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in poly-glutamine disorders
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Poly-glutamine (polyQ) diseases are neurodegenerative disorders characterised by expanded CAG repeats in the causative
genes whose proteins form inclusion bodies. Various E3 ubiquitin ligases are implicated in neurodegenerative disorders. We
report that dysfunction of the SCF (Skp1-Cul1-F-box protein) complex, one of the most well-characterised ubiquitin ligases, is
associated with pathology in polyQ diseases like Huntington’s disease (HD) and Machado–Joseph disease (MJD). We found that
Cullin1 (Cul1) and Skp1, core components of the SCF complex, are reduced in HD mice brain. A reduction in Cul1 levels was also
observed in cellular HD model and fly models of both HD and MJD. We show that Cul1 is able to genetically modify mutant
huntingtin aggregates because its silencing results in increased aggregate load in cultured cells. Moreover, we demonstrate that
silencing dCul1 and dSkp1 in Drosophila results in increased aggregate load and enhanced polyQ-induced toxicity. Our results
imply that reduced levels of SCF complex might contribute to polyQ disease pathology.
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Huntington’s disease (HD) is an age-related neurodegenera-
tive disorder, which manifests as motor, psychiatric and
cognitive impairment.1 It belongs to a group of diseases called
poly-glutamine (polyQ) diseases, all of which have expanded
trinucleotide repeats (encoding glutamine) in their causative
genes. HD is autosomal dominant and manifests when
the number of CAG repeats in exon1 of Huntingtin gene
exceeds 37.2 Spinocerebellar Ataxia 3/Machado–Joseph
disease (SCA3/MJD) also belongs to this category of
neurodegenerative diseases and is caused by an expansion
of CAG repeats in the Ataxin3 gene.3 Almost all neurodegen-
erative diseases, including polyQ diseases, are characterised
by the presence of protein aggregates, which are believed to
be toxic and cause neuronal death.4

A variety of model systems are used to study the molecular
basis of HD pathology in the hope of elucidating putative
therapeutic targets.5 Non-mammalian systems like Drosophila
and cellular models are useful to screen potential genetic
modifiers of mutant huntingtin aggregates. For instance, over-
expression of human Huntingtin gene exon1 with expanded
CAG repeats in Drosophila results in the formation of protein
aggregates and subsequent neurodegeneration.6,7 When
expressed in the photoreceptor neurons of flies, age-related
retinal degeneration is visible in the eye. In the cellular model,
expression of mutant Huntingtin gene results in the formation of
peri-nuclear aggregates.8 The R6/2 transgenic mouse model
for HD is a well-established murine model that expresses
mutant human Huntingtin exon1 having 150 CAG repeats.9

These mice show severe age-related neurodegeneration as
assayed by biochemical and behavioural parameters.

The ubiquitin proteosome system (UPS) is one of the quality-
control systems used to maintain cellular integrity. Protein
aggregates of various neurodegenerative diseases have been
shown to be positive for ubiquitin, and the functioning of the
UPS is believed to be compromised in these diseases.10,11 The
UPS involves the functioning of three enzymes – E1, E2 and E3,
in a cascading manner, which tag misfolded proteins with
ubiquitin resulting in their subsequent degradation through the
proteosome. Of these, the E3 ligases are responsible for
substrate specificity. In addition, E3 ligases have been
implicated in the pathogenesis of various neurodegenerative
diseases, including polyQ diseases.12–17 The SCF complex
(Skp1-Cul1-F-box protein) is one of the most well-characterised
E3 ligases. In this complex, Cullin1 (Cul1) acts as a scaffold
protein whose N-terminal region binds Skp1, and C-terminal
region binds a RING-finger protein called Rbx1. Skp1, in turn,
can bind a variety of F-box proteins, which provide substrate
specificity to the complex.18 For example, it is known that when
the SCF complex binds F-box protein b-TrCP1, it degrades b-
catenin.19 In addition, it has recently been shown that Nedd8, an
8-kDa protein, binds Cul1, and this neddylation of Cul1 is
important for its activity.20 The role of the SCF complex as a
cell-cycle regulator in actively dividing cells is already well
established.21 However, Cul1 and Skp1 are also present in post-
mitotic neuronal cells and their function is yet to be eluci-
dated.22,23 It has been demonstrated that knockdown of Cul1 in
primary mouse midbrain, as well as cortical culture, renders
neurons susceptible to death, suggesting that Cul1 may have a
role in maintaining the integrity of post-mitotic neurons.24 This
implies that their dysfunction could result in neurodegeneration.
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Mandel and colleagues25–28 have shown that silencing
Skp1 in models of Parkinson’s disease leads to impaired
functioning and survival of dopaminergic neurons and results
in the formation of aggregates similar to Lewy bodies, which
are hallmarks of the disease. However, little information is
available about the status of SCF complex in polyQ disorders
like HD, although core components as well as interacting
partners of the SCF complex like cul1, Skp1 and nedd8 are
among the many genes identified as modifiers of mutant
huntingtin aggregates in Drosophila, in two independently
conducted RNAi screens.29,30

