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Abstract
Polyglutamine [poly(Q)] disorders are a class of trinucleotide repeat expansion neurodegenerative disorders which are domi-
nantly inherited and progressively acquired with age. This group of disorders entail the characteristic formation of protein
aggregates leading to widespread loss of neurons in different regions of the brain. SCA3 and HD, the two most commonly
occurring types of poly(Q) disorders were examined in the present study. With the aim of elucidating novel genetic modifiers of
poly(Q) disorders, the Drosophila insulin receptor (InR) was identified as a potential suppressor of poly(Q)-induced neurotox-
icity and degeneration. We demonstrate for the first time that targeted upregulation of InR could effectively mitigate poly(Q)-
mediated neurodegeneration in fly models. A significant reduction in poly(Q)-mediated cellular stress and apoptosis was noted
upon InR overexpression in poly(Q) background. We further reveal that targeted upregulation of InR causes a substantial
reduction in poly(Q) aggregate formation with the residual inclusion bodies localised to the cytoplasm. We also demonstrate
that InR achieves suppression of poly(Q) toxicity by replenishing the cellular pool of CREB binding protein and improving the
histone acetylation status of the cell. This leads to restoration of the cellular transcriptional machinery which is otherwise severely
compromised in poly(Q) disease conditions. Interestingly, there also appeared a possibility of autophagy-mediated rescue of
poly(Q) phenotype due to upregulation of InR. Therefore, our study strongly suggests that modulation of the insulin signalling
pathway could be an effective therapeutic intervention against poly(Q) disorders.
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Introduction

Polyglutamine [poly(Q)] disorders represent a group of domi-
nantly inherited age onset devastating neurological illnesses
which are characterised by progressive course of a common
pathogenic mechanism. Manifestation of disease phenotypes
marks the crossing of the threshold repeat length of the
poly(CAG) expansion within affected proteins. As a result, each
of the nine different poly(Q) disorders known shows discrete
pattern of neuronal degeneration but overlapping phenotypes

such as late onset, formation of protein aggregates and gradual
degeneration of affected neurons [1]. Some of the commonly
found poly(Q) disorders include Huntington’s disease (HD),
Spinocerebellar ataxia type 1, 2, 3, 6, 7, and 17, Spinal and bulbar
muscular atrophy (SBMA) and Dentatorubral-pallidoluysian at-
rophy (DRPLA) [2]. Though the affected protein in each case
harbours an inherent poly(CAG) tract, however, each of these
proteins exhibits predisposition towards genetic anticipation [3].
The extra glutamine residues acquired as a result of various ge-
netic mutations renders the protein to be pathogenic in nature
through a variety of ways, including aberrant folding and degra-
dation pathways, altered subcellular localization, and anomalous
interactions with other cellular proteins [4]. Extended poly(Q)
containing mutated proteins often aggregate together to form
nuclear inclusion bodies [5] which leads to neuronal dysfunction
and eventually, neuronal death.

Spinocerebellar ataxia type 3 (SCA3) and Huntington’s dis-
ease (HD) represent the two most commonly occurring forms
of poly(Q) disorders worldwide. The affected protein in case of
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SCA3 is the deubiquitinating enzyme ataxin-3 encoded by the
ATXN3 gene (cytogenetic position 14q24.3–32), and in case of
HD is the huntingtin protein involved in nerve cell function and
encoded by the htt gene (cytogenetic position 4p16.3). As
discussed above, an elongated CAG tract in the coding se-
quence of these genes causes mis-folding of the protein and
subsequent cleavage by active caspases into fragments which
are further altered to form microscopically visible aggregates
called inclusion bodies (IBs) [6]. The inclusion body formation
is a hallmark and the most common characteristic feature of all
the poly(Q) diseases [7]. Such inclusion bodies sequester other
proteins harbouring short non-pathogenic glutamine repeats by
homotypic glutamate interactions and thus, deplete the cellular
pool of essential proteins further aggravating cellular toxicity
[8]. The proteins most commonly held inside IBs include key
molecular chaperones like HSP 70 and HSP 90, ubiquitin-
proteasomal components, crucial transcription factors like
TBP-associated factor (TAFII130), specificity factor (SP1),
CREB binding protein (CBP), as well as important initiator
and effector caspases [9]. This results in impaired signalling
and transcription in the cell leading to neuronal toxicity and
degeneration [10]. Furthermore, it has also been reported that
pathways essential for maintenance of proper cellular homeo-
stasis, such as autophagy and apoptosis, are altered under
poly(Q)-induced disease conditions which also contributes to
aggravated neurotoxicity [11, 12].

The insulin-like growth factor receptor (IGF-R) signalling
pathway is an established regulator of growth and energy me-
tabolism in both vertebrates and invertebrates. It is, in fact, the
major pathway known to play role in growth and development
of cells and tissues, including neurons [13]. In addition to
promoting cell differentiation and proliferation, the IGF-R
signalling pathway also plays a major role in preventing cell
death by activating various anti-apoptotic triggers [14, 15].
Interestingly, several studies have demonstrated reduced
levels of IGF-R mRNA as well as protein in neurodegenera-
tive disorders pointing towards a probable role of IGF-R sig-
nalling in their pathogenesis [16, 17]. In this cascade, myc
functions as a downstream effector of the IGF-R signalling
pathway, playing an important role in growth and develop-
ment of neuronal tissues [18]. Since a previous study from
the lab has demonstrated that dMyc (Drosophila homologue
of the human c-myc proto-oncogene) can act as a potent sup-
pressor of poly(Q)-induced neurotoxicity [19], we wanted to
further examine whether any other player of this pathway also
harbours poly(Q) modifier potential so that it can be exploited
in a combinatorial drug approach against poly(Q) disorders in
the near future.

Based on extensive genetic screening and subsequent pre-
liminary analysis, we identified the Drosophila insulin-like
growth factor receptor (inr) gene as a potent modifier of
poly(Q)-induced neurotoxicity.We report for the first time that
targeted upregulation of the insulin signalling pathway by

overexpressing full length InR (Drosophila homologue of hu-
man insulin-like growth factor 1 receptor) can significantly
suppress poly(Q)-induced neurodegeneration and the associ-
ated phenotypes with reduced formation of inclusion bodies.
Moreover, upregulation of InR was shown to alleviate
poly(Q)-induced cellular stress and apoptosis as well as en-
hance autophagic events in an attempt to rescue the disease
condition. We further articulate that the observed rescue is
largely due to enhanced expression of CBP and histone mod-
ifications pointing towards chromatin-remodelling-mediated
global transcriptional improvement and restored gene expres-
sion. This is the first report which successfully establishes the
potential of InR to induce chromatin remodelling in poly(Q)
disease background. Thus, the IGF-R signalling pathway ap-
peared as a promising candidate to review in context of neu-
rodegenerative disease models.

Materials and Methods

Drosophila Fly Stocks

The Drosophila stocks used in the experiments were reared in
cornmeal/agar/yeast media at 24 ± 1 °C. Oregon R+ was used
as wild type wherever indicated. The transgenic lines w;UAS-
SCA3trQ78(S)/CyO;+/+ [20], w;+/+;UAS-SCA3trQ78(M)/
UAS-SCA3trQ78(M) [21], w;GMR-GAL4/GMR-GAL4;+/+
[22], w;Elav-GAL4/CyO;+/+ [23], w;201Y-GAL4/201Y-
GAL4;+/+ [24], w;UAS-InR.Exel/UAS-InR.Exel;+/+, w;+/+
;UAS-InR-RNAi/UAS-InR-RNAi, w;UAS-DIAP1/UAS-
DIAP1;+/+, w;UAS-GFP/UAS-GFP;+/+; w;+/+;UAS-
GFP/UAS-GFP (Bloomington Stock Centre, Indiana, USA),
w;+/+;UAS-InR-CFP/UAS-InR-CFP [25], w;UAS-HttQ15-
mRFP/UAS-HttQ15-mRFP;+/+, w;+/+;UAS-HttQ138-
mRFP/UAS-HttQ138-mRFP [26], w;UAS-Htt93Q/UAS-
H t t 9 3Q ;+ /+ [ 2 7 ] , w ;UAS - dCBPΔBHQ /UAS -
dCBPΔBHQ;+/+, w;+/+;UAS-dCBP-RNAi/UAS-dCBP-
RNAi [28] were either procured from Bloomington
Drosophila stock centre, IN, USA, or obtained from various
laboratories as referred above.

Morphological Examination and Pseudopupil Analysis
of Adult Eye

Bright field and RFP fluorescence image acquisition of
Drosophila adult eye was carried out as described earlier
[19]. For scanning electron microscopy (SEM), adult heads
of desired genotype were decapitated in 1× PBS and fixed in
2% paraformaldehyde + 2.5% glutaraldehyde at 4 °C for over-
night. The tissues were dehydrated in acetone and critically-
dried using Leica EM CPD300 system. The heads were
mounted on studs under stereo zoom binocular microscope
and coated with ~ 30-nm gold. Images were captured using a
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JEOL JSM-6610LV scanning electron microscope. For
pseudopupil analysis, which allows observation of photore-
ceptors in the adult eye, heads were decapitated and processed
as described earlier [19].

Phototaxis, Survival and Longevity Assay

Phototaxis assay was carried out using a Y maze design as
described earlier [19]. For the survivability test, the number of
flies eclosing as adults from mature pupae was recorded and
statistical analysis was performed according to procedures de-
scribed earlier [19]. For evaluating the longevity of flies of
desired genotype, procedures as described earlier [29] were
carried out and average life expectancy of the flies was
calculated.

