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ABSTRACT 

 
Huntington’s disease (HD) is caused by expression of the huntingtin gene 

containing an expanded CAG repeat. N-terminal mutant huntingtin protein (N-mHtt) 

accumulates in the nucleus and impairs transcription of a subset of genes through 

incorporation into transcriptional complexes or sequestration of proteins away from the 

promoter. CREB-binding protein (CBP) is a transcriptional co-activator and 

acetyltransferase (AT) that binds to N-mHtt.  We hypothesized that overexpressing CBP 

fragments that lack a promoter association domain would block N-mHtt-mediated 

transcriptional dysregulation and toxicity.  We found that overexpressing full-length CBP 

or CBP fragments did not reverse transcriptional dysregulation, but did decrease toxicity 

in a cell model of HD.  Overexpressing fragments of CBP containing the AT domain 

increased toxicity in wild-type cells, while overexpressing a fragment lacking this domain 

had no effect.  We conclude that excess AT activity was detrimental in wild-type cells, 

while overexpressing CBP or CBP fragments was protective in HD cells. 
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CHAPTER 1 INTRODUCTION 

1.1 GENERAL OVERVIEW 

Huntington’s disease (HD) is a progressive neurodegenerative disease caused by 

inheritance of a single copy of huntingtin (Htt) with an expanded CAG repeat 

(Huntington’s Disease Collaborative Research Group, 1993).  The pathogenic mechanism 

by which inheritance of mutant Htt (mHtt) leads to symptoms of HD is not known.  

Mutant Htt protein (mHtt) contains an expanded polyglutamine (polyQ) region in the N-

terminal region and expression of mHtt leads to a number of cellular changes (reviewed 

in Zuccato et al., 2010).  N-terminal mHtt (N-mHtt), but not wild-type Htt, accumulates 

in the nucleus (Havel et al., 2009)  and impairs transcription of a subset of genes early in 

disease progression (Luthi-Carter et al., 2000). This is believed to contribute to HD 

pathogenesis (Luthi-Carter et al., 2000).  The working model for how N-mHtt impairs 

transcription is that N-mHtt either sequesters certain necessary transcription factors away 

from the promoter (Perutz et al., 1994; Steffan et al., 2000) or incorporates into 

complexes at the promoter and inhibits binding of additional transcription factors (Cui et 

al., 2006; Hogel et al., 2012).  We hypothesized that overexpressing protein fragments 

that bind N-mHtt and lack a promoter association domain would block abnormal 

interactions of N-mHtt at the promoter and slow progression of HD.  CREB-binding 

protein (CBP) is a transcriptional co-activator with acetyltransferase (AT) activity. N-

mHtt binds a fragment of CBP that lacks the promoter association domain (Steffan et al., 

2001).  We tested whether overexpressing full-length CBP, or fragments of CBP lacking 

the promoter association domain, could block transcriptional dysregulation and toxicity in 

the STHdh cell line.  The STHdh cell line is derived from the striatum of embryonic day 
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14 mice made to express human Htt exon 1 at physiological levels with 7 (non-

pathogenic) or 111 (pathogenic) CAG repeats within the context of full-length mouse Htt 

(Trettel et al., 2000).  

 

1.2 CLINICAL OVERVIEW OF HUNTINGTON’S DISEASE 
 

1.2.1 Incidence and symptoms 

HD is a progressive neurodegenerative disease that occurs in approximately 1 in 

10,000 people in the western world and is characterized by motor, cognitive, and 

psychiatric impairments (reviewed in Walker, 2007; reviewed in Ross and Tabrizi, 2011).  

The median age of symptom onset in patients with HD is typically between 35 and 55 

years of age (Newcombe et al., 1981; Adams et al., 1988), however there have been 

juvenile cases reported (van Dijk et al., 1986).  Early motor changes typically involve 

excessive involuntary movements (chorea), while later motor changes typically involve 

impaired movement, including bradykinesia, incoordination, slowed saccadic eye 

movements, and rigidity (Thompson et al., 1988; reviewed in Ross and Tabrizi, 2011).  

Involuntary movements are absent during deep sleep (Fish et al., 1991). 

Although formal diagnosis of HD is typically based on motor impairments and 

genetic testing, subtle cognitive and psychiatric changes often precede overt motor 

phenotypes in patients with HD (reviewed in Walker, 2007; reviewed in Ross and 

Tabrizi, 2011).  Early cognitive impairments include problems in attention, working 

memory, verbal learning, and learning of random associations (Lemiere et al., 2004).  

Common psychiatric impairments reported in patients with HD include: depression, 

irritability, apathy, anxiety, paranoia, and obsessive-compulsive disorder (Kirkwood et 
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al., 2001; Paulsen et al., 2001; Anderson et al., 2010).  Depression in patients with HD 

has been reported at a lifetime incidence of approximately 41% (Folstein et al., 1983), 

which is much higher than the 8-12% lifetime incidence reported in the general 

population (Andrade et al., 2003).  Higher incidence of depression is not solely due to 

natural concerns of being at risk for HD.  Undiagnosed, at-risk patients who were 

retrospectively found to have the disease reported more feelings of depression compared 

to at-risk patients who were retrospectively found to not have HD (Julien et al., 2007).  

The order and extent to which motor, cognitive, and psychiatric impairments occur is 

highly variable between patients with HD, as is the age of symptom onset.   

Other symptoms that occur in patients with HD include weight loss and disruption 

in circadian rhythms.  Significant weight loss and an inability to gain weight were 

reported in patients suffering from HD (Robbins et al., 2006), despite the fact that 

patients had an increased appetite and increased caloric intake relative to unaffected 

individuals (Trejo et al., 2004).  Disruption in circadian rhythms has been demonstrated 

by frequent nocturnal awakening (Wiegand et al., 1991), electroencephalographic 

abnormalities during sleep (Wiegand et al., 1991), and increased sleeping during the day 

(Morton et al., 2005).  

HD is a progressive disease and over time motor, cognitive, and psychiatric 

impairments worsen.  Death typically follows 15–20 years after initial symptom onset 

(reviewed in Walker, 2007; reviewed in Ross and Tabrizi, 2011).  Analysis of mortality 

data in the United States has determined that the leading causes of death in patients with 

HD are pneumonia, nutritional deficiencies, choking, and suicide (Lanska et al., 1988). 
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1.2.2 Pathology 

Studies employing magnetic resonance imaging (MRI) suggest that some amount 

of atrophy occurs in almost all brain regions of HD patients, including total cerebrum, 

total white matter, cerebral cortex, caudae and putamen (collectively called the striatum), 

globus pallidus, amygdala, hippocampus, brainstem, and cerebellum (Rosas et al., 2003; 

Fennema-Notestine et al., 2004).  Cell loss and atrophy is most prominent in the caudate 

and putamen as shown by post-mortem analysis of HD brains (Vonsattel et al., 1985).  

Significant neurodegeneration also occurs in the frontal, parietal, and temporal cortex 

(Mann et al., 1993).  Other specific areas that show varying amounts of degeneration 

include the substantia nigra (Oyanagi et al., 1989), CA1 region of the hippocampus 

(Spargo et al., 1993), angular gyrus in the parietal lobe (Macdonald et al., 1997), lateral 

tuberal nuclei of the hypothalamus (Kremer et al., 1990), and centromedial parafascicular 

complex of the thalamus (Heinsen et al., 1999).  Importantly, decreases in striatal volume 

have been detected using MRI between 5 and 10 years before clinical diagnosis and show 

correlation with disease progression (Paulsen et al., 2008; Aylward et al., 2011). 

Neurodegeneration in the caudate and putamen is not homogeneous. GABAergic medium 

spiny neurons are susceptible to degeneration, while cholinergic aspiny interneurons are 

generally spared (reviewed in Mitchell et al., 1999).  Medium spiny neurons that express 

enkaphalin and dopamine D2 receptors degenerate earlier than neurons that express 

substance P and dopamine D1 receptors (Augood et al., 1996).  Consequently, although 

multiple brain regions undergo some amount of degeneration, certain tissues and cell 

types are more susceptible than others to degeneration during progression of HD.  A key 
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question regarding HD pathophysiology is why some cell types are susceptible to 

degeneration while others are relatively resistant. 

 

1.2.3 Treatments 

Tetrabenazine is used to control chorea in HD and is the only therapeutic agent 

approved specifically for use in HD (reviewed in Paleacu, 2007). Tetrabenazine 

antagonizes dopamine D2 receptors (Reches et al., 1983; Paleacu, 2007) and inhibits 

vesicle monoamine transporter-2, which impairs synaptic packaging and release of 

dopamine, norepinephrine, and serotonin (Pettibone et al., 1984; reviewed in Paleacu, 

2007).  Fifteen patients showed improved scores on the Abnormal Involuntary Movement 

Scale (AIMS) after 6 months of tetrabenazine treatment (Ondo et al., 2002).  In addition 

to tetrabenazine, neuroleptics such as, haloperidol, fluphenazine, perphenazine, pimozide, 

clozapine, olanzapine and thiopropazate have been used with limited success to control 

chorea in HD patients because of their ability to antagonize dopamine D2 receptors 

(Bonelli and Wenning, 2006).  Haloperidol was found to have no effect on chorea in a 

double-blind, randomized, cross-over study of six patients with HD (Leonard et al., 

1975), but was found to improve chorea in a single-blinded study of 13 HD patients 

(Koller and Trimble, 1985).  Both tetrabenazine and neuroleptics can cause bradykinesia 

and rigidity, which can worsen motor impairment later in HD progression. 

There is limited evidence indicating that anti-depressants and atypical anti-

psychotics may improve some psychiatric symptoms of HD.  One multi-subject study 

showed that four-week administration of the serotonin-norepinephrine reuptake inhibitor 

venlafaxine showed marked improvement in mood in 26 patients with HD as determined 
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by increased scores in two rating scales used to categorize depression (Holl et al., 2010).  

Case studies report that agitation and irritability were ameliorated following 

administration of the selective serotonin reuptake inhibitor (SSRI) fluoxetine  (De Marchi 

et al., 2001) and obsessive compulsive behaviours dimished after treatment with the SSRI 

sertraline (Patzold and Brüne, 2002). Apiprazole treatment for 2 weeks reduced 

irritability and delusions in a 46 year-old HD patient in addition to improving chorea and 

gait (Lin and Chou, 2008).  Quetiapine was effective in treating the positive (delusions, 

and paranoia), but not negative (apathy) symptoms of psychosis in an HD patient using 

the Positive and Negative Syndrome Scale (PANSS; Seitz and Millson, 2004). 

Phase III clinical trials have been initiated for several potential therapies in HD. 

Tetrabenazine and the neuroleptic drugs olanzapine and tiapride (NCT00632645), the 

nutritional supplement creatine (NCT00712426), and the antioxidant coenzyme Q10 

(NCT00608881) are all being independently administered in an attempt to improve the 

total functional capacity score of HD patients. The antihistamine latrepirdine 

(NCT01085266) is being tested for its ability to improve cognitive deficits in HD.  

Results from these studies are not yet available.  Taken together, no treatments are 

currently available to stop or slow progression of HD.  Some symptomatic treatments are 

available, but these are often of limited efficacy. 

 

1.3 GENETICS OF HUNTINGTON’S DISEASE 

1.3.1 Identification of the Huntington’s disease gene 

Restriction fragment length polymorphisms were mapped to chromosome 4 using 

genetic material from an American family with HD as well as an extended Venezuelan 
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family with HD (Gusella et al., 1983).  The culmination of a ten year collaborative project 

led to the identification of a gene, Interesting Transcript 15 (subsequently renamed Htt), 

that contained a polymorphic CAG repeat in exon 1 (Huntington’s Disease Collaborative 

Research Group, 1993).  The length of the CAG repeat was substantially longer on HD-

associated compared to non-HD-associated chromosomes (Huntington’s Disease 

Collaborative Research Group, 1993).   

To determine the relationship between CAG repeat length and progression of HD, 

a worldwide study examined approximately 1,000 patients with HD and approximately 

1,600 control subjects (Kremer et al., 1994).  Patients with HD were found to possess 

between 36 and 121 CAG repeats with a median of 44 CAG repeats, while control 

subjects had between 10 and 29 CAG repeats, with a median of 18 CAG repeats in exon 1 

of Htt.  CAG repeat length is inversely correlated with age of symptom onset, meaning 

that patients with a greater CAG repeat length typically develop symptoms at an earlier 

age than patients with a smaller CAG repeat length (Duyao et al., 1993).  Patients that 

develop symptoms before the age of 20 (juvenile onset HD) typically have a CAG repeat 

length above 60 (Squitieri et al., 2006). CAG repeat length also correlates with 

progression of HD, where patients with a greater CAG repeat length deteriorate faster 

after initial symptom onset than patients with a smaller CAG repeat length (Rosenblatt et 

al., 2012).  Individuals with a CAG repeat length 36-39 have a reduced penetrance form 

of HD.  A recent study showed that individuals with reduced penetrance HD have a 40% 

and 30% chance of being free of HD symptoms at ages 65 and 75 respectively (Quarrell 

et al., 2007).  Although CAG repeat length is a strong determinant for age of symptom 

onset and progression of HD, individuals with the same CAG repeat length can display 
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different manifestations of HD.  This indicates that genetic modifiers play a role in onset 

and progression of HD in addition to CAG repeat length (Gusella and MacDonald, 2009). 

 

1.3.2 Impact of polyglutamine expansion on huntingtin function 
 
Htt contains 67 exons and encodes Htt protein, which is 3,144 amino acids long 

and has a polyQ repeat region in the N-terminal region (Hoogeveen et al., 1993; 

Huntington’s Disease Collaborative Research Group, 1993). Htt is widely expressed 

throughout the body with the highest levels of Htt expression in the brain, lung, testes, 

and ovaries (Li et al., 1993). Htt is required for normal development because mice 

homozygous for a Htt deletion die at embryonic day 8.5 (Duyao et al., 1995).  Within the 

cell, Htt is associated with a variety of organelles, including the nucleus, endoplasmic 

reticulum, Golgi complex, and mitochondrion (reviewed in Zuccato et al., 2010).  Htt is 

also found within neurites and at synapses, where it associates with various vesicular 

structures such as clathrin-coated vesicles, endosomal compartments or caveolae, as well 

as microtubules (reviewed in Zuccato et al., 2010).  Htt is known to have many 

interaction partners and is believed to act as a scaffold for other proteins during signaling 

and trafficking processes (Harjes and Wanker, 2003).  Huntingtin is also believed to play 

a role in neuroprotection via inhibition of caspases and production of brain-derived 

neurotrophic factor (BDNF; reviewed in Zuccato et al., 2010).  

Shortly after the mutation in Htt was discovered, it was hypothesized that the 

disease phenotype could occur because of either haploinsufficiency of wild-type Htt or a 

toxic gain-of-function of mHtt.  Heterozygous mice with a Htt deletion show no HD-like 

phenotype, suggesting that expression of one copy of Htt is sufficient to perform all of the 
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functions required of Htt (Duyao et al., 1995).  R6/2 mice overexpress exon 1 of the 

human Htt with 144 CAG repeats in addition to two copies of wild-type Htt (Mangiarini 

et al., 1996).  R6/2 mice recapitulate aspects of the HD pathology including development 

of neuronal intranuclear inclusions (NIIs) from birth, motor impairments starting at 35 

days of age, failure to gain weight and brain atrophy observed at 90 and 60 days, 

respectively, and premature death at approximately 14 weeks (Stack et al., 2005).  In 

contrast, the YAC128 mouse model of HD express full-length human Htt with 128 CAG 

repeats within a yeast artificial chromosome (YAC; Slow et al., 2003).  YAC128 mice 

exhibit cognitive deficits starting at 2 months, hyper- followed by hypo-kinetic movement 

impairments observed 3 and 6 months of age, respectively, decreased striatal brain weight 

detected at 9 months, striatal and cortical volume loss observed at 9 and 12 months, 

respectively, and striatal neurodegeneration observed at 12 months (Slow et al., 2003; van 

Raamsdonk et al., 2005).  Despite the fact that both the R6/2 and YAC128 models 

contain two copies of normal Htt, they develop a phenotype that resembles HD.  