In this study, we have investigated the status of Cul1 and
Skp1 of the SCF complex in cellular, fly and murine HD
models. We have also genetically manipulated Cul1 and Skp1
in Drosophila and shown a consequent modulation of the
disease phenotype. Our findings in HD have been confirmed
in fly models for both MJD/SCA3 and expanded polyQ
repeats. Together, our results suggest that lowered activity
of the SCF complex aggravates polyQ disease pathogenesis.

Results

Levels of Cul1 and Skp1 proteins are reduced in R6/2
transgenic mouse model of HD. Upon investigating the
status of core components of the SCF complex in the brain of
wild-type mice, we found that endogenous Cul1 and Skp1
protein were detectable in immunoblot of lysates made from
cortex and cerebellum of both 6–8- and 12–14-weeks-old
mice. When levels of Cul1 protein were compared between
HD mice and their age-matched wild-type controls, a
significant 30% reduction was observed in HD mice at both
ages (Figures 1a and b; blot only shown for 6–8-weeks-old
mice). In HD, numerous proteins are found to be reduced in
the cytosol because they get recruited to insoluble aggre-
gates. When brain sections are stained for these proteins,
aggregates are visible as dense structures in the nucleus
(Supplementary Figure 1). In order to check if the reduction in
soluble Cul1 was also due to its recruitment to aggregates,
immunohistochemistry was done on mice brain sections
using Cul1 antibody (Figure 1c). Although a reduced
expression of Cul1 protein was evident in cortical and
cerebellar sections, Cul1 was not found to co-localise with
mutant huntingtin aggregates.

Further, because Skp1 is known to be an integral part of the
SCF complex and to interact with Cul1, we assayed its levels
in wild-type and HD mice. Similar to Cul1, a significant 30%
reduction in Skp1 levels was observed in cortex and
cerebellum of HD mice aged 6–8 weeks in immunoblot
(Figures 2a and b) and immunohistochemistry on brain
sections (Figure 2c). Reduced levels of members of the
SCF complex should result in accumulation of its substrates.
In agreement, b-catenin was found to accumulate in cortex of
6–8-week-old HD mice (Supplementary Figure 2).

Cul1 levels are reduced in cellular HD model and
its overexpression has a dominant-negative effect
on mutant huntingtin aggregation. We used a
well-established cellular model of HD, where truncated
N-terminal huntingtin (tNhtt) with 150Q repeats fused to

GFP was inducibly expressed.8 The cell line was named
HD-150Q. Endogenous levels of Cul1 were assayed in
HD-150Q cells in which mutant huntingtin was induced for 12 h
using 1mM ponasterone A and compared with uninduced
controls. A highly significant reduction in Cul1 levels (60%) was
observed upon induction of mutant huntingtin (Figures 3a and
b). This reduction was also visible through immunostaining
because cells with aggregates revealed reduced levels of Cul1
compared with those without them (Figure 3c). As seen in mice
brain sections, endogenous Cul1 was not found to be localised
with huntingtin aggregates.

It has been reported that overexpressed truncated as well
as full-length Cul1 act in a dominant-negative manner and
reduce activity of the endogenous protein in Drosophila
C. elegans, as well as in mammalian cell culture.31,32

Figure 1 Endogenous Cul1 in R6/2 transgenic HD mice brain. (a) Immunoblot
of Cul1 in lysates of cortex and cerebellum of wild-type and HD mice aged 6–8
weeks. GAPDH used as loading control. (b) Quantification of Cul1 in cortex and
cerebellum of HD mice brains. Quantification was done using NIH Image analysis
software. Values are mean±S.E.M of three different mice in each group. *Po0.05
with respect to control (one-way ANOVA). (c) Immunohistochemistry on brain
sections of 6–8- and 12–14-week-old mice using Cul1 antibody. There is a reduction
of Cul1 protein levels in HD mice brain but no co-localisation to huntingtin
aggregates. GCL, granular cell layer; PL, Purkinje layer. Images were taken using
� 40 objective (Scale bar: 20mm)
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Therefore, we transfected HD-150Q cells with full-length
human Cul1 (Figure 3d) to check if aggregate load is affected
following increase in the level of Cul1. For this, the number of
aggregates in transfected cells was manually counted and
compared with that in cells transfected with empty vector. The
percentage of transfected cells containing aggregates was
found to be significantly higher than in controls (Figure 3e).
The fact that overexpressing hCul1 increases aggregate load
in cell culture implies, in agreement with earlier studies,25,26

that it is acting in a dominant-negative manner and Cul1 is
indeed able to genetically modify mutant huntingtin aggre-
gates. Therefore, we investigated this possibility by using the
Drosophila HD model.

