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Abstract 

 

Serine 421 is a crucial mediator of pathology in a mouse model of 

Huntington’s disease 

 

By 

Ian H. Kratter 

 

Huntington’s disease (HD) is a progressive, adult-onset neurodegenerative disease 

without cure or disease-modifying therapy caused by a polyglutamine (polyQ) expansion 

in the N-terminal region of the protein huntingtin (Htt). Pathological hallmarks of HD 

include selective neuron loss and protein aggregation, but the etiology remains unclear. 

Htt has a highly conserved phosphorylation site at serine 421 (S421-P), and basal levels 

of S421-P in the brain are inversely correlated to tissue vulnerability. Further, prior work 

found that S421-P diminishes the toxicity of mutant Htt fragments. However, whether 

S421-P affects the toxicity of mutant Htt in vivo remains unknown. To determine the role 

of S421-P in mutant Htt-induced neurodegeneration in vivo, we mutated the human Htt 

gene within a bacterial artificial chromosome (BAC), previously used to create the 

BACHD mouse model of HD, to express either an aspartic acid or alanine at position 

421 to mimic tonic phosphorylation (S421D) or to prevent phosphorylation (S421A), 

respectively. We used the mutated BACs to generate new lines of transgenic mice and 

compared their behavior and neuropathology to the unmodified HD mice and wildtype 

controls. We found that S421D mice that expressed Htt in the cortex at levels similar to 

the original BACHD model had significantly less motor and psychiatric-like dysfunction 
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than BACHD mice at multiple time points. Further, 12-month-old BACHD but not S421D 

mice showed evidence of striatal neurodegeneration when compared to wildtype 

controls despite a similar load of Htt inclusion bodies. S421A mutants with considerably 

lower mutant Htt expression demonstrated a mild behavioral phenotype similar to that 

reported in the BACHD-L (low expressing) line. Surprisingly, while S421D mice had 

similar levels as BACHD mice of both Htt mRNA and soluble protein in the cortex, they 

had relatively decreased steady-state levels of protein but not mRNA in the striatum. 

Biochemical analyses confirmed that S421D decreased the steady-state levels of 

soluble Htt in a striatal cell line and suggested that this occurs via increased Htt flux 

through the proteasome. In sum, our work suggests that S421 phosphorylation 

significantly ameliorates mutant Htt toxicity in mice and thereby validates 

phosphorylation at S421 as a therapeutic target in HD. 
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Chapter 1: A brief introduction to Huntington’s disease 

 

Huntington’s disease (HD) is a progressive, devastating neurodegenerative disorder 

without any cure or disease-altering treatment. HD patients present clinically with any 

combination of chorea, dystonia, incoordination, cognitive impairments, personality 

changes, and mood disturbances, invariably culminating in early death. While the 

prevalence varies with geography, 5-7 affected individuals per 100,000 is an accurate 

general estimate (1, 2). HD is inherited in an autosomal dominant fashion, and a 

collaborative hunt for a genetic cause identified huntingtin (htt) as the gene whose 

mutation causes HD (3). Htt codes for a widely-expressed 350 kDa protein with no 

overall homology to any other known protein and which contains a polyglutamine (polyQ) 

repeat stretch of variable length near its N-terminus. Expansion of this stretch beyond 36 

repeats may or may not cause disease, but expansion beyond 40 repeats guarantees 

disease if the patient lives long enough. Additionally, the length of the polyQ repeat 

stretch is inversely proportional to the age of disease onset. Among the most common 

HD alleles (40-50 repeats), 50-70% of the age of onset is explained by the length of the 

polyQ stretch, implying that the remainder is explained by genetic modifiers and 

environmental factors (4). 

 

Pathological inspection of the HD brain reveals profound atrophy and eventual cell death 

of the medium spiny neurons (MSNs) of the striatum (5). Deep layers of the cortex, the 

CA1 region of the hippocampus, and many other regions of the brain are also impacted 

as the disease progresses, though other regions such as the cerebellum are relatively 

spared. Neurons with abnormal nuclear and/or cytoplasmic protein inclusions consisting 
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in part of aggregated Htt and ubiquitin are a pathological hallmark of HD (5), but they do 

not seem to underlie the disease (6). 

 

Htt is expressed in all human cells, but the mechanisms causing a selective 

neurodegenerative disease in the context of polyQ expansion remain obscure. PolyQ 

expansion causes Htt to misfold, which is thought to confer a toxic gain of function 

(GOF) (7). Indeed, a myriad of pathogenic mechanisms such as alterations in protein 

binding partners (8), NMDA signaling (9), and global protein homeostasis (10) have 

been reported.  

 

While a GOF is consistent with the autosomal dominant inheritance, there is also 

evidence to support a contribution to pathogenesis from loss of function (LOF) of the 

wildtype (WT) allele (11). For example, the neurotrophin BDNF is a crucial extracellular 

trophic factor and signaling molecule implicated in core brain processes and neuronal 

survival (12), but the striatum produces little of its own BDNF and instead crucially 

depends on its delivery from other brain regions, particularly the cortex (13-15). 

Apparently, WT Htt facilitates a de-repression of BDNF transcription but polyQ-expanded 

Htt does not (16), and several studies have implicated such a reduction of BDNF at the 

transcriptional level as an important contributor to HD pathogenesis (17-19). Additionally, 

WT Htt has been implicated in a multitude of other cellular processes, including 

intracellular signaling, metabolism, gene expression, and intracellular transport, but its 

precise native function remains unknown (20, 21).  
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Although the molecular details of HD remain puzzling, therapeutic intervention may not 

require a complete understanding of its etiology. One potentially promising approach is 

to combat the inherent toxicity of the mutant protein. This could involve directly targeting 

the polyQ expansion. In fact, HD is one of at least nine genetic diseases caused by an 

abnormal expansion of a polyQ stretch, highlighting the inherent toxicity of polyQ-

mediated protein misfolding in disease pathogenesis (22). However, there may be other 

approaches worth pursuing. For example, increasing evidence points to the crucial role 

that host protein context plays in pathogenesis. Post-translational modifications (PTMs), 

in particular, greatly influence the toxicity of several different mutant polyQ proteins, 

including Htt (23, 24), and might be easier to target pharmacologically. Furthermore, 

several PTMs localized to the N-terminal 17 amino acids of Htt are known to modulate 

toxicity of the mutant protein (25-30). These residues, immediately preceding the polyQ 

stretch, are well positioned to alter the expansion’s propensity to cause protein 

misfolding via both direct and indirect means. However, other Htt PTMs farther away 

from the polyQ repeat region by primary sequence also can modify mutant Htt (mHtt) 

toxicity (31-41). 

  

Serine 421 of Htt is a consensus Akt phosphorylation site (31) and also can be 

phosphorylated by the serum- and glucocorticoid-induced kinase (SGK) (42). In a 

primary striatal neuron model of HD (43), the toxicity of an overexpressed Htt-N480-68Q 

fragment is eliminated by enhancing S421 phosphorylation (S421-P). Mimicking tonic 

phosphorylation with a serine-to-aspartic acid mutation (S421D) similarly eliminates 

mutant Htt toxicity. Conversely, a serine-to-alanine mutation (S421A) in Htt that prevents 

phosphorylation preserves toxicity (31). Further, genetic and pharmacological inhibition 

of calcineurin (CaN), a putative S421 phosphatase, reduces the toxicity of lentivirus-

mediated expression of a Htt fragment in rat striatum (44). Studies of S421-P in cell 
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culture systems suggest that it influences Htt’s proposed regulatory role in vesicular 

trafficking (45-47) and is associated with a decrease in both buildup of nuclear Htt 

fragments (48) and NMDA-mediated excitotoxicity (49). 

 

Importantly, polyQ expansion causes a decrease in the proportion of Htt phosphorylated 

at S421 (44, 50), and the degree of phosphorylation in specific brain tissues correlates 

inversely with susceptibility to degeneration in HD. Specifically, the cerebellum, which is 

largely spared in HD, has the highest proportion of S421-P, while the striatum, 

devastated in HD, has the lowest. Cortical S421-P levels lie between those tissue types, 

consistent with its relative vulnerability to the disease (50). These findings suggest that 

S421-P modulates Htt toxicity and could influence the tissue-specific nature of HD. 

There are important caveats to note in the previous studies of S421-P, however, and 

their impact on the conclusions drawn from that work must be considered. For example, 

overexpression of an N-terminal fragment of Htt might not represent an accurate model 

of HD due to the non-physiological expression levels achieved with transient transfection 

and the somewhat arbitrary nature of the N-terminal truncation and subsequent loss of 

the majority of the Htt protein. The use of virus to introduce a fragment of Htt into rat 

striatum raises these same concerns, in addition to the possibility of the induction of 

inflammatory changes that might impact the neurodegenerative process. Also, none of 

these studies consider a potential developmental aspect to HD pathogenesis caused by 

embryonic expression of mHtt, nor can they perform detailed circuit- and cell-specificity 

analyses that might be altered by S421-P. Therefore, it remains unknown whether S421-

P affects the toxicity of full-length mHtt (fl-mHtt) in vivo. This thesis reports our attempt to 

address this question so as to determine whether S421-P should be pursued further as a 

therapeutic target. 
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This project necessitates an appropriate in vivo model of HD, and the monogenic nature 

of HD has allowed the development of a wide variety of murine models of the disease 

(51). The most aggressive models are based on the transgenic overexpression of an 

exon1 fragment of Htt (52). While the rapid onset of pathology has made these mice 

quite useful for pre-clinical drug testing, there remains substantial debate about whether 

or not expression of exon1 alone is a sufficiently representative model of HD. Further, 

exon1 does not contain S421, precluding our use of these models to address our 

question.  

 

On the other hand, genetically precise knock-in mouse models where endogenous 

mouse Htt is altered to express an expanded polyQ repeat stretch also exist. However, 

there are potentially important differences between the mouse and human forms of Htt, 

which might account at least partially for the modest phenotypes seen in these mice. For 

instance, the recently reported 200Q knock-in mice do not demonstrate behavioral 

dysfunction until at least 5 months of age in the homozygous animals or almost one year 

of age in the heterozygotes, nor is there any frank neurodegeneration (53). These 

drawbacks necessitate larger cohorts and extended aging of the animals, a particularly 

problematic logistical issue when two different mutations (i.e., S421D and S421A) are to 

be compared to both HD and WT mice.  

 

An alternative approach has been to use a yeast or bacterial artificial chromosome 

(YAC/BAC) to express full-length human Htt under the control of its endogenous 

regulatory machinery (54, 55). These mice demonstrate early (2 months of age) and 

robust motor deficits as well as progressive neuropathology, making them a good choice 

for hypothesis testing and various ‘omics approaches. Thus, BACHD mice are an 

appropriate model for our studies. 
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In chapter 2, we address whether S421-P affects mutant Htt toxicity in vivo by creating 

and characterizing models of BACHD mice with mutations at S421. We demonstrate that 

a phosphomimetic mutation at that site ameliorates multiple behavioral and 

histopathological phenotypes evoked by the overexpression of fl-mHtt. We also report 

that S421D decreases steady-state levels of soluble Htt protein, presumably by 

increasing Htt turnover. In chapter 3, we use BACHD mice to examine the reported 

transcriptional dysfunction caused by Htt LOF, as exemplified by altered BDNF 

transcription. We determine that BDNF transcriptional dysfunction is not in fact a 

significant cause of disease in the BACHD model. In chapter 4, we discuss the 

implications of these findings. 
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Chapter 2: Serine 421 is a crucial mediator of pathology in a 

mouse model of Huntington’s disease 

 

Introduction 

 

As previously discussed, increasing evidence points to the crucial role that host protein 

context plays in the toxicity of disease-associated polyQ expansions. PTMs, in particular, 

greatly influence the toxicity of several different mutant polyQ proteins, including Htt (23, 

24). Specifically, several PTMs localized to the N-terminal 17 amino acids of Htt 

modulate toxicity of the mutant protein (25-30). These residues, immediately preceding 

the polyQ stretch, are well positioned to alter the expansion’s propensity to cause protein 

misfolding via both direct and indirect means. However, other Htt PTMs farther away 

from the polyQ repeat region by primary sequence also have been reported to modify 

mHtt toxicity (31-41). 

  

Serine 421 of Htt is a consensus Akt phosphorylation site (31) and also can be 

phosphorylated by the serum- and glucocorticoid-induced kinase (SGK) (42). In a 

primary striatal neuron model of HD (43), the toxicity of an overexpressed Htt-N480-68Q 

fragment is eliminated by enhancing S421-P. Mimicking tonic phosphorylation with a 

serine-to-aspartic acid mutation (S421D) similarly eliminates mutant Htt toxicity. 

Conversely, a serine-to-alanine mutation (S421A) in Htt that prevents phosphorylation 

preserves toxicity (31). Further, genetic and pharmacological inhibition of calcineurin 

(CaN), a putative S421 phosphatase, reduces the toxicity of lentivirus-mediated 

expression of a Htt fragment in rat striatum (44). Studies of S421-P in cell culture 

systems suggest that it influences Htt’s proposed regulatory role in vesicular trafficking 
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(45-47) and is associated with a decrease in both buildup of nuclear Htt fragments (48) 

and NMDA-mediated excitotoxicity (49). 

 

Importantly, polyQ expansion causes a decrease in the proportion of Htt phosphorylated 

at S421 (44, 50), and the degree of phosphorylation in specific brain tissues correlates 

inversely with susceptibility to degeneration in HD. Specifically, the cerebellum, which is 

largely spared in HD, has the highest proportion of S421-P, while the striatum, 

devastated in HD, has the lowest. Cortical S421-P levels lie between those tissue types, 

consistent with its relative vulnerability to the disease (50). These findings suggest that 

S421-P modulates Htt toxicity and could influence the tissue-specific nature of HD. 

There are important caveats to note in the previous studies of S421-P, however, and 

their impact on the conclusions drawn from that work must be considered. For example, 

overexpression of an N-terminal fragment of Htt might not represent an accurate model 

of HD due to the non-physiological expression levels achieved with transient transfection 

and the somewhat arbitrary nature of the N-terminal truncation and subsequent loss of 

the majority of the Htt protein. The use of virus to introduce a fragment of Htt into rat 

striatum raises these same concerns, in addition to the possibility of the induction of 

inflammatory changes that might impact the neurodegenerative process. Also, none of 

these studies consider a potential developmental aspect to HD pathogenesis caused by 

embryonic expression of mHtt, nor can they perform detailed circuit- and cell-specificity 

analyses that might be altered by S421-P.  Therefore, it remains unknown whether 

S421-P affects the toxicity of full-length mHtt (fl-mHtt) in vivo. 

 

To determine the role of S421-P in fl-mHtt-induced neurodegeneration in vivo, we 

altered the mutant human Htt gene within the bacterial artificial chromosome (BAC) 

previously used to create the BACHD mouse model of HD (55) to express either S421D 
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or S421A. We show that S421D but not S421A strongly ameliorates mHtt-induced 

behavioral dysfunction and neurodegeneration. We present evidence suggesting that 

S421D decreases steady-state levels of striatal mHtt, potentially by increasing turnover 

of mHtt through the proteasome. Thus, our work suggests that phosphorylation at S421 

significantly ameliorates mHtt toxicity in mice and thereby validates it as a therapeutic 

target in HD. 

 

Results 

 

Generating and characterizing BAC transgenic mice expressing full-length mutant 

Huntingtin with mutation at phosphorylation site S421 

 

To study the role of Htt-S421-P in a mammalian model system, we utilized the BACHD 

mouse model of HD. BACHD mice express fl-mHtt with a pathogenic 97Q repeat stretch 

under the control of its endogenous promoter. As they age, these mice show robust 

behavioral and histopathological phenotypes (27, 55).  

 

First, we confirmed that Htt-S421 is phosphorylated in BACHD mice by generating 

affinity-purified S421-phosphospecific antibodies (31) (Fig. 1a). Immunoblotting of 

BACHD soluble brain lysates with our phosphospecific antibodies revealed a weak 

S421-P signal not observed in WT controls (Fig. 1b). This reduced level of S421-P is 

consistent with previous reports from cell and mouse models of HD showing that the 

proportion of S421-P Htt is significantly decreased in the context of the mutant polyQ 

expansion (44, 50). 
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Figure 1. Full-length mutant huntingtin is phosphorylated at S421 in BACHD brain. 

(A) Western blot of lysates from HEK293 cells transfected with Htt-N586-17Q or Htt-N586-17Q-

S421A, using affinity-purified S421-P phosphospecific antibodies confirms their phospho-

specificity. Blots were also probed with an anti-Htt antibody (mAb 2166) as a control. 

(B) Western blot of striatal lysates from BACHD, S421D, or WT controls reveals that BACHD 

brains contain fl-mHtt phosphorylated at S421-P. As expected, the phospho-specific 

antibodies do not demonstrate immunoreactivity to the S421D lysate, confirming the 

specificity of BAC recombineering. Blots were also probed with anti-polyQ monoclonal 

antibody 4H7H7 and anti-γ-tubulin as controls. 

We next sought to determine the relevance of S421-P to mHtt-induced 

neurodegeneration in vivo. We obtained the BAC used to generate the BACHD model, 

and we performed two parallel versions of Red/ET triple recombination, followed by FLP 

recombination to remove the selectable marker (Fig. 2a, b). The mutated BACs express 

either an aspartic acid or alanine at position 421 (Fig. 3a), as these mutations have 

commonly been used to mimic tonic phosphorylation (SD) or prevent phosphorylation 

(SA), respectively. We verified successful recombineering by PCR amplification of the 

local region followed by sequencing. We also sequenced the 5' and 3' ends of the Htt 

gene to confirm that the 97 mixed CAA-CAG codons encoding the expanded polyQ 

repeat were unaltered and that no other unintended mutations occurred. The structural  
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Figure 2. Mutation and purification of S421D and S421A BACs for pro-nuclear 

microinjection. 

(A) The HTT genomic locus before manipulation by Red/ET recombination as predicted on the 

original mutant version of BAC clone RP11-866L6. Exon9 containing S421 is marked in grey 

and flanking sequences are in black. The codon to be mutated and the insertion position of 

FRT-PGK-gb2-neo/km-FRT selection cassette are both emboldened. Locations of control 

primers used for PCR are also indicated. Note that S495 refers to S421 in the context of the 

97Q repeat and conventional Htt sequence nomenclature.    

(B) The HTT genomic locus after manipulation by Red/ET. The introduced point mutation S421A 

(S421D not shown) in exon9 of HTT locus is shown in bold. The remaining FRT-site after 

removal of FRT-PGK-gb2-neo/km-FRT cassette is grey and bolded. The primer binding site 

used for amplification of the kanamycin selection cassette is indicated in addition to the 

primers used for PCR. 

(C) The cesium chloride purification method was used to purify S421D and S421A BACs, 

followed by linearization with PI-Sce-I. Pulsed-field gel electrophoresis was used to confirm 

that the BACs (S421A not shown) were intact and free of degraded BAC DNA fragments prior 

to pro-nuclear microinjection to generate transgenic founders. 

integrities of the BACs were confirmed by pulsed-field gel electrophoresis. Finally, 

purified and linearized BAC DNA (Fig. 2c) was microinjected into FvB/N pro-nuclei to 

generate transgenic founders. 

 

Seven founders with the BACHD-S421D transgene and two with the BACHD-S421A 

transgene (referred to herein as ‘S421D’ and ‘S421A’, respectively) were obtained. One 

S421D line and one S421A line expressed fl-mHtt at levels sufficient for meaningful 

analysis (see below). To control for genetic background, these two lines were expanded 

by breeding with FvB/NJ WT mice, the same inbred strain used to characterize the 
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original BACHD mice. Again, the transgene regions coding for mHtt exon1, the region 

around S421, and a portion of the 3' UTR were PCR-amplified and sequenced to confirm 

proper incorporation of the entire gene and S421 mutation without changes in the polyQ 

repeat length. We also confirmed the specificity of the mutations by immunoblotting brain 

lysates from the mutant mice with our S421 phosphospecific antibodies. As expected 

and as shown with N-terminal fragments of Htt (31), the phosphospecific antibodies did 

not recognize fl-mHtt with S421D or S421A mutation (Fig. 1b). 

 

To characterize these mice, we analyzed fl-mHtt protein levels in the F1 progeny of the 

founder lines. Levels of fl-mHtt protein are generally directly proportional to their toxicity 

(55-57). Thus, to make the most meaningful comparisons, we looked for lines that 

expressed mHtt at levels similar to BACHD mice. We first used western blots to evaluate 

steady-state levels of soluble fl-mHtt levels in cortical lysates from 2-month-old mice. 

Because all lines have the same polyQ-repeat length, we used the mouse monoclonal 

antibody 4H7H7, which selectively recognizes pathogenic polyQ stretches (27). To 

increase the accuracy and dynamic range of the quantifications, we used near-infrared 

fluorescence for signal detection. One line of hemizygous S421D mice expressed fl-mHtt 

protein at levels similar to the original BACHD model (Fig. 3b, c). We confirmed this 

finding with 1C2, another mouse monoclonal antibody that recognizes mutant polyQ 

stretches (Fig. 4). We also analyzed levels of cortical mHtt transcript by quantitative 

reverse-transcriptase (qRT)-PCR. As observed at the protein level, S421D mice had 

approximately equivalent levels of mHtt mRNA as did BACHD mice (Fig. 3d). 

 

We performed a similar analysis for the S421A mutant mice. One hemizygous line 

expressed approximately 45% of the fl-mHtt protein of BACHD mice (Fig. 3b, c). Levels 

of transcript were also consistent with this determination (Fig. 3d). Although these 
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significantly lower levels of fl-mHtt preclude a direct comparison of S421A and BACHD 

mice, mHtt expression levels were quite similar to the previously described lower-

expressing BACHD-L line (Fig. 4) (55). Accordingly, S421A mice would be expected to 

show impaired motor coordination on the accelerating rotarod compared to WT littermate 

controls by 6 months of age, as do the BACHD-L mice. Thus, the S421A line has 

sufficient levels of expression to control for any non-specific effects of mutation at S421. 

 

Figure 3. Generation and characterization of the phosphomimetic (S421D) and 
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phosphoresistant (S421A) BACHD transgenic mice. 

(A) Schematic of the recombineered BAC cassette, in which S421D or S421A mutations within 

the original BACHD construct were generated. 

(B) Representative western blot demonstrating expression levels of soluble fl-mHtt from cortical 

lysates of two-month-old BACHD, S421D, and S421A mice. The blot was probed with anti-

expanded polyQ monoclonal antibody 4H7H7 and anti-γ-tubulin as a loading control. 

(C) Quantification of expression levels of soluble fl-mHtt from cortical lysates of two-month-old 

BACHD, S421D, and S421A mice. Values are based on the mean of three independent 

4H7H7 blots each with lysates from at least 3 mice per line compared across different blots 

by normalization to BACHD samples. Each value was first normalized for input by using the 

anti-γ-tubulin control. One-way ANOVA analysis reveals that there is a significant difference 

between the three lines (F = 36.71, p < 0.0001). Post-hoc Bonferroni analysis indicates that 

the fl-mHtt expression of the S421A line is significantly different from those of the BACHD (p 

< 0.0001) and S421D lines (p < 0.0001), whereas the BACHD and S421D mice express fl-

mHtt at similar levels (n.s.).  

(D) Quantification of the levels of cortical mHtt transcript in BACHD, S421D, and S421A mice by 

reverse-transcriptase qRT-PCR. The results are from four independent samples per 

transgenic line, each run in quadruplicate. Values are normalized to BACHD mice and are 

expressed in arbitrary units (au). One-way ANOVA analysis reveals significant differences (F 

= 51.8, p < 0.0001). Post-hoc Bonferroni analysis indicates that fl-mHtt expression in S421A 

mice is significantly lower than BACHD (p < 0.0001) and S421D lines (p < 0.0001), whereas 

the BACHD and S421D lines express at similar levels (n.s.). 

****p < 0.0001; ***p < 0.001; **p < 0.01; n.s. = not significant. 
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Figure 4. Additional biochemical characterization of full-length mutant Htt levels in 

S421D and S421A lines. 

(A) Representative western blot demonstrating expression levels of soluble fl-mHtt from cortical 

lysates of BACHD and S421D mice. The blot was probed with mAb 1C2 and anti-γ-tubulin as 

a loading control. 

(B) Representative western blot demonstrating expression levels of soluble fl-mHtt from cortical 

lysates of S421A and BACHD mice as well as from previously generated cortical lysate from 
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We next determined if the S421 mutation alters the steady-state levels of soluble fl-mHtt 

protein during the aging process that could account for an altered phenotype. We used 

western blots to compare mHtt levels in the cortex of BACHD, S421D, and S421A mice 

at 1 and 12 months of age. Similar to the BACHD line, S421D or S421A mice showed no 

significant differences in protein levels with age (Fig. 5a). We then overexposed the blots 

to look for any obvious changes in the production of soluble mHtt polyQ fragments 

associated with the S421mutation. We again observed no marked differences at either 

age (Fig. 5b). 

a BACHD-L mouse. S421A mice express the transgene at levels comparable to BACHD-L 

mice, implying that a phenotype should be detected on the accelerating rotarod by 6 months 

of age. 

(C) Quantification of expression levels of the soluble fl-mHtt from cortical lysate of two-month-old 

BACHD, S421D, and S421A mice. Values are based on the mean of three independent blots 

with mAb 1C2 and compared across different blots by normalization to BACHD samples. 

Each value was first normalized for input by using the anti-γ-tubulin control. One-way ANOVA 

analysis reveals that there is a significant difference between the three lines (F = 22.04, p < 

0.0001). Post-hoc Bonferroni analysis indicates that the fl-mHtt expression of the S421A line 

is significantly different from the BACHD (p < 0.0001) and S421D lines (p < 0.0001), whereas 

the BACHD and S421D lines express at similar levels (p > 0.05).  

****p < 0.0001; n.s. not significant.  
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Figure 5. Soluble levels of full-length mutant Huntingtin protein and cleavage into 

polyQ fragments do not change with age in BACHD, S421D, and S421A mice. 

(A) Western blot demonstrates that expression levels of soluble fl-mHtt from cortical lysates of 

BACHD, S421D, and S421A mice do not change between 1 and 12 months of age. The blot 

was probed with mAb 1C2 and anti-γ-tubulin as a loading control. 

(B) Overexposure of the blot depicted in (A) reveals no marked differences in the production of 

soluble mHtt polyQ fragments among BACHD, S421D, and S421A mice at either age. 

Finally, we sought to confirm that the introduced S421 mutations do not disrupt Htt’s 

essential functions. Complete loss of Htt is embryonic lethal (58), but fl-mHtt can perform 

the essential functions necessary for murine development and neurogenesis (55, 59, 60) 

when expressed by its endogenous promoter and regulatory regions. To test whether 

S421 mutation preserves that ability, we crossed S421D and S421A transgenic mice 

with mice heterozygous for endogenous Htt for two successive rounds. We genotyped 
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the progeny at weaning age and found that both the S421D and S421A transgenes were 

able to rescue embryonic lethality. We confirmed these results by immunoblotting for 

both transgenic and endogenous Htt in cortical lysates. Mice rescued by transgenic 

S421D (Fig. 6b) or S421A (Fig. 6c) expressed fl-mHtt but not endogenous murine Htt, as 

expected. This breeding scheme should produce transgene-positive mice on an Htt null 

background at an expected Mendelian ratio of one of every seven animals. Consistent 

with phosphorylation at S421 playing an important role in Htt function, however, S421A-

rescued mice were generated at less than the expected ratio (Fig. 6a), suggesting a 

decrease in fitness during the embryonic or neonatal period. We obtained 10 rescue 

mice from each of the S421D and S421A lines, and the mice showed no obvious 

abnormalities through at least 6 months of age. 

 

Figure 6. Essential functions of Htt in development can be rescued by expression 

of transgenic fl-mHtt with phosphomimetic or phosphoresistant mutations at 
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S421. 

(A) Table showing results from two successive rounds of mating between S421D or S421A mice 

with mice heterozygous for endogenous murine Htt. Complete knockout of endogenous 

murine Htt is embryonic lethal but can be rescued by transgenic expression of the fl-mHtt 

BAC construct. The expected ratio of such rescue mice expressing fl-mHtt but not 

endogenous murine Htt is 1 out of every 7 live mice born, as seen with S421D. S421A lines 

demonstrate a decreased frequency of rescue. 

(B and C) Western blots of cortical lysates probed with anti-Htt (mAb 2166), anti-expanded polyQ 

(4H7H7), and anti-γ-tubulin confirm that the rescued mice express only fl-mHtt and lack 

endogenous murine Htt. 

Phosphomimetic mutation at S421 strongly ameliorates motor and psychiatric-like 

deficits caused by the expression of full-length mutant Huntingtin 

 

The neuronal dysfunction elicited by the expression of fl-mHtt in BACHD mice causes 

early and severe motor phenotypes, with psychiatric-like deficits also emerging at more 

advanced ages (27, 55, 61). To determine if phosphorylation at S421 affects mHtt-

induced neuronal dysfunction in vivo, we next sought to determine if the phosphomimetic 

S421D mutation affects any of these phenotypes. We used a two-way mixed-factorial 

design to assess repeated performances on the accelerating rotarod at 3, 6, and 12 

months of age in a cohort of BACHD, S421D, and WT mice (Fig. 7a). Analysis by two-

way repeated measures ANOVA revealed highly significant effects of genotype (F(2,52) = 

26.15, p < 0.0001) and age (F(2,104) = 4.58, p = 0.0124) on the behavioral phenotype.  

Next, we used Bonferroni post-hoc tests to compare each genotype to each of the others 

at all ages tested (Table 1). BACHD mice showed a considerably lowered latency before 

falling off the rotarod when compared to WT littermate controls at all ages tested. On the 
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other hand, S421D mice were indistinguishable from the WT littermate controls at 3 and 

6 months of age, and showed only modest deficits at 12 months of age. At all three ages 

tested, S421D mice performed substantially better than the BACHD mice. Thus, despite 

expressing levels of fl-mHtt similar to BACHD mice, S421D animals had a significant 

mitigation of the accelerating rotarod phenotype. 

 

We considered whether changes in body weight might explain our rotarod results. 

Weight can influence rotarod performance generally (62), and overexpression of fl-Htt 

and fl-mHtt in BAC and YAC transgenic mice causes an obesity-with-age phenotype (55, 

63). Like the BACHD mice, S421D mice were significantly heavier than WT littermate 

controls at all three ages tested (Fig. 8). In fact, S421D mice gained weight similar to 

BACHD mice at 3 and 6 months of age but did not display any deficits at these ages. We 

therefore conclude that the amelioration of rotarod deficits in S421D mice cannot be 

explained by differences in body weight. 

 

 We next evaluated S421D mice in other motor-dependent behavioral assays at 12 

months of age. We used an automated open-field assay to assess general levels of 

activity and exploratory drive, analyzing the total number of infrared beam breaks over a 

10-minute period (Fig. 7b). One-way ANOVA revealed highly significant differences 

among genotypes (F(2,53) = 9.031, p = 0.0004). Specifically, BACHD mice were much 

less active than S421D or WT animals (BACHD versus WT, p < 0.001; BACHD vs 

S421D, p < 0.05). In contrast, there were no differences between WT and S421D 

animals (p > 0.05). As a measure of exploratory drive, we also compared the number of 

hind-limb rearings over the same 10-minute periods (Fig. 7c). Once again, there were 

significant differences among genotypes (one-way ANOVA: F(2,53) = 4.910, p = 0.0111). 

BACHD mice reared fewer times than WT or S421D mice (BACHD versus WT, p < 0.01; 
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BACHD vs S421D, p < 0.05), but there were no differences between WT and S421D 

mice (p > 0.05). 

 

As a final measure of motor dysfunction, we analyzed mean hindlimb gait (distance 

between hind paws) (Fig. 7d). Again, there were considerable differences among 

genotypes (one-way ANOVA: F(2,45) = 12.27, p < 0.0001). Consistent with postural 

instability, BACHD mice maintained a wider base of support than WT and S421D mice 

(BACHD vs WT, p < 0.0001; BACHD vs S421D, p < 0.01). Furthermore, no differences 

were detected between WT and S421D mice (p > 0.05). Based on this battery of motor 

assays, we conclude that S421D animals had either complete rescue or substantial 

amelioration of motor dysfunction (depending on the assay). 

 

Table 1. 
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Figure 7. S421D mice but not S421A mice demonstrate ameliorated motor and 

psychiatric-like behavioral deficits compared to BACHD mice. 

(A) A mixed-model two-way repeated measures ANOVA was used to examine performance on 

the accelerating rotarod of a cohort of BACHD, S421D, and WT mice at 3, 6, and 12 months 

of age. BACHD mice show significant motor deficits at all ages tested, but S421D mice show 

no deficits at 3 and 6 months and a significant mitigation of the BACHD phenotype at 12 

months. 
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(B and C) BACHD, S421D, and WT mice were examined in the open field for 10 minutes at 12 

months of age and compared by one-way ANOVA. BACHD but not S421D mice demonstrate 

hypoactivity (B) and decreased exploratory drive (C) compared to WT controls.  

(D) Hindlimb gaits of BACHD, S421D, and WT mice at 12 months of age were analyzed with the 

CatWalk XT (Noldus) and compared by one-way ANOVA. BACHD but not S421D mice have 

a widened hindlimb gait. 

(E) Anxiety-like behavior in BACHD, S421D, and WT mice at 12 months of age was assessed 

using the light-dark box assay. Over the course of 10 minutes, BACHD but not S421D mice 

spend more time in the dark box than WT controls.  

(F) A separate two-way repeated measures ANOVA was used to examine performance on the 

accelerating rotarod of a cohort of S421A and WT mice at 6 and 12 months of age. S421A 

mice perform significantly worse than WT animals at 6 and 12 months of age, consistent with 

their lower fl-mHtt expression levels.  

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s. not significant. 

BACHD mice demonstrate psychiatric-like deficits at 12 months of age. In particular, 

they exhibit a higher level of anxiety-like behavior than WT controls in the light-dark box 

and elevated plus maze (27, 61). We compared the same cohort of mice in the light-dark 

box to determine if the S421D mutation modifies this phenotype (Fig. 7e). We again 

found significant differences among genotypes (one-way ANOVA: F(2,43) = 7.146, p = 

0.0021). Consistent with increased levels of anxiety, BACHD mice spent more time 

inside the dark box than both WT and S421D mice (BACHD versus WT, p < 0.01; 

BACHD vs S421D, p < 0.01). S421D mice showed a complete rescue of this phenotype 

(S421D vs WT, p > 0.05). Surprisingly, we did not detect this rescue of phenotype with 

the elevated plus maze (data not shown). 
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To control for non-specific effects associated with mutation at S421, we also performed 

behavioral assays with the S421A animals. Based on their expression levels, these mice 

would be expected to show modest rotarod deficits beginning at 6 months of age. In 

agreement with this, we did not detect any differences in these mice at 3 months (data  

 

Figure 8. S421D mutant mice display the obesity-with-age phenotype seen in 

BACHD mice. 

Weight measurements of the cohorts of S421D, BACHD, and WT mice prior to the initiation of 

behavioral testing at each time-point reveals that S421D mutant mice are significantly heavier 

than WT mice. Data were analyzed by two-way repeated measures ANOVA followed by 

comparisons of the means with Bonferroni post-hoc tests. 

not shown). Significant effects of genotype and age were found by analysis of the data 

collected at 6 and 12 months of age (Fig. 7f) by two-way repeated measures ANOVA 

(genotype: F(1,30) = 11.50, p = 0.0020; age: F(1,30) = 6.69, p = 0.0148), and we again did 
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not detect an interaction between the two variables (F(1,30) = 1.73, p = 0.1978).  By post-

hoc tests, S421A mice had a lowered latency on the rotarod as compared to WT control 

mice at both ages (at 6 months: t = 2.392, p < 0.05; at 12 months: t = 3.615 p < 0.01).  

 

These behavioral studies demonstrate that phosphomimetic mutation at S421 results in 

a partial or complete amelioration of both motor and psychiatric-like deficits induced by 

expression of fl-mHtt. This effect cannot be explained as simply resulting from any 

mutation at this site unrelated to phosphomimicry, since mice with the S421A mutation to 

prevent phosphorylation display motor deficits consistent with their significantly lower 

transgene expression levels. 

 

Phosphomimetic mutation at S421 prevents striatal neurodegeneration caused by the 

expression of full-length mutant Huntingtin in vivo 

 

Having found that S421D substantially ameliorates both motor and psychiatric-like 

phenotypes in BACHD mice, we next sought to determine if the phosphomimetic 

mutation influences neuropathology in BACHD brains at 12 months of age. Specifically, 

BACHD mice have significant atrophy of the forebrain without accompanying changes in 

the cerebellum (55), similar to the pattern of degeneration in human HD. To assess this 

quantitatively, we used unbiased stereology to measure striatal volume in brains from an 

independent cohort of BACHD, S421D, and WT mice (Fig. 9a, c). There were significant 

differences among the genotypes (one-way ANOVA: F(2,16) = 4.665, p = 0.0253). BACHD 

mice had significantly smaller striatal volumes than WT mice (t = 2.931, p < 0.05), but 

S421D mice were similar to the WT controls (t = 0.7869, p > 0.05). 
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We also counted striatal NeuN-positive neurons to determine if expression of fl-mHtt 

caused detectable neuronal loss, taking care to correct our calculations for the changes 

in volume already measured (Fig. 9b, c). Again, there were significant differences among 

the genotypes (one-way ANOVA: F(2,16) = 5.848, p = 0.0124). BACHD mice had fewer 

striatal neurons than WT mice (t = 2.719, p < 0.05) and S421D mice (t = 3.184, p < 

0.05), but S421D mice were similar to WT controls (t = 0.3619, p > 0.05). 

 

We repeated these same studies in the cortex (Fig 9d, e). We observed strong trends 

among WT, BACHD, and S421D lines similar to those seen in the striatum, in particular 

for rescue of neuron counts by S421D. However, consistent with cortical degeneration 

being less profound than striatal degeneration in HD, these trends did not meet 

statistical significance with this sample size. 

 

These data indicate that expression of fl-mHtt causes atrophy as well as neuronal loss in 

the striatum, while phosphomimetic mutation at S421 abolishes this neurodegeneration 

in vivo. 
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Figure 9. S421D rescues the neurodegeneration caused by expression of full-

length mutant huntingtin at 12 months of age without substantially altering 

inclusion body formation. 

(A) Measurement of striatal volume by unbiased stereology reveals that BACHD (N = 6) but not 

S421D (n = 7) mice demonstrate significant striatal atrophy compared to WT (N = 6) controls. 

(B) Measurement of striatal NeuN count with correction for volume changes reveals that BACHD 

mice have significantly fewer neurons than either WT or S421D mice, whereas there is no 

difference between the WT and S421D mice. 

(C) A representative brain slice depicting NeuN staining at low magnification so as to illustrate 

the striatal boundaries used for stereological measurements. 

(D) Measurement of cortical volume by unbiased stereology reveals a trend for cortical atrophy in 

BACHD mice compared to WT mice. 

(E) Measurement of cortical NeuN count reveals a strong trend suggesting that BACHD mice 

have significantly fewer neurons than either WT or S421D mice, whereas there is no 

difference between the WT and S421D mice. 

*p < 0.05; n.s. not significant. 

Phosphomimetic mutation at S421 does not appreciably alter the formation of full-length 

mutant Huntingtin-induced inclusion bodies in vivo 

  

The formation of inclusion bodies (IBs) by full-length and N-terminal fragments of mHtt is 

a hallmark of HD pathology. These findings have been recapitulated in mouse models; in 

fact, the first mouse model of HD led to the initial conclusion that the formation of IBs 

underlies disease pathology (64). However, later studies (6, 65) contradicted this 

conclusion and suggested that the formation of IBs is instead a neuronal coping 
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response. Aged BACHD mice develop IBs that are similar to those observed in the 

human disease and can be visualized histologically with certain Htt antibodies.  

 

Staining with the polyclonal antibody S830 (66, 67) revealed prominent IBs in both the 

cortex and striatum of BACHD but not WT mice (Fig. 10), as expected. S421D mice also 

demonstrated significant levels of IBs that were similar to or perhaps slightly less than 

those seen in the BACHD animals. This finding is consistent with previous results from 

primary neurons overexpressing Htt-N480-68Q (31). Thus, despite the substantial 

amelioration of fl-mHtt-induced behavioral dysfunction and neurodegeneration in S421D 

mice, widespread formation of IBs still occurs, further supporting the notion that IBs are 

not in and of themselves the cause of HD.  
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Figure 10. S421D does not substantially alter inclusion body formation. 

Immunohistochemistry with monoclonal antibody S830 reveals prominent inclusion bodies in 

BACHD and S421D striatum and cingulate cortex but not in WT littermate controls. Example 

smaller (arrows) and larger (arrowheads) inclusion bodies are indicated. The scale bar represents 

150 µm, and each field is 600 x 600 µm. 

 

Phosphomimetic mutation at S421 decreases steady-state levels of soluble full-length 

mutant Huntingtin in the striatum 

 

While analyzing striatal histopathology, we observed that slices from S421D striata were 

significantly less immunoreactive with mAb 4H7H7 (Fig. 11a, b). This was a surprising 

finding, as BACHD and S421D express similar levels of fl-mHtt mRNA and protein in the 

cortex (Fig. 3, 4). A comparison of steady-state levels of soluble fl-mHtt levels in striatal 

lysates found that S421D mice have a modest but reproducible and statistically 

significant reduction in soluble fl-mHtt protein compared to BACHD mice (p = 0.0074, 

unpaired t test) (Fig. 11c, d). To determine if the decrease in protein results from a 

parallel decrease in transcript, we determined striatal mHtt mRNA levels in the lines. As 

in our previous cortical analyses (Fig. 3e), we found that striatal levels of mHtt mRNA 

were nearly equivalent in BACHD and S421D mice (Fig. 11e). Thus, changes in 

expression of the transgene cannot explain the relatively decreased amount of S421D fl-

mHtt. Note that these levels of fl-mHtt expression were still higher than those expressed 

by the S421A mice (Fig. 3b and 3c), implying that a rotarod deficit would be expected by 

6 months of age. However, S421D mice had no rotarod deficits at that age (Fig. 7a), 
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suggesting that lower steady-state striatal levels of soluble fl-mHtt alone do not explain 

the profound amelioration of the BACHD phenotype in S421D mice.   

 

Figure 11. Phosphomimetic mutation at S421 decreases steady-state levels of 

soluble full-length mutant Huntingtin in the striatum. 

(A and B) Immunohistochemistry of striatal sections with anti-polyQ monoclonal antibody 4H7H7 

(A) and subsequent quantification of signal intensity (B) suggests that S421D mice express 

less soluble fl-mHtt in the striatum than BACHD animals, despite expressing similar levels in 

the cortex (Fig 1). The scale bar represents 20 µm. 

(C and D) Western blot with 4H7H7 confirms that S421D mice have less steady-state soluble fl-

mHtt than BACHD mice in the striatum. The bar graph displays values based on the mean of 

three independent 4H7H7 blots of four mice per transgenic line compared across different 

blots by normalization to BACHD samples. Each value was first normalized for input using 

the anti-γ-tubulin controls. 

(E) S421D mice express levels of mHtt mRNA similar to BACHD animals by reverse-
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transcriptase qRT-PCR. The results are from four independent samples per transgenic line, 

each run in quadruplicate. Values are normalized to BACHD mice and are expressed in 

arbitrary units (au). 

Means were compared with an unpaired t test in D and E. ****p < 0.0001; n.s. not significant. 

 

Phosphomimetic mutation at S421 increases the turnover of an N-terminal fragment of 

Huntingtin in striatal cells 

 

Having validated S421 as a crucial mediator of fl-mHtt pathology in vivo and having 

found that S421D decreased steady-state striatal levels of fl-mHtt, we returned for 

further study and validation to the original Htt-N480 constructs that were used to 

implicate a role for S421-P in mHtt toxicity in vitro (31). We reasoned that utilizing 

ectopic expression would allow us to avoid any possible confounds in the murine system 

from BAC integration into the host chromatin or from developmental expression of mHtt. 

Further, it would confirm that any changes in mHtt steady-state levels could be attributed 

specifically to mutation of S421. 

 

Accordingly, we expressed a myc-actin control and Htt-N480-17Q-S421, -S421D, or -

S421A in striatal cell line St14A, as these cells display several properties of striatal 

MSNs, including expression of the striatal marker DARPP-32 and responsiveness to 

dopamine receptor agonists (68). Forty-eight hours after transient co-transfection, we 

lysed the cells. In agreement with our in vivo results, phosphomimetic mutation of Htt at 

S421 decreased steady-state levels of Htt (Fig. 12a, b). Furthermore, cells transfected 

with the S421A variant of Htt that is incapable of being phosphorylated showed an 
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increase in steady-state Htt levels over non-mutated Htt-S421 (Fig. 12a, b). These 

results suggest that phosphorylation of Htt at S421 leads to an increase in its turnover. 

 

We next sought to dissect whether a difference in Htt protein turnover might be 

attributable to degradation by the proteasome or the lysosome. We treated St14A cells 

with the specific proteasome inhibitor epoxomicin for 4 hours or with the lysosome 

inhibitors ammonium chloride and leupeptin for 16 hours and compared Htt 

accumulation in terms of fold change over control treatment. For all constructs, 

proteasomal inhibition led to a greater build-up of Htt than inhibition of the lysosome, 

though the differences did not reach statistical significance. Of note, levels of the S421D 

construct approximately doubled with proteasome inhibition but were unaffected by 

lysosome inhibition (Fig. 12c). The combination of decreased Htt-S421D steady-state 

levels and its accumulation upon epoxomicin treatment imply that phosphomimetic 

mutation at S421 leads to a significant increase in flux of Htt through the proteasome. 
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Figure 12. Phosphomimetic mutation at S421 increases the turnover of an N-

terminal fragment of Huntingtin in striatal cells. 

(A) Representative western blot of St14A cell lysate generated 48 hours after transfection with 

Htt-N480-17Q and myc-actin. An anti-Htt antibody (mAb 5492) reveals that the S421D 

mutation decreases steady state levels of Htt relative to WT, whereas the S421A mutation 

increases it. 
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(B) Quantification of the effect of S421 mutation on Htt levels in St14A cell lysate. Values are 

based on the mean of three independent blots after normalization for transfection efficiency 

and loading with the myc-actin control.  

(C) Quantification of the fold change in levels of Htt with and without S421 mutation after 

treatment with the specific proteasome inhibitor epoxomicin or lysosome inhibitors 

ammonium chloride and leupeptin suggests that the phosphomimetic S421D mutation 

increases Htt flux through the proteasome. Values are based on the mean of three 

independent experiments after normalization for transfection efficiency and loading with the 

myc-actin control.  

*p < 0.05; **p < 0.01; n.s. not significant 

 

Further mechanistic work will be necessary to determine how the S421D mutation 

ameliorates Htt toxicity. However, both our in vivo and in situ data imply that S421D 

causes a decrease in steady-state levels of Htt most prominently in the striatum, and 

that this change might be caused by increased Htt flux through the proteasome. 

 

Methods 

 

Generation of BAC transgenic mice. Red/ET triple recombination (Gene Bridges 

GmbH) was used to modify the original BAC vector used to make BACHD mice (55). A 

508 bp PCR fragment containing the intended S421A/D point mutation in HTT wild type 

sequences and homology arms to the FRT-PGK- gb2-neo/km-FRT selection cassette 

was generated. BAC-clone RP11-866L6 harbouring HTT wild type genomic sequences 

was used as the PCR-template. The respective point mutations at S421 were inserted 

by the forward PCR primer (S421D: 5’-GG CAG CTC ACC GCT GCT AAG GAG GAG 
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TCT GGT GGC CGA AGC CGT AGT GGG GCT ATT GTG GAA CTT ATA GGC AAG 

TTA-3’ ; S421A: 5’-GG CAG CTC ACC GCT GCT AAG GAG GAG TCT GGT GGC CGA 

AGC CGT AGT GGG GAT ATT GTG GAA CTT ATA GGC AAG TTA-3’). The reverse 

primer was used to introduce a 70 bp homology arm to the selection cassette (5’-TGC 

CTT GGG AAA AGC GCC TCC CCT ACC CGG TAG AAT GAA GTT CCT ATA CTT 

TCT AGA GAA TAG GAA CTT CCT CAA CCT CTT GGG CTT AAG C-3’). During 

recombination, this homology arm complements a second, independently-amplified 

PCR-product encoding for the FRT-PGK-gb2-neo/km-FRT selection cassette. 

 

Recombineering was then used to assemble both PCR-products and generate BAC-

HTT*S421A/D-FRT-PGK-gb2-neo/km-FRT. Expression plasmid pRed/ET encoding for 

tetracycline resistance (TcR) and the Red/ET recombination machinery was 

electroporated into the BAC. Red/ET-proficient cultures were grown aerobically at 30° C 

to early exponential phase in the presence of Tc. Expression of the recombination genes 

was induced by adding 10% (w/v) L-arabinose followed by a temperature shift to 37° C. 

After one hour of incubation, the cells were washed twice with ice-cold 10% (v/v) glycerol 

and electroporated with both PCR products. Subsequently, the cells were resuspended 

in ice-cold LB-medium and grown for 1 h at 1000 rpm and 37° C. Plates supplemented 

with Chloramphenicol (Cm) and Kanamycin (Km) were used to select for mutants that 

had undergone successful Red/ET Recombination. 

 

Individual colonies were picked and inoculated the next day. BAC DNA was isolated and 

analysed by PCR for successful assembling of the construct at the intended position by 

PCR across the 5’ and 3’ insertion sites. Clones that displayed the predicted amplicon 

sizes for the 5´ and 3’ insertion were eluted from the gel and subsequently sequenced to 

confirm proper assembling and integrity. After sequence confirmation, clones were 
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streaked on plates supplemented with Cm and Km in order to get a pure population of 

BAC construct HTT*S421A/D-FRT-PGK-gb2-neo/km-FRT. 

 

To remove the selectable marker, plasmid pCi-Flpe was electroporated into the clones 

with each respective construct. After transformation, 1 ml of LB medium was added to 

the tube and the cells were incubated for 1.5 hours at 30 C shaking at 700 rpm. The 

cells were streaked out on LB plates containing Tc, Km, and Cm and incubated for more 

than 24 hours at 30 C. Colonies were inoculated each in 1 ml of LB medium with Cm, 

and cells were grown for 3 hours at 30 C. The temperature was subsequently shifted to 

37° C, inducing Flpe expression and subsequent FLP recombination of the BAC FRT 

sites as well as loss of the pCi-Flpe plasmid. Cultures were again streaked out on agar 

plates containing Cm in order to obtain single colonies. BAC DNA was isolated from the 

resulting colonies and analysed by PCR to confirm the excision of the selection cassette. 

The final selected BAC-HTT*S421A/D-FRT clone was sequenced at regions around the 

point of mutation, exon1, and the native stop codon to confirm its integrity. 

 

The final modified, sequence-confirmed BACs were prepared as previously described 

(69) and confirmed to be free of degraded DNA by pulsed-field gel electrophoresis. BAC 

DNA was linearized overnight with PI-Sce I at 37° C, dialyzed into microinjection buffer, 

and microinjected into FvB/N pro-nuclei by the Gladstone Transgenic Core. 

 

All mice were maintained in the FvB/NJ background and bred and maintained under 

standard conditions consistent with National Institutes of Health guidelines and approved 

by the UCSF Institutional Animal Care and Use Committee.  
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Genotyping and sequencing. Routine genotyping of BACHD, S421D, and S421A mice 

was performed by touchdown PCR on tail genomic DNA, amplifying both for mHtt and 

for an internal control (primer sequences from The Jackson Laboratory) from the mouse 

genome. The following primers were used: mHtt forward: 5’-CCG CTC AGG TTC TGC 

TTT TA-3’ ; mHtt reverse: 5’-TTG CTG CTG TTG GAA GGA CTT GAG GGA C-3’ ; 

internal control oIMR7338 forward: 5’-CTA GGC CAC AGA ATT GAA AGA TCT-3’ ; 

internal control oIMR7339 reverse: 5’-GTA GGT GGA AAT TCT AGC ATC ATC C-3’. 

 

For sequencing of exon1 (including the CAG-CAA repeat stretch), the region around 

S421, and the region C-terminal to the native stop codon, tail DNA was purified using the 

DNeasy Blood and Tissue kit (Qiagen). PCR was performed with the HotStar HiFidelity 

Polymerase Kit (Qiagen) according to the manufacturer’s instructions using the following 

sets of primers and conditions: 

 Exon1_F: 5’-CAG GCT AGG GCT GTC AAT CA-3’ ; Exon1-R: 5’-GGT TGC TGG 

GTC ACT CTG TC-3’ ; Annealing temperature 57 C; Q solution included 

 S421_F: 5’-CGA GCT TCT GCA AAC CCT GAC-3’ ; S421_R: 5’-TTG GCA AGG 

AAG ATG GAA TGC AG-3’ ; Annealing temperature 57 C 

 3’UTR_F: 5’-GCA ACG TGC GTG TCT CTG-3’ ; 3’UTR_R: 5’-TGT TCC CAA 

AGC CTG CTC-3’ ; Annealing temperature 55 C 

The PCR product was purified using the DNA Clean & Concentrator kit (Zymo Research 

Corp.) and submitted for sequencing (Elim Biopharmaceuticals, Inc.). 

 

Preparation of brain lysates and western blotting. Mouse brains were dissected on 

ice, snap frozen on dry ice, and stored at -80 C until further use. Brains were 

homogenized in a modified RIPA buffer (55), supplemented with Halt Protease and 
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Phosphatase Inhibitor Cocktails (Thermo Sci), using a pellet pestle (Kontes). The 

samples were then centrifuged at 4 C for 15 min at 13,000 rpm. The soluble 

supernatant was retained, and protein concentration was determined using the BCA 

Protein Assay (Thermo Sci). 

 

For Western blots, we used the NuPAGE (Invitrogen) 3-8% Tris-Acetate or 4-12% Bis-

Tris pre-cast gels. Samples (40µg) were prepared with NuPAGE LDS buffer and 

reducing agent and heated for 10 min at 70 C according to the manufacturer’s 

instructions. After resolution by PAGE, protein was wet-transferred onto Immobilon-FL 

(Millipore) polyvinylidene difluoride (PVDF) using NuPAGE transfer buffer with no added 

methanol. Immunoblots were probed with 4H7H7 (1:5000), 1C2, (Millipore, MAB1574, 

1:3000), anti-Htt 2166 (Millipore, mAb2166, 1:3000), anti-γ-tubulin (Sigma, T6557, 

1:20,000), or our affinity-purified rabbit phosphospecific anti-S421-P (1:200) (see 

subsequent methods). Appropriate IRDye secondary antibodies (LI-COR Biosci) were 

used at a 1:20,000 dilution unless otherwise noted. Images were captured with the 

Odyssey CLx (LI-COR Biosci). To visualize anti-S421-P blots of brain lysate, a 

polyclonal goat anti-rabbit HRP conjugated secondary antibody (Dako) detected with 

SuperSignal West Femto chemiluminescent substrate (Thermo Sci) was utilized. 

 

Preparation of RNA extracts and qRT-PCR. Mice were maintained undisturbed in their 

home cage until immediately prior to extraction. They were subsequently anesthetized to 

a surgical plane of anaesthesia with isoflurane and decapitated with a sharp pair of 

scissors. Brains were then removed, dissected on ice, snap frozen with liquid nitrogen, 

and stored at -80 C until further processing. RNA was isolated and purified with the 
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miRNeasy Mini kit (Qiagen) according to the manufacturer’s instructions, with frozen 

tissue being disrupted and homogenized with the TissueLyser II (Qiagen). 

 

20ng of RNA was converted to cDNA using the Taqman Reverse Transcription kit 

(Invitrogen) using a 1:1 mix of random hexamers and oligo dT. qRT-PCR with Sybr 

Green (Applied Biosystems) was performed on 1:40 dilutions of the samples using a 

7900HT Fast Real-Time PCR system (Applied Biosystems). We generated primers that 

anneal specifically to human Huntingtin mRNA (QuantPrimer; Arvidsson et al 2008):  

Htt_F: 5’-ATC CCG GTC ATC AGC GAC TAT C-3’ ; Htt_R: 5’-GCT TGT AAT GTT CAC 

GCA GTG G-3’  

Samples were normalized using primers for mouse beta actin (QuantiTect primers, 

Qiagen). The standard curve method was used to analyse the data. 

 

Genetic rescue of embryonic lethality of complete loss of endogenous huntingtin. 

The genetic rescue of murine Htt knockout embryonic lethality was performed as 

previously described (55). Briefly, hemizygous BACHD-S421D and BACHD-S421A 

animals were bred with murine Hdh heterozygous mice (58). Mice identified as 

transgene positive and Hdh heterozygous by PCR analysis of tail DNA were then bred 

for another round with the Hdh heterozygous mice. Progeny of this cross were weaned 

at 3 weeks and genotyped. Rescue mice were defined as mice without either of the two 

endogenous Hdh alleles but with the hemizygous S421D or S421A BAC transgene. As 

previously reported (58), no mice were born completely null for the Hdh alleles unless 

the transgene was also present. 

 

Behavioral testing. All testing was performed during the light phase of the light cycle, 

and animals were given at least 45 minutes to acclimate to the testing room. 
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Approximately equal numbers of males and females were used per each genotype. Data 

was collected blind to genotype. All apparatuses were cleaned with 70% ethanol 

between each run. 

 

Accelerating rotarod. Motor performance was examined on the accelerating rotarod in a 

cohort of BACHD (N = 7), S421D (N = 17), and WT (N = 31) mice at 3, 6, and 12 months 

of age and a cohort of S421A (N = 13) and WT (N = 19) mice at 6 and 12 months of age. 

Only mice with data collected at each time point were analyzed. Before each time point, 

mice were trained on the rotarod at 16 rpm for three trials. The subsequent two days, 

mice were tested twice a day, three times each session, as it accelerated from 4 to 40 

rpm over 5 minutes. 

 

Open field. Total activity and rearing activity was assessed in an automated clear plastic 

chamber (41 x 41 x 30 cm) Flex-Field/Open-Field Photobeam Activity System (San 

Diego Instruments). Mice were placed in open-field chambers with two 16 × 16 

photobeam arrays to detect horizontal and vertical movements. Total beam breaks and 

number of rears (the number of times the mouse stood erect on its hindlegs) were 

measured automatically by the instrument over 10 minutes.  

 

Gait assessment. The CatWalk XT (Noldus) was used to automatically assess the mean 

hindlimb gait. Mice were placed on the apparatus and were removed after three runs 

that were judged compliant by the software (version 9.1) with its default settings. Paw 

identification was performed automatically by the software with human review of each 

call to confirm accuracy.  
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Light-dark box. Anxiety-like behavior was assessed in a light-dark box created with the 

open field chamber described previously with the dark box insert (San Diego Instruments 

catalog #7001-0364) added. This insert encloses half of the chamber in darkness with a 

small opening allowing free passage of the mouse between the light and dark sides. The 

amount of time spent in each chamber by a mouse during the ten minute test was 

measured automatically by the instrument. The test was conducted under standard 

lighting conditions. 

 

Stereology and Immunohistochemistry. Avertin was used to bring mice to a surgical 

plane of anesthesia, as confirmed by paw pinch and the corneal reflex. A thoracotomy 

was performed and the right atrium was ruptured with a forceps. An automated pump 

was used to perfuse saline into the left ventricle via butterfly needle, and the pump was 

run until completion of the perfusion as judged by the lack of further blood draining from 

the right atrium as well as blanching of the liver. After decapitation, brains were removed 

from the skull and the left hemisphere was further dissected on ice as needed for 

biochemistry. The right hemibrain was immersion-fixed in 4% paraformaldehyde in PBS 

at 4 for 48 hours. The volume of the neocortex was estimated in sagital brain sections 

sectioned with the vibratome at 50 µm. Sections were immunostained with anti-NeuN or 

mAb 4H7H7, washed with PBS, incubated in biotinylated secondary antibody followed 

by avidin coupled to horseradish peroxidase, placed in 20% diaminobenzidene (DAB), 

mounted, dried, and coverslipped with Entillin. Sections were analyzed at 63X using a 

digital Olympus BX51 microsocope and a Stereo Investigator system (MBF Biosciences, 

Williston, VT). Neocortex was divided into regions according to the criteria of the Allen 

Brain Atlas (mouse.brain-map.org), which includes insular, temporal, cingulated, motor, 

orbital, parietal, prelimbic, perirhinal, retrosplenial, somatosensory and visual cortices. 

Volume was estimated by point counting using Cavalieri's method. Grid spacing for 
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coronal sections was 600 μm and 300 μm respectively. For each brain every tenth 

section was analyzed. Volume was estimated for the right hemisphere and multiplied by 

2 to estimate total neocortical volume. Neocortical volume was blindly re-measured on a 

subset of sections to assess intra-observer reliability. For neuron counts, the total 

number of positive cells was averaged and expressed as relative numbers per area after 

accounting for any changes in volume. 

 

Immunohistochemical staining of mutant Huntingtin inclusion bodies. Multiple 

perfusion-fixed brains were embedded in gelatin blocks, post-fixed, and freeze-cut into 

coronal 35μm sections in 24 sequential series (NeuroScience Associates, Inc., Knoxville, 

TN). These were stored at -20° C in cryoprotectant as individual series of sections and 

stained for mutant Htt-derived aggregates with an affinity purified preparation of the 

sheep anti-Htt antibody S830 (30 ng/mL) under uniform free-floating conditions modified 

from previous descriptions (70). Binding was visualized using ultra-sensitive HRP-based 

Ni++/DAB immunohistochemistry. Images were collected on a Spot Slider camera on a 

Leica DMR microscope under the control of Image Pro Plus (Media Cybernetics, 

Rockville, MD), and minimal manipulations of images was performed in Adobe 

Photoshop CS12.0. Each field is 600 x 600 microns. 

 

Generation of S421-P phosphospecific antibodies. Affinity-purified antibodies were 

generated from rabbit serum as previously described (31) using the following 

phosphopeptide as immunogen: CSGGRSRSGpSIVELI. To increase sensitivity and 

specificity, subsequent boosts were performed with a shortened version of the peptide: 

CGRSRSG(pS)IVEL. For purification of the serum, a negative depletion technique was 

used to enrich for phosphospecific antibody by running the crude serum over a column 
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of the phosphorylated peptide. Bound antibodies were then eluted and depleted by 

running over a column with the non-phosphorylated peptide. 

 

Analysis of Huntingtin steady-state levels and clearance. N480-17Q Htt constructs 

with or without mutation at S421 (31, 43) were cotransfected with Lipofectamine 2000 

(Invitrogen) into St14A cells along with myc-actin to control for transfection efficiency. 

When indicated, cells were treated for 4 hours with DMSO or 100 nM epoxomicin in 

DMSO or for 16 hours with water or 20 nM ammonium chloride/100 μM leupeptin in 

water. The short incubation time for epoxomicin treatment was used to eliminate the 

possibility of non-specific effects of epoxomicin on the lysosome. Cell culture, lysis, and 

Western analysis were performed as previously described (28) with slight modifications 

as follows. NuPAGE Novex 4-12% Bis-Tris pre-cast gels with MOPS running buffer 

(Invitrogen) were used with 20 µg of sonicated whole cell lysate. Quantitative 

densiometric analysis was performed on digitalized images of immunoblots using 

ImageJ (NIH). Water and DMSO control condition measurements were found to have no 

statistically significant differences and were combined for the remainder of the statistical 

analyses. 

 

Statistical analyses. All data are shown as the mean ± standard error of the mean 

(SEM) unless otherwise noted. For all statistical analysis, Prism 5 software (GraphPad, 

San Diego, CA) was used with a significance level set at 0.05. For group comparisons, 

one- or two-way ANOVAs were performed as indicated with Bonferroni post hoc analysis 

for pairwise comparisons unless otherwise stated. When appropriate, means of two 

groups were compared with an unpaired two-way t test.  
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Chapter 3: BDNF transcriptional dysfunction is minimal in 

BACHD mice 

 

Introduction 

 

As discussed previously, BDNF is a crucial extracellular trophic factor and signaling 

molecule implicated in core brain processes and neuronal survival (12). Furthermore, the 

striatum produces little of its own BDNF and instead crucially depends on its delivery 

from other brain regions, particularly the cortex (13-15).  Several studies have implicated 

a mHtt-mediated reduction of BDNF at the transcriptional level as an important 

contributor to HD pathogenesis (17-19), and increasing forebrain BDNF levels via 

transgenic overexpression or reducing BDNF levels via partial knockout improved or 

worsened phenotypes in mouse models of HD, respectively (71-74). Apparently, WT but 

not mHtt facilitates BDNF transcription (16) due to the presence of an RE1/NRSE 

(repressor element 1/neuron-restrictive silencer element; referred to herein as RE1) 

locus in the BDNF exon II promoter, where REST/NRSF (RE1 silencing transcription 

factor/neuron-restrictive silencing factor; referred to herein as REST) can bind and inhibit 

transcription (75). WT Htt binds REST and keeps it sequestered in the cytosol, thereby 

preventing BDNF gene silencing. However, mHtt has a decreased affinity for REST, 

allowing it to enter the nucleus and repress transcription. Bioinformatics suggest that 

RE1 sites are found in a large number of neuronal genes (76), implying that Htt could be 

involved in regulating many other genes. Similarly, many RE1 sites are found in genes 

important for neuronal function, including synaptic transmission, and many of these 

target genes are dysregulated either in HD patients or in mouse models of HD, including 

BDNF (77). Consistent with this previous work, upon initial characterization BACHD 
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brains were reported to show a significant (~50%) deficit in cortical BDNF transcription at 

6 months of age (55).  

 

Additional molecular details have been reported on the REST-Htt interaction. It involves 

an indirect association via a complex of Htt, HAP1, and p150Glued (a subunit of the 

dynactin complex), which together interact with RILP (REST/NRSF-interacting LIM 

domain protein), which in turn binds to REST (78). The complex of Htt, HAP1, and 

p150Glued previously has been studied in the context of the role Htt plays in axonal 

trafficking. Gauthier and colleagues (79) found that this complex binds dynein and 

kinesin motors to facilitate the anterograde and retrograde axonal trafficking of vesicles, 

which in turn interact with the molecular motors via other components of the dynactin 

complex. PolyQ expansion of Htt, however, abrogated the stimulation of vesicular 

trafficking. Biochemical studies revealed an increased interaction between HAP1 and 

mHtt, in turn correlating with a decrease in the association between the molecular 

motors and the microtubules (Fig. 13a). Later work from the same laboratory reported 

that phosphorylation of mHtt at S421 restored its function in axonal transport and 

restored the normal interaction between Htt and HAP1 (45). 
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Figure 13. Cartoon schematic of the relevant Htt-HAP1-p150Glued complexes and 

their putative dysfunction in HD. 

(A) The complex has been shown to associate with microtubules and molecular motors to 

facilitate vesicular trafficking (left). However, mHtt binds to the complex more tightly 

(bolded lines), thereby decreasing the association with molecular motors and leading to a 

reduction in vesicle movement (right).  

(B) The same complex has been reported to bind REST indirectly via RILP in order to 

sequester REST in the cytosol and prevent it from acting on RE1 sites in the nucleus 

(left). We hypothesized that mHtt might cause an analogous decrease in association of 

the complex with RILP, thereby allowing REST to localize to the nucleus and alter 

transcription (right). 
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Given the apparent biochemical similarities between the interactions of the Htt, HAP1, 

and p150Glued complex with molecular motors and RILP-REST, we hypothesized that 

S421-P might ameliorate mHtt-mediated BDNF transcriptional dysfunction specifically 

and the associated anticipated REST/NRSE dysregulation more generally in BACHD 

mice (Fig. 13b). As we investigated this possibility, however, we found no evidence of 

significant transcriptional dysfunction for BDNF or Synapsin I (Syn-1), another REST-

regulated gene. Thus, we conclude that BDNF transcriptional dysfunction and the Htt-

REST interaction are responsible for little if any of the mHtt-evoked phenotype observed 

in BACHD mice. 

 

Results 

 

We first attempted to recapitulate the reported BDNF transcriptional decrease in the 

cortex of BAHCD mice at 6 months of age (55). We isolated RNA from BACHD mice and 

WT littermate controls and converted it to cDNA. We then performed qRT-PCR using the 

same two sets of primers to amplify BDNF cDNA as had been used previously. These 

primers, which amplify both the coding region and exon IV of BDNF cDNA, respectively, 

demonstrated at least a 50% reduction in BDNF transcription in the previous report (55). 

To our surprise, however, we detected no significant decrease with either set of primers 

(Fig. 14a, b). To follow up on this finding, we sought another neuronal gene known to be 

regulated by REST to look for any evidence of the widespread REST-mediated 

transcriptional dysfunction that has been reported in HD (77). Syn-1 is such a gene (80). 

Just as for BDNF, we did not detect any changes in Syn-1 transcription (Fig. 14c). 
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Figure 14. qRT-PCR of BACHD cortex detects no changes in BDNF or Syn-1 

transcription. 

qRT-PCR on cDNA generated from BACHD and WT littermate controls at 6 months-of-age 

revealed no statistically significant differences in BDNF transcription utilizing previously published 

primers that amplify exon IV (A) or the coding region of BDNF (B), respectively. (C) No 

differences were found in transcript levels of Syn-1, a gene strongly regulated by REST.  

Error bars indicate mean ± SEM; n.s., not significant by unpaired t test. 

Given the unexpected nature of these findings and the limitations of any single negative 

result, we sought to confirm our data with other experimental approaches that have non-

overlapping caveats and limitations. To address the concern of significant RNA 

degradation during the harvesting of brain tissue, we bred a new cohort of BACHD mice 

and WT controls. At 8 months of age, we isolated cortex, striatum, and cerebellum of 

these mice, and to minimize any RNA degradation the mice were rapidly anesthetized 

and decapitated, brains were dissected on ice, and tubes were snap-frozen in liquid 

nitrogen. To minimize any transcriptional changes that might be evoked by the process 

of removing mice from their holding room and bringing them into the necropsy room, 
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only one cage (≤ 5 mice) was brought to the room at a time and the cages were not 

disturbed in any way until that moment. After completion, we again isolated RNA and 

created the associated cDNA. In collaboration with the Institute for Systems Biology, we 

performed whole transcriptome shotgun sequencing (RNA-seq) to look for global 

transcriptional changes in BACHD mice (H.Z., I.K., S.F., unpublished data). In 

agreement with our original qRT-PCR data, there were no significant changes in BDNF 

or Syn-1 in any of the three brain regions analyzed (data not shown).  

 

 As a final approach, we looked at 

BDNF protein itself in the cortex of 

12-month-old BACHD and WT 

littermate control mice. Western 

blots of soluble cortical lysate 

detected no changes in BDNF (Fig. 

15). We also employed 

immunohistochemistry to stain for 

BDNF (A.O., I.K., S.F., unpublished 

data). While BDNF was clearly 

decreased in the R6/2 mouse 

model of HD based on 

overexpression of an exon1 fragment of mHtt, there was no decrease in BDNF in 

BACHD retrosplenial cortex, as consistent with our prior results. In fact, BDNF levels 

actually were higher in this brain region in BACHD mice compared to WT controls (data 

not shown). This finding could be consistent with BDNF accumulation caused by mHtt-

induced deficits in its anterograde trafficking. In sum, these results further support our 

 

Figure 15. No significant changes in BDNF 

protein in BACHD mice. 

Western blot of soluble cortical lysate of 12-month-

old BACHD and WT littermate controls reveals no 

significant differences in BDNF at the protein level. 

γ-tubulin was used as a loading control. 
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findings that BDNF transcriptional dysfunction and the Htt-REST interaction are not 

required for the mHtt-evoked phenotype observed in BACHD mice. 

 

Methods 

 

RNA collection and cDNA creation for qRT-PCR 

Avertin was used to bring mice to a surgical plane of anesthesia, as confirmed by paw 

pinch and the corneal reflex. A thoracotomy was performed and the right atrium was 

ruptured with a forceps. An automated pump was used to perfuse saline into the left 

ventricle via butterfly needle, and the pump was run until completion of the perfusion as 

judged by the lack of further blood draining from the right atrium as well as blanching of 

the liver. After decapitation, brains were removed from the skull, snap frozen on dry ice, 

and stored at -80 C until further processing. RNA was isolated and purified with the 

RNeasy Lipid Tissue Mini kit (Qiagen) according to the manufacturer’s instructions, with 

frozen tissue being disrupted and homogenized initially by pipetting and finally with the 

QIAshredder (Qiagen). 300 ng of RNA was converted to cDNA in a 50 µl reaction using 

the Taqman Reverse Transcription kit (Invitrogen) using a 1:1 mix of random hexamers 

and oligo dT’s. 

 

qRT-PCR 

qRT-PCR with Sybr Green (Applied Biosystems) was performed on 1 µl of the 

aforementioned cDNA using a 7900HT Fast Real-Time PCR system (Applied 

Biosystems). Primers used for mouse BDNF (55), syn-1, and β-tubulin were as follows: 

BDNF exon IV, forward: 5’-GCA GCT GCC TTG ATG TTT AC-3’ ; BDNF exon IV, 

reverse: 5’-CCG TGG ACG TTT ACT TCT TTC-3’; BDNF coding sequence, forward: 5’-
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ATT AGC GAG TGG GTC ACA GC-3’; BDNF coding sequence, reverse: 5’-TCA GTT 

GGC CTT TGG ATA CC-3’; Syn-1, forward: 5’-AGC TCA ACA AAT CCC AGT CTC T-3’ 

; Syn-1, reverse: 5’-CGG ATG GTC TCA GCT TTC AC-3’ ; β-tubulin, forward: 5’-GAT 

CGG TGC TAA GTT CTG GGA-3’; β-tubulin, reverse: 5’-AGG GAC ATA CTT GCC ACC 

TGT. 

Samples were analysed using the delta-delta Ct method with β-tubulin used for 

normalization. 

 

RNA collection and cDNA creation for RNAseq 

Mice were maintained undisturbed in their home cage until immediately prior to 

extraction. They were subsequently anesthetized to a surgical plane of anaesthesia with 

isoflurane and decapitated with a sharp pair of scissors. Brains were then removed, 

dissected on ice, snap frozen with liquid nitrogen, and stored at -80 C until further 

processing. RNA was isolated and purified with the miRNeasy Mini kit (Qiagen) 

according to the manufacturer’s instructions, with frozen tissue being disrupted and 

homogenized with the TissueLyser II (Qiagen). 20 ng of RNA was converted to cDNA 

using the Taqman Reverse Transcription kit (Invitrogen) using a 1:1 mix of random 

hexamers and oligo dT’s. 

 

Preparation of brain lysate and western blotting  

Mice were anesthetized to a surgical plane of anaesthesia with isoflurane and 

decapitated with a sharp pair of scissors. Mouse brains were removed, dissected on ice, 

snap frozen on dry ice, and stored at -80 C until further use. Brains were homogenized 

in a modified RIPA buffer (55) supplemented with Halt Protease and Phosphatase 

Inhibitor Cocktails (Thermo Sci) using a pellet pestle (Kontes). The samples were then 
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centrifuged at 4 C for 15 min at 13,000 rpm. The soluble supernatant was retained, and 

protein concentration was determined using the BCA Protein Assay (Thermo Sci). 

 

For Western blots, we used Mini-PROTEAN TGX 12% pre-cast gels (BioRad). Samples 

(70 µg) were prepared with standard Laemmli sample buffer supplemented with 2-

mercaptoethanol as the reducing agent and boiled for 5 min. After resolution by PAGE 

using tris-glycine SDS running buffer, protein was wet-transferred onto Immobilon-FL 

(Millipore) polyvinylidene difluoride (PVDF) using tris-glycine transfer buffer with 20% 

methanol overnight at 25 V constant at 4 C. Immunoblots were probed with anti-BDNF 

(abcam, ab6201, 1:500) and anti-γ-tubulin (Sigma, T6557, 1:20,000). Appropriate IRDye 

secondary antibodies (LI-COR Biosci) were used at a 1:20,000 dilution.  Images were 

captured with the Odyssey CLx (LI-COR Biosci). 
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Chapter 4: Discussion 

 

In this work, we show that phosphomimetic mutation at S421 strongly ameliorates the 

toxicity of fl-mHtt in vivo and that significant dysregulation of BDNF or REST-mediated 

transcription does not appear to be required to evoke the BACHD phenotype. We found 

that the S421D mutation prevented the onset of a variety of behavioral phenotypes and 

the selective striatal neurodegeneration that occurred in unmodified BACHD mice. 

Conversely, the S421A mutation did not prevent the development of a behavioral 

phenotype proportional to mHtt expression levels. Thorough characterization of the 

S421D mutant mice revealed that the phosphomimetic mutation did not alter the ability 

of the mHtt transgene to rescue the embryonic lethality of Htt knockout, and it mitigated 

behavioral and histopathological phenotypes without significantly altering IB formation. 

Surprisingly, while S421D mice had similar levels as BACHD mice of both Htt mRNA 

and soluble protein in the cortex, they had relatively decreased steady-state levels of 

protein but not mRNA in the striatum. Furthermore, biochemical analyses confirmed that 

the S421D mutation decreased the steady-state levels of soluble Htt in a striatal cell line 

and suggested that this occurs via increased Htt flux through the proteasome. In sum, 

these results specifically validate S421-P as a therapeutic target in HD and further 

support strategies aimed at increasing mHtt turnover in the striatum as a promising 

treatment approach.  

 

The significant impact of phosphomimetic mutation of S421 on mHtt toxicity reported 

here extends previous studies (31, 42, 44, 48) to a transgenic mouse model of HD that 

expresses fl-mHtt under the control of its endogenous promoter and regulatory regions. 

Comparing a line of S421D mice with expression levels similar to the unmodified 
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BACHD mice was of critical importance, both in terms of meaningful interpretation of 

altered behavioral and histopathological phenotypes and for detecting changes in protein 

turnover. That S421D has such a drastic effect on the disease phenotype underscores 

the critical role that protein context plays in polyQ-mediated toxicity (22, 23) and 

confirms that PTMs seemingly more distant from the disease-associated mutation 

nevertheless can still modify disease pathogenesis in a crucial manner (24, 81). 

 

Our study also determined that preventing phosphorylation at S421 did not significantly 

increase fl-mHtt toxicity, as might have been expected. However, disease-associated 

expansion of the polyQ repeat was shown previously to significantly decrease the 

amount of Htt phosphorylated at S421 in both cells and mouse brains (44, 50). The low 

levels of mHtt phosphorylation we detected in BACHD cortex agree with these prior 

findings and might explain why S421A mice did not show a more aggressive phenotype. 

In the setting of low baseline levels of phosphorylation, S421A is expected to be the 

more conservative mutation. On the other hand, the permanent addition of a negative 

charge via aspartic acid mutation to mimic tonic phosphorylation represents a more 

drastic change. In agreement, not only did the S421D mice demonstrate remarkable 

amelioration of the HD phenotype, but the striatum showed a complete rescue of 

neurodegeneration. In a striatal cell line expressing Htt-N480-17Q, however, the S421A 

mutation did have a significant effect diametrically opposite to that of S421D. The higher 

S421-P levels in the context of this non-pathogenic Htt fragment presumably allowed for 

the effects of the S421A mutation to become more apparent. 

 

This work also revealed that the S421D mutation led to a decrease in striatal steady-

state fl-mHtt levels, suggesting increased mHtt flux through the proteasome. Whereas 

phosphomimetic mutation of serines 13 and 16 drastically alters Htt’s aggregation 
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properties (27), S421D did not appreciably alter IB formation, suggesting that misfolded 

polyQ stretches are still present and being recognized by neurons. If true, this would 

imply that S421D-mediated amelioration of mHtt toxicity occurs at least in part via other 

mechanisms. Htt previously has been connected to protein-turnover pathways (82, 83), 

and increasing reports of phosphorylation-dependent ubiquitination in other proteins (84) 

offers one plausible mechanism whereby S421-P could increase Htt flux through the 

proteasome.  

 

Indeed, S421 is a highly conserved consensus Akt phosphorylation site, and Akt is 

centrally involved in signaling cascades that regulate protein turnover (85). Further, 

S421 is situated in a region of Htt especially rich in PTMs (24), offering the possibility 

that one or more of these PTMs regulates Htt catabolism. Of particular note, acetylation 

of Htt at K444 has been reported to target Htt to autophagosomes for degradation (38), 

whereas our work suggests that S421-P might increase Htt flux through the proteasome. 

An enticing hypothesis, therefore, is that regulation of these two relatively nearby PTMs 

determines whether Htt is degraded by the proteasome or by autophagy, the two main 

pathways of turnover for cytosolic proteins (86). Considering that mHtt causes impaired 

loading of autophagosomes (87), its targeting to the proteasome might be crucial for 

preventing neuronal dysfunction and death. Indeed, a neuron’s ability to turn over mHtt 

can be a greater determinant of toxicity than overall mHtt levels (A.T. and S.F., 

unpublished data). In this scenario, the decrease of S421-P caused by polyQ expansion 

could be considered a toxic LOF that is prevented by phosphomimetic S421D mutation. 

Recently, it was found that serines 431 and 432 of Htt are also phosphorylation sites 

whose mutation can influence mHtt accumulation and that K444 can be ubiquitinated in 

addition to being acetylated (41). These findings further support the hypothesis that 

PTMs in this region of Htt are crucial regulators of Htt clearance. Finally, the age-
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dependent decline in proteasome function (88) and consequent inability to process the 

same levels of flux could explain why the S421D mice finally developed rotarod deficits 

at 12 months of age. 

 

Why were the ameliorating effects of S421D most apparent in the striatum? Circuit-

specific factors, such as the predominance of inhibitory GABAergic MSNs (89), likely 

play a role. Additionally, MSNs are dependent on other brain regions for the delivery of a 

critical extracellular growth factor, BDNF (13), whose downstream effects include 

activation of Akt. While we did not detect significantly decreased BDNF transcription, 

small changes unable to be detected by our techniques could still play a role, especially 

over the course of a progressive disease. These and other factors likely explain why, 

under normal conditions, the striatum shows less phosphorylation at S421 than do other 

brain regions less affected in HD (50). This implies that the S421D mutation represents a 

particularly consequential change to this brain region. Additionally, the striatal 

expression profile likely modulates the effect of S421D. For example, the Ras 

homologue Rhes is highly enriched in the striatum where it sumoylates mHtt, greatly 

enhancing its toxicity (39). Intriguingly, sumoylation competes with and thereby 

decreases ubiquitination of lysines, leading to an increase in soluble levels of mHtt (25). 

The apparent increase in mHtt flux through the proteasome caused by S421D might 

counteract this process. Yet it is also worth noting that S421D might decrease steady-

state levels of mHtt in brain regions beyond the striatum, but western blots of brain 

lysates and qRT-PCR may not be sufficiently sensitive to detect a more modest effect. 

For example, comparison of the S421D line to BACHD mice revealed a trend towards 

increased cortical levels of mHtt mRNA with no such trend noted at the protein level, 

consistent with the possibility that S421D might increase mHtt turnover in the cortex as 

well. 
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Of note, 4H7H7 staining was down by 30% by IHC (where proteins are fixed in their 

native  conformation) but total Htt levels were down by only 15% by western blot (where 

proteins are denatured). While there are considerable limitations to the quantification, 

particularly in the case of IHC, this discrepancy could be revealing. Recently, it has been 

shown that disease-associated polyQ stretches can adopt a compact hairpin structure 

(90) in situ, whose presence quantitatively and significantly predicts neurodegeneration 

(91). This structure is recognized by mAb 4H7H7 (J.M., S.F., unpublished data). Hence, 

the aforementioned discrepancy could mean that S421 regulates Htt conformation 

directly or that the fraction of Htt that is lowered in the striatum has particularly adopted 

the compact hairpin structure recognized by mAb 4H7H7. Since this conformation 

predicts toxicity, neurons might be accelerating the clearance of this subset of Htt 

molecules in order to enhance their survival. 

 

There are presumably several other mechanisms that play an important role in 

orchestrating S421D’s ability to diminish mHtt toxicity. Although we did not detect BDNF 

transcriptional deficits, for example, mHtt has also been reported to decrease 

anterograde transport of BDNF in cortical neurons (79), which is critical for its delivery to 

the striatum. Further, S421-P has been reported to restore this mHtt-induced vesicular 

trafficking defect (46), potentially allowing the use of the S421D mice to confirm these 

findings. However, such cortical trafficking deficits have been controversial (92) and 

have not been reported in BACHD mice, limiting our ability to test this hypothesis in the 

S421D mice. It is worth nothing, however, that while our immunohistochemistry for 

BDNF in BACHD mice did not detect overall changes in BDNF levels, we did note some 

changes in BDNF accumulation, which could be consistent with a heretofore 

undescribed trafficking deficit in the BACHD model. 
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Although previous reports have observed BDNF and REST-mediated transcriptional 

dysfunction in the setting of mHtt, we did not detect any such changes. The explanations 

behind this discrepancy remain unclear, but one possibility is that transcriptional 

dysfunction is a late event in HD that is more easily appreciated in the context of 

aggressive models based on the expression of N-terminal mHtt fragments. Another 

possibility is that the presence of diploid, endogenous mouse Htt is able to compensate 

for this particular deficit caused by the transgenic mHtt. In principle, the mice produced 

by transgenic rescue of endogenous Htt knockout could address the latter possibility, but 

the burden of the breeding necessary to obtain a cohort of these mice (1 of 7 expected 

rescue mice) makes the logistics of such an experiment difficult. Finally, small 

procedural differences from the previously published studies might explain our 

discordant results, particularly when studying a molecule as potentially labile as RNA. 

 

How do our results fit with current models of polyQ disease? Increasing evidence 

suggests that, as opposed to the conventional view, polyQ diseases might instead be 

explained by a dominant GOF together with a role for LOF (Fig. 16) (93-95). In the wild-

type setting, the host protein might adopt one of several conformations, depending on 

specific post-translational modifications, such as phosphorylation. Different 

conformations might, in turn, be associated with particular functions. In the disease 

setting, polyQ expansion could stabilize certain normal conformations of the host protein 

at the expense of others. That is, the wild-type equilibrium of protein conformations 

would be disrupted so that functions associated with preferred conformations are 

enhanced, whereas the remainder would be deficient.  

 

PolyQ expansions are also known to place an extra burden on a cell’s protein folding 

machinery. Disease might also occur because the burden disrupts proper folding of 
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other metastable proteins, contributing to their LOF (96). However, it is possible to 

imagine that the burden on the chaperone system could cause disease by enhancing a 

normal function of the instigating polyQ protein. If certain conformations of the polyQ 

protein require or are recognized by chaperones, then the reduced availability of 

chaperones could shift the distribution of its conformers towards those that do not 

require chaperones (Fig. 16). The increase in the function that corresponds to that 

conformer would represent a GOF linked to the protein’s normal function. Together, 

these changes might bring about cell dysfunction and eventual death. 

 

 

Figure 16. Conventional and alternative hypotheses on the role of an expanded 
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polyQ stretch in disease. 

In the conventional view, a protein with a polyQ stretch (hatched region) has a specific normal 

function. Expansion of the polyQ stretch causes disease due to an unrelated toxic gain of function 

(GOF) or a loss of normal function (LOF). In an alternative view, the protein exists in an 

equilibrium of distinct conformations, some associated with particular and distinct normal 

functions. The equilibrium could be influenced in multiple ways, including chaperone binding (pink 

circle) and post-translational modifications, such as phosphorylation (yellow circle). With polyQ 

expansion, the equilibrium is disturbed, leading to GOF associated with enhanced function of the 

stabilized conformer. There is also LOF due to decreased function associated with the less 

preferred conformer. The polyQ expansion could affect the equilibrium by stabilizing one of the 

conformers directly or by promoting an interaction with a conformation-specific binding partner 

(not depicted), or indirectly by reducing chaperone availability through stress on the protein 

homeostasis machinery. 

 

Our studies of S421-P are certainly consistent with a model of this sort. The potentially 

increased trafficking of Htt-S421D through the proteasome could represent a native Htt 

function enhanced either directly or indirectly by the phosphomimetic mutation. As such, 

S421D might counteract the toxic LOF caused by the decrease in S421-P that occurs 

with polyQ expansion. Additionally, S421-P might push Htt away from other 

conformations that are associated with GOF toxicity and/or increased stress on the 

protein homeostasis machinery. In sum, S421-P might restore a less toxic equilibrium of 

Htt conformations and associated functions, thereby ameliorating both GOF and LOF 

toxicity. Our ongoing studies of possible subtle changes associated with S421-P on Htt 

conformations, interaction partners, and subcellular localization should help validate or 

refine these ideas. 
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While discussing polyQ disease more generally, the possible broader impact of 

phosphorylation at Akt consensus sites is worthy of mention. For example, 

spinocerebellar ataxia type 1 (SCA1) is caused by a polyQ expansion in the ataxin-1 

(Atxn1) protein, and like Htt, Atxn1 has an Akt consensus site at S776 that has been 

shown to play a crucial role in Atxn1-mediated toxicity in vitro and in vivo (81, 97). Unlike 

Htt, however, phosphorylation of Atxn1 at S776 is necessary for toxicity, as it enhances 

binding of Atxn1 to 14-3-3 proteins and thereby slows normal protein turnover. 

Furthermore, phosphomimetic mutation of Atxn1-S776 in the context of a non-

pathogenic polyQ stretch is toxic (95), which adds support to the hypothesis that too 

much normal function of a polyQ protein might explain some or all of the GOF toxicity 

seen in polyQ disease (Fig. 16). 

 

Why does phosphorylation of Htt-S421 and Atxn1-S776 lead to dramatically opposite 

effects on host protein toxicity? In fact, these results might be completely compatible. 

