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Abstract:

Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder that stems from the expansion of
CAG repeats within the coding region of the Huntingtin gene. Currently, there exists no effective therapeutic
intervention that can prevent the progression of the disease. Our investigation aims to identify a novel genetic
modifier with therapeutic potential. We employ transgenic flies containing Htt93Q and Htt138Q.mRFP
constructs, which encode mutant pathogenic Huntingtin proteins featuring 93 and 138 polyglutamine (Q) repeats,
respectively. The resultant mutant protein causes the loss of photoreceptor neurons in the eye and a progressive
loss of neuronal tissues in the brain and motor neurons in Drosophila. Several findings have demonstrated the
association of HD with growth factor signaling defects. Phosphatase and tensin homolog (Pten) have been
implicated in the negative regulation of insulin signaling/receptor tyrosine signaling pathway which regulates the
growth and survival of cells. In the present study, we downregulated Pten and found a significant improvement
in morphological phenotypes in the eye, brain, and motor neurons. These findings were further correlated with
the enhancement of the functional vision and climbing ability of the flies. We also noted the reduction in both
poly(Q) aggregate levels and caspase activity which are involved in the apoptotic pathway. Moreover, we
elucidated the protective role of Pten inhibition through the utilization of VO-OHpic (referred to as PTENi). In
alignment with the genetic modulation of Pten, pharmaceutical inhibition of Pten improved the climbing ability
of flies and reduced the poly(Q) aggregates and apoptosis levels. A similar reduction in poly(Q) aggregates was
observed in the mouse neuronal inducible HD cell line model. Our study illustrates that Pten inhibition is a

potential therapeutic approach for HD.

Introduction

Huntington's disease (HD) is a dominantly inherited, progressive neurodegenerative disorder characterized by
chorea or movement disorder, and cognitive and psychiatric decline [1]. HD is primarily characterized by the
expansion of CAG repeats within the first exon of the coding region of the Huntingtin gene (HTT), which results
in the formation of toxic polyglutamine [poly(Q)] aggregates that are detrimental to neurons [2]. In healthy
individuals, the CAG repeats range from 10 to 35, whereas the detrimental clinical symptoms manifest when the
repeat length exceeds 40 (McColgan and Tabrizi, 2018) [3]. The disease typically begins between the ages of 35
to 40 and ultimately leads to mortality within 5 to 20 years following the initial diagnosis [1, 4]. Furthermore,

there is an inverse correlation between the CAG repeat length and the age of disease onset. Genetic anticipation
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where the severity and earlier onset in subsequent generations are evident in HD and juvenile form of HD (JHD)
where the disease onset is even before 21 years have been reported [5]. The CAG repeat length in JHD is above

60 however in childhood-onset form the repeat length can exceed more than 80 [5].

The huntingtin gene is predominantly expressed across various tissues and plays a role in neurogenesis [6]. It acts
as a protein scaffold, binding to microtubules and actin, and facilitates intracellular trafficking. Additionally, Htt
is involved in the transport and regulation of Brain-derived neurotrophic factor (BDNF) [7]. In pathological
conditions, the expanded poly(Q) protein has an increased propensity to self-assemble, forming oligomers and
subsequently poly(Q) aggregates, leading to a toxic gain of function mutation [3]. In human patients and animal
models of poly(Q) diseases, these aggregates disrupt axonal transport, transcription, translation, redox reactions,
and protein homeostasis [8-11]. While gain of function results in the disease phenotype, mutations causing loss
of function in the Htt protein induce neurodegeneration [12]. Despite significant progress in understanding the
genetic and molecular mechanisms underlying HD, there is still much to uncover regarding signaling cascades
that could be targeted therapeutically. Presently available therapies primarily focus on symptom management, as
neuroprotective treatments aimed at reducing poly(Q) aggregates and halting disease progression remain elusive
[4]. This study aims to identify genetic and molecular targets that could have therapeutic applications using the

highly tractable Drosophila model of HD.

In this study, we investigate the impact of Phosphatase and tensin homolog deleted on chromosome 10 (PTEN),
on ameliorating the Huntington's disease phenotype using the Drosophila disease model. Although PTEN was
initially identified as a tumor suppressor, its role in the regulation of cellular metabolism has been recently
identified [13]. PTEN is a critical component downstream of Receptor Tyrosine Kinase TrkB (including insulin
receptor). As a lipid phosphatase, it plays a pivotal role in the dephosphorylation cascade that converts
Phosphatidylinositol-triphosphate (PIP3) to Phosphatidylinositol-biphosphate (PIP2). Due to this, PTEN acts as
an antagonist to PI3K and thereby enhances PIP2 levels while concurrently reducing phospho-Akt levels, thereby
altering the phosphorylation state of numerous downstream proteins involved in cellular proliferation and growth
[14-16]. Consequently, this enzymatic function leads to the negative modulation of signaling cascades associated
with Insulin and EGFR signaling pathways[15, 17]. In physiological states, these pathways initiate PI3K activity,
subsequently resulting in the phosphorylation and activation of AKT, a serine/threonine kinase[18]. Following
AKT activation, it phosphorylates multiple downstream proteins such as Gsk3p, mTOR, and TSC, and promotes
cellular growth and proliferation[13, 18]. Moreover, it also inactivates pro-apoptotic factors including caspases
allowing the survival of cells [19]. Mutation of PTEN increases the level of PIP3 which in turn causes
overactivation of AKT which is tumorigenic by induction of abnormal cell growth and proliferation [18].
Furthermore, loss of PTEN function has been shown to increase the protein synthesis by modulation of 4EBP
binding protein [20]. Drosophila Pten is evolutionary conserved from flies to humans and performs similar
functions as its vertebrate counterpart. Drosophila Pten also negatively regulates cell growth and cell number,
since overexpression of Pten reduces the size of the eye and wing and induces apoptosis[21, 22]. Conversely, the
mutation of Pten increases the organ size, including the eye and wing [23, 24]. In the murine models, PTEN
downregulation is protective in motor neuron disease and brain injury[25, 26]. In this investigation, we assessed
the potential protective effects of Pten downregulation in a Drosophila model of Huntington's disease. We used

two transgenic lines of HD models i.e., Htt93Q and Htt138Q, which express abnormally expanded poly(Q) repeats
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to solidify our findings[27, 28]. We downregulated Pten in these Drosophila models in tissue tissue-specific
manner. We observed that Htt93 and Htt138Q cause various morphological, functional, and molecular defects.
Downregulation of Pten improved the morphological and functional defects Moreover, poly(Q) aggregates and
cell death were significantly reduced by knockdown of Pten. These findings from our study propose that inhibition

of PTEN is a promising therapeutic target for Huntington's disease.
Materials and Methods:
Drosophila Fly stocks.

Fly stocks were reared in standard cornmeal media and raised at 25 + 1°C with a 12h light/dark cycle. Oregon R+
strain and UAS-GFP.RNAIi (BDSC#9330) was used as a control. The Huntington disease transgenic lines were
UAS-Htt138Q.mRFP [27] and UAS-Htt93Q [11, 28]. The following stocks were obtained from Bloomington
Drosophila Stock Center (BDSC, USA): GMR-Gal4 [29], UAS-Pten.RNAI (BDSC#8550 & BDSC#25841), UAS-
GFP.RNAI (BDSC#9330), Or47b-Gal4 (BDSC#9983), Elav-Gal4 (BDSC#8765).

External eye and ommatidia imaging

5-20 days adult flies of all genotypes were collected. Flies were fixed on glass slides using nail polish, and one of
the eyes faced upward. External eye images were captured using a Stereo zoom bright field microscope (Leica
M165 C). Eye size was analyzed using ImageJ software (NIH). To observe the photoreceptors, 2-day-old adult
flies of all genotypes were decapitated. The head was mounted and observed using a 60X oil objective under the
epifluorescence bright field microscope (Olympus BX53). The aperture was adjusted to allow a narrow light to
pass through the rhabdomeres. The number of photoreceptors in each genotype was quantified in ImageJ software
(NIH).

Immunostaining

For immunostaining, eye discs and adult brains were dissected in Phosphate buffer saline (PBS), fixed for 20
minutes with 4% paraformaldehyde, and washed three times with PBST (with 0.1% Triton X-100). Tissues were
blocked with PBST with 0.1% BSA solution and incubated with primary antibody overnight at 4°C. Primary
antibodies used are, anti-Dcp-1 (1:100; 9578; Cell Signaling Technology, USA), anti-DIg1 (1:100, 4F3, DSHB,
USA), anti-GFP (1:100, 12A6, DSHB, USA), anti-Fasll (1:25, 1D4, DSHB, USA), mouse anti-Futsch (1:100,
22C10, DSHB, USA). Tissues were then incubated in secondary antibody for 2 hours with gentle shaking in the
dark. The secondary antibodies used were Alexa 488 goat anti-rabbit (A11034), Alexa 488 goat anti-mouse
(A28175), Cy3 goat anti-mouse (A10521), and Alexa 647 goat anti-mouse (A31571). The tissues were washed in
PBST and counterstained with DAPI (Spg/ml, D3571, Invitrogen, USA) then mounted using anti-fade media
(P36934, Molecular probes, USA).

In the quantification of Dcp-1 staining at the larval eye disc stage, the area below the morphogenetic furrow was
selected in each sample and Dcp-1 positive puncta were counted by using ImageJ software after applying similar
threshold values in samples. The mean values with +SD were plotted in graphical form. In the case of pupal eye
tissue, an ROl was drawn randomly with a fixed area in each sample tissue (i.e., 100um?). Similar parameters
were followed for the entire sample.
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Histology

For histological sections, 2-day-old fly heads were decapitated in Phosphate-buffered saline (PBS) and fixed for
90 minutes in 4% paraformaldehyde. Subsequently, adult heads were then dehydrated through a series of
increasing ethanol concentrations in PBS for about 40 minutes each in 50%, 70%, 95%, and 100% ethanol
solutions. It was followed by xylene washes with overnight incubation at RT in 1:1 xylene and Paraffin wax. The
next day wax washes were given 4 times for 2 hours at 60°C. Later the fly heads were embedded in paraffin wax
in proper orientation. Using a microtome (YSI 055, Manual Rotary microtome, Yorco, India), serial frontal 16um
sections of adult heads were prepared on gelatin-coated slides. Slides were then dewaxed in xylene and rehydrated
in decreasing ethanol concentrations in PBS for about 5 minutes each in 100%, 95%, 70%, and 50% ethanol.
Finally, tissues were stained in 0.01% Toluidine blue solution (Cat no. SRL, 22134) and mounted in DPX medium.

The images were captured at 10X.
Adult NMJ preparation

To prepare samples of adult thorax Neuromuscular Junction (NMJ), 2 or 5-day-old adult flies were selected. The
Dorsal Longitudinal Muscles (DLMs) were dissected after removing the head and abdomen from the thorax.
Subsequently, the samples were fixed in a solution of 4% paraformaldehyde in PBS for 20 minutes and then
washed four times with PBT at room temperature (RT). The thoraces were flash-frozen with liquid nitrogen and
bisected down the midline in ice-cold PBS. The tissues were then incubated in a blocking buffer containing PBST
with 0.1% BSA for a minimum of 2 hours at Room temperature, as described earlier [30]. For immunostaining,
the following primary antibodies were used for overnight incubation at 4°C.e., anti-Futsch (1:100, DHSB, USA).
Following primary antibody incubation, the tissues were washed four times in PBST for 10 minutes each and then
incubated in secondary antibodies. The appropriate secondary antibodies were employed for 2 hours incubation
at room temperature. The list of secondary antibodies used are, Alexa-488 (Molecular Probes) at a dilution of
1:200, Cy3-conjugated anti-HRP (cat no. 123-165-021, Jackson immune research) at a dilution of 1:500, and
FITC-conjugated anti-HRP (cat no. AB 2338965, Jackson immune research) at a dilution of 1:200. Following the
secondary antibody incubation, samples underwent washing with PBST four times and then subsequently mounted
on a glass slide using Vectashield mounting media (Vector Laboratories).

Images for DLM synaptic morphology were acquired using a 63X objective oil lens (Numerical aperture 1.4). Z-
stacks were generated at a consistent tissue depth of 30 slices, with a 0.5um interval. The images were taken
starting from the point where Horse Radish Peroxidase (HRP) staining initially appeared at muscle fiber IlI,
indicated by the white box in Figure 3B. In total, 10 images were captured per experimental condition using
identical parameters. The images were processed as Max Intensity Projections (MIP) using Fiji software [31]. To
measure synaptic morphology, total neurite length (in pM) and branch numbers were determined by tracing HRP
staining, facilitated by the updated Simple Neurite Tracer (SNT) Plug-in [32, 33]. The analysis was conducted
using the Skeletonize 3D Plug-in of Fiji [31, 34].

Quantitative RT-PCR

RNA extraction was done from age-matched adult Drosophila heads (n=60) using Trizol (Cat no. T9424, Sigma-
Aldrich, USA) reagent as per manufacturer protocol. The cDNA was synthesized from 1ug of total RNA using
the kit (cat no. 1708891, Bio-Rad) as described earlier [35]. Real-time PCR was performed using g°PCR SYBR
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Green master mix (Bio-Rad) in the CFX-96 Bio-Rad PCR machine (Bio-Rad, USA). The corresponding primer

sequences used are:

rp49 (F) : ATGCTAAGCTGTCGCACAA
rp49(R) : TTGTGCACCAGGAACT TCTT
Pten(F) : CAGTTTCCGGCGATGTAAAA
Pten(R) : ACATCATCGATTTCTGATTTGC

Lifespan assay

Around 100 freshly eclosed adult flies were collected and 10 flies were transferred per vial which contained fly
media. Flies were transferred to fresh vials every alternate day after assessing the survival in each vial until all
flies had died. The mean lifespan of flies was calculated, and the Kaplan-Meier plot was generated using the
online OASIS tool and GraphPad Prism.

Negative geotaxis assay

Negative geotaxis was conducted to assess the locomotor and motor ability of the flies [36]. About 100 flies per
genotype were collected in batches of 10. Subsequently, ten flies were introduced to a vertical column and were
given five minutes to acclimatize to the new environment. The vials were then gently tapped to encourage all the
flies to descend to the bottom of the vial. The number of flies crossing the 8 cm or 4 cm mark in the vertical
column in 10 seconds was recorded. The assessment was conducted at the age of 5-, 10-, 15- and 20-days post

eclosion. The results were analyzed to measure the climbing ability of each genotype with age.
Phototaxis assay

The Phototaxis assay was performed to evaluate the alteration of functional vision. About 100 flies from each
genotype were collected. Ten flies were introduced into a Y-maze made of glass; one arm of the glass was covered
with black film to prevent light from entering, and the other arm light was illuminated by an LED bulb. The flies
were collected after gentle tapping from either arm of the Y-maze after 10 seconds and the number was counted

in dark and light condition. The experiments were performed at the age of day 5 and day 20 post-eclosion.
Drug feeding

For the inhibition of Pten, VO-OHpic trihydrate was used (Santa Cruz, Sc-216061A). The stock solution was
prepared by dissolution in DMSO [37]. To identify the optimum working concentration of the drug, cornmeal
agar food media were prepared with different concentrations of the drug ranging from 10uM to 100puM. The final
concentration of the drug 50pM/ml was used in further experiments. Protocol reported by Deshpande et al., 2014
[38], was adapted for drug feeding. In brief, eggs from the appropriate genotypes were collected overnight on agar
plates, and corresponding first instar larvae were transferred into normal food containing DMSO and drug-food
containing VO-OHpic (50uM). Further experiments were performed at the larval and adult stages. Results were

plotted to see the difference in Htt aggregates and behavior in drug-fed and DMSO-fed flies.

Cell culture and treatments
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Mouse neuroblastoma N2a cells with Ponesterone A (Enzo, ALX-370-014-M001) inducible truncated N-terminal
Huntingtin gene with 150 CAG repeats attached to EGFP (HD 150Q) were a kind gift from Dr Nihar Ranjan Jana
Lab, NBRC. The cells were grown in DMEM Glutamax, supplemented with 10% FBS, 1% antibiotic-antimycotic
along with 0.4mg/ml of G418 and 0.4mg/ml of Zeocin (Invitrogen) at 37° C and 5% CO2 in a humidified
incubator. Early Passage cells (1-10) were used for all the experiments. Mouse N2a cells were induced with
Ponesterone A, adding 20nM and 50nM of VO-OHpic (PTENI) to each condition. After 1 day of induction and
treatment with VO-OHic, the cells were harvested and lysed for various experiments such as Immunoblot and

Fluorescence Imaging.
Protein extraction and Western Blot

Following the completion of the initial treatment, cells were lysed with RIPA lysis buffer (50 Tris, pH 7.4, 1mM
EDTA, 150 NaCl, 1% Triton -X, 0.1% SDS, 1% Sodium Deoxycholate with ImM phenylmethylsulphonyl
fluoride, 1ImM NaF, 2mM Na2VO05, 20mM Na4P207 as a phosphatase inhibitor cocktail (Complete,
11873580001) at 4°C. Afterwards, the cell lysates were collected in a small centrifuge tube and centrifuged at
14,000 g for 15 minutes and the supernatant was collected in a fresh centrifuge tube. The protein content of the
samples was estimated, following Takara’s BCA kit manufacturer’s protocol. Following protein estimation, 20ug
protein was loaded on SDS-PAGE to separate proteins based on their molecular weight and transferred onto
nitrocellulose membrane (MDI, SCNG8101XXXX101-4). The Nitrocellulose membrane was blocked with 5%
skimmed milk or 3% BSA (only for phosphoprotein) for 2 hours at room temperature. After blocking, the
membranes were incubated with primary antibodies against GFP (1:10000) (Proteintech, 50430-2) and GAPDH
(1:40000) (Proteintech, 60004-1-1G) overnight at 4°C. After 12-14 hours of incubation, the membranes were
washed with Tris-buffered saline with 0.1% Tween 20 (TBST) and incubated with HRP-conjugated goat anti-
mouse (1:10000) and goat anti-rabbit (1:10000) secondary antibodies. Images were captured using the UVitec

Mini HD9 gel imaging system. Densitometry quantification was done using Image Lab (6.0.1)
Fluorescence imaging

2*10* cells were seeded on each 15 mm coverslip, and the cells were treated with the VO-OHpic (PTENI) (50nM)
by the above-discussed protocol. After treatment, cells were gently washed with 1x PBS twice and then fixed
using 4% Paraformaldehyde (PFA) for 20 minutes at room temperature. Following fixation, cells were washed
gently with 1x PBS twice. Coverslips were mounted using DