SIMs will likely be functional and may 

represent a proposed adhesive surface for SUMO interaction; however SIMs could also 

be integral to SUMO-2 responses or could provide an independent modulation of 

pathology. It is known that SUMOylated proteins are targeted to protein clearance 

machinery and processing (Hunter and Sun, 2008; Sarge and Park-Sarge, 2009; 

Wilkinson et al., 2010). Proteins such as septins which are required for mammalian 

phagosome formation are indeed SUMOylated and may require SIMs to form larger 

structural and functional complexes. 

Additionally, because it appears that these domains may exert differential effects when 

mutated such as the case for HTT, it is possible that there is cross-talk either 

structurally or between interacting complexes which act in concert or opposition to one 

another. Further studies will be needed to elucidate their individual contribution to HTT 

SUMOylation, interacting partners/complexes, and protein homeostasis.  

Taken together, these findings are consistent with increasing evidence indicating that 

although the expanded polyQ region in HTT and point mutations in α-synuclein play a 

central role in the pathogenesis of HD and certain forms of PD, respectively, these 

features are not the sole determinant of protein aggregation and toxicity. Likely, several 

other domains which may work in concert with other regions within a fragment will 
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influence the protein’s structure, aggregation, subcellular localization, and toxicity.  It is 

unclear whether these domains function simply as structural motifs or whether they 

facilitate complex formation with other SUMOylated proteins which may regulate protein 

homeostasis and ultimately levels of aggregated proteins.  Future proteomics studies 

will aim to address these questions in order to investigate complex partners which may 

be regulated by these domains. Additionally, we  will aim to identify the cross-talk 

between the novel aggregation motifs identified in this work and the polyQ repeat region 

and elucidate their potential roles in regulating the physiological and pathogenic 

properties of the full-length protein and disease-associated N-terminal fragments in cell 

culture and animal models of HD. Specifically,  future studies will also examine the role 

of these domains in full length HTT, which has 11 additional SUMO motifs, 26 potential 

SIMs that favor a β-strand confirmation, and 25 that overlap with aggregation-prone 

regions. Finally, it is possible that binding through SIMs is cooperative (more than one 

site required for strong interaction), that SIMs are compensatory, or that additional 

sequence motifs are involved in binding. This will be highly informative for the field in 

either case. SIMs may regulate pathogenic threshold to readily aggregate and form 

fibrils either through structural function as aggregation domains or regulation of complex 

formation involving SUMOylated proteins and/or SUMO moieties themselves. These 

findings contribute a novel role in defined motifs within disease-causing proteins and aid 

in determining the role of structure and the role of PTMs in regulating the functions of 

these proteins in health and disease. 
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These and future planned experiments will provide critical information to separate the 

role of SIMs independent of other disease modifiers and domains, in order to better 

understand their contribution to protein structure and flux. 

 

EXPERIMENTAL PROCEDURES 

Bioinformatics analysis 

All of the putative SUMOylation sites and SUMO-interaction motifs (SIMs) of the 

proteins were identified with SUMOsp 2.0 (The CUCKOO Workgroup, USTC). The 

identified proteins were divided into functional groups based on a literature search. 

Confirmation of SIM secondary structure was performed using the program PELE on 

BIOLOGY WORKBENCH using eight different programs and aligning their results 

(Biology Workbench - http://workench.sdsc.edu). The aggregation domains of the a-

synuclein and HTT peptides were experimentally determined using PASTA 2.0 

(prediction of amyloid structure aggregation) as previously described (Walsh et al., 

2014). As a secondary measure, the amyloidogenic propensities of peptides were also 

predicted with the program Aggrescan as described (Conchillo-Sole et al., 2007). 

Chemical and antibodies 

MG-132 was purchased from EMD Chemicals (Gibbstown, NJ, USA). The mouse 

monoclonal anti-α-synuclein (Syn-1) antibody was purchased from BD Biosciences (San 

Jose, CA, USA). Anti-HTT (VB3130 – Viva Bioscience) and anti-Myc 9E10 (Millipore) 

were used. 

Plasmid constructs 
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The mammalian plasmid vector expressing human α-synuclein (WT and A53T) was 

obtained from and previously described in (Kim et al., 2011). HTT constructs containing 

586aa unexpanded (25Q-586aa) and expanded (137-586aa) are described (Apostol et 

al., 2003). Site directed mutagenesis was used to mutate SIM motif to Ala string of 

amino acids in all above constructs. 

Cell culture and DNA transfection 

COS-1 and HeLa cells cells were maintained in DMEM supplemented with 10% FBS. 

Cells were transfected using Lipofectamine 2000 (Life Technologies), according to the 

supplier’s instructions. Cells were plated on 10 cm plates and cultured in DMEM plus 

10% FBS.  For cDNA, cells were plated on Day 1 and transiently transfected with 6 µg 

of total DNA and 8 µl Lipofectamine 2000 (Invitrogen) on Day 2, media was changed on 

Day 3, and cells were collected on Day 4.  Cells were transfected at ~70% confluency 

for DNA. 

Insoluble/Soluble Fractionation 

The presence and accumulation of insoluble, HMW HTT species will be evaluated as 

previously described (O'Rourke et al., 2013). Cell and tissue were collected in lysis 

buffer containing 10 mM Tris (pH 7.4), 1% Triton X-100, 150 mM NaCl, 10% glycerol, 

and 0.2 mM PMSF (Roche Complete Protease Mini and PhosphoStop pellets). Cells 

collected were lysed on ice for 60 min before centrifugation at 15,000 × g for 20 min at 

4ºC. Supernatant was collected as the detergent-soluble fraction. The pellet was 

washed 3× with lysis buffer and centrifuged at 15,000 × g for 5 min each at 4ºC. The 

pellet was resuspended in lysis buffer supplemented with 4% SDS, sonicated 3×, boiled 
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for 30 min, and collected as the detergent-insoluble fraction. Protein concentration was 

quantitated using Lowry Protein Assay (Bio-Rad). 

Filter retardation assay 

30ug of detergent-soluble and detergent-insoluble protein in 200 μl of 2% SDS was 

boiled for 5’ and vacuumed through a dot blot apparatus onto a cellulose acetate 

membrane.  Membrane was then washed 3x with 0.1% SDS and then blocked in 5% 

milk and subject to western blot analysis (previously described (Sontag et al., 2012a; 

Wanker et al., 1999)).  
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Figure 4.1. GPS-SUMO prediction evaluation of Huntingtin (586aa) and αααα-synculein. (A) The 
performance evaluation for the prediction of SUMO interaction motifs for caspase 6 cleaved HTT 586 

fragment. (B) The performance evaluation for the prediction of SUMO interaction motifs for α-synuclein 
comparison. 
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Figure 4.2. Secondary structure prediction from PELE via Biology WorkBench. Predictions show 

beta strand overlap for (A) HTT-586 fragment and (B) α-synuclein. Legend: H = alpha helix,  E = beta 
sheet, T = beta turn, C = random coil. 
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Figure 4.3. Aggregation ‘hot spot’ prediction using AGGRESCAN prediction software. Predictions 

show aggregation hot spot overlap for SIMs in (A) HTT-586 fragment and (B) α-synuclein. 

 

 



 

191 

 

 

Figure 4.4. SIM mutations in 25Q and 137Q, 586 aa fragment of HTT alters cleavage and insoluble 
accumulation. (A-B) Western analysis of whole-cell lysates from HeLa cells transfected with 25Q or 
137Q, 586-HTT (with and without SIM mutations: 1, 2, or 1/2) and myc-Actin as a transfection control. 
Lysates were separated using differential centrifugation into a detergent-soluble fraction (SOLUBLE) with 
1% Triton X-100 and a detergent-insoluble fraction (INSOLUBLE) with 4% SDS. (A) Western blot probed 
with anti-HTT shows that SIM2 mutation increases cleavage of SOLUBLE fragments and INSOLUBLE 
accumulation of 25Q HTT-586. Mutation of both SIMs 1 and 2, restored levels to non-mutated expression. 
(B) Western blot probed with anti-HTT shows that SIM2 mutation increases INSOLUBLE accumulation of 
137Q HTT-586. Mutation of both SIMs 1 and 2, restored levels to non-mutated expression. Note that all 
experiments were performed in triplicate and loading was standardized to transfected myc-Actin; 
representative figures are shown. (C) Mutant HTT (137Q-586) fibrils are detected with anti-HTT in the 
insoluble fraction using filter retardation assay. Various combinations of SIM domain mutations alters 
insoluble fibril aggregation in 137Q-586 HTT fragment expression. 
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Figure 4.5. SIM mutation in A53T αααα-synuclein abrogates insoluble accumulation and confirmation 

state. Western analysis of whole-cell lysates from Cos-1 cells transfected with α-synuclein or α-synuclein 
A53T (with and without SIM mutation) and treated with 5 μM MG132 for 18 hr. Lysates were separated 
using differential centrifugation into a detergent-soluble fraction (SOLUBLE) with 1% Triton X-100 and a 

detergent-insoluble fraction (INSOLUBLE) with 4% SDS. Western blot probed with anti-α-synuclein 
shows a HMW accumulated alpha-synuclein species, tetramer, dimer, and monomer in the SOLUBLE 

fraction. MG132 cause α-synuclein A53T to accumulate as HMW species. α-synuclein A53T SIM mutants 
resulted in elimination of accumulated HMW species. Note that all experiments were performed in 
triplicate; representative figures are shown. 
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DISSERTATION CONCLUDING REMARKS 

Collectively, the body of work presented in this dissertation provides key insights into 

the interplay between protein homeostasis networks, protein aggregation, and 

inflammation in HD. Specifically, we investigated how the HTT protein’s function as well 

as functional domains such as SIMs may contribute to pathogenesis; additionally, how 

altering the levels of a single SUMO modification enhancer, PIAS1, alters disease 

course and pathways in an in vivo model of the disease. My findings support the idea 

that altering cellular homeostasis as assayed through altered inflammatory state and 

mHTT flux may be a valid screening process to not only assess the role that PIAS1 

plays in the disease, but also to better understand how changes in cellular environment 

dynamics may contribute to altered mechanisms within the cell. This body of work 

contributes significantly to the field because, to date, few studies have investigated 

ways to modulate both protein accumulation and neuroinflammatory pathways in HD. 

This data suggests that PIAS1 may link protein homeostasis and neuroinflammation in 

HD.  

Because many of these networks may be opportunistic from a therapeutic standpoint, I 

am in the process of investigating more longitudinal approaches in assessing the effects 

of PIAS1 modulation and mHTT accumulation/aggregation dynamics in various mouse 

models of the disease. The cellular environment plays a significant role in determining 

whether disease proteins are converted into toxic or benign forms. Further, there is little 

evidence or correlation between specific protein aggregation states and proteotoxicity in 

HD. Given studies that aim to reduce mHTT levels or aggregation as a therapeutic 

approach (Liang et al., 2011; Margulis and Finkbeiner, 2014), a better understanding of 
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each form’s contribution to disease state would greatly improve therapeutic target 

assessments in addition to the basic biological mechanism of protein homeostasis. HTT 

itself may provide a scaffold for degradation of HTT and other cellular proteins (Ochaba 

et al., 2014; Rui et al., 2015; Steffan, 2010). However, upon repeat expansion, 

clearance is likely impaired and the proteins aggregate inappropriately. Current studies 

are in progress to understand the longitudinal flux of mHTT clearance intermediates and 

the overall cellular environment in the R6/2 mouse model. 

 There is growing awareness that the SUMO network is important in a variety of cellular 

processes such as protein homeostasis, clearance, chromatin remodeling, cellular 

stress responses, neurotransmitter release, and inflammation linked to 

neurodegeneration. Its critical role in regulating clearance of mHTT makes SUMO and 

selective regulatory E3 ligases such as PIAS1 enticing targets for developing 

therapeutics to treat HD. The research is highly significant to the field as it addresses a 

fundamental biological property in a context not previously studied.   

Based on findings presented here using a rapidly progressing mouse model, R6/2, 

PIAS1 knockdown would be predicted to be neuroprotective and potentially effective 

when treatment is initiated symptomatically or early in disease. However, this likely 

depends on model and/or disease stage. Pathogenesis in R6/2 mice represents aspects 

of manifest HD, showing demonstrable protein accumulation, nuclear HTT localization, 

neuroinflammation, and dysregulated transcriptional signatures similar to striatal tissues 

from both symptomatic full length knock-in mouse models of disease and to human HD 

brain (Chang et al., 2015; Ciamei et al., 2015; Simmons et al., 2007). Moving forward, 

we have begun to evaluate the effects of PIAS1 modulation in a zQ175 full-length model 
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of HD at various stages of the disease (Peng et al., 2016) in addition to human patient-

derived induced pluripotent stem cell neuronal subtypes in order to fully understand the 

contribution of PIAS1 to disease and its potential as a clinical target. Further, our 

findings elucidate effects on neuronal dysfunction versus neurodegenerative aspects of 

disease, given the limited neuronal loss that is observed in mouse models of HD relative 

to human HD. 

Finally, the structural analysis of SIM domains in disease-associated proteins may 

provide insights into the possible molecular basis underlying the differences in 

aggregation, toxicity and neurologic phenotypes observed for the expanded N-terminal 

fragments spanning exons1–3 of HTT in HD model systems. Given the number of SIMs 

present in the full length protein and the flux of free-SUMO pools and accumulation of 

SUMOylated proteins, it is possible that these domains may influence the 

clearance/accumulation of misfolded mHTT and other aggregation prone proteins like α-

synuclein. Interacting partners have been shown to modulate the confirmation and 

localization of disease proteins and thereby influence proteotoxicity.  SIMs may act as 

platforms or domains which regulate accumulation, complex formation, and 

subsequently protein homeostasis. Further studies are required to investigate potential 

cross-talk between SIMs and their interaction with SUMOylated proteins in order to 

elucidate their potential roles in regulating the physiological and pathogenic properties 

of the disease proteins and cellular homeostasis. We propose that these domains may 

regulate interactions with SUMO and SUMO-modified proteins which normally promote 

degradation by the proteasome and lysosome. Additionally, SIMs may act to facilitate 

aggregation propensity within given proteins as well.  
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Together, the fundamental properties identified here may also broadly impact other 

neurodegeneration diseases, suggesting that regulating E3 SUMO ligases may be one 

key to tipping the balance between normal protein homeostasis and disease processes 

that cause neurodegeneration.  
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