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Huntington disease (HD) is an 
inherited neurodegenerative disor-

der caused by a polyglutamine (polyQ) 
expansion in the huntingtin (Htt) gene. 
Despite years of research, there is no 
treatment that extends life for patients 
with the disorder. Similarly, little is 
known about which cellular pathways 
that are altered by pathogenic Hun-
tingtin (Htt) protein expression are cor-
related with neuronal loss. As part of a 
longstanding effort to gain insights into 
HD pathology, we have been studying 
the protein in the context of the fruitfly 
Drosophila melanogaster. We generated 
transgenic HD models in Drosophila by 
engineering flies that carry a 12-exon 
fragment of the human Htt gene with 
or without the toxic trinucleotide repeat 
expansion. We also created variants with 
a monomeric red fluorescent protein 
(mRFP) tag fused to Htt that allows in 
vivo imaging of Htt protein localization 
and aggregation. While wild-type Htt 
remains diffuse throughout the cyto-
plasm of cells, pathogenic Htt forms 
insoluble aggregates that accumulate 
in neuronal soma and axons. Aggre-
gates can physically block transport of 
numerous organelles along the axon. We 
have also observed that aggregates are 
formed quickly, within just a few hours 
of mutant Htt expression. To explore 
mechanisms of neurodegeneration in our 
HD model, we performed in vivo and in 
vitro screens to search for modifiers of 
viability and pathogenic Htt aggrega-
tion. Our results identified several novel 
candidates for HD therapeutics that can 
now be tested in mammalian models of 

HD. Furthermore, these experiments 
have highlighted the complex relation-
ship between aggregates and toxicity that 
exists in HD.

Introduction

Huntington disease (HD) is a neuro-
degenerative disorder characterized by 
progressive motor disturbances, cognitive 
decline, and psychiatric symptoms.1 The 
disease usually appears between the ages 
of 30 and 40, and causes death 10–20 y 
later.2 HD affects 1 in 10,000 individuals 
of European descent.3 Despite decades of 
research, there are no targeted therapeu-
tics capable of curing HD or retarding 
disease onset.

HD is caused by an autosomal domi-
nant mutation in a single gene, and mani-
fests with 100% penetrance. In 1993, 
the Huntington’s Disease Collaborative 
Research Group cloned the huntingtin 
(Htt) gene, and discovered that the dis-
ease results from an unstable trinucleo-
tide repeat expansion. The CAG repeat in 
exon 1 of Htt generates a protein product 
with an expanded polyglutamine (polyQ) 
stretch near the N terminus.2 HD is 1 of 9 
human diseases caused by a polyQ expan-
sion. The other polyQ diseases are: spinal 
and bulbar muscular atrophy, dentatoru-
bral and pollidoluysian atrophy, and the 
spinocerebellar ataxias 1, 2, 3, 6, 7, and 
17. Together, the polyQ diseases are the 
most common class of inherited neurode-
generative diseases.4,5 Understanding the 
mechanisms of mutant Htt toxicity may 
shed light on cellular dysfunction in other 
polyQ expansion disorders.
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The Advantages of Studying 
HD Pathology in Drosophila

Drosophila is an excellent system for 
studying HD pathology and disease 

mechanisms. First, the Htt gene is con-
served across evolution. All Htt homologs 
contain regions known as HEAT repeats, 
which form an α-helical scaffold structure 

important for Htt’s protein-protein inter-
actions.6,7 The Drosophila homolog of 
Htt contains 5 regions of strong homol-
ogy, including HEAT repeats. Drosophila 

Figure 1. Cytoplasmic aggregation of Huntington. (A) N-terminal fragments of human Htt were used to generate transgenic flies. Varying poly-Q tract 
lengths and fluorescent tags are indicated. the full-sized human Htt protein is shown at the top for comparison. (B and C) Htt localization in Drosophila 
S2c1 cells transiently transfected with mrFP-tagged HttQ15 (B) or HttQ138 (C). HttQ15 is diffuse throughout the cytoplasm, while HttQ138 forms cyto-
plasmic aggregates. (D and E) Expression of mrFP-Htt in salivary glands of 3rd instar larvae. HttQ15 is diffuse throughout the cytoplasm, while HttQ138 
forms cytoplasmic aggregates. (F and G) Expression of mrFP-Htt in motor axons of 3rd instar larvae. HttQ15 is largely diffuse or found in small transport 
packets (arrows). although HttQ138 can also exist in smaller transport packets, much of the protein is found in large immobile axonal aggregates (arrows).
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and vertebrate Htt proteins are also simi-
lar in size: 3583 and 3144 amino acids, 
respectively.6

Studying mutant Htt in Drosophila 
allows use of the powerful molecular 
tools available in this model organism. 
One can modulate gene expression with 
spatial and temporal specificity, permit-
ting inquiry into molecular interactions 
within specific cellular subpopulations.8 
The short lifecycle and ease of genetic 
manipulation allows for large-scale, in 
vivo genetic screens that are not available 
in vertebrate models. Drosophila larval 
preparations are another strength of the 
model system, allowing live imaging of 
fluorescent-tagged proteins in neurons. 
This extra view will highlight how our 
lab and others have used screens and live 
imaging in Drosophila to gain insights into 
HD pathogenesis.

