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Abstract

Recent studies have provided strong evidence for transcription-related deficits in Huntington’s disease (HD). These discoveries include
consistent changes in steady-state mRNA levels, direct interactions between huntingtin and known transcription factor proteins,
sequestration of transcription-related factors into polyglutamine aggregates, and inhibition of enzymes involved in chromatin remodeling.
Also, there is increasing evidence that huntingtin itself may be a transcriptional regulator. This review discusses the cumulative body of
evidence for transcriptional dysregulation as a mechanism of HD pathogenesis and possible implications for disease progression and

treatment.
© 2003 Published by Elsevier B.V.
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1. Introduction

Accumulating evidence points to transcriptional dysre-
gulation as a central mechanism in the pathogenesis of
Huntington’s disease (HD) [1]. Specific alterations in
mRNA expression have been documented in human HD
post-mortem brain and in cellular and transgenic mouse
models of HD. Messenger RNA expression profiling using
DNA microarrays has provided a detailed account of the
alterations in gene expression that occur as a result of the
mutant huntingtin (htt) protein. In tandem, much has been
learned about huntingtin’s protein—protein interactions and
its potential to disrupt the function of particular transcrip-
tional regulators.

The idea that transcription might be an early pathogenic
mechanism in HD came from several independent obser-
vations. In considering a normal function for huntingtin,
investigators recognized that many polyglutamine-contain-
ing proteins are transcription factors [2,3]. In these proteins,
the polyglutamine domain is critical for transcriptional
activation. Scientists also appreciated that polyglutamine
domains were potential sites of protein—protein inter-
actions, and discovered that other proteins—including
polyglutamine-bearing transcription factors—could be
recruited into mutant polyglutamine aggregates [4—8]. In
addition, it was discovered that both wild-type and mutant

* Corresponding author. Tel.: 4+ 1-617-724-1481; fax: +1-617-724-1480.
E-mail address: cha@helix.mgh.harvard.edu (J.-H.J. Cha).
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huntingtin, and especially N-terminal huntingtin fragments,
accumulated abnormally in the nuclear compartment in HD
brain and HD model systems at an early point in the disease
process [9—11]. Moreover, characteristic changes in mRNA
levels have been observed in both HD patients and in mice
expressing a mutant N-terminal huntingtin fragment
[12—15]. This review will summarize the existing evidence
for transcriptional dysregulation in HD. In addition, we
highlight recent findings concerning which genes are
targeted, the potential mechanisms underlying gene dysre-
gulation, and the neuronal functions that may be affected by
transcriptional abnormalities.

1.1. Changes in steady-state mRNA levels

In situ histochemical data from post-mortem human
brain tissue together with results of in vivo positron
emission tomography (PET) studies in human subjects
suggested that losses in D1 and D2 dopamine receptor
densities in the caudate nucleus were among the earliest
signs of HD neuropathology [13,16]. The extent to which
these changes might simply represent neuronal loss was
unclear, however. The recent development of a variety of
HD model systems has permitted more detailed investi-
gation. Evidence from early studies of mice carrying a
transgene encoding a mutant N-terminal huntingtin frag-
ment (R6/2 line [17]) showed that changes at the mRNA
level preceded changes in the corresponding proteins or

CLIRES 122—1/8/2003—08:01—HEMAMALINI—79289— MODEL 5

64
65
66
67
68
69
70
71
72
73
74
75
76
71
78
79
80
81
82
83
84
85
86
87
88
89
90

92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112


http://www.elsevier.com/locate/clires

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

2 R. Luthi-Carter, J.-H.J. Cha / Clinical Neuroscience Research xx (0000) xxx—xxx

frank neuronal death, and thus gave support for the idea that
such changes arose from deficits in transcription [14,18].

The first studies of gene expression in mouse models of
HD were guided by data from human studies which
suggested that neurotransmitter receptors were early targets
of HD pathology. Thus, several receptor types were
analyzed in the newly available R6/2 mouse [14,18]. The
R6/2 mouse was a model well-suited to examining
huntingtin-related changes in cellular function that precede
cell death because neuronal loss in this model is minimal
during the first 12 weeks of life [17,19]. In R6/2 mouse
brain, early losses of dopamine D1 and D2 receptor mRNAs
account for the decreases of corresponding receptor proteins
[14]. In addition, specific changes in mRNAs encoding
other cAMP-coupled receptors, such as adenosine A2a
[14,18] and cannabinoid CB1 receptors [20], were detected
at an early point in the disease process. The mRNA
alterations observed in the R6/2 lines did not result from
disruption of a gene within the host mouse genome, since
two other transgenic lines with distinct chromosomal
insertion sites (R6/1 and R6/5 lines [17]) demonstrated
mRNA decreases similar to those observed in the R6/2
mice. Moreover, decreases in mRNA levels were an effect
of the polyglutamine expansion, since transgenic mice
carrying a non-expanded transgene (Hdex6 and Hdex27
lines [17]), did not exhibit mRNA alterations [18]. In
contrast to the decreases in mRNAs encoding certain
receptors, no changes in NMDA receptor NR1 subunit or
B-actin mRNA were detected. Thus, mRNA alterations
observed in transgenic HD mice appeared to result from
polyglutamine length-dependent dysregulation of particular
genes and could not simply be attributed to neuronal death.

