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Abstract

Phosphorylation of N-terminal Mutant Huntingtin is Related to its Preferential Nuclear
Accumulation in Striatal Neurons

By Lauren Smith Havel

Huntington’s disease (HD) is a fatal, late-onset neurodegenerative disease caused
by a CAG repeat expansion of more than 37 in exon 1 of the gene encoding the
huntingtin (htt) protein. Htt is a large 350 kDa protein that is normally localized to the
cytoplasm. Cleavage of htt releases N-terminal fragments that can diffuse into the
nucleus. In an HD KI mouse model, the striatum, which is the most profoundly affected
brain region, shows preferential accumulation of N-terminal mutant htt. The nuclear
localization of mutant N-terminal fragments leads to transcriptional dysregulation due to
the binding of soluble mutant htt to various transcription factors. Compared to non-
expanded N-terminal htt, mutant htt shows decreased binding to the nuclear pore proteins
leading to nuclear accumulation. In this study, we found a negative correlation between
fragment length and nuclear accumulation as well as toxicity. Recently, the first 17 amino
acids (N17) of htt have been implicated in regulation of the subcellular distribution of htt.
In this study, we found that compared to serine 13 (S13), serine 16 (S16) is more
important in regulating the nuclear accumulation of htt. We generated phosphomimetic
(S16D) and loss-of-phosphorylation (S16A) mutants, expressed them in HEK 293 cells
and primary striatal neurons and found that phosphorylation increases nuclear
accumulation and aggregation. We also found that compared to the cortex and
cerebellum, the striatum is enriched for phosphorylated N-terminal htt. More
specifically, the nuclei of the striatum appear to be enriched for phosphorylation activity
when compared to the cytoplasm of striatal neurons. Mechanistically, our results show
that phosphorylation of N-terminal mutant htt inhibits the interaction between htt and the
nuclear pore in a fragment length dependent manner and that this interaction is weaker in
the striatum than the cortex or cerebellum. Thus we have provided a novel mechanism
for the preferential accumulation of N-terminal mutant htt in the striatal nuclei that will
be important for the future development of HD therapeutics.
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CHAPTER 1

General Introduction



1.1 The Polyglutamine Diseases

There are nine inherited polyglutamine repeat disorders including Huntington’s
disease (HD), Spinocerebellar Ataxia (SCA) 1-3, 6, 7, 17, Dentatorubral-pallidoluysian
atrophy (DRPLA) and Spinal and bulbar muscular atrophy (SBMA). These affected
disease proteins share no homology aside from a variable length polyglutamine (polyQ)
tract. Despite the fact that these proteins have varying functions, subcellular localizations
and normal CAG lengths, the polyQ diseases share several critical characteristics (Table
1-1).

First, all of the diseases are caused by a polyQ expansion in the disease protein.
Ample evidence shows that the expansion present in all of these diseases is a toxic gain-
of-function mutation. For example, the expansion can result in aberrant interactions of
the disease proteins with transcription factors such as Sp1 in the case of HD (Dunah et
al., 2002; Li et al., 2002) and TFIIB in the case of SCA17 (Friedman et al., 2007). With
the exception of SBMA, which is inherited in an X-linked recessive manner, most polyQ
repeat disorders are autosomal dominant, meaning that the presence of one functional
allele cannot compensate for the new function conferred by the mutated allele.
Consistently, transgenic mice expressing exogenous mutant htt in the presence of normal
mouse htt show severe neurological phenotypes (Davies et al., 1997; Schilling et al.,
1999). In addition, although there is the embryonic death of homozygous htt knock-out
mice, heterozygous htt knock-out mice live normally (Duyao et al., 1995; Nasir et al.,
1995; Zeitlin et al., 1995). Despite this, loss-of-function of htt has been suggested to also
play a role in HD pathogenesis (Cattaneo et al., 2001; Dragatsis et al., 2000). Support for

htt loss-of-function playing a role in pathogenesis is that impaired axonal transport of



brain derived neurotrophic factor (BDNF) that results from the expression of polyQ
expanded htt (Gauthier et al., 2004) can be rescued by the expression of full-length non-
expanded htt. A gain-of-function and loss-of-function role of the expansion has also been
observed in SBMA (Evert et al., 2003).

A second characteristic these polyQ diseases share is the formation of nuclear
inclusions by the disease proteins, which in many cases are primarily cytoplasmic
without the polyQ expansion (Table 1-1). The role and composition of these inclusions
is still a source of debate. Third, despite ubiquitous expression of the disease proteins,
selective neurodegeneration is observed in all of these diseases and is largely unexplained
(Table 1-1). These similarities suggest that the polyQ repeat disorders may share some
common pathogenic mechanisms.

HD, which will be the focus of this dissertation, is a rare but fatal disease
affecting about 1 in 10,000 in populations of European origin (Harper, 1992). It is
inherited in an autosomal dominant manner. Symptoms generally appear during midlife,
although juvenile cases do occur with extremely long CAG repeat lengths of more than
50. The patient experiences motor and cognitive abnormalities as well as mood and
personality changes. At a molecular level, the large 210 kb gene encoding the htt protein
is IT15, which is mapped to chromosome 4 (Group, 1993). The htt protein is extremely
large (~350 kDa) and contains a variable length polyQ tract of 17 to 34 glutamines
encoded within the first exon of the HD gene. The mutant htt protein, however, contains
more than 36 glutamines. A larger polyQ expansion leads to an earlier age of onset and

more severe symptoms (Duyao et al., 1993). Furthermore, the instability of the



CAG/polyQ tract causes the length of the repeat to change frequently from one
generation to another (Duyao et al., 1993; Group, 1993).

The exact function of non-expanded htt has not been conclusively determined;
however, it is known to be crucial for development since homozygous htt knock-out
mouse embryos die by day 7.5 (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al.,
1995). Significant evidence has suggested that htt may act as a scaffolding protein that is
necessary for vesicle transport. One study showed an interaction between non-expanded
htt and huntingtin-associated protein (HAP-1) (Li et al., 1995), which associates with
subunits of both kinesis and dynein, the proteins that bind to microtubules and carry
vescicular cargo along axons (Li et al., 1998; McGuire et al., 2006). Furthermore, it has
been demonstrated that non-expanded htt is required for the axonal transport of vesicles
carrying BDNF, which is transported within the axons of cortico-striatal projecting
neurons and is critical for cell survival (Gauthier et al., 2004). These studies strongly
suggest a critical role of htt in neuronal trafficking; however, more work needs to be done
to clearly define htt’s exact role in this process. It is also likely that htt plays additional
vital roles in the cell as it has many binding partners with a wide variety of functions.

Despite the fact that htt is expressed ubiquitously throughout the body,
neurodegeneration initially affects the medium spiny neurons of the striatum then extends
to other brain regions at later stages of the disease (de la Monte et al., 1988). In HD
knock-in (KI) mice, nuclear aggregates of N-terminal htt appear in the striatum first then
in the other brain regions during the later disease stages indicating that there is a
correlation between nuclear htt aggregation and disease onset (DiFiglia et al., 1997). The

role of these aggregates in the disease pathogenesis, however, is highly disputed.



Furthermore, it is possible that the role of the aggregates in the cell is partially
determined by their location. The transgenic R6/2 HD mouse model, which
overexpresses mutant htt under the control of the human htt promoter, shows significant
and widespread aggregation of mutant htt in the striatum and cortex at a very young age
(Davies et al., 1997; Li et al., 2001). Interestingly, when the mutant htt gene is
endogenously expressed in a 72-80 CAG KI mouse (Shelbourne et al., 1999), neuronal
htt aggregates are highly abundant in the nuclei of the striatum while weak or absent from
other areas such as the cortex, cerebellum and hippocampus (Li et al., 2001). In addition
to the nucleus, htt aggregates appear in the neuronal processes and axonal terminals of
the striatum (Li et al., 2000).Why and how these fragments accumulate specifically in the

nucleus of the striatum is a mystery that remains to be solved.

1.2 Nuclear Accumulation of huntingtin

Htt is a large protein of about 350 kDa that is primarily cytoplasmic (DiFiglia et
al., 1995; Sharp et al., 1995; Trottier et al., 1995). Given the fact that nuclear inclusions
are formed by mutant htt, htt must in some way be able to enter the nucleus. Substantial
evidence has shown that the N-terminal portion of htt can accumulate in the nucleus
(Cooper et al., 1998; DiFiglia et al., 1997; Lunkes et al., 2002; Wang et al., 2008a; Zhou
et al., 2003). In support of this fact, the proteolysis of the disease protein to form
truncation products that can form nuclear aggregates also occurs in other polyQ repeat
disorders such as SCA-3, SBMA and DRPLA (Haacke et al., 2007; Schilling et al.,
1999b; Wellington et al., 1998). Endogenous full-length htt is cleaved by caspases 2, 3

and 6 at amino acids 513, 552 and 586 as well as other proteolytic enzymes (Wellington



et al., 1998; Wellington et al., 2000) (Figure 1-1). Interestingly, the fragments generated
by caspase cleavage are produced not only from mutant htt, but also from non-expanded
htt (Kim et al., 2001; Wellington et al., 2002). This indicates that caspase cleavage may
be a normal degradation process of htt but the accumulation of mutant htt fragments leads
to neurotoxicity.

Later, calpains were shown to also cleave htt at sites near the caspase cleavage
sites (Gafni and Ellerby, 2002; Kim et al., 2001) (Figure 1-1). Expanded htt does appear
to be cleaved by calpains to a greater extent than non-expanded htt indicating that this
cleavage may be more critical to pathogenesis than caspase cleavage (Gafni and Ellerby,
2002). Subcellular fractionation using antibodies that specifically recognize the caspase
and calpain derived fragments revealed that the fragments were present in both the
cytoplasmic and nuclear fractions while full-length htt remained cytoplasmic (Gafni et
al., 2004). Four very small fragments cleaved between amino acids 81 and 129 by
aspartic proteases or other unknown proteases have also been identified (Lunkes et al.,
2002; Ratovitski et al., 2007). Since these fragments are less than 35 kDa, they are small
enough to passively diffuse into the nucleus.

Significant In vivo evidence shows that the numerous N-terminal htt fragments
described above can be found in the nucleus where they form the nuclear inclusions, a
pathological hallmark of HD (DiFiglia et al., 1997; Li et al., 2001; Saudou et al., 1998;
Tanaka et al., 2006; Turmaine et al., 2000; Wang et al., 2008a; Zhou et al., 2003).
Despite the presence of many htt fragments, it has yet to be determined which ones
actually accumulate in the nucleus and exert a toxic effect in the cell. Analysis of the

nuclear and cytoplasmic fractions of an HD 150Q KI mouse revealed the nuclear



enrichment of N-terminal htt fragments of less than 110 kDa and a smear on a western
blot, which may consist of many bands due to the varying sizes as well as the
oligimerization of the fragments (Zhou et al., 2003). Because of this, it is extremely
difficult to determine the exact size of the nuclear htt fragments. Several in vitro studies
have shown that size is a crucial determinant as to whether the fragment accumulates in
the nucleus (Hackam et al., 1998; Ratovitski et al., 2009). These studies, however,
focused on the formation of nuclear aggregates rather than the localization of soluble htt
to the nucleus. Nonetheless, it is crucial to understand which fragments are more prone
to nuclear accumulation and how it occurs because nuclear accumulation of htt has been
strongly linked to neurotoxicity.

There are many lines of evidence, both in vitro and in vivo, showing that N-
terminal mutant htt is sufficient to cause a neurological phenotype consistent with HD.
In vitro, various cell lines (Cooper et al., 1998; Peters et al., 1999; Ratovitski et al., 2009)
or primary striatal neurons (Saudou et al., 1998) transfected with N-terminal mutant htt
show nuclear accumulation and an increase in cellular toxicity as a result. Additionally,
inhibition of calpain cleavage in cells transfected with polyQ expanded htt with mutated
calpain cleavage sites reduces cell toxicity (Gafni et al., 2004). Similarly, YAC
transgenic HD mice expressing caspase-6 resistant mutant htt are protected from striatal
neurodegeneration and neuronal dysfunction (Graham et al., 2006). In vivo, the
transgenic R6/2 mouse, which expresses 150Q exon 1 (67 amino acids) htt, shows a
progressive neurological phenotype including decreased brain size, decreased life span,

involuntary movements, clasping and a decrease in body weight (Mangiarini et al., 1996).



If nuclear localization of the N-terminal fragments is a critical step in HD
pathogenesis, targeting the expanded htt fragments to the nucleus should induce a
neurological phenotype in mice. One such study created mice transgenic for 144Q exon
1 htt tagged with an N-terminal nuclear localization signal (NLS) and compared the
phenotype of these mice to those tagged with a mutated NLS (Benn et al., 2005). While
targeting of mutant htt to the nucleus clearly led to nuclear aggregation and an
accelerated onset of the phenotype, their studies as well as others have suggested that
cytoplasmic htt also contributes to toxicity (Benn et al., 2005; Hackam et al., 1999).
Similarly, when an NLS was added to the N-terminus of a mouse expressing the first 171
amino acids of htt with 82Q (NLS-N171-82Q), a progressive neurological phenotype
characterized by reduced body weight and life span, clasping, and reduced coordination
and motor skills was accelerated compared to the N171-82Q mice, indicating that nuclear
htt plays a toxic role in HD pathogenesis (Schilling et al., 2004). Importantly, the polyQ
tract alone seems to be necessary and sufficient for a neurological phenotype in mice as
the insertion of 146 CAG repeats into the murine HPRT gene (HPRTQ146) caused a late-
onset neurological phenotype and also showed the presence of nuclear aggregates
(Ordway et al., 1997). Furthermore, the addition of an NLS to the polyQ expanded
HPRT protein caused an earlier onset of the neurological phenotype and inclusion
formation while the addition of a nuclear export signal (NES) delayed the phenotype
(Jackson et al., 2003). Together, these data support the role of nuclear N-terminal mutant

htt in neurotoxicity.

1.3 N-terminal huntingtin



The first 17 amino acids (N17) of htt have been shown to play a crucial role in htt
localization and aggregation (Rockabrand et al., 2007; Steffan et al., 2004). This
sequence, which is immediately followed by the polyQ domain and then a proline rich
region, is highly conserved among species suggesting a critical function in the htt protein.
N17 htt tagged at the C-terminus with GFP expressed in cells remains almost entirely
cytoplasmic mutant htt lacking N17 becomes highly nuclear, suggesting that N17 acts as
a cytoplasmic retention signal (Rockabrand et al., 2007).

Consistent with the finding that htt contains a membrane association signal that
targets htt to the ER and vesicles (Atwal et al., 2007), Rockbrand et al also found that
both expanded and non-expanded htt co-localize with the ER. They also found that non-
expanded htt interacts more strongly with the ER membrane than polyQ expanded htt
(Rockabrand et al., 2007). They suggest that the decreased association of mutant htt with
the ER would leave more mutant htt free to translocate to the nucleus, interfere with
cellular processes and form aggregates. The membrane-associated signal is located in the
N17 region of htt since a mutation that disrupts the helical structure of the N17 domain
leads to significant nuclear accumulation of htt (Atwal et al., 2007). The N17 domain has
also been shown to be required for htt aggregation as deletion of N17 or disruption of its
structure reduces aggregation (Rockabrand et al., 2007). Additionally, TRiC, a
chaperonin that has been shown to decrease htt aggregation and toxicity in cell culture,
specifically binds the N17 domain (Tam et al., 2009). The same group also noted that
N17 interacts with itself as well as the polyQ tract to initiate the aggregation process.

The mechanism by which htt enters the nucleus has yet to be defined, as a

functional classical NLS in htt has not yet been identified (Xia et al., 2003). An NES at
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the C-terminus of the protein has been identified but not part of the N-terminal region of
htt that accumulates in the nucleus. It is also important to note that the nuclear
aggregates are composed of N-terminal htt fragments that have already localized to the
nucleus (Xia et al., 2003). Since both polyQ expanded and non-expanded N-terminal htt
fragments can enter the nucleus but only the expanded protein becomes trapped there,
nuclear export rather than nuclear import must be altered by the presence of the polyQ
tract. This is shown in a study revealing that htt interacts via the N17 domain with Tpr, a
nuclear pore protein. They found that this interaction is inhibited by a polyQ expansion
as seen in the mutant htt protein (Cornett et al., 2005). Thus, the mutant N-terminal
protein becomes trapped in the nucleus whereas the wild-type N-terminal protein can be
exported out of the nucleus. This idea is supported by the observation that in PC12 cells
stably transfected with either htt exon-1 containing either 20Q or 150Q, 20Q htt was

primarily cytoplasmic while 150Q htt was mostly nuclear (Li et al., 1999).

1.4 Transcriptional Dysregulation

Due to the fact that many transcription factors contain glutamine-rich domains, it
is logical to speculate that the polyQ domain in htt and other polyQ proteins may allow
them to interact. Indeed, htt interacts with many transcription factors (Table 1-2). Many
of these transcription factors also co-localize with nuclear htt aggregates (Chai et al.,
2001; Dunah et al., 2002; Perez et al., 1998; Shimohata et al., 2000; Yamanaka et al.,
2008), leading many groups to support the sequestration hypothesis where transcription
factors are depleted from the nucleus by interaction with the aggregates so they cannot

perform their normal function. However, one of the most compelling pieces of evidence
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disputing the sequestration hypothesis is that the formation of inclusions is insufficient to
cause cell death (Saudou et al., 1998). Most other groups support the idea that the
soluble form of htt interacts with the transcription factors such that these factors cannot
perform their normal function.

All of the listed transcription factors with the exception of mSin3a are able to
interact with the soluble form of htt in addition to the aggregated form. In the case of
Sp1, for example, htt binds in a polyQ length-dependent manner where a polyQ
expansion increases the interaction as compared to the non-expanded form (Li et al.,
2002). The interaction between transcription factors and the polyQ expanded protein is
not unique to HD. In SCA17, for example, polyQ expanded TBP aberrantly interacts
with TFIIB and disrupts transcription of TFIIB controlled promoters (Friedman et al.,
2007). The fact that only a few polyQ proteins associate with aggregates suggests that the
interaction with soluble htt may be more relevant to HD pathogenesis. Furthermore, the
co-localization of CBP with polyQ nuclear inclusions is controversial. In the case of
SCA-1, CREB binding protein (CBP) does not to co-localize with nuclear polyQ
aggregates (Chai et al., 2001). In the case of htt, however, one group found that CBP co-
localizes to aggregates and also shows an altered cellular distribution in transfected cells
and HD mouse models (Nucifora et al., 2001). Later on, however, the opposite findings
were reported that CBP does not co-localize with htt aggregates in HD KI mice and the
cellular distribution of CBP was not altered in the presence of mutant htt (Yu et al.,
2002). Additionally, neither Sp1l nor TBP co-localize with htt aggregates in HD mice.
One thing that may have led to these differences is that the first study used overexpressed

protein in their in vitro cell studies and the transgenic R6/2 mouse, which overexpresses
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N-terminal htt. This overexpression could lead to aberrant and irrelevant interactions of
CBP with the aggregates. The second study, however, used the more relevant HD KI
model that genetically recapitulates HD pathogenesis better and does not have the
complication of htt overexpression. Similarly, in SCA1, ataxin-1 fragments aggregate in
the nucleus, but CBP interacts with soluble ataxin-1 rather than the aggregated form
(Chai et al., 2001). Altogether these data argue in favor of the hypothesis that the toxic
nuclear species is the soluble polyQ protein that binds transcription factors so that they
are unavailable to bind their respective promoters.

Due to the aberrant interactions between htt and transcription factors, many
groups have investigated the transcriptional changes that occur in HD as well as other
polyQ repeat disorders. Some of the first studies were done in cellular models of HD.
For example, one study created a stably transfected PC12 model that expresses 150Q
exon-1 htt. Htt was diffusely distributed throughout the nucleus and the cells showed
transcriptional downregulation of several genes including GLAST, a molecule involved
in glutamate uptake, TrkA/NGF and huntingtin associated protein (HAP1) (Li et al.,
1999). In support of the nuclear toxicity of htt, these cells also showed defective neurite
development and increased apoptosis. Another study showed the downregulation of
brain derived neurotrophic factor, BDNF, a protein that is critical for the growth and
differentiation of new neurons and synapses and contributes to long-term memory as it is
highly active in the hippocampus and cortex (Zuccato et al., 2001). On a more global
level, genes with Sp1-dependent promoters (Chen-Plotkin et al., 2006) such as the
dopamine D2 receptor (DRD-2) or CRE-mediated promoters (Wyttenbach et al., 2001)

are downregulated upon htt expression. Microarray analysis of striatal cells expressing
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the N- terminal 548 amino acids of mutant htt also revealed the downregulation of genes
involved in cholesterol and fatty acid biosynthesis as well as fatty acid oxidation (Sipione
et al., 2002).

Since many of these studies were done in cell culture and did not measure global
changes in mRNA expression to the full extent possible in vivo, microarrays were used to
determine global transcriptional changes in HD mouse models. Analysis of the striatum
of R6/2 mice compared to wild-type littermates showed the downregulation of genes in
certain categories including signal transduction enzymes, calcium homeostasis and
nuclear hormone receptors, which are all involved in processes that have been shown to
be affected in HD (Luthi-Carter et al., 2000). Consistent with the idea that small N-
terminal htt fragments localized to the nucleus are toxic is the observation that the
YAC72 mouse model, which expresses full-length 72Q htt, shows less transcriptional
alterations than the HD46 or HD 100 transgenic models expressing N-terminal mutant htt
(Chan et al., 2002). Interestingly, another study found that much of the transcriptional
dysregulation seems to be dependent on the polyQ tract length rather than the protein
context. They analyzed changes in the levels of mRNA in mouse models of HD and
DRPLA and found that many of the same genes were downregulated in both diseases
(Luthi-Carter et al., 2002b). The fact that the YAC72 mice did not show the same gene
expression changes as other transgenic HD mouse models suggests that transcriptional
dysregulation seen in HD models is more likely mediated by short N-terminal mutant htt.

Interestingly, transcriptional dysregulation does not seem to be a problem limited
to the striatum and cortex as one might expect. Instead, global dysregulation is seen in

the cerebellum and even periphery tissues such as muscle, suggesting that transcriptional
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dysregulation cannot explain the selective neurodegeneration that is seen in all polyQ
repeat disorders (Chan et al., 2002; Luthi-Carter et al., 2002a; Luthi-Carter et al., 2002b).
Recently, a study comparing transgenic HD mouse models and KI HD models expressing
mutant htt showed that the same changes occurred, though mRNA levels changed at a
later stage in the KI mice compared to the transgenic mice (Kuhn et al., 2007). These
changes are also consistent with those seen in human HD postmortem tissue, indicating
that the gene expression changes observed in HD mouse models are relevant to HD
pathogenesis and may be an important factor in developing an effective therapeutic for
HD or other polyQ repeat disorders.

Confirmation of these microarray results have consisted of northern blots to verify
changes in mRNA levels (Chan et al., 2002; Luthi-Carter et al., 2002b; Sipione et al.,
2002) as well experiments that measure the interaction between the transcription factor
and its promoter in the presence of mutant or wild-type htt. Mutant htt reduces the
binding of Sp1 to the NGFR (Li et al., 2002) and DRD-2 promoters (Chen-Plotkin et al.,
2006), while wild-type htt had no effect. A similar study showed that in the presence of
mutant htt, there is reduced binding between REST/NRSF and the BDNF promoter
(Zuccato et al., 2003). Chromatin immunoprecipitation (ChIP) has also been used to
show that the interaction of the transcription factor RAP30 with the D2 promoter is
decreased in the presence of mutant htt (Zhai et al., 2005).

The decrease in mRNA levels of many genes has also led some groups to verify
that the protein product levels of these transcripts were also reduced. A decreased protein
level was verified in cells transfected with mutant htt for many genes containing a

putative Sp1 binding site such as BDNF (Zuccato et al., 2001), NGF, which consists of
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the p75™ ™~ and TrkA subunits (Li et al., 1999), and various other proteins (Luthi-Carter et
al., 2002a). Since much of the work so far has focused on changes in mRNA levels, it
will be critical to continue focusing on the altered protein levels and their roles in

pathogenesis of the polyQ repeat disorders.

1.5 Misfolding and Aggregation of PolyQ Proteins

It is well established that N-terminal fragments of htt, as well as other polyQ
proteins, become misfolded. Since correct protein folding is crucial for proper function,
the misfolding results in altered function and protein interactions as well as aggregation
and toxicity. Molecular chaperones are the proteins responsible for maintaining proper
folding of cellular proteins. In HD, chaperone levels have proven to be crucial in
regulating the aggregation of htt as well as the phenotypes. For example, several
chaperones such as hsp70 and hsp40 are downregulated in the R6/2 mouse model of HD
(Hay et al., 2004). Furthermore, overexpression of hsp40 but not hsp70 reduces the
aggregation of polyQ proteins and decreases toxicity in cell culture (Jana et al., 2000;
Kobayashi et al., 2000; Zhou et al., 2001). Overexpression of either hsp40 or hssp70 also
suppressed neurodegeneration in addition to aggregation in Drosophila where expanded
htt or ataxin-3 was expressed (Chan et al., 2000; Kazemi-Esfarjani and Benzer, 2000;
Warrick et al., 1999). The same studies have been carried out in mouse and produced
similar results for SCA1 and SBMA mice (Adachi et al., 2003; Cummings et al., 2001). In
HD mice, however, there have been conflicting reports. An earlier study showed that
overexpression of exogenous Hsp70 in R6/2 HD mice did not significantly alter the

phenotype (Hay et al., 2004), but in a later study where endogenous hsp70 was knocked
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out in the R6/2 HD mouse, there was a significant reduction in motor abilities, survival
and other physical phenotypes (Wacker et al., 2009). This finding raises the possibility
that the source (endogenous versus exogenous) of hsp70 may modulate HD symptoms
differently.

For several reasons, many investigators have suggested that the mechanism by
which chaperones reduce htt induced toxicity is through the reduction of aggregated
polyQ protein. First, hsp40 and hsp70, among other chaperones, co-localize with the
nuclear inclusions formed by misfolded polyQ protein (Adachi et al., 2003; Hay et al.,
2004; Jana et al., 2000; Kobayashi et al., 2000; Wyttenbach et al., 2000). Secondly, the
fact that overexpressing the chaperones in various polyQ disease models suppresses
aggregation indicates that the aggregates may be the source of toxicity.

The role of aggregates in the pathogenesis of HD, however, is widely disputed.
Mounting evidence suggests that soluble rather than aggregated htt is the toxic species
within the nucleus. In support of this theory is the proposed alternative method for how
chaperones reduce toxicity. Two studies showed that although hsp40 reduces htt
aggregation in transiently transfected HEK 293 cells, it also decreases caspase activity,
which is indicative of reduced apoptosis (Lotz et al.; Zhou et al., 2001). Furthermore,
hsp40, but not hsp70, reduced aggregation whereas both chaperones significantly reduced
caspase activity suggesting that the inhibition of apoptosis activation may be the
mechanism by which chaperones inhibit neurodegeneration. In another study, hsp40 was
shown to reduce the aberrant interaction between soluble mutant htt and Sp1 caused by
misfolding of the htt protein, suggesting again that polyQ mediated toxicity may not be

caused by nuclear aggregation (Cornett et al., 2006). Other studies support either the
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protective or neutral role of nuclear aggregates by showing that the presence of nuclear
aggregates does not correlate with cell death (Gutekunst et al., 1999; Saudou et al., 1998).
In fact, some data indicate a protective role of aggregates because striatal neurons
transiently transfected with mutant htt that formed inclusions earlier survived longer
(Arrasate et al., 2004). This study did not indicate whether they took into consideration
the localization of the aggregates, and the possibility remains that aggregates may play
different roles depending on their localization.

Since the accumulation of misfolded proteins in the cell has deleterious effects,
there are two important systems in the cell to clear misfolded proteins. One is the
ubiquitin proteasome system (UPS) that recognizes proteins marked for degradation by
the presence of a ubiquitin tag. The other is autophagy where the protein is engulfed by
autophagasome that is then fused with a lysosome for protein degradation. These
systems may fail to remove misfolded polyQ proteins, leading to accumulation of the
proteins. Although some studies initially showed that the expression of mutant htt results
in global impairment of the UPS (Bennett et al., 2007; Venkatraman et al., 2004),
significant evidence now demonstrates that the UPS is not globally impaired in HD
animal models. When the proteasomal activity was measured in R6/2 HD mice and WT
controls, there was no significant decrease in UPS activity in R6/2 mice (Bett et al.,
2006). Crossing a transgenic mouse model of SCA7 (Bowman et al., 2005) or HD (Bett
et al., 2009) with a transgenic mouse expressing a ubiquitin GFP reporter construct and
analyzing the GFP levels as a measure of proteasome function revealed no global
impairment of the UPS. There is, however, some UPS impairment localized to specific

neuronal regions such as the synapses (Wang et al., 2008b), suggesting that UPS
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impairment may depend on the subcellular localization. Several groups have observed an
age-dependent decrease in proteasome activity that may partially explain the late-onset of
the disease as well as the progressive accumulation of mutant polyQ protein that causes
the inclusion bodies to increase in size with age (Tonoki et al., 2009; Tydlacka et al.,
2008; Zhou et al., 2003).

The role of autophagy in the pathology of polyQ repeat disorders has yet to be
defined. Significant evidence shows that autophagy can remove mutant htt and its
activation can improve the phenotype of HD mice. One of the earlier experiments treated
HD-N171-82Q mice and a Drosophila melanogaster model of HD with rapamycin,
which activates autophagy. They found that rapamycin treatment reduced
neurodegeneration in the fly model and improved the motor deficits characteristic of HD
mice (Ravikumar et al., 2004). Treatment with rapamycin also decreased aggregation in
the striatum of the mice. In a later study, interrupting the formation of autophagosomes
and thus inhibiting autophagy enhanced the toxicity observed in cellular and Drosophila
models of HD (Ravikumar et al., 2008). Increasing the formation of autophagosomes, on
the other hand, enhanced the neurodegeneration in the HD Drosophila model. Consistent
with the fact that autophagy generally clears large or long-lived cytoplasmic protein
complexes or damaged organelles; cytoplasmic aggregates seemed to be more prone to
degradation by autophagy than nuclear aggregates because of the absence of autophagy in
the nucleus (Iwata et al., 2005). More recent evidence, however, has cast doubt on these
ideas as rapamycin treatment inhibited htt aggregation in both autophagy deficient and
proficient cells (King et al., 2008). Additionally, the presence of mutant htt in the brains

of HD mice expressing N-terminal or full-length htt does not cause a significant change



19

in the conversion of LC3-I to LC3-II, which is a marker for autophagy activation (Li et
al., 2010). Similar to the UPS, some evidence suggests the potential for an age-
dependent decline in autophagy activity. Beclin 1, for example, is the protein necessary
for the formation of autophagosomes and has been found to co-localize with htt
aggregates in HD R6/2 mice. Expression levels of Beclin 1 also appear to decrease over
time in both HD and control human brains (Shibata et al., 2006). This raises possibility
that like the UPS, the system regulating autophagy becomes less active with age, making
the brains of HD patients more vulnerable to mutant htt accumulation later in life.
Altogether, it can be agreed upon that the machinery necessary for clearing misfolded
proteins such as mutant htt becomes dysregulated, leading the mutant protein to

accumulate over time in neuronal cells.

1.6 Post-Translational Modifications of Huntingtin

As discussed in the previous section, proper protein folding is crucial to the
function of the protein. Since post-translational modifications play an important role in
protein folding, any change in modifications can cause misfolding and potentially
toxicity. In the case of htt, several post-translational modifications occur in the highly
conserved N-terminal 17 amino acids. Ubiquitination was the first to be discovered after
htt was found to interact with the ubiquitin-conjugating enzyme, E2-25K, which
interestingly is enriched in the striatum and cortex; the most profoundly affected brain
regions in HD (Kalchman et al., 1996). Later it was noted that in a Drosophila model of
HD, the inhibition of htt ubiquitination enhanced the neurodegeneration already seen in

the HD flies. In the same study, lysines (K) 6 and 9 of the N-terminus of htt were found
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to be sumoylated (Figure 1-2). Increasing the amount of sumoylation in the HD flies
enhanced neurodegeneration (Steffan et al., 2004). Together these data suggest that
ubiquitination of N-terminal htt is protective whereas sumoylation is toxic. They also
raise the possibility that ubiquitination may compete with sumoylation to protect cells
from degeneration. More recently, it was proposed that Rhes (Ras Homolog Enriched in
Striatum), which localizes specifically to the striatum, interacts with mutant htt, induces
sumoylation of htt, decreases aggregation and increases cytotoxicity (Subramaniam et al.,
2009). This data is also consistent with the theory that large aggregates may not be the
toxic species in HD pathology.

Another major post-translational modification that has been studied in the context
of the htt protein is phosphorylation. Initially, a mass spectrometry screen was performed
to map the phosphorylation sites common to both mutant and WT full-length htt. Several
novel sites were identified but the most N-terminal amino acid showing phosphorylation
was amino acid 421 (Schilling et al., 2006), which was also identified by another group
and shown to be important for axonal transport (Colin et al., 2008; Zala et al., 2008)
(Figure 1-2). As discussed in a previous section, the fragments that accumulate in the
nucleus are mostly small N-terminal fragments, suggesting that if phosphorylation affects
the localization of N-terminal mutant htt, there are probably some phosphorylated sites
closer to the N-terminus.

Recently, another group used mass spectrometry to analyze any phosphorylation
sites within exon 1 (the N-terminal 67 amino acids of htt) and identified threonine 3 (T3)
as the most common phosphorylation site (Aiken et al., 2009) (Figure 1-2). As seen in

cell culture and an HD Drosophila model, phosphorylation of T3 is necessary for
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aggregation. Interestingly, the T3 residue seems to play a role in toxicity but not through
phosphorylation. Most likely, T3 is important to the tertiary structure of the N-terminus.
Also within the first 17 amino acids lie two serine (S) residues: S13 and S16, which are
also subject to phosphorylation (Figure 1-2). There is conflicting evidence on the role of
the phosphorylation state of these residues in HD pathogenesis. Two groups mutated
both S13 and S16 to either alanine to generate a loss of phosphorylation mutant or
aspartic acid to generate a phosphomimetic mutant, but one group expressed the
constructs in cell culture (Thompson et al., 2009) while the other group produced a
BACHD mouse expressing both point mutations (Gu et al., 2009). According to the
Thompson et al study, phosphorylation of both residues increases the nuclear localization
of N-terminal htt and also targets mutant htt to lysosomes or the proteasome for
clearance. According to the Gu et al group, phosphorylation of both residues decreases
aggregation and toxicity of mutant htt. Importantly, both of these studies looked at the
double mutants rather than the single S13 or S16 mutants. There are also many
fundamental differences between these studies, which will be discussed in depth later,
that cause the role of N-terminal htt phosphorylation to remain unclear.

This dissertation will focus on the factors impacting striatal specific nuclear
accumulation of N-terminal mutant htt fragments. In chapter 1, the impact of fragment
size will be explored to determine which fragments are capable of accumulating in the
nucleus and exerting a toxic effect. Chapter 2 will look specifically at the effect of S16
phosphorylation on the localization, aggregation and toxicity of mutant htt. Chapter 3

will focus on the mechanism of nuclear accumulation of N-terminal mutant htt. The data
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will show that N-terminal mutant htt phosphorylated at S16 is enriched in the nuclei of
the striatum and that it becomes trapped in the nucleus due to impaired binding to the
nuclear export machinery. Overall, this body of work provides a novel mechanism for

the striatal specific accumulation of N-terminal mutant htt fragments.
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Table 1-1
PolyQ Disease | Normal | Mutant | Disease Subcellular | Affected Known or
CAG CAG protein | distribution brain putative
Repeats | Repeats region , protein
function
Huntington’s Scaffolding
Disease (HD) | 634 36 —121 | Huntingtin | Cytoplasmic Striatum and axonal
(htt) transport (Li et
al, 2004)
Spinocerebellar Transcription
Ataxia | Cerebellum co-repressor
(SCA1) 6—44 39-82 Ataxin-1 Nuclear (Purkinje (Tsai et al.,
cells) 2004)
Spinocerebellar Cerebellum RNA
Ataxia 2 15-24 | 32-200 Ataxin-2 Cytoplasmic (Purkinje Metabolism
(SCA2) cells) (Ralser et al.,
2005)
Poly-ubiquitin
Spinocerebellar Spinal cord | editing enzyme
Ataxia 3 12-39 61 —84 Ataxin-3 Cytoplasmic and brain (Mao et al.,
(SCA3/MJD) stem 2005)
Spinocerebellar Cerebellum Main subunit
Ataxia 6 4-19 10-33 CACNAI, Membrane (Purkinje of voltage-
(SCA6) Associated cells) gated Ca"
Channel
Spinocerebellar Cerebellum
Ataxia 7 4-35 37-306 Ataxin-7 Nuclear (Purkinje Unknown
(SCAT7) cells)
Dentatorubral- Transcripton
pallidoluysian 7-34 49— 88 | Atrophin-1 Nuclear and Cerebellum regulation
atrophy cytoplasmic (Purkinje (Wood et al.,
(DRPLA) cells) 2000)
Spinal and
bulbar muscular Androgen Spinal cord Nuclear
atrophy 9-36 38-62 Receptor Nuclear and brain hormone
(SBMA) (AR) stem receptor
Spinocerebellar TATA
Ataxia 17 25-42 47-63 binding Nuclear Cerebellum | Transcription
(SCA17) Protein Factor
(TBP)

* The primary brain region that is affected is listed, but other regions can be affected at

late

stages of the disease.
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Figure 1-1. Protease cleavage sites in the huntingtin protein. Htt is cleaved by
caspases (blue) at the residues marked at the bottom of the construct (amino acids 513,
552 and 586). It is also independently cleaved by calpains (red) at the marked residues
(469, 536). Towards the N-terminus, four protease cleavage products have been
identified and mapped to short regions as marked below the construct. The specific
proteases (black or green) responsible for the cleavage at these sites have not been

determined yet.
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Table 1-2
Transcription Co-localization Interaction Region htt Reference
Factor/Co-factor with with Soluble binds to
Aggregates? htt?
p53 + + polyproline | (Steffan et al.,
2000)
Spl + + aal-171 | (Lietal, 2002)
TAFII130/TAF4 + + aal - 480 (Dunah et al.,
2002)
CBP + + aal - 588 (Steffan et al.,
2000)
CtBP + ? (Kegel et al.,
2002)
REST-NRSF + aal - 548 | (Zuccato et al.,
2003)
NF-«B + HEAT (Takano and
repeats Gusella, 2002)
NCOR + aal-171 (Boutell et al.,
1999)
TBP + + ? (Huang et al.,
1998)
CA150 + + ? (Holbert et al.,
2001)
HYPB + polyproline | (Faber et al.,
1998)
RAP30 + polyproline (Zhai et al.,
2005)
mSin3a + aal-171 (Boutell et al.,
1999)
NF-YA,C + ? ? (Yamanaka et

al., 2008)
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Figure 1-2 Post-translational modifications of htt. A diagram showing the various
known post-translational modifications found in N-terminal htt. The yellow squares
mark lysines that are subject to both ubiquitination and sumoylation. The green circles
mark serines or threonines that are known to be phosphorylated. The blue diamonds
mark lysines known to be a substrate for acetylation. The number at several of the amino
acid residues denotes the amino acid number within the htt protein that is subject to

modifications.
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CHAPTER 2

The size of N-terminal huntingtin plays a role in nuclear

accumulation of mutant huntingtin.

This chapter presents work published as: Lauren S Havel, Chuan-En Wang, Brandy
Wade, Brenda Huang, Shihua Li and Xiao-Jiang Li (2011) Hum Mol Genet Apr
1;20(7):1424-37. Lauren Havel performed all of the experiments in this chapter with the
exception of the culturing of primary neurons, which was done by Chuan-En Wang
(figure 2-3). Xiao-Jiang Li and Shihua Li helped with experimental design. Xiao-Jiang

Li played a key role in the preparation of the manuscript.
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2.1 Abstract

An expansion of the polyglutamine (polyQ) tract to more than 37 glutamines
encoded within exon 1 of the huntingtin (htt) protein results in the late-onset
neurodegenerative disorder known as Huntington’s Disease (HD). An important
pathological feature of this disease is the accumulation of N-terminal mutant htt in
neuronal nuclei, resulting in the formation of intranuclear aggregates as well as
transcriptional dysregulation. The size of the htt fragments that accumulate in the nuclei
and cause nuclear toxicity, however, is not known. Here we show in a semi-quantitative
manner that size plays a critical role in the nuclear accumulation of N-terminal mutant
htt. We also show that the size of the fragment is important for the ability of htt to exert

its toxic effect in the nucleus.

2.2 Introduction

A unifying factor among the polyQ repeat disorders is the presence of intranuclear
inclusions consisting of the various truncated forms of the mutant polyQ protein as well
as other proteins. How these fragments localize to the nucleus and become trapped there
still remains to be investigated. Although the possibility remains that htt contains a
nuclear localization signal (NLS), no classical NLS has been identified (Hackam et al.,
1999; Xia et al., 2003). The most compelling mechanism supporting a passive diffusion
mechanism is that the size of the fragments determines whether htt accumulates in the
nucleus. It has been established that proteins <40 kDa can freely pass through the nuclear
pore whereas proteins >40 kDa generally rely on active transport (Allen et al., 2000).

Sometimes proteins lacking a functional NLS can bind to another protein with a
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functional NLS to allow nuclear entry. Some early immunocytochemical evidence from
experiments done in cell culture indicated that a small amount of full-length htt can be
found in the nucleus (De Rooij et al., 1996; Hoogeveen et al., 1993); however, the
amount is so small that it can barely be detected by traditional biochemical methods. In
support of this, several studies used a subcellular fractionation approach to show that the
nucleus and perinucleus of human and HD mouse samples are enriched for N-terminal
fragments < 75 kDa but not full-length htt (DiFiglia et al., 1997; Zhou et al., 2003).
Because expanded polyQ tracts retard the migration of mutant polyQ proteins in the SDS
gel, those N-terminal htt fragments <75 kDa are likely equivalent to the fragments <40
kDa, which can passively diffuse through the nuclear pore. The larger fragments are
likely localized to the perinucleus. This is supported by a previous study that showed htt
accumulates at the perinucleus where it undergoes caspase cleavage, allowing
translocation to the nucleus (Sawa et al., 2005).

The polyQ domain appears to have a large effect on the nuclear accumulation of
mutant htt. One study introduced 146 CAG repeats into the mouse hypoxanthine
phosphoribosyltransferase gene (Hprt) in a transgenic mouse and observed the formation
of nuclear inclusions as well as a progressive neurological phenotype similar to that of
HD mice (Ordway et al., 1997). Interestingly, when an NLS was added to the same
Hprt'46cAC gene, the phenotype worsened and nuclear inclusions appeared earlier than
those formed by non-NLS tagged Hprt***“*¢ . On the contrary, the addition of a nuclear
export signal (NES) delayed the phenotype as well as the formation of nuclear inclusions
(Jackson et al., 2003). Also in support of the polyQ tract being crucial for their nuclear

aggregation is that all of the mutant polyQ proteins, despite their very different functions
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and sequences outside of the polyQ tract, are able to form nuclear inclusions resulting in
a progressive neurological phenotype in humans and mouse models. Together these data
suggest that the polyQ tract allows nuclear accumulation and toxicity to occur. This is
not to say that other regions of the protein do not have an effect on aggregation and
toxicity but instead that the polyQ tract is sufficient to cause proteins to accumulate in the
nucleus. For example, the first 17 amino acids of htt (N17), which directly precede the
polyQ tract, have been shown be important for the aggregation process (Tam et al.,
2009). Therefore, there may by regions outside of the polyQ tract that can modify the
aggregation and toxicity exerted by the polyQ tract.

The nuclear toxicity caused by the accumulation of N-terminal mutant htt
fragments is supported by experiments in cell culture as well as various mouse models.
In cell culture, using an NLS to target mutant htt to the nucleus increased cell loss and
nuclear accumulation of htt while using an NES to promote nuclear export decreased cell
loss and nuclear accumulation of htt (Peters et al., 1999). Similar experiments were
carried out in mice where an NLS was added to either exon 1 of htt (Benn et al., 2005) or
to N171-82Q htt in HD transgenic mice (Schilling et al., 2004). Targeting mutant htt
fragments to the nucleus accelerated the disease onset and increased the formation of
nuclear inclusions. Combined with the numerous studies showing aberrant interactions
between nuclear htt fragments and transcription factors, these data indicate that N-
terminal htt accumulates in the nuclei and plays a toxic role.

Despite this knowledge regarding the factors that impact nuclear aggregation and
the composition of the intranuclear aggregates, the specific size of the N-terminal

fragment(s) that can accumulate in the nucleus remains unknown. Our hypothesis is that
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smaller N-terminal htt fragments are more prone to nuclear accumulation than longer
fragments. Although some studies have addressed this to a certain extent, they were all
qualitatively based on immunocytochemistry data. We wanted to carry out a more
quantitative study to reveal which htt fragments localize to the nucleus and cause toxicity.
Furthermore, many of the previous nuclear localization studies focused on the exon 1
portion of htt, which consists of only the first 67 amino acids of htt plus an expanded
polyQ tract. Our study, however, uses longer fragments of 208, 300 or 500 amino acids.
We convincingly show that fragments as small as 300 amino acids display nuclear
accumulation and the 208 fragment of htt causes significant nuclear toxicity to

transfected cells.

2.3 Materials and Methods

Cell culture and transient transfection — HEK 293 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS, 100 pg/mL penicillin, 100
units/mL streptomycin and 250 pg/uL fungizone amphotericin B. Cells were incubated
at 37°C in 5% CO,. Cells were plated in a 6-well plate for western blotting or 12-well
plate for immunocytochemistry. At a confluency of 70% the cells were transfected with
1-2 pg/well (6-well plate) or 0.5-1 pg/well (12-well plate) of DNA and lipofectamine

(Invitrogen) for 48 hours.
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Plasmids - A PRK-HA vector expressing htt fragments with N-terminal lengths of 208,
300 or 500 amino acids with a polyQ tract of either 120Q or 23Q was used to transfect

HEK 293 cells. These constructs are HA tagged at the C-terminus.

Antibodies - mEM48, a mouse monoclonal, rEM48 and a rabbit polyclonal antibody,
which recognize the N-terminus (amino acids 1-256) of htt were used for western blotting
and immunocytochemistry at a dilution of 1:100 or 1:1000 respectively. An anti-HA
antibody was also used at 1: 1000 (Cell signaling) for both western blotting and
immunocytochemistry. Additional antibodies used for western blotting were against
GAPDH at 1: 20,000(Ambion), TBP N-12 at 1: 1000 (Santa Cruz). Secondary
antibodies, which were used at a concentration of 1: 5000, were peroxidase-conjugated
donkey anti-mouse or donkey anti-rabbit IgG (H+L) from Jackson ImmunoResearch

(West Grove, PA).

Immunocytochemistry — Transfected HEK 293 cells were fixed with 4%
paraformaldehyde (PFM) for 15 minutes then permeabilized and blocked for 1 hour with
3% BSA and 0.2% triton X-100 in 1X PBS. Cells were washed 3 times with 1X PBS
then incubated overnight with mEM48 (1:100 dilution) in 3% BSA in 1X PBS at 4°C.
After 3 washes with 1X PBS, the cells were incubated for 1 hour at 4°C with secondary
antibodies conjugated to Alexa flour 488 dye (Invitrogen) or rhodamine red (Jackson
Immunoresearch laboratories. DNA was visualized using Hoechst staining (Molecular

Probes) at a dilution of 1:5000. Fluorescent images were obtained using a Zeiss



35

microscope (Axiaovert 200 MOT) with a digital camera (Hamamatsu Orca-100) and

Openlab software (Improvision Inc).

Primary neuron culture and transfection - Neurons from the striatum and cortex of
E18 rats were isolated and washed in Hanks Balanced Salt Solution (HBSS; Invitrogen).
Neurons were treated with 2.5% trypsin in HBSS at 37°C for 10 minutes then cultured in
sterile filtered neurobasal media (2 mM L-glutamine, 2% B-27 supplement, 100 units/mL
streptomycin and 100 units/mL penicillin) on poly-D lysine coated plates. At 50-70%
confluence in a 12-well plate, the cells were transfected with 2 ug DNA/well and
lipofectamine 2000 (Invitrogen). After 5 hours the transfection reagent was removed and

replaced with half fresh neurobasal media and half pre-transfection neurobasal media.

Nuclear Fractionation and Western Blotting - To isolate the nuclear fraction from
transfected HEK 293 cells, the cells were collected and incubated on ice for 10 minutes in
buffer A (20mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl,, ImM PMSF, 10mM NaF,
0.2mM NaVOj; and 1:100 protease inhibitor cocktail (P8340, Sigma)). Cells were passed
through a 22gg syringe 15 times to release the cytoplasmic protein. Cells were
centrifuged at 12,000g for 30 seconds to collect the intact nuclei. The supernatant was
clarified at 13,000 RPM for 5 minutes and saved as the cytoplasmic fraction. The nuclei
were washed with buffer A 3 times and lysed in PBS lysis buffer (1X PBS, 1% Triton X-
100 and 1:100 protease inhibitor cocktail (P8340, Sigma)).

To analyze the fractions by western blotting, the protein from each of the fractions

was added to SDS sample buffer and resolved on a 4-12% tris-glycine polyacrylamide
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gel (Invitrogen). The proteins were transferred to nitrocellulose membrane and blocked
with 5% milk in 1X PBS for an hour at room temperature before incubation with primary
antibody overnight at 4°C in 1X PBS with 3% BSA. After washing 3 times for 5 minutes
with 1X PBS, the membrane was incubated with horseradish peroxidase (HRP)
conjugated secondary antibody (Jackson Laboratories) at 1:5000 for 1 hour at room
temperature. The membrane was washed several times with 1X PBS, exposed to the
ECL reagent and exposed to autoradiography film (Denville Scientific). Band intensity

was calculated with densitometry software (U-SCAN).

Cell viability assay - An MTS assay kit (Promega G3850) was used to measure cell
viability. Transfected HEK 293 cells were collected and washed in cold serum free
media. The cells were resuspended in 1 mL serum free media per well. 75 puL of the
cells plus the MTS reagent were added to a well of a 96-well plate in triplicate. After 30
minutes at 37°C, a SpectraMax Plus plate reader (Molecular Devices) was used to

quantify color changes corresponding to cell viability.

Statistical analysis - Results generated from three or more independent experiments and
expressed as the mean £SD and were analyzed for statistical significance using a two-

tailed Student’s t-test.

2.4 Results
We wanted to evaluate the effect of N-terminal htt size on the nuclear

accumulation and toxicity of mutant htt. To this end, we generated N-terminal htt
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constructs of varying N-terminal lengths with a polyQ tract of either 23Q or 120Q, which
were also tagged at the C-terminus with HA (N208, N300 and N500) (Figure 2-1A). To
verify expression of these constructs, we transiently transfected HEK 293 cells with each
of the 120Q- N208, N300 and N500 constructs for 48 hours. Analysis by western
blotting with the mEM48 antibody against the N-terminus of htt showed nearly equal and
robust expression (Figure 2-1B). Due to the instability of the polyQ tract of htt, it is
highly prone to shortening during amplification. After sequencing, N300 htt was found
to have a polyQ repeat shortened to 100Q. It is known that the polyQ length used for
experiments in both cell culture and mouse models has to be much longer than the
number of repeats (40-50 CAG/glutamine) seen in a typical adult onset HD patient in
order to enhance the phenotype and decrease the age of onset. (Orr and Zoghbi, 2007).
We therefore believe that this slight shortening will not have a significant effect on the
effects of mutant htt.

In order to look at the subcellular localization of the various htt fragments, we
transiently transfected HEK 293 cells with the previously described N208, N300 or N500
mutant htt fragments containing 100-120Q as well as the 23Q-N208 fragment as a
control. We visualized the localization of htt using immunocytochemistry with both the
mEM48 and anti-HA antibodies and took pictures of representative cells (Figure 2-2).
We found that although there was no difference in the localization of soluble mutant htt,
there was an obvious difference in the localization of the aggregates. Cells transfected
with the smaller fragments (N208 and N300) showed the presence of nuclear aggregates
as marked by the arrows. The aggregates formed by the larger 500 fragments, on the

other hand, were mostly cytoplasmic.
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We wanted to confirm this finding in neuronal culture so we cultured primary
striatal neurons from an embryonic day 18 rat and transiently transfected them with the
same N-terminal htt fragments and used immunocytochemistry with the mEM48 and
anti-HA antibodies to analyze the subcellular localization of mutant htt (Figure 2-3).
Similar to the results from the transfection of HEK 293 cells, the smaller fragments
showed more nuclear accumulation than the larger fragments. Interestingly, while the
N208 construct did aggregate whereas the others did not, which is consistent with our
previous results, the subcellular localization of the smaller soluble mutant htt was also
more nuclear than the larger soluble htt. We were able to see a difference in localization
of the soluble mutant htt in the primary neurons but not HEK 293 cells because
transfected protein expresses better in HEK 293 cells than primary neurons and the
overexpression of mutant htt increases its propensity to aggregate. In HEK 293 cells, the
soluble htt that localizes to the nucleus likely aggregates immediately whereas in the
primary neurons, which expresses a lower level of transfected htt, the aggregation process
is slower. An alternative explanation is that the differences are due to cell type
differences.

Another interesting observation we made is that in some transfected cells showing
the presence of nuclear aggregates, some aggregates were labeled by mEM48 but not the
anti-HA antibody (Figure 2-4). This indicates that these aggregates are made of
proteolytic cleavage products of htt from transfected htt fragments. While it is possible
that the HA tag is simply hidden within the aggregates, we do not believe this is the case
because we saw that a small number of aggregates could be labeled by the anti-HA

antibody regardless of the N-terminal length of transfected htt.
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In order to evaluate any differences in subcellular localization in a more
quantitative manner, we transfected HEK 293 cells with the 120Q-N208, N300 or N500
htt fragments for 48 hours. We performed a subcellular fractionation on the samples to
separate the nuclear from cytoplasmic fractions and analyzed the fractions by western
blotting with the mEM48 antibody (Figure 2-5A). The purity of the fractions was
verified by probing the same blot with an antibody against TBP as the nuclear marker and
GAPDH as the cytoplasmic marker. Notably, the bands appearing below the intact htt
(marked by the bracket) are N-terminal degradation products resulting from further
proteolytic cleavage. Importantly, these products are enriched in the nuclear fraction,
which is consistent with fractionation data from a 150Q HD KI mouse, which also shows
enrichment of small N-terminal degradation and cleavage products in the nucleus (Zhou
et al., 2003). We used densitometry software to quantify the band intensity of the intact
N-terminal htt fragments (marked by the arrow). To quantify nuclear htt levels, we first
accounted for expression level differences by dividing the nuclear or cytoplasmic
densitometry value by the densitometry value of the total fraction. Then we calculated
the ratio of nuclear: cytoplasmic intact htt to determine the amount of nuclear htt relative
to cytoplasmic htt (Figure 2-5B). As the western blot indicates, we found that the ratio
of nuclear: cytoplasmic htt was significantly higher for the shorter N208 and N300
fragments compared to the longer N500 fragment. This data is also consistent with the
immunocytochemistry data discussed earlier.

Since N-terminal htt that localizes to the nucleus has been shown to exert a toxic
effect through transcriptional dysregulation, we wanted to determine if the size of the

fragment also has an effect on the nuclear toxicity of mutant htt. We transfected HEK
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293 cells with the 120Q-N208, N300 or N500 htt fragments for 48 hours then collected
the cells for a cell viability assay known as the MTS assay. The MTS assay is a
colormetric assay that measures cell viability according to the ability of the cell’s
dehydrogenase enzymes to convert the MTS compound to formazan. Consistent with the
previous data that smaller fragments are more prone to nuclear accumulation and the idea
that N-terminal htt accumulates in the nucleus to exert a toxic function, we observed that
the shorter N208 fragment is significantly more toxic to the cells than the longer N300 or
N500 fragments (Figure 2-6A). We also used a small portion of the cells from each
sample for a western blot with the mEM48 antibody to verify equal expression of each of
the constructs (Figure 2-6B). Although the expression levels are not exactly equal, they
are still relevant because N300 htt expressed better than N208 htt but still resulted in
significantly higher cell viability levels. Therefore, the results from this experiment may
underestimate rather than overestimate the effect of htt size on the toxicity of nuclear htt.
Altogether, these data indicate that N208 mutant htt is able to accumulate in the
nucleus and decrease cell viability, which is consistent with the prevailing toxic fragment
hypothesis discussed earlier. The mechanism by which this accumulation and toxicity

occur, however, remains to be determined.

2.5 Discussion
N-terminal Fragment Size and Nuclear Accumulation of Mutant htt

While previous work by other groups has looked at the effect of size on nuclear
accumulation, our study offers a more detailed and quantitative analysis of the nuclear

accumulation of mutant N-terminal htt derived from proteolytic cleavage. We show by
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immunocytochemistry that the smaller N208 and N300 fragments are able to form
nuclear inclusions when overexpressed in HEK 293 cells. This data is consistent with
several other studies in cell culture showing that small fragments can accumulate in the
nucleus. Two of these studies used an even smaller fragment containing only exon 1 (the
first 67 amino acids) or the first 171 amino acids of htt (Cooper et al., 1998; Peters et al.,
1999). Another study from our lab used N208 htt with different polyQ lengths and used
immunocytochemistry to find that the number of nuclear inclusions increased with polyQ
length (Li and Li, 1998).

This is the first study using a subcellular fractionation method to quantify any
differences in nuclear accumulation between N-terminal htt fragments of different
lengths. This study also has the added advantage of using constructs with a C-terminal
HA tag which allows us to track any proteolytic cleavage events that may happen either
prior to or after nuclear translocation. We, like many others, found evidence of further
htt cleavage that is visible in our immunocytochemistry data (Figures 2-2 and 2-4) as
well as our subcellular fractionation data, which shows a smear of N-terminal htt
fragments (marked by the bracket) that are shorter than the intact transfected form
marked by the arrow (Figure 2-5). Other labs studying caspase or calpain cleavage
noticed the formation of cleavage products and their propensity to form nuclear
inclusions (Lunkes et al., 2002; Ratovitski et al., 2009; Ratovitski et al., 2007).
Interestingly, Ratovitski et al (2009) concluded that htt proteolysis is likely a
heterogeneous process producing fragments of several lengths. This is consistent with

our data showing a loss of the HA tag in some but not all of the aggregates. It is also
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consistent with in vivo data showing that in the nuclear fractions of 150Q HD KI mice,

there is a smear of N-terminal fragments that appears below 75 kDa (Zhou et al., 2003).

N-terminal htt Fragment Size and Toxicity

We also make the important connection between mutant htt fragment size, nuclear
accumulation and toxicity. While cytoplasmic htt certainly causes toxicity, especially in
terms of axonal transport and synapse function, nuclear htt plays a crucial role in
cytotoxicity primarily through transcriptional dysregulation. We showed that in
transfected HEK 293 cells, smaller fragments exert a more toxic effect. Notably, both the
N208 and N300 htt fragments showed nuclear accumulation according to our
immunocytochemistry (Figure 2-2) and subcellular fractionation (Figure 2-5) data but
the N208 fragment was the only one to show significant toxicity in transiently transfected
cells (Figure 2-6). This is likely due to the fact that more N208 than N300 htt was
localized to the nucleus.

The dependence of nuclear localization of N-terminal fragment size is consistent
with a trend we have observed in common HD mouse models where expression of shorter
fragments leads to a more severe and earlier onset phenotype than expression of longer
fragments or full-length htt. The transgenic R6/2 mouse, for example, overexpresses
mutant htt with 150 glutamines and shows a very severe phenotype, a drastically
decreased lifespan of 3-4 months, and the early appearance of nuclear inclusions
(Mangiarini et al., 1996). Another transgenic HD model is the HD N171-82Q mouse
expressing the first 171 amino acids of htt with 82 glutamines. This mouse shows a less

severe phenotype than the R6/2 mouse, a lifespan of about 6-7 months and the early
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appearance of nuclear inclusions (Schilling et al., 1999a). The 150Q knock-in (KI)
mouse, which expresses full-length htt with 150 glutamines under the endogenous
promoter, exhibits a very mild and late-onset phenotype, has a fairly long lifespan of
more than 18 months and only shows the presence of nuclear inclusions after about 8
months of age (Lin et al., 2001). These data emphasize that idea that shorter N-terminal

fragments that can accumulate in the nucleus are more toxic than larger fragments.
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Figure 2-1. Expression of N-terminal huntingtin fragments. (A) N-terminal htt
fragments of varying lengths were cloned into a pRK vector and include a polyQ
expansion of either 100Q or 120Q and a C-terminal HA tag. The fragments consisted of
the first 67 (exon 1), 208, 300 or 500 amino acids of htt in addition to the polyQ tract.
(B) A western blot probed with mEM48 showing about equal expression each of the
constructs mentioned above in HEK 293 cells. The bracket marks degraded N-terminal

htt fragments formed from the larger fragments.
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Figure 2-2. Nuclear accumulation of N-terminal mutant htt in HEK 293 cells.

120Q N208, N300, N500 or 23Q N208 htt were expressed in HEK 293 cells for 48 hours
and co-stained with rEM48 to label htt (red), anti-HA to label the HA tag (green) and
Hoechst dye to label the DNA. N208 and N300 N-terminal mutant htt showed more

nuclear aggregation (marked by arrows) than the larger N500 fragment.
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Figure 2-3. Nuclear accumulation of N-terminal mutant htt in primary striatal
neurons. 120Q N208, N300 or N500 htt were expressed in embryonic rat primary
striatal neurons. The cells were stained with rEM48 to label htt (red), anti-HA to label the
HA tag (green) and Hoechst to label DNA. The small N208 fragment was diffuse
throughout the neuron while the larger N300 and N500 fragments were localized
primarily to the cytoplasm. The shorter N208 fragment also formed a small perinuclear

aggregate while the longer fragments did not form any aggregates.
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Figure 2-4. Proteolytic N-terminal htt fragments form nuclear aggregates. C-
terminally HA tagged 120Q N208 htt was expressed in HEK 293 cells for 48 hours then
fixed and stained with rEM4S8 for htt (red), anti-HA (green) and Hoechst for the DNA.
The nuclear aggregates formed by this htt fragment were labeled by the mEM48 antibody

but not the anti-HA antibody.
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Figure 2-5
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Figure 2-5. Subcellular distribution of N-terminal mutant Htt. (A) 120Q N208,
N300 or N500 htt were expressed in HEK 293 cells for 48 hours. Subcellular
fractionation was used to separate the nuclear from the cytoplasmic regions. The
fractions were analyzed by western blotting with the mEM48 antibody. The purity of the
fractionation was verified by probing for TBP (the nuclear marker) and GAPDH (the
cytoplasmic marker). The arrow marks the intact soluble N-terminal htt fragment while
the bracket marks the degraded fragments that form. (B) Densitometry was used to
determine the intensity of the bands for each fraction. To normalize for variable
expression of the constructs, the ratio was calculated for both the nuclear: total and
cytoplasmic: total. The graph shows the ratio of nuclear: cytoplasmic soluble htt. For
densitometry purposes we used the intact version of the soluble htt. There was a
statistically significant difference between the nuclear localization of both the N208 and

N300 compared to the N500 htt fragment. ** p <0.05
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Figure 2-6. Cell Viability of HEK 293 cells expressing N-terminal mutant htt. (A)
HEK 293 cells were transfected with 120Q N208, N300, N500 or 23Q N208 htt for 48
hours. An MTS assay was used to determine cell viability. The shorter 120Q N208 htt
fragment was significantly more toxic to the cells than the longer N300 or N500 htt
fragments. Cells transfected with the pRK vector served as the positive control. * p <
0.05 (B) Expression of the N-terminal htt fragments was verified using western blotting

with the mEM48 antibody against htt.
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CHAPTER 3
Phosphorylation of serine 16 of huntingtin regulates its

nuclear accumulation and toxicity

This chapter presents work published as: Lauren S Havel, Chuan-En Wang, Brandy
Wade, Brenda Huang, Shihua Li and Xiao-Jiang Li (2011) Hum Mol Genet, Apr
1;20(7):1424-37. Lauren Havel performed all of the experiments in this chapter with the
exception of the culturing of primary neurons, which was done by Chuan-En Wang
(figure 2-3). Additionally, Brandy Wade assisted in the generation of the 23Q S13A and
S13D constructs as well as the caspase assay. Xiao-Jiang Li and Shihua Li helped with
experimental design. Xiao-Jiang Li played a key role in the preparation of the

manuscript.
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3.1 Abstract

The first 17 amino acids of huntingtin (htt), which directly precede the polyQ
tract, are highly conserved across most species, indicating that they are crucial for the
function of the htt protein. Within this 17 amino acid region are three potential
phosphorylation sites: threonine (T) 3, Serine (S) 13 and S16. Previous studies in cell
culture and mouse models have used double S13 and S16 loss of phosphorylation and
phosphomimetic mutants to show that phosphorylation of N-terminal htt is important for
htt’s subcellular localization, aggregation, and clearance. In this study we will explore
the role of S16 phosphorylation in the nuclear localization, aggregation, and toxicity of
mutant htt. We generated the loss of phosphorylation mutants, SI6A and S13A, as well
as phosphomimetic mutants, S16D and S13D. We show that the S16 residue appears to
be more important for regulating the subcellular localization of mutant htt than the S13
residue. Expression of the S16 mutants in HEK 293 cells and primary striatal neurons

showed the phosphorylation of S16 is critical for the nuclear accumulation of mutant htt.

3.2 Introduction

The high degree of conservation across species of the first 17 amino acids of htt
(N17) suggests an important role in the protein’s function. This region of the protein has
recently become a focus of research in the HD field. The N17 region has been shown to
exclude htt from the nucleus (Rockabrand et al., 2007) and actually target htt to the ER
and other vesicles (Atwal et al., 2007). ER stress is thought to cause N-terminal htt to be
released from the ER membrane and transported into the nucleus. Based on these

findings, the N17 region clearly plays a crucial role in the subcellular localization of
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mutant htt. The mechanisms allowing this transport and resulting in accumulation of N-
terminal htt in the nucleus are not yet well defined.

One study showed that the chaperonin protein, TRiC, binds to N17 and blocks
aggregation. Thus, suppression of chaperonin proteins such as TRiC, which could occur
as a result of aging among other reasons, may provide a favorable environment for
nuclear accumulation. Additionally, once mutant N-terminal htt localizes to the nucleus,
its binding to the nuclear export proteins has been shown to be impaired compared to
non-expanded N-terminal htt (Cornett et al., 2005). This allows mutant htt to become
trapped and thus accumulate in nuclei while non-expanded N-terminal htt can still pass
through the nuclear pore back into the cytoplasm. The factors regulating such transport
and binding have not yet been identified.

A recent idea is that regulation occurs through post-translational modifications of
N-terminal htt. In addition to two substrates for both sumoylation and ubiquitination at
lysines 6 and 9 (Steffan et al., 2004), there are also three potential substrates for
phosphorylation: threonine (T) 3, Serine (S) 13 and 16. One in vitro study found that T3
phosphorylation is necessary for mutant htt aggregation but did not analyze its effect on
nuclear localization (Aiken et al., 2009). The other two putative phosphorylation sites
within the N17 region have been studied in combination but neither has been studied
individually. An in vitro study showed that phosphorylation of S13 and S16 increased
nuclear localization and also increased clearance by the ubiquitin proteasome system
(UPS) or autophagy (Thompson et al., 2009). This study, however, did not address

neurotoxicity, aggregation or a mechanism for nuclear accumulation. Furthermore, the
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fact that S16 phosphorylation targets htt for degradation is not consistent with the
increase in nuclear accumulation resulting from phosphorylation.

Another in vivo study produced a BAC transgenic mouse with serines 13 and 16
both mutated to either alanine (BACHD AA) to produce a double loss of phosphorylation
mutant or aspartic acid (BACHD DD) to produce a double phosphomimetic mutant (Gu
et al., 2009). They concluded that phosphorylation of both serine residues inhibited the
formation of aggregates and improved motor function suggesting that phosphorylation is
actually protective. This study, however, did not specifically address nuclear
accumulation of mutant htt. The two studies are also conflicting since Thompson et al
showed phosphorylation increased nuclear localization, which would be expected to
increase the toxicity of the protein. Gu et al, however, shows that S13 and S16
phosphorylation is protective. Therefore there is still much work to do to fully
understand how phosphorylation of N-terminal htt influences HD pathogenesis.

Since the involvement of the individual serine residues in mutant htt nuclear
accumulation and toxicity have not yet been analyzed, we chose to produce individual
phosphomimetic (S13D or S16D) or loss of phosphorylation (S13A or S16A) mutants to
determine which serine residue plays a more important role in nuclear localization of htt.
We found that phosphorylation of S16 is more important for increasing the nuclear
accumulation and aggregation of N-terminal mutant htt. Thus, we focused the rest of our
experiments on the effect of S16 on nuclear accumulation and toxicity of mutant N-

terminal htt.

3.3 Materials and Methods
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Cell culture, transient transfection and drug treatments— HEK 293 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 100
pg/mL penicillin, 100 units/mL streptomycin and 250 pg/pL fungizone amphotericin B.
Cells were incubated at 37°C in 5% CO,. Cells were plated in a 6-well plate for western
blotting or 12-well plate for immunocytochemistry. At a confluency of 70% the cells
were transfected with 1-2 pg/well (6-well plate) or 0.5-1 pg/well (12-well plate) of DNA
and lipofectamine (Invitrogen) for 48 hours. Okadaic acid (OA) was prepared in DMSO
at a stock concentration of 120 uM. Transfected cells were treated with OA in serum free

media for 4 hours at a final concentration of 50 nM or 100 nM.

Plasmids - Site-directed mutagenesis was performed on the HA tagged 120Q N208 htt
construct in a pRK cloning vector to replace serine 16 with alanine (A16) and aspartic
acid (D16) in the htt constructs. The PCR was carried out in two rounds in order to
introduce both the point mutation and the cloning site. Primers for the first round were
designed as follows to introduce the point mutation:
5’ATGAAAGCCTTCGAGTCCCTCAAGGCCTTCCAG-3’ (forward, S16A)
5’ATGAAAGCCTTCGAGTCCCTCAAGGACTTCCAG-3’ (forward, S16D)
5’ATGAAAGCCTTCGAGGCCCTCAAGGACTTCCAG-3’ (forward, S13A)
5’ATGAAAGCCTTCGAGGACCTCAAGGACTTCCAG-3’ (forward, S13D)
5S’ATTTCCTTATAGAGCTCGAGCTGTAACCTTGGAAGATTAGAATCC -3’

(reverse).
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The PCR program used for the first round of PCR was as follows
1) 3 minutes - 96°C
2) 45 seconds - 96°C
3) 45 seconds - 66°C
4) 1 minute - 72°C
5) Repeat steps 2-4 for 35 cycles
6) 5 minutes - 72°C
The product was gel purified using Ultrafree DA collumns (Millipore) and used for a
second round of PCR to introduce the BamHI cloning site into the construct for insertion
into the pRK-HA vector. The primers were designed as follows:
5’-ATTTCCTTATAGAGCTCGAGCTGTAACCTTGGAAGATTAGAATCC-3’
(Forward)
5’TAGGATCCGCCATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAG
TCCCTC-3’ (Reverse)
The PCR program used was
1) 3 minutes - 96°C
2) 45 seconds - 96°C
3) 1 minutes - 61°C
4) 1 minutes — 72°C
5)  Steps 2-4 were repeated 35 times
6) 5 minutes - 72°C

The PCR product was then gel purified using Ultrafree-DA collumns (Millipore) and
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ligated into the pRK-HA vector. The constructs were sequenced through Macrogen to

confirm the correct mutations.

Antibodies —- mEM48, a mouse monoclonal antibody, which recognizes the N-terminus
(amino acids 1-256) of htt was used for western blotting and immunocytochemistry at a
dilution of 1:100. Additional antibodies used were against GAPDH at 1: 20,000
(Ambion), TBP N-12 at 1:1000 (Santa Cruz), Sp1 at 1:1000 (Chemicon) and TFIIB at
1:2500 (Santa Cruz). Secondary antibodies, which were used at a concentration of 1:
5000, used were peroxidase-conjugated donkey anti-mouse or donkey anti-rabbit IgG

(H+L) from Jackson ImmunoResearch (West Grove, PA).

Immunocytochemistry — Transfected HEK 293 cells were fixed with 4%
paraformaldehyde (PFM) for 15 minutes then permeabilized and blocked for 1 hour with
3% BSA and 0.2% triton X-100 in 1X PBS. Cells were washed 3 times with 1X PBS
then incubated overnight with mEM48 (1:100 dilution) in 3% BSA in 1X PBS at 4°C.
After 3 washes with 1X PBS, the cells were incubated for 1 hour at 4°C with secondary
antibodies conjugated to Alexa flour 488 dye (Invitrogen) or rhodamine red (Jackson
Immunoresearch laboratories. DNA was visualized using Hoechst staining (Molecular
Probes) at a dilution of 1:5000. Fluorescent images were obtained using a Zeiss
microscope (Axiaovert 200 MOT) with a digital camera (Hamamatsu Orca-100) and

Openlab software (Improvision Inc).
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Primary neuron culture and transfection - Neurons from the striatum and cortex of
E18 rats were isolated and washed in Hanks Balanced Salt Solution (HBSS; Invitrogen).
Neurons were treated with 2.5% trypsin in HBSS at 37°C for 10 minutes then cultured in
sterile filtered neurobasal media (2 mM L-glutamine, 2% B-27 supplement, 100 units/mL
streptomycin and 100 units/mL penicillin) on poly-D lysine coated plates. At 50-70%
confluence in a 12-well plate, the cells were transfected with 2 ug DNA/well and
lipofectamine 2000 (Invitrogen). After 5 hours, the transfection reagent was removed
and replaced with half fresh neurobasal media and half pre-transfection neurobasal

media.

Nuclear Fractionation and Western Blotting - To isolate the nuclear fraction from
transfected HEK 293 cells, the cells were collected and incubated on ice for 10 minutes in
buffer A (20mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl,, ImM PMSF, 10mM NaF,
0.2mM NaVOj; and 1:100 protease inhibitor cocktail (P8340, Sigma)). Cells were passed
through a 22gg syringe 15 times to release the cytoplasmic protein. Cells were
centrifuged at 12,000g for 30 seconds to collect the intact nuclei. The supernatant was
clarified at 13,000 RPM for 5 minutes and saved as the cytoplasmic fraction. The nuclei
were washed with buffer A 3 times and lysed in PBS lysis buffer (1X PBS, 1% Triton X-
100 and 1:100 protease inhibitor cocktail (P8340, Sigma)).

To analyze the fractions by western blotting, the protein from each of the fractions
was added to SDS sample buffer and resolved on a 4-12% tris-glycine polyacrylamide
gel (Invitrogen). The proteins were transferred to nitrocellulose membrane and blocked

with 5% milk in 1X PBS for an hour at room temperature before incubation with primary
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antibody overnight at 4°C in 1X PBS with 3% BSA. After washing 3 times with 1X
PBS, the membrane was incubated with horseradish peroxidase (HRP) conjugated
secondary antibody (Jackson Laboratories) at 1:5000 for 1 hour at room temperature.
The membrane was washed several times with 1X PBS, exposed to the ECL reagent and
exposed to autoradiography film (Denville Scientific). Band intensity was calculated

with densitometry software (U-SCAN).

Cell viability assay - An MTS assay kit (Promega G3850) was used to measure cell
viability. Transfected HEK 293 cells were collected and washed in cold serum free
media. The cells were resuspended in 1 mL serum free media per well. 75 puL of the
cells plus the MTS reagent were added to a well of a 96-well plate in triplicate. After 30
minutes at 37°C, a SpectraMax Plus plate reader (Molecular Devices) was used to

quantify color changes corresponding to cell viability.

Caspase-3 Assay - Transfected HEK 293 cells were lysed in cell lysis buffer (10mM
Tris-HCI1 pH 7.4, 10mM NaH,PO4/Na,HPO4 pH 7.5, 130mM NacCl, 1% Triton X-100
and 10mM NaPPi). Cells were broken open by repeated freeze/thaw cycles with dry
ice/100% EtOH and a 37°C water bath. The lysates were clarified at 16,000 RPM for 5
minutes at 4°C. Protein lysate and 200 pL assay buffer (40mM PIPES, 200mM NacCl,
20mM DTT, 2mM EDTA, 0.2% Chaps and 20% sucrose; pH7.4) were added to a total
volume of 400 pL and incubated at 37 °C for 1 hour. The reactions were transferred to a

96-well plate to be read by a fluorescent plate reader (FLUOstar galaxy) in triplicate.
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Statistical analysis - Results generated from three or more independent experiments are
expressed as the mean £SD and were analyzed for statistical significance using a two-

tailed Student’s t-test.

3.4 Results

First we wanted to determine whether S16 or S13 is more important in regulating
the subcellular localization of mutant htt. To this end we generated loss of
phosphorylation (serine to alanine) and phosphomimetic (serine to aspartic acid) mutants
for both the S16 and S13 residues by site-directed mutagenesis using PCR with primers
including the desired mutation (Figure 3-1). We produced these mutants in both the
120Q and 23Q htt constructs using the HA-tagged N208 htt construct described in
chapter 2 because this htt fragment was able to accumulate in the nuclei of both HEK 293
cells and primary striatal neurons. To determine which residue plays a larger role in the
subcellular distribution of htt, we transiently transfected WT-, S16A-, S16D-, S13A- or
S13D-htt containing 23Q in HEK 293 cells and performed immunocytochemistry with
the mEM48 antibody (Figure 3-2). Since replacing S16 but not S13 with the
phosphomimetic aspartic acid residue (D) resulted in increased nuclear localization of
23Q-N208 htt, we concluded that S16 is more important than S13 in regulating N-
terminal htt nuclear localization. Also in support of this conclusion is that S16A-htt
showed a reduction in nuclear localization compared to both WT and S16D-htt, whereas
the S13A-htt did not.

Since we concluded that S16 plays a more important role than S13 in the nuclear

localization of N-terminal htt, we wanted to see if we saw a similar difference with the
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polyQ expanded 120Q-S16, -S16A and -S16D htt constructs. We transiently transfected
HEK 293 cells with these htt constructs for 48 hours and performed
immunocytochemistry using the mEM48 antibody (Figure 3-3). Interestingly, we
noticed that while 120Q-S16 and -S16D htt showed significant nuclear aggregation
(marked by arrows), 120Q-S16A htt showed very little nuclear aggregation. When
nuclear aggregates were present they were very small in comparison to the aggregates
formed by 120Q-S16 and -S16D htt, indicating that S16 is important for both nuclear
localization and aggregation of mutant htt.

We wanted to verify that these differences occur in primary neurons as well. We
therefore transiently transfected primary striatal neurons cultured from an embryonic day
18 rat with 120Q-S16 and -S16A htt and performed immunocytochemistry with the
mEMA48 antibody (Figure 3-4). Like in the HEK 293 cells, representative transfected
primary neurons show that 120Q-S16 htt formed large nuclear aggregates whereas 120Q-
S16A htt showed no nuclear aggregates. Interestingly, in the neuronal environment, we
see a difference in soluble as well as aggregated mutant htt localization. This is likely
due to cell type differences and also htt expression level differences. HEK 293 cells
likely show more htt aggregates because of their higher transfection efficiency compared
to that of primary neurons. Based on these data and the fact that cultured primary neurons
are more relevant to the brain neuronal cells, we conclude that S16 is important for the
regulation of the nuclear localization and aggregation of mutant htt.

Since the previous immunocytochemistry data is qualitative and shows a limited
number of cells, we wanted to generate more quantitative data to verify our

immunocytochemistry data. To this end, we transfected HEK 293 cells with 120Q-S16, -
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S16A and -S16D N-terminal htt for 48 hours. The cells were gently scraped and
subjected to subcellular fractionation to separate the nuclear and cytoplasmic fractions.
The fractions were analyzed by western blotting using the mEM48 antibody (Figure 3-
5A). The blot shown is representative of several replicates. We used densitometry to
quantify the band intensity of the nuclear aggregated htt for each sample. To rule out the
influences of varying expression levels of the constructs, we normalized the aggregated
htt levels to the intact soluble htt levels (marked by the arrow). Quantification indicated
that S16- and S16D-htt show increased nuclear aggregation compared to S16A-htt
(Figure 3-5B). The bands below the intact soluble band (marked by the bracket) are
degraded htt fragments resulting from further cleavage. Interestingly, S16-htt shows
increased degradation compared to S16A-htt, as evidenced by the degradation products
marked by the bracket on the western blot. This is consistent with the in vitro data
generated by Thompson et al (2009) showing that N-terminal phosphorylation targets htt
to the lysosomes and autophagasomes.

Together these data indicate that S16 is important for the nuclear localization and
aggregation of N-terminal mutant htt. To test whether it is phosphorylation rather than a
structural change that causes the localization differences between the S16- and S16A-htt,
we treated HEK 293 cells transfected with 120Q-S16 or -S16A htt for 4 hours with 50 or
100 nM okadaic acid (OA), a phosphatase inhibitor that can increase cellular
phosphorylation. We performed immunocytochemistry on the treated and untreated
(control) cells with the mEM48 antibody and found that with increasing concentrations of
OA, the levels of nuclear S16-htt increased while there was no change in the levels of

nuclear S16A-htt, which is unable to be phosphorylated at S16 (Figure 3-6). This
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indicates that phosphorylation of S16 is in fact a regulator of N-terminal mutant htt
nuclear accumulation. To quantitatively assess whether phosphorylation of S16 is
responsible for nuclear accumulation of mutant htt, we performed a subcellular
fractionation on OA-treated and control HEK 293 cells transfected with either 120Q-S16
or S16A-htt. The fractions were analyzed by western blotting with the mEM48 antibody
(Figure 3-7A). We quantified nuclear enrichment of the soluble htt by using
densitometry to measure the band intensity of soluble htt (marked by the arrow) in each
fraction and calculating the ratio of nuclear: total htt (Figure 3-7B). In agreement with
the immunocytochemistry data, treatment with OA increased the nuclear localization of
S16 but not SI6A N-terminal htt. It is also important to note that the same trend holds
true for aggregated htt. Interestingly, the effect of S16 phosphorylation on mutant htt
localization seems to be specific to N-terminal fragments since there was no significant
change in the localization of full-length endogenous htt (marked by the arrow head) in
HEK 293 cells.

To see if phosphorylation at S16 also regulates the localization of normal htt
fragments, we performed immunocytochemistry with the mEM48 antibody on OA-
treated or control HEK 293 cells transfected with 23Q-S16 or 23Q-A16 (Figure 3-8).
We saw a trend similar to cells transfected with 120Q-htt where OA treatment increased
the nuclear localization of 23Q-S16 htt but had no effect on the localization of 23Q-S16A
N-terminal htt. Since the change was subtle by immunocytochemistry, we quantitatively
measured the change in localization caused by phosphorylation of S16 using subcellular
fractionation of OA-treated or control HEK 293 cells transfected with either 23Q-S16 or -

S16A htt (Figure 3-9A). Densitometry was used to measure the intensity of each of the
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htt bands. The amount of nuclear enrichment for each htt fragment was determined by
calculating the ratio of nuclear: total htt (Figure 3-9B). Not surprisingly, we found that
OA-treatment also increased the nuclear accumulation of 23Q-S16 but not 23Q-S16A htt,
indicating that phosphorylation of S16 also regulates the nuclear localization of non-
expanded N-terminal htt.

Since nuclear localization of mutant htt has been linked to nuclear toxicity, we
also wanted to analyze how phosphorylation of S16 of mutant htt affects cell viability.
To this end we used an MTS assay, which is a colorimetric assay measuring the activity
of cellular dehydrogenase enzymes that convert the MTS reagent to a purple formazan
product as an indicator of cell viability. We transfected HEK 293 cells with 120Q-S16, -
S16A or -S16D htt for 48 hours, scraped the cells, exposed them to the MTS reagent in
triplicate and measured the amount of formazan produced. Surprisingly, we found that
120Q-S16A htt significantly reduced cell viability relative to 120Q-S16 and -S16D htt
(Figure 3-10A). Equal expression of the 120Q-htt constructs was verified using western
blotting with the mEM48 antibody (Figure 3-10B). The dehydrogenase activity
measured by the MTS assay assesses mitochondrial function to reflect cell viability. We
therefore decided to try a different technique independent of mitochondrial activity to
measure cell viability. Since DNA fragmentation is a late sign of cell death, we
measured the amount of DNA fragmentation in HEK 293 cells transfected with 120Q-
S16, 120Q-S16A or 23Q-S16 htt and performed immunocytochemistry with the mEM48
antibody (Figure 3-11A). As seen by the arrows, which mark healthy nuclei, and the
arrowhead, which marks nuclei with fragmented DNA, cells transfected with 120Q-S16

htt showed increased cell viability compared to those transfected with S16A-htt. We
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scored viable cells by counting those with no visible DNA fragmentation for each of the
120Q-S16 and 120Q-S16A htt transfections and found that transfection of 120Q-S16 htt
led to a statistically significant increase in cell viability compared to the transfection of
120Q-S16A htt (Figure 3-11B). Since DNA fragmentation is a late stage indicator of cell
death, we decided to look at an earlier indicator of apoptosis: caspase-3 activity. We
transfected HEK 293 cells with 120Q-S16, 120Q-S16A, 120Q-S16D or 23Q-S16 htt for
48 hours and as a positive control treated untransfected cells with staurosporine to induce
cell death (Figure 3-12). Surprisingly, we found no significant difference in the caspase-
3 activities of cells transfected with the 120Q-htt mutants, though S16-htt slightly
increased caspase-3 activity compared to S16A-htt. Increased caspase activity by nuclear
htt has been reported previously (Li et al., Hum Mol Genet. 2000), but S16A-htt may

produce more cytoplasmic toxicity thereby reducing cell viability.

3.5 Discussion

In this study we show that phosphorylation of S16 increases the nuclear
localization and aggregation of mutant N-terminal htt. Consistent with previous studies
showing that phosphorylation targets mutant htt to lysosomes or proteasomes (Thompson
et al., 2009), we also show that S16 phosphorylation decreases the stability of mutant htt
as evidenced by the large increase in the number of degraded N-terminal htt products
seen by western blotting (Figure 3-5A).

Although other work has been published regarding N-terminal htt
phosphorylation, there are some differences between our approaches and findings. One

important difference between our studies is that both Thompson et al (2009) and Gu et al
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(2009) used double S13 and S16 mutants whereas we focused solely on S16
phosphorylation and its effects. Thompson et al also saw that phosphorylation increases
nuclear accumulation and Gu et al showed that phosphorylation decreases aggregation in
their transgenic mice. This reduction in aggregation could be due to the lower levels of
transgenic S13,16D-htt expressed compared to S13,16A-htt and S13,16-htt. It is also
possible that while S16 increases htt nuclear localization as evidenced by our transfection
of HEK293 cells with the 23Q S16 and S13 mutant constructs (Figure 3-2), S13 can
inhibit htt aggregation. Since our S16A construct decreased aggregation, our study
provides evidence for the specific role of S16 phosphorylation on nuclear htt
accumulation and aggregation.

There are also some remaining questions regarding the effect of phosphorylation
of N-terminal htt and toxicity. The BACHD AA mouse showed a worse phenotype than
the BACDH DD mouse in the work by Gu et al. Their results suggest that mimicking
phosphorylation of S13 and S16 can reduce htt toxicity in transgenic mice. However,
their data also show that BACDH DD mice express mutant htt at a lower level than
BACDH AA mice, suggesting that the phenotype differences may be caused by variance
in transgenic htt expression levels and transgene insertion into different chromosomal
regions. In our studies, in vitro cell viability assays also showed that phosphorylation
appears to be protective against mutant htt induced toxicity. While we were surprised by
these results due to its inconsistency with previous findings showing that nuclear
targeting of htt increases mutant htt induced toxicity, there are several possible

explanations for this result.
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First and most likely is that in our in vitro assays using HEK 293 cells, most of
transfected htt is in the cytoplasm. The subcellular localization of transiently transfected
htt in non-neuronal cells is different from the abundant nuclear accumulation of mutant
htt in the neuronal cells in aged mouse or human brains. Although we did not specifically
study the effect of phosphorylated htt on cytoplasmic toxicity, it is possible that S16
phosphorylation is protective when mutant htt is localized to the cytoplasm and this
protective effect masks the small amount of toxicity caused by the limited nuclear
translocation of mutant htt. This idea is supported by our immunocytochemistry data of
HEK 293 cells transfected with the S16-, SI6A- and S16D-htt mutants where much of
the soluble mutant htt remains either perinuclear or cytoplasmic (Figure 3-3). The
mutant htt that is localized to the nucleus is mostly sequestered into large aggregates.
Also in support of this theory is that the BACHD AA and BACHD DD mice show
varying expression levels (Gu et al., 2009). The BACHD DD mice expressed full-length
htt at a lower level than the BACHD AA mice. The toxicity observed in the BACHD AA
mice may be due to cytoplasmic toxicity of phosphorylated mutant htt since a loss of
phosphorylation reduces nuclear accumulation of mutant htt. The reduced htt expression
in the BACHD DD mice may not allow the detection of toxicity exerted by nuclear N-
terminal htt.

A second possibility is potential cell type differences as mentioned above. The
localization of soluble mutant htt differed greatly in primary striatal neurons (Figure 3-4)
whereas in HEK 293 cells, which were used for the toxicity studies, the differences in
localization between S16- and S16A-htt was limited to the nuclear aggregates (Figure 3-

3). It would be useful to look at toxicity in transfected primary neurons, however, this is
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difficult because the transfection efficiency of primary neurons is too low for biochemical
assays. Cell type has already been shown to impact cell viability as evidenced by the
production of various types of HD animal models. For example, although HD mouse
models show nuclear aggregation of htt as well as a progressive neurological phenotype,
they do not show overt neuronal death. Recently, however, HD transgenic pigs
expressing 105Q N208 htt show apoptosis, indicating that cell types in different species
can determine mutant htt-mediated neuropathology (Yang et al., 2010).

A third possibility is that the nuclear aggregates are protective. This would be
consistent with the data generated by Gu et al (2009) where mutating both S13 and S16 to
aspartic acid improved the motor function of BACHD mice (Gu et al., 2009)(Gu et al.,
2009)(Gu et al., 2009)(Gu et al., 2009)(Gu et al., 2009)(Gu et al., 2009)(Gu et al.,
2009)(Gu et al., 2009). As I discussed earlier, however, aggregated htt could be
protective or toxic based on the subcellular localization. Nuclear htt aggregation may
reduce the interactions of mutant htt with other transcription factors to prevent gene
transcriptional dysregulation whereas cytoplasmic htt aggregates can physically interfere
with trafficking in neuronal processes. It is clear that more work needs to be done both in
vitro and in vivo to determine the role of S16 phosphorylation in cell toxicity and HD

pathogenesis.
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Figure 3-1. N-terminal htt constructs containing mutations that affect their
phosphorylation state. Site directed mutagenesis was used to mutate either serine 13
(S13) or serine 16 (S16) of N208-120Q or -23Q htt to alanine (A) to create loss of
phosphorylation mutants. The same residues were also mutated to aspartic acid (D) to

create phosphomimetic mutants. All of these mutants also contain a C-terminal HA tag.
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Figure 3-2. Expression of the 23Q-S13 and -S16 htt mutants in HEK 293 cells. 23Q
WT-, S13A-, S13D-, SI6A- and S16D-htt were expressed in HEK 293 cells for 48 hours
than stained with mEM48 for htt and Hoechst for DNA to analyze the localization of htt
for each of the mutants. The S13A and S13D mutants had a similar cytoplasmic
distribution of htt. The S16D mutant however was much more nuclear than the S16A

mutant indicating that the S16 residue of htt may be important for htt’s localization.
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Figure 3-3. Expression of the 120Q-S16 htt mutants in HEK 293 cells. 120Q-S16, -
S16A and -S16D htt were expressed in HEK 293 cells for 48 hours then stained with
mEMA48 for htt and Hoechst for DNA. S16- and S16D-htt showed large nuclear
aggregates as marked by the arrows. S16A-htt, however, showed very few nuclear

aggregates suggesting that the S16 residue may be important for nuclear aggregation of

htt.
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Figure 3-4. Expression of 120Q-S16 htt mutants in primary striatal neurons. 120Q-
S16 and 120Q-S16A htt were expressed in embryonic rat primary striatal neurons for 48
hours. They were stained with mEM48 to label htt and Hoechst to label DNA. The cells
expressing 120Q-S16 showed both nuclear and cytoplasmic staining with a perinuclear
aggregate. The cells expressing -S16A htt, however, showed primarily cytoplasmic

staining with no visible aggregation.
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Figure 3-5
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Figure 3-5. Subcellular distribution of the S16 htt mutants in HEK 293 cells. (A)
HEK 293 cells were transfected with 120Q-S16, -S16A and -S16D htt for 48 hours.
Subcellular fractionation was used to separate the nuclear and cytoplasmic fractions. The
distribution of htt among the fractions was analyzed by western blotting using the
mEM48 antibody. The purity of the fractions was verified by probing for TBP as the
nuclear marker and GAPDH as the cytoplasmic marker. The upper panel of the blot
represents the aggregated htt that remains in the stacking gel. The middle panel
represents the soluble htt. The upper band is the intact form of the N-terminal htt
(marked by the arrow) and the bands below it are the degraded N-terminal products
(marked by the bracket). (B) Densitometry was used to measure the intensity of the
bands for both the aggregated and intact soluble htt for a representative blot. To control
for variable expression between the constructs, the ratio of aggregated htt to soluble htt
was calculated. The nuclear: total ratio of the normalized aggregated htt was then
calculated and graphed to determine nuclear enrichment of the N-terminal htt aggregates.