Modulating dCul1 and dSkp1 levels in Drosophila. To
check the effect of overexpressing full-length human Cul1 in
flies, we generated transformant flies by cloning hCul1 from
pcDNA3 into pUASTattB and performing site-directed trans-
formation (See Materials and Methods). In parallel, RNAi
lines were obtained from VDRC, Vienna, to silence endo-
genous dCul1 and dSkp1 expression. GMR-GAL4-driven
expression of these transgenes in an eye-specific manner
did not cause any lethality (Table 1a), but in both dCul1
modifications, the eyes showed rough phenotype compared
with the appropriate parental controls (Figure 4a). Surpris-
ingly, silencing dSkp1 in the eyes using RNAi did not result in
a roughened retina. The external morphology of the eye is
visible in photographs as well as nail polish imprints. Nail

polish imprints of normal eyes depict organised ommatidial
arrangement, which is disrupted in flies downregulating
dCul1 or overexpressing hCul1 but not in those down-
regulating dSkp1 (Figure 4a). Protein extracted from heads
of the flies revealed the expected increase or decrease in
Cul1 levels when compared with wild-type (OregonRþ )
(Figure 4b), and also the expected reduction in dSkp1 levels
upon RNAi as compared with controls (Figure 4c).

dCul1 protein and RNA levels are reduced in a fly model
of HD. Human Huntingtin gene exon1, containing 93 polyQ
repeats (HTT-EXON1-PQ93), was expressed in the eyes of
flies using the GMR-GAL4 driver. The flies were aged for 15
days to allow retinal degeneration to take place. When head
lysates of these flies were probed for endogenous dCul1, a
significant (about 30%) reduction in levels of dCul1 protein
was observed in HD flies as compared with age-matched
GMR-GAL4 controls (Figure 5a). The dCul1 RNA is also
significantly reduced in HD flies (Figure 5b), indicating that
expression of expanded polyQ protein affects dCul1 gene
transcription.

Silencing dCul1 accelerates disease pathogenesis in HD
flies. In order to assay whether dCul1 can modify HD
pathogenesis in flies, dCul1 RNAi was coexpressed with
HTT-EXON1-PQ93 under the control of GMR-GAL4 driver.
Surprisingly, this cross resulted in lethality of flies as only 9%
of the progeny that eclosed contained all three transgenes as
opposed to the expected 25% (Table 1b). Also, the eyes of all
surviving adults had a roughened retina with enhanced
degeneration, resulting in a bulbous structure on the eye
(arrow in Figure 5c). The ommatidial arrays, as revealed by
the nail polish imprints,33 were much more damaged than in
GMR-GAL4/ UASHTT-EXON1-PQ93 control flies.

dCul1 protein and RNA levels are reduced in a fly model
of MJD and silencing it enhances retinal degeneration.
MJD is another neurodegenerative disease caused by an
expanded polyQ repeat in Ataxin3. GMR-GAL4-driven over-
expression of human Ataxin3 with 78 polyQ repeats results in
retinal degeneration and serves as a model for another polyQ
disease in flies (MJD flies).34 Similar to HD, both dCul1
protein and RNA levels were reduced in MJD flies compared
with controls (Figures 6a and b). In addition, when dCul1
RNAi was coexpressed with UASMJD-PQ78(s), it resulted in
lethality of the flies (Table 1b), and the few GMR-GAL4/
UASMJD-PQ78(s);UASdCUL1-RNAi adults that emerged
showed enhanced degeneration compared with control
flies and appearance of dense black spots in the eye
(Figure 6c).