Histology and Immunohistochemistry

Histology of Drosophila adult eye and immunohistochem-
istry of third instar larval eye disc/adult head were carried
out as described earlier [19]. The primary antibodies used
were anti-InR (1:1000, gift from Prof. Dr. Ernst Hafen),
anti-Fasciclin ΙΙ (1:100; ID4, DSHB, USA), anti-cleaved
caspase-3 (1:1000, D175, Cell Signaling Technology,
USA), anti-HSP70 (1:200, 5A5, Thermo Scientific,
USA), anti-LC3 A/B (1:100, ab128025, Abcam, UK),
anti-HA (1:1000; Y11, Santa Cruz Biotechnology, USA),
anti-dCBP (1:500) [30], anti-Histone H3 (acetylK9)
(1:1000, ab12179, Abcam, UK) and anti-Histone H3
(dimethylK9) (1:200, ab1220, Abcam, UK). The second-
ary probes were Alexa 488 goat anti-rabbit (A11008),
Alexa 488 goat anti-mouse (A10001), Alexa-488 goat
ant i -guinea pig (A11073), Cy3 goat ant i - rabbi t
(A10520), Cy3 goat anti-mouse (A10521). For staining
with TRITC-Phalloidin, fixed eye tissues of 55-h-old pu-
pae were incubated in 1:200 dilution of TRITC-Phalloidin
(P1951, Sigma-Aldrich, USA) for 1 h at 25 °C. In some
cases, tissues were counterstained with DAPI (5 μg/ml,
Roche Diagnostics, GmbH, Germany) and thereafter
mounted in prolong gold antifade mounting reagent
(Molecular probes, USA). The images were captured ei-
ther by Olympus BX51 or BX53 fluorescence microscope
using appropriate filters or Leica TCS SP5 II confocal
microscope. Equal numbers of confocal optical section
images were taken while constructing comparative merge
images with Leica application suite advanced fluores-
cence software. The pictures were assembled using
Adobe Photoshop CS5 software.

Lyso Tracker Red and Acridine Orange Staining

Lyso Tracker Red DND-99 (L7528, Molecular Probes,
USA) is a red fluorescent dye used for labelling and

tracking acidic organelles in live cells whereas Acridine
orange (A1301, Molecular Probes, USA) is a vital dye
that preferentially binds to fragmented DNA and there-
fore labels apoptotic cells in the given tissue. Third instar
larval eye disc tissues (maximum of 5 discs each time)
were dissected in 1× PBS and incubated with Lyso
Tracker Red DND-99 (1:1000) or acridine orange
(0.2 mg/ml) for 5 min. The tissues were immediately
washed in PBS twice for 2 min each after which the
buffer was changed once more and the tissues were im-
mediately visualised under Olympus BX51 flourescence
microscope using appropriate filters.

Bromouridine Staining and TUNEL Assay

For bromouridine incorporation assay, third instar larval eye
discs were dissected in 1× PBS and incubated at room tem-
perature in 10 μM bromouridine (BrdU) (Sigma, USA) dilut-
ed in Schneider’s medium (Sigma, USA). Subsequently, tis-
sue fixation, DNA denaturation and neutralisation and anti-
body treatment was carried out according to procedures de-
scribed earlier [29].

Terminal deoxynucleotidyl transferase dUTP nick-end la-
belling (TUNEL) assay was performed to detect apoptotic cell
death in third instar larval eye discs as well as in paraffin
embedded adult head sections of 2-day old adult flies as per
manufacturer’s protocol (DeadEnd™ Flourometric TUNEL
System, Promega, USA). The images were captured using
Leica TCS SP5 II confocal microscope and TUNEL-positive
cells were quantified and plotted using MS Excel 2010.

Protein Extraction and Western Blotting

Protein extraction and western blotting was carried out from
2-day-old adult flies following protocols described earlier
[29]. The primary antibodies used for probing protein lysates
were anti-LC3 A/B (1:500, ab128025, Abcam, UK), anti-HA
(1:1000; Y11, Santa Cruz Biotechnology, USA), anti-histone
H3 acetylK9 (1:1000, ab12179, Abcam, UK) and anti-β-
tubulin (1:1000, E7, DSHB, USA). The secondary probes
used to detect primary antibodies were conjugated to horse-
radish peroxidase (HRP) (1:2000, Merck, USA) which reacts
with the ECL substrate to generate a signal that was detected
using the FUJIFILM LAS-4000 image reader.

Statistical Analysis

Statistical analysis was performed using the student t test, and
error bars on figures represent the mean ± SD. Differences
were considered to be significant at *p value < 0.05, **p value
< 0.01 and ***p value < 0.001.
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Results

Targeted Overexpression of InR Suppresses Poly(Q)
-Induced Morphological Deficits in Drosophila Model
of Human SCA3

In order to evaluate the effect of altered expression of InR in
poly(Q) disorders, we utilised a Drosophila model of human
SCA3 which expresses an HA-tagged truncated form of
ataxin-3 protein containing 78 CAG repeats [SCA3trQ78(S)]
in tissue-specific manner using the yeast upstream activating
sequence (UAS)-GAL4 system [20, 31]. It has been demon-
strated earlier that targeted expression of SCA3trQ78(S) in the
Drosophila eye using the glass multiple receptor (GMR) driv-
er [22] (henceforth referred as UAS-SCA3trQ78(S)-GMR-
GAL4) results in severe degeneration of the eye [21, 32]. In
agreement with earlier reports, compared to control GMR-
GAL4/+ flies which display normal eye morphology
(Fig. 1a), UAS-SCA3trQ78(S)-GMR-GAL4 flies exhibited
acute degeneration of the eye surface which was prominent
even on the first day of eclosion (Fig. 1b). The morphological
defects manifested in the form of loss of eye pigmentation,
reduced eye size, disrupted ommatidial arrangement and
disoriented bristle lattice pattern. Moreover, in many of the

adult eyes, formation of black necrotic lesions over the surface
of the eye was noted which is indicative of severely
degenerated tissue and cell death (Fig. 1b). For determining
the rescue potential of InR against poly(Q)-induced toxicity,
this particular disease line was crossed with UAS-InR line
which expresses wild type Drosophila insulin receptor under
UAS control. Upon coexpression of the UAS-InR transgene in
the Drosophila eye along with UAS-SCA3trQ78(S) (hence-
forth referred as UAS-SCA3trQ78(S)-GMR-GAL4/UAS-InR),
a significant improvement in the eye morphology was noted
(Fig. 1c). Eye pigmentation was restored to a considerable
extent, eye size was augmented, the ommatidial and bristle
lattice appeared uniform and the necrotic patches were not
observed in the progenies collected (n ≥ 500). Interestingly,
RNAi-mediated downregulation of InR in disease back-
ground, on the other hand, resulted in exaggerated disease
toxicity as large necrotic patches were evident on the eye
surface with complete loss of pigmentation and ommatidial
structure (Fig. 1d). Most importantly, upon chasing the rescue
event with age, it was found that InR was able to sustainably
suppress poly(Q)-induced degeneration throughout the
lifespan of the fly (Fig. S1 c–l). The eye pigments persisted
even 20 days post eclosion and there was no appearance of
necrotic patches (Fig. S1) as opposed to diseased flies that
exhibited large patches of necrotic death and severe degener-
ation with age (Fig. S1 b–k). The control GMR-GAL4/+ flies
did not show any detectable phenotypic changes in the eye
with age (Fig. S1 a–j).

In order to exclude the possibility of any change in phe-
notype due to insertion of two UAS transgenes in the ge-
nome, the effect of the expression of UAS-GFP transgene
on the disease phenotype was observed. Coexpression of
UAS-GFP in SCA3trQ78(S) background does not result in
any phenotypic change (Fig. S2a) and thus suggests that the
rescue event was indeedmediated by overexpression of InR.
Further, themodifier potency of InRwas found to be superior
in comparison to other established modifier of poly(Q) dis-
orders such as DIAP1 (Drosophila inhibitor of apoptosis)
(Fig. S2b) [33, 34]. It was also noted that overexpression or
downregulation of InR itself did not cause any phenotypic
changes in the eye except insignificant alterations in the eye
size (Fig. S2c, d) which were expected owing to the growth
promoting properties of InR. An additional control was
employed at this stage to substantiate that the rescue event
is indeed due to specific modifier effects of InR on poly(Q)
and that its upregulation does not alter the expression of a
neutral transgene. For this, the expression level of GMR-
GAL4 driven UAS-GFP transgene was analysed in different
genotypes, and no significant change was noted in the level
of GFP expression across all the four genotypes examined
(Fig. S3). This suggests that GAL4-mediated coexpression
ofUAS-InRdoesnotmake any impact on the expression level
of an additional independent transgene.