Both S16- and S16D-htt showed increased nuclear aggregation compared to S16A-htt.
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Figure 3-6. Okadaic acid treatment of HEK 293 cells expressing 120Q-S16 htt
mutants. HEK 293 cells were transfected with 120Q-S16 or 120Q-S16A htt for 48 hours
then treated in serum free media for 4 hours with 50 nM or 100 nM okadaic acid (OA) to
increase total cellular phosphorylation. The cells were fixed and stained with the mEM48
antibody to label htt and Hoechst to label the DNA. The okadaic acid treatment increased
the nuclear localization of soluble 120Q-S16 htt but had no effect on the localization of
120Q-S16A htt indicating that phosphorylation of S16 is important for the nuclear

accumulation of mutant htt.
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Figure 3-7. Subcellular distribution of N-terminal 120Q-S16 htt mutants in okadaic
acid treated HEK 293 cells. (A) HEK 293 cells were transfected with 120Q-S16 or -
S16A htt for 48 hours then treated with either 100 nM okadaic acid or DMSO for 4 hours
in serum free media. Subcellular fractionation was performed to separate the nuclear and
cytoplasmic fractions. The distribution of htt among the fractions was analyzed by
western blotting using the mEM48 antibody against htt. The purity of the fractions was
analyzed by probing for TFIIB as the nuclear marker and GAPDH as the cytoplasmic
marker. The arrowhead marks endogenous full-length htt and the arrow marks intact
transfected N-terminal htt. The bracket marks the degraded N-terminal htt fragments.
(B) Densitometry was used to measure the intensity of the soluble intact N-terminal htt
bands marked by the arrow. To determine the nuclear enrichment of each of the
constructs (+ OA and —OA), the ratio of soluble nuclear: soluble total htt was calculated.
OA treatment significantly increased the nuclear localization of the 120Q-S16 but not
120Q-S16A N-terminal htt. The distribution of full-length htt (marked by the arrowhead)
remained unaltered by OA treatment indicating that phosphorylation of htt only affects

the nuclear distribution of N-terminal mutant htt. * p <0.05.
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Figure 3-8
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Figure 3-8. Okadaic acid treatment of HEK 293 cells expressing 23Q-S16 htt
mutants. HEK 293 cells were transfected with 23Q-S16 or 23Q-S16A htt for 48 hours
then treated in serum free media for 4 hours with 100 nM okadaic acid (OA) to increase
total cellular phosphorylation. The cells were fixed and stained with the mEM48
antibody to label htt and Hoechst to label the DNA. The okadaic acid treatment increased
the nuclear localization of 23Q-S16 htt but had no effect on the 23Q-S16A htt indicating
that phosphorylation of S16 is important for the nuclear accumulation of non-expanded

htt.
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Figure 3-9. Subcellular distribution of N-terminal 23Q-S16 htt mutants in okadaic
acid treated HEK 293 cells. (A) HEK 293 cells were transfected with 23Q-S16 or 23Q-
S16A htt for 48 hours then treated with either 100 nM okadaic acid (OA) or DMSO for 4
hours in serum free media. Subcellular fractionation was used to separate the nuclear and
cytoplasmic fractions. The distribution of htt among the fractions was analyzed by
western blotting using the mEM48 antibody against htt. The purity of the fractions was
analyzed by probing for GAPDH as the cytoplasmic marker. (B) Densitometry was used
to measure the intensity of the N-terminal htt band. To determine the nuclear enrichment
of each of the constructs (+ OA and —OA), the ratio of nuclear: total htt was calculated.
OA treatment significantly increased the nuclear localization of the 23Q-S16 but not the

23Q-S16A N-terminal htt. * p <0.05.
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Figure 3-10. Cell viability of HEK 293 cells expressing 120Q-S16 htt mutants. (A) HEK
293 cells were transfected with 120Q-S16, -S16A or -S16D for 48 hours. The control was
cells transfected with the pRK vector alone. The cells were scraped for an MTS assay to
determine differences in cell viability caused by expression of the different S16 N-terminal
htt mutants. Expression of 120Q-S16A caused significantly more cell death than either the
120Q-S16 or -S16D htt constructs. * p <0.005. (N=3) (B) Similar expression levels of each
of the S16 htt mutants were verified by western blotting with the mEM48 antibody against

htt.
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Figure 3-11. DNA fragmentation of HEK 293 cells transfected with S16-htt
mutants. (A) HEK 293 cells were transfected with 120Q-S16, 120Q-S16A or 23Q-S16
htt for 48 hours. Cells were fixed and stained with mEM48 to label htt and Hoechst to
label the DNA. The cells transfected with 120Q-S16 and 23Q-S16 htt showed more
intact nuclei than the cells expressing 120Q-S16A htt. The arrows mark intact nuclei and
the arrowhead marks fragmented nuclei. (B) For each well of HEK 293 cells transfected
with either 120Q-S16 or 120Q-S16A, the number of cells containing fragmented nuclei
and cells containing intact nuclei were counted. Cells containing fragmented nuclei were
considered dead while those containing intact nuclei were considered viable (N=200).
The percentage of viable cells was calculated and graphed. 120Q-S16A N-terminal htt

was significantly more toxic than 120Q-S16 htt. * p <0.05.
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Figure 3-12. Caspase-3 activity in HEK 293 cells transfected with the S16 N-
terminal htt constructs. HEK 293 cells were transfected with 120Q-S16, -S16A, -S16D
or 23Q-S16 htt for 48 hours. Untransfected cells treated with 0.5 uM staurosporine to
induce cell death served as the positive control. Untransfected cells alone served as the
negative control. The caspase-3 activity was determined in each of the samples as a

measure of cell death. There were no significant differences in cell viability between

cells transfected with 120Q-S16, -S16A or -S16D htt.
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CHAPTER 4
Mutant huntingtin phosphorylated at serine 16 is

enriched in the nuclei of the striatum

This chapter presents work published as: Lauren S Havel, Chuan-En Wang, Brandy
Wade, Brenda Huang, Shihua Li and Xiao-Jiang Li (2011) Hum Mol Genet, Apr
1;20(7):1424-37. Lauren Havel performed all of the experiments in this chapter with the
exception of the immunocytochemical staining of the HD 140Q KI mice, which was done
by Chuan-En Wang (figures 4-7 and 4-8). Brenda Huang also assisted me in optimizing
conditions for GST pulldown between of phosphorylated huntingtin and Tpr (Figure 4-
11) Xiao-Jiang Li and Shihua Li helped with experimental design. Xiao-Jiang Li played

a key role in the preparation of the manuscript.
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4.1 Abstract

Huntington’s disease (HD) initially causes selective neurodegeneration of the
striatum. In HD 140Q knock-in (KI) mice, the striatum also shows preferential
accumulation of N-terminal mutant huntingtin (htt). While various hypotheses have been
proposed, this preferential accumulation is not entirely understood. We have previously
shown that phosphorylation of htt at serine 16 increases the nuclear accumulation of N-
terminal mutant htt in cultured cells and neurons. In this in vivo study we show that
mutant N-terminal htt phosphorylated at serine 16 is enriched in the striatum of HD KI
140Q mice. We also show that phosphorylation of htt inhibits the interaction between htt
and the nuclear pore protein, Tpr, which is involved in nuclear export, thus trapping
phosphorylated htt in the nucleus. While previous work in the HD research field has
addressed the nuclear accumulation of htt, preferential accumulation in the striatum has
not been resolved. This work provides important insight into the mechanism by which

htt becomes preferentially trapped in the striatal nuclei.

4.2 Introduction

The mechanisms underlying selective neurodegeneration of striatal neurons is an
important phenomenon that remains to be investigated. An important observation made
by many groups has been that htt, which is normally cytoplasmic, is observed in the
nuclei of brain cells in HD patients (DiFiglia et al., 1997; Gutekunst et al., 1999) and HD
mouse models (Li et al., 2000; Li et al., 2001; Lin et al., 2001; Schilling et al., 1999a;
Wheeler et al., 2002). Additionally, the HD KI mouse model that expresses full-length

mutant htt, shows preferential accumulation N-terminal mutant htt in the striatal neurons.
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This suggests that the selective neurodegeneration may be correlated with the localization
of mutant htt to the nucleus of striatal neurons. The selective neurodegeneration
phenomenon and the aberrant localization of polyQ expanded proteins to the nucleus is
not exclusive to HD but is observed in other polyQ repeat diseases such as SCAL, 3, 7,
17, DRPLA and SBMA (Orr and Zoghbi, 2007). Neither the mechanism for the
preferential accumulation of N-terminal in the striatal nuclei nor the link between nuclear
accumulation and selective neurodegeneration is understood. One study has recently
been trying to shed light on the cause of striatal specific neurodegeneration. This study
showed that the striatal specific protein, Rhes, induces sumoylation of N-terminal htt
(Subramaniam et al., 2009), which is thought to induce toxicity (Steffan et al., 2004).
This study, however, did not address the striatal specific nuclear localization and
accumulation of N-terminal mutant htt.

Understanding the mechanism leading to the nuclear accumulation of N-terminal
htt is crucial because the nuclear accumulation of mutant htt occurs prior to the onset of
neurological symptoms in HD mouse brains (Zhou et al., 2003). The observation that
nuclear export rather than nuclear import is altered by the presence of an expanded polyQ
tract represents some mechanistic insight (Cornett et al., 2005). In this study, the polyQ
expansion was shown to inhibit the interaction between N-terminal htt and the nuclear
pore protein Tpr, thus leaving the mutant htt trapped in the nucleus to accumulate. Non-
expanded N-terminal htt can, however efficiently bind to Tpr allowing it to freely diffuse
in and out of the nucleus. Other studies analyzing proteasome function in HD mouse
models have shown that rather than global impairment of the ubiquitin proteasome

system (UPS), there is an age-dependent decrease in UPS activity (Tydlacka et al., 2008;
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Zhou et al., 2003). Combined with the observation that UPS activity is lower in the
nucleus than the cytoplasm (Zhou et al., 2003), it is clear that age and subcellular
dependent UPS activity plays a key role in the nuclear accumulation of mutant htt. The
question of why the striatal neurons show preferential htt accumulation is still open to
investigation. If the formation and nuclear accumulation of mutant htt could be
prevented early on, the disease could be prevented or at least delayed or occur with less
severe symptoms.

In the following experiments, we have explored factors contributing to the striatal
specific accumulation of small phosphorylated N-terminal htt fragments. We have used
the HD KI 140Q mouse model to show striatal enrichment of the kinase or other factor
acting on S16 of N-terminal htt as well as phosphorylated N-terminal htt. We also show
that S16 phosphorylation decreases the interaction between Tpr and mutant htt and that
the interaction between Tpr and htt is decreased in the striatum compared to the cortex or
cerebellum. Together these findings suggest a potential mechanism for the preferential
accumulation of N-terminal htt in the striatum. In addition to providing novel
information to help us understand the pathogenesis of HD, this work may also aid in the

development of an effective therapeutic for the treatment of HD.

4.3 Materials and Methods

Animals - All animal procedures were approved by the Institutional Animal Care and

Use Committee of Emory University. Full-length mutant htt knock-in (CAG140) mice

were provided by Dr. Michael Levine at UCLA (Hickey et al., 2008) and were
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maintained in the animal facility at Emory University in accordance with institutional

guidelines.

Cell culture, transient transfection and drug treatments —-HEK 293 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 100
pg/mL penicillin, 100 units/mL streptomycin and 250 pg/pL fungizone amphotericin B.
Cells were incubated at 37°C in 5% CO,. Cells were plated in a 6-well plate for western
blotting or 12-well plate for immunocytochemistry. At a confluency of 70% the cells
were transfected with 1-2 pg/well (6-well plate) or 0.5-1 pg/well (12-well plate) of DNA
and lipofectamine (Invitrogen) for 48 hours. For phosphorylation studies, okadaic acid
(OA) (Sigma) was used to treat transfected cells in serum free media for 4 hours at a final

concentration of 100nM.

Antibodies and Peptides - mEM48, a mouse monoclonal, which recognizes the N-
terminus (amino acids 1-256) of htt was used for western blotting and
immunocytochemistry at a dilution of 1: 100. A polyclonal antibody against phospho-
serine 16 of huntingtin was generated using a peptide containing amino acids 5-22 of
huntingtin that is phosphorylated at serine 16 (LEKLMKAFESLKS,FQQ) produced by
AnaSpec and used for western blotting and immunocytochemistry at a dilution of 1: 10.
Additional antibodies used were against y-tubulin at 1: 20,000 (Sigma), Sp1 at 1:1000
(Millipore), GAPDH at 1: 20,000 (Ambion), 1C2 at 1: 2500 (Millipore), TBP N-12 at
1:500 (Santa Cruz) and GST at 1:1000 (produced by the laboratory of Xiao-Jiang and

Shihua Li (Cornett et al., 2005)). Secondary antibodies, which were used at a
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concentration of 1: 5000, were peroxidase-conjugated donkey anti-mouse or donkey anti-
rabbit IgG (H+L) from Jackson ImmunoResearch (West Grove, PA). N-terminally biotin
tagged S16 and A 16 peptides of the first 17 amino acids of huntingtin
(MATLEKLMKAFESLKSF or MATLEKLMKAFESLKAF) were generated by

AnaSpec for phosphorylation analysis.

In vitro phosphorylation assay and dot blotting- The striatum, cortex, and cerebellum
from a wild-type male and female C3/BL6 mouse of 4-8 months of age were
homogenized in Nonidet P-40 lysis buffer (50 mM Tris-HCI (pH7.4), 50 mM NacCl, 0.2%
Triton X-100, 1% Nonidet P-40, 1 mM PMSF, 1:100 protease inhibitor cocktail (P8340,
Sigma), 10 mM NaF, and 0.2 mM NaVOs3) at 2 mg/mL. The S16 and A16 peptides or
N208-S16 and N208-A16 htt immunoprecipitated from transfected HEK 293 cells were
incubated in 1X kinase buffer (20 mM HEPES (pH7.6), 5 mM MgClz, 55 mM KCI, and
10 uM unlabeled ATP), lysate from either the striatum, cortex, or cerebellum and 2 pCi
Adenosine-5’triphosphate [y -32P] (Perkin Elmer) in a total reaction volume of 20 pL for
1 hour at 30°C. The peptides were separated from the rest of the reaction by adding 100
uL of cold 1X PBS and 20 pL high-capacity streptavidin beads (Pierce) to the reaction
and incubating at 4°C while rocking for 2 h. The beads were washed with 1X PBS and
the peptide was eluted with 8M guanidine at pH 1.5. For the immunoprecipitated htt, the
kinase reaction was performed with htt attached to the beads. The beads were isolated
from the reaction and washed with 1X PBS. Htt was eluted from the beads with 0.1 M
glycine (pH 2.8). 2 puL of the eluate was spotted onto a nitrocellulose membrane and

exposed to autoradiography film. Phosphorylation levels were quantified by adding 2 pL.
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of each reaction to 5 mL scintillation fluid (Ecolume) and counting the radioactive units
with a liquid scintillation counter (Beckman LS 6500). All counts were measured in

triplicate.

Immunoprecipitation - Mouse brain tissue was resuspended in Nonidet P-40 lysis buffer
(50mM Tris-HCI (pH7.4), 50mM NacCl, 0.2% Triton X-100, 1% Nonidet P-40, ImM
PMSF, 1:100 protease inhibitor cocktail (P8340, Sigma), 10mM NaF and 0.2mM
NaVO;3). The lysate was homogenized with a dounce homogenizer then cleared with 50
uL protein A beads (Sigma) for 1 hour at 41C. Cleared lysates were incubated overnight
with mEM48 at a dilution of 1:10 at 41C while rocking. 25 pL of fresh protein A beads
were added for 2 hours then washed 3 times with Nonidet P-40 buffer. 1% SDS was
added to the beads which were then boiled and analyzed by western blotting or used for

in vitro phosphorylation assays.

Nuclear fractionation - To isolate the nuclear and cytoplasmic fractions from mouse
brain, tissue from mice of 4-8 months of age was homogenized for 20 strokes with a
dounce homogenizer in homogenizing buffer at 0.1 g/mL (0.25 M sucrose, 15 mM Tris-
HCI pH 7.9, 60 mM KCI, 5 mM EDTA, 1 mM EGTA, 100 pg/mL PMSF, 10 mM NaF,
0.2 mM NaVOsand 1:100 protease inhibitor cocktail (P8340, Sigma). After incubating
on ice for 10 minutes, the intact nuclei were isolated by centrifuging at 2000 g for 5
minutes. The supernatant was clarified at 16,000 RPM for 5 minutes and saved as the
cytoplasmic fraction. The nuclear pellet was washed twice with homogenizing buffer and

then lysed in 1X PBS lysis buffer. The fractions were analyzed by western blotting.
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Mouse brain lysate preparation and western blotting - Tissue from a WT or KI 140Q
mouse was resuspended in RIPA buffer (S0mM Tris pH 8.0, 150mM NaCl, ImM EDTA
pH 8.0, ImM EGTA pH 8.0, 0.1% SDS, 0.5% DOC, 1% triton X-100, 10mM NaF,
0.2mM NaVO; and 1:100 protease inhibitor cocktail (P8340, Sigma)) at 0.1g/mL. Lysate
was homogenized with a dounce homogenizer and clarified at 16,000g for 10 minutes.
The lysate was diluted to a concentration of 4 pg/uL then added to SDS sample buffer
and resolved on 4-12% tris-glycine polyacrylamide gels (Invitrogen). The proteins were
transferred to nitrocellulose membrane and blocked with 5% milk in 1X PBS before
incubation with primary antibody overnight in 3% BSA in 1X PBS. After washing, the
membrane was incubated with HRP conjugated secondary antibody (Jackson
Laboratories) at 1:5000 for 1 hour and exposed to ECL then autoradiography film
(Denville Scientific). Band intensity was calculated with densitometry software (U-

SCAN).

Immunocytochemistry - Male and female mice were anesthetized and perfused
intracardially with phosphate-buffered saline (PBS, pH 7.2) for 30 seconds followed by
4% paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.2. Brains were removed,
cryoprotected in 30% sucrose at 4°C, and sectioned at 40 um using a freezing microtome.
Free-floating sections were in 4% paraformaldehyde in 0.1 M phosphate buffer for 10
minutes and preblocked in 4% normal goat serum in PBS, 0.1% Triton X, and then

incubated with the anti-S16 or mEM48 antibody at 4°C for 48 h. The immunoreactive
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product was visualized with the Avidin—Biotin Complex kit (Vector ABC Elite,

Burlingame, CA, USA).

GST pulldown — Mouse brain tissue or transfected HEK 293 cells were lysed in Nonidet
P-40 lysis buffer (50 mM Tris-HCI (pH7.4), 50 mM NacCl, 0.2% Triton X-100, 1%
Nonidet P-40, 1 mM PMSF, 1:100 protease inhibitor cocktail (P8340, Sigma), 10 mM
NaF and 0.2 mM NaVO3). Mouse brain tissue was homogenized with 50 strokes of a
dounce homogenizer. 50 puL. of GSH beads (Sigma) were added to each reaction. The
reactions were incubated at 4°C for 3 hours rocking. The beads were isolated by
centrifugation at 1000 RPM for 30 seconds. The beads were washed 3 times with NP-40
buffer and resuspended in 1X SDS protein loading dye. The samples were analyzed by

western blotting.

Statistical analysis - Results generated from three or more independent experiments and
expressed as the mean £SD and were analyzed for statistical significance using a two-

tailed Student’s t-test.

4.4 Results

Enrichment of phosphorylation activity in the striatal nuclei of WT mice
Based on the data presented in chapter 3, we know that the phosphorylation of
serine 16 (S16) of htt is important for the nuclear accumulation of N-terminal mutant htt

in the nucleus of cultured HEK 293 cells and cultured primary striatal neurons. The next
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step was to verify the phosphorylation in vivo and also to look at phosphorylation levels
in various brain regions. In order to do this we needed a reliable assay to measure
phosphorylation levels. To this end, we generated two peptides with an N-terminal biotin
tag. The sequence of the peptides was the first 17 amino acids of htt with either a serine
or an alanine at the amino acid 16 position (Figure 4-1A). Then we designed a
radioactive in vitro phosphorylation assay for which the substrate was either the S16 or
A16 peptide and the kinase source was fresh brain lysate generated from a wild-type
(WT) mouse. They were incubated for an hour at 30°C. The modified peptide was then
purified from the reaction mixture using streptavidin beads followed by several washes
(Figure 4-2B). Phosphorylation levels were analyzed qualitatively by dot blotting and
quantitatively by liquid scintillation counting, which measures the amount of 32p
incorporated into the peptide in counts per minute (CPM). To verify the accuracy of the
assay we performed a simple phosphorylation assay using total lysate from the brain of
WT mouse as the kinase source and the S16 or A16 peptides and found by liquid
scintillation counting robust phosphorylation of the S16 while only very minimal or
background level of phosphorylation of the A16 peptide (Figure 4-1C).

Once the assay conditions were optimized for the S16 and A16 peptides, we
wanted to see if the various brain regions had different levels of S16 phosphorylation.
We prepared lysates from the striatum, cortex and cerebellum of a WT mouse as the
kinase source. After a protein assay and adjustment of protein concentration to have the
equal protein concentrations for each sample, western blotting with a y-tubulin showed
the striatum and cortex have about the same amount of protein, though the cerebellum is

slightly less concentrated (Figure 4-2A). A dot blot of the in vitro phosphorylation assay
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performed with these lysates showed that the striatum is enriched for S16
phosphorylation activity compared to the cortex and cerebellum (Figure 4-2B). Since
the protein concentrations were equal for the striatum and cortex, there is, at least
compared to the cortex, striatal enrichment of a kinase or factor that can increase S16
peptide phosphorylation. We verified the dot blot results by liquid scintillation counting
and again found that the striatum shows significantly more S16 phosphorylation than the
cortex or cerebellum (Figure 4-2C). To control for differences in raw CPM numbers due
to varying **P-ATP activity, we normalized the raw CPM values for each sample to the
CPM value for the control without peptide. Notably, while there were large differences in
phosphorylation of the S16 peptide, the A16 peptide showed very low phosphorylation
levels for all of the samples, thus verifying the specificity of the assay of S16
phosphorylation levels.

Secondary and tertiary protein structures can drastically affect post-translational
modifications such as phosphorylation by either hiding or exposing a residue subject to
modification. Therefore we wanted to look at phosphorylation of S16 in the context of
N-terminal htt fragments. We immunoprecipitated transfected 23Q-N208-S16 or -S16A
htt from HEK 293 cells, which was used as the substrate for the in vitro phosphorylation
assay. Western blotting with the mEM48 antibody against N-terminal htt verified the
immunoprecipitation of htt and showed that more S16A-htt was isolated than S16-htt
(Figure 4-3A). Similar to the data from the peptide phosphorylation assay, the dot blot
using the immunoprecipitated transfected htt showed that the striatum is also able to
phosphorylate N-terminal htt to a greater extent than the cortex and cerebellum (Figure

4-3B). Liquid scintillation counting verified the results seen in the dot blot and also
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demonstrated that S16 htt was significantly more phosphorylated by the striatal lysates
whereas S16A htt showed no difference among the brain regions (Figure 4-3C). By
normalizing the raw CPM values for each sample to the CPM value for the untransfected
lysate control, we confirmed that the striatum can phosphorylate more S16-htt.

In order to narrow down the kinase or other factor that may be responsible for S16
phosphorylation and also to determine where the phosphorylation event occurs, we also
used lysates obtained from the cytoplasmic and nuclear fractions of the striatum and
cortex of a WT mouse. We verified the purity of these fractions by western blotting
using antibodies against GAPDH as the cytoplasmic marker and Sp1 as the nuclear
marker (Figure 4-4A). A dot blot of the kinase reaction using each fraction from the
cortex or cerebellum and the S16 or A16 peptides showed that S16 phosphorylation was
increased by nuclear lysates from the striatum (Figure 4-4B). Importantly, the greatest
difference in S16 phosphorylation between the striatum and cortex was in the total
fraction, as we saw in the previous kinase assays. The difference in S16 phosphorylation
between the striatal and cortical nuclei, while significant, was less than that of the total
fraction. This is most likely due to loss of kinase activity during the process of
subcellular fractionation since kinases are highly sensitive to environmental changes.
Liquid scintillation counting of the same samples showed the same trend that S16
phosphorylation is greatest in the striatal nuclear and total fractions (Figure 4-4C). This
data suggest that a kinase or other factor influencing S16 phosphorylation is also
localized to the nucleus of the striatal neurons.

Another group working on N-terminal htt phosphorylation found that ikB kinase

(IKK) directly phosphorylates S13 (Thompson et al., 2009). To see if IKK can also
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phosphorylate S16, we used recombinant IKKa or IKKf and the S16 or A16 peptides for
an in vitro phosphorylation assay. A dot blot of the phosphorylation reaction samples
showed that neither IKKa nor IKKf significantly increased S16 phosphorylation (Figure
4-5A). This was also verified by liquid scintillation counting (Figure 4-5B). Based on
this data, we find no evidence for direct phosphorylation of S16 by IKKa or IKK. This
finding, of course, does not exclude the possibility that S16 is indirectly phosphorylated

by IKK as suggested by Thompson et al (2009).

Mutant huntingtin is phosphorylated at S16 in vivo

So far we have shown that compared to the cortex and cerebellum, the striatal
nuclei show altered activity a kinase or factor, which leads to an increase of S16
phosphorylation of N-terminal htt. We wanted to show that striatal mutant htt is in fact
phosphorylated in vivo. To do this we needed to generate a phosphospecific antibody
against phosphorylated S16 of htt. We conjugated a peptide containing amino acids 5-22
of htt and phosphorylated S16 (LEKLMKAFESLKS,FQQ) to Affigel to purify the
phosphospecific antibody from serum obtained from a rabbit injected with the
phosphorylated peptide (Figure 4-6A). Specificity of the antibody to phosphorylated
S16 was verified by western blotting using lysates of HEK 293 cells transfected with
either 23Q-S16 or -S16A N-terminal htt. Expression of htt was verified by probing the
same blot with the mEM48 antibody against N-terminal htt (Figure 4-6B).

First we stained sections of the striatum, cortex and cerebellum of 6- and 24-
month-old HD KI 140Q mice as well as a WT control with the phospho-S16 antibody

(anti-S16). There was an age-dependent increase in anti-S16 staining that was more
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specific to the striatum of the HD KI mice when compared to the cortical and cerebellar
regions of the same mice (Figure 4-7A). An interesting observation is that when striatal
and cortical sections were also stained with mEM48, anti-S16 only labeled very small
aggregates or diffuse htt whereas mEM48 also labeled large aggregates (Figure 4-7B).
We also performed fluorescent co-staining of striatal sections of the same mice with the
mEM48 and anti-S16 (Figure 4-8). Importantly, we noted that while mEM48 labeled
large nuclear aggregates, the phosphor-S16 antibody labeled smaller aggregates mainly
localized to the perinucleus (marked by arrows). Interestingly, this finding suggests that
phosphorylated htt accumulates or potentially becomes trapped around the nuclear
membrane.

We also examined lysates prepared from the HD KI 140Q mice by performing
subcellular fractionation and western blotting with 1C2, another antibody that recognizes
the expanded polyQ tract of htt (Figure 4-9). The purity of the fractionation was verified
by probing with antibodies to GAPDH, a cytoplasmic marker, and TBP, a nuclear
marker. The localization of full-length htt (marked by the arrow) also allows us to assess
the fractionation purity because full-length htt is mainly localized to the cytoplasmic
fraction. We noted that N-terminal fragments shorter than about 75 kDa (marked by the
bracket) are enriched in the nucleus. This is especially clear in the striatal fractionation
because of its purity compared to the cortical fraction.

To show that the striatum of the HD KI 140Q mice is enriched for phosphorylated
htt, we had to immunoprecipitate mutant htt and its N-terminal fragments using the 1C2
antibody. We initially tried analyzing the total lysate by western blotting but were unable

to detect phosphorylated htt. This is likely due to a low level of or the instability of S16
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phosphorylation. Even in the presence of phosphatase inhibitors there is also some loss
of protein phosphorylation during the lysis and sample preparation procedures. After
immunoprecipitation of htt from the cortex and striatum of KI and WT mice, the samples
were analyzed by western blotting with the 1C2 antibody to verify the
immnoprecipitation and phosphorylated htt (Figure 4-10A). As we expected based on
the immunocytochemistry data, we noted striatal enrichment of phosphorylated fragments
<75 kDa as marked by the bracket. We also noted increased levels of phosphorylated
full-length htt in the striatum compared to the cortex (Figure 4-10B). We used
densitometry to measure the intensity of the full-length htt band (marked by the arrow) on
both the 1C2 and anti-S16 blots. We determined the percentage of phosphorylated htt in
the striatum and cortex of the KI mice by calculating the ratio of the phosphorylated htt
detected in the sample to the total amount of htt immunoprecipitated and multiplying by
100. This is further evidence that the striatum of KI mice are enriched for

phosphorylated mutant htt, which is consistent with our in vitro data.

Phosphorylation of mutant htt inhibits its interaction with the nuclear pore proteins
After showing preferential accumulation of mutant N-terminal htt phosphorylated
at S16 in the striatum of HD KI 140Q mice we wanted to determine the mechanism by
which this occurs. Previous data by Cornett et al showed that polyQ-expanded htt has a
decreased affinity for Tpr compared to non-expanded htt, indicating that nuclear export
rather than nuclear import is impaired. Based on the fact that the interaction between Tpr
and htt occurs via the N-terminus of htt, we hypothesized that the phosphorylation state

of S16 may influence this interaction and thus nuclear export. To this end, we analyzed
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the binding of transfected S16- and S16A- htt to transfected GST tagged Tpr by a GST
pulldown followed by western blotting with the mEM48 and anti-S16 antibodies (Figure
4-11). Equal GST-Tpr expression was also verified by probing the same blots with a
GST antibody. The results clearly show that more S16A- than S16-htt binds to GST-Tpr,
indicating that phosphorylation at S16 inhibits the interaction between Tpr and htt. This
is consistent with the idea that htt phosphorylated at S16 can accumulate in the nucleus
more readily than unphosphorylated S16-htt or S16A-htt.

Next we wanted to show that the above phenomenon also occurs in vivo. Due to
the poor affinity of anti-S16 to mouse htt, we could not assess the in vivo association
between Tpr and phosphorylated htt. We could, however, assess the interaction between
Tpr and htt and how it varies between brain regions. A GST pulldown of mutant htt from
a HD KI 140Q mouse with recombinant GST-Tpr showed that the interaction is weakest
in the striatum compared to both the cortex and cerebellum (Figure 4-12). This
difference in binding is potentially due to phosphorylation differences as the in vitro data
convincingly shows that Tpr binding is dependent on S16 dephosphorylation.
Nonetheless, the in vivo binding provides the novel and important finding that the
interaction of Tpr and htt is decreased in the striatum, explaining why mutant htt
preferential accumulates in striatal neurons.

Finally, we wanted to link the preferential association of Tpr with
unphosphorylated htt to our finding that N-terminal fragment length influences the
nuclear accumulation of htt, which is discussed in chapter two. Therefore, we co-
transfected HEK 293 cells with 120Q- N500 or -N67 (exon 1) htt and GST-Tpr, treated

them with either okadaic acid (OA) or DMSO as a control. A GST pulldown followed by



114

western blotting with the mEM48 antibody showed that although more N500-htt than
exon-1 htt bound to transfected GST-Tpr, more small fragments produced from N500-htt
than exon 1-htt interacted with GST-Tpr. This is consistent with the idea that smaller N-
terminal htt fragments show more nuclear accumulation than longer fragments (Figure 4-
13). The high propensity for nuclear exon 1-htt to aggregate probably inhibits our ability
to detect its interaction with Tpr. Additionally, OA treatment decreased the association
between both exon 1 and N500 htt and Tpr. Importantly, very little full-length htt
(marked by the arrow) was precipitated by GST-Tpr. Altogether we show that small
mutant N-terminal htt fragments bind to the nuclear export protein, Tpr, specifically in
the striatum and in a length and dephosphorylation dependent manner, suggesting a

mechanism by which phosphorylated mutant htt accumulates in the nucleus.

4.5 Discussion

These in vitro and in vivo experiments show that the striatum is enriched for
mutant htt phosphorylated at S16. We also provide a novel mechanism for the
preferential accumulation of mutant htt in the striatum whereby phosphorylation of
mutant N-terminal htt inhibits the interaction between htt and the nuclear pore proteins.
Presumably, phosphorylation of htt at S16 traps the N-terminal htt fragments in the
nucleus in a length dependent manner. Based on the increase in phosphorylation seen in
the striatum we can conclude that S16 phosphorylation of mutant htt contributes to the
progressive nuclear accumulation in the striatum.

While we were not able to identify the kinase that directly phosphorylates S16, it

is possible that the kinase activity is higher in the nucleus of striatal neurons. There was



115

some activity in the cytoplasm, which indicates that either that there was slight
contamination of the cystolic proteins by the putative nuclear kinase as a result of the
fractionation procedure or that there is a low level of cytoplasmic phosphorylation of N-
terminal htt. If the latter is true, the role of phosphorylated htt in the cytoplasm remains
to be investigated. Nonetheless, the striatal nucleus may be enriched for a kinase that
phosphorylates S16 or other factors that promote S16 phosphorylation. Our data cannot
exclude the possibility that a phosphatase has a lower expression level or is specifically
inactivated in the striatum thereby increasing the S16 phosphorylation levels. Although
such factors remain to be identified, the increased S16 phosphorylation observed in the
striatal nuclei is consistent with the preferential nuclear accumulation on N-terminal
mutant htt in striatum.

Regardless of whether altered activity of a phosphatase or kinase is responsible
for the striatal specific S16 phosphorylation, there are several possible pathophysiological
triggers that could lead to aberrant phosphorylation once nuclear translocation of mutant
htt occurs. First, transcriptional dysregulation, reported by many groups to be a result of
aberrant interactions between soluble mutant htt in the nucleus and various transcription
factors, could alter the expression levels of a kinase or phosphatase that is important for
modifying S16 of htt. It could also affect the expression of an upstream protein that
regulates the activity of the putative kinase or phosphatase. A second possibility is that
age-dependent cellular stressors, which can affect protein clearance mechanisms such as
chaperone or UPS activity, alter kinase or phosphatase activity or expression. A third

possibility is that htt misfolding leads to an aberrant interaction between mutant N-
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terminal mutant htt and the kinase, phosphatase or regulatory protein thus altering their
function.

Our proposed mechanism is consistent with immunocytochemistry data generated
from various HD KI mouse models showing preferential accumulation of mutant in the
striatum (Li et al., 2000; Lin et al., 2001; Wheeler et al., 2002). Interestingly,
unpublished immunocytochemistry data from an HD KI 143Q N208 mouse model
generated by our lab, which expresses the 208 amino acid fragment with 140 CAG
repeats under the endogenous mouse htt promoter, also shows preferential accumulation
of mutant htt in the striatum. This is significant to our work because it shows that without
the context of the full-length protein, N-terminal mutant htt is sufficient for its
preferential striatal nuclear accumulation and late-onset neurological symptoms. Other
mouse models expressing smaller N-terminal htt, such as the R6/2 or N171-82Q models,
are transgenic and overexpress htt at levels much higher than endogenous htt (Mangiarini
et al., 1996). This overexpression causes nuclear accumulation of mutant htt in all brain
regions, suggesting that overexpressed small N-terminal mutant htt fragments may not be
able to show the preferential nuclear accumulation in the striatum. Based on the data
generated from our in vitro work and the HD KI 140Q mouse model that expresses full-
length htt at the endogenous level, we hypothesize that a large N-terminal htt fragment
such as N208-htt with an expanded polyQ tract can preferentially accumulate in the
nucleus of striatal neurons and that this nuclear localization can contribute to the selective
HD neuropathology. It would be interesting in the future to use this mouse model to
further study N-terminal phosphorylation since it expresses the same size fragment used

for our in vitro studies at endogenous levels.
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Figure 4-1. Phosphorylation assay for measuring htt S16 phosphorylation levels.
(A) Two peptides consisting of the first 17 amino acids of htt were generated; one
contained a serine at residue 16 and the other contained an alanine at the same residue.
Both have an N-terminal biotin tag to allow for purification from the phosphorylation
reaction mixture. (B) A flow chart describing the in vitro radioactive phosphorylation
assay that was used to measure htt S16 phosphorylation levels in the peptide and
transfected N-terminal htt. In the assay, the brain lysate was the kinase source and the
peptide or transfected htt was the substrate. (C) The assay was performed as described
above using the S16 and A16 peptides. The S16 peptide showed high levels of
phosphorylation while the A16 peptide showed relatively little phosphorylation. * p <

0.05 (N=3).
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Figure 4-2. Phosphorylation levels of the peptides by various brain regions. (A) A
WT mouse brain was dissected to isolate the striatum, cortex and cerebellum. Lysates
from each region were carefully prepared in order to maintain kinase activity for use in
the assay as the kinase source. A western blot probed with y-tubulin was used to show
the protein levels in each fraction. (B) The lysates from each brain region were incubated
with the S16 or A16 peptides and **P-ATP. A small amount of each sample was dotted
onto a nitrocellulose membrane and exposed to autoradiography film to visualize
differences in S16 phosphorylation. The striatum showed a higher level of S16
phosphorylation compared to the cortex or cerebellum. (C) A small amount of each
phosphorylation assay was also used for liquid scintillation counting in order to quantify
phosphorylation levels. To normalize the raw CPM numbers, the ratio was taken of the
CPM of the peptide sample: CPM of the no peptide control sample. The striatum showed
a statistically significantly elevation of S16 phosphorylation compared to the cortex or
cerebellum. The striatum S16 sample also showed significantly more phosphorylation

than the A16 sample. * p <0.05, ** p <0.01 (N=3).
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Figure 4-3. Phosphorylation levels of transfected N-terminal htt by various brain
regions. (A) HEK 293 cells were transfected with 23Q-S16 or S16A N-terminal htt for
48 hours. Immunoprecipitation with the mEM48 antibody was used to isolate the
transfected N-terminal htt. The precipitated protein was analyzed by western blotting
with the mEM48 antibody. (B) The phosphorylation assay was performed with the
lysates of the different brain regions of a WT mouse as the kinase source and the
immunoprecipitated htt as the substrate. A small portion of each sample was dotted on a
nitrocellulose membrane to visualize the amount of phosphorylation. The striatum was
able to phosphorylate S16 significantly more than the other brain regions. (C) A small
portion of each phosphorylation assay sample was analyzed by liquid scintillation
counting to quantify the S16 phosphorylation by each of the brain regional extracts. We
normalized the raw CPM values for each sample to the CPM value for the untransfected
control. The striatum was able to phosphorylate S16 significantly more than the other

brain regions. * p <0.05, ** p <0.01 (N=3).
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Figure 4-4. Phosphorylation levels of transfected N-terminal htt by subcellular
fraction of the various brain regions. (A) A subcellular fractionation of the striatum,
cortex and cerebellum of a WT mouse was used to separate the cytoplasm from the
nucleus. The purity of the fractionation was verified by western blotting using GAPDH
as a cytoplasmic marker and Sp1 as a nuclear marker. (B) The phosphorylation assay
used the total, nuclear and cytoplasmic fractions from the striatum and cortex of a WT
mouse as the kinase source and the N17 peptides as the substrate. A small portion of
each reaction was spotted onto a nitrocellulose membrane to visualize differences in
phosphorylation levels. The striatal nuclei appeared to have the greatest S16
phosphorylation activity aside from the striatal total fraction. (C) A portion of each
reaction sample was analyzed by liquid scintillation counting to quantify the amount of
phosphorylation activity in each fraction. We normalized the raw CPM values for each
sample to the CPM value for the untransfected control. Aside from the striatal total
fraction, the striatal nuclei had significantly higher S16 phosphorylation activity than the
striatal cytoplasmic fraction or any fractions from the cortex. ** p <0.05, *** p <0.001

(N=3).
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Figure 4-5. IKKa or IKKp does not directly phosphorylate S16 of htt. (A) The
phosphorylation assay was performed using recombinant IKKa or IKKf as the kinase
source and the N17 htt peptides as the substrate. The negative control was the same
reaction but with no peptide added. A small portion of each reaction was spotted onto a
nitrocellulose membrane to visualize the phosphorylation levels of the peptides. Neither
IKKa nor IKK appeared to phosphorylate the S16 htt peptide. (B) A small portion of
each reaction was also analyzed by liquid scintillation counting to quantify the amount of
phosphorylation in each reaction. Again, neither IKKa nor IKKf appeared to

phosphorylate the S16 htt peptide (N=3).
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Figure 4-6
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Figure 4-6. Production of a phosphospecific antibody against S16 of htt (anti-S16).
(A) A flow chart describing the production of a rabbit antibody that is specific to
phosphorylated S16 of htt. (B) HEK 293 cells were transfected with either 23Q-N208-
S16 or 23Q-N208-S16A htt for 48 hours. Htt expression was verified using the mEM48
antibody against htt. Specificity of the antibody against phosphorylated S16 was verified

by western blotting of the cell lysates expressing 23Q-S16 or -S16A htt.
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Figure 4-7
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Figure 4-7. Staining of CAG140 KI mice of varying ages with the anti-S16 antibody.
(A) Immunohistochemistry of the cortex, striatum and cerebellum of a WT, 6- month KI
and 24-month KI mouse with the anti-S16 antibody showed increased levels of htt
phosphorylated at S16 in the striatum as compared to the cortex and cerebellum.
Additionally, the amount of htt phosphorylated at S16 appears to increase with the age of
the mouse as the 24-month old KI mouse showed more striatal staining than the 6-month
old mouse. (B) The anti-S16 antibody only recognized diffuse htt and small aggregated

htt while mEM48 recognized large aggregates.
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Figure 4-8
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Figure 4-8. Htt phosphorylated at S16 colocalizes with EM48-positive small
aggregates at the perinucleus. Double immunostaining was performed on the striatum
of a CAG140 KI mouse with the anti-S16 antibody (green), the mEM48 antibody (red)
and Hoechst to label the nucleus. The small aggregates (marked by the arrows), which
localized to the perinucleus, were labeled with the anti-S16 antibody but the large nuclear

aggregates were not.
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Figure 4-9. Small N-terminal fragments localize to the nuclear fraction. A
subcellular fractionation was performed on a CAG140 KI mouse to separate the nucleus
from the cytoplasm. The fractions were analyzed by western blotting with the 1C2
antibody against htt. The arrow marks full-length htt and the bracket marks the small N-
terminal htt fragments (<75kD), which specifically localize to the nucleus of these mice.
The purity of the fractionation was verified by western blotting for TBP as the nuclear

marker and GAPDH as the cytoplasmic marker.
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Figure 4-10. The striatum of CAG140 KI mice is enriched for htt phosphorylated at
S16. (A) Lysates from the cortex and striatum of a CAG140 KI mouse were prepared
and htt was immunoprecipitated from the lysates with the 1C2 antibody. The
immunoprecipitates were analyzed by western blotting with the 1C2 antibody to
determine total htt levels and with the phosphor-S16 antibody to determine
phosphorylated htt levels. The arrow marks full-length htt while the bracket marks the
small N-terminal htt fragments. Phosphorylated N-terminal htt fragments appear to be
enriched in the striatum compared to the cortex. (B) The percentage of total full-length
htt that is phosphorylated was calculated and determined to be higher in the striatum than

the cortex.
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Figure 4-11. Phosphorylation of S16 of htt inhibits the interaction between htt and
Tpr. HEK 293 cells were co-transfected with Tpr-GST and 120Q-S16 or 120Q-S16A
htt. A GST pulldown from the cell lysates showed that more 120Q-S16 N-terminal htt
bound less Tpr than 120Q-S16A N-terminal htt, indicating that phosphorylation of S16

may inhibit its interaction with Tpr.
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Figure 4-12. The interaction between N-terminal htt and Tpr in various brain
regions of the CAG140 KI mice. Brain lysates were prepared from the striatum, cortex
and cerebellum or a CAG140 KI mouse for a GST pulldown with recombinant Tpr-GST.
Analysis of the samples by western blotting with the 1C2 antibody revealed that the
interaction between the small N-terminal fragments (marked by the bracket) and Tpr is
weakest in the striatum and strongest in the cerebellum. As a negative control, each
sample was also used for a pulldown with GST only. In the lower panel, the same blot

was re-probed for GST to show the amount of recombinant protein used for each sample.
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4-14. Phosphorylation of N-terminal htt decreases the interaction between htt and
Tpr. HEK 293 cells were co-transfected with Tpr-GST and 120Q-exonl or 120Q-N500
htt then treated with either 100 nM okadaic acid or DMSO for 4 hours. OA treatment
decreased the interaction between all N-terminal htt fragments and Tpr. Among the OA
treated samples, more 120Q-N500 htt and its degraded products (marked by the bracket)
than 120Q-exonl were precipitated by Tpr-GST. Also important to note is that very little

full-length htt (marked by the arrow) was precipitated by the Tpr-GST.
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CHAPTER S

Conclusions and Future Directions
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5.1 Summary

We have provided a novel mechanism for the preferential accumulation of N-
terminal mutant huntingtin (htt) in the striatal nuclei (Figure 5-1). We show that full-
length htt is cleaved into small N-terminal fragments that can enter the nucleus.
Phosphorylation of S16 increased the nuclear accumulation and aggregation of htt
specifically in the striatum by decreasing the interaction with the nuclear export proteins
in a length dependent manner. This leaves phosphorylated htt trapped in the nucleus
where it is able to accumulate and aggregate.

While it has been well established that N-terminal htt accumulates in the nucleus
in postmortem human Huntington’s disease (HD) brains (DiFiglia et al., 1997) and HD
mouse models (Li et al., 2000; Lin et al., 2001; Wheeler et al., 2002), the mechanism and
size of these pathological fragments that accumulate in the nucleus have not been
determined. We analyzed the subcellular localization of polyQ expanded N-terminal htt
fragments of 208, 300 or 500 amino acids (N208, N300, N500) containing a C-terminal
HA tag in HEK 293 cells. Immunocytochemistry showed that N208 and N300 htt formed
large nuclear aggregates while N500 htt remained cytoplasmic. This finding was
confirmed by subcellular fractionation of HEK 293 cells transfected with the same
constructs as well as by immunocytochemistry of transfected cultured neuronal cells. By
immunocytochemistry of transfected HEK 293 cells, we found that the fragments
comprising the nuclear aggregates were generated by proteolytic cleavage. We also
found that cell viability was significantly decreased with the expression of 120Q N208-
htt compared to N300- or N500-htt. Together these data show that N-terminal htt (208

amino acids) accumulates in the nucleus and causes cytotoxicity.
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Other studies have shown that phosphorylation of N-terminal htt is important in
HD pathogenesis (Gu et al., 2009; Thompson et al., 2009). These studies, however,
focused on the phosphorylatable residues serine 13 and serine 16 in combination. Since
serine 13 and 16 have not been studied individually, we wanted to first determine which
residue (S13 or S16) was more important for the regulation of nuclear accumulation of N-
terminal htt and how phosphorylation played a role. We created 23Q- and 120Q-N208
htt constructs where S16 or S13 was mutated to either alanine (S16A, S13A) to create an
unphosphorylatable mutant or aspartic acid to create a phosphomimetic mutant (S16D,
S13D). After determining by immunocytochemistry that S16 is more important for
regulating the nuclear localization of N-terminal htt, we focused on the S16-htt
constructs. S16 phosphorylation was found to be important in regulating not only nuclear
localization of mutant htt but also its nuclear aggregation. This effect was confirmed by
increasing cellular phosphorylation via treatment with the phosphatase inhibitor okadaic
acid (OA).

In order to analyze phosphorylation of S16 in the brains of mice to confirm our
HEK 293 cell data, we developed a radioactive in vitro phosphorylation assay using
peptides of the first 17 amino acids of htt (N17) with S16 or A16 as well as
immunoprecipitated N-terminal htt from transfected HEK 293 cells. Using lysates from
the striatum, cortex and cerebellum of WT mice as the kinase source and either the N17
peptides or immunoprecipitated htt, we showed that the striatal nuclei display increased
S16 phosphorylation. We generated an antibody that specifically recognizes
phosphorylated S16 to analyze levels of htt phosphorylated at S16 in HD KI 140Q mice.

Consistent with our in vitro phosphorylation assay data, we found that the striatum is
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enriched for phosphorylated N-terminal htt as well as phosphorylated full-length htt
compared to the cortex. This data is consistent with the observation that N-terminal htt
preferentially accumulates in the striatal nuclei in several HD KI mouse models and the
fact that the striatum is the brain region most vulnerable to neurodegeneration in HD.

To establish a mechanism for the striatal specific nuclear accumulation of
phosphorylated N-terminal mutant htt, we expanded on previously published work by
Cornett et al showing that polyQ expanded htt has a decreased affinity for the nuclear
export protein, Tpr, compared to non-expanded htt. Using a GST pulldown approach, we
showed that phosphorylated polyQ expanded N-terminal htt bound less unphosphorylated
htt and that this binding is N-terminal length dependent. We also showed that the
interaction between N-terminal htt and Tpr is weaker in the striatal region than the cortex
and cerebellum, which is also consistent with the preferential accumulation of N-terminal

phosphorylated htt in the striatum of HD KI mice.

5.2 Remaining questions and future directions

Based on my work, there are several important questions remaining that I will
address in this section. The answers to these questions will more clearly define the role
of the first 17 amino acids in HD pathogenesis. Clearly, the N17 region is important for
the subcellular distribution of htt and understanding its role might provide several

potential therapeutic targets for HD.

What is the kinase that phosphorylates S16 of N-terminal htt?
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Previous work by Thompson et al showed direct phosphorylation of S13 and the
potential for indirect phosphorylation of S16 by ikB kinase (IKK). Since our in vitro
phosphorylation assay did not provide evidence for direct phosphorylation of S16 by
IKKa or B, it would be interesting to identify the kinase that can directly phosphorylate
S16. One common method for identifying kinases is to test a series of kinase inhibitors
for the loss of phosphorylation. Several different inhibitor concentrations and treatment
times will first be tested using our in vitro phosphorylation assay to determine the least
amount of inhibitor and the shortest incubation time required for a loss of
phosphorylation of the S16 peptide. Specifically, I would prepare striatal tissue lysates as
the kinase source and do an in vitro phosphorylation assay as described in the materials
and methods of chapter 4. Kinase inhibitors will be included in this in vitro
phosphorylation assay to see which one can eliminate S16 phosphorylation. Using the
identified conditions, an in vitro phosphorylation assay will also be performed using the
identified kinase and N-terminal htt (S16-N208) immunoprecipitated from transfected
HEK 293 cells to verify its effect on S16 phosphorylation. The products of the
phosphorylation assay will also be analyzed with western blots, which will be probed
with antibodies against htt or phosphorylated S16.

To verify the above results and to eliminate false positives obtained from the
above experiment, [ would order recombinant kinases for the candidate kinases and use
them in an in vitro phosphorylation assay by incubating them directly with S16 or A16
peptides in the presence of **P -ATP. A kinase that can specifically phosphorylate the
S16, but not A16, peptide is likely to be responsible for S16 phosphorylation. To further

confirm this, I would co-transfect this kinase with S16-N208-htt or A16-N208-htt into
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HEK 293 cells to see if the expression of this kinase can specifically enhance the
phosphorylation of S16-N208-htt. Identifying the kinase responsible for S16
phosphorylation is critical for future work to elucidate the role of S16 phosphorylation in
HD pathology. Furthermore, it will allow us to further explore why S16 phosphorylation

is enriched in the striatum and its role in selective neurodegeneration.

Is the kinase enriched in the striatum of mouse brains?

The enrichment of phosphorylated N-terminal and full-length htt in the striatum
of HD KI mice suggests that there may be striatal enrichment of the kinase that
phosphorylates S16. To confirm this I would perform immunocytochemical staining with
an antibody against the kinase, which may be identified in the above in vitro experiments.
I would use the HD KI 140Q mice for this experiment because they show striatal specific
nuclear accumulation of htt. The antibody against the putative kinase would also be used
for immunoprecipitation to deplete the kinase in striatal lysates. This lysate would then be
used for an in vitro phosphorylation assay to see if depleting the putative kinase reduces
S16 peptide phosphorylation.

If the striatal enrichment of the kinase is not seen, one possibility is that the kinase
activity rather than its expression is upregulated. To explore this possibility I would have
to examine the signaling pathway responsible for regulating the kinase activity. Using
antibodies against the regulatory proteins, the expression levels of these signaling
molecules could be assessed by western blotting or immunocytochemistry. I would
determine whether they show altered expression specific to the striatum, which could also

be responsible for the increased S16 phosphorylation in the striatum. I would also look at
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the activity of these regulatory proteins if I do not see changes in their expression levels.
Protein activity can be regulated by mechanisms such as phosphorylation, cleavage or
binding to another protein; all of which could be analyzed biochemically.

Another possibility is that there is a striatal specific reduction of activity or
expression of the phosphatase responsible for removing phosphate from the S16 residue.
Although phosphatase inhibitors are not as specific as kinase inhibitors, using their
inhibitors in the assays similar to kinase inhibitor experiments may narrow down some
candidates, likely specific to a class of phosphatases. Likewise, it is also important to
look at the expression and functional regulation of the phosphatase to see if it is altered in
the striatum compared to the other brain regions.

Determining why the striatum shows increased levels of htt phosphorylated at S16
is important for understanding the pathogenesis of HD and also for the development of
therapeutics. Potentially, a drug that decreases S16 phosphorylation and thus prevents
nuclear accumulation of htt may alleviate HD symptoms. A drug screen can be carried
out on N17 peptides or HEK 293 cells transfected with N-terminal mutant htt to identify
a drug that reduces htt phosphorylation at S16, assuming that increased nuclear
accumulation of mutant htt by S16 phosphorylation is toxic, which as discussed
previously, is still up for debate. If it turns out that S16 phosphorylation is in fact
protective, the screen would search for drugs that increase S16 phosphorylation. Such a
drug would also be very useful for understanding how S16 phosphorylation is regulated

in the striatum.

Is the phosphorylation of S16 of huntingtin toxic or protective?
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Since the toxicity data generated by me, Thompson et al, and Gu et al are
contradictory, more work needs to be done to sort out the role of S16 phosphorylation in
htt induced toxicity. As discussed in chapter 3, many factors influence in vitro htt toxicity
data. Furthermore, the neurological phenotypes of transgenic mice are determined by the
copy numbers and chromosomal insertion sites of transgenes. Thus, a rigorous
experiment is to generate HD knock-in mice that express N-terminal mutant htt (N208-
120Q) with either the S16A or S16D mutations at the endogenous level. These mice will
be compared with regard to their neurological phenotypes as well as nuclear localization
and aggregation of mutant htt. Neurological phenotypes would be assessed by analysis of
their motor abilities, life span and weight changes. Phosphorylation of S16 in these mice
could be unequivocally verified using mass spectrometry. The results of these
experiments could provide strong in vivo evidence that phosphorylation of N-terminal
fragments is important for regulating subcellular regulation and is involved in HD

neuropathology.

Are the functions of the N-terminal post-translational modifications dependent on
each other?

Since there are multiple known post-translational modifications (phosphorylation
of T3, S13 and S16 and SUMOylation or ubiquitination of K6 and K9) that occur within
the first 17 amino acids of htt, it is possible that the presence of one may enhance or
inhibit the modification of a nearby residue due to changes in folding. It is also possible

that the modification of one residue influences the function of another modified residue.
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Since the phosphorylation of S16 of N-terminal htt has now been studied
individually, the function of S13 phosphorylation should also be studied in a similar
manner. Once we know the individual roles of the post-translational modifications we
can start to determine how they influence each other and begin to understand the
mechanisms by which N-terminal htt regulates subcellular localization and cell viability.
This may resolve the discrepancies in toxicity and aggregation data observed between the
different N-terminal phosphorylation studies.

Based on the previously published data showing that sumoylation of K6 and K9
increases htt toxicity while ubiquitination of the same residues protects cells from htt
induced toxicity, it is possible that the phosphorylation of S16 prevents the sumoylation
of K6 and/or K9 thereby reducing the nuclear toxicity. To test this, I would use an N17
peptide containing A16 as the substrate and mouse brain lysate as the kinase source for
an in vitro phosphorylation assay. I would then perform mass spectrometry on the
phosphorylation reaction samples to determine whether K6 and/or K9 are sumoylated.
Alternatively, I could use S16-htt or S16A-htt immunoprecipitated from transfected HEK
293 cells as the substrate of the phosphorylation assay, run the samples on a western blot
and probe with an antibody against SUMO. S16 phosphorylation induced inhibition of
K6 and K9 sumoylation would support a protective role of S16 phosphorylated htt, which
would be consistent with the toxicity studies by Gu et al (2009) and me. If S16 instead
increases sumoylation of K6 or K9, S16 phosphorylation may be protective in the
cytoplasm and toxic in the nucleus. Understanding how these N-terminal post-
translational modifications influence one another is crucial to understanding HD

pathogenesis, as the N17 region of htt has been shown by several groups to be crucial for
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regulating the subcellular localization of htt. It would also allow us to define potential

HD therapeutic targets aimed at altering the post-translational modification of htt.

What are some potential targets for developing Huntington’s disease therapeutics?

Since there are currently no effective treatments or cures for Huntington’s disease,
it is important that more research is done to understand HD pathogenesis with the hope of
finding a safe and effective therapeutic. Based on my findings and other reports, there
are several potential targets for ameliorating HD symptoms. First, a drug that blocks the
production of N-terminal fragments < 75 kDa or increases the efficiency of the removal
of these fragments may help prevent the nuclear accumulation of mutant htt and
subsequent transcriptional dysregulation.

As discussed earlier, a second possibility is to alter the phosphorylation status of
S16 N-terminal mutant htt. Since our data clearly shows that S16 phosphorylation
enhances nuclear accumulation of mutant htt fragments, it would be logical to find a drug
that prevents S16 phosphorylation and thus nuclear accumulation; however, more
research needs to be done to understand how all of the post-translational modifications of

the N-terminus of htt influences htt-induced toxicity and HD pathogenesis.

5.3 Conclusions

Huntington’s disease is a fatal, late-onset neurodegenerative disorder caused by
an expansion of the polyQ tract in exon 1 of the protein. No effective treatment has been
identified to date, and much more remains to be understood about HD pathogenesis. The

work presented in this dissertation provides a novel mechanism for the preferential
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accumulation of N-terminal mutant htt in the striatal nuclei. We present four important
findings. First, due to the inverse correlation between nuclear htt levels and fragment
length, the accumulation of small N-terminal htt fragments is likely due to a passive
diffusion mechanism. Second, phosphorylation of serine 16 of N-terminal htt causes
nuclear accumulation and aggregation of mutant N-terminal htt. Third, the striatal nuclei
are enriched for htt phosphorylated at S16 compared to the cortex and striatum. Fourth,
phosphorylation of htt at S16 interferes with the nuclear export proteins in a length
dependent manner thus leaving it trapped in the striatal nuclei to accumulate. These

insights provide potential therapeutic targets to be explored for the treatment of HD.
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Figure 5-1 A model for preferential striatal nuclear accumulation of htt
phosphorylated at S16. In the cytoplasm, full-length mutant htt is proteolytically
cleaved into small N-terminal htt fragments, which can enter the nucleus. Increased
phosphorylation of S16 in N-terminal mutant htt enhances its aggregation and reduces its
association with the nuclear pore complex protein Tpr, resulting in the accumulation of
mutant htt in the nucleus. The size of N-terminal htt does not represent its actual

proportion with respect to full-length htt.
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