Although loss-of-function may contribute to some aspects of HD, these data indicate that 

HD is predominantly a gain-of-function disorder.  The fact that R6/2 mice display HD-

like symptoms much earlier than YAC128 mice indicates that N-mHtt is more toxic than 

full-length protein, which is well supported in other animal (Schilling et al., 1999; 

Menalled et al., 2009), and cell (Hackam et al., 1998; reviewed in Cattaneo and Sipione, 

2001), models of HD. 
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1.4 CELLULAR EFFECTS OF MUTANT HUNTINGTIN 

Decades of basic research have demonstrated that the pathogenesis of HD 

involves alterations to multiple biochemical pathways.  Cellular effects of mHtt that have 

been identified include: 1) altered mRNA expression of a subset of genes, 2) impaired 

autophagy and proteosomal degradation, 3) excitotoxicty, 4) mitochondrial dysfunction, 

5) decreased cholesterol biosynthesis, 6) decreased production of BDNF, and 7) increased 

p53-mediated apoptosis.  Although mHtt is expressed from birth in HD patients, HD is a 

late-onset disorder.  It is possible that some cellular changes are a direct effect of mHtt, 

while others may be compensatory changes that occur throughout the progression of HD.  

Given that changes that occur early in the disease are more likely to represent direct 

effects of mHtt, targeting early cellular effects of mHtt may represent the best method to 

stop or slow progression of HD.    

 

1.4.1 Altered mRNA expression of a subset of genes 

Altered mRNA expression of a subset of genes is one of the earliest detectable 

changes in patients with HD as well as animal models of HD.  Altered mRNA expression 

was first observed in a study that demonstrated that dopamine receptor D2 mRNA was 

decreased in the caudate and putamen of tissue from HD patients with absent to low grade 

degeneration compared to age-matched controls (Augood et al., 1997).  Importantly, this 

study showed that the number of copies of D2 mRNA per cell was decreased, which 

eliminated the possibility that decreased overall D2 mRNA expression was a consequence 

of cell death. Approximately 1.7% of genes were altered in 6 week-old, early 

symptomatic R6/2 mice relative to age-matched wild-type mice in a gene microarray 
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study that examined over 6000 genes (Luthi-Carter et al., 2000).  Similar gene expression 

changes were observed in mice expressing the N-terminal 171 amino acids of Htt with a 

polyQ repeat-length of 82 (Luthi-Carter et al., 2000).  Decreases in gene expression were 

more common than increases in gene expression by approximately 3:1 (Luthi-Carter et 

al., 2000).  Genes with decreased expression belonged primarily to signal transduction, 

ion channel, transcription, metabolism, and cell structure pathways, while genes with 

increased expression belonged primarily to the inflammatory response pathway (Luthi-

Carter et al., 2000).  Decreases could be detected at earlier time points than increases in 

gene expression, which led authors to hypothesize that increased expression of certain 

genes may be a compensatory mechanism or part of neuroinflammation (Luthi-Carter et 

al., 2000).  Gene expression changes have been demonstrated at early time points in other 

animal models of HD, including R6/1 mice at 12 weeks of age concurrent with onset of 

motor changes and well before death which occurs at >1 year (Hodges et al., 2008).  

Dopamine-and cAMP-regulated phosphoprotein 32 kDa (DARPP-32) and 

preproenkephalin mRNA was decreased in the striatum of 6 week old R6/2 mice, which 

was before the onset of motor symptoms at 8 weeks (Bibb et al., 2000).  Cannabinoid 1 

(CB1) receptor mRNA was decreased in lateral striatum of R6/1 mice and R6/2 mice at 5 

and 3 weeks of age respectively, which was before onset of motor symptoms at 12 and 8 

weeks respectively (McCaw et al., 2004).  Phosphodiesterase 10A and 1B mRNA was 

decreased in R6/1 and R6/2 mice at 6 and 4 weeks of age respectively (Hebb et al., 2004).  

Reduced expression of BDNF was observed in 6-month-old mice expressing Htt with a 

polyQ repeat-length of 97 in a bacterial artificial chromosome (BAC; Gray et al., 2008).  

The reduction in BDNF was concurrent with the onset of motor symptoms and before 
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onset of striatal and cortical degeneration at 12 months of age (Gray et al., 2008).  

Together, these data indicate that decreased mRNA expression of a subset of genes occurs 

early in HD pathogenesis and that increased expression of certain genes may be a 

compensatory mechanism or part of neuroinflammation.  

Cell models of HD have shown that N-mHtt alters transcription of specific genes 

in a cell autonomous manner, and not as a consequence of altered cellular signaling. 

Decreases in mRNA of preproenkephalin, dopamine D1 receptor, CB1 receptor, and 

DARPP-32 were detected in primary striatal neurons expressing N-mHtt (Runne et al., 

2008).  Peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1α) 

mRNA was decreased in immortalized striatal cells derived from knock-in mice made to 

express exon 1 of Htt containing 111 CAG repeats within the context of the full-length 

mouse Hdh gene (STHdhQ111/Q111 cells) compared to cells derived from knock-in mice 

made to express Htt with 7 CAG repeats (STHdhQ7Q/7 cells; Cui et al., 2006).  Microarray 

data from immortalized striatal cells expressing inducible N-mHtt showed changes in 

mRNAs involved in lipid metabolism, vesicle trafficking and transcription within 24 

hours after induction of N-mHtt expression (Sipione et al., 2002).  These data support the 

hypothesis that transcriptional dysregulation is a direct effect of N-mHtt.   

Altered mRNA expression leading to altered protein abundance may explain many 

of the cellular changes observed in HD patients and animal models.  The transcriptional 

co-activator PGC-1α is expressed from nuclear DNA and regulates the expression of 

many mitochondrial genes (Lin et al., 2005).  PGC-1α mRNA expression is decreased in 

presymptomatic HD patients and cell models of HD (Cui et al., 2006).  Mitochondrial 

dysfunction including defective mitochondrial calcium handling, defective ATP 
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production, and impaired respiratory chain function has been reported in late stage post-

mortem brain samples of HD patients and some cellular models of HD  (reviewed in 

Oliveira, 2010).  Overexpression of PGC-1α improved mitochondrial dysfunction in an 

HD cell model and was neuroprotective in R6/2 mice (Cui et al., 2006).  Reduction of 

PGC-1α levels has also been shown to increase extrasynaptic NMDA receptor activity 

and susceptibility to excitotoxic insults in rat cortical and striatal neurons expressing mHtt 

(Puddifoot et al., 2012).  Impaired cholesterol biosynthesis has also been hypothesized to 

play a role in progression of HD (Valenza et al., 2005; reviewed in Valenza et al., 2011).  

Microarray analysis of an inducible striatal cell model of HD revealed that 3-hydroxy-3-

methyl-glutaryl-Coenzyme A reductase (HMG-CoA reductase) mRNA was decreased 

shortly after induction of mHtt expression (Sipione et al., 2002), which was confirmed in 

6 week-old R6/2 mice and striatal tissue from grades 1 and 2 HD patients (Valenza et al., 

2005).  HMG-CoA reductase is the rate-limiting enzyme in the synthesis of cholesterol 

(DeBose-Boyd, 2008).  Decreased expression of the rate-limiting enzyme in cholesterol 

synthesis early in disease progression would be expected to lead to decreased cholesterol 

levels, which could contribute to HD pathogenesis (Valenza et al., 2005; Valenza et al., 

2007).  Transcription of the neurotrophic factor, BDNF, is also impaired in the presence 

of mHtt in cortical cells (Zuccato et al., 2001).  Reduced mRNA expression of BDNF in 

cortical cells is believed to lead to reduced transport of BDNF to striatal cells, which is 

believed to contribute to dysfunction and death of striatal cells (Zuccato et al., 2001).  

Together, these experiments show how altered mRNA expression of a subset of genes 

may explain changes seen in multiple cellular processes implicated in HD pathogenesis. 
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1.4.2 Pathogenic mutant huntingtin mRNA 

Although aberrant cellular processes are linked to mHtt protein, mutant Htt 

mRNA may also contribute to HD pathophysiology.  The Htt transcript forms stem-loop 

structures characteristic of microRNA (miRNA) secondary structure (De Mezer et al., 

2011).  Evidence indicates that RNA is the pathogenic molecule in the nucleotide repeat 

disorders myotonic dystrophy 1 and 2, as well as Fragile-X associated tremor/ataxia 

(reviewed in Orr and Zoghbi, 2007).  Expression of untranslatable Htt exon 1 with 80 

CAG repeats increased cell death and levels of cleaved caspase-9 in differentiated human 

neuroblastoma SH-SY5Y cells compared to expression of untranslatable Htt exon 1 with 

a non-pathogenic 23 CAG repeat length (Bañez-Coronel et al., 2012).  Knockdown of 

Dicer or Argonaut 2, two proteins involved in the RNA interference pathway, decreased 

cell death and levels of cleaved caspase-9 in SH-SY5Y cells expressing untranslatable Htt 

exon 1 with 80 CAG repeats down to levels observed in cells expressing Htt exon 1 with 

a non-pathogenic CAG repeat length, thus implicating RNA interference in RNA-

mediated HD pathogenesis.  

 

1.5 CLEAVAGE AND NUCLEAR ACCUMULATION OF N-TERMINAL MUTANT 

HUNTINGTIN 

1.5.1 Cleavage 

Both Htt and mHtt have a number of caspase and calpain cleavage sites in the N- 

terminal region of the proteins.  Cleavage of mHtt at these sites generates N-terminal 

fragments of mHtt, which were shown to be more toxic than full-length mHtt in cell 

models of HD (Hackam et al., 1998).  Htt and mHtt can be cleaved in vitro by calpains at 

amino acids 469 and 536 (Gafni and Ellerby, 2002; Gafni et al., 2004), by caspase-2 at 



 

15 15 

amino acids 552, by caspase-3 at amino acids 513 and 552, and by caspase-6 at amino 

acids 586 (Goldberg et al., 1996; Wellington et al., 1998; Hermel et al., 2004).  Cleavage 

products corresponding to the 552 cleavage site have been detected in non-HD human 

brain lysates (Wellington et al., 2002), indicating that cleavage of Htt is a natural process.  

However, in vitro, caspase-2, caspase-3, and calpain-mediated cleavage of Htt are all 

increased with increasing length of polyQ such that the relative proportion of N-terminal 

to full-length protein is greater for mHtt than Htt (Goldberg et al., 1996; Gafni and 

Ellerby, 2002; Hermel et al., 2004).  Increased cleavage of mHtt compared to Htt has 

been demonstrated in humans, as calpain cleavage products were detected in the caudate 

of human HD tissue but not in age-matched controls (Gafni and Ellerby, 2002).  Caspase-

6 cleavage at amino acid 586 seems to be particularly important for development of the 

HD phenotype, as YAC128 mice that are resistant to cleavage at amino acid 586, but not 

513 or 552, do not develop the HD phenotype (Graham et al., 2006).  Cleavage of mHtt 

by caspase-2 also contributes to some aspects of the HD phenotype as YAC128 mice 

lacking caspase-2 (caspase-2-/-) show protection from motor and cognitive impairments, 

but not striatal volume loss (Carroll et al., 2011).  Together, increased cleavage of mHtt 

compared to Htt plays an important role in HD pathogenesis as blocking caspase cleavage 

of mHtt reduces or ameliorates the HD phenotype. 

 

1.5.2 Nuclear accumulation 

Following cleavage, both N-Htt and N-mHtt can translocate to the nucleus, but 

only N-mHtt accumulates in the nucleus (Wheeler et al., 2000; Havel et al., 2009).  There 

are no known nuclear localization signals in the N-terminal region of Htt, so it was 
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hypothesized that N-Htt and N-mHtt fragments below 40 kDa entered the nucleus via 

passive diffusion (Hackam et al., 1998).  More recently, it has been shown that N-Htt and 

N-mHtt can enter the nucleus by forming a complex with glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and Siah1, a ubiquitin-protein E3 ligase (Bae et al., 2006).   

Siah1 contains a nuclear localization signal, which allows it to translocate to the nucleus 

after binding to GAPDH in complex with N-Htt or N-mHtt in the cytoplasm. The affinity 

of Siah1 was shown to be greater for GAPDH in complex with N-mHtt compared to 

GAPDH in complex with N-Htt (Bae et al., 2006).  The increased affinity of Siah1 for 

GAPDH in complex with N-mHtt is believed to lead to accumulation of N-mHtt in the 

nucleus (Bae et al., 2006).   

Reduced export of N-mHtt from the nucleus is also believed to contribute to 

nuclear accumulation of N-mHtt.  Export of N-mHtt and N-Htt is mediated in part 

through interactions with the nuclear pore protein, Tpr [translocated promoter region, 

which received its name after being identified as part of a chromosomal translocation in 

an osteogenic sarcoma cell line (Cornett et al., 2005)].  Expansion of the polyQ region in 

Htt leads to reduced interactions of N-mHtt with Tpr and accumulation of N-mHtt in the 

nucleus as shown using HeLa cells transfected with N-Htt containing varying polyQ 

lengths (Cornett et al., 2005).  Phosphorylation of N-mHtt at serine 16 has been shown to 

be important for regulation of N-mHtt nuclear export as phosphorylation at this site led to 

reduced interaction of N-mHtt with Tpr and reduced clearance of N-mHtt from the 

nucleus in cultured primary rat striatal neurons (Havel et al., 2011).  Together, these data 

indicate that N-mHtt, but not N-Htt, accumulates in the nucleus through increased import 

to and reduced export from the nucleus. 
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Studies using cell culture models of HD show that nuclear accumulation of N-

mHtt directly correlates with toxicity of N-mHtt.  The addition of a nuclear localization 

signal to N-mHtt and subsequent expression in mouse neuroblastoma N2a cells led to an 

increase in N-mHtt in the nucleus, and a 111% increase in cell death compared to N-mHtt 

without the nuclear localization signal (Peters et al., 1999).  When the nuclear localization 

signal was switched for a nuclear export signal, the amount of N-mHtt in the nucleus 

decreased and cell death was 57% lower compared to N-mHtt without the nuclear export 

signal (Peters et al., 1999).  Consequently, nuclear accumulation of N-mHtt contributes to 

HD pathology in neuronal cells, while blocking nuclear accumulation of N-mHtt plays a 

protective role.  

  

1.5.3 Toxic role of soluble versus aggregated N-terminal mutant 
huntingtin 

One of the pathological hallmarks of HD is formation of neuronal intranuclear 

inclusions (NIIs), which consist of aggregated N-mHtt, ubiquitin, and other proteins 

(Sieradzan et al., 1999).  NIIs have been identified in brains of human HD patients 

(DiFiglia et al., 1997) and brains of rat and mouse models of HD (Davies et al., 1997), 

although the role of NIIs (pathogenic, protective, or inert) is not known.  After the 

discovery that multiple transcriptional proteins are found in NIIs, it was hypothesized that 

formation of NIIs contributes to HD pathology by reducing the number of available 

transcriptional proteins, thereby decreasing transcription of genes necessary for cell 

survival (Boutell et al., 1999; Steffan et al., 2000).  However, more recent evidence 

suggests that NIIs may be protective and that soluble N-mHtt may be the more toxic form 

of the protein. Striatal cells expressing N-mHtt with 47 polyQ repeats that formed 
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aggregates were significantly less likely to die than cells that did not form aggregates 

(Arrasate et al., 2004).  Inactivation of the ubiquitin-conjugating enzyme led to a decrease 

in the formation of NIIs and an increase in the percentage of cells that succumbed to 

apoptosis, suggesting that the NIIs were inhibiting cell death (Saudou et al., 1998). A 

point mutation within amino acids 1-18 of mHtt blocked the formation of NIIs, increased 

nuclear entry of N-mHtt, and led to a dramatic increase in cellular toxicity of N-mHtt 

(Atwal et al., 2007). Together, these data indicate that interactions of soluble N-mHtt 

with transcriptional proteins is more toxic to cellular function than aggregation of 

transcriptional proteins into NIIs. 

 

1.6 ABNORMAL PROTEIN-PROTEIN INTERACTIONS OF MUTANT 

HUNTINGTIN 

A growing body of evidence indicates that abnormal protein-protein interactions 

between mHtt and other cellular proteins may contribute to pathogenesis of HD.  

mHtt/Htt interaction partners have been identified using co-immunoprecipitation (CoIP), 

glutathione S-transferase (GST)-pull down assays, yeast-two hybrid assays, and database 

cross-referencing (reviewed in Li and Li, 2004; Goehler et al., 2004).  A recent high-

throughput study using a combination of yeast-two hybrid and affinity purification/mass 

spectrometry identified 234 proteins that interact with mHtt/Htt (Kaltenbach et al., 2007).  