Fig. 1 GMR-GAL4 driven overexpression of InR suppresses poly(Q)-
induced neurodegeneration in the Drosophila eye. a–d Bright field
images of the external surface of the adult eye. a Eye from w;GMR-
GAL4/+;+/+ control fly. b Degenerated eye with reduced size, loss of
pigmentation and appearance of black necrotic patches following
expression of SCA3trQ78(S). c Restored cellular degeneration and
roughening of eye surface following coexpression of InR. d
Exaggerated poly(Q)-induced neurotoxicity and appearance of large
necrotic patches upon RNAi mediated downregulation of InR in
poly(Q) background
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Subsequent to above, scanning electronmicroscopy (SEM)
was carried out in order to study the external surface of the eye
in greater details. The control GMR-GAL4/+ eye (2 days old)
revealed a regular arrangement of ommatidia and properly
oriented bristle lattice (Fig. 2a, a’); however, eyes from
UAS-SCA3trQ78(S)-GMR-GAL4 adults were severely de-
formed and ommatidia tended to collapse upon critical drying
due to lack of underlying tissue mass (Fig. 2b). The bristles
were found to be highly disoriented when observed at higher
magnification (Fig. 2b’). Upregulation of InR displayed sig-
nificant improvement in external eye morphology with appro-
priately arranged ommatidia and bristles (Fig. 2c, c’). In order
to examine the comparative internal architecture of the adult
eyes, 15-μm thick horizontal sections of the eye were pre-
pared and stained with 0.01% Toluidine Blue stain. It was
observed that in comparison to the control GMR-GAL4/+ tis-
sues which showed distinctly arranged lamina, retina and om-
matidial facet (Fig. 2d), eye-specific expression of UAS-
SCA3trQ78(S) transgene resulted in severe degeneration of
the internal eye tissues with lack of majority of cellular mass
in the retinal region (Fig. 2e). Coexpression of InR in
SCA3trQ78(S) expressing tissues was found to significantly
improve the internal eye structure and also suppress retinal
degeneration (Fig. 2f).

Another cellular feature that was used to determine the
rescue proficiency of InR was F-actin organisation. Since
poly(Q)-mediated defects start manifesting at the pupal stage
[20], morphological studies were also performed on the devel-
oping pupal eyes. The Drosophila compound eye is made up
of around 600 regularly arranged units called ommatidia, each
of which is composed of 20 cells—1 corneal cell, 2 primary
cells, 3 secondary cells, 3 tertiary cells, 3 bristles and 8 pho-
toreceptor cells whose rhabdomeres project towards the centre
of the ommatidium. Since, the 8th photoreceptor cell lies just
below the 7th, therefore, all the photoreceptors cannot be
visualised at the same focal plane. For F-actin analysis, pupal
eye discs were stained with Phalloidin which is a marker of F-
actin and effectively stains the cellular boundaries as well as
photoreceptor pigments present at the centre of each omma-
tidia. Pupal eyes fromGMR-GAL4/+ displayed proper hexag-
onal array of ommatidia and the seven rhabdomeres present
within were found to be arranged in a typical trapezoid ar-
rangement (Fig. 2g) whereas expression of UAS-
SCA3trQ78(S) led to unstructured assembly and altered ar-
rangement of ommatidia (Fig. 2h). Interestingly, coexpression
of InR restored the ommatidial architecture to a significant
extent and also substantially reinstated the rhabdomere
structures (Fig. 2i).

In order to ascertain that the rescue event observed in the
eye was indeed achieved by overexpression of InR in the
target tissues, third instar larval eye discs were stained with
antibody specific to Drosophila InR. Compared to the control
GMR-GAL4/+ eye discs which displayed a basal level of InR

Fig. 2 Upregulation of InR improves external and internal cellular
architectures which are disrupted upon eye-specific expression of
poly(Q) in Drosophila. a–c, a′–c′ Scanning electron microscopy
(SEM) images of adult Drosophila eye. a, a′ SEM image of control
w;GMR-GAL4/+;+/+ fly. b, b’ Degenerated eye and disrupted
ommatidial arrangement in poly(Q) expressing flies. c, c′ Coexpression
of InR prevented poly(Q)-induced deterioration of the eye and restored
ommatidial architecture as well as bristle lattice. d–f Toluidine blue-
stained horizontal sections of eye retina. d w;GMR-GAL4/+;+/+
control. e Degenerated retinal mass due to expression of SCA3trQ78(S).
f Coexpression of InR suppressed retinal degeneration and restored
internal eye architecture. g–i Confocal images of pupal eye stained with
TRITC-Phalloidin. g Control w;GMR-GAL4/+;+/+ pupal eye showed
regular array of hexagonally shaped ommatidia with a cluster of seven
photoreceptors at the centre of each unit. h distorted ommatidial
arrangement and abnormal distribution of photoreceptors upon
expression of SCA3trQ78(S) transgene. i Coexpression of InR improves
rhabdomere arrangement and morphology. j–l, j′–l′ Confocal images of
eye discs stained with anti-InR. j, j′ Basal level expression of InR in
control eye discs. Arrows in j′ show membrane-specific expression of
InR. k, k′ Reduced InR expression in SCA3 expressing eye discs. l, l′
Significantly enhanced expression of InR in the region posterior to the
morphogenetic furrow following coexpression of InR transgene in
disease background. InR expression was found to be evidently
membrane-specific. m Histogram representing the relative fluorescence
intensities InR staining. (Scale bars: a–c, e–f = 100 μm; a′–c′, g–i, j′–l’ =
10 μm; j–l = 50 μm; * = P < 0.05; ** = P < 0.01)
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expression confined to the cell boundaries (Fig. 2j’), eye-
specific expression of SCA3trQ78(S) resulted in reduced ex-
pression of InR which may be attributed to compromised cel-
lular signalling in diseased condition (Fig. 2k, k’; also see m)
[35]. In contrast, coexpression of UAS-InR transgene in
SCA3trQ78(S) expressing tissues resulted in robust expres-
sion of InR confined to the region posterior to the morphoge-
netic furrow (region containing differentiated neuronal cells)
(Fig. 2l, m). When observed under higher magnification, the
cell boundaries displayed distinctly elevated expression of
InR which is characteristic of a receptor protein as it localises
to the cellular membrane (Fig. 2l’). Above observations con-
firm the tissue-specific elevated level of InR in the rescue flies.

Similar expression results were obtained on using a differ-
ent InR stock which expresses a C-terminally Cyan
Flourescent Protein (CFP) taggedDrosophila insulin receptor,
UAS-InR-CFP [25]. Whereas GMR-GAL4/+ and UAS-
SCA3trQ78(S)-GMR-GAL4/+ eye discs exhibited absence of
any CFP expression (Fig. S4a, b), InR was shown to be beau-
tifully localised to the cell membranes of differentiated cells
present below the morphogenetic furrow in UAS-
SCA3trQ78(S)-GMR-GAL4/+;UAS-InR-CFP/+ eye discs
(Fig. S4c). On analysing the same flies as adults, it was found
that the InR-CFP expressing flies also exhibited suppression
of the morphological defects associated with poly(Q) (Fig.
S4f). Above observations suggest that InR-CFP allele also
possesses the capability of mitigating poly(Q)-induced neuro-
toxicity, though the extent of rescue was slightly less as com-
pared to InR.Exel (compare Fig. 1c with S4f). Moreover, it
was reaffirmed that the rescue event was indeed due to expres-
sion of InR-CFP as fluorescence imaging of the adult heads
revealed strong CFP expression in the eye region of the UAS-
SCA3trQ78(S)-GMR-GAL4/+;UAS-InR-CFP/+ flies (Fig.
S4i) in comparison to lack of any CFP expression in the con-
trol and diseased flies (Fig. S4g, h). Taken together, above
results unambiguously establish that tissue-specific upregula-
tion of InR suppresses human poly(Q)-induced neurodegen-
erative phenotypes without affecting cellular dynamics.

Upregulation of InR Alleviates Poly(Q)-Mediated
Degeneration of Brain Tissues and Confers Functional
Rescue

In order to further substantiate the rescue efficacy of InR, we
used a less toxic line of SCA3 transgene—UAS-
SCA3trQ78(M) [21]. Interestingly, compared to the control
GMR-GAL4/+ flies, eye-specific expression of UAS-
SCA3trQ78(M) did not exhibit any visible external morpho-
logical deficits (compare Fig. 3a with Fig. 3b). However, deep
pseudopupil analysis in 5-day-old flies revealed substantial
degeneration of photoreceptor cells (Fig. 3e) compared to sev-
en photoreceptors in each ommatidium ofGMR-GAL4/+ flies
(Fig. 3d). An average of only one or two photoreceptor(s) was

evident in each ommatidium (arrows in Fig. 3e) of flies ex-
pressing SCA3trQ78(M) . Coexpression of InR in
SCA3trQ78(M) expressing tissues restricted the degeneration
of the photoreceptor cells and each ommatidium displayed an
average of 5–6 photoreceptors (Fig. 3f). Subsequently, the
integrity of the internal retinal tissues of these flies was studied
by staining the horizontal eye sections with toluidine blue.
Compared to GMR-GAL4/+ (Fig. 3g), adult eyes from
GMR-GAL4/+;UAS-SCA3trQ78(M)/+ flies exhibited wide-
spread loss of internal retinal mass with little residual tissue
visible under the external eye surface (Fig. 3h). Interestingly,
targeted coexpression of InR impeded disease pathogenesis
and the density of retinal mass was restored to as good as
the control tissues (Fig. 3i).

In order to examine whether the InR mediated restored
cellular architecture also led to restoration of the poly(Q)-me-
diated functional impairments, phototaxis assay was

Fig. 3 Targeted overexpression of InR restores functional photoreceptors
and improves internal eyemorphology in weak form of SCA3. a–cBright
field pictures of adult eye. GMR-GAL4-driven expression of
SCA3trQ78(M) does not produce any visible phenotypes in external eye
morphology nor does the coexpression of InR. d–f Deep pseudopupil
images of adult eye. d Seven photoreceptors are observed in controls. e
Expression of SCA3trQ78(M) led to degeneration of photoreceptors
(arrows). f Coexpression of InR restored the number of photoreceptors.
g–i Toluidine blue stained horizontal sections of eye retina. g w;GMR-
GAL4/+;+/+ control. h Retinal tissue is degraded due to expression of
SCA3trQ78(M) transgene. i Coexpression of InR reinstated retinal
architecture to a significant extent. (Scale bars: d–f = 10 μm; g–i =
100 μm)
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performed with 5-day-old adult flies of different genotypes.
The Y-maze phototaxis assay is based on the rationale that
flies with normal vision will inevitably choose the illuminated
arm of the Y-maze whereas flies with compromised vision will
randomly choose either the illuminated or the dark arm of the
Y-maze [36]. In GMR-GAL4/+ population, around 96% of
flies were found to move towards the illuminated arm of the
Y-maze (Fig. 4a; n = 274). Eye-specific expression of
SCA3trQ78(M) severely affected the vision and almost equal
percentage of flies moved into the light and the dark arm of the
Y-maze (Fig. 4a; n = 235). Interestingly, a significant increase
in positive phototaxis was noted due to eye-specific upregu-
lation of InR in SCA3trQ78(M) expressing flies as around
80% flies migrated to the light arm (Fig. 4a; n = 425). Above
observation clearly demonstrates that enhanced expression of
InR not only mitigates cellular degeneration, but also restores
the poly(Q)-mediated functional impairments.