In parallel with the development of huntingtin transgenic
mice came the discovery that both the mutant and wild-type
forms of the huntingtin protein were associated with
synaptic vesicles [21-24]. Morton and colleagues explored
whether the composition of these vesicles might be
disrupted in HD, and discovered an early and progressive
diminution in the expression of complexin II in R6/2 mice
and human HD brain [25]. The diminution in the expression
of this protein also appears to be controlled at the mRNA
level. Similarly, Kusakabe et al. have observed a loss of
mRNA encoding the extracellular matrix glycoprotein
tenascin-C in R6/2 mice [26].

With growing evidence for HD-related perturbations in
transcription, the search for other genes targeted by mutant
huntingtin was expanded using discovery-based gene
expression assays including high-density oligonucleotide
microarrays. These studies revealed that expression of
multiple components of the neuronal second messenger
signaling cascade was affected in the R6/2 striatum,
including regulators of intracellular calcium concentrations,
and protein kinase A- and protein kinase C-related proteins
[15,27-32]. Also, array studies in the R6/2 and sister line
R6/1 mice uncovered several new potential pathways of
HD-related pathology. These included decreases in mRNAs

transcribed from retinoid-, cAMP-, and Sp1-inducible genes
[15,29,33], increases in molecular chaperones [34], cell
death-related [27,35], and inflammation-related [15,27]
mRNAs. A partial list of specific mRNA changes found in
HD brain and HD model systems is found in Table 1.

While studies of R6 mice had generated interest in
transcriptional changes, it was unclear whether such
changes were model-specific. In order to address this
question, studies of gene expression were conducted in
other mouse models of HD. Interestingly, two indepen-
dently derived mouse lines also expressing a mutant N-
terminal huntingtin fragment (HD-N171-82Q and HD94)
showed changes similar to those observed in the R6 models
[15,36,37]. Furthermore, some mRNA changes observed in
both the R6/2 and N171 lines were also observed in mouse
models of other polyglutamine diseases [37].

In addition, comparison of gene expression changes in
R6/2 and N171 HD mice to those in mice carrying longer or
full-length huntingtin transgenes suggests that at least some
HD-related changes in transcription are dependent on the
formation of a huntingtin N-terminal fragment [38].
Whereas many mRNA changes previously observed in
HD are recapitulated in R6/2 and N171 mice, only two of
these (decreases in D2 dopamine receptor and A2a
adenosine receptor) are observed in HD100 mice (carrying
approximately one-third of an htt cDNA with 100 repeats),
and none were observed in HD46 or YAC72 mice (which
express approximately one-third of an htt with 46 repeats, or
full-length htt with 72 repeats, respectively; Table 1).
Possible explanations for increased transcriptional disrup-
tion by the N-terminal fragment include an enhanced
nuclear localization and/or a difference in its protein—
protein interactions. An alternative interpretation of these
findings is that transcriptional dysregulation is a secondary,
rather than a primary, pathologenic event (see Discussion).

Differential gene expression has also been examined in
cell models of HD. Relative to brain tissues, cellular models
provide a more homogeneous system in which steady-state
mRNA changes may be examined. Also, these assays focus
on cell autonomous effects, e.g. those effects that are
independent of neuronal circuitry. Stably transfected cells
expressing an N-terminal fragment of mutant huntingtin
demonstrated deficits in neurite outgrowth and decreased
expression of nerve growth factor receptor subunits trkA
and p75 [39]. In two other lines of PC12 cells in which the
expression of mutant huntingtin is controlled by an
inducible promoter, changes in steady-state mRNA popu-
lations can be observed within 16—18 h [29,40]. The
specific changes in one of these cell lines included several
that mirrored changes observed in R6/2 mouse striatum
including a decrease in retinol-binding protein, an increase
in the G-protein subunit G.3, and the decreased expression
of several cAMP-regulated genes [29]. Novel changes in
other molecules, including several transcription factors,
were also observed. In a second PC12 cell line, increases in
the expression of four tyrosine phosphatase mRNAs were
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mRNA changes in HD brain or model systems (partial list)
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mRNA

Proposed function of encoded
polypeptide

Change detected

D2 dopamine receptor

Preproenkephalin

CBI1 cannabinoid receptor

Adenosine A2a receptor

DARPP32
PCP4/PEP-19
Protein kinase C BII

Hippocalcin
Retinol-binding protein (RBP)

Rrsl

Brain-derived neurotrophic factor (BDNF)

Tenascin-C

SNF-1 related kinase (SNRK)

HMG Co-A reductase, stearoyl-CoA
desaturase 2

Neurotrophin receptor subunits TrkA, p75N '™}
Proteasome activator subunit PA28 alpha

RNA polymerase II large subunit

Myristoylated alanine-rich C-kinase substrate

(MARCKS)
Tetratricopeptide-2

Protein phosphatases MKP1, MKP3, CPG21

G-protein subunit Gy3

Neuroleukin

G-protein-coupled receptor
(activation decreases cCAMP)

Neuropeptide

G-protein-coupled receptor
(activation decreases CAMP)
G-protein-coupled receptor
(activation increases cAMP)

Modulates cAMP signaling cascade
Modulation of calmodulin-mediated
signaling

Second messenger-regulated protein
phosphorylation

Calcium-activated signaling processes
Retinoid signaling

Ribosomal protein

Neuronal differentiation and survival

Extracellular matrix protein
Chromatin remodeling
Lipid metabolism

Nerve growth factor signaling
Regulation of proteasome activity

Component of basal transcription
machinery

Protein kinase C-mediated regulation
of actin cytoskeleton

Molecular chaperone
Dephosphorylation of tyrosine/serine/
threonine residues

G-protein-coupled receptor signaling

Neuronal survival

Decreased in human HD dorsal caudate; grade =1 [13]
Decreased in R6/2 mouse striatum =4 weeks [14,18]
Decreased protein (binding) in R6/1 mouse striatum

=3 months + [18]

Decreased in HD-N171-82Q mouse striatum =4 months [15]
Decreased in HD-N171-82Q cultured primary striatal neurons [47]
Decreased binding in HD100 at 10— 13 months [38]

No change in HD46 at 10—13 months [38]

No change in YAC72 at 12 months [38]

Decreased in human HD caudate and putamen; grade =0 [12]
Decreased in R6/2 mouse striatum =6 weeks + [15,84]
Decreased in CAG71, CAG94 knock-in mouse striatum

4 months [84]

Decreased in HD94 mouse striatum 4—5 months [87]

No change in HD46, HD100 at 10—13 months [38]

No change in YAC72 at 12 months [38]

Decreased in R6/2 mouse striatum =6 weeks [15,20]
Decreased in HD94 mouse striatum 4—5 months [87]
Decreased in R6/2 mouse striatum =4 weeks [18]

Decreased binding in human HD [88]

Decreased mRNA in HD100 at 10—13 months [38]

No change in HD46 at 10—13 months [38]

No change in YAC72 at 12 months [38]

Decreased in R6/2 mouse striatum =6 weeks [15,28]
Decreased in R6/2 mouse striatum 6 weeks + [33]
Decreased immunoreactivity in human HD caudate, putamen
and globus pallidus [83]

Decreased in R6/2 mouse striatum 10 weeks [15,30]

Decreased in R6/2 mouse striatum 6 weeks + [15,33]
Decreased in R6/2 mouse striatum 6 weeks [15]

Decreased in HD-Q74 cell line 18 h [29]

Increased in Hdh®*°, HAdh®®! and Hdh?"'"! mice [89]
Increased in human HD patients [89]

Decreased in Flmu cells [72]

Decreased in YAC72 cortex and hippocampus [72]
Decreased in human HD frontoparietal cortex; grade 2 + [72]
Decreased in R6/2 mouse cerebellum 8 weeks + and cortex
12 weeks [33]

Decreased in R6/2 cortex and thalamus [26]

Decreased in R6/2 cerebellum 6 weeks + [33]

Decreased in Q105 and Q118 N-548 ST14A cells 48 h [41]

Decreased in 150Q PC12 cells [39]

Increased in R6/2 striatum, cortex and cerebellum 12 weeks
[15,33]

Increased in R6/2 striatum, cortex and cerebellum 12 weeks [33]

Increased in R6/2 cerebellum =6 weeks [33]

Increased in human HD cortex; grade 3 [34]
Increased in PC12 118Q cell line =16 h [40]

Increased in R6/2 mouse striatum 12 weeks [15]
Increased in HD-Q74 cell line =18 h [29]
Increased in R6/1 brain 7 months [27]

Abbreviations: PCP4, Purkinje cell protein 4; PEP-19, brain-specific polypeptide 19; MAP, mitogen-activated kinase; MKP1, MAP kinase phosphatase 1;
MKP3, MAP kinase phosphatase 3; CPG21, candidate plasticity-related gene 1. Original characterizations of model systems not found in the above cited
reports: R6/1, R6/1 mice [17]; HD-N171-82Q mice [90]; YAC72 mice [91]; CAG71, CAG94 knock-in mice [92].
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discovered [40]. Changes in another inducible cell model
derived from ST14A cells, which have a striatal neuron-like
phenotype, included the decreased expression of mRNAs
encoding enzymes involved in sterol metabolism [41].

1.2. Interactions between htt and transcriptional regulatory
proteins

Interactions between huntingtin and known transcrip-
tional regulatory proteins have been identified by several
different mechanisms. The first transcription factors identi-
fied to be huntingtin interactors were discovered in unbiased
yeast two-hybrid screens [42,43]. Other studies have
explored potential interactions between the polyglutamine
domain of huntingtin and those of polyglutamine-rich
transcription factors [7,8,44,45]. Additional associations
have been detected based on different theoretical interaction
domains or non-polyglutamine homologies to transcrip-
tional regulators [44,46]. Most recently, microarray studies
of mRNA expression have identified candidates based on
their regulation of particular gene promoters [15,29,33,47].

The ability of huntingtin to disrupt transcription by
interacting with specific transcriptional regulators is likely
to be dependent, at least in part, on its ability to enter the
nucleus. Recent evidence indicates that while only a small
fraction of huntingtin is present in the nucleus under normal
conditions [46], huntingtin accumulates in the nucleus with
the disease state [9,10]. With increased nuclear localization,
the possibility of huntingtin interacting with transcription-
ally active proteins becomes more likely. Nuclear localiz-
ation of huntingtin is covered in another review in this issue
(Truant, this volume).

The transcriptome is composed of four general sets of
activities (Fig. 1). Binding of transcriptionally active
proteins to specific DNA sequences increases or decreases
transcription of a particular gene, and thus these proteins are

Factors

” Chromatin
Remodeling

Co-Activators
and

Transcription Co-Repressors

known as transcriptional activators or repressors, respec-
tively. Another group of molecules mediate interactions
between transcriptional activators or repressors and the
basal transcriptional machinery without binding directly to
DNA, and these are known as co-activators or co-
repressors. An additional category of important transcrip-
tional regulators is the set of enzymes that govern the access
of the basal transcriptional machinery to the gene promoter,
and these are known as chromatin remodeling factors.
Manufacture of mRNA precursors (heteronuclear RNAs) is
carried out by the basal transcriptional machinery asso-
ciated with RNA polymerase II (RNA pol II). Huntingtin
interacts with, and may influence the functions of, multiple
types of transcriptionally active molecules (Fig. 1 and
Table 2). Most of the mechanisms proposed for huntingtin-
mediated disruptions in transcription involve mitigating a
particular factor’s ability to maintain its normal protein—
protein or protein—DNA interactions. The functional impact
of these changes will be covered in a subsequent section of
this review.

1.2.1. Transcriptional activators and repressors

Htt has been found to bind to a number of transcriptional
activators (Table 2). Huntingtin yeast partner B (HYPB),
otherwise known as p231BP (the 231 kDa Huntingtin
Binding protein), was among the first huntingtin interactors
to be discovered [42]. This protein is one of several
huntingtin interactors known to possess a WW domain
motif. Other members of this set appear to be spliceosome
components, giving huntingtin another possible link to
mRNA biogenesis. HYPB/p231BP is thought to be a
transcriptional activator based on its binding to a previously
characterized motif within the adenovirus 12 E/A oncogene
promoter [48].

Recently, an intriguing interaction between huntingtin
and the transcription factor Sp1 has been described [47,49].

Basal
Transcription
Machinery

1 Inhibits chromatin remodeling by inhibiting acetyltransferase activity

2 Disrupts interactions between transcription factors, co-activators and
the basal transcriptional machinery

3 Prevents DNA binding of transcription factors

4 Direct role as a transcription factor, co-activator or co-repressor

Fig. 1. Possible roles of mutant huntingtin in transcriptional dysregulation.
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Table 2

Transcriptionally active huntingtin interactors
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Interactor Reference Likely function(s) Differential interactions Detected in polyQ
with wt and mutant polyQ inclusions?

HYPB/p231HBP [42] Transcriptional activator mut = wt N*

NCoR [43,56] Co-repressor mut = wt N

CBP® [7,44,45] Co-activator, chromatin remodeling (AT) mut > wt Y
PQBP-1/Npw38 [65,67] Co-repressor/activator, spiceosomal factor mut > wt Y

mSin3a [43,44] Chromatin remodeling mut = wt Y

ps3 [44] Transcriptional activator mut = wt Y
TAF;130 [47,51] Co-activator, chromatin remodeling (AT) mut = wt Y

CA150 [93,94] Inhibitor of transcriptional elongation wt > mut Y

Spl [47,49] Transcriptional activator mut > wt Y

CtBP [46] Co-repressor wt > mut ?

NF-kB [44,95] Transcriptional activator ? Y

TBP® [54,68] Basal transcription machinery ? Y

RXRa¢ [44] Transcriptional activator ? Y

RNA pol II large subunit® [33] Basal transcription machinery ? Y

Abbreviations: PQBP-1, polyglutamine(Q) tract binding protein-1; NcoR, nuclear co-repressor; AT, acetyltransferase.
? Detected in HD-related autofluorescent bodies but not in ubiquinated inclusions.

® Also binds to related factor P/CAF in a polyglutamine-independent manner.

¢ Soluble interaction with htt has not been determined. Acetyltransferases may be involved in chromatin remodeling or transcription factor acetylation.

Spl was the first human transcription factor to be isolated
[50], and it also contains a polyglutamine motif. Many
genes downregulated in R6/2 mice are Spl-driven
[14,15,18]. Huntingtin interacts with Spl via sequences
present in htt’s N-terminus [47,49]. Mutant htt interferes
with Spl-dependent transcription, and Spl overexpression
rescues htt-induced toxicity in some systems [49]. In
another study, co-expression of Spl and its co-activator
TAF1130 were required to rescue the toxicity and dopamine
D2 receptor deficits caused by mutant htt in transfected cells
[47]. While Spl has been co-localized with aggregates, the
more relevant interaction appears to be Spl binding to
soluble huntingtin [47,49]. While overall levels of Spl do
not appear to be decreased in HD brain, both the association
between Spl and TAF;130, as well as Sp1 binding to DNA,
appear to be disrupted by mutant huntingtin [47].

In cell and mouse models of polyglutamine disease, there
are decreases in the expression of cyclic AMP-responsive
genes [15,29,51]. Intriguingly, mice with targeted disrup-
tions of CREB and the related factor CREM demonstrate
regionally specific neurodegeneration that is reminiscent of
HD [52]. Biochemical data also point to a connection
between huntingtin and cAMP-regulated gene expression.
Huntingtin binds at least two of CREB’s co-activators, CBP
and TAFy130, in a polyglutamine-dependent manner [47].
Interestingly, TAF;130 is also a critical co-activator for
another one of huntingtin’s interactors, Sp1 (see above).

p53 is another transcriptional activator that binds to htt
[44]. Huntingtin appears to decrease the activity of p53 at its
target promoters. Both p53 and one of its regulators, mdm?2,
have been found within intracellular polyQ aggregates
[53,54]. Other transcriptional activators can also be

recruited into polyglutamine aggregates, including the
retinoid receptor RXRa.

1.2.2. Co-regulators

Huntingtin has also been found to bind to a number of co-
regulators. Nuclear co-repressor (NCoR) was one of the co-
regulators identified to interact with huntingtin [43]. In a
yeast two-hybrid system, NCoR was found to interact with
the N-terminal portion of huntingtin, with a higher affinity
for the polyglutamine-expanded version. Nuclear hormone
receptors such as thyroid hormone receptor (TR) and
retinoic acid receptor function as transcriptional activators
when bound to their cognate ligands. NCoR is a 270 kDa
protein that acts in concert with other DNA-binding
transcriptional proteins to repress transcriptional activation
of the nuclear hormone receptors [55]. Boutell et al. found
decreased nuclear immunodetection of NCoR in human HD
brain, compared to control tissues [43]. Recently, we have
found that mutant huntingtin not only increases NCoR-
mediated repression but also enhances ligand-dependent
nuclear hormone activation [56]. The ability of mutant
huntingtin to increase the expression of a TR-responsive
reporter construct suggests that huntingtin itself may
possess co-activator activity. Indeed, we found that mutant
huntingtin could interact directly with labeled thyroid
hormone receptor [56].

Huntingtin and other polyglutamine proteins have been
found to interact with CREB-binding protein (CBP), which
itself contains a polyglutamine domain [44,45,57]. CBP is
also a co-activator that interacts with Spl. These obser-
vations have led to the hypothesis that CBP might be
sequestered into polyglutamine aggregates, thus limiting
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the available CBP within the cell [7,44,45,57]. Interestingly,
in an inducible cell model of HD, there is decreased
expression of cyclic AMP response element- (CRE-)
dependent transcription [29]. In hippocampal cell lines
transfected with mutant huntingtin constructs, cell death
involves degradation of CBP [58].

1.2.3. Chromatin remodeling factors

Proper control of gene expression is also dependent on
chromatin remodeling, a major component of which occurs
through covalent histone modification [59]. Gene regulation
is dependent on post-translational histone modifications
including acetylation, phosphorylation, methylation, ubi-
quitination, and SUMOylation. Huntingtin has not yet been
shown to interact with any proteins with dedicated histone-
modifying activity. However, many huntingtin interactors
also possess histone-modifying capability, such as CBP,
which has histone acetyltransferase (HAT) activity, and
mSin3a, which can recruit histone deacetylase (HDAC)
activity [44]. Recent evidence also suggests that SUMOyla-
tion is increased in polyglutamine diseases, including
HD [60].

Another mechanism by which huntingtin may disrupt
transcription involves its ability to inhibit the post-
translational modifying activity of HATSs. Huntingtin
inhibits the acetyltransferase activity of the CREB-binding
protein—protein (CBP) and the related transcriptional co-
activators P/CAF and p300 [61]. Inhibition of acetyl-
transferase activity corresponds with decreased histone
acetylation that has been observed in transgenic models of
HD [61,62]. This hypoacetylation of histones may be
pathologically crucial, as HDAC inhibitors can ameliorate
the disease phenotype in these models. Acetyltransferase
activity is thought to be a critical step in chromatin
remodeling by acetylating histone tails and may also be
important for transcription factor acetylation [59,63]. It is
unknown whether mutant huntingtin may also inhibit the
acetyltransferase activities of other transcription-related
proteins. Recently, mutant huntingtin aggregates have been
found to contain histones H3 and H4 as well as
heterogenous nuclear ribonucleoproteins (hnRNP) [64].
Immunohistochemical staining for hnRNP and histone H3
demonstrated redistribution of these proteins into aggre-
gates, suggesting that mutant huntingtin can perturb the
normal intranuclear distribution of these transcriptionally
important molecules.

1.2.4. Basal transcriptional machinery

The coordinated assembly of transcriptional co-activa-
tors, co-regulators, and chromatin modifying factors is
thought to culminate in recruitment of the basal transcrip-
tional machinery including the enzymatic complex that
synthesizes mRNA.

Huntingtin and other polyglutamine-containing proteins
have been found to interact with polyglutamine binding
protein-1 (PQBP) [65]. PQBP-1 was initially discovered as

a molecule that downregulates Brn-2-dependent transcrip-
tion; PQBP-1’s binding interaction was dependent on the
polyglutamine region of Brn-2 [65]. Localized primarily in
the nucleus, PQBP-1 binds to all polyQ-containing proteins
[66]. The WW domain of the PQBP-1 can bind the
C-terminal region of RNA pol II large subunit, which
regulates RNA termination, splicing and degradation of the
RNA pol II [66]. The mutated form of ataxin-1, another
polyglutamine disease-causing protein, interacts with a
complex containing both PQBP and RNA pol II, resulting in
a cooperative repression of basal transcription [67].
Huntingtin has also been shown to repress transcription
from a minimal promoter [46], but it is unclear whether this
occurs through modulation of the interaction between PQBP
and RNA pol II. Intriguingly, RNA pol II large subunit can
be recruited to polyglutamine inclusions in cell lines
expressing mutant huntingtin [33].

Another connection between huntingtin and the basal
transcription machinery may be through its interaction with
TAF;130 [47,51], which binds to the TATA-binding
protein (TBP). Like RNA pol II large subunit, TBP can be
detected in huntingtin aggregates [54,68]. Interestingly,
TBP is itself a polyglutamine-containing protein, and
polyglutamine expansion of TBP causes spinocerebellar
ataxia 17 (SCA17 [69]).

With regard to promoter specificity, an effect of
huntingtin on any one of its known transcription-related
interactors is insufficient to explain the observed set of
dysregulated genes, or the unique pattern of neurodegenera-
tion in HD. Thus, it is possible that the effects of huntingtin
are exerted on promoters which require specific combi-
nations of these factors with which it interacts. Alterna-
tively, the key to regional specificity might be the manner in
which particular transcriptional deficits interrelate with
other pathogenic mechanisms, such as huntingtin proteol-
ysis or aggregation.

1.3. Promoter analyses

The discovery of protein—protein interactions between
huntingtin and a number of transcriptional regulatory
proteins prompted functional studies of candidate target
genes. These include model promoter sequences and native
promoters, both cloned and endogenous. Despite a number
of differences in the systems utilized for these studies, some
unifying conclusions have emerged. There is a good deal of
consensus in these data that a polyglutamine mutation is
more likely to cause repression than activation, and
particularly in promoters that are positively regulated by
CREB, CBP, Spl and p53. The mechanism(s) for this
repression are a matter of debate, however. Whereas some
invoke a normal transcriptional regulatory function of
huntingtin that is changed by the mutation, others favor a
gain-of-function model that invokes transcriptional repres-
sion as a consequence of abnormal protein—protein
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interactions. A detailed account of huntingtin’s effects on
various promoters is provided in Table 3.

1.4. Models of huntingtin-mediated dysregulation of gene
expresion

Several models have been developed to explain the
mechanism(s) of huntingtin-related disruption of trans-
criptional processes. These models are not mutually ex-
clusive, and provide a framework for continued testing of
huntingtin’s role as a transcriptional activator or repressor.
One major hypothesis involves the sequestration of
particular transcription factors in polyglutamine aggregates

Table 3
Promoter analysis of huntingtin-induced altered gene expression

(Fig. 2, panel A). Data from several studies support this
model. Housman, Thompson, Ross and colleagues observed
that polyglutamine transcription factors and factors to which
they bound could be recruited into polyglutamine aggre-
gates, causing them to disappear from the cytoplasmic and
nuclear compartments [7,8,44,45,70]. Other classes of
transcriptional regulators, such as NCoR, mSin3, RAR-
alpha and p53 have also been shown to interact with
huntingtin or to be present in polyglutamine aggregates
(Table 2).

A second potential model for transcriptional dysregula-
tion by mutant huntingtin involves soluble interactions
between mutant huntingtin and various transcriptional

Promoter class* Assay Reference Huntingtin effect Suspected binding
partner(s)

Spl-activated Reporter assay of native D2 [47] Expression decreased by N-terminal Spl, TAF130

receptor promoter fragment of mutant htt

Binding to Sp1 consensus DNA-binding ability is decreased by Spl, TAF;130

sequence from D2 promoter mutant htt

Reporter assay of nerve growth [49] Decreased in cells overexpressing an Spl

factor receptor (p75) promoter N-terminal fragment of mutant htt

Binding to Sp1 consensus sequence DNA-binding ability is decreased by Spl

mutant htt

mRNAs from genes with Sp consensus [33]
sequences in the proximal promoter
cAMP-responsive mRNAs from genes with functional [15]
cAMP-responsive elements
Transcriptional activation from [51]
experimental promoter by GAL4-CREB
Reporter assay with cAMP-responsive [45]
elements in an experimental promoter
mRNAs from genes with functional [29]
cAMP-responsive elements
Reporter assay with cAMP-responsive [29]
element inserted into a minimal SV40
promoter
CBP-dependent KCl-stimulated transcriptional activation [45]
from experimental promoter by GAL4-CBP
Acetyltransferase activity [61]
p53-activated Reporter assay of native p21 " ~F/"P! promoter  [61]
Nuclear hormone mRNAs from genes with functional retinoic [15]
receptor-regulated acid-responsive elements
Reporter assay with thyroid hormone- and [56]
retinoic acid-responsive promoter constructs
CtBP-regulated Repression of experimental promoter (derived [46]
from TK promoter) by GAL4-htt
BDNF BDNF gene reporter constructs [72]
Total BDNF mRNA levels [72]
BDNF mRNA levels [33]

Decreased by co-expression of N-terminal
fragment of mutant htt

Decreased by co-expression of N-terminal
fragment of mutant htt

Decreased by non-pathogenic polyQ and
further decreased by mutant polyQ

No change with N-terminal fragment of
wt htt, decrease with N-terminal fragment
of mutant htt

Decreased by co-expression of N-terminal
fragment of mutant htt

Decreased by co-expression of N-terminal
fragment of mutant htt

No change with N-terminal fragment of

wt htt, decrease with N-terminal fragment
of mutant htt

CBP, p300 and P/CAF acetyltransferase
activities inhibited by N-terminal fragments
of wt and mutant htt

No change with N-terminal fragment of wt htt,
decrease with N-terminal fragment of mutant htt

Decreased by co-expression of N-terminal
fragment of htt in transgenic mice

Enhanced repression and derepression of thyroid

hormone receptor-dependent transcription

Repressed by full-length wt htt and full-length
mutant htt; repressed by N-terminal fragment

of mutant htt

WT htt increases transcription from exon II
promoter, mutant htt represses transcription
from exon II-1IV promoters

WT htt increases total BDNF mRNA, mutant

htt decreases total BDNF mRNA
Decreased by co-expression of N-terminal
fragment of htt in transgenic mice

Spl or other Sp-like
factors

NC

TAF;130

CBP

CBP, TAF;130

CBP, TAF;130

CBP

CBP, P/CAF

p53, CBP, mSin3A
NC
NcoR

CtBP, NCoR

NC

NC

NC
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A Aggregation model

Normal

Transcriptional regulators
operate correctly on promoter DNA

@ Huntingtin protein is soluble

Soluble interaction model

Spl activates transcription at its

G

low affinity for Spl

target promoters

Wild-type huntingtin protein has a

HD P
Mutant huntingtin protein aggregates
recruit transcriptional regulators
away from promoter DNA
. r’ polyQ
TE aggregate
AN T
Transcription \\p @
Is diminished from —

promoters that require
the sequestered regulators

&

HD

Spl-dependent gene transcription
is downregulated

Mutant huntingtin inhibits Sp1 binding
to DNA and to TAF130

Fig. 2. Potential mechanisms by which mutant huntingtin may decrease the function of transcriptional regulators. Mutant huntingtin may interfere with
transcription indirectly through the inactivation of transcriptional regulators through their sequestration into aggregates (A) or through abnormal protein—

protein interactions (B).

regulators. In this model, the mutant form of the disease
protein has a different effect than the normal protein by
virtue of their differential affinities for a particular factor
(Fig. 1, panel B). This is the mechanism proposed by Krainc
and colleagues for the disruption of the functions of Sp1 and
TAF130 by mutant huntingtin [47]. In this model, the
enhanced affinity of mutant huntingtin for Sp1 is shown to
disrupt the binding of Sp1 to both TAF;;130 and to its DNA
targets. This model is further supported by the independent
findings of Li and colleagues that also demonstrate
polyglutamine-dependent interactions between soluble Sp1
and huntingtin [49,71].

Other proposed models are predicated on evidence that
huntingtin has direct transcriptional regulatory actions.
DiFiglia and colleagues have shown that, as full-length
proteins, both wild-type and mutant huntingtin are capable
of transcriptional repression when recruited to DNA [46].
Kegel et al. hypothesize that these effects may due to
interactions of both forms of huntingtin with the C-terminal
binding protein (CtBP; Fig. 3, panel B). This effect is
proposed to be a physiologically regulated, normal func-
tion of huntingtin. By contrast, N-terminal fragments of

wild-type and mutant huntingtin have differential abilities to
repress transcription, with the mutant protein showing such
activity while the wild-type does not. Given that the
identified binding site for CtBP is not contained in this
fragment, the authors suggest that these effects may be due
to mutant huntingtin’s recruiting NCoR or some other
regulator, and represent a potential abnormal gain-of-
function property of mutant huntingtin.

Another huntingtin-mediated effect on gene expression
has been observed by Cattaneo and colleagues. Zuccato
et al. observed differential regulation of BDNF expression
by its four possible promoters whereby wild-type
huntingtin increased the mRNA produced from transcrip-
tion of exon II, while mutant huntingtin downregulated
transcription from exon II, III and IV promoters resulting
in decreased BDNF mRNA and protein [72]. These
authors interpreted the transcriptional activation of the
BDNF gene to be a normal function of wild-type
huntingtin; mutant huntingtin interferes with this activity
(Fig. 3, panel A). It is not yet known whether these effects
of huntingtin on transcription occur through direct or
indirect mechanisms.
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A Normal

Wild-type huntingtin activates

gene transcription

HD

Mutant huntingtin represses
gene transcription

e.z. BDNF promoter

Full-length huntingtin binds CtBP and
represses transcription independent of

polyglutamine length

e.g. BDNF promoter

HD

An N-terminal fragment of mutant huntingtin
selectively represses transcription by a
CtBP-independent mechanism

Huntingtin binds NCoR

¢ + ligand

Ligand binds to receptor

Mutant huntingtin also binds NCoR

¢ + ligand

Mutant huntingtin enhances
de-repression by ligand

NCoR dissociates from receptor
and transcription is activated

Transcriptional activation is greater
in the presence of mutant huntingtin

Fig. 3. Evidence for regulation of transcription by huntingtin. These diagrams represent mechanisms by which huntingtin may influénce transcription in
polyglutamine-dependent and polyglutamine-independent ways. In model A, proposed by Zuccato et al. [72], positive regulation of the BDNF promoter by
wild-type huntingtin is inhibited in a dominant-negative fashion by its mutant counterpart. As indicated by question marks, it is not clear whether changes in
BDNF expression occur through direct or indirect actions of huntingtin. In model B, which represents data from Kegel et al. [46], full-length forms of wild-type
or mutant huntingtin can bind to CtBP and can repress transcription. By contrast, N-terminal fragments of huntingtin fail to bind CtBP and show a
polyglutamine-dependent repression of transcription through a CtBP-independent mechanism. In model C, which schematizes data from Yohrling et al. [56],
huntingtin shows polyglutamine-dependent effects on the transcription of thyroid hormone-receptor (TR) target genes. In the absence of ligand (T3),
polyglutamine expansion enhances NCoR-dependent repression of TR-regulated promoters by huntingtin. In addition, huntingtin enhances TR-dependent

transcription in the presence of T3 in a polyglutamine length-dependent fashion.