Silencing dSkp1 in HD and MJD flies enhances retinal
degeneration. In order to confirm that the enhancement of
HD and MJD pathogenesis following manipulation in dCul1
levels was because of its role in the SCF complex, dSkp1,
another core component of SCF was silenced using RNAi.
dSkp1 RNAi in HD fly model resulted in lethality (Table 1b),
and surviving adults had enhanced retinal degeneration
(Figure 7a). In MJD flies, no drastic lethality was observed,
instead all GMR-GAL4/UASMJD-PQ78(s);UASdSKP1-RNAi

Figure 2 Endogenous Skp1 in HD mice brain. (a) Immunoblot of Skp1 in lysates
of cortex and cerebellum of wild-type and HD mice aged 6–8 weeks. GAPDH used
as loading control. (b) Quantification of Skp1 in the cortex and cerebellum of wild-
type and HD mice brains. Values are mean±S.E.M; n¼ 3. *Po0.05 with respect
to wild-type mice (one-way ANOVA). (c) Immunohistochemical staining of Skp1 in
6–8-week-old wild-type and HD mice brain sections. GCL, granular cell layer; PL,
Purkinje layer. Images were taken using � 40 objective (Scale bar: 20mm)
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flies that emerged had black spots on the eyes (Figure 7b).
Thus, dSkp1 knockdown also enhances the toxicity of polyQ
diseases, indicating the involvement of the SCF complex in
pathogenesis of these diseases.

Silencing dCul1 and dSkp1 increases aggregate load
and enhances polyQ toxicity. We wanted to check
whether the detrimental effect of silencing dCul1 and dSkp1
is limited to HD and MJD or could possibly be extended to

Figure 3 Cul1 in a cellular model of HD. (a) Immunoblot analysis of Cul1 in HD-150Q cells in which mutant huntingtin was induced for 12 h with ponasterone A (1mM).
GAPDH used as loading control. (b) Quantification of Cul1 shows a significant reduction (*Po0.001; n¼ 5) of endogenous protein levels upon induction of mutant huntingtin
as compared with uninduced control cells. (c) Fluorescence staining of Cul1 in HD-150Q cells showing a decrease in its level. Scale bar: 10 mm. (d) HD-150Q cells were
transfected with myc-tagged hCul1 for 24 h. Mutant huntingtin was induced for 12 h and then subjected to immunofluorescence staining of myc to detect overexpressed hCul1.
Scale bar: 10mm. (e) Counting of aggregates shows that the percentage of hCul1-transfected cells containing aggregates is significantly more (*P¼ 0.015; n¼ 3, Student’s t-
test) than control cells

Table 1 Overexpressing hCul1 and downregulating dCul1 or dSkp1 in Drosophila results in lethality in the presence of polyQ

Desired Genotype N (Total adults
eclosed)

n (Desired adults
eclosed)

% Expected
genotype

% Observed
genotype

A
GMR-GAL4;UASdCUL1-RNAi (42445) 105 105 100 100
GMR-GAL4;UASdCUL1-RNAi (33406) 72 72 100 100
GMR-GAL4;UASdCUL1-RNAi (108558) 85 85 100 100
GMR-GAL4;UAShCUL1 130 72 50 55
GMR-GAL4;UASdSKP1-RNAi (46605) 128 128 100 100
GMR-GAL4;UASdSKP1-RNAi (46607) 110 110 100 100

B
GMR-GAL4/UASHTT-EX1-PQ93; UASdCUL1-RNAi 174 17 25 9.7
GMR-GAL4/UASMJD-PQ78(s); UASdCUL1-RNAi 215 5 25 2.3
GMR-GAL4/UASHTT-EX1-PQ93; UASdSKP1-RNAi 152 3 25 1.9
GMR-GAL4/UASMJD-PQ78(s); UASdSKP1-RNAi 200 38 25 19

C
GMR-GAL4.UAS127Q;UASdCUL1-RNAi (42445) 404 10 50 2
GMR-GAL4.UAS127Q;UASdCUL1-RNAi (33406) 107 0 50 0
GMR-GAL4.UAS127Q;UASdCUL1-RNAi (108558) 246 9 50 4
GMR-GAL4.UAS127Q;UAShCUL1 118 0 50 0
GMR-GAL4.UAS127Q;UASdSKP1-RNAi (46605) 42 2 50 4.7
GMR-GAL4.UAS127Q;UASdSKP1-RNAi (46607) 74 1 50 1.3
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polyQ diseases in general. For this purpose, active dCul1
was reduced by overexpressing dominant-negative hCul1 or
by using dCul1 RNAi in flies expressing HA-tagged 127
glutamine repeats (127Q) under the control of GMR-GAL4
driver. Similarly, dSkp1 was reduced by RNAi in GMR-
GAL4.UAS127Q flies. These crosses resulted in a more
extreme phenotype. Very few (0–4% instead of the expected
50%) of the progeny were found to contain all three
transgenes (Table 1c). The robust eclosion of flies with the
RNAi or overexpression transgene and balancer chromo-
some from the same cross-served as an internal control for
growth conditions.