Proteins that interact with Htt/mHtt are involved in transcription, trafficking and 

endocytosis, signaling, proteolysis, aggregation, apoptosis, metabolism, and other 

miscellaneous processes (reviewed in Li and Li, 2004).  Binding between proteins and 

mHtt/Htt is often enhanced or weakened in a polyQ length-dependent manner (reviewed 

in Li and Li, 2004).  It is more often the case that expansion of the polyQ increases the 
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binding affinity of mHtt compared to Htt (reviewed in Li and Li, 2004).  The majority of 

studies looking at binding partners of mHtt/Htt used fragments consisting of amino acids 

1-230 or 1-588 amino acids (reviewed in Li and Li, 2004).  Consequently, abnormal 

interactions identified in these studies can be attributed more specifically to abnormal 

interactions between N-mHtt and other proteins, rather than full-length mHtt and other 

proteins. 

Fifty-eight proteins known to interact with N-mHtt/N-Htt are involved in 

transcription (reviewed in Miller and Hughes, 2011).  N-mHtt/N-Htt binds components of 

the preinitiation complex (PIC) including, TATA-binding protein (TBP; van Roon-Mom 

et al., 2002) and the RAP30 subunit of transcription factor II F (TFIIF; Zhai et al., 2005).  

N-mHtt/N-Htt binds gene-specific activators, such as specificity protein 1 (Sp1; Li et al., 

2002) and p53 (Steffan et al., 2000), as well as co-activators, CREB-binding protein 

(CBP; Steffan et al., 2000; Cong et al., 2005)  and CA150 (Holbert et al., 2001).  N-

mHtt/N-Htt also binds gene-specific repressors such as RE1-silencing transcription factor 

(REST; Zuccato et al., 2003) and co-repressors such as, nuclear receptor co-repressor (N-

Cor; Boutell et al., 1999), mammalian SIN3 homolog A (mSin3A; Boutell et al., 1999), 

and C-terminal binding protein (CtBP; Kegel et al., 2002).  Before interactions of N-

mHtt/N-Htt with transcriptional proteins were shown to occur, Max Perutz and colleagues 

showed that synthetic extended polyQ repeats formed polyQ monomers held together in a 

β-sheet conformation by hydrogen bonds, which they termed polar zippers (Perutz et al., 

1994).  The group hypothesized that polar zippers may favour abnormal interactions with 

polyQ-containing transcription factors and lead to symptoms of HD through sequestration 

of transcriptional proteins away from their site of action (Perutz et al., 1994).  Although it 
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is now known that N-mHtt interacts with transcriptional proteins with and without polyQ 

regions, evidence supports the hypothesis that sequestration of transcriptional proteins 

away from their site of action either into NIIs or soluble complexes with N-mHtt 

contributes to HD pathology (Steffan et al., 2000; Nucifora et al., 2001).  Figure 1.1 

shows a hypothetical promoter in which the gene-specific transcription factors, A and B, 

bind to specific recogntion sites on the DNA and enhance assembly of the PIC.  Figure 

1.2 shows different models for N-mHtt-mediated transcriptional dysregulation.  

According to the hypothesis put forward by Perutz and colleagues, sequestration of B 

either into aggregates (Fig. 1.2A) or soluble complexes (Fig. 1.2B) containing N-mHtt 

would reduce the pool of transcription factor B available for formation of the PIC, thus 

inhibiting transcription initiation.  This hypothesis fits with data that reducing cleavage 

and nuclear accumulation of N-mHtt blocks the HD phenotype in cell (Peters et al., 1999) 

and animal (Graham et al., 2006) models of HD, as interactions of N-mHtt with 

transcriptional proteins would occur almost exclusively in the nucleus. 

It is possible that N-mHtt also impairs transcription by incorporating into 

transcriptional complexes at the promoter (Fig. 1.2C).  mHtt, but not wild-type Htt, was 

associated at the PGC-1α promoter in brains of knock-in HdhQ111/Q111 mice and 

STHdhQ111/Q111 cells compared to wild-type controls (Cui et al., 2006). Furthermore, RNA 

polymerase II (Pol II) occupancy was decreased at the PGC-1α promoter and PGC-1α 

mRNA levels were decreased in brains of HdhQ111/Q111 knock-in mice and STHdhQ111/Q111 

cells compared to wild-type controls (Cui et al., 2006).  N-mHtt repressed transcription 

only when targeted to DNA by the Gal4 DNA binding domain, suggesting that N-mHtt 

can repress transcription by directly affecting components of the basal transcription 
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Figure 1.1.  Hypothetical promoter.  Gene-specific transcriptional proteins A and B bind 
recognition sites on the DNA and enhance binding of the preinitiation complex (PIC).  
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A) NII sequestration model 

 

 

 

 

 
 
 
B) Soluble N-mHtt sequestration model 
 

 

 

 

 
 
 
 
 
C) Soluble N-mHtt incorporation model 

 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Models of N-mHtt-mediated transcriptional dysregulation. A) Neuronal 
intranuclear inclusions (NIIs) sequester transcriptional proteins and decrease soluble 
levels available for transcription. B) Soluble N-mHtt sequesters transcriptional proteins 
away from the promoter. C) Soluble N-mHtt incorporates into transcriptional complexes 
at the promoter, impairs binding of the preinitiation complex (PIC), and impairs 
transcription.  A and B represent hypothetical gene-specific transcriptional proteins. 
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machinery rather than indirectly by sequestering essential transcription factors into 

aggregates (Kegel et al., 2002).  Htt with an expanded polyQ associated at the promoters 

of the N-mHtt affected genes, dopamine D2 receptor and CB1 receptor, in brains of R6/2 

mice (Benn et al., 2008).  Addition of Htt antibodies super-shifted several protein/probe 

chromatin complexes in an electromobility shift assay, indicating that Htt is associated 

with the PIC in vitro (Benn et al., 2008).  Recent evidence from our laboratory shows that 

N-mHtt associates at promoters of cytomegalovirus (CMV) and thymidine kinase, two 

viral promoters that are affected by N-mHtt (Hogel et al., 2012).  It is possible that N-

mHtt is shuttled to the promoter through interactions with transcriptional proteins that 

contain promoter association domains.  For example, for the hypothetical promoter 

described in figure 1.1, N-mHtt could bind to the transcription factor B, which contains a 

promoter association domain and, provided the interaction does not obstruct the promoter 

association domain, the entire B/N-mHtt complex could translocate to the promoter (Fig. 

1.2C).  At the promoter, N-mHtt could impair binding of components of the PIC and 

impair transcription initiation.  

If abnormal interactions of N-mHtt with necessary transcription factors depletes 

the pool of functional transcription factors available for transcription, blocking abnormal 

interactions of N-mHtt in the nucleus may increase the pool of functional transcription 

factors and allow necessary transcription factors to perform their function.  This may 

reverse symptoms and delay progression of HD.  In theory, overexpressing proteins that 

bind specifically to N-mHtt, may be able to block abnormal interactions of N-mHtt.  

However, if N-mHtt impairs transcription by incorporating into transcriptional complexes 

at the promoter, overexpressing proteins that contain a promoter association domain 
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would not be expected to relieve transcriptional dysregulation, as the overexpressed 

protein would still be able to recruit N-mHtt to the promoter.  For example at the 

hypothetical promoter described in figure 1.1, although overexpressing transcription 

factor B may increase the pool of B that is free to activate transcription, some amount of 

N-mHtt/B complexes would still be expected to associate at the promoter and impair 

transcription initiation (Fig. 1.3A).  As an alternative, it may be possible to overexpress 

protein fragments that bind N-mHtt, but which lack a promoter association domain.  As 

shown in figure 1.3B, overexpressing fragments of transcription factor B that are able to 

bind to N-mHtt, but lack a promoter association domain, may sequester N-mHtt away 

from the promoter, thereby allowing endogenous B to carry out its normal function of 

enhancing assembly of the PIC and initiating transcription.  Thus, overexpressing protein 

fragments that bind N-mHtt but lack promoter association domains may block abnormal 

interactions of N-mHtt in the nucleus and normalize N-mHtt-mediated transcriptional 

dysregulation.  

 

1.7 N-TERMINAL MUTANT HUNTINGTIN-MEDIATED IMPAIRMENT OF 

CREB-BINDING PROTEIN (CBP) 

CBP is a gene-specific transcriptional co-activator with AT activity.  CBP is 

localized exclusively to the nucleus where it can interact with the basal transcription 

factors TBP (Swope et al., 1996; Dallas et al., 1997), TFIIB (Kwok et al., 1994), and 

RNA Pol II via an interaction with RNA helicase A (Nakajima et al., 1997).  In addition, 

CBP can bind to a variety of diverse nuclear proteins including, cAMP-response element 

binding protein (CREB; Kwok et al., 1994), p53 (Lill et al., 1997), c-Fos (Swope et al., 

1996), c-Jun (Bannister et al., 1995), and c-Myb (Dai et al., 1996).  By interacting  
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A) Overexpressing N-mHtt interacting proteins with a promoter association 
domain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) Overexpressing fragments of N-mHtt interacting proteins lacking a 
promoter association domain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Overexpressing proteins to block abnormal interactions of N-mHtt in the 
nucleus. A) Overexpressing N-mHtt interacting proteins with a promoter association 
domain may allow N-mHtt to incorporate into transcriptional complexes at the promoter 
and inhibit transcription. B) Overexpressing fragments of N-mHtt interacting proteins that 
lack a promoter association domain may block abnormal interactions of N-mHtt at the 
promoter and reverse N-mHtt-mediated transcriptional dysregulation.  
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simultaneously with the basal transcription machinery and with one or more upstream 

transcription factors, CBP functions as a physical bridge or scaffold thereby enhancing 

assembly of the PIC and increasing efficiency of transcription initiation.  The role of CBP 

in CREB signaling has been well studied (Goodman and Smolik, 2000; reviewed in Merz 

et al., 2011).  CREB binds to to cAMP-response element (CRE) at the promoter 

(reviewed in Merz et al., 2011).  CREB-mediated transcription is activated through a 

variety of pathways in response to different stimuli (reviewed in Merz et al., 2011).  

Elevation of cAMP levels, through activation of stimulatory G (Gs) protein coupled-

receptors such as, dopamine D1 and serotonin receptors, can activate protein kinase A 

(PKA), allow PKA to enter the nucleus, where it phosphorylates CREB at serine 133 

(reviewed in Merz et al., 2011).  Phosphorylation of CREB at serine 133 allows CBP and 

the closely related transcriptional co-activator and AT, p300, to bind to CREB using a 

KIX domain (reviewed in Merz et al., 2011).  When bound to CREB, both CBP and p300 

act as scaffolds for gene-specific transcription activators and components of the PIC 

(reviewed in Merz et al., 2011).  Phosphorylation of CREB at serine 133 can also occur 

through BDNF-mediated activation of mitogen-activated protein kinase (MAPK) and 

extracellular-signal-regulated kinase (ERK) pathways, as well as NMDA-, AMPA-, and 

kainate receptor-mediated activation of Ca2+ pathways (reviewed in Merz et al., 2011).  

A large number of the genes that are down-regulated in HD contain CRE in their 

promoters and are under the partial control of CBP, including preproenkephalin and 

preprosomatostatin (Luthi-Carter et al., 2002) as well as PGC-1α (Cui et al., 2006).  After 

the finding that CBP was detected in NIIs in human HD brain tissue (Nucifora et al., 

2001) and striatal sections from R6/2 mice (Steffan et al., 2000), it was hypothesized that 
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recruitment of CBP into aggregates leads to impaired CBP-dependent transcription via a 

reduction in the pool of functional CBP available for transcription (Steffan et al., 2000; 

Nucifora et al., 2001).  CBP co-precipitated with N-mHtt containing 74 polyQ repeats, 

but not N-mHtt with 23 polyQ repeats (Cong et al, 2005). Binding of N-mHtt to p300, 

which is approximately 50% identical to CBP in amino acid sequence, was reduced 

compared to CBP, indicating that the interaction between CBP and N-mHtt is specific 

(Cong et al., 2005).  Depletion of nuclear CBP, but not p300, was associated with cellular 

toxicity in a single cell study of hippocampal HT22 cells transiently expressing the N-

terminal 63 amino acids of mHtt with 148 polyQ repeats (Jiang et al., 2006).  Crossing of 

mice expressing N-mHtt with heterozygous knockout CBP mice led to progeny with 

decreased levels of CBP and decreased life expectancy compared to parental mice 

expressing N-mHtt (Klevytska et al., 2010).  Because CBP is a gene-specific co-activator, 

N-mHtt impairment of CBP could explain gene-specific alterations in mRNA levels 

observed in HD. 

In addition to its co-activator function, CBP has AT activity, which allows CBP to 

enzymatically transfer a negatively charged acetyl group to lysine residues on the tail of 

core histones and other proteins (reviewed in Kalkhoven, 2004).  Histone acetylation 

decreases the affinity of the positively charged histone tail for the negatively charged 

DNA, thereby relaxing chromatin structure, allowing transcriptional proteins to bind to 

the DNA, and thus facilitating gene transcription (reviewed in Kalkhoven, 2004).  

Acetylation of p53, GATA-binding protein 1 (GATA-1), and nuclear factor erythroid-

derived 2 (NF-E2), by CBP can facilitate binding of these proteins to DNA and enhance 

gene transcription (reveiwed in Janknecht, 2002).  Hypoacetylation of H3 has been 
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reported at the promoters of genes known to be down-regulated early in HD, including 

the dopamine D2 receptor promoter, preproenkephalin, CB1 receptor, vitamin D receptor, 

and neural cell adhesion molecule, in R6/2 mice (Sadri-Vakili et al., 2007).  Steffan and 

colleagues (2001) demonstrated that N-mHtt with 51 polyQ repeats directly binds to 

fragments of CBP containing the AT domain using in vitro GST pull down assays.  The 

group went on to show that the presence of N-mHtt in vitro leads to a loss of CBP histone 

acetyltransferase (HAT) activity (Steffan et al., 2001).  CBP HAT activity is critical for 

normal neurological function as point mutations that inactivate the AT domain of even 

one copy of CBP leads to Rubinstein-Taybi syndrome, a severe neurological disorder 

characterized by profound learning deficits and skeletal abnormalities (Kalkhoven et al., 

2003). Thus, evidence suggests that loss of CBP HAT activity contributes to HD 

pathology. 

Based on the theory that loss of both HAT and transcriptional co-activator activity 

of CBP contributes to symptoms of HD, researchers have tested whether overexpressing 

CBP is beneficial in cell and animal models of HD.  CBP overexpression resulted in 

decreased cell death in mouse neuroblastoma N2a cells and primary rat cortical neurons 

transiently expressing the 63 N-terminal amino acids of mHtt (Nucifora et al., 2001).   In 

addition, CBP overexpression restored H3 and H4 acetylation levels, normalized gene 

expression as shown using microarrays, and rescued retinal degeneration in Drosophila 

expressing a 127 polyQ fragment (Taylor et al., 2003).  Conversely, overexpressing CBP 

led to increased cell death in cerebellar granule neurons (Rouaux et al., 2003).  Cell death 

in the latter study was attributed to histone hyperacetylation, which led to non-specific 

gene expression (Rouaux et al., 2003).  These data indicate that fine-tuning of CBP HAT 
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activity is important for neuronal survival.  Further studies aimed at compensating for 

CBP loss of function through overexpression of CBP have not been attempted. 

In addition to compensating for CBP loss of function, it is possible that 

overexpressing CBP produced benefits in cells expressing N-mHtt, in part, by blocking 

abnormal interactions of N-mHtt with endogenous CBP and other nuclear proteins, thus 

increasing the pool of functional CBP and other nuclear proteins and overcoming N-

mHtt-mediated transcriptional dysregulation.  This is similar to the proposed effect of 

overexpressing the hypothetical transcription factor B described in figure 1.3A.  

However, if N-mHtt inhibits transcription by incorporating into transcriptional complexes 

at the promoter, overexpressing CBP would not be expected to reverse N-mHtt-mediated 

transcriptional dysregulation as the CBP/N-mHtt complex could associate at the promoter 

through the KIX domain.  A region of CBP containing a portion of the AT domain and 

the entire third zinc (Zn) finger region was shown to bind N-mHtt in vitro (Steffan et al., 

2001). Importantly, ATZnCBP lacked the KIX domain.  It is conceivable that 

overexpressing this fragment would be able to block abnormal interactions of N-mHtt 

without causing CBP-specific recruitment of N-mHtt to the promoter, similar to the 

proposed effect of overexpressing fragments of the hypothetical transcription factor B 

that lack a promoter association domain (Fig 1.3B).   

 

1.8 HYPOTHESIS AND OBJECTIVES 

The studies outlined above indicate that N-mHtt impairs transcription either 

through incorporation into transcriptional complexes at the promoter or by sequestration 

of necessary transcription factors away from the promoter. If N-mHtt impairs 
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transcription by sequestering transcription factors away from the promoter, 

overexpressing N-mHtt-interacting proteins would increase the pool of active 

transcription factors and relieve transcriptional repression.  However, if N-mHtt acts at 

the promoter, overexpressing N-mHtt-interacting proteins would not alleviate repression 

because the overexpressed protein could still anchor N-mHtt at the promoter. We 

hypothesized that overexpressing protein fragments that bind N-mHtt, but lack a promoter 

association domain, would block abnormal interactions of N-mHtt at the promoter and 

overcome transcriptional repression. The objective of this study was to test whether 

overexpressing full-length CBP or ATZnCBP could block N-mHtt-mediated 

transcriptional dysregulation and toxicity in a cell model of HD.  The ATZnCBP 

fragment was chosen because it was shown to bind N-mHtt in vitro (Steffan et al., 2001). 

Fine-tuning of CBP AT activity is necessary for normal neuronal function (Rouaux et al., 

2004).  Because it is possible that the ATZnCBP fragment may have AT activity, which 

could be detrimental to cell viability, we also tested the effect of overexpressing a 

fragment of CBP containing only the third Zn finger region (ZnCBP).  The cell model we 

used was the STHdh cell line.  STHdhQ7/Q7 cells were derived from mice with two copies 

of Htt containing 7 CAG repeats, STHdhQ7/Q111 were derived from mice with one copy of 

Htt containing 7 CAG repeats and one copy of mHtt containing 111 CAG repeats, and 

STHdhQ111/Q111 cells were derived from mice with two copies of mHtt containing 111 

CAG repeats (Trettel et al., 2000). STHdh cells were immortalized by infection with a 

defective retrovirus transducing the temperature-sensitive alleles (A58/U19) of the simian 

virus 40 large tumor antigen and geneticin-resistance genes (Trettel et al., 2000).  To 

determine the effect of overexpressing full-length CBP or CBP fragments on N-mHtt-



 

31 31 

mediated transcriptional dysregulation, we used luciferase promoter activity assays.  The 

effect of overexpressing full-length CBP or CBP fragments on toxicity was determined 

using Ethidium Homodimer-1 (EthD-1) and Fluoro-Jade C stains.  EthD-1 emits red 

fluorescence upon intercalation with nucleic acids in membrane permeable cells.  The 

loss of structural integrity of the plasma membrane is detrimental to cell viability and 

occurs during both apoptosis and oncosis (non-programmed, accidental cell death 

characterized by cell swelling; Fink and Cookson, 2005).  Fluoro-Jade C staining 

correlates with TUNEL staining and is used to identify degenerating neurons (Wang et 

al., 2011).  The precise molecular target of Fluoro-Jade C staining in degenerating 

neurons is not known (Schmued et al., 2005).  By contrasting the effects of 

overexpressing full-length CBP and CBP fragments that lack the KIX-promoter 

association domain, we aimed to provide evidence for or against the incorporation model 

of N-mHtt-mediated transcriptional dysregulation.  
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CHAPTER 2 MATERIALS AND METHODS 

2.1 CLONING 

2.1.1 Preparation of electrocompetent InvF’ E. coli  

InvF’ E. coli were grown overnight on Luria-Bertani (LB) agar plates at 37°C.  

The following day, a colony was selected and grown in 25 mL of 2x yeast tryptone (YT) 

broth [31 g/L 2x YT Microbial Medium (Sigma-Aldrich; Oakville, ON) in distilled water 

(dH2O)] and grown overnight at 37°C with shaking at 250 rpm.  The following morning, 

5 mL of the overnight culture was subcultured in 500 mL of 2x YT broth and grown at 

37°C with shaking at 250 rpm until an absorbance of 0.6-1.0 was reached at a wavelength 

of 600 nm.  Cells were kept on ice for 30 min then centrifuged at 2,500 x g and 4ºC for 20 

min. The cell pellet was washed 3 times with ice cold dH2O followed by 1 final wash 

with 1% glycerol (in dH2O).  Cells were resuspended in 3 mL of 1% glycerol, divided 

into 40 μL aliquots, and stored at -80°C. 

 

2.1.2 PCR amplification and gel extraction 

 DNA regions corresponding to amino acids 1405-1846 (ATZnCBP) and 1709-

1846 (ZnCBP) of CBP were amplified from full-length CBP (GenBank: AB210043.1) 

cloned into pBluescript II SK+ (Product ID: ORK07683; Kazusa; Japan) using primers 

described in table 1.  Sense primers contained a 5’ BamH1 restriction site, while antisense 

primers contained a 5’ Not1 restriction site.  Sense and antisense primers (500 nM) were 

combined with 100 ng DNA template, 500 μM dNTP mix (dATP, dGTP, dTTP, dCTP 

nucleotide mixes from Fermentas; Burlington, ON), 1x PCR Buffer, and 2 U Hot Start  

Taq Polymerase Enzyme [Buffers and Taq contained in Qiagen (Toronto, ON) Hot Start  
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Table 2.1. Primers used for PCR. 

Primer 
Name 

Orientation Sequence Annealing 
Temp 

ATZnCBP Sense GGATCCCGTTGCCCTCCGCACAGCC 60° 

ATZnCBP Antisense GCGGCCGCAGAAGGCAGACTCTGC 60° 

ZnCBP  Sense GGATCCCTGGGCCTGGATGACGAG 60° 

ZnCBP Antisense GGATCCGGCTTAGATGATGAGAGCAAC 60° 
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Taq PCR Kit].  The PCR reaction was 10 min at 95°C followed by 40 cycles of 95°C for 

30 s, 60°C for 30 s, and 72°C for 1 min, followed by a final 10 min extension at 72°C.  

PCR reaction products were resolved on 1% agarose gels in 0.5x TBE [44.5 mM Tris, 

44.5 mM Boric acid, 1 mM EDTA and 0.25 μg/ml ethidium bromide] and visualized 

under ultraviolet (UV) illumination alongside a 1 kB DNA ladder. The desired PCR 

products were identified based on size, extracted using GenEluteTM Gel Extraction Kit 

(Sigma-Aldrich), and eluted in 50 µL Tris-EDTA elution buffer (Sigma-Aldrich). DNA 

was purified using GenEluteTM PCR clean-up kit (Sigma-Aldrich) according to 

manufacturer’s instructions and eluted in 50 µL Tris-EDTA elution buffer (Sigma-

Aldrich). 

 

2.1.3 DNA precipitation 

 DNA solution was combined with 1/10 volume sodium acetate (3 M) and 2x 

volume 100% ice cold ethanol, mixed, and incubated at -20ºC for 1 h.  DNA solution was 

centrifuged (20 min; 12,000 x g; 4ºC), supernatant was removed, and the DNA pellet was 

washed with 400 µL of 70% ethanol.  DNA solution was centrifuged for 10 min at 12,000 

x g and 4ºC and the supernatant was removed.  An additional 2 min spin at 12,000 x g and 

4ºC was performed to further separate DNA and ethanol.  A 1 mL syringe and needle was 

used remove the remaining ethanol.  The tube containing DNA was left open on ice for 

10 min to allow residual ethanol to evaporate.  DNA was resuspended in 10 µL dH2O and 

the DNA concentration was measured using a spectrophotometer (Genequant III pro, 

Biochrom; Holliston, MA). 
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2.1.4 Cloning into pGEM-T vector 

Resuspended PCR product was combined with 50 ng pGEM-T Vector, 1x T4 

Ligation Buffer and 3 U T4 Ligase (all from Promega; Madison, WI) and incubated 

overnight at 4°C. The ligation reaction was precipitated with ethanol as described in 

section 2.1.3 and resuspended in 10 μL dH2O. Ligation product was electroporated into 

InvF’ electrocompetent E. coli cells.  Electroporated cells were grown in LB broth at 

37°C with shaking at 250 rpm for 1 h.  After 1 h, 100 µL of bacterial culture was grown 

on LB plates containing 50 μg/mL carbenicillin (Sigma-Aldrich) and 25 mg/mL X-gal 

(Promega).  Plates were incubated overnight at 37°C.  pGEM-T colonies positive for 

insert presence were selected based on X-gal blue/white screening.  White colonies were 

picked and inoculated into 1.5 mL of 2x YT broth containing 50 μg/mL carbenicillin.  

Cultures were grown overnight at 37°C with shaking at 250 rpm.  Plasmids were isolated 

using GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich) according to the manufacturer’s 

protocol.  To confirm if ATZnCBP-pGEM and ZnCBP-pGEM had been obtained, 

isolated plasmid DNA was sequenced (GeneWiz; South Plainfield, NJ). 

 

2.1.5 Subcloning into mammalian expression vectors 

ATZnCBP and ZnCBP were digested out of pGEM-T vector using BamH1 and 

Not1 restriction enzymes (Fermentas).  According to manufacturer instructions, 50 ng 

DNA was combined with 1 U of BamH1 and Not1, 10x buffer plus loading dye, and 

dH2O up to 20 µL.  Solutions were mixed then incubated at 37ºC for 30 min.  Heating at 

80ºC for 5 min inactivated restriction enzymes.  Digestion products were fractionated on 

1% agarose gel (80 V for 90 min) alongside a 1kB DNA ladder and visualized under UV 
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light.  ATZnCBP and ZnCBP fragments were identified based on size, extracted using 

GenEluteTM Gel Extraction Kit (Sigma-Aldrich), eluted in 50 µL Tris-EDTA elution 

buffer (Sigma-Aldrich), and purified by DNA precipitation as described in section 2.1.3.  

A 10 µg batch of pcDNA4HisC (Invitrogen; Burlington, ON) was digested with BamH1 

and Not1 restriction enzymes as described in section 2.1.4.  DNA precipitation was 

performed as described in section 2.1.3.  Following this, digested pcDNA4HisC was 

dephosphorylated to prevent re-circularization of cut vector during ligation.  

pcDNA4HisC (5 µg) was combined with 5 U alkaline phosphatase (Fermentas), 10 µL 

10X buffer (Fermentas) and dH2O up to 100 µL.  The solution was mixed thoroughly, 

heated at 37ºC for 15 min, and heated at 75ºC for 5 min to inactivate the phosphatase 

enzyme.  Following dephosphorylation, DNA precipitation was performed as described in 

section 2.1.3.  DNA concentration was measured using a spectrophotometer (Genequant 

III pro).  ATZnCBP and ZnCBP, previously digested with BamH1 and Not1, were ligated 

into pcDNA4HisC (cut with BamH1 and Not1) using T4 DNA ligase (Fermentas).  Insert 

(75 ng) was combined with vector (25 ng), T4 DNA ligase (1 U; Fermentas), 5x T4 DNA 

ligase buffer (Fermentas), and dH2O up to 20 µL.  Solution was mixed and incubated at 

4ºC overnight. Ligation product was precipitated using ethanol as described in section 

2.1.3 and transformed into electrocompetent E. coli.  E. coli were grown overnight on LB 

agar plates containing carbenicillin as described in section 2.1.4.   Colonies were selected, 

inoculated in LB broth containing carbenicillin, and grown overnight as described in 

section 2.1.4.  Plasmids were isolated using GenEluteTM Plasmid Miniprep Kit (Sigma-

Aldrich) according to the manufacturer’s protocol. Identification of ATZnCBP-

pcDNA4HisC was carried out using BamH1 and Not1 restriction digest and DNA 
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sequencing (GeneWiz).  Subcloning of ZnCBP from pGEM-T into pcDNA4HisC was 

carried out by Lake Pharma (Belmont, CA) and confirmed by DNA sequencing (Gene 

Wiz).  Subcloning of full-length CBP from pBluescript II SK+ into pcDNA3.1+ was 

carried out by Lake Pharma and confirmed by DNA sequencing (Gene Wiz). 

 

2.2 CELL CULTURE 

2.2.1 Cells and media 

Conditionally immortalized striatal progenitor cells derived from embryonic day 

14 mice made to express human Htt exon 1 with 7 or 111 CAG repeats (within the 

context of full-length mouse Htt) were obtained from Coriell Institute for Medical 

Research (Camden, NJ).  STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells were grown 

at the permissive temperature of 33ºC with 95% air and 5% CO2 in growth media: 

Dulbecco’s Modified Eagle Medium supplemented with glutamine (0.29 g/L), Penicillin-

Streptomycin (10,000 U) and 10% (v/v) Fetal Bovine Serum (all from Invitrogen) in 25 

or 75 cm2 flasks (Nunc; Rochester, NY).  Twenty-four hours after reviving frozen cells, 

media was replaced with growth media (described above) supplemented with 400 μg/mL 

geniticin (Invitrogen).  Cells were subcultured before reaching 100% confluence by 

washing cells twice with 1x Phosphate Buffered Saline (PBS) Solution (Sigma-Aldrich), 

harvesting with TrypLE (Invitrogen), and plating a known number of cells in a new flask 

containing fresh media.  To induce differentiation of STHdh cells into a more neuronal-

like phenotype, cells were subjected to serum-deprivation by washing cells twice with 1x 

PBS and incubating cells in STHdh media lacking Fetal Bovine Serum, a procedure that 

has been used elsewhere (Trettel et al., 2000; Blázquez et al., 2011).  STHdh cells were 
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serum-deprived for 6 h prior to transfection, at which time development of projections, 

characteristic of post-mitotic STHdh cells, could be observed.  

 

2.2.3 Preparation of cell culture plates 

For all experiments, cells were grown on 24-, or 96-well cell culture plates 

(Corning costar, Sigma-Aldrich).  Cell culture plates were incubated in 0.01% (w/v in cell 

culture grade dH2O) poly-D-lysine (Sigma-Aldrich) for 1 h at 37°C.  Each well was 

washed twice with dH2O and dried overnight.  Plates were stored at 4°C prior to use. 

 

2.3 TRANSFECTIONS 

2.3.1 Lipofectamine 2000 procedure 

Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s recommendations.  Lipofectamine 2000 (1 mg/mL) was combined with 

Opti-MEM reduced serum media (Invitrogen), mixed, and incubated for 20 min at room 

temperature.  DNA was combined with Opti-MEM, mixed, and incubated for 5 min at 

room temperature.  Lipofectamine-DNA solutions [3:1 (uL:µg) respectively] were mixed 

and incubated at room temperature for 30 min to allow Lipofectamine-DNA complexes to 

form.  Lipofectamine-DNA complexes were added to each well.  Cells were incubated at 

33ºC with 95% air and 5% CO2 for 18-24 hours before further experimentation.   

 

2.3.2 Quantification of transfection efficiency  

Cells were grown in 96-well plates, serum-deprived for 6 h, and transfected with 

50 ng GFP expressing vector (pEGFP-N1; BD Biosciences, Mississauga, Ontario) as 
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described in section 2.3.1.  Eighteen hours later, cells were excited with UV light from an 

X-cite series 120 box (Lumen Dynamics; Missausaga, ON) and the green fluorescence 

emission was viewed using an inverted Zeiss Axiovert 100 microscope (Carl Zeiss 

Canada; Toronto, Ontario).  Images were captured from 3 randomly selected areas of the 

well using an Infinity 3 camera and recorded using the Infinity Capture program (both 

from Carl Zeiss Canada).  Bright field images were taken in the same field as 

fluorescence images to allow for quantification of the total number of cells present in 

each field of view.  Image J was used to quantify the number of GFP positive cells and 

total cells.  Transfection efficiency was calculated as the number of GFP positive cells 

divided by the total number of cells for each well.  Three independent experiments were 

performed with 3 wells per cell type/treatment for each experiment, giving a total 

replicate number of 9 for each cell type/treatment.  

 

2.4 PROMOTER ACTIVITY ASSAYS 

2.4.1 Luciferase assay 

STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells were grown in 24-well plates, 

serum-deprived for 6 h, and transfected as described in section 2.4.1.  Eighteen hours 

after transfection, cells were incubated with 10 μM forskolin (in DMSO) or an equal 

volume of DMSO for 2 h at 33°C with 95% air and 5% CO2.  Promoter activity was 

measured using the Dual-Luciferase® Reporter Assay System (Promega).  Cells were 

washed twice with 200 μL of 1x PBS and incubated in 100 μL of 1x Passive Lysis Buffer 

for 30 min at room temperature with gentle shaking.  Cells were scraped and collected 

into 0.5 mL eppendorf tubes.  Luciferase activity was measured by adding 10 μL of 
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soluble sample to 50 μL of Luciferase Assay Substrate and quantifying the amount of 

light produced in the enzymatic reaction using a 20/20n luminometer (Turner Biosystems 

by Promega). To account for any differences in cell number, firefly luciferase activity 

was normalized to total protein. 

 

2.4.2 Protein quantification 

Protein quantification was performed using Protein Assay Dye-Reagent (Bio-Rad; 

Mississauga, ON) according to the microassay procedure in 24-well plates.  Protein assay 

dye-reagent consists of acidic Coomassie Brilliant Blue G-250 dye, which upon binding 

to protein, shifts the absorption maximum of the dye from 465 to 595 nm.  A standard 

curve was created using known concentrations of bovine serum albumin (0, 1.2, 2.5, 5, 7, 

and 10 µg) in 800 µL dH2O.  Sample (4µL) was combined with 796 µL dH2O.  Bio-Rad 

dye reagent (200 µL/well) was added and the entire solution was mixed thoroughly by 

pipetting the solution up and down.  Solutions were incubated at room temperature for 5 

min.  Standards and samples were analyzed in duplicate and averaged.  Readings were 

taken using an ELX-800 Universal Microplate Reader (Bio-Tek; Winooski, VT) at the 595 

nm wavelength. The mass of protein in the unknown sample was determined by 

extrapolating from the standard curve using the light emission detected at 595 nm. 

 

2.5 CMXROSAMINE STAIN 

Chloromethyl-X-rosamine (CMXrosamine) is a lipophilic cationic dye that is 

concentrated inside functioning mitochondria through activity of the oxidative respiratory 

chain, which generates a negative mitochondrial membrane potential.  STHdhQ7/Q7and 
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STHdhQ111/Q111 cells were grown in 96-well plates, serum-deprived for 24 or 72 h, and 

stained with 20 nM CMXrosamine in 1x PBS for 25 min at 33° C with 95% air/5% CO2.  

Cells were washed 3 times for 5 min with 1x PBS with gentle shaking, protected from 

light.  Cells were excited at 546 nm and the fluorescence emitted at 590 nm was detected 

using an inverted Zeiss Axiovert 100 microscope at 400x magnification. For each 

replicate, the gain was set to a level that allowed minimal detection of fluorescence in 

STHdhQ111/Q111 cells and this was maintained for STHdhQ7/Q7 cells of the same replicate.  

Images were captured using an Infinity 3 camera and recorded using the Infinity Capture 

program.  Three images were acquired at random per well.  Bright field images were 

taken in the same field of view as fluorescent images.  Fluorescence levels were 

quantified using Image J and normalized to the total number of cells, as determined from 

bright field images.  

 

2.6 CYTOTOXICITY ASSAYS 

2.6.1 Ethidium Homodimer-1 stain 

STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells were grown in 96-well plates, 

serum-deprived for 24 h, washed twice with 1x PBS, and incubated with 50 µL of 4 µM 

Ethidium Homodimer-1 (EthD-1; Invitrogen) in 1x PBS for 40 min at room temperature 

with gentle shaking, protected from light. Cells were washed once with 1x PBS then 

maintained in 1x PBS.  Cells were excited at 509 nm and emission at 617 nm was viewed 

using an inverted Zeiss Axiovert 100 microscope.  Images were captured using an Infinity 

3 camera and recorded using the Infinity Capture program.  Fields in the top, bottom, and 

middle area of the well were captured at random for each replicate.  Bright field images 
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were taken in the same field of view as fluorescent images.  The percentage of EthD-1 

positive cells per total cells (as determined from bright field images) was determined for 

each replicate.  

To determine if overexpressing CBP, ATZnCBP, or ZnCBP had an effect on 

EthD-1 staining, STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells were grown in 96- 

well plates, transfected with 200 ng of either pcDNA3+, pcDNA4HisC, CBP-pcDNA3+, 

ATZnCBP-pcDNA4HisC, or ZnCBP-pcDNA4HisC, and stained with EthD-1. To 

identify transfected cells, cells were co-transfected with 50 ng GFP expressing vector 

(pEGFP-N1). Eighteen hours post-transfection, cells were stained with EthD-1 as 

described above.  Cells were excited at 488 nm and 528 nm and emission at 509 nm and 

617 nm was viewed.  Fields in the top, bottom, and middle area of the well were captured 

at random for each replicate from which the percentage of EthD-1 and GFP positive cells 

per GFP positive cells was determined. 

    

2.6.2 Fluoro-Jade C stain 

STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells were grown in 96-well plates, 

serum-deprived for 24 h, washed twice with 1x PBS, and fixed with 2% PFA for 1 h at 

room temperature.  Cells were washed twice with dH2O and incubated with 0.0001% 

Fluoro-Jade C for 10 min, protected from light, with gentle shaking.  Cells were washed 

twice with dH2O.  Cells were excited at 488 nm and emission at 509 nm was viewed.  

Fields in the top, bottom, and middle area of the well were captured at random for each 

replicate.  Bright field images were taken in the same field of view as fluorescent images. 
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The percentage of Fluoro-Jade C positive cells per total cells (as determined from bright 

field images) was determined for each cell type/treatment.   

To determine whether overexpressing CBP, ATZnCBP, or ZnCBP had an effect 

on Fluoro-Jade C staining, STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells were 

grown in 96-well plates, serum-deprived for 6 h, transfected with 200 ng of pcDNA3+, 

pcDNA4HisC, CBP-pcDNA3+, ATZnCBP-pcDNA4HisC, or ZnCBP-pcDNA4HisC, and 

stained with Fluoro-Jade C.  To identify transfected cells, cells were co-transfected with 

50 ng RFP expressing vector (mCherry-3L).  Eighteen hours post-transfection, cells were 

stained with Fluoro-Jade C as described above.  Cells were excited at 488 nm and 528 nm 

and emission at 509 nm and 617 nm was viewed. The percentage of Fluoro-Jade C and 

RFP positive cells per RFP positive cells was determined. 
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CHAPTER 3 RESULTS 

PGC-1α mRNA is decreased in cell and animal models of HD as well as HD 

patients (Cui et al., 2006).  To test whether PGC-1α promoter activity was different in 

STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells, we transfected cells with vector 

containing the -2533 to +78 region of the mouse PGC-1α gene driving expression of 

luciferase (PGC-1α-pGL3).  To ensure that mHtt did not affect the ability of cells to take 

up DNA, we measured transfection efficiency in each STHdh cell type. Cells were 

transfected with equal amounts of vector expressing GFP (pEGFP-N1) and the percentage 

of GFP positive cells per total cells was determined 18 h later.  There was no difference in 

the number of GFP positive cells per total cells between STHdhQ7/Q7, STHdhQ7/Q111, and 

STHdhQ111/Q111 cells (Fig. 3.1), indicating that the presence of mHtt did not affect the 

ability of STHdh cells to take up DNA.  For all promoter assays, luciferase activity was 

normalized to total protein concentration in each cell lysate.  PGC-1α-driven-luciferase 

activity was low in all cell types tested.  We hypothesized that treatment with the cAMP-

elevating agent forskolin would increase PGC-1α promoter activity in STHdhQ7/Q7, 

STHdhQ7/Q111, and STHdhQ111/Q111 as a previous study showed that PGC-1α expression in 

neurons is driven largely by a cAMP-response element (CRE) in the proximal region of 

the promoter (Cui et al., 2006).  We found that PGC-1α-driven luciferase activity was 

increased in STHdhQ7/Q7, STHdhQ7/Q111, or STHdhQ111/Q111 cells incubated with 10 μM 

forskolin for 2 h compared to the same respective cell type incubated with and equal 

volume of DMSO (Fig. 3.2). PGC-1α-driven luciferase activity was lower in 

STHdhQ111/Q111 cells compared to both STHdhQ7/Q7 and STHdhQ7/Q111 cells treated with  
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Figure 3.1. Transfection efficiency was not different between STHdhQ7/Q7, STHdhQ7/Q111, 
and STHdhQ111/Q111 cells.  Cells were grown to 60% confluence, serum-deprived, and 
transfected with vector expressing green fluorescent protein (GFP). Transfection 
efficiency was calculated as the percentage of GFP positive cells per total cells.  Mean ± 
SEM (n = 9) is shown. P > 0.05 as determined by one-way ANOVA and Tukey post-hoc 
test.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Forskolin treatment increased PGC-1α promoter activity in STHdhQ7/Q7, 
STHdhQ7/Q111, and STHdhQ111/Q111 cells.  PGC1-α promoter activity was decreased in 
STHdhQ111/Q111 cells compared to STHdhQ7/Q7and STHdhQ7/Q111 cells treated with 
forskolin. Cells were transfected with 200 ng of vector containing PGC-1α promoter 
driving expression of firefly luciferase (PGC-1α-pGL3).  Eighteen hours later, cells were 
incubated with 10 μM forskolin or an equal volume of DMSO (vehicle) for 2 h.  Cells 
were lysed, luciferase activity was measured, and luciferase activity was normalized to 
total protein.  Mean ± SEM (n = 6) is shown.   * P < 0.05, and # P < 0.05 compared to 
STHdhQ7/Q7and STHdhQ7/Q111 cells treated with forskolin, as determined by one-way 
ANOVA and Tukey post-hoc test. 
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forskolin (Fig. 3.2).  Luciferase activity was negligible in STHdhQ7/Q7, STHdhQ7/Q111, and 

STHdhQ111/Q111 cells transfected with control pGL3 vector that lacked the PGC-1α 

promoter (data not shown).  Thus, PGC-1α promoter activity was decreased in cells 

expressing 2 copies of mHtt (STHdhQ111/Q111 cells) compared to cells expressing 1 copy of 

mHtt and 1 copy of wild-type Htt (STHdhQ7/Q111 cells), and cells expressing 0 copies of 

mHtt and 2 copies of wild-type Htt (STHdhQ7/Q7 cells).   

Previous work in our laboratory has shown that cytomegalovirus (CMV) promoter 

activity is decreased in ST14A cells expressing the N-terminal 548 amino acids of Htt 

with an expanded polyQ and in STHdh cells expressing full-length mHtt compared to 

wild-type controls.  Although CMV is not an endogenous promoter, we used it as a model 

for studying N-mHtt-mediated transcriptional dysregulation. To test whether forskolin 

treatment affected CMV promoter activity in STHdhQ7/Q7, STHdhQ7/Q111, and 

STHdhQ111/Q111 cells, we transfected cells with vector containing the -757 base pair 

promoter region of CMV driving expression of luciferase (CMV-pGL3) and incubated 

cells with 10 μM forskolin or an equal volume of DMSO for 2 h prior to measuring 

luciferase activity. CMV-driven luciferase activity was not different between STHdhQ7/Q7, 

STHdhQ7/Q111, and STHdhQ111/Q111 cells treated with forskolin and the same respective cell 

type treated with DMSO (Fig. 3.3).  CMV-driven luciferase activity was decreased in 

STHdhQ7/Q111 cells compared to STHdhQ7/Q7 cells treated with DMSO or forskolin (Fig. 

3.3). CMV-driven luciferase activity was decreased in STHdhQ111/Q111 cells compared to 

both STHdhQ7/Q7and STHdhQ7/Q111 cells treated with DMSO or forskolin (Fig. 3.3).  

Luciferase activity was negligible in STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells 

transfected with control pGL3 vector that lacked the CMV promoter (data not shown).  
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Figure 3.3. CMV promoter activity was decreased in STHdhQ7/Q111 and STHdhQ111/Q111 
cells compared to STHdhQ7/Q7 cells and CMV promoter activity was not affected by 
forskolin treatment. Cells were transfected with 50 ng of vector containing CMV 
promoter driving expression of firefly luciferase (CMV-pGL3).  Eighteen hours later, 
cells were incubated with 10 μM forskolin or an equal volume of DMSO for 2 h.  Cells 
were lysed, luciferase activity was measured, and luciferase activity was normalized to 
total protein.  Mean ± SEM (n = 6) is shown. * P < 0.05 compared to STHdhQ7/Q7 cells, # 
P < 0.05 compared to STHdhQ7/Q7 and STHdhQ7/Q111 cells as determined by one-way 
ANOVA and Tukey post-hoc test. 
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Consequently, CMV promoter activity was not affected by forskolin treatment.  CMV 

promoter activity was decreased in a dose-dependent manner by mHtt. 

It has been hypothesized that sequestration of CBP contributes to N-mHtt-

mediated transcriptional dysregulation (Steffan et al., 2000; Nucifora et al., 2001).  To 

determine whether overexpressing full-length CBP could overcome N-mHtt-mediated 

transcriptional dysregulation at the PGC-1α and CMV promoters, we measured promoter-

driven luciferase activity in STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells co-

transfected with PGC-1α-pGL3 or CMV-pGL3 and either pcDNA3+ (empty vector) or 

CBP-pcDNA3+.  PGC-1α-driven luciferase activity was decreased in STHdhQ111/Q111 

cells compared to both STHdhQ7/Q7and STHdhQ7/Q111 cells transfected with empty vector 

(Fig. 3.4). PGC-1α-driven luciferase activity was increased in STHdhQ7/Q7 and 

STHdhQ7/Q111 cells transfected with CBP vector compared to STHdhQ7/Q7and 

STHdhQ7/Q111 cells, respectively, transfected with empty vector, but was not different 

between STHdhQ111/Q111 cells transfected with CBP vector and STHdhQ111/Q111 cells 

transfected with empty vector  (Fig. 3.4).  Therefore, overexpressing full-length CBP 

increased PGC-1α promoter activity in cells expressing 0 or 1 copies of mHtt, but not in 

cells expressing 2 copies of mHtt, in which PGC-1α promoter activity was decreased 

compared to wild-type or heterozygous cells. CMV-driven luciferase activity was 

decreased in STHdhQ7/Q111 cells compared to STHdhQ7/Q7 cells transfected with empty 

vector (Fig. 3.5). CMV-driven luciferase activity was decreased in STHdhQ111/Q111 cells 

compared to both STHdhQ7/Q7and STHdhQ7/Q111 cells transfected with empty vector (Fig. 

3.5). CMV-driven luciferase activity was increased in STHdhQ7/Q7cells transfected with 

CBP vector compared to STHdhQ7/Q7cells transfected with empty vector, but was not 
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Figure 3.4. Overexpressing full-length CBP increased PGC-1α promoter activity in 
STHdhQ7/Q7 and STHdhQ7/Q111 cells, but not in STHdhQ111/Q111 cells. Cells were transfected 
with 200 ng of vector containing PGC-1α promoter driving expression of firefly 
luciferase (PGC-1α-pGL3) along with 800 ng of empty vector (pcDNA3+) or 800 ng of 
CBP-pcDNA3+.  Eighteen later, cells were incubated with 10 μM forskolin for 2 h.  Cells 
were lysed, luciferase activity was measured, and luciferase activity was normalized to 
total protein. Mean ± SEM (n = 8) is shown. * P < 0.05, and # P < 0.05 compared to 
STHdhQ7/Q7 and STHdhQ7/Q111 cells transfected with empty vector, as determined by one-
way ANOVA and Tukey post-hoc test. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Overexpressing full-length CBP increased CMV promoter activity in 
STHdhQ7/Q7cells, but not in STHdhQ7/Q111 and STHdhQ111/Q111 cells.  Cells were transfected 
with 200 ng of vector containing CMV promoter driving expression of firefly luciferase 
(CMV-pGL3) along with 800 ng of empty vector (pcDNA3+) or 800 ng of CBP-
pcDNA3+. Eighteen hours later, cells were incubated with 10 μM forskolin for 2 h.  Cells 
were lysed, luciferase activity was measured, and luciferase activity was normalized to 
total protein.  Mean ± SEM (n = 6) is shown.  * P < 0.05, # P < 0.05 compared to 
STHdhQ7/Q7 cells transfected with empty vector, and & P < 0.05 compared to STHdhQ7/Q7 

and STHdhQ7/Q111 cells transfected with empty vector, as determined by one-way 
ANOVA and Tukey post-hoc test. 
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different between STHdhQ7/Q111and STHdhQ111/Q111 cells transfected with CBP vector 

compared to STHdhQ7/Q111and STHdhQ111/Q111 cells transfected with empty vector, 

respectively (Fig. 3.5).  Thus, overexpressing full-length CBP increased CMV promoter 

activity in the absence of mHtt, but failed to overcome transcriptional repression in cells 

expressing 1 or 2 copies of mHtt.  Because overexpressing full-length CBP increased 

PGC-1α and CMV promoter activity only in cells in which promoter activity was not 

different than wild-type cells, overexpressing full-length CBP did not reverse N-mHtt-

mediated transcriptional dysregulation, but rather increased PGC-1α and CMV promoter 

activity in a general manner. 