Strategy for Modeling 
HD in Drosophila

A key consideration in engineering 
a transgenic Drosophila HD model was 
determining which fragment of human 
Htt to use. The importance of protein 
context in disease has been well-docu-
mented.9 PolyQ expansions within dif-
ferent proteins are the root pathology of 
9 different neurodegenerative diseases—
each of which affects a distinct subpopu-
lation of neurons and presents unique 
symptoms. The polyQ proteins also 
localize to distinct areas of the neuron.10 
These differences are likely accounted for 
by protein context or differential protein 
interactions. Additional evidence for the 
importance of protein context comes from 
studies showing that expression of a polyQ 
stretch alone can be more toxic than a 
polyQ stretch embedded in a disease-
causing protein.11

Expressing the full-length human Htt 
gene has been a challenge because of its 
large size: the Htt gene contains 67 exons 
and generates a protein product of 3,144 
amino acids. The polyQ region, however, 
resides in exon 1 (Fig. 1A). To capture the 
polyQ region without the burden of the 
full-length transcript, one approach is to 
use only the first exon of Htt. These exon 
1 constructs lose many key sites of known 
protein-protein interactions. For example, 

exon 1 models do not include the region of 
well-conserved HEAT repeats, which are 
thought to be critical for Htt’s interactions 
with several binding partners, includ-
ing HIP1, HAP1, and HIP14.12 Another 
important portion of the Htt protein is 
a caspase-6 cleavage site at amino acid 
586; a mouse model resistant to cleavage 
by caspase-6 at this locus showed reduced 
neurotoxicity.13 Several post-translational 
modification sites near the N terminus of 
the protein have also been implicated in 
disease progression. These include phos-
phorylation at serine residues 13, 16, and 
421, and acetlyation of lysine 444.14-17 
Many of these sites are also missing in 
exon 1 models.

To try and capture a more physiologi-
cally relevant Htt fragment, we engineered 
constructs that included the first 12 exons 
of the human Htt gene. The resulting 
protein, 588 amino acids in addition to 
the polyQ stretch, contain the sites for 
post-translational modification, caspase 
cleavage, and many of the HEAT repeats 
(Fig. 1A). The flies carry an upstream 
activating sequence (UAS) in front of the 
gene to allow temporal and spatial expres-
sion via the UAS-GAL4 system. Two vari-
ations were engineered. One contained 15 
polyQ repeats, representing the nonpatho-
genic form of Htt. The other contained a 
stretch of 138 polyQ repeats, represent-
ing a severe form of the disease observed 
in juvenile onset HD. We also generated 
constructs with a monomeric red fluo-
rescent protein (mRFP) tag fused to the 
N-terminal of the protein. The fluorescent 
tag can be used for live imaging, allowing 
one to study the location, trafficking, and 
aggregation kinetics of Htt in vivo.

Aggregates: Beneficial, 
Toxic, or Byproduct?

The most salient feature of HD models 
is aggregation of the polyQ expanded Htt 
protein. Yet, it is unclear how aggregates 
contribute to toxicity in HD and other 
polyQ diseases. Drosophila and mouse 
studies suggest aggregates are not neces-
sarily linked to pathology. Expression of a 
human HttQ128 in the Drosophila CNS 
has been shown to increase neurotrans-
mitter release, trigger neuronal degenera-
tion, impair motor function, and reduce 

lifespan, but no Htt aggregates were visible 
in soma or axons.18 Conversely, a mouse 
model that expressed an N-terminal frag-
ment of HttQ128 resulted in extensive 
aggregation, but no behavioral dysfunc-
tion or neuronal loss.19 A separate mouse 
model that expressed mutant Htt only in 
cortical pyramidal neurons yielded the 
same results.20 These studies suggest that 
aggregates are not required or sufficient 
for neuronal pathology.

An alternative model has suggested 
that aggregates may be beneficial for neu-
rons. A study in N2a cell cultures showed 
that soluble oligomeric mutant Htt—and 
not aggregated mutant Htt— caused tox-
icity.21 Similarly, tracking mutant Htt 
aggregation in cultured primary mouse 
neurons showed aggregates were inversely 
proportional to cell death.22 This data sug-
gests aggregates may be neuroprotective 
by sequestering a toxic soluble Htt species.

However, evidence suggesting aggre-
gates are toxic has also been reported. 
Overexpressing cellular chaperones 
known as heat shock proteins eliminates 
aggregates and rescues cell death induced 
by mutant polyQ proteins in yeast, mam-
malian cell culture, Drosophila, and 
mouse models.23-26 In a conditional mouse 
model of HD, one observes the same link 
between aggregates and survival. At 18 
weeks of age, when pathological symptoms 
began to appear, turning off HttQ94 gene 
expression caused aggregates to disappear, 
and motor and behavioral deficits were 
dramatically improved.27 Pharmacological 
studies also suggest aggregates are toxic in 
HD. Small molecule screens to identify 
inhibitors of polyQ aggregation demon-
strated that C2–8, a potent inhibitor of 
aggregation, also suppressed neurode-
generation in Drosophila and mouse HD 
models.28,29 In short, a variety of therapeu-
tic approaches have implicated aggregates 
as a noxious species in HD.

Axonal Transport Defects 
in Drosophila Models of 

Huntington Disease

To examine the link between mutant 
Htt aggregation and neurodegenera-
tion, we began investigating deficits in 
our Htt polyQ expressing Drosophila. A 
previous HD model in the lab suggested 
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axonal transport defects were likely to be 
a contributing factor to pathology.10 This 
model contained the first 548 amino 
acids of Htt, with a polyQ stretch of 128 
repeats, representing the pathogenic form 
of the protein, or Q0, a non-pathogenic 
form (Fig. 1A). Driving expression of 
UAS-HttQ128 in the eye with GMR-
GAL4 caused photoreceptor degenera-
tion and aberrant photoreceptor function. 
Weak, pan-neuronal expression resulted 
in decreased lifespan, while stronger pan-
neuronal expression caused 100% pharate 
adult lethality.  Expressing HttQ0 did not 
cause any obvious deficits. 

Unlike exon 1 models, where patho-
genic Htt can accumulate in the nucleus, 
pathogenic polyQ Htt aggregates from 
the larger fragment localized exclusively 
to the cytoplasm. This was observed for 
both neuronal and non-neuronal cell 
types. Interestingly, HttQ128 aggregates 
were differentially distributed in polarized 
cell types, including epidermal and neu-
ronal cells. Non-pathogenic Htt remained 
diffusely localized throughout the cyto-
plasm, while pathogenic Htt formed 
aggregates in cell bodies and along axons 
and dendrites.

Whether the primary toxicity induced 
by mutant Htt is the result of its interac-
tions in the nucleus or in the cytoplasm 
is widely debated. Other animal models 
of Htt-polyQ have shown both nuclear 
and cytoplasmic localization of Htt. 
Previously, the presence of exon1 Htt-
polyQ in the nucleus led to the belief 
that Htt exerts toxicity through nuclear 
dysfunction, including impaired tran-
scription. But, the Drosophila HD model 
demonstrates that HttQ128 is also patho-
genic in the absence of nuclear localiza-
tion, providing evidence for cytoplasmic 
dysfunction. The exclusion of nuclear Htt 

Figure 2. FraP analysis of HttQ138 aggregates in vivo shows aggregates continue to grow in size. (A) averaged traces comparing the FraP recovery 
signal in regions of the axon without aggregates, with small aggregates, or with large aggregates that exceed the diameter of the axon. regions with-
out aggregates recovery quickly, due to fast axonal transport. Large and small aggregates recover more slowly, but to a higher level. Large aggregates 
recover more rapidly than small ones. (B) FraP recovery traces of aggregates in the cell body and axons shows that both regions of the motor neuron 
recover fluorescence. (C) time-lapse images of a FraP experiment showing recovery of a large HttQ138 aggregate in the motor neuron of a live, anes-
thetized 3rd instar larvae. Modified from weiss et al., 2012.
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offered the unique opportunity to focus 
solely on cytoplasmic mechanisms of tox-
icity in the fly system.

The discovery that HttQ128 was dif-
ferentially distributed in polarized cells 
suggested that Htt aggregates may asso-
ciate with cytoskeletal machinery to 
undergo directed transport, a process 
highly relevant for axonal function. We 
began further investigating Htt’s role in 
axonal transport. Using the eye-specific 
driver GMR-GAL4, HttQ128 aggregates 
were transported along axons to the CNS 
and accumulated in photoreceptor growth 
cones of the developing visual system. 
Larval motor axons similarly transported 
HttQ128 along axons, leading to accu-
mulations in axon terminals at neuromus-
cular junctions. Visualizing HttQ128 in 
motor neurons revealed that large aggre-
gates sometimes caused axons to swell 
beyond their normal diameter, indicating 
they might be physically blocking axonal 
transport. Immunohistochemistry for 
synaptotagmin I, a synaptic vesicle pro-
tein, revealed that synaptic vesicles accu-
mulated in large clumps at sites of Htt 
aggregates. In HttQ0 animals, synaptic 
vesicles maintained their normal diffuse 
distribution. These results suggested a role 
for cytoplasmic polyQ-Htt in HD patho-
genesis that might be mediated in part 
through alterations in axonal transport.