Examination of eyes of the surviving GMR-GAL4.UAS127-
Q;UASdCUL1-RNAi and GMR-GAL4.UAS127Q;UASdSKP1-
RNAi flies (no GMR-GAL4.UAS127Q;UAShCUL1 adults
eclosed) revealed an exaggeration of eye damage when
compared with GMR-GAL4.UAS127Q controls (Figure 8a).
This damage was visible at the level of gross external eye
morphology as well as ommatidial arrangement. We assayed
the effect of silencing dCul1 and dSkp1 on polyQ aggregates
by staining the late third instar larval eye discs with HA
antibody. The aggregate load was significantly higher when
active dCul1 levels were reduced either by dCul1 RNAi or
hCul1 overexpression, or dSkp1 was reduced by RNAi

Figure 4 Modulating dCul1 and dSkp1 levels in Drosophila eyes. (a) Top panel – External morphology of the eye surface of Drosophila expressing either dCul1 RNAi or
UAShCul1 in the eyes shows slightly roughened eyes compared with control. dSkp1 RNAi in the eyes does not result in a roughened retina. Bottom panel – The nail polish
imprint of control shows parallel arrays of hexagonal ommatidia and this regular structure is lost when dCul1 is silenced or hCul1 is overexpressed but not when dSkp1 is
knocked down. (b) Immunoblot analysis and quantification of fold change in dCul1 on head extracts of control flies (lane 1) compared with flies overexpressing (lane 2,
*P¼ 0.0005; n¼ 3) and downregulating dCul1 (lane 3, *P¼ 0.001; n¼ 3). A one-way ANOVA was used followed by Holm–Sidak post-hoc test. b-actin used as loading
control. (c) Immunoblot and quantification of fold change in dSkp1 on head extracts of control flies (lane 1) compared with flies downregulating dSkp1 (lane 2, *P¼ 0.0004
using Student’s t-test; n¼ 3). b-actin used as loading control
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(Figure 8b). These observations indicate a dependence of
polyQ aggregate load and toxicity on the functioning of the
SCF complex in Drosophila.

Discussion

Recently, dCul1, along with dCul3, has been implicated in
development of the eye in Drosophila.35 Thus, it is not
surprising that silencing dCul1 in the eye of flies results in a
slightly roughened retina. However, intriguingly dSkp1-RNAi
in the eye did not result in roughening of the eye. In their work,
Ou et al.35 have addressed the role of dCul1 and dNedd8 in
the developing eye imaginal disc through mutant and clonal
analysis but have not reported any damage in the eyes of
adults. In this work, we have not analysed any defects in
developing eye imaginal discs, and thus our work does not
exclude a role of dSkp1 in eye development. However, it also
does not exclude the fact that dCul1 could be acting

independent of dSkp1 in the process of the development of
the eye in flies.

Silencing dCul1 by RNAi or overexpression of dominant-
negative hCul1 and silencing dSkp1 by RNAi in the eyes does
not affect eclosion of adult flies, indicating that these
constructs are not lethal when expressed in the eyes by
themselves. Thus, it was surprising to note that silencing
dCul1 and dSkp1 in the eyes in polyQ disease models of HD,
SCA3 and an artificial HA-tagged polyQ construct resulted in
lethality of flies. This lethality indicates that polyQ toxicity is
enhanced and this is confirmed by the fact that surviving
adults show worsened retinal degeneration than controls.
Enhancement of the GMR-GAL4-driven polyQ toxicity in
certain other genotypes is also known to result in high pupal
lethality.7 Larval eye imgainal discs show increased aggre-
gate load upon reduction of Skp1 by RNAi and dCul1 by RNAi
or overexpression of dominant-negative hCul1, which paral-
lels the exaggerated retinal degeneration seen in surviving
adult flies. An enhanced aggregate load upon expressing a

Figure 5 dCul1 in HD flies. (a) Immunoblot analysis of endogenous dCul1 in
head lysates of 15-day-old HD flies compared with age-matched controls. b-actin
used as loading control. Quantification of dCul1 band intensities shows a significant
reduction in its level (*P¼ 0.0013 using Student’s t-test; n¼ 5). (b) RT-PCR
analysis of dCul1 transcript in head lysates of 15-day-old HD flies compared with
age-matched controls. RP49 used as loading control. Quantification shows a
significant reduction (*Po0.001 using Student’s t-test; n¼ 5) of the dCul1
transcript. (c) External morphology (top panel) and nail polish imprints (bottom
panel) of the eye surface of Drosophila with dCul1 RNAi in the presence of Htt-
exon1 containing 93 polyQ repeats compared with control. RNAi of dCul1 enhances
retinal degeneration (arrow) in HD flies as visible in photographs of the eyes, as well
as in disruption of ommatidial arrays

