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SUMMARY

The disruption of protein quality control networks is central to pathology in Huntington’s disease 

(HD) and other neurodegenerative disorders. The aberrant accumulation of insoluble high 

molecular weight protein complexes containing the Huntingtin (HTT) protein and SUMOylated 

protein corresponds to disease manifestation. We previously identified a HTT selective E3 SUMO 

ligase, PIAS1, which regulates HTT accumulation and SUMO modification in cells. Here we 

investigated whether PIAS1 modulation in neurons alters HD-associated phenotypes in vivo. 

Instrastriatal injection of a PIAS1-directed miRNA significantly improved behavioral phenotypes 

in rapidly progressing mutant HTT (mHTT) fragment R6/2 mice. PIAS1 reduction prevented the 

accumulation of mHTT, 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 
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between aberrant accumulation of expanded polyglutamine-dependent insoluble protein species to 

pathogenesis and link phenotypic benefit to reduction of these species through PIAS1 modulation.

 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 (The 

Huntington’s Disease Collaborative Research Group, 1993). Symptoms include movement 

abnormalities, psychiatric symptoms and cognitive deficits with accompanying cortical 

atrophy and degeneration of medium spiny 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 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, polyglutamine repeat diseases, and transient cerebral 

ischemia, as well as HD (Hickey et al., 2008; 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 
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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 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 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., 1996).

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 
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were tested and miPIAS1.3 selected based on optimal knockdown in NIH3T3 cells (Figure 

S1A–B. Related to Figure 1). 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 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 1A–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 the 

detergent-insoluble fraction, similar to HMW HTT and modified proteins (O’Rourke et al., 

2013), therefore isolated detergent-soluble and detergent-insoluble proteins were evaluated. 

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., 2012) (Figure S2. 

Related to Figure 3). In contrast, the detergent-insoluble fraction contains primarily nuclear 

proteins including Histone H3 (Figure S2. Related to Figure 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 

S3A. Related to Figure 1), however PIAS1 protein levels were significantly elevated in the 

insoluble, nuclear fraction from R6/2 mice (Figure S3A. Related to Figure 1). 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 1C). 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 S3B. Related to Figure 1). 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 S4A–C. Related to 

Figure 2). Given the relatively low levels of insoluble PIAS1 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 1C). However, knockdown was observed in RNA 

from both R6/2 and NT mouse striata (Figure S5. Related to Figure 1). 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 1D), a 
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significant reduction in soluble PIAS1 levels was found in NT mice, but not R6/2 mice 

(Figure S3B. Related to Figure 1).

 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., 1996), 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 2A).

R6/2 mice begin losing weight and show a decline in behavioral tests at 6 weeks (Mangiarini 

et al., 1996) and our results are consistent with those findings. No treatment effect on weight 

was observed for either PIAS1 knockdown or overexpression (Figure S6A–B. Related to 

Figure 2). Reduction of endogenous levels of PIAS1 in R6/2 mice caused a significant 

improvement on Rotarod performance compared to miSAFE injected mice at 7 weeks 

(Figure 2B), but deficits reappeared at 9 weeks (Figure S7. Related to Figure 2). 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 2C). 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 2D). Finally, miPIAS1.3 delayed the onset of clasping in 

R6/2 mice relative to miSAFE treated R6/2 mice (Figure 2E), 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 2F). 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 2G; Descending 

Time), 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 2I).

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 S8A. Related to Figure 2).
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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 S8B. Related to Figure 2), 

piloerection (Figure S8C. Related to Figure 2), and gait impairments (Figure S8D. Related 

to Figure 2), 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 S8B–C. Related to Figure 2).

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

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 3A–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 S5. Related to Figure 3).

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 3A and 3C), SUMO-2 (Figure 3A and 3D), and ubiquitin-

modified proteins (Figure 3A and 3E) 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 by week 9 

(Figure 3F and 3H). Insoluble SUMO-1 (Figure 3F and 3H), SUMO-2 (Figure 3F and 3I), 
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and ubiquitin-modified proteins (Figure 3F and 3J) 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 4A). 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 4B).

 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., 2014). 

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 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 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 5A; Figure S9. 

Related to Figure 5). In contrast, overexpression of PIAS1 resulted in a decrease of 

synaptophysin when compared to eGFP treated HD mice (Figure 5B), 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 5B).

 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 

6A and 6B). Treatment with miPIAS1.3 significantly reduced Iba1+ microglia (Figure 6A) 

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 6B). Modulation of PIAS1 in NT mice did not yield a significant change in Iba1 

levels compared to control treated mice (Figures 6A and 6B), 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 7A and 7B). Following 

PIAS1 knockdown in R6/2 mice, insoluble/nuclear p65 levels were increased and restored to 

NT levels (Figure 7A). In contrast, overexpression of PIAS1 did not alter p65 levels (Figure 

7B).

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, IL-6, and KC/GRO were significantly increased and IFNγ decreased in 

HD mice relative to NT animals (Figure 8A–D). However, this inflammatory effect was 

restored to NT levels in the presence of miPIAS1.3 (Figure 8A–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 8D). Further, there were no genotype or treatment effects for 

the other 7 cytokines on the panel (Figure S10B. Related to Figure 8), 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 8E–H), possibly because PIAS1 levels are already high, or in NT controls. No 
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treatment effects were 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 S10B. Related to Figure 

8).

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 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 
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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 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 protein 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 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 6C). 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.

Ochaba et al. Page 10

Neuron. Author manuscript; available in PMC 2017 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Levels of microglia are also decreased following PIAS1 knockdown in R6/2 mice (Figure 

6A). 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 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 (Figure 1B–C) 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, 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., 

1996), PIAS1 knockdown would be predicted to be neuroprotective and potentially effective 

when treatment is initiated symptomatically or early in disease. However, this likely depends 
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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 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 S5. Related to Figure 1). It is 

possible 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 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.
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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). 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 was dispensed in each hemisphere’s striatum with a Hamilton 

syringe (Hamilton, Reno, NV). Animals were injected with ~ 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 blinded 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), 
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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, 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 

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.
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 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 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.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 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. See also Figures S1, S3, and S5.
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Figure 2. 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. 

See also Figures S4, S6,, S7, and S8.
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Figure 3. 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 blots in A.

(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 blots in F. *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. See also Figure S2.
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Figure 4. 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) (quantitation 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 (quantitation 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 5. 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. See also Figure S9.
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Figure 6. 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 7. Insoluble NF-κB (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 produced 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 8. 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 changes 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. See 
also Figure S10.
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