 Mitochondrial dysfunction including, defective mitochondrial calcium handling, 

defective ATP production, and impaired respiratory chain function, has been reported in 

late-stage post-mortem brain samples of patients with HD and some cellular models of 

HD  (reviewed in Oliveira, 2010).  To test whether mitochondrial function was impaired 

in STHdhQ111/Q111 cells compared to STHdhQ7/Q7, we incubated each cell type with 

CMXrosamine after 24 h serum-deprivation and quantified relative fluorescence levels 

normalized to total cell number.  CMXrosamine is a lipophilic cationic dye that is 

concentrated inside functioning mitochondria through activity of the oxidative respiratory 

chain, which generates a negative mitochondrial membrane potential (Pendergrass et al., 

2004). CMXrosamine fluorescence was not different between STHdhQ7/Q7 and 

STHdhQ111/Q111cells after 24 h serum-deprivation (Fig. 3.6).  To determine whether a 

longer period of serum-deprivation would result in impaired mitochondrial function in 

STHdhQ111/Q111 cells compared to STHdhQ7/Q7 cells, we serum-deprived cells for 72 h and 

stained cells with CMXrosamine.  CMXrosamine fluorescence was not different between  
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Figure 3.6. CMXrosamine fluorescence was not different between STHdhQ7/Q7and 
STHdhQ111/Q111 cells after 24 or 72 h serum-deprivation.  Cells were grown in 96-well 
plates, serum-deprived for 24 or 72 h, and stained with 20 μM CMXrosamine, which 
labels metabolically active mitochondria. Mean ± SEM (n = 6) is shown. P > 0.05 as 
determined by one-way ANOVA and Tukey post-hoc test. 
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STHdhQ7/Q7and STHdhQ111/Q111 cells serum-deprived for 72 h (Fig. 3.6), indicating that 

mitochondrial membrane potential was not different between STHdhQ7/Q7and 

STHdhQ111/Q111 even after 72 h serum-deprivation. Because no difference in mitochondrial 

membrane potential was observed between STHdhQ7/Q7and STHdhQ111/Q111 cells after 24 

or 72 h serum-deprivation, the effect of overexpressing CBP on CMXrosamine 

fluorescence was not examined.   

Cells expressing mHtt are more sensitive to environmental insults and undergo 

increased degeneration compared to cells expressing wild-type Htt (Clarke et al., 2000).  

To determine whether STHdh cells expressing mHtt undergo increased degeneration 

compared to cells expressing wild-type Htt in response to serum-deprivation, we stained 

STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells with Ethidium Homodimer-1 (EthD-

1) or Fluoro-Jade C following 24 h serum-deprivation.  EthD-1 stains nucleic acids in 

membrane permeable cells.  The loss of plasma membrane integrity is a late stage event 

during both apoptosis and non-programmed cell death (Fink and Cookson, 2005).  

Fluoro-Jade C staining correlates with TUNEL staining and is used to identify 

degenerating neurons (Wang et al., 2011), although the mechanism of how Fluoro-Jade C 

specifically stains degenerating neurons is not known (Schmued et al., 2005). The 

percentage of cells stained with EthD-1 (Fig. 3.7) or Fluoro-Jade C (Fig. 3.8) per total 

cells was increased in STHdhQ7/Q111 cells compared STHdhQ7/Q7cells, and 

STHdhQ111/Q111cells compared to both STHdhQ7/Q111cells and STHdhQ7/Q7cells, after 24 h 

serum-deprivation.  Thus, expression of mHtt increased toxicity in a dose-dependent 

manner following serum-deprivation. 
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Figure 3.7. Ethidium Homodimer-1 (EthD-1) staining was higher in STHdhQ7/Q111and 
STHdhQ111/Q111 cells compared to STHdhQ7/Q7cells after 24 h serum-deprivation. Cells 
were grown in 96-well plates, serum-deprived, and stained with 4 μM EthD-1, which 
stains nucleic acids in membrane permeable cells.  A) Representative bright field or 
fluorescent images of STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells stained with 
EthD-1 (red).  B) Mean ± SEM (n = 6) percentage of EthD-1 positive cells per total cells.   
* P < 0.05 as determined by one-way ANOVA and Tukey post-hoc test. Scale bars equal 
100 μm. 
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Figure 3.8. Fluoro-Jade C staining was higher in STHdhQ7/Q111and STHdhQ111/Q111 cells 
compared to STHdhQ7/Q7cells after 24 h serum-deprivation.  Cells were grown in 96-well 
plates, serum-deprived, and stained with 0.0001% Fluoro-Jade C, which labels 
degenerating neurons. A) Representative bright field and fluorescence images of 
STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells stained with Fluoro-Jade C (green).  
B) Mean ± SEM (n = 6) percentage of Fluoro-Jade C positive cells per total cells.   * P < 
0.05 as determined by one-way ANOVA and Tukey post-hoc test. Scale bars equal 100 
μm. 
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Overexpressing full-length CBP was previously shown to increase toxicity in 

cerebellar granule neurons expressing wild-type Htt (Rouaux et al., 2003), but decrease 

toxicity in neuroblastoma cells expressing mHtt (Nucifora et al., 2001).  To determine 

whether overexpressing CBP had an effect on toxicity in STHdhQ7/Q7, STHdhQ7/Q111, and 

STHdhQ111/Q111cells, cells were transfected with pcDNA3+ or CBP-pcDNA3+ and serum-

deprived for 24 h.  To identify transfected cells, cells were transfected with GFP 

expressing vector (pEGFP-N1) or RFP expressing vector (mCherry-3L) and stained with 

EthD-1 or Fluoro-Jade C, respectively.  The percentage of cells that were positive for 

EthD-1 and GFP per total number of GFP positive cells was increased in STHdhQ7/Q7 

cells transfected with CBP compared to STHdhQ7/Q7cells transfected with empty vector, 

indicating that overexpressing CBP increased toxicity in STHdh cells expressing wild-

type Htt (Fig. 3.9).  The percentage of cells that were positive for EthD-1 and GFP per 

total number of GFP positive cells was decreased in STHdhQ7/Q111 and 

STHdhQ111/Q111cells transfected with CBP vector compared to STHdhQ7/Q111 and 

STHdhQ111/Q111cells, respectively, transfected with empty vector, indicating that 

overexpressing CBP was protective in STHdh cells expressing mHtt. The percentage of 

cells that were positive for EthD-1 and GFP per total number of GFP positive cells for 

STHdhQ7/Q111 and STHdhQ111/Q111cells transfected with CBP was not different than that of 

STHdhQ7/Q7cells transfected with empty vector (Fig. 3.9). Similar effects of 

overexpressing full-length CBP were seen when using the Fluoro-Jade C staining 

technique (Fig. 3.10).  Taken together, these data show that overexpressing full-length 

CBP increased toxicity in STHdh cells expressing wild-type Htt, but decreased toxicity in 

STHdh cells expressing 1 or 2 copies of mHtt to levels seen in untreated wild-type cells. 
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Figure 3.9. Overexpressing CBP increased EthD-1 staining in STHdhQ7/Q7 cells, and 
decreased EthD-1 staining in STHdhQ7/Q111 and STHdhQ111/Q111 cells. Cells were grown to 
confluence in 96-well plates, serum-deprived, and transfected with 50 ng of GFP 
expressing vector along with 200 ng of empty vector (pcDNA3+), or CBP vector.  
Eighteen hours later, cells were incubated with 4 μM EthD-1, which stains nucleic acids 
in membrane permeable cells.  A) Representative image showing a GFP positive cell 
(green; top) and a GFP positive cell stained with EthD-1 (red; bottom). B) Mean ± SEM 
(n = 9) percentage of GFP positive and EthD-1 positive cells per GFP positive cells. * P < 
0.05 and # P < 0.05 compared to STHdhQ7/Q7 cells transfected with empty vector, as 
determined by one-way ANOVA and Tukey post-hoc test. Scale bar equals 50 μm. 
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Figure 3.10. Overexpressing CBP increased Fluoro-Jade C staining in STHdhQ7/Q7 cells, 
and decreased Fluro-Jade C staining in STHdhQ7/Q111 and STHdhQ111/Q111 cells.  Cells 
were grown to confluence in 96-well plates, serum-deprived, and transfected with 50 ng 
of red fluorescent protein (RFP) expressing vector along with 200 ng of empty vector 
(pcDNA3+) or CBP vector.  Eighteen hours later, cells were incubated with 0.0001% 
Fluoro-Jade C, which stains degenerating neurons.  A) Representative images showing a 
RFP positive cell (red; left), a RFP and Fluoro-Jade C positive cell (yellow; right), and 
multiple Fluoro-Jade positive cells (green; left and right). B) Mean ± SEM (n = 9) 
percentage of RFP positive and Fluoro-Jade C positive cells.  * P < 0.05, # P < 0.05 
compared to STHdhQ7/Q7 cells transfected with empty vector, and & P < 0.05 compared to 
STHdhQ7/Q111 and STHdhQ111/Q111 cells transfected with empty vector, as determined by 
one-way ANOVA and Tukey post-hoc test. Scale bars equal 50 μm. 
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CBP fragments corresponding to amino acids 1405-1846 (ATZnCBP) and 1709-

1846 (ZnCBP) were cloned into pcDNA4HisC (Fig. 3.11).  DNA sequencing was used to 

confirm that CBP fragments were cloned in-frame into pcDNA4HisC.  To rule out the 

possibility that overexpressing ATZnCBP and ZnCBP may act as a dominant-negative to 

endogenous CBP function, we measured the effect of overexpressing ATZnCBP or 

ZnCBP on activity of an artificial promoter construct containing three tandem CREs 

driving expression of firefly luciferase (pCRE-Luc) in STHdhQ7/Q7, STHdhQ7/Q111, and 

STHdhQ111/Q111 cells treated with forskolin. CRE-driven luciferase activity was not 

different between STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells transfected with 

empty vector, indicating that mHtt did not decrease CRE-reporter activity  (Fig. 3.12).  

CRE-driven luciferase activity was increased in STHdhQ7/Q111 and STHdhQ111/Q111 cells 

transfected with ATZnCBP or ZnCBP vectors compared to STHdhQ7/Q111 and 

STHdhQ111/Q111 cells, respectively, transfected with empty vector (Fig. 3.12), indicating 

that overexpressing ATZnCBP and ZnCBP did not act as a dominant-negative to 

endogenous CBP activity.  CRE-driven luciferase activity was not different between 

STHdhQ7/Q7 cells transfected with ATZnCBP or ZnCBP vectors and STHdhQ7/Q7 cells 

transfected with empty vector (Fig. 3.12). Luciferase activity was negligible in 

STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111 cells transfected with control vector that 

lacked CREs and treated with forskolin (data not shown).  Thus, overexpressing 

ATZnCBP and ZnCBP increased CRE promoter activity in STHdh cells expressing 1 and 

2 copies of mHtt, but this effect was not related to the presence of mHtt, as CRE reporter 

activity was not different between STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111cells. 
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Figure 3.11. CBP fragments encompassing a portion of the acetyltransferase (AT) 
domain and the adjacent third zinc (Zn) finger region or the Zn finger region alone were 
cloned into the mammalian expression vector pcDNA4HisC. ATZnCBP and ZnCBP 
fragments are indicated relative to full-length CBP protein. Shown are the promoter and 
bacterial resistance elements of pcDNA4HisC. Ampr, ampicillin resistance gene; Bromo, 
bromo domain; CMV, cytomegalovirus; His, 6 X N-terminal histidine tag; KIX, CREB-
binding domain; Q, polyglutamine domain.  
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Figure 3.12. Overexpressing ATZnCBP and ZnCBP increased CRE promoter activity in 
STHdhQ7/Q111and STHdhQ111/Q111cells, but not in STHdhQ7/Q7 cells.  Cells were transfected 
with 200 ng of vector containing three CREs driving expression of firefly luciferase 
(pCRE-luc) along with 800 ng of empty vector (pcDNA4HisC), 800 ng of ATZnCBP-
pcDNA4HisC, or 800 ng of ZnCBP-pCDNA4HisC. Eighteen hours later, cells were 
incubated with 10 μM forskolin for 2 h.  Cells were lysed, luciferase activity was 
measured, and luciferase activity was normalized to total protein.  Mean ± SEM (n = 6) is 
shown.  * P < 0.05 as determined by one-way ANOVA and Tukey post-hoc test. 
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We hypothesized that overexpressing fragments of CBP lacking the KIX promoter 

association domain would block N-mHtt at the promoter and normalize N-mHtt-mediated 

transcriptional dysregulation. To determine whether overexpressing ATZnCBP and 

ZnCBP could increase PGC-1α and CMV promoter activity in cells expressing wild-type     

or mHtt, we measured luciferase activity in STHdhQ7/Q7, STHdhQ7/Q111, and 

STHdhQ111/Q111 cells co-transfected with PGC-1α-pGL3 or CMV-pGL3 and either 

pcDNA4HisC, ATZnCBP vector, or ZnCBP vector.  PGC-1α-driven luciferase activity 

was decreased in STHdhQ111/Q111 cells compared to both STHdhQ7/Q7and STHdhQ7/Q111 

cells transfected with empty vector (Fig. 3.13).  PGC-1α-driven luciferase activity was 

increased in STHdhQ7/Q7 and STHdhQ7/Q111 cells, but not STHdhQ111/Q111cells, transfected 

with ZnCBP vector compared to the same respective cell types transfected with empty 

vector (Fig. 3.13). PGC-1α-driven luciferase activity was not different between 

STHdhQ7/Q7, STHdhQ7/Q111, or STHdhQ111/Q111 cells transfected with ATZnCBP vector and 

the same respective cell types transfected with empty vector (Fig. 3.13). Consequently, 

overexpressing ZnCBP, but not ATZnCBP, increased PGC-1α promoter activity in cells 

expressing 0 or 1 copies of mHtt.  CMV-driven luciferase activity was decreased in 

STHdhQ7/Q111 cells compared to STHdhQ7/Q7 cells transfected with empty vector (Fig. 

3.14). CMV-driven luciferase activity was decreased in STHdhQ111/Q111 cells compared to 

both STHdhQ7/Q7and STHdhQ7/Q111 cells transfected with empty vector (Fig. 3.14). CMV-

driven luciferase activity was increased in STHdhQ7/Q7and STHdhQ7/Q111cells transfected 

with ATZnCBP or ZnCBP vectors compared to STHdhQ7/Q7and STHdhQ7/Q111cells, 

respectively, transfected with empty vector (Fig. 3.14). CMV-driven luciferase was not 

different between STHdhQ111/Q111cells transfected with ATZnCBP vector or ZnCBP  
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Figure 3.13. Overexpressing ZnCBP increased PGC-1α promoter activity in STHdhQ7/Q7 

and STHdhQ7/Q111 cells but not in STHdhQ111/Q111 cells, while overexpressing ATZnCBP 
had no effect on PGC-1α promoter activity. Cells were transfected with 200 ng of vector 
containing PGC-1α promoter driving expression of firefly luciferase (PGC-1α-pGL3) 
along with 800 ng of empty vector (pcDNA4HisC), 800 ng of ATZnCBP-pcDNA4HisC, 
or 800 ng of ZnCBP-pCDNA4HisC.  Eighteen hours later, cells were incubated with 10 
μM forskolin for 2 h.  Cells were lysed and luciferase activity was measured. Luciferase 
activity was normalized to total protein. Mean ± SEM (n = 8) is shown. * P < 0.05, and # 
P < 0.05 compared to STHdhQ7/Q7 cells transfected with empty vector, as determined by 
one-way ANOVA and Tukey post-hoc test. 
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Figure 3.14. Overexpressing ATZnCBP and ZnCBP increased CMV promoter activity in 
STHdhQ7/Q7and STHdhQ7/Q111 cells, but not in STHdhQ111/Q111 cells.  Cells were transfected 
with 200 ng of vector containing CMV promoter driving expression of firefly luciferase 
(CMV-pGL3) along with 800 ng of empty vector (pcDNA4HisC), 800 ng of ATZnCBP-
pcDNA4HisC, or 800 ng of ZnCBP-pCDNA4HisC.  Eighteen hours later, cells were 
incubated with 10 μM forskolin for 2 h.  Cells were lysed, luciferase activity was 
measured, and luciferase activity was normalized to total protein.  Mean ± SEM (n = 6) is 
shown.  * P < 0.05, # P < 0.05 compared to STHdhQ7/Q7 cells transfected with empty 
vector, and & P < 0.05 compared to STHdhQ7/Q7 and STHdhQ7/Q111 cells transfected with 
empty vector, as determined by one-way ANOVA and Tukey post-hoc test. 
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vector and STHdhQ111/Q111 cells transfected with empty vector (Fig. 3.14).  Therefore, 

overexpressing ATZnCBP and ZnCBP increased CMV promoter activity in STHdh cells 

expressing 0, or 1 copies of mHtt, but failed to increase CMV promoter activity in STHdh 

cells expressing 2 copies of mHtt. 