Figure 6 dCul1 in MJD flies. (a) Immunoblot analysis of endogenous dCul1 in
head lysates of MJD flies compared with control. b-actin used as loading control.
Quantification shows a significant reduction (*Po0.001 using Student’s t-test;
n¼ 3) of dCul1 protein. (b) RT–PCR analysis of dCul1 transcript in head lysates of
MJD flies compared with control. RP49 used as loading control. Quantification
shows a significant reduction (*Po0.001 using Student’s t-test; n¼ 5) of the dCul1
transcript. (c) External morphology (top panel) and nail polish imprints (bottom
panel) of the eye surface of Drosophila with dCul1 RNAi in the presence of 78 polyQ
repeats in Ataxin3 compared with control. RNAi of dCul1 enhances retinal
degeneration in MJD flies, which is visible as dark black spots on the eyes in the
photographs, as well as in disruption of ommatidial arrays
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dominant-negative hCul1 construct is also observed in cell
culture, indicating that this effect of SCF complex on mutant
huntingtin aggregates is not unique to the fly model.

In this work, we have established that endogenous Cul1
protein is reduced in murine, cellular and fly models of HD. It is
also reduced in a fly model of MJD. This reduction of protein
levels is probably occurring at the transcriptional level
because the abundance of dcul1 mRNA transcript was found
to be greatly reduced in fly models of both diseases.
Transcriptional dysregulation is believed to be a hallmark of
polyQ diseases possibly because of the fact that various
transcription factors are sequestered by the aggregates.36

The disruption of SCF function in HD and MJD, as reported in
this work, is expected to result in an accumulation of its
substrates. SCF complex potentially has a wide network of
substrates because of the fact that it can bind with as many as
70 F-box proteins.18 Also, most of its known substrates, such
as b-catenin, P21, P27 and cyclin E, are involved in regulation
of the cell cycle.37 It is believed that in neurodegenerative
diseases, dysregulation of the cell cycle also contributes to
apoptosis and neuronal death.38 As expected because of the
reduced levels of components of the E3 ligase, SCF and
subsequent accumulation of its target cell-cycle-related
proteins, an increase in levels of b-catenin has been reported
in HD patients, as well as in cellular, fly and murine models of
HD, and other neurodegenerative diseases.39 Further, Godin
and colleagues19 showed that the deleterious effect of mutant
huntingtin aggregates can be obliterated in Drosophila by
overexpressing Slimb, the Drosophila homologue of b-TrCP,
which, in conjugation with the SCF complex, results in the
degradation of b-catenin. Our work suggests that various
other accumulated SCF substrates could also be contributing
to toxicity and neuronal death and, therefore, they could also
be potentially targeted for therapeutic purposes.

Some previous studies have suggested a correlation
between SCF and neurodegenerative diseases, including
polyQ diseases like MJD and dentatorubral-pallidoluysian
atrophy. For example, Nedd8, a protein which is indispensible
for the activity of Cul1, has been found to co-localise with

inclusion bodies in brain sections from various neurodegen-
erative disease patients.40,41 In addition, it has been reported
that silencing cul1, skr1 and rbx1 (C. elegans homologues of
components of SCF complex) enhances polyQ-induced
paralysis in nematodes.42 In this work, we show that Cul1
and Skp1 modify neurodegeneration in HD, MJD and artificial
polyQ expansion in fly models. In view of the reports in other
polyQ disease models, and our data reported here, it is likely
that both Cul1 and Skp1 are involved in other neurodegen-
erative diseases as well. Exploring the role of SCF complex in
the fly and other models of these other diseases could thus
provide some insight into common aspects of their
pathogenesis.

Materials and Methods
HD transgenic mice. Ovarian-transplanted hemizygote females carrying
htt exon1 with approximately 150 CAG repeats (strain name – B6CBA-
Tg(HDexon1)62Gpb/3J) were obtained from Jackson Laboratory (Bar Harbor,
ME, USA) and were maintained by crossing with B6CBAF1/J males. All animal
experiments were conducted in accordance with the approval of the Institutional
Animal Ethics Committee of National Brain Research Centre, Manesar.
Genotyping was carried out using a previously described method.9 Animals
were killed using cervical dislocation, brains were carefully dissected and stored
at � 80 1C.