Most recently, the effect of huntingtin on nuclear
hormone receptor function has been examined. In testing
possible effects of huntingtin on these receptor transcription
factors by NCoR, Yohrling et al. discovered that huntingtin

enhances NCoR-mediated repression and ligand-dependent
derepression of the thyroid hormone in a polyglutamine-
dependent manner [56]. These results suggest that mutant
huntingtin may have enhanced repressor or co-activator
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activities relative to its
(Fig. 3, panel C).

wild-type counterpart

1.5. Functional consequences to neuronal signaling
and homeostasis in HD

1.5.1. What changes in cell function would be predicted
by changes in this particular set mRNAs/proteins?

Although we cannot yet determine which transcription
factor abnormalities play the lead role(s) in the pathogenesis
of HD, we may predict some of their downstream
consequences by virtue of the known functions served by
the molecules whose expression is altered in the disease.
Decreases in neurotransmitter receptors are the best-
characterized HD-related changes in gene expression.
While the effect of these decreases might seem obvious at
first glance, the regulation of neurotransmitter systems in HD
brain may actually be more complex. Despite the diminution
of dopamine receptors and components of their second
messenger systems [13-16,18,28,73—-76], both increases
and decreases in dopaminergic responses have been observed
inR6 mice [77-79]. A similarly paradoxical enhancement of
adenosine A2a receptor function has also been observed in a
cell model of HD [80]. Recent studies of glutamatergic
systems suggest that aberrant control of neuronal responses
may be a biphasic phenomenon during the disease process,
with an early phase of enhanced response that may contribute
to neurodegeneration, and a later phase that may reflect
severe neuronal dysfunction [81].

The influences of losses in trophic and differentiation
factors may be more clear. Deficiencies in trophic factor
signaling would be expected to impair neurite outgrowth
and maintenance and to make neurons more vulnerable to
apoptosis. BDNF and retinoic acid are known to play major
roles in differentiation of striatal neurons, and both of these
show downregulation in HD. It is not surprising, then, that
some of the first changes detected in medium spiny neurons
are the decreased expression of their phenotypic
markers such as enkephalin, DARPP-32 and PCP4/pep19
[28,82—-84].

There is also specific evidence from R6/2 striatal gene
expression profiles that ionic signaling and homeostasis are
disrupted by changes in gene expression. These data predict
an impaired capacity to sequester free calcium, and
diminished calcium-induced calcium responses [15]. Con-
sistent with these predictions, Deckel et al. have observed
biphasic changes in the functions of calcium-dependent
proteins [32]. Also, decreased expression of inwardly
rectifying potassium channel subunits may account for the
altered firing properties of R6/2 neurons [81].

1.5.2. How do transcriptional changes relate to other
pathogenic mechanisms?

There is currently much debate about whether transcrip-
tional disruption is an early phenomenon in HD. In cultured
cells, changes in mRNA levels are observed relatively early,

whereas mice show mRNA changes only after inclusions
are observed and the first behavioral signs are noted. One
factor that may regulate the rate of mRNA changes in these
experimental systems is the level of huntingtin expression,
which is much higher in cellular models than in the mice.
Alternatively, compensatory mechanisms may exist in the
intact brain that are not present in cultured cells.

There are several other variables that may cause impact
on the development and/or detection of transcriptional
changes in vivo. One major contributor to huntingtin-
induced transcriptional changes may be the requisite
proteolysis of huntingtin to an N-terminal fragment [85].
Whether this is due to the resultant accumulation and/or
aggregation of huntingtin protein, its enhanced nuclear
localization, or changes in its protein—protein interactions,
is unclear.

Data from human HD provide little clarification of where
transcription fits into the scheme of HD pathogenesis. One
notable observation is that the DNA-binding abilities of the
transcription factor Spl and its cofactor TAF;130 are
inhibited in tissue from presymptomatic HD-gene positive
cases [47]. In addition, changes in steady-state mRNA
populations have been observed in human grade 3 HD
cortex [34]. Future studies of the human disease are needed
to define more precisely the temporal course of transcrip-
tional and other pathogenic events.

1.6. Transcriptionally active therapeutics

The recent development of sequence-selective DNA-
binding drugs has opened the door to utilizing gene- and
transcription factor-directed pharmacotherapies. These
efforts are further complemented by efforts to understand
and manipulate the enzymes involved in chromatin
remodeling. For example, drugs that inhibit histone
deacetylation also reverse the abnormal phenotype in cell
and transgenic animal models of polyglutamine disease
[61,62,86]. Continued efforts to discover new and combine
existing transcription-targeted therapeutics may hold prom-
ise in correcting multiple aspects of the transcription-related
deficits in HD.

1.7. Summary

Ongoing study of the interactions between transcrip-
tional regulatory proteins, their DNA targets, and huntingtin
may eventually explain many of the specific molecular
changes that occur in HD. These future studies will need to
account for the interplay between transcriptional dysregula-
tion and other disease mechanisms, such as polyglutamine
aggregation. The availability of transcriptionally active
pharmacologic agents may allow for transcriptional deficits
to be targeted therapeutically, either alone or as components
of a combinatorial approach.
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