Axonal transport defects have been 
observed in other Drosophila and mouse 
HD models. In an exon 1 Drosophila 
model, HttQ93

ex1
 animals accumu-

lated organelles along axons, indicative 
of impaired transport. TUNEL staining 
showed that HttQ93

ex1
 expression also 

caused neuronal apoptosis. Both axonal 
transport defects and neurodegeneration 
could be rescued with the overexpression of 
the protein chaperone HSC70.30 Another 
exon 1 Drosophila HD model yielded sim-
ilar results. Expressing mutant Htt

ex1
 with 

motor neuron driver D42-GAL4 pro-
duced aggregates of various sizes. When 
mutant Htt

ex1
 was co-expressed with 

fluorescent axonal transport proteins, 
altered trafficking of organelles and pro-
teins, including synaptic vesicles, could 
be observed.31 Axonal transport defects 
have also been found in mouse mod-
els of HD. The R6/2 exon 1 model has 
Htt inclusions blocking neurites, along 

with axonal degeneration.32,33 In another 
model, generated with a full-length Htt 
construct, mutant Htt aggregates can be 
seen in the axons of striatal projection 
neurons. Since striatal neurons are the 
neuronal population most vulnerable to 
mutant Htt toxicity, this suggests a signifi-
cant role34 for axonal transport defects in 
HD. Researchers also observed degener-
ated axons, in which Htt aggregates accu-
mulated organelles that appeared to be 
damaged mitochondria.34 Another trans-
genic mouse model expressing full-length 
mutant Htt found impaired trafficking of 
synaptic vesicles and mitochondria in vivo 
and in cultured striatal neurons. By mea-
suring the uptake and transport of a neu-
rotracer in vivo, slower axonal transport, 
even in pre-symptomatic animals, could 
be observed. In vitro trafficking studies 
showed mitochondria were transported 
more slowly and stopped more frequently 
in HttQ72 primary neurons, compared 
with controls.35 Hence, the role of axonal 
transport defects in HD appears to be a 
common phenotype across many model 
systems.

With the development of mRFP-tagged 
HttQ138 transgenics, we also investigated 
the kinetics of Htt aggregation in live 
larvae.36 As with HttQ128, expression 
of HttQ138-mRFP causes pharate adult 
lethality when strongly expressed through-
out the nervous system. Weaker, pan-
neuronal expression is viable, but animals 
show progressive motor dysfunction and 
reduced lifespan. HttQ138-mRFP also 
formed large, strictly cytoplasmic aggre-
gates (Fig. 1C, E, and G). HttQ15mRFP 
did not aggregate (Fig. 1B, D, and F), nor 
did it impair motor function or decrease 
lifespan. For axonal transport experi-
ments, we expressed HttQ138-mRFP in 
a single neuron per hemisegment using 
CCAP-GAL4 and imaged aggregates in 
anesthetized, live larvae using a spinning 
disk confocal microscope. Time-lapse 
imaging showed aggregates were immobile 
over a 2 h session. Fluorescence recovery 
after photobleaching (FRAP) was used to 
determine if HttQ138-mRFP aggregates 
remained constant in size or grew with the 
addition of soluble HttQ138 monomers. 
HttQ138-mRFP axonal aggregates recov-
ered up to 40% of original fluorescence 
over 50 min imaging sessions (Fig. 2A 

and C), indicative of the constant addition 
of new Htt monomers. Larger aggregates 
tended to recover more quickly (Fig. 2A). 
Furthermore, aggregates in both axons 
and cell bodies were capable of recovering 
fluorescence, indicating that aggregation 
kinetics were not strictly dependent on 
fast axonal transport (Fig. 2B).

Next, we conditionally expressed 
HttQ138-mRFP using a temperature sen-
sitive GAL4 to investigate how aggregates 
were developed and degraded. Under the 
control of GAL80, a temperature sensi-
tive GAL4, gene expression is restricted 
at 18°C, and permitted at 30 °C. Animals 
were raised at 18 °C to inhibit expres-
sion of HttQ138 until larvae reached the 
3rd instar larval stage. Animals were then 
shifted to 30 °C. After 4–8 h, Htt could be 
seen in neuronal cell bodies of the ventral 
nerve cord (VNC) and proximal axons 
(Fig. 3). Aggregates appeared in VNC cell 
bodies and axons after 12 h of expression. 
Beyond 12 h, aggregates grew mostly in 
size, rather than in number (Fig. 3). To 
determine if cells can remove aggregates, 
HttQ138-mRFP was expressed for 24 h 
and then expression was turned off. After 
72 h of recovery with no further HttQ138 
expression, a reduction in size and number 
of aggregates was observed. These experi-
ments indicate that HttQ138 aggregates 
can form rapidly in multiple neuronal 
compartments, including the cell body 
and neurites. Likewise, blocking further 
HttQ138 expression can allow neurons to 
reduce aggregate load.

Screening for Suppressors 
of Mutant Htt Toxicity

To further investigate mutant Htt 
pathology, we also conducted an in vivo 
forward genetic screen for suppressors 
of HttQ138-mRFP induced aggrega-
tion or lethality, using a deficiency col-
lection covering ~80% of the Drosophila 
genome.36 Our rationale was that finding 
a dominant suppressor that could rescue 
pathogenesis through haploinsufficiency 
might represent a good target for new 
therapeutics, since HD symptoms could 
be improved by reducing protein func-
tion just 50%. The deficiency collection 
was first used to identify in vivo sup-
pressors of HttQ138-mRFP aggregation. 
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Four large deletions that reduced mutant 
Htt aggregates were identified. Next, we 
used the deficiency collection to screen 
for suppressors of pharate adult lethality 
caused by strong pan-neuronal expression 
of HttQ138-mRFP. If introducing a defi-
ciency into this background allowed adult 
flies to eclose, it would suggest a deleted 
gene might reduce mutant Htt pathogen-
esis. The screen identified 11 deficiencies 
that suppressed HttQ138-mRFP induced 
lethality. Ten of the 11 were partial res-
cues, improving viability 20–30%, while 
one deficiency showed a near complete 
rescue of lethality. Western blot analysis 
showed that the deficiencies had vary-
ing impact on HttQ138-mRFP protein 
levels: some reduced levels of soluble 
HttQ138-mRFP, while others had no 
change. Despite different effects on Htt 
protein production, all deficiencies we 
tested decreased HttQ138-mRFP mRNA 
levels, as measured by semi-quantitative 
RT-PCR. These results are consistent with 
the finding that toxicity in the model is 
strongly correlated with HttQ138 expres-
sion levels.

The screen illustrated the complex rela-
tionship between aggregation and lethal-
ity. In general, we observed that decreasing 
mutant Htt expression caused a decrease 
in aggregation and an increase in viabil-
ity. We did not find a single suppressor 
of aggregation that did not also improve 
viability. Interestingly, all 4 deficiency 
lines that reduced Htt aggregation were 
independently identified in the lethal-
ity suppressor screen. This highlights the 
probable toxicity of aggregates in HD 
pathogenesis. But 4 deficiency lines that 
decreased HttQ138-mRFP lethality did 
not yield any change in axonal aggregates. 
The increased viability in these lines is 
likely correlated with a decrease in soluble 
Htt. Thus, we surmised that both aggre-
gated and soluble forms of Htt are likely 
to represent pathogenic species.

To expand the search for suppres-
sors of mutant Htt aggregation or lethal-
ity, a large-scale in vitro screen using 
Drosophila primary neuronal cultures was 
conducted in the lab.37 Primary neurons 
were prepared from animals expressing 
HttQ138-mRFP with a neuronal driver. 

These animals also expressed membrane-
associated GFP (CD8-GFP) to visualize 
neurite morphology. HttQ138-mRFP 
expression in primary neurons resulted 
in cytoplasmic aggregates and dystrophic 
neurites, providing phenotypes that could 
be assayed in 2 distinct suppressor screens. 
The first was an RNA interference (RNAi) 
screen designed to identify new thera-
peutic targets for HD drugs. The RNAi 
screen targeted genes in a kinase/phospha-
tase collection (468 genes). Additionally, 
we conducted a small molecule screen 
using libraries enriched for FDA-approved 
drugs (~2600 compounds). Cultured 
Htt neurons were visually scored inde-
pendently for phenotype suppressors, 
and automated microscopy was used to 
score aggregation and morphology with 
custom algorithms. The RNAi screen 
identified 1 new target, lkb1, which has 
roles in mTOR signaling, autophagy, and 
nutrient sensing. We examined the role 
of lkb1 in vivo by using 2 genetic loss-of-
function mutants. In vivo tests with het-
erozygous lkb1 mutant flies showed that 
reducing lkb1 activity partially rescued 

Figure 3. acute induction of Htt-Q138 shows time frame of aggregate formation. HttQ138 expression was induced using a temperature-sensitive GaL4. 
in ventral nerve cord and axons, small aggregates appear after 4–8 h of HttQ138 expression. after 12 h of induction, aggregates increased mostly in size 
rather than in number. Modified from weiss et al., 2012.
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pharate adult lethality in HttQ138mRFP 
adults. In a different HttQ138-mRFP 
line with lower expression, lkb1 muta-
tions significantly improved motor func-
tion. Interestingly, while lkb1 knockdown 
restored neuronal viability, it did not have 
any effect on aggregation. Next, from the 
small molecule screen, 62 novel aggrega-
tion inhibitors were identified. Only 8 of 
these 62 compounds improved neurite 
morphology in primary cultures. We then 
tested a subset of the small molecules in 
vivo using Drosophila larvae reared in liq-
uid culture. Larvae expressing HttQ138-
mRFP die during the 2nd instar stage 
under these conditions. The addition of 
the small molecules Camptothecin or 
10Hydroxycamptothecin (inhibitors of 
topoisomerase 1) significantly increased 
survival, suggesting suppressive effects in 
vivo. 37

The results of this screen point to 
new directions for HD therapeutics, and 
again underscore the complex relation-
ship between aggregation and toxicity. We 
found that inhibiting lkb1 dramatically 
improved neuronal viability, but had no 
effect on aggregates. Conversely, we found 
over 50 compounds that decreased Htt 
aggregation, but did not improve neurite 
morphology in vitro. Lastly, we discovered 
that the class of small molecules known 
as Camptothecins suppressed HttQ138-
mRFP aggregation, improved neurite 
morphology in vitro, and increased larval 
survival.37

The primary interest of the lab’s HD 
research program is how mutant Htt 
exerts toxicity, and what can be done to 
ameliorate it. Our results illustrate the 
danger of relying on secondary character-
istics (especially changes in aggregation) 
to indirectly address viability. Screening 
only for genes or compounds that change 
Htt aggregation may yield numerous false 
negatives and false positives when it comes 
to cellular toxicity. Using metrics of neu-
ronal health and the survival of HttQ138-
mRFP animals allows one to focus on 
genes and compounds that are likely to be 
more related to neurodegeneration in HD.

Conclusions

The cause of pathogenesis in HD 
remains an open question. Since the Htt 

gene was first identified in 1993, many 
research groups have reported mecha-
nisms by which expanded Htt may exert 
toxicity. The relative contribution from 
diffuse vs. aggregated Htt is still a topic of 
debate. Furthermore, it is unclear which 
cellular changes are primary to Htt-polyQ 
pathogenesis vs. secondary consequences 
of expanded Htt, or cellular programs 
induced by stress and apoptosis. The ease 
of creating transgenic flies has allowed the 
lab to engineer Drosophila models express-
ing fragments of the human Htt gene. 
Recognizing the importance of protein 
context in disease, the model uses a 588-
amino acid protein fragment that includes 
many key sites of post-translational modi-
fication, caspase cleavage, and protein-
protein interaction domains. Adding an 
N-terminal mRFP tag allows study of Htt 
dynamics in real time in vivo.

Using this model, we have addressed 
questions about HttQ138 distribution, its 
role in axonal transport, and the kinetics 
of aggregate formation. The lab has also 
taken advantage of the unique opportu-
nity Drosophila present to conduct large-
scale screens. The results highlighted the 
complex relationship between mutant Htt 
aggregation and toxicity. One model con-
sistent with our data are that aggregates in 
the cell body may be neuroprotective by 
sequestering toxic soluble forms of patho-
genic Htt, while aggregates formed within 
neurites are detrimental by disrupting axo-
nal transport. Through in vitro suppressor 
screens for dystrophic neurites induced by 
pathogenic Htt, several new candidates for 
the development of HD therapeutics were 
also identified. We hope continued dissec-
tion of HD pathogenesis in the Drosophila 
model will ultimately provide clues into 
the human disorder.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

References
1. Martin JB, Gusella JF. Huntington’s disease. 

Pathogenesis and management. N Engl J Med 1986; 
315:1267-76; PMID:2877396

2. The Huntington’s Disease Collaborative 
Research Group. A novel gene containing a tri-
nucleotide repeat that is expanded and unstable 
on Huntington’s disease chromosomes. Cell 
1993; 72:971-83; PMID:8458085; http://dx.doi.
org/10.1016/0092-8674(93)90585-E

3. Walker FO. Huntington’s disease. Lancet 2007; 
369:218-28; PMID:17240289; http://dx.doi.
org/10.1016/S0140-6736(07)60111-1

4. Orr HT, Zoghbi HY. Trinucleotide repeat dis-
orders. Annu Rev Neurosci 2007; 30:575-621; 
PMID:17417937; http://dx.doi.org/10.1146/
annurev.neuro.29.051605.113042

5. Kratter IH, Finkbeiner S. PolyQ disease: too many 
Qs, too much function? Neuron 2010; 67:897-9; 
PMID:20869586; http://dx.doi.org/10.1016/j.
neuron.2010.09.012

6. Li Z, Karlovich CA, Fish MP, Scott MP, Myers RM. 
A putative Drosophila homolog of the Huntington’s 
disease gene. Hum Mol Genet 1999; 8:1807-15; 
PMID:10441347; http://dx.doi.org/10.1093/
hmg/8.9.1807

7. Li W, Serpell LC, Carter WJ, Rubinsztein DC, 
Huntington JA. Expression and characterization of 
full-length human huntingtin, an elongated HEAT 
repeat protein. J Biol Chem 2006; 281:15916-22; 
PMID:16595690; http://dx.doi.org/10.1074/jbc.
M511007200

8. Collins CA, DiAntonio A. Synaptic development: 
insights from Drosophila. Curr Opin Neurobiol 
2007; 17:35-42; PMID:17229568; http://dx.doi.
org/10.1016/j.conb.2007.01.001

9. Robertson AL, Bottomley SP. Towards the treat-
ment of polyglutamine diseases: the modulatory 
role of protein context. Curr Med Chem 2010; 
17:3058-68; PMID:20629626; http://dx.doi.
org/10.2174/092986710791959800

10. Lee WC, Yoshihara M, Littleton JT. Cytoplasmic 
aggregates trap polyglutamine-containing proteins 
and block axonal transport in a Drosophila model 
of Huntington’s disease. Proc Natl Acad Sci U S A 
2004; 101:3224-9; PMID:14978262; http://dx.doi.
org/10.1073/pnas.0400243101