Immunohistochemistry. Transgenic (R6/2) and wild-type mice of 6–8 and
12–14 weeks of age were anesthetised and perfused with 4% PFA. The brains
were then dissected and processed for cryosectioning to obtain sections with a
thickness of 20mm. The sections were then processed for immunohistochemistry
using reagents from Vector Laboratories (Burlingame, CA, USA). Briefly, after
retrieval of antigen by 45-min incubation at 70 1C, sections were blocked and
probed using rabbit anti-Cul1 (1 : 100, Abcam, Cambridge, MA, USA), rabbit anti-
Skp1 (1 : 100, Cell Signalling, Danvers, MA, USA) or rabbit anti-ubiquitin (1 : 500,
Dako, Glostrup, Denmark). Biotinylated secondary antibodies were used at a
dilution of 1 : 250, and signal was enhanced using ABC kit (Vector Laboratories).
The staining was visualised using ImmPACT Novared Peroxidase Substrate
(Vector Laborations). Images were taken in bright field using a Leica (Wetzlar,
Germany) DM RXA2 microscope and � 40 objective.

Cell culture. A stable HD-150Q cell line, containing a ecdysone-inducible
pIND-tNhtt-150Q-GFP construct, has already been described.8 Cell-culture media
and fetal bovine serum (FBS) were obtained from Gibco. Cells were maintained on

Figure 7 Effect of silencing dSkp1 in HD and MJD flies. (a) Silencing dSkp1 in HD flies results in enhanced degeneration in the form of large black spots, which is visible in
external morphology (top panel) and nail polish imprints (bottom panel) of the eye. (b) Silencing dSkp1 in MJD flies enhances degeneration, and black spots are visible in the
eyes. External morphology (top panel) and nail polish imprints (bottom panel) of the eye are shown
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DMEM supplemented with heat-inactivated 10% FBS and antibiotics (0.4 mg/ml
Zeocin and 0.4 mg/ml G418). They were transiently transfected with pcDNA3-myc-
CUL1 or pcDNA3.1 (empty vector) using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA) reagent according to the manufacturer’s instructions.
Production of GFP-tagged tNhtt-150Q aggregates was induced for the indicated
time using 1mM ponasterone A (Invitrogen).

Figure 8 Effect of modulating dCul1 and dSkp1 levels on polyQ expressing transgenic flies. (a) External morphology (top panel) and nail polish imprints (bottom panel) of
the eye surface of Drosophila with dCul1 or dSkp1 RNAi in the presence of 127 polyQ repeats compared with GMR-GAL4.UAS127Q controls. Downregulating both dCul1 and
dSkp1 enhances polyQ toxicity as seen in the worsening of the degenerate eyes and appearance of black spots. (b) Immunostaining of HA-tagged 127 polyQ aggregates
(using HA antibody) in the developing eye imaginal disc of third instar larvae. Downregulation of dCul1 or dSkp1 and overexpression of hCul1 results in an increase in
aggregate load. Scale bar: 10mm
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Immunostaining and quantification of aggregates. Cells were fixed
in 4% PFA for 30 min at room temperature and then processed for
immunofluorescence as described previously.43 Endogenous Cul1 was stained
using rabbit anti-Cul1 (1 : 1000, Abcam) and transfected Cul1 using mouse anti-c-
myc (1 : 1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Alexafluor 594
conjugated anti-rabbit or anti-mouse (1 : 500, Invitrogen) was used as secondary
antibody. To count aggregates, cells were grown in two-well chamber slides,
transfected with myc-hCUL1 and aggregates were induced with ponasterone A for
12 h. Random images were taken across regions of each chamber such that at
least 75 transfected and control cells each could be counted per chamber. Four
independent chambers were used to compare the percentage of transfected cells
containing aggregates to control.

Fly stocks. Fly stocks were maintained at 25±1 1C in BOD incubators on
standard sugar yeast food containing nipagin and propionic acid to prevent
bacterial and fungal contaminations. The RNAi stocks were obtained from VDRC
(stock numbers – 42445, 108558, 33406 for dCul1 and 46605, 46607 for dSkp1).
Flies overexpressing hCul1 (w� ;þ ;UAShCUL1/TM6B) were generated in this
study. Other stocks used in this study were: OregonRþ , w� ; GMR-GAL4;þ ,
w� ;UASHTT-EX1-PQ93/CyO;þ , w� ;UASMJD-PQ78(s);þ and w� ;GMR-
GAL4 UAS127Q/CyO; þ .

Generating flies overexpressing hCul1. pcDNA3-myc-CUL1 (plasmid
number 19896, Addgene, Cambridge, MA, USA) contains the coding sequence for
all 752 amino acids of human Cul1 (approximately 87 kDa protein) along with myc
tag at the N-terminal end. The Drosophila transformation vector, pUASTattB, was
obtained from FlyC31. The hCul1 insert (without the myc tag) was digested from
pcDNA3-myc3-CUL1 using BamHI (Roche, Penzberg, Germany). pUASTattB was
linearised using BglII (Roche) to provide BamHI compatible ends. The two
fragments were gel-purified using a Qiagen gel extraction kit and were ligated
using T4 DNA ligase (Invitrogen). After transformation, the orientation of the insert
was checked by restriction digestion and the correct clone was sent to Transgenic
Fly Facility (TFF, C-CAMP, Bangalore) for generating transgenic lines.

Examination of fly eye structure. The external gross morphology of the
eye was imaged on a Leica DM RXA2 microscope using a � 5 objective. The
structure of ommatidia was analysed using nail polish imprints.33 Briefly,
anesthetised flies were decapitated and their heads were dipped in a drop of
nail polish and allowed to dry. As the nail polish hardens, it forms an imprint of the
eye and this imprint was peeled off and imaged using bright-field microscopy.

Whole-organ immunostaining and microscopy. Eye imaginal discs
of third instar larvae of the desired genotypes were dissected in PBS and fixed in
4% PFA for 45 min. They were then processed for immunostaining using standard
protocols. Mouse anti-HA (Roche) was used as the primary antibody at a dilution
of 1 : 1000. Anti-mouse secondary antibody, conjugated to AlexaFluor 594
(Invitrogen), was used at a dilution of 1 : 1000. The tissue was mounted in DAPI-
mounting medium (Vector Laboratories). Z-series images were taken on an
ApoTome (Carl Zeiss, Oberkochen, Germany) microscope using a � 63 oil
objective (1.4 NA) and processed using ImageJ (NIH, Bethesda, MD, USA)
and Adobe Photoshop (Adobe Systems, San Jose, CA, USA). When
comparing aggregate load between genotypes, all microscope settings were kept
constant.

Immunoblotting. Protein was extracted from Drosophila heads in lysis buffer
containing 20 mM HEPES, 0.1 M KCl, 10 mM EDTA, 0.1% TritonX-100, 1 mM DTT,
5% Glycerol and complete protease inhibitor cocktail (Roche). HD-150Q cells were
pelletted and lysed in NP-40 lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-
40 and complete protease inhibitor cocktail) and briefly sonicated. Mice brain parts
were carefully dissected and homogenised in NP-40 lysis buffer. All lysed protein
samples were centrifuged at 15 000� g for 10 min and supernatant was used for
immunoblotting. Primary antibodies used were rabbit anti-Cul1 (1 : 1000, Invitrogen),
rabbit anti-Skp1 (1 : 500, Cell Signalling), mouse anti-c-myc (1 : 1000, Santa Cruz
Biotechnology), rabbit anti-b-catenin (1 : 1000, Santa Cruz Biotechnology), mouse b-
actin (1 : 5000, Abcam) and mouse anti-GAPDH (1 : 5000, Santa Cruz Biotechnology).
HRP-conjugated secondary antibodies (Vector Laboratories) were used and blots
were developed using Immobilon Western Chemiluminescent HRP Substrate
(Millipore, Billerica, MA, USA). ImageJ was used to quantify the signal from
immunoblots. The value obtained for the protein of interest (Cul1 or Skp1) was

normalised to the loading control (GAPDH or b-actin). The fold change represented
has been calculated in comparison with control for each experiment.

RT–PCR. Total RNA was extracted from heads of flies by using Trizol reagent
(Sigma) and following manufacturer’s instructions. Total RNA was quantified and
75 ng was used in each RT-PCR reaction. dcul1 RNA was amplified using the
following primers – Forward primer 50-AGCGCCGAATTAACATCAAC-30; Reverse
primer 50-ACAGCCCCTGCAGAAGTCTA-30.44 RP49 was used as a loading
control and amplified using Forward primer 50-AGCGCACCAAGCACTTCA
TCCGCCA-30; Reverse primer 50-GCGCACGTTGTGCACCAGGAACTTC-30.45

RT-PCR was done using one-step Superscript III Reverse Transcriptase kit
(Invitrogen). PCR product was run on an ethidium bromide agarose gel, and band
intensity was quantified using ImageJ.

Data analysis. All images were arranged using Adobe Photoshop, graphs
were made in SigmaPlot and tables in Microsoft Word. All statistical data were
obtained by conducting either one-way ANOVAs followed by post-hoc test or two-
tailed Student’s t-tests as indicated in figure legends. Values are expressed as
mean±S.E.M. Po0.05 was considered statistically significant.
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