In view of the fact that poly(Q) disorders primarily affect
the central nervous system (CNS), it was imperative to exam-
ine the modifier capacity of InR when the poly(Q) protein was
expressed in a specific part of the brain or in pan neuronal
manner. For this, two independent GAL4 lines were utilised—
Elav-GAL4 and 201Y-GAL4. The former expresses pan
neuronally in the central and peripheral nervous systems
whereas the latter expresses exclusively in the Kenyon cells
(a type of neuronal subpopulation) of the mushroom body of
the Drosophila brain [23, 24]. Since cognitive functions are
particularly affected in human and animal models suffering
from poly(Q) disorders [37] and the Drosophila mushroom
body is the functional homologue of hippocampus of higher
mammals involved in controlling cognitive functions such as
olfactory learning, associative memory as well as courtship, it
was essential to study the effect of expressing the mutated
SCA3 protein in the mushroom body and examining the

Fig. 4 Upregulation of InR restores functional vision and prevents
poly(Q)-mediated brain degeneration. a Poly(Q)-induced impairment of
vision that is alleviated by coexpression of InR. Bars in histogram
represent mean value (± SD) of either positively or negatively
phototaxis flies. b Pupal lethality induced by expression of
SCA3trQ78(S) either pan neuronally or in mushroom body tissues is
rescued by coexpression of InR-CFP. c Longevity analysis of flies
expressing InR-CFP in poly(Q) disease background in pan neuronal
tissues or mushroom body in comparison to wild type flies. d–i
Confocal images of adult brain stained with FasII antibody. d Normally
developed α, β and γ lobes in control flies. e Severely deformed

mushroom body exhibiting absence of γ lobe in Elav-GAL4-driven
expression SCA3trQ78(S). f Refurbishment of mushroom body
phenotypes upon coexpression of InR-CFP with clearly visible γ lobes.
g Normally developed α, β and γ lobes in control flies. h Degenerated
mushroom body showing reduction in size and absence of parts of lobes
upon 201Y-GAL4-driven expression of SCA3trQ78(S). Arrow and
arrowhead in e, h represent degeneration of α and γ lobe respectively. i
Improved mushroom body morphology upon coexpression of InR-CFP
in poly(Q) background. jGraph showing comparative analysis of the total
length (± SD) of mushroom bodies dissected from adult brains of various
genotypes. (Scale bars: d–i = 100 μm; ** = P < 0.01)
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suppressor capability of InR in this tissue as well. It should be
noted here that due to unavailability of a suitable third chro-
mosome InR.Exel stock and the presence of all other
transgenes on the second chromosome, the following set of
experiments were carried out with the InR-CFP transgenic
line.

In agreement with the earlier report [21], pan neuronal ex-
pression of UAS-SCA3trQ78(S) using Elav-GAL4 led to al-
most 100% lethality at late pupal stage with only 0.5% adult
eclosions being recorded (Fig. 4b; n = 577), whereas the con-
trol Elav-GAL4/+ flies exhibited ~ 99.8% eclosions (Fig. 4b;
n = 525). Ectopic expression of InR-CFP in disease back-
ground led to partial but noteworthy suppression of lethality
with almost 22% of flies eclosing as adults (Fig. 4b; n = 492).
Fur ther, mushroom body-speci f ic express ion of
SCA3trQ78(S) using 201Y-GAL4 resulted in only ~ 2% adult
eclosions (Fig. 4b; n = 456) in comparison to 99% eclosions in
the control 201Y-GAL4/+ population (Fig. 4b, n = 450).
In t r iguingly, coexpress ion of InR-CFP in UAS-
SCA3trQ78(S)/201Y-GAL4 background resulted in dramatic
survivability and ~ 93.5% pupae eclosed as adults (Fig. 4b;
n = 335). Subsequently, the longevity of the rescue flies so
obtained in both the cases was assessed in comparison to the
wild type flies. Compared to wild type which survived up to a
maximum of 60 days post eclosion (Fig. 4c; n = 375), the
UAS-SCA3trQ78(S)/Elav-GAL4;UAS-InR-CFP/+ flies man-
aged to survive to a maximum of 25 days (Fig. 4c; n = 492)
and UAS-SCA3trQ78(S)/201Y-GAL4;UAS-InR-CFP/+ flies
survived for as much as 45 days post eclosion (Fig. 4c; n =
335). Importantly, both these sets of flies displayed normal
behaviour during first 10–15 days and gradually developed
mild paralytic phenotype.

The mushroom body is a paired organ present in the
Drosophila brain and is composed of kenyon cells and its
axonal projections namely α/α’, β/β’ and γ lobes [38].
Comprehensive analysis of the mushroom body was carried
out by staining with Fasciclin-II which is a marker of the
axons/neuropiles of neurons [39]. Compared to normally de-
veloped mushroom body in Elav-GAL4/+ flies (Fig. 4d, j;
average size = 373.36 ± 7.27 μm; n = 46), pan neuronal ex-
pression of UAS-SCA3trQ78(S) led to serious deterioration
of the mushroom body in surviving adults (Fig. 4e, j, average
size = 206 ± 9.2 μm; n = 27), which was significantly
prevented upon coexpression of InR-CFP (Fig. 4f, j, average
size = 343.89 ± 7.69 μm; n = 28). Interestingly, the neuropile
of the γ lobe of the mushroom bodies ofUAS-SCA3trQ78(S)/
Elav-GAL4 flies was poorly stained which might be attributed
to selective loss of their neuronal counterparts in the kenyon
cells (Fig. 4e). This condition was restored in mushroom bod-
ies examined from UAS-SCA3trQ78(S)/Elav-GAL4;UAS-
InR-CFP/+ flies and the γ lobe was found to be appropriately
stained in these tissues (Fig. 4f). As opposed to the apparent
deformation of the mushroom body in Elav-GAL4-driven

disease condition, expression of SCA3trQ78(S) using 201Y-
GAL4 resulted in severe degeneration and considerable reduc-
tion in the size of theα andβ neuropiles of mushroom body in
surviving UAS-SCA3trQ78(S)/201Y-GAL4 adults (Fig. 4h, j;
average size = 127.84 ± 9.53 μm; n = 38). Moreover, overall
intensity of staining was low in this case as compared to con-
trols. Intriguingly, overexpression of InR-CFP in SCA3 ex-
pressing brain tissues resulted in almost complete suppression
of degeneration with evident restoration of staining pattern as
well as overall size of the α and β lobes (Fig. 4i, j; average
size = 320.42 ± 8.94 μm; n = 40). Above findings collectively
suggest that the neuroprotective capability of InR against
poly(Q)-induced toxicity is equally effective in different neu-
ronal tissues and organs.

InR Suppresses Neurotoxicity in Other Forms
of Poly(Q) Disorders

The rescue potential of InR was further assessed in other
forms of poly(Q) disorders using two independent HD trans-
genic lines—UAS-HttQ138-mRFP andUAS-Htt93Q. The for-
mer expresses an RFP tagged Htt protein containing 138 CAG
repeats [26] whereas the latter harbours 93 CAG repeats in the
Htt gene [27]. Phenotypically, GMR-GAL4 driven expression
of UAS-HttQ138-mRFP does not produce any changes in the
eye as compared to the control GMR-GAL4/UAS-HttQ15-
mRFP flies (Fig. 5a–c). However, deep pseudopupil imaging
revealed that in comparison to controls (Fig. 5d), GMR-
GAL4/+;UAS-HttQ138-mRFP/+ flies confronted drastic loss
of photoreceptors (Fig. 5e) with only diffused impressions of
photoreceptors visible in each ommatidia (arrows in Fig. 5e).
Overexpression of InR in disease background restored the
status of photoreceptors with clear cut prominence of at least
4–5 photoreceptors in each ommatidia (Fig. 5f).

In case of Htt93Q, driving with GMR-GAL4 produces a
degenerated eye with loss of pigmentation and apparent re-
duction in eye size (Fig. 5h). The UAS-Htt93Q-GMR-GAL4
flies also exhibited visible patches of roughness which pro-
gressively increased with age. When InR was coexpressed, a
marked rescue in the disease phenotype was noted with resto-
ration of the eye size, improvement in the pigmentation as
well as reduction in roughness (Fig. 5i). Internal examination
by toluidine blue staining in the eye sections of diseased flies
suggested extensive degeneration of retinal segments with on-
ly residual mass of retinal tissue present underneath the om-
matidial facet (Fig. 5k) whereas upregulation of InR reinstated
the structure of the retina to a considerable extent, though the
retinal projections failed to extend up to the lamina
(Fig. 5l).

Taken together, these studies demonstrate that InR is capa-
ble of rescuing poly(Q)-mediated neurotoxicity in forms other
than SCA3 also.
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Enhanced Level of InR Suppresses Poly(Q)-Mediated
Apoptosis and Cellular Stress and Induces Autophagy

Poly(Q)-induced apoptotic cell death as a result of forma-
tion of highly toxic inclusion bodies in selective regions of
the brain has been long known to be the underlying cause of
neuronal demise and subsequent degeneration [11, 40].
Accumulation of poly(Q) aggregates in the cell leads to
activation of initiator caspases which are otherwise disabled
by binding with inhibitor of apoptosis proteins like IAP1,

and these initiators in turn cleave and trigger the effector
caspases [11, 41, 42]. In order to examine the effect of InR
upregulation in cellular apoptosis, third instar larval eye
discs were subjected to acridine orange (AO) staining which
labels dead cells by virtue of its property of binding to
fragmented DNA [43]. While cell death was not apparent
in control eye discs (Fig. S5a), UAS-SCA3trQ78(S)-GMR-
GAL4 discs showed pronounced number of dead cells
throughout the eye field (Fig. S5b). Interestingly, targeted
expression of InR in poly(Q) expressing cells significantly
reduced the prevalence of AO positive signals indicating
moderation of apoptotic events (Fig. S5c).

In order to substantiate the above observation, TUNEL
assay was performed in the eye discs as well as adult eye
sections. The TUNEL assay is used to label the terminal ends
of fragmented DNA by terminal deoxynucleotidyl transferase
(TdT) enzyme and thereby, to identify the population of apo-
ptotic cells. Compared to the negligible TUNEL positive cells
in GMR-GAL4/+ eye discs (Fig. 6a), robust presence of
TUNEL positive puncta was noted in UAS-SCA3trQ78(S)-
GMR-GAL4 eye discs which was confined to the region pos-
terior to the morphogenetic furrow (arrows in Fig. 6b).
Coexpression of InR in disease background led to substantial
diminution in TUNEL positive signals (Fig. 6c). An average
of 21 TUNEL positive cells could be detected per eye disc of
SCA3 expressing flies as opposed to only 3 per disc when InR
was upregulated (Fig. 6p). Similar results were obtained on
subjecting adult eye sections to TUNEL assay (Fig. S5d–f).

Above observations were further verified by staining the
third instar larval eye discs with anti-cleaved caspase-3 anti-
body which recognises theDrosophilaDrice and Dcp-1 effec-
tor caspase proteins [44]. Basal level of caspase staining was
evident inGMR-GAL4/+ eye discs signifying developmental-
ly regulated cell death (Fig. 6d, q) whereasGMR-GAL4 driven
expression of SCA3trQ78(S) resulted in substantial increase in
the amount of caspase-3 staining in the region posterior to the
morphogenetic furrow (arrow in Fig. 6e, q) pointing towards
robust activation of apoptotic cascade in the target tissue (Fig.
6q). On the contrary, overexpression of InR in UAS-
SCA3trQ78(S)-GMR-GAL4 background was found to inhibit
apoptotic events as a low level of caspase-3 staining confined
to only a few cells in the eye region of the disc was achieved
(Fig. 6f, q). Altogether, above observations comprehensively
demonstrate that tissue-specific upregulation of InR domi-
nantly reduces caspase activation and cellular apoptosis in
poly(Q) disease background.

The cellular toxicity generated due to aggregation of mis-
folded proteins in poly(Q) disorders results in the induction of
stress inducible molecular chaperone HSP70 [21, 45]. Hence,
cellular abundance of HSP70 was assessed in order to inves-
tigate the stress levels in the cell and the protective effect of
InR against such toxicity. In agreement with earlier reports
[46], expression of cytoplasmic HSP70 was not detected in

Fig. 5 Targeted overexpression of InR alleviates disease phenotypes in
other forms of poly(Q) also. a–c Bright field pictures of external surface
of the adult eye. GMR-GAL4-driven expression of HttQ15-mRFP or
HttQ138-mRFP does not produce any visible phenotypes in external
eye morphology nor does the coexpression of InR. d–f Deep
pseudopupil images of adult eye. d Presence of seven photoreceptors in
controls fly eyes. e Degeneration of photoreceptors due to expression of
HttQ138-mRFP (arrows). f Restored status of photoreceptors following
coexpression of InR. g–i Bright field pictures of external surface of the
adult eye. g w;GMR-GAL4/+;+/+ control. h Degenerated adult eye with
loss of pigmentation and roughening of eye surface upon expression of
Htt93Q. i Re-established eye structure and morphology following
coexpression of InR. j–l Toluidine blue-stained horizontal sections of
eye retina. j w;GMR-GAL4/+;+/+ control. k Degenerated retinal mass
due to expression of Htt93Q. f Suppression of retinal degeneration and
restored internal eye architecture upon coexpression of InR. (Scale bars:
d–f = 10 μm; j–l = 100 μm)
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GMR-GAL4/+ eye discs as the flies were raised in unstressed
conditions (Fig. 6g, r). However, eye-specific expression of
SCA3trQ78(S) led to large-scale induction of HSP70 in the
region posterior to the morphogenetic furrow (Fig. 6h, r).
Interestingly, cellular expression of stress-induced HSP70

was contained to significant levels upon coexpression of InR
in UAS-SCA3trQ78(S)-GMR-GAL4 background with only a
few HSP70-positive signals evident in the eye region of the
disc (Fig. 6i, r). Thus, enhanced level of InR effectively re-
strains cellular stress in poly(Q) expressing cells.

Fig. 6 Overexpression of InR suppresses poly(Q)-induced cellular stress
and apoptosis and induces autophagic processes. a–c Confocal images of
larval eye discs subjected to TUNEL assay. a Absence of TUNEL
positive cells in control eye discs. b Appearance of TUNEL positive
signals (arrows) in poly(Q) expressing eye discs. c Reduction in
TUNEL signals in tissues coexpressing InR in disease background. d–f
Confocal images of larval eye discs stained for cleaved caspase-3. d
Absence of caspase-3 staining in control eye discs. e Induced
expression of caspase-3 (arrow) in UAS-SCA3trQ78(S)-GMR-GAL4/
CyO flies. f Reduction in caspase-3-positive cells upon coexpression of
InR. g–i Confocal images of larval eye discs stained for HSP70. g
Expression of stress-inducible HSP70 is not noted in control eye discs.
h GMR-GAL4-driven expression of UAS-SCA3trQ78(S) induced
widespread expression of HSP70. i Considerably reduced HSP70-
positive signals upon coexpression of InR. j–l Fluorescence images of

larval eye discs stained with LysoTracker Red. j Basal level autophagy
signals observed in control eye discs. k Compromised autophagy in
poly(Q) expressing tissues. l Overexpression of InR substantially
induced autophagy (arrow). m–o Confocal images of larval eye discs
stained for LC3. m Control tissues showing few LC3 positive cells. n
Suppressed autophagy in SCA3 disease condition. o Marked increase in
autophagic signals (arrow) following coexpression of InR. p Histogram
representation of relative number of TUNEL positive cells per eye disc. q
Histogram representation of relative caspase-3 fluorescence intensities. r
Histogram representation of relative HSP70 fluorescence intensities. s
Histogram representation of relative LC3 fluorescence intensities. t
Western blot for protein lysates from adult heads of different genotypes
probed for LC3 also confirmed enhanced level of autophagy upon
upregulation of InR in poly(Q) expressing tissues. (Scale bars: a–c, g–
i = 10 μm; d–f, j–l, m–o = 50 μm; ** =P < 0.01; *** = P < 0.001)
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Another cellular pathway that is essential for neuronal ho-
meostasis but is affected due to poly(Q) pathology is autoph-
agy [47–49]. Autophagy is a cellular process which disposes
misfolded proteins via lysosome-mediated proteostasis [50].
With respect to neurodegenerative disorders, autophagy has
been implicated as the major degradation pathway for
aggregation-prone proteins [51]. Knockdown of autophagy
genes has been shown to promote aggregation of misfolded
protein [52, 53] whereas their upregulation protects against
neurodegeneration in HD mouse models [54, 55]. Moreover,
it has also been demonstrated that insulin signalling may be
implicated in the promotion of autophagic clearance of
poly(Q) aggregates [56]. Following these lines, we investigat-
ed the effect of enhanced insulin signalling on autophagy in-
duction in poly(Q) disease conditions. Autophagy can be
monitored in Drosophila using the LysoTracker dye which
is an acidotropic dye that stains the lysosomes as well the
autolysososmes [57]. On subjecting third instar larval eye
discs to LysoTracker Red, it was observed that in comparison
to controls (Fig. 6j), targeted expression of SCA3trQ78(S)
suppresses the rate of autophagy in the region posterior to
the morphogenetic furrow which can be perceived in the form
of red punctate signals (Fig. 6k). Upregulation of insulin sig-
nalling via overexpression of InR resulted in a marked in-
crease in the number of autophagy signals which were explic-
itly localised at the posterior end of the eye disc (arrow in Fig.
6l).

The relative level of autophagy was further examined by
staining and western blot analysis with LC3 antibody. The
microtubule-associated protein LC3 is a mammalian homo-
logue of Atg8 which is commonly utilised as an alternative
marker to monitor autophagy [58, 59]. The two major var-
iants of the LC3 gene family, LC3A and LC3B, constitute
the main components of the autophagosomal membrane in
their LC3-II form respectively [60]. On staining third instar
larval eye discs with LC3A/B antibody, it was noted that
UAS-SCA3trQ78(S)-GMR-GAL4 eye discs showed reduced
expression of LC3 (Fig. 6n, s) as compared to the basal level
autophagic signals in GMR-GAL4/+ control discs (Fig. 6m,
s). Interestingly, coexpression of InR in poly(Q) expressing
tissues increased the number of LC3-containing foci to a
considerable extent (Fig. 6o, s). Moreover, their density
was found to be even higher in comparison to the control
eye discs (compare Fig. 6m with o). Furthermore, western
blot analysis also revealed similar autophagic pattern (Fig.
6t). These findings indicate towards the plausible role of
insulin signalling in inducing autophagy in poly(Q) ex-
pressing cells as a defence response against abnormally
folded proteins. Collectively, it can be comprehended that
upregulation of insulin signalling in poly(Q) expressing
cells not only inhibits cellular stress and cell death but also
induces protectivemechanisms like autophagy in an attempt
to eliminate anomalous proteins from the cells.

Targeted Overexpression of InR Inhibits
the Formation of Poly(Q) Protein Aggregates

Formation of nuclear inclusions bodies (IBs) in affected neu-
rons is the major pathological hallmark of poly(Q) disorders,
and the size and number of these aggregates can be directly
correlated with the severity of the disease [20, 21, 32]. Since
inclusion bodies represent a direct measure of pathogenesis in
poly(Q) diseases [61, 62], it was important to determine the
potential of InR in moderating the presence of inclusions in
the target tissue. For this, third instar larval eye discs were
stained with anti-HA antibody as the SCA3trQ78(S) transgen-
ic protein is N-terminally HA tagged. On driving
SCA3trQ78(S) alone using GMR-GAL4, a robust accumula-
tion of poly(Q) aggregates was witnessed in the region poste-
rior to the morphogenetic furrow (Fig. 7a, c), whereas
coexpression of InR along with the disease transgene led to
a significant reduction in the abundance of inclusion bodies
(Fig. 7b, c). Magnified images further revealed their subcellu-
lar localisation pattern and variation in size. While the aggre-
gates in UAS-SCA3trQ78(S)-GMR-GAL4 cells were mostly
nuclear in nature and appeared as large blobs of poly(Q) pro-
teins (arrow in Fig. 7a’), overexpression of InR caused these
aggregates to be much smaller in size and majorly localised to
the cytoplasmic compartment (arrows in Fig. 7b’).

Above observations were corroborated by carrying out
western blot analysis using protein lysates prepared from 2-
day old adult flies. As reported earlier [32], protein lysates
from poly(Q) expressing flies led to the formation of high
molecular weight SDS-insoluble protein complexes that were
difficult to resolve and therefore, predominantly remained
trapped inside the stacking gel (Fig. 7d, lane 1). A noteworthy
band was observed at 90 kDa which represents the oligomeric
forms of poly(Q) aggregates. Following expression of InR, the
abundance of the protein complexes trapped in the stacking
gel was considerably reduced (Fig. 7d, lane 2). Interestingly,
the 90-kDa band showed a concomitant intensification of the
signal as the decrease in the stacking gel signal intensity which
suggests increased solubility of the poly(Q) protein complex.
Some additional bands were also observed in the resolving gel
which represent other oligomeric forms of poly(Q)
aggregates.

In order to substantiate whether upregulation of InR can
prevent aggregate formation in other forms of poly(Q) dis-
eases as well, the UAS-HttQ138-mRFP HD line was utilised.
The UAS-HttQ138-mRFP HD transgenic line allows for in
vivo imaging of Htt expression as well as its aggregation in
live cells [26]. Widespread expression of Htt in the form of
RFP containing aggregates was observed in the eye field of
the imaginal discs of GMR-GAL4/+;UAS-HttQ138-mRFP/+
larvae (Fig. 7e). Subsequent examination at higher magnifica-
tion revealed distinct localisation of the RFP signals in the
nuclear compartment (arrows in Fig. 7g), as observed in case
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of SCA3 (Fig. 7a′). On the contrary, GMR-GAL4/UAS-
InR;UAS-HttQ138-mRFP/+ eye discs displayed a momen-
tous decrease in the number of Htt-RFP aggregates and

whatever few were present were primarily localised to the
posterior tip of the eye disc only (Fig. 7f). In this context, it
is also important to note that the residual RFP signal was
found to be largely cytoplasmic in nature (Fig. 7h), thereby,
reaffirming the previous observations. Subsequently, the in-
vestigations were further extended to adult stages, wherein
adult heads of the respective genotypes were decapitated and
directly visualised under fluorescence microscope for in-vivo
observation of the aggregates. Inevitably, compared to the
GMR-GAL4/+ flies, 2-day-old adult heads of GMR-GAL4/+
;UAS-HttQ138-mRFP/+ flies showed bright red fluorescing
puncta throughout the eye portion of the head (Fig. 7i).
Distinct large globular signals were evident in most of the
ommatidia indicative of the existence of inclusion bodies all
over the eye field. Conversely, on overexpressing InR in
poly(Q) expressing cells, there was a clear absence of the
red punctate signals in the eye with minor inclusions noted
in very few eyes (Fig. 7j).

Above results clearly suggest that enhanced level of InR
suppresses the poly(Q)-induced neurotoxicity by modulating
the abundance, distribution dynamics and solubility of the
inclusion bodies.

InR-Mediated Mitigation of Poly(Q) Toxicity Is Not
a Consequence of Induced Cell Proliferation

Insulin signalling via the insulin receptor has been long
known to be involved in cellular growth and proliferation
[63]. Moreover, it has been implicated as one of the major
pathways in cancer cell proliferation [64, 65]. In Drosophila,
the insulin signalling pathway stands out as an important reg-
ulator of cellular proliferation and size, especially during
imaginal disc development [66, 67]. In view of above, it was
essential to determine whether the enhanced level of InR con-
fers rescue by replenishment of the degenerating neuronal
cells via cell cycle re-entry or not. For this, BrdU incorpora-
tion assay was carried out in third instar larval eye discs of
SCA3 expressing flies, which is a test for DNA replication
during S phase of the cell cycle [68]. In eye discs dissected
from GMR-GAL4/+ control larvae, the second mitotic wave
region displayed robust BrdU incorporation as it contains cells
undergoing mitosis and is present just below the morphoge-
netic furrow [69, 70] (arrow in Fig. 8a). In case of UAS-
SCA3trQ78(S)/GMR-GAL4 eye discs, compromised
BrdU incorporation was observed with evident lack of stain-
ing at some places (arrow in Fig. 8b). This may be attributed to
the impaired transcriptional efficiency and the intrinsic toxic-
ity in these cells [37]. In contrast, coexpression of InR in
disease background led to improvement in BrdU incorpora-
tion to levels as good as the control discs (arrow in Fig. 8c).
Notably, BrdU incorporation in other parts of the eye disc
remained unaffected in all the three genotypes. These results
indicate that the rescue mechanism does not entail cell

Fig. 7 Coexpression of InR suppresses poly(Q)-induced inclusion body
formation in early and late stages of development. a–b, a′–b′ Confocal
images of larval eye discs stained with anti-HA antibody. a, a′ GMR-
GAL4-driven SCA3trQ78(S) transgene induced formation of inclusion
bodies in the region posterior to the morphogenetic furrow that majorly
localised to the nucleus. Arrow in a′ shows nuclear location of IBs. b, b′
Significant reduction in inclusion body formation upon coexpression of
InR with residual aggregates restricted to the cytoplasm. Arrows in b′
show cytoplasmic location of IBs. c Histogram representation of relative
fluorescence intensities of HA staining. dWestern blot for protein lysates
from adult heads of disease v/s rescue genotypes probed with HA
antibody. e–h Confocal images of larval eye discs examined for mRFP
expression. e Eye field-specific aggregate formation caused by GMR-
GAL4-driven expression of UAS-HttQ138-mRFP. f Reduced aggregate
formation and therefore lowered mRFP expression upon coexpression
of InR, g mRFP containing poly(Q) aggregates predominantly localised
to the nucleus (arrows), h Significant prevention of inclusion body
formation upon coexpression of InR with remaining aggregates
confined to the cytoplasm. i–j Fluorescence images of adult heads
assessed for mRFP expression. i Robust expression of HttQ138Q-
mRFP is indicative of aggregate formation throughout the adult eye. j
Absence of mRFP expression upon coexpression of InR suggests
inhibition of aggregate formation. (Scale bars: a–b, e–f = 50 μm; a′–b′
= 5 μm; g–h = 10 μm; i–j = 100 μm; ** = P < 0.01)
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Fig. 8 Enhanced expression of InR does not induce cellular proliferation
but modulates the expression of CBP via chromatin remodelling to drive
rescue of poly(Q)-induced neurotoxicity. a–c Confocal images of larval
eye discs stained with anti-BrdU. a w;GMR-GAL4/+;+/+ shows most of
the BrdU incorporation in the second mitotic wave region (arrowhead),
just below the morphogenetic furrow. b Inconsistent incorporation of
BrdU following expression of SCA3trQ78(S) transgene (arrowhead). c
Coexpression of InR does not induce additional cell proliferation but
restores poly(Q)-mediated defects in BrdU incorporation. d–f Bright
field pictures of external surface of the adult eye. d, e InR-induced
rescue of poly(Q) neurodegeneration is averted by downregulating
dCBP using dCBPΔBHQ and dCBP-RNAi. f Additive rescue of
poly(Q)-induced toxicity upon coexpression of InR-CFP and dCBP in
SCA3 background. g–i Confocal images of larval eye discs stained for
dCBP. g Basal level expression of dCBP in control eye discs. h Reduced
expression of dCBP in poly(Q) disease conditions. i Enhanced dCBP
expression in the region posterior to the morphogenetic furrow (arrow)

following coexpression of InR in SCA3 background. j–lConfocal images
of larval eye discs stained for Histone H3 (acetylK9). jBasal level histone
acetylation in control eye discs. k Reduced expression of ace-H3K9
following expression of SCA3trQ78(S) transgene. l InR overexpression
restored ace-H3K9 expression with the levels being greater than the
controls. m–o Confocal images of larval eye discs stained for Histone
H4 (methylK9).mBasal level meth-H4K9 staining in control. n Enriched
heterochromatin in SCA3 expressing eye discs. o Loss of heterochromatin
following coexpression of InR in disease background. p Histogram
representation of relative CBP fluorescence intensities. q Histogram
representation of relative ace-H3K9 fluorescence intensities. r Western
blot for protein lysates from adult heads of different genotypes probed for
ace-H3K9, histogram representation of relative ace-H3K9 protein levels
(fold change). s Histogram representation of relative number of
chromocenters per section. (Scale bars: a–c, g–i = 50 μm; j–o = 10 μm;
* =P < 0.05; ** = P < 0.01)
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division and formation of new cells to account for the dead
ones but some other aspect of InR function is mediating the
suppression of poly(Q)-induced neurotoxicity and cellular
damage.

Upregulation of InR Restores the Expression of CBP
and Level of Histone Acetylation and Moderates
the Abundance of Heterochromatin

One of the important transcription factors sequestered inside
the inclusion bodies is the CREB binding protein or CBP
[71]. The resulting interference in CBP mediated transcrip-
tion leads to cellular toxicity and retinal degeneration in
Drosophila models of poly(Q) diseases [10, 72]. In view of
the fact that the insulin signalling pathway is one of themajor
upstream regulators of CBP functioning, we wanted to ex-
amine the effect of modified expression of CBP in disease
condition in conjunction with overexpressed InR. Genetic
interaction studies were carried out using two independent
dCBP mutant lines—UAS-dCBP-ΔBHQ and UAS-dCBP-
RNAi. The CBP-ΔBHQ transgenic line exhibits a deletion
in the acetyltransferase as well as the zinc finger domain and
CBP-RNAi uses RNA interference in order to knock down
the levels of CBP [28, 73]. Eye-specific downregulation of
CBPbyusingUAS-dCBP-ΔBHQorUAS-dCBP-RNAi led to
degeneration of the adult eye in both the cases in comparison
to GMR-GAL4/+ controls (Fig. S6, compare b, c with a).
Subsequently, reduced expression of CBP either by
dCBP-ΔBHQ or UAS-dCBP-RNAi in SCA3trQ78(S) ex-
pressing flies further aggravates the neurodegenerative phe-
notype (Fig. S6, compare e, f with d). Extrapolation of these
studies to increased InR expression in UAS-SCA3trQ78(S)-
GMR-GAL4/UAS-dCBPΔBHQ or RNAi background re-
vealed containment of the rescue potential of InR in both
the cases (Fig. 8d, e). Above observations suggest that the
downstream upregulation of CBP due to enhanced level of
InRwas prevented byCBP-RNAi or rendered inoperative by
CBP-ΔBHQ. Intriguingly, it appears that concurrent upreg-
ulation of CBP as well as InR leads to a rescue event much
better than that achieved with InR alone and the eyes ap-
peared as good as the control (Fig. 8f). This implies additive
protection against poly(Q)-induced neurotoxicity and sug-
gests that a threshold level of CBP is required in the cell for
achieving the InR-mediated suppression of poly(Q)-induced
neurotoxicity.

In order to substantiate if InR-mediated rescue event is
indeed mediated by CBP, third instar larval eye discs were
stained with anti-dCBP antibody [30]. A basal level of CBP
expression was observed throughout the eye disc of the con-
trol GMR-GAL4/+ larvae (Fig. 8g, p). Interestingly, a marked
decrease was evident in the eye field upon driving the expres-
sion of SCA3trQ78(S) (Fig. 8h, p) which suggests compro-
mised transcriptional machinery in the poly(Q) expressing

cells. Quite evidently, in UAS-SCA3trQ78(S)-GMR-GAL4/
UAS-InR eye discs, the abundance of CBP was found to be
elevated in the eye field and the signal intensity was even
greater than the control GMR-GAL4/+ discs (Fig. 8i, p).

InR induces growth-promoting signals in the cell on
binding of its ligand, the Drosophila insulin-like peptides
or dilps [74]. BGrowth^ is a by-product of increased cel-
lular transcription which occurs as a result of various
histone modification events. A link has been established
between the insulin signalling pathway and several spe-
cific histone modifications such as Histone H3 acetyla-
tion [75] as well as methylation [76] indirectly through
the phosphoinositide-3-Kinase (PI3K) enzyme. As
discussed above, since the InR mediated rescue mecha-
nism does not involve enhanced cellular proliferation,
therefore, it was important to assess if enhanced level
of InR confers rescue by restoring the compromised tran-
scriptional machinery in poly(Q)-expressing cells. For
this, the level of histone acetylation as well as methyla-
tion was examined in third instar larval eye discs. The
former was evaluated by staining with anti-Histone H3
acetylK9 (ace-H3K9) antibody. It was discerned that in
comparison to a basal level of staining in GMR-GAL4/+
tissues, UAS-SCA3trQ78(S)-GMR-GAL4 eye discs re-
vealed a noteworthy decrease in the abundance of acety-
lated histone H3 in the nucleus (compare Fig. 8j with k,
also see 8q). Interestingly, coexpression of InR augment-
ed the level of acetylated histone to a significant extent
both in terms of staining intensity as well as abundance
of signal (Fig. 8l, q). Western blot analysis also yielded
similar results (Fig. 8r). Subsequently, on staining with
anti-Histone H3 methylK9 (meth-H3K9) for assessing the
status of histone methylation, contrasting pattern was ob-
served. Whereas control tissues showed a basal level of
histone methylation (Fig. 8m), poly(Q) expression using
GMR-GAL4 driver, caused a substantial upsurge in the
staining levels, confined to the nuclear compartment only
(compare Fig. 8m with n). This suggests an increase in
the heterochromatization and reduced cellular transcrip-
tion due to poly(Q)-mediated toxicity. Interestingly, when
InR was upregulated in poly(Q) background, the staining
was restored to control levels indicating loosening up of
the heterochromatin (Fig. 8o). Also, on counting the av-
erage number of nuclei with the chromocenter per section
of the eye disc in each case, it was noted that upregula-
tion of InR resulted in a significant reduction in the num-
ber of positive chromocenters by approximately 50% in
comparison to poly(Q) expressing tissues (Fig. 8s).
Cumulatively, above findings suggest that InR-mediated
rescue of poly(Q)-induced neurodegeneration is being
achieved by restoration of the cellular abundance of
CBP and improved rate of global transcription via in-
creased histone acetylation and decreased methylation.
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Discussion

We have demonstrated earlier that tissue-specific upregula-
tion of Drosophila Myc (dMyc) dominantly suppresses
poly(Q)-mediated neurotoxicity and could be utilised as a
drug target. While screening for additional genetic modi-
fiers of poly(Q) to be used as a drug target in a combinatorial
manner with dMyc, the insulin signalling pathway appeared
as a promising candidate to review in this context owing to
its well-known role in regulation of growth and metabolism
of neuronal tissues and the fact that myc is an established
downstream effector of this pathway [13, 15, 18]. Since
poly(Q) disorders manifest due to widespread neuronal
death in the brain and nervous system, it was hypothesised
that growth-promoting signals via upregulation of the insu-
lin signalling pathway may provide survival signals to the
dying cells and help alleviate neurodegeneration.
Consistent with the hypothesis, we report for the first time
that targeted overexpression of Drosophila insulin receptor,
InR (Drosophila homologue of the human insulin-like
growth factor 1 receptor, IGF1R), could significantly sup-
press poly(Q)-induced disease phenotypes and neurotoxic-
ity in Drosophila. Moreover, the protective capacity of InR
was found to persist through age which is important in light
of the fact that the severity of neurodegenerative disorders
tends to worsen with age [77]. Downregulation of InR, on
the other hand, caused exaggeration of the disease pheno-
type. It is of note that InR not only rescued cellular degen-
eration but also exhibited the capability of preventing the
accumulation of poly(Q) inclusion bodies. The rescue po-
tential of InR was found to be equally effective in both the
eye and the neurons of the central and the peripheral ner-
vous system and the neurotoxicity suppression by InR also
well-translated into functional rescue.

The Drosophila insulin-like peptides (dilps) exert their ef-
fects by binding to the insulin receptor (InR), a member of the
family of receptors known as receptor tyrosine kinases that
contain ligand-activated tyrosine kinase activity within their
cytoplasmic domains. The first half of the InR protein consti-
tutes the α subunit that harbours the ligand binding site while
the latter half is referred to as the β subunit and contains the
transmembrane region and autophosphorylation sites [78].
The InR ORF is highlighted by the conservation of the poten-
tial insulin-binding and tyrosine kinase domains, as well as a
transmembrane domain preceding the tyrosine kinase domain
[78]. Notably, the region encoding the tyrosine kinase domain,
containing the primary sites of autophosphorylation and
autoactivation, is conserved between InR and IGF1R [79].
Therefore, the Drosophila InR undergoes autophosphoryla-
tion and activation in a manner similar to the human insulin
receptor. The InR protein is abundantly expressed during em-
bryogenesis and its function is required for normal develop-
ment. Moreover, loss of function in InR induces pleiotropic

phenotypes in the development of the embryonic nervous sys-
tem [78].