Although S776 was identified as a consensus Akt phosphorylation site, PKA instead has 

been identified as the active kinase in vivo (98). Interestingly, cerebellar Purkinje cells, 

which are the prominent site of pathology in SCA1, express D2 receptors (D2Rs), and 

D2R signaling can modulate Atxn-1 toxicity (99). The striatal MSNs of the indirect 

pathway also express D2Rs, and these MSNs are similarly thought to be the most 

vulnerable in HD (2). In both cases, the effect might be due to regulation of kinase 

activity, as D2R signaling activates PKA but inhibits Akt (100). Thus, D2R activation 

increases phosphorylation of Atxn1-S776 but decreases phosphorylation of Htt-S421, 

which others and we have now shown to modulate the toxicity of both mutant proteins, 

respectively, in vivo. 

 



64 
 

There is still further evidence for a modulatory role of Akt consensus sites in polyQ 

diseases. PolyQ expansion in the androgen receptor (AR) leads to spinal and bulbar 

muscular atrophy (SBMA), also referred to as Kennedy’s disease (22). The AR contains 

two Akt consensus sites, and phosphorylation at one or both of these sites decreases 

AR translocation to the nucleus and blocks AR-induced apoptosis in cell culture (101). 

Additionally, phosphomimetic mutation at both sites substantially reduces the toxicity of 

polyQ-expanded AR in a motor neuron cell line (102), and overexpression of IGF-1—

which is known to lead to Akt activation—in the skeletal muscle of a transgenic mouse 

model of SBMA significantly attenuates disease (103). IGF-1 overexpression also led to 

increased clearance of the mutant AR by the proteasome, a finding that could be 

consistent with our data suggesting that phosphorylation of Htt at S421 increases Htt flux 

through the proteasome. In sum, the apparent importance of Akt consensus sites to HD, 

SCA1, and SBMA pathogenesis suggests that it will be fascinating to determine if there 

are any such sites in other proteins with polymorphic polyQ expansions, and if so, 

whether they similarly modulate the toxicity or turnover of the host protein. 

 

In conclusion, this study demonstrates the significance of S421 to the toxicity of fl-mHtt 

in vivo. Our findings indicate that increasing levels of S421-P in HD patients could be a 

viable therapeutic target for this devastating disease. Given Akt’s oncogenic potential 

(85), direct activation may not be an optimal approach, but future work focused on the 

effects of S421D on mHtt’s local structure and binding partners might present suitable 

targets for a small molecule drug. 
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Appendix 1: Visualizing Intracellular Htt-S421-P 

 

Introduction and Results 

 

One common function of PTMs is to alter subcellular localization, and this is true in the 

case of Htt (28, 29, 36, 38). The majority of these findings come from model systems 

based on overexpression of an N-terminal fragment of Htt in cell lines, with subsequent 

immunocytochemistry or epifluorescence microscopy to visualize Htt localization. 

Conversely, subcellular fractionation of BACHD brain lysates has proven to be 

insufficiently sensitive to detect the modest subcellular changes associated with a 

change at a single PTM (27). (Of course, an alternative explanation is that the findings 

from cell culture do not apply to full-length Htt or full-length Htt in vivo.) Due to these 

discrepancies, we have taken several different approaches to assay whether S421-P or 

the S421D mutation alter Htt subcellular localization. 

 

First, we compared 4H7H7 staining in slices from BACHD and S421D mouse striatum 

(Fig. 11a). There were no substantial differences, though there might have been hints of 

relatively decreased nuclear and increased axonal staining in the S421D slices. As a 

complementary method, we stained cortical and striatal slices from BACHD and S421D 

mice with our anti-S421-P phosphospecific antibodies (Fig. 17).  
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Figure 17. Immunohistochemistry with S421-P phosphospecific antibodies. 

Immunohistochemical staining of cortical and striatal slices with our affinity-purified anti-S421-P 

phosphospecific antibodies reveals predominantly perinuclear and cytoplasmic staining. As 

expected, the WT control and S421D slices show no significant reactivity. The scale bar 

represents 20 µm. 

 

As expected, S421D slices showed no reactivity (Fig. 1b). The S421-P signal was low in 

BACHD mice, also as expected, and its distribution appeared similar to the 4H7H7 

staining of S421D brain slices with the exception of no clear staining of the axon. The 

majority of the staining was perinuclear and cytoplasmic, with the latter likely 

representing endoplasmic reticulum (ER) and endosomal structures. 
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To explore S421D subcellular localization at even higher magnification, we performed 

immunogold electron microscopy (EM) on cortical brain slices with 4H7H7 (Fig. 18). 

 

 

Figure 18. 4H7H7 Immunogold electron microscopy. 

4H7H7 immunogold electron microscopy of cortical slices reveals mHtt localized to the rough 

endoplasmic reticulum (RER), mitochondrial matrix, and synapse in both BACHD and S421D 

mice. Intriguingly, the mHtt in BACHD mice is preferentially post-synaptic, whereas in S421D 

mice it is preferentially pre-synaptic. The scale bars represent 100 nm for both the RER and 

mitochondria and 500 nm for the synapse. 

As expected, mHtt localized to the rough ER, mitochondrial matrix, and synaptic regions. 

The most obvious difference was a preferential post-synaptic localization of mHtt in 

BACHD mice but a preferential pre-synaptic localization of mHtt in the S421D mice. This 

could be consistent with a rescue of putative mHtt-induced anterograde vesicular 

trafficking deficits by phosphomimetic mutation at S421 (45). Alternatively, the synaptic 
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mHtt might be associated with smooth ER, but it is difficult to be certain from these 

images alone. 

 

Finally, given the success other groups have had using N-terminal fragments of Htt to 

ascertain changes in subcellular localization with PTM, we transfected Htt-N586 

constructs into N2a cells and visualized them 24 hours later using confocal microscopy 

(Fig. 19a). There were no obvious differences in subcellular localization evoked by the 

S421 mutations. We performed a similar study in mouse primary cortical neurons. 

Careful analysis revealed a trend towards a decreased nuclear to cytoplasmic ratio in 

the S421D versus S421 condition (Fig. 19b). However, further study is needed to 

determine if the trend represents normal variation or a significant difference.  

 

Figure 19. Subcellular localization of Htt-N586. 

(A) N2a cells were transfected with different versions of Htt-N586-GFP and visualized 24 

hours later by confocal microscopy after Hoechst staining. There were no obvious 

changes in subcellular distribution. 

(B) Primary cortical neurons were transfected with Htt-N586-17Q-GFP or Htt-N586-17Q-
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GFP-S421D and fixed 48 h later. Average nuclear and cytosplasmic intensities were 

tabulated blinded to genotype and a ratio was calculated after background subtraction. 

S421D showed a trend towards a subtle decrease in nuclear localization. The Mann-

Whitney test was used to compare the means so as not to assume a Gaussian 

distribution of the data. Error bars depict the mean ± 95% confidence interval. 

Methods 

 

Immunohistochemistry. Brain slices were stained using our affinity purified rabbit anti 

Htt-S421-P phosphospecific antibodies with the same protocol as described in chapter 2 

of this thesis. 

 

Immunogold labeling and electron microscopy. Brain slices were prepared as 

described for immunohistochemistry. The immunogold labeling and electron microscopy 

were performed as previously published (91). 

 

Immunocytochemistry. Mouse primary cortical neurons were plated on coverslips and 

co-transfected with eGFP-tagged human Htt-N586-136Q or Htt-N586-136Q-S421D and 

mApple as a transfection marker. Cultures were fixed 24 h later with 4% PFA, 

permeabilized with 0.1% Triton-X, blocked, immunolabeled overnight with 3B5H10 

antibody, and finally labeled with cy5-conjugated goat anti-mouse secondary. Images 

were captured using a 63X, 1.4 N.A. oil immersion lens on a Confocal Zeiss LSM 

510 microscope. Each neuron subjected to quantitative fluorescent imaging was 

selected randomly using the mApple channel and focused on using the fast-focus option 

of the lsm software using the DAPI channel.  For each cell, images for DAPI, GFP, 

mApple, and Cy5 were acquired using the appropriate filters. The photomultiplier tube 
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(PMT) detector gain and offset settings were dictated by the detection range necessary 

to image each channel, with a single consistent setting used for each channel across all 

constructs. Images were analyzed with ImageJ (NIH) in a blinded fashion. Only neurons 

that appeared healthy were analyzed. For each neuron, mean intensities of a circular 

region of interest drawn over the nucleus, a representative region of the cytoplasm, and 

the local background signal were collected. Both nuclear and cytoplasmic signal 

intensities were corrected for the local background signal and then a ratio was 

calculated. 
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Appendix 2: BAC DNA Purification for Microinjection 

 

This protocol for the purification of high molecular weight (HMW) BACs for subsequent 

microinjection into mouse embryos is adopted and modified from several different 

sources: the original protocols published by Prof. X. William Yang and collaborators (69, 

104, 105), modifications taught by Dr. Xiaofeng Gu of the Yang laboratory during a visit 

to UCLA, the University of Michigan Transgenic Core 

(http://www.med.umich.edu/tamc/bacdna.html), and a protocol from the lab of Prof. 

Douglas Mortlock (http://labnodes.vanderbilt.edu/resource/view/id/1121). PFGE protocol 

adopted and modified from Dr. Edward Hsiao. Steps have been optimized for equipment 

at the Gladstone Institutes of Neurological Disease and for purification of a ~240kb BAC 

containing a long CAG-CAA repeat stretch. 

 

General notes: All centrifugation steps are performed at 4 C unless otherwise noted. 

Use autoclaved solutions if possible and DNase free tips and tools when necessary. 

Always gently pour or use cut tips when handling DNA and at any step beyond bacterial 

lysis. For DNA dissolving steps, it is almost always worthwhile to place the tube in a 37 

water bath for 5-15 min before proceeding to the next step. Otherwise, try to keep 

everything on ice unless otherwise stated. Use a swinging bucket rotor whenever 

possible (JS13.1 for Finkbeiner lab) so that small pellets can be more easily located. 

Every step has to be done very gently!! For example, this means no inversion of tubes 

but instead you gently swirl or slowly lay the tube on its side and then slowly roll it. The 

goal is to be very gentle but also efficient so that the DNA is not handled any more than 

necessary, as it is very fragile and every step increases the likelihood of sheering. 

Always remember to balance your tubes before spinning with the appropriate reagent! 
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Day One: 

1. Streak out the bacteria containing the BAC from your glycerol stock onto a plate 

with appropriate antibiotic resistance (often chloramphenicol), being sure to use 

appropriate technique such as to isolate single colonies. Incubate the plate 

overnight at 30 C. The 30 is especially important for BACs with long repeat 

stretches, but is worth doing in general since replication errors will occur at a 

lower frequency, a highly desirable outcome when the DNA will be used to 

generate a mouse line. 

 

Day Two: 

1. Inoculate a single colony into 4 ml of LB with antibiotic and grow again at 30 C 

overnight. Do this for several colonies. 

 

Day Three: 

1. Transfer the overnight culture into 700 ml LB medium with antibiotic and culture 

overnight at 30 C.  

 

Day Four: 

1. Harvest the bacteria early the next morning. The OD600 should be ~1.2. Make 

sure to keep your OD readings in the linear range when measuring, as it is 

important not to overgrow the cultures. 

2. Split the 700 ml culture into two standard 500ml tubes. Use the F10 rotor and 

spin at 6000 x g for 15 min. Carefully discard the supernatant. 
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3. Re-suspend the pellet (without vortexing) with 25 ml ice-cold NaCl solution (use 

0.1ml of 5M NaCl solution per 50ml ddH2O). Spin at 6000 x g for 15 min. 

4. Immediately (this pellet is not as solid as the previous one and you want to 

preserve as much starting material as possible) and gently pour off the 

supernatant. Freeze the pellet at -80 C overnight (or for at least 2 hours). 

 

Day Five: 

1. Place solutions I and III on ice. 

2. Thaw the pellet at room temperature (~20 min). Slowly add 5 ml ice-cold solution 

I and mix thoroughly. Do not vortex to resuspend. Recombine the two pellets into 

one tube (total 10 ml) before proceeding. If your pellets were quite large then you 

might choose not to combine, but I found that insufficient starting material was a 

major problem in terms of actually recovering enough BAC by the end of the 

protocol. However much solution you use, keep the following ratios constant and 

as you proceed ensure that you’ve added enough solution to resuspend, lyse, 

and neutralize all bacteria. It is very important to add solutions II and III quite 

slowly without exceeding the 5 min lysing time, so do not try to do more than two 

tubes at a time for steps 2-4. 

3. Add 20 ml of fresh solution II very gently by adding it around the rim of the tube 

slowly while gently swirling the tube. Mix the tube gently by rolling at room 

temperature for not more than 5 min. 

4. Slowly add 15 ml ice-cold solution III very gently and mix thoroughly and gently.  

5. Place on ice for 30 min, with a gentle mix every 10 min. More than 30 min on ice 

is not a problem if you have more tubes from the previous steps that need to 

catch up to this step. 
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6. Spin in the F10 at 10,000 rpm for 20 min at 4 C. If you need to add solution to 

balance the tubes, use solution I. During the spin, pre-chill 50 ml tubes for the JS 

13.1 rotor (you might need more than one per 500 ml tube).  

7. Immediately at the end of the spin, gently pour the supernatant into a new pre-

chilled 50 ml tube. The bacterial debris does not pellet very well, so be careful. 

Most of the time, despite your best effort, some of the debris will end up in the 50 

ml tube, and this is okay. Just try and not to let a significant portion to transfer. 

Even if it does, you’ll be able to remove it at the next step, but it will take more 50 

ml tubes. 

8. Spin the 50ml tubes in the JS 13.1 rotor at 10,000 rpm for 15 min at 4 C. 

Prepare for the next step during the spin. 

9. Immediately and gently pour the supernatant through a cell strainer (BD Falcon, 

70 µm or 100 µm) into a 50 ml tube that is on ice. Try to minimize shearing forces 

associated with the filtering into the tube. Go slowly, as any small bit of debris 

rapidly clogs the strainer and results in spillage. Have multiple filters ready per 

tube just in case. 

10. Transfer the supernatant back into a pre-chilled 500 ml tube. 

11. Add an equal volume (~45 ml) of room temperature molecular biology grade 

isopropanol slowly by tilting the tube and rotating it as you add. Mix thoroughly 

and gently by rolling the tube on its side for ~2 min but do not invert.  

12. 10,000 rpm X 20 min at 4 C in the F10. Immediately but very carefully discard 

the supernatant. There should be a long, spread-out pellet on one “side” of the 

tube. Invert and let dry at RT for ~1 min. 

13. Add 9 ml TE buffer to dissolve the pellet. Add it slowly and do not pipet up and 

down at any point, just swirl gently and/or leave the tube on its side for a couple 
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of minutes. A few minutes of time in the 37 C water bath also can be helpful 

here.  

14. Transfer to a 30 ml tube. 

15. Add 4.5 ml 7.5 M K-acetate, mix gently. 

16. Place at -80 C for 30 min. 

17. Thaw completely at room temp (~20 min). Then spin at 6000 rpm X 10 min at 4 

C in the JS 13.1. 

18. Transfer the supernatant into 50 ml tubes. You will need to divide one tube into 

two 50 ml tubes; or, more ideally, divide 2 tubes into 3 tubes. (It’s worth 

combining different preps to ensure sufficient material unless you’re concerned 

about one of them.) Add 2.5 volumes of ice-cold molecular biology grade 100% 

ethanol. Mix thoroughly and gently by slowly rolling the tube on its side for 

several minutes. With the 50 ml tubes, either keep them at a slight tilt or wrap 

parafilm around the cap to prevent leakage. 

19. Spin in the JS 13.1 at 13000 rpm X 30 min. Carefully discard the supernatant by 

decanting, and use a pipette if needed to get the vast majority of the supernatant 

out. 

 

At this point there are two options. You can proceed with a phenol/chloroform extraction 

or you can instead do two successive rounds of CsCl spins. I prefer the latter approach if 

you have the time (takes an extra day) since it reduces handling of the DNA and allows 

you to avoid dealing with phenol and chloroform. However, the extraction step also 

works fine and saves you a day, though it does make this day longer. If you want to do 

the extraction, continue working here. If not, then proceed to step 4 on day six. 
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20. Gently add a combined sum of 8 ml TE buffer to the tubes that represent one 

prep to completely dissolve the pellets. For example, if in step 18 you divided two 

tubes into three, the DNA in those three tubes should be dissolved and combined 

in a total of 8 ml TE. Make sure to use polystyrene tubes at this step (the 50 ml 

JS 13.1 tubes work, the 30 ml ones do not), which can withstand the 

phenol/chloroform.  

21. Add 2ml Phenol per tube (avoid the thin tris layer in the phenol). Work in the 

fume hood and keep all phenol related waste separate for hazardous material 

disposal. Mix completely and gently by slowly rolling for several minutes. If you’re 

using the 50 ml tubes, again use parafilm and an angle to prevent leaking near 

the cap. 

22. Add 2 ml Chloroform per tube, mix again for several minutes 

23. Use the JS 13.1 to spin the tubes at 13000 rpm for 30 min. 

24. Use cut tips to transfer the supernatant (top layer, ~4 mL) to new 30 ml tubes for 

the JS 13.1. Begin with a cut P1000 tip and then use a cut P200 tip when near 

the interface. 

25. Add 1:10 by volume (~0.4 ml) 3M Na-acetate and 2.4 volume (~10 mL) of ice-

cold 100% molecular biology grade ethanol. Mix gently and completely. 

26. Place at -20 C overnight without disturbance, or at least for 2 hours. 

 

Day Six: 

1. Reserve the ultra centrifuge. I usually use the one on the 5th floor (GIVI) since the 

GIND one often has errors on long runs unrelated to you. 

2. Take out the mix, which should have stayed liquid. 

3. Balance the tubes with ice-cold 100% molecular biology grade ethanol. 13000 

rpm X 30 min in the JS 13.1. Discard the supernatant 
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4. Add 2 ml TE to each tube to dissolve the pellet and swirl very gently. Use the 37 

C water bath if necessary. 

5. Prepare for the CsCl gradient. Use 1 tube CsCl per two 30 mL tubes (so you will 

be combining 4 ml of TE containing DNA to 4 ml of TE with CsCl). Make up an 

extra tube of CsCl solution to have excess available for balancing. Dissolve 9.27 

g CsCl in a new 15 mL tube with 4 mL TE and mix/warm it until more than half of 

CsCl is in solution. 

6. Gently add 4ml of DNA (2 x 2 ml in TE) to the CsCl solution. Gently mix/warm 

until the CsCl is completely dissolved.  

7. Add 400 µl ethidium bromide (10 mg/ml) and mix gently by rolling. From this point 

forward, try to keep the tubes relatively protected from light when possible until 

the EB is removed.  

8. Gently transfer the solution with a cut tip into a Beckman OptiSeal Centrifuge 

Tube for rotor 70.1 Ti until full. This should be about 4 ml, and be sure to remove 

all air bubbles by gently squeezing. Seal the tubes using the caps provided. 

Label the tubes in several places. 

9. Take the 70.1 Ti rotor and load the tubes, being sure to use the redesigned tube 

spacers which allow the tube to fit properly in the rotor. These are reusable and 

should be kept stored with the tubes.  

10. The completely filled tubes should already be balanced, but it’s worth checking. 

Use the blank CsCl you prepared to equilibrate the tubes if a balance pair differs 

in weight more than 0.10 g. 

11. Spin the tubes at 65000 rpm overnight (at least 16 hr) using the Ti 70.1 at 18 C. 

Use ‘no brake’ for the deceleration. Do not cool tubes below 18 C or the CsCl 

will precipitate out of solution. 
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Day Seven: 

1. Carefully bring the rotor to the chemical room (or appropriate setting), trying not 

to disturb the bands. Ask someone to open doors for you, etc. 

2. Remove the first tube from the rotor. Use a ring stand with clamp to hold the tube 

tightly for you. Use a 21-gauge needle to poke a hole on top of the tube to 

release air. Setup a long-wave UV lamp to help visualize the band. Use 

appropriate PPE to protect against UV burns on the hands, arms, and face. Use 

a clean 18-guage needle attached to a 1 ml syringe to pierce the tube carefully 

just below (~0.5 cm) the EB band. If there are two bands, choose the lowest one 

even if it is less abundant. Be careful when inserting the needle. There is a little 

barb just behind the beveled point, so when you apply more pressure the needle 

can suddenly break through and disturb the gradient. Instead, twist the syringe 

back and forth while applying a gentle pressure until you softly get passed the 

barb. 

3. Slowly extract the band into the syringe. A good pull leaves some band behind, 

so avoid too much solution. Somewhere between 100-500 µl is normal. Transfer 

the solution into a 15 ml tube, being sure to remove the needle before pushing 

the solution back out of the syringe. 

4. Repeat for each tube, keeping all tubes protected from light while not working 

with them. 

If you skipped the phenol/chloroform extraction, bring the volume in each tube to 4 ml 

with TE and return to day 5, step 5 for another round of CsCl gradient purification. If you 

did do the extraction or if you have now completed two rounds of spins with the 

ultracentrifuge, continue below. 
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5. Bring the volume to 2 ml by adding TE buffer. 

6. Add 1 ml NaCl-saturated butanol (top layer), mix very gently by rolling, let sit for 

30 sec for separation, and remove and discard the top layer containing EB 

appropriately. Use a cut P1000 tip at this step and always leave a little of the 

butanol layer remaining until your final removal step. 

7. Repeat this extraction one time beyond the last sign of any pink color remaining 

in the top layer. This will be at least 5 rounds. On the final round make sure to 

remove all of the butanol. A cut P200 tip is more precise for the final removal. 

8. Bring the total volume to 3 ml with nuclease-free H2O. Transfer to a 30 ml JS 

13.1 centrifuge tube and add 9 ml 100% molecular biology grade ethanol. Mix 

gently and completely by rolling. 

9. Place the tubes at -20 C for 30 min or overnight. 

10. Spin in the JS 13.1 at 13000 rpm for 30 min. Carefully decant away the 

supernatant and pipette out any remaining supernatant. 

11. Add 0.5 ml of 0.3 M Na-acetate to dissolve the pellet, if any. It is not uncommon 

to see no pellet at this stage, which is why it’s crucial to use the swinging bucket 

rotor. Again, a few minutes in the 37 C water bath is a good idea here. 

12. Pour into standard 1.7 ml eppendorf tube and add 1ml 100% molecular biology 

grade ethanol, and mix gently by rocking. Avoid shearing forces. 

13. Spin at 13000 rpm for 30min at 4  C. Make sure to orient all of the tubes so you 

know where to expect the pellet. A good technique is always to have the tube 

hinge pointed outwards. You should see a tiny, glassy pellet at this stage. Decant 

out the ethanol. 

14. Wash with 1 ml of 70% ethanol 3 times at 13000 rpm for 3 minutes at room 

temperature. Make sure to use a centrifuge that doesn’t heat up too much. Each 
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time, carefully remove the supernatant with a P1000 being very careful not to 

disturb the pellet. The pellet should be more visible in 70% ethanol than it was in 

100% ethanol. 

15. Use a pipette to remove the remaining supernatant and a kim wipe to get any 

small drops on the side of the tube. Allow DNA to air dry for ~2 min, but do not 

allow it to become completely dry. 

16.  Dissolve pellet using 20-40 ul microinjection buffer, depending on pellet size. 

17.  Allow to dissolve at 37 C for 1 hr. 

18.  Store DNA at 4 C. 

 

At this point run pulsed-field gel electrophoresis (PFGE) to determine which samples 

look to have good concentration and minimal degregation. A tiny bit of smear is okay 

since the eventual dialysis will help remove it. You’ll want to inject the DNA within two 

weeks of purification. If you have a lot of DNA but it is not clean enough, you can try 

another round of CsCl gradient purification. Return to day 6, step 5 to try this. 

 

Pulsed-field Gel Electrophoresis aka CHEF 

 

1. Make up 2.5 liters of 0.5X TBE running buffer. 

2. Pour at least 2 liters of 0.5X TBE buffer into chamber. Make sure there is enough 

buffer to completely cover the pump inlet and outlet. 

3. Turn on the power supply, pump, and chiller. The chiller takes a minute to turn 

on. 
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4. Set chiller to 14 C and set the timer to 1 hr. After setting the time and the 

temperature, have the chiller display the actual temperature. It will begin to chill 

(makes more noise and shows red light) a few minutes after the timer is set. 

5. Pour a 1% agarose gel with NO ethidium bromide using the special casting tray 

with the metal comb. Make sure the metal plate is seated flat and inserted into 

the groves of the end plates. 

6. Once the gel is solidified, remove the comb and the outer tray. Use paper towels 

to remove all of the excess agarose on the bottom of the black tray and the 

spaghetti-like strands on the sides of the gel. If not removed, this agarose can 

plug the pump.  

7. Before submerging the gel, load your high molecular weight markers using the 

syringe. A forceps and spatula can be helpful here. I usually load two lanes of 

ladder, one with more than 0.5 cm of agarose and one with less. 

8. Once the buffer is at the desired temperature, turn off the chiller first and then the 

pump. The system will freeze if the chiller runs without the pump. 

9. Place gel in running apparatus, seated in the center of the chamber, and load 

liquid samples carefully. Use 5-8 µl of your DNA; you will only need a few 

hundred ng of DNA for eventual injection. Make samples using standard 6x DNA 

loading buffer, but use at a higher concentration, like 2-3X to ensure that the 

thick BAC DNA falls into the well. Only handle the DNA with DNase-free cut tips. 

10. Load a 1kb DNA ladder. Also run a lambda standard of known concentration at 

various concentrations for comparing to your sample, as the nanodrop tends to 

be quite inaccurate for BACs. 

11. The pump speed should be set between the 65 and the 70. One potential 

problem is that the gel can float away overnight during the run. To prevent this, 

use a couple of P2 tips wedged in between the gel tray and the apparatus ridge 
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at the bottom of the gel. (Note: buffer flows from top to bottom.) This can be tricky 

but is worth doing. 

12. Set Block 1 with following running conditions: 

 

Block 1: 

6V/cm,  

120 degree angle,  

initial switch time 5 s,  

final switch time 15 s 

Time=18 hr 

 

Block 2: 

(holding, low voltage to prevent diffusion) 

1V/cm,  

120 degree angle,  

initial switch time 0.1s,  

final switch time 40sec (linear) 

Time=9 hrs 

 

13. Start the run. (Note: after starting the run, you can stop the run by holding down 

the start/stop button until the display shows “Off”. Or, pause the program by just 

pressing the stop button once, which allows the resumption of an in-progress 

program when ready.)  The current should be 140-200 mA.  

14. After 15 min, turn on the pump and chiller. (The delay is to prevent any washout 

of the sample). Set the chiller timer at a safe amount of time. The door to the 
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chemical room must remain open overnight while running otherwise the pump 

will overheat. Post signs on the door to make sure nobody closes it. 

15. After the run is completed, stain the gel with 0.5X TBE with EB or safe DNA stain 

for 30 min. De-stain in deionized water for 15-60 min.  

16. Image the gel. 

17. If you’re not using the CHEF for at least 24 hours, drain the buffer. If collected, 

the buffer can be re-used for a run one time. When completely done with the 

machine, add 3 L deionized water and run the pump for a few minutes to remove 

the salt. 

18. After draining wash water, leave the lid open for 24 hr to allow drying. 

 

 

Preparing DNA for injection  

Note: Although linearization of a BAC is not necessary before injection, our anecdotal 

experience and the experience of the Yang lab is that it improves efficiency of transgene 

integration. 

 

1. Digest clean BAC DNA with 2 µl PI-Sce I enzyme, 5 µl of 10x buffer, and 

nuclease-free water to 50 µl at 37 C for at least 3 hours or overnight. 

 

Dialyze digested (or undigested) DNA: 

1. Fill 10 cm petri dish half-way with sterile injection buffer. 

2. Put dialysis membrane on top (Millipore MF membranes 0.025 um vswp filters, 

cat# VSWP02500), shiny side up. 

3. Drop the DNA on top with a cut tip. Cover the dish and then wrap with aluminum 

foil. Let salt dialyze across for at least 6 hr at room temperature. 



96 
 

4. Retrieve the DNA with a cut tip and store at 4 degrees. The volume recovered 

will be a bit smaller than the volume originally dialyzed. 

 

At this point, run another PFGE as above. The DNA should be very clean and free from 

smaller fragments or streaks. Note that the BAC will run at a lower apparent size after 

linearization. If the DNA looks  

 

  

Preparation and Solutions 

 

All reagents should be filtered, autoclaved, or molecular biology grade as appropriate. 

Use autoclaved for DNase-free water. Stir bars also should be autoclaved in bottle 

before use.  

 

 P1 (plus RNase), P2, P3 solutions (from Qiagen) 

o If you have brand new solutions then these are fine to use. If not, 

consider making your own solutions fresh (see below). This is most 

important for solution II, which either needs to be an un-opened Qiagen 

P2 or a freshly-made solution. 

 Solution I: 50 mM Glucose, 25 mM Tris pH 8.0, 10 mM EDTA, 

RNase A 50 µg/ml; filter sterilize and store at 4 C 

 Solution II: 0.2 M NaOH, 1% SDS; make fresh each time 

 Solution III: 50 ml of 7.5 M K-Acetate, 23 ml of glacial acetic acid, 

water to 200 ml; filter sterilize and store at 4 C 

 5 M NaCl 



97 
 

 7.5 M K-Acetate 

 100% ethanol 

 Phenol (Sigma P4557), stored at 4 C 

 Chloroform (Sigma 472476) 

 Isopropanol 

 Ethidium bromide (10 mg/ml – the usual stock concentration) 

 Cesium Chloride (Sigma C3032) 

 TE: 1 ml of 1M Tris, 1 ml of 0.5M EDTA (pH 8.0), 98 ml H2O, Autoclaved 

o Or purchase fresh TE. Use pH 8.0 

 NaCl-saturated Butanol: Prepare and use in fume hood. In autoclaved 250 ml 

bottle with stir bar, add 35 g NaCl to 100 ml TE. Stir 15 min at room temperature 

(not all NaCl will dissolve). Add 100 ml n-butanol (Sigma B7906), and stir 

vigorously for 1 hr. Allow at least 2 hours for separation before use. Store with 

other alcohols. 

 Microinjection buffer: 10 ml of 5 M NaCl, 5 ml of 1 M Tris (pH 7.5), 100 ul of 0.5 

M EDTA (pH 8.0) in 485 ml Embryo water (Sigma W1503), filter with a 0.45 um 

filter system 
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