In addition to impairing transcription, mHtt causes a number of other cellular 

changes, which are believed to leave cells expressing mHtt more vulnerable to 

environmental stress (reveiwed in Zuccato et al., 2010).  Although, overexpressing 

fragments of CBP lacking the KIX promoter association domain did not reverse mHtt- 

mediated repression of the PGC-1α and CMV promoters, we hypothesized that 

overexpressing these fragments might be able to decrease mHtt-mediated toxicity through  

an alternative mechanism.  To determine whether overexpressing ATZnCBP and ZnCBP 

could decrease toxicity in STHdhQ7/Q7, STHdhQ7/Q111, and STHdhQ111/Q111cells, we 

transfected cells with pEGFP-N1 or mCherry-3L along with pcDNA4HisC, ATZnCBP 

vector, or ZnCBP vector, and stained cells with EthD-1 or Fluoro-Jade C.  Transfected 

cells were identified by GFP or RFP expression for EthD-1 or Fluoro-Jade C experiments, 

respectively.  The percentage of cells that were positive for EthD-1 and GFP per total 

number of GFP positive cells was increased in STHdhQ7/Q7 cells transfected with 

ATZnCBP, but not ZnCBP, compared to STHdhQ7/Q7cells transfected with empty vector 

(Fig. 3.15).  The percentage of cells that were positive for EthD-1 and GFP per total 

number of GFP positive cells was decreased in STHdhQ7/Q111 and STHdhQ111/Q111cells 

transfected with ATZnCBP and ZnCBP vectors compared to STHdhQ7/Q111 and 

STHdhQ111/Q111cells transfected with empty vector (Fig. 3.15).  The percentage of cells 

that were positive for EthD-1 and GFP per total number of GFP positive cells in  
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Figure 3.15. Overexpressing ATZnCBP, but not ZnCBP, increased EthD-1 staining in 
STHdhQ7/Q7 cells.  Overexpressing ATZnCBP and ZnCBP decreased EthD-1 staining in 
STHdhQ7/Q111 and STHdhQ111/Q111 cells. Cells were grown to confluence in 96-well plates, 
serum-deprived, and transfected with 50 ng of GFP expressing vector along with 200 ng 
of empty vector (pcDNA4HisC), ATZnCBP-pcDNA4HisC, or ZnCBP-pcDNA4HisC.  
Eighteen hours later, cells were incubated with 4 μM EthD-1, which stains nucleic acids 
in membrane permeable cells. Mean ± SEM (n = 9) percentage of GFP positive and EthD-
1 positive cells per GFP positive cells is shown. * P < 0.05 and # P < 0.05 compared to 
STHdhQ7/Q7 cells transfected with empty vector, as determined by one-way ANOVA and 
Tukey post-hoc test. 
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STHdhQ7/Q111 and STHdhQ111/Q111cells transfected with ATZnCBP or ZnCBP was not 

different than that of STHdhQ7/Q7cells transfected with empty vector (Fig. 3.15).  Similar 

effects of overexpressing ATZnCBP or ZnCBP were seen when using the Fluoro-Jade C 

staining technique (Fig. 3.16).  Together, these data indicate that overexpressing 

ATZnCBP or ZnCBP decreased toxicity in cells expressing mHtt to levels seen in 

untreated wild-type cells.  Removal of the AT domain ameliorated the toxic effect of 

overexpressing full-length CBP or ATZnCBP in wild-type cells. 
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Figure 3.16. Overexpressing ATZnCBP, but not ZnCBP, increased Fluoro-Jade C 
staining in STHdhQ7/Q7 cells.  Overexpressing ATZnCBP and ZnCBP decreased Fluro-
Jade C staining in STHdhQ7/Q111 and STHdhQ111/Q111 cells.  Cells were grown to 
confluence in 96-well plates, serum-deprived, and transfected with 50 ng of RFP 
expressing vector along with 200 ng of empty vector (pcDNA4HisC), ATZnCBP-
pcDNA4HisC, or ZnCBP-pcDNA4HisC.  Eighteen hours later, cells were incubated with 
0.0001% Fluoro-Jade C, which stains degenerating neurons.  Mean ± SEM (n = 9) 
percentage of RFP positive and Fluoro-Jade C positive cells per RFP positive cells is 
shown.  * P < 0.05, # P < 0.05 compared to STHdhQ7/Q7 cells transfected with empty 
vector, and & P < 0.05 compared to STHdhQ7/Q7 and STHdhQ7/Q111 cells transfected with 
empty vector, as determined by one-way ANOVA and Tukey post-hoc test. 
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CHAPTER 4 DISCUSSION 

Altered mRNA expression of a subset of genes occurs early during HD 

pathogenesis (Luthi-Carter et al., 2000).  Some genes are affected early in HD, while 

others are affected later in disease progression (Becanovic et al., 2010).  Levels of mRNA 

are affected because N-mHtt accumulates in the nucleus, binds abnormally to proteins 

involved in transcription, and impairs transcription of a subset of genes (Cui et al., 2006; 

Hogel et al., 2012).  The working hypothesis for this effect is that aggregated, or soluble 

N-mHtt sequesters necessary proteins away from the promoter (Fig. 1.2A,B; Perutz et al., 

1994; Steffan et al., 2000; Nucifora et al. 2001), or that N-mHtt incorporates into 

transcriptional complexes at the promoter (Fig. 1.2C; Kegel et al., 2002; Cui et al., 2006; 

Hogel et al., 2012).  Both the aggregated and soluble N-mHtt sequestration models 

predict that overexpressing N-mHtt-interacting proteins that are limiting for transcription 

would increase the pool of functional protein available for transcription, and normalize 

transcription of genes regulated by that protein.  However, if N-mHtt impairs 

transcription by incorporating into transcriptional complexes at the promoter, 

overexpressing proteins that contain a promoter association domain would not be 

expected to relieve transcriptional dysregulation, as the overexpressed protein would 

recruit N-mHtt to the promoter, where N-mHtt would impair transcription (Fig. 1.3A). 

We hypothesized that overexpressing protein fragments that bind N-mHtt and lack a 

promoter association domain would block abnormal interactions of N-mHtt at the 

promoter, thereby preventing transcriptional dysregulation and delaying HD progression 

(Fig. 1.3B).  Because it has previously been shown that N-mHtt binds to a fragment of 

CBP that lies outside of the KIX promoter association domain (Steffan et al., 2001), we 
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wanted to test whether overexpressing full-length CBP or fragments of CBP lacking the 

KIX promoter association domain could recover transcriptional deficits and toxicity in the 

STHdh knock-in cell model of HD. 

In this work, we demonstrate that PGC-1α and CMV promoter activity was 

differentially affected by the same concentration and state of mHtt as the two promoters 

had different activity in a defined cell line, the STHdhQ7/Q111 cell line.  We found that 

PGC-1α promoter activity was decreased in STHdhQ111/Q111 cells compared to both 

STHdhQ7/Q111 cells and STHdhQ7/Q7 cells.  Decreased PGC-1α promoter activity in 

STHdhQ111/Q111 cells compared to STHdhQ7/Q7 cells has been reported previously (Cui et 

al., 2006).  To the best of our knowledge, PGC-1α promoter activity or mRNA levels in 

STHdhQ7/Q111 cells have not been reported. CMV promoter activity was decreased in 

STHdhQ7/Q111 cells compared to STHdhQ7/Q7 cells, and in STHdhQ111/Q111 cells compared 

to both STHdhQ7/Q7 cells and STHdhQ7/Q111 cells.  Assuming that both early and late 

changes in gene expression can be directly caused by mHtt, genes that are unaffected 

early in disease progression but exhibit decreased transcription at later stages may be 

more resistant to the concentration of N-mHtt than genes affected earlier in HD 

progression.  Although CMV is an artificial model of N-mHtt-mediated transcriptional 

dysregulation, it may represent an artificial gene that is affected early in HD, while PGC-

1α may represent an endogenous gene that is affected late in disease progression.  Time-

course studies for PGC-1α mRNA levels have not been reported in brain tissue, however, 

PGC-1α mRNA levels were decreased in adipocytes taken from 9 week-old symptomatic 

R6/2 mice, but not 3 week-old pre-symptomatic R6/2 mice (Phan et al., 2009), supporting 

the idea that PGC-1α mRNA is decreased relatively late in HD progression.  
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If sequestration of N-mHtt-interacting proteins or incorporation of N-mHtt into 

promoter complexes via interactions with N-mHtt-interacting proteins contributes to N-

mHtt transcriptional dysregulation, we would predict that sensitivity of a promoter to N-

mHtt transcriptional dysregulation would depend on the number of N-mHtt-interacting 

proteins that regulate that promoter. Analysis of the sequence upstream of the CMV 

transcription start site showed 9 sites associated with N-mHtt-interacting transcription 

factors including, CREB, Sp1, retinoic acid receptor, and C/EBP, within the -757 to +1 

region (Fig. 4.1).  In contrast, we identified only 3 sites associated with N-mHtt-

interacting proteins within the -2472 to +1 promoter region of PGC-1α (Fig. 4.1).  The 

increased number of N-mHtt interacting proteins associated with the CMV promoter 

compared to the PGC-1α promoter could explain increased sensitivity of the CMV 

promoter to N-mHtt compared to the PGC-1α promoter.  To test this hypothesis, we could 

use site directed mutagenesis to remove recognition sites associated with known N-mHtt-

interacting proteins from the CMV promoter.  If susceptibility of the CMV promoter to 

transcriptional dysregulation was dependent on the number of recognition sites for N-

mHtt-interacting proteins, we would predict that removing recognition sites for N-mHtt-

interacting proteins would decrease N-mHtt-transcriptional dysregulation at the CMV 

promoter. 

Overexpressing full-length CBP failed to increase PGC-1α promoter activity in 

STHdhQ111/Q111 cells.  Similarly, we found that overexpressing CBP did not increase CMV 

promoter activity in STHdhQ7/Q111 and STHdhQ111/Q111 cells.  These results suggest that 

overexpressing CBP did not overcome N-mHtt-mediated transcriptional dysregulation at 

either the CMV or PGC-1α promoters.  Sequestration of CBP alone was therefore not  



 

71 71 

CMV promoter (5’ 3’) 
AGATCTATACATTGAATCAATATTGGCCATTAGCCATATTATTCATTGGTTATATAGCATAAATCAATATTGGCTATTGG
CCATTGCATACGTTGTATCTATATCATAATATGTACATTTATATTGGCTCATGTCCAATATGACCGCCATGTTGACATTG
ATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAAC
TTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTA
ACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTA
TCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTAC
GGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACACCAAT
GGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCA
AAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGG
TCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAT +1 
 
 

PGC-1α promoter (5’ 3’) 
CCTGTGCTCTCTCTAGCTTCACATACCCCTTTTTATGAAGGTAGAGGACAGAGTGGCTGTTTTAAGCAGATCATTAGCTT
CATGGATGTGCTGGGTTAGTTTCTTTTCTTTTCTTTTCTTTTCTTTTTTTAAAGTAGAATTAGGTGGCAAAAAAAGAAAG
AAAGAAAGAAAGAAAGAAAGAAATTATCTTTTCAAAGCAAAGAAAAAGAAAATCCTGCCACAATTCAGTGTGAGCAAGTT
AAGATATCAAAACAATAATGCAGAGTTATCTAGTGCAAGCAACCATCTGTAAGAAGAGGTGTGCATGAGGTTTGAAAAAG
TATGGTGGATGCCTAATGGATGACAAAGAGAAACCAAAGTATCAGTTACCATCAGGATGCCAGGATTGCTTGATAATGAT
GAATAAACATCGACTCTTTATAGCTAAGTGGCCAGCATTATTTCACAGTTGACTGTGTGGAAAGTAGAGCCCATGACCTT
TGTCCTGAATTTTAATAGTTTACTGAAGTTTTACATTAAGTAAAAATCTAATTGGCAAGAAAAATTAGTGTTTCTTTGTG
GGAGTACAGAGTAAGGCTACTAATTGCATGTAGAAAATGATCCCAGGGTTGTCTCTCTCTCTCTCTGAATTAGAAAATTA
AATGAATAATACCTTTCTGATGTTTGGAAGAGGACAGTTGTAGCAGTGAAGTATATTCACCTAATTTAGAATGTCAAAGC
TGTTGGCCATCTTGTTCTGTTCACTTATTGACAAACTGTCGATTTCATTACCATATTCCCTGTCTACTAGTTGTGGACAT
CCAAGCAAACAGACCCCTTATACGGGGTCTGAAGCAAACAGCAAGCTTGTGGGCTTTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGCACGCTCGCTGCATTTCTTTCTTTCACTTTACTGTATTAGTAACTGACTATATA
AAGTCAGACTGAGAGAAGTCACCAATGTTTTCCTTCTAAGGGGAGAGAAAATAAAGAGCACATTAAATTAACCTCAGTGG
AATAGGAGTTTAAATGAATGGTGCTTTATAAATTATATTTAGATGCATAGGGACTTTTTTCTTCTTCTAAATTACTGTCA
AGTAAAGGAAATGAGCTGGTTTTTGAGTCTGTGGGGTTTGAGGTATTGTGAAAATATGTTTTCAAAGGTCCCCTGTGCAT
TTCTCACTGGGCCTGGAAGGGTTAAGTCTGAGCACCCAAGTGTTATGGAAAGTGCTGAGAGTTGGTTATGTCCTCTGTCT
GTAATGTCACAGGAAAAACAGTGGCACCTGCATTACCCCTCATTGACTCAGGAACGACAAAAAAGTATTAGTAAGCAAAG
CTCAAGAAATGAGTATCTCTGCTGATACCATTTCAGTGTTTTTCCTTCATTCCCTGGACATTCTTGATTTCAAAAACAAA
CTGTACAGCCCAAGGCACTAGGGTTGGAGTCCAATGTTTATTCAAAAAGGCACCCTGAAGCCATGAGGAAGACTGTGCTA
CATATGAGAAAAGAAATAAGGGGTGGGGGCAGGTGAGTAGCTAAGCTGTTTCAGGGATGGCAGCAGCAATTGTATTTTCT
AGCATTTGTTTTCTGGGAGCCTATGAGATCCACGGAAAGAATCATGAGGGGGAACCCAAGAGTCTAGGGTGTTGTGGCTT
GCTTGCTTTACAAGGAGCAAGGCAAACTGCAGTAACAGTTTAGGAGACTGCATTCTCTACTGCCAAGGAGACAGCTGATT
TGGGGTAGAGAAATTTGTTTAGACCTAAACAAATGTGGCGGTTTTGTTGACTAAACATGGAAAGAAAGAAAGAAAGAAAG
AAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAACAAAGAAAGAAAGAAAGAAAGGAAGGAAGGAAGGAAGAAAG
GAAGAAAGGAAGGAAGGAAGGAAGGAAAGAAAGGAGAGAGAGAAAGAAAATCGGGGGTGTTGCCTTCAAACACTCCTCTA
ATAGGGAGGGAAAAAAAAGAATCTCATGAAAATGTATCACATGAGGAGCGCTTGCTTCAGTTCCAAGCTGAGTCTGGGGC
TACTTGGAAACCATTTCTTAAAGCACACACATTTTAGGCAAGGGTGTAGTTACTGTGTCAGTAACAGGGGATCTTTGCTA
TTTGCCTGTTTTGGATGGAAAATAAATTTAAAAAAAAAAGATTGCAGGAGATTTGAGTTATTATGTGAGCAGGGCTCCGG
TTTAGAGTTGGTGGCATTCAAAGCTGGCTTCAGTCACAGTGTGATGCTTGAAGCCTCCCAAAGGCCAAGTGTTTCCTTTT
CTTTCTTCTATTTTTTTTTTCCTCTCTCTCTAAGCGTTACTTCACTGAGGCAGAGGGCTGCCTTGGAGTGACGTCAGGAG
TTTGTGCAGCAAGCTTGCACAGGAGAAGGGAGGCTGGGTGAGTGACAGCCCAGCCTACTTTTTAATAGCTTT +1 

 
GC rich box:GGGCGG (Sp1) 
CRE: TGACGTCA (CBP via CREB) 
TATA box: TATAA found within 50 bp of the +1 transcription start site (TBP) 
CCAAT box: CCAAT (C/EBP) 
 
Figure 4.1. The CMV promoter contains more recognition sites associated with known 
N-mHtt-interacting proteins than the PGC-1α promoter.  Shown in brackets beside each 
recognition site is the N-mHtt-interacting protein associated with it. The transcription 
start site is indicated by +1. bp, base pair; C/EBP, CCAAT-enhancer-binding protein; 
RARE, retinoic acid response element; Sp1, specificity protein 1; TBP, TATA-binding 
protein. 
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likely responsible for transcriptional repression at the PGC-1α and CMV promoters.  In 

contrast, we found that overexpressing fragments of CBP lacking the KIX promoter 

association domain increased CMV promoter activity in STHdhQ7/Q111 cells.  As we 

would expect that CBP fragments lacking the KIX promoter association domain would 

associate at the promoter to a lesser extent than full-length CBP, this finding provides 

some support for the incorporation model of N-mHtt-mediated transcriptional 

dysregulation.  p300 is structurally related to CBP, but does not bind N-mHtt (Cong et al., 

2005).  To determine if increased transcription at N-mHtt-affected promoters was specific 

to overexpressing regions of CBP, we could test the effect of overexpressing regions of 

p300 that correspond to those regions of CBP tested in the current study.    

We found that overexpressing full-length CBP and fragments of CBP lacking the 

KIX promoter association domain increased PGC-1α and CMV promoter activity in wild-

type cells, but failed to normalize PGC-1α and CMV promoter activity in cells expressing 

2 copies of mHtt, indicating that overexpressing these proteins increased transcription in a 

general manner, but did not overcome N-mHtt-mediated transcriptional dysregulation.  

Despite the finding that overexpressing CBP fragments increased CRE promoter activity 

only in STHdh cells expressing mHtt, this effect did not seem to be related to he presence 

of mHtt, as CRE promoter activity was not different between STHdhQ7/Q7, STHdhQ7/Q111, 

and STHdhQ111/Q111 cells.  Although we did not specifically examine how the presence of 

ATZnCBP or ZnCBP increased CMV and PGC-1α promoter activity, these fragments 

may have increased transcription through residual co-activator activity.  The third Zn 

finger region of CBP mediates many of the known interactions of CBP, including p53 

(Legge et al., 2004), c-fos (Bannister and Kouzarides, 1995), c-myc (Vervoorts et al., 
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2003), E2F-1 and TFIIB (O’Connor et al., 1999). Theoretically, a CBP fragment 

containing only the third Zn finger region could bind two proteins at once and in this way 

act as a scaffold at the promoter.  We observed that ZnCBP, but not ATZnCBP, increased 

PGC-1α promoter activity.  It is possible that the presence of the AT domain limits 

ATZnCBP scaffolding function at some promoters due to steric hindrance by the AT 

domain with potential Zn domain-interacting proteins. Alternatively, ATZnCBP and 

ZnCBP may have acted as an indirect inducer and increased CMV and PGC-1α promoter 

activity by blocking association of a repressor at the promoter.  

If a fraction of the population of N-mHtt molecules were able to associate at the 

promoter via interactions with CBP fragments lacking the KIX domain, it may explain 

why overexpressing these fragments failed to reverse N-mHtt-mediated transcriptional 

dysregulation completely.  Transcriptional proteins, such as CBP, form protein complexes 

and are involved in multiple protein-protein interactions through different domains. 

Consequently, overexpressing one N-mHtt-interacting protein that lacks a promoter 

association domain may not effectively decrease the concentration of N-mHtt at the 

promoter because other interactions could bring N-mHtt to the promoter. A better 

approach may be to decrease the overall concentration of N-mHtt in the nucleus.  This has 

been pursued through various techniques including, blocking cleavage of mHtt and thus 

nuclear accumulation of N-mHtt using caspase inhibitors (Leyva et al., 2010), modulating 

phosphorylation of mHtt (Havel et al., 2011), and decreasing overall levels of mHtt by 

RNA interference strategies (Rodriguez-Lebron et al., 2005; Wang et al., 2005; DiFiglia 

et al., 2007;  Vagner et al., 2012).  One additional way to do this might be to overexpress 

N-mHtt-interacting proteins that contain a nuclear export signal. 
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 Assessment of cellular viability revealed decreased plasma membrane integrity 

and increased Fluoro-Jade C staining in STHdh cells expressing 1 or 2 copies of mHtt 

compared to cells expressing wild-type Htt following serum-deprivation.  Although cells 

can recover from minor disruptions in the plasma membrane that are sustained for short 

periods of time, a break in the integrity of the plasma membrane compromises the 

membrane’s essential role as a barrier and decreases cellular viability (McNeil and 

Steinhardt, 1997). Loss of plasma membrane integrity often accompanies programmed 

and non-programmed cell death (Fink and Cookson, 2005). Fluoro-Jade C staining 

correlates with TUNEL and is believed to specifically label degenerating neurons, 

although the mechanism of this is not known.  We used loss of plasma membrane 

integrity and increased Fluoro-Jade C staining as markers of cellular toxicity.  We showed 

that mHtt increased toxicity in a dose-dependent manner as EthD-1 and Fluoro-Jade C 

staining was significantly increased in cells expressing 2 copies of mHtt compared to 

cells expressing 1 copy of mHtt.  Although toxicity was increased in STHdh cells 

expressing mHtt after 24 h serum-deprivation, we did not observe a change in 

mitochondrial membrane potential after 24 or 72 h serum-deprivation, indicating that 

toxicity was not a result of mitochondrial dysfunction. This is consistent with other 

studies, which showed that addition of the potent succinate dehydrogenase inhibitor, 3-

nitropropionic acid, for 40 h was necessary to achieve a difference in mitochondrial 

membrane potential between STHdhQ7/Q7 cells and STHdhQ111/Q111 cells (Lim et al., 2008). 

Overexpressing full-length CBP increases toxicity in cerebellar granule neurons 

expressing wild-type Htt (Rouaux et al., 2003), and decreases toxicity in N2a 

neuroblastoma cells expressing mHtt (Nucifora et al., 2001).  Consistent with this, we 
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found that overexpressing CBP increased toxicity in STHdh cells expressing wild-type 

Htt, but decreased toxicity in STHdh cells expressing 1 or 2 copies of mHtt.  It was 

hypothesized that increased toxicity in wild-type cells occurred because of excess AT 

activity leading to increased histone acetylation and non-specific gene-expression 

(Rouaux et al., 2003), while decreased toxicity in HD cells was believed to occur through 

compensation for loss of AT activity and normalization of histone acetylation levels 

(Nucifora et al., 2001). Indeed, we found that overexpressing full-length CBP or 

ATZnCBP increased toxicity in wild-type STHdh cells, while overexpressing ZnCBP had 

no effect on toxicity, thus supporting the hypothesis that excess CBP AT activity 

contributes to toxicity in wild-type cells overexpressing CBP (Fig. 4.2).  However, it does 

not appear that overexpressing full-length CBP or ATZnCBP compensated for loss of 

CBP AT activity, since decreased mHtt-mediated toxicity was observed with 

overexpression of ZnCBP, which did not contain the AT domain.  Instead, it is more 

likely that overexpressing full-length CBP, ATZnCBP, or ZnCBP competitively inhibited 

interactions of N-mHtt with endogenous ATs, thereby normalizing histone acetylation 

levels (Fig. 4.3).  Through this same effect, the presence of mHtt would be expected to 

block any toxic effect due to excess CBP AT activity, which would explain why we did 

not see a toxic effect with overexpression of the CBP AT domain in STHdh cells 

expressing mHtt. 

In addition to normalizing histone acetylation levels, it is possible that 

overexpressing full-length CBP or CBP fragments decreased mHtt-mediated toxicity by 

modulating processes unrelated to chromatin remodeling. Neurons have a high 

cholesterol demand for the maintenance of plasma membrane fluidity, as well as the  
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 A)    Wild-type 

 

 

 

 

 

 

 

 

B)                             Wild-type + CBP/ATZnCBP  

 

 

 

 

 

 

 
 
 
 
 
 
Figure 4.2. Model showing how excess CBP AT activity may contribute to toxicity in 
wild-type cells. A) In wild-type cells, histone acetylation levels are balanced by opposing 
actions of ATs, such as CBP, and histone deacetylases (HDACs). B) Overexpressing full-
length CBP or a fragment of CBP containing the AT domain in wild-type cells leads to 
hyper histone acetylation and increased toxicity due to non-specific gene expression. 
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A)         HD 

 
 
 
 
 
 
 
 
 
 
      
 
 
 
 
B)                    HD + CBP/CBP fragments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Model showing how overexpressing CBP or CBP fragments may limit mHtt-
mediated toxicity by normalizing histone acetylation levels. A) In cells expressing mHtt, 
N-mHtt inhibits AT activity, which leads to histone hypoacetylation, decreased 
expression of pro-survival genes, and increased toxicity. B) Overexpressing full-length 
CBP, ATZnCBP, or ZnCBP blocks abnormal interactions of N-mHtt with endogenous 
ATs, thereby normalizing histone acetylation levels and limiting mHtt-mediated toxicity.  
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formation and maintenance of axons, dendrites and synaptic connections (Goritz et al., 

2005).  Neurons are mostly dependent on cholesterol supplied by astrocytes (Mauch et 

al., 2001; Fünfschilling et al., 2007) and in culture, it is believed that neurons take up 

cholesterol from serum-containing media.  Under conditions of low cholesterol uptake, 

such as during serum-deprivation, sterol regulatory element binding protein (SREBP) 

isoforms translocate to the nucleus and stimulate transcription of genes in the cholesterol 

biosynthesis pathway, including the rate-limiting enzyme HMG-CoA reductase (Horton 

et al., 2002).  mHtt binds SREBP-1 and SREBP-2 (Kaltenbach et al., 2007) and overall 

levels of cholesterol are decreased in cell and animal models of HD (Valenza et al., 

2005).  The presence of mHtt decreased nuclear entry of SREBP-1 by approximately 50% 

and decreased expression of SRE-reporters and genes in the cholesterol pathway, 

including HMG-CoA reductase (Valenza et al., 2005).  Addition of exogenous cholesterol 

decreased toxicity in primary striatal rat neurons transiently transfected with N-mHtt 

following incubation in media lacking lipoproteins in a dose-dependent manner (Valenza 

et al., 2005), indicating that lack of cholesterol biosynthesis contributes to mHtt-mediated 

toxicity following serum-deprivation. CREs are often found in the DNA sequence 

adjacent to SREs.  Full-length CBP binds to SREBP-1 and SREBP-2 isoforms and acts as 

a co-activator for SREBP-1 and SREBP-2 (Oliner et al., 1996). CBP fragments 

containing only the third Zn finger region of CBP have been shown to interact with both 

SREBP-1 and SREBP-2 isoforms, albeit to a less extent than amino-terminal fragments of 

CBP (Oliner et al., 1996).  If impaired cholesterol biosynthesis contributed to mHtt-

toxicity following serum-deprivation, overexpressing full-length CBP or CBP fragments 

may have decreased mHtt-mediated toxicity by stimulating transcription of SREBP-
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regulated genes. We have performed preliminary immunocytochemistry experiments 

showing that ATZnCBP and ZnCBP were present in the cytoplasm and the nucleus of 

STHdh cells (data not shown).  It is possible that ATZnCBP and ZnCBP decreased mHtt-

mediated toxicity by blocking mHtt-mediated impairment of SREBP translocation to the 

nucleus (Fig. 4.4). 

Evidence also implicates p53-mediated apoptosis in HD pathogensis and 

overexpressing CBP or CBP fragments may have produced beneficial effects in STHdh 

cells expressing mHtt by modulating this aberrant pathway. p53 protein levels are 

increased in HD patients as well as cell and animal models of HD compared to unaffected 

individuals and wild-type controls, respectively (Bae et al., 2005).  p53 protein levels are 

increased more than 6-fold in STHdhQ111/Q111 cells compared to STHdhQ7/Q7 cells (Trettel 

et al., 2000). Genetic or pharmacological knock-down of p53 ameliorated toxicity in 

PC12 cells expressing N-mHtt (Bae et al., 2005).  CBP can interact with p53 through the 

third Zn finger region and binding of CBP to p53 at the promoter activates p53-mediated 

transcription (Avantaggiati et al., 1997; Scolnick et al., 1997).  Overexpressing CBP 

fragments containing the third Zn finger region decreased promoter activity of p53-

regulated genes (Scolnick et al., 1997).  Overexpressing fragments of p300 containing the 

third Zn finger region decreased expression of p53-regulated pro-apoptotic genes and 

decreased overall levels of apoptosis in cells overexpressing p53 (Avantaggiati et al., 

1997).  Authors hypothesized that overexpressing fragments containing the third Zn 

finger region of CBP or p300 blocked p53-mediated transcription by binding to p53 and 

failing to associate at the promoter (Avantaggiati et al., 1997; Scolnick et al., 1997).  If 

p53-mediated apoptosis contributes to mHtt-mediated toxicity following serum-  
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A)                                                 HD 

 

 

 

 

 

 

 

 

B)            HD + CBP/CBP fragments 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Working model for how overexpressing CBP or CBP fragments may decrease 
mHtt-mediated toxicity by modulating cholesterol biosynthesis. A) mHtt blocks nuclear 
translocation of sterol regulatory element binding protein (SREBP), leading to decreased 
expression of cholesterol biosynthesis genes and increased toxicity. B) Overexpressing 
CBP or CBP fragments enhances SREBP-mediated expression of cholesterol biosynthesis 
genes by blocking mHtt-mediated impairment of SREBP nuclear translocation. This 
limits toxicity in cells expressing mHtt.  
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deprivation, overexpressing CBP fragments containing the third Zn finger region may 

have ameliorated mHtt-mediated toxicity by blocking association of p53 at the promoter, 

and thereby blocking p53-mediated transcription of pro-apoptotic genes (Fig. 4.5).  This 

hypothesis does not invoke a reversal of N-mHtt-mediated transcriptional dysregulation, 

and so, fits with our findings that overexpressing full-length CBP or CBP fragments did 

not significantly block N-mHtt-mediated transcriptional dysregulation. 

 

4.1 CONCLUSION 

Overall, this work provides insight into the mechanism of N-mHtt-mediated 

transcriptional dysregulation and identifies a region of CBP that may block some 

detrimental effects of mHtt, the third Zn finger region.  Future experiments should aim to 

identify the mechanisms by which overexpressing CBP fragments containing the third Zn 

finger region decreased mHtt-mediated toxicity.  To determine whether the presence of 

N-mHtt blocks toxicity caused by excess CBP AT activity, we could co-express CBP and 

N-mHtt in STHdhQ7/Q7 cells and stain cells with EthD-1 or Fluoro-Jade C to evaluate 

toxicity.  If the presence of N-mHtt blocks toxicity due to excess CBP AT activity, we 

would predict that co-expression of CBP and N-mHtt would have no effect on toxicity in 

STHdhQ7/Q7 cells.  Overexpressing CBP fragments containing the third Zn finger region 

may have ameliorated mHtt-mediated toxicity by increasing SREBP-mediated expression 

of cholesterol biosynthesis genes and by decreasing p53-mediated transcription of pro-

apoptotic genes.  By testing the effect of overexpressing CBP fragments on expression of 

SREBP-regulated genes, such as HMG-CoA reductase, or p53-regulated pro-apoptotic 

genes, such as Bax, it may answer whether decreased mHtt-mediated toxicity occurred  
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A)     HD 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) HD + CBP/CBP fragments 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 4.5. Working model for how overexpressing CBP or CBP fragments may limit 
mHtt-mediated toxicity by decreasing excess p53-mediated apoptosis. A) Following 
serum-deprivation, p53 separates from MDM2, translocates to the nucleus, and activates 
expression of pro-apoptotic genes.  In cells expressing mHtt, there are high levels of p53, 
leading to excess expression of pro-apoptotic genes and increased toxicity. B) 
Overexpressing CBP or CBP fragments blocks p53-mediated expression of pro-apoptotic 
genes in HD cells by binding excess p53 and failing to associate at the promoter. MDM2; 
murine double minute 2 (named murine because it was originally identified in mice). 
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through modulation of these aberrant pathways.  Identification of CBP fragments that can 

reduce mHtt-mediated cellular toxicity may prove useful for designing small molecule 

inhibitors of mHtt to improve symptoms of HD. 
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