Interestingly, impaired IGF-R signalling has been implicat-
ed in a variety of neurodegenerative disorders [35]. Moreover,
reduced levels of IGF-R mRNA as well as protein in these
disorders also suggests a plausible role of IGF-R signalling in
their pathogenesis [16, 17]. In Drosophila, binding of dilps to
InR results in the activation and downstream functioning of
the insulin signalling pathway [18]. In agreement to the earlier
reports, we also found a significant reduction in the expression
of InR in poly(Q) expressing tissues. Targeted upregulation of
InR in the developing Drosophila eye has been demonstrated
to cause cell autonomous overgrowth of the eye [80].
Consistently, GMR-GAL4-driven overexpression of InR re-
sulted in eye size enlargement and that in poly(Q) background
led to suppression of neurodegeneration. Since BrdU incorpo-
ration efficiency revealed absence of any kind of neuronal
differentiation, it was perceived that mitigation of the
poly(Q)-induced toxicity was being achieved by the intrinsic
growth promoting properties of InR.

Having a basic idea like this, and in lieu of further elabo-
rating upon the mechanistic details of the rescue mechanism,
the status of cellular stress and apoptosis were analysed as
these are the key events responsible for neuronal loss in
poly(Q) disorders. Misfolded poly(Q) proteins induce cellular
stress which leads to expression of HSPs, majorly HSP70,
which in turn activate cysteine caspases and trigger apoptosis
and neuronal demise [42, 81]. Overexpression of InR resulted
in significant reduction in cellular stress and effectively sup-
pressed apoptotic events in early as well as late stages of
disease progression as indicated by reduced HSP70 and
TUNEL, caspase staining in rescue flies.

Interestingly, there appeared a possibility of autophagy-
mediated protection against poly(Q)-induced pathology as
the rescue samples exhibited enhanced expression of LC3
and LysoTracker staining. Since autophagy is frequently in-
duced as a result of growth factor deprivation whereas in this
case the cells are being enriched with growth promoting sig-
nals, we suspect that the observed upsurge in autophagy sig-
nals might be primarily due to chaperone-mediated autophagy
(CMA) or aggrephagy. CMA is a type of autophagy that func-
tions to eliminate erroneous or unused proteins from the cell
by means of a CMA-substrate/chaperone complex. The chap-
erones help unfold the substrate protein and translocate it
across the lysosomal membrane where it is degraded with
the help of lysosomal hydrolases [82]. Aggrephagy, on the
other hand, is a process of selective autophagy that comes into
play when there is a failure in the processing of misfolded
proteins via the chaperones or the proteasomal degradation
system. Aggrephagy degrades ubiquitin-labelled aggregated
proteins by docking-specific cargos to the autophagosome
with the help of ubiquitin-binding cargo receptors that bind
to Atg8/Atg8 homologues (like LC3) which in turn causes the
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closure of the autophagosome and degradation of the contents
thereafter [83, 84]. This process is selective for sequestration
of protein aggregates and is mediated after intended
chaperone-assisted protein aggregate formation and their rec-
ognition by ubiquitin E3 ligases that aids the formation of
autophagosomes. Based on the preliminary data presented
above, it is difficult to judge which arm of the autophagic
pathway might be functioning to decrease the aggregate load
in the cell and therefore, further studies need to be focussed on
deciphering the exclusive chaperones as well as E3 ligases
that function to mark the poly(Q) proteins for autophagy and
aid their downstream degradation.

Since the poly(Q) aggregates appear to be selectively
targeted for degradation, it was imperative to assess the status
of poly(Q)-containing inclusion bodies in disease v/s rescue
samples. Overexpression of InR caused a significant reduction
in the SDS-insoluble poly(Q) aggregates and a similar inten-
sification of soluble forms of poly(Q) proteins which we be-
lieve to be the oligomeric poly(Q) species. Immunostaning
experiments revealed that the residual inclusion bodies in the
rescue samples mostly remained restricted to the cytoplasmic
compartment of the cell as opposed to widespread nuclear
inclusions observed in case of disease. Given the fact that
cytoplasmic inclusion bodies are considered to be less toxic
than their nuclear counterparts [21] and since there appears to
be a rise in the oligomeric state of poly(Q) proteins we pro-
pose that increased insulin signalling perhaps inhibits the ag-
gregate formation and their nuclear translocation and pro-
motes their break down into soluble forms by means which
would be an interesting area of future investigations. The
marked decrease in aggregate formation can be directly corre-
lated with near complete restoration of disease associated
functional deficits in addition to reinstatement of morpholog-
ical and histological phenotypes. Improved survival rates, en-
hanced life expectancy and ameliorated vision of the adult
rescue flies suggest that InR-mediated mitigation of poly(Q)-
induced neurotoxicity is a multifaceted phenomenon with InR
being a proficient genetic modifier.

Sequestration of essential transcriptional regulators into the
inclusion bodies has been contemplated as one of the major
causative factors for poly(Q)-induced cellular toxicity and
neuronal dysfunction [85]. More specifically, depleted pools
of the c-AMP response element binding protein (CBP) have
been implicated in cellular repression of transcriptional activ-
ity eventually leading to neurotoxicity [71, 72]. Consistent
with these earlier findings, we report a significant reduction
in the cellular abundance of CBP following expression of
SCA3 protein in the Drosophila system. Further, regulated
overexpression of CBP or enhancement of its activity has
been demonstrated to suppress poly(Q)-induced neurodegen-
eration [10]. In the present study also, following overexpres-
sion of InR, an increase in the expression of CBP was noted,
however, it is difficult to comment at this point whether the

observed activation of CBP is due to its inhibition from se-
questration into the inclusion bodies or due to enhanced tran-
scription of its gene. Genetic interaction studies further dem-
onstrated that reduced expression of CBP in poly(Q) back-
ground restricts InR’s ability to mitigate the toxicity whereas
simultaneous increase in the expression of both, CBP and InR
results in additive rescue of poly(Q) toxicity indicating a
downstream association of CBP in InR mediated suppression
of neurodegeneration.

In light of the fact that CBP is a potent histone acetyl-
transferase that works in conjunction with various other
transcription factors to regulate expression of target genes
via acetylation of core histone particles [86], we investigat-
ed whether InR curtails neurodegeneration employing a
CBP-induced chromatin remodelling mechanism or not.
Although a link has been established between the insulin
signalling pathway and several specific histone modifica-
tions such as Histone H3 acetylation [75] as well as meth-
ylation [76] indirectly through the Phosphoinositide-3-

Fig. 9 Polyglutamine disorders result from formation of poly(Q)
aggregates that cause neuronal dysfunction and cellular death. Poly(Q)
monomers accumulate together to form poly(Q) aggregates that sequester
important transcription factors like CBP and lead to cellular stress and
apoptosis. We propose that InR suppresses poly(Q)-induced
neurotoxicity by modulating the levels of CBP. We hypothesise that the
enhanced level of CBP functions to induce histone modifications that
results in enhanced transcriptional rate and eventually, improved growth
and survival. The toxic effects of poly(Q) aggregates might be alleviated
by reduced cellular stress and apoptosis, inhibition of formation of
poly(Q) aggregates or their degradation via CMA or aggrephagy as a
result of augmented rate of global transcription
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Kinase (PI3K) enzyme, no direct evidence has been put
forward till date that reveals a direct implication of altered
levels of the insulin receptor on chromatin remodelling. We
report for the first time that overexpression of InR leads to
drastic transcriptional upregulation as assessed by enhanced
level of acetylation and reduced level of methylation of core
histones. We therefore propose that InR facilitates global
chromatin remodelling and restores the compromised tran-
scriptional status of the cell arising due to poly(Q), thereby,
enhancing the expression of various chaperones as well as
transcription factors that eventually exert a concerted pro-
tective effect against the disease condition. Importantly, our
study also established that overexpression of InR did not
only rescue disease-associated phenotypes in case of
SCA3 but also succeeded in manifesting protective effects
against mutated huntingtin-induced toxicity pointing to-
wards its potential to act as a positive modifier for other
poly(Q) diseases as well. Moreover, our finding also sug-
gests towards a possibility of testing some anti-diabetic
drugs to supresses the progression of poly(Q)-mediated
neurodegeneration.

In summary, we report that the Drosophila insulin re-
ceptor (InR) can act as a novel genetic modifier of
poly(Q) diseases by improving cellular transcription and
activation of genes that may either inhibit poly(Q) aggre-
gate formation or accelerate their degradation via cellular
proteostasis pathways like CMA or aggrephagy (Fig. 9).
Poly(Q) aggregates exert inhibitory effects on CBP-like
transcription factors, cellular ubiquitin-proteasome system
and induce cellular stress and apoptosis. InR acts to stim-
ulate histone modifications that result in an enhanced
transcriptional rate leading to the release of such
poly(Q)-induced inhibitory effects and promotion of
growth and survival. We believe that InR-mediated im-
proved histone acetylation was essentially being achieved
by enrichment of the cellular pool of CBP which is further
augmented by the upsurged transcriptional events thereby,
closing the loop (Fig. 9).

Further work in the near future can focus on elaborating
on how the insulin pathway can be exploited for drug de-
velopment and therapeutic intervention against neurode-
generative disorders. For this, it will be interesting to reveal
other candidate molecules that InR might modulate in order
to bring about the chromatin remodelling. The mechanistic
details would be helpful in elucidating whether InR acti-
vates the canonical insulin signalling pathway for bringing
about the rescue event or some other route is undertaken for
the same. It will also be fascinating to decipher the precise
domain of the InR receptor that is essential but sufficient in
bringing about the rescue against poly(Q)-induced neuro-
toxicity. Finally, it also needs to be tested whether InR ex-
hibits similar modifier capacity against poly(Q) disorders in
other model systems as well.
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