11. Marsh JL, Walker H, Theisen H, Zhu YZ, Fielder T, 
Purcell J, Thompson LM. Expanded polyglutamine 
peptides alone are intrinsically cytotoxic and cause 
neurodegeneration in Drosophila. Hum Mol Genet 
2000; 9:13-25; PMID:10587574; http://dx.doi.
org/10.1093/hmg/9.1.13

12. Harjes P, Wanker EE. The hunt for huntingtin 
function: interaction partners tell many differ-
ent stories. Trends Biochem Sci 2003; 28:425-33; 
PMID:12932731; http://dx.doi.org/10.1016/
S0968-0004(03)00168-3

13. Graham RK, Deng Y, Slow EJ, Haigh B, Bissada N, 
Lu G, Pearson J, Shehadeh J, Bertram L, Murphy Z, et 
al. Cleavage at the caspase-6 site is required for neuro-
nal dysfunction and degeneration due to mutant hun-
tingtin. Cell 2006; 125:1179-91; PMID:16777606; 
http://dx.doi.org/10.1016/j.cell.2006.04.026

14. Atwal RS, Desmond CR, Caron N, Maiuri T, Xia J, 
Sipione S, Truant R. Kinase inhibitors modulate hun-
tingtin cell localization and toxicity. Nat Chem Biol 
2011; 7:453-60; PMID:21623356; http://dx.doi.
org/10.1038/nchembio.582

15. Havel LS, Wang CE, Wade B, Huang B, Li S, Li XJ. 
Preferential accumulation of N-terminal mutant hun-
tingtin in the nuclei of striatal neurons is regulated by 
phosphorylation. Hum Mol Genet 2011; 20:1424-37; 
PMID:21245084; http://dx.doi.org/10.1093/hmg/
ddr023

16. Jeong H, Then F, Melia TJ Jr., Mazzulli JR, Cui L, 
Savas JN, Voisine C, Paganetti P, Tanese N, Hart 
AC, et al. Acetylation targets mutant huntingtin to 
autophagosomes for degradation. Cell 2009; 137:60-
72; PMID:19345187; http://dx.doi.org/10.1016/j.
cell.2009.03.018

17. Warby SC, Doty CN, Graham RK, Shively J, 
Singaraja RR, Hayden MR. Phosphorylation of 
huntingtin reduces the accumulation of its nuclear 
fragments. Mol Cell Neurosci 2009; 40:121-7; 
PMID:18992820; http://dx.doi.org/10.1016/j.
mcn.2008.09.007



8 Fly Volume 7 issue 4

18. Romero E, Cha GH, Verstreken P, Ly CV, Hughes RE, 
Bellen HJ, Botas J. Suppression of neurodegeneration 
and increased neurotransmission caused by expanded 
full-length huntingtin accumulating in the cyto-
plasm. Neuron 2008; 57:27-40; PMID:18184562; 
http://dx.doi.org/10.1016/j.neuron.2007.11.025

19. Slow EJ, Graham RK, Osmand AP, Devon RS, Lu 
G, Deng Y, Pearson J, Vaid K, Bissada N, Wetzel R, 
et al. Absence of behavioral abnormalities and neu-
rodegeneration in vivo despite widespread neuronal 
huntingtin inclusions. Proc Natl Acad Sci U S A 
2005; 102:11402-7; PMID:16076956; http://dx.doi.
org/10.1073/pnas.0503634102

20. Gu X, Li C, Wei W, Lo V, Gong S, Li SH, Iwasato 
T, Itohara S, Li XJ, Mody I, et al. Pathological 
cell-cell interactions elicited by a neuropathogenic 
form of mutant Huntingtin contribute to cortical 
pathogenesis in HD mice. Neuron 2005; 46:433-
44; PMID:15882643; http://dx.doi.org/10.1016/j.
neuron.2005.03.025

21. Lajoie P, Snapp EL. Formation and toxicity of soluble 
polyglutamine oligomers in living cells. PLoS One 
2010; 5:e15245; PMID:21209946; http://dx.doi.
org/10.1371/journal.pone.0015245

22. Arrasate M, Mitra S, Schweitzer ES, Segal MR, 
Finkbeiner S. Inclusion body formation reduces levels 
of mutant huntingtin and the risk of neuronal death. 
Nature 2004; 431:805-10; PMID:15483602; http://
dx.doi.org/10.1038/nature02998

23. Carmichael J, Chatellier J, Woolfson A, Milstein 
C, Fersht AR, Rubinsztein DC. Bacterial and yeast 
chaperones reduce both aggregate formation and cell 
death in mammalian cell models of Huntington’s 
disease. Proc Natl Acad Sci U S A 2000; 97:9701-
5; PMID:10920207; http://dx.doi.org/10.1073/
pnas.170280697

24. Warrick JM, Chan HY, Gray-Board GL, Chai Y, 
Paulson HL, Bonini NM. Suppression of polyglu-
tamine-mediated neurodegeneration in Drosophila 
by the molecular chaperone HSP70. Nat Genet 
1999; 23:425-8; PMID:10581028; http://dx.doi.
org/10.1038/70532

25. Vacher C, Garcia-Oroz L, Rubinsztein DC. 
Overexpression of yeast hsp104 reduces polygluta-
mine aggregation and prolongs survival of a trans-
genic mouse model of Huntington’s disease. Hum 
Mol Genet 2005; 14:3425-33; PMID:16204350; 
http://dx.doi.org/10.1093/hmg/ddi372

26. Wyttenbach A, Carmichael J, Swartz J, Furlong RA, 
Narain Y, Rankin J, Rubinsztein DC. Effects of 
heat shock, heat shock protein 40 (HDJ-2), and pro-
teasome inhibition on protein aggregation in cellular 
models of Huntington’s disease. Proc Natl Acad Sci 
U S A 2000; 97:2898-903; PMID:10717003; http://
dx.doi.org/10.1073/pnas.97.6.2898

27. Yamamoto A, Lucas JJ, Hen R. Reversal of neuro-
pathology and motor dysfunction in a conditional 
model of Huntington’s disease. Cell 2000; 101:57-
66; PMID:10778856; http://dx.doi.org/10.1016/
S0092-8674(00)80623-6

28. Zhang X, Smith DL, Meriin AB, Engemann S, Russel 
DE, Roark M, Washington SL, Maxwell MM, Marsh 
JL, Thompson LM, et al. A potent small molecule 
inhibits polyglutamine aggregation in Huntington’s 
disease neurons and suppresses neurodegeneration 
in vivo. Proc Natl Acad Sci U S A 2005; 102:892-
7; PMID:15642944; http://dx.doi.org/10.1073/
pnas.0408936102

29. Chopra V, Fox JH, Lieberman G, Dorsey K, Matson 
W, Waldmeier P, Housman DE, Kazantsev A, Young 
AB, Hersch S. A small-molecule therapeutic lead 
for Huntington’s disease: preclinical pharmacol-
ogy and efficacy of C2-8 in the R6/2 transgenic 
mouse. Proc Natl Acad Sci U S A 2007; 104:16685-
9; PMID:17925440; http://dx.doi.org/10.1073/
pnas.0707842104

30. Gunawardena S, Her LS, Brusch RG, Laymon RA, 
Niesman IR, Gordesky-Gold B, Sintasath L, Bonini 
NM, Goldstein LS. Disruption of axonal transport 
by loss of huntingtin or expression of pathogenic 
polyQ proteins in Drosophila. Neuron 2003; 40:25-
40; PMID:14527431; http://dx.doi.org/10.1016/
S0896-6273(03)00594-4

31. Sinadinos C, Burbidge-King T, Soh D, Thompson 
LM, Marsh JL, Wyttenbach A, Mudher AK. Live 
axonal transport disruption by mutant hunting-
tin fragments in Drosophila motor neuron axons. 
Neurobiol Dis 2009; 34:389-95; PMID:19268537; 
http://dx.doi.org/10.1016/j.nbd.2009.02.012

32. Morton AJ, Lagan MA, Skepper JN, Dunnett SB. 
Progressive formation of inclusions in the stria-
tum and hippocampus of mice transgenic for the 
human Huntington’s disease mutation. J Neurocytol 
2000; 29:679-702; PMID:11353291; http://dx.doi.
org/10.1023/A:1010887421592

33. Wade A, Jacobs P, Morton AJ. Atrophy and degen-
eration in sciatic nerve of presymptomatic mice car-
rying the Huntington’s disease mutation. Brain Res 
2008; 1188:61-8; PMID:18062944; http://dx.doi.
org/10.1016/j.brainres.2007.06.059

34. Li H, Li SH, Yu ZX, Shelbourne P, Li XJ. Huntingtin 
aggregate-associated axonal degeneration is an early 
pathological event in Huntington’s disease mice. J 
Neurosci 2001; 21:8473-81; PMID:11606636

35. Trushina E, Dyer RB, Badger JD 2nd, Ure D, Eide 
L, Tran DD, Vrieze BT, Legendre-Guillemin V, 
McPherson PS, Mandavilli BS, et al. Mutant hunting-
tin impairs axonal trafficking in mammalian neurons 
in vivo and in vitro. Mol Cell Biol 2004; 24:8195-
209; PMID:15340079; http://dx.doi.org/10.1128/
MCB.24.18.8195-8209.2004

36. Weiss KR, Kimura Y, Lee WC, Littleton JT. 
Huntingtin aggregation kinetics and their pathologi-
cal role in a Drosophila Huntington’s disease model. 
Genetics 2012; 190:581-600; PMID:22095086; 
http://dx.doi.org/10.1534/genetics.111.133710

37. Schulte J, Sepp KJ, Wu C, Hong P, Littleton JT. 
High-content chemical and RNAi screens for sup-
pressors of neurotoxicity in a Huntington’s disease 
model. PLoS One 2011; 6:e23841; PMID:21909362; 
http://dx.doi.org/10.1371/journal.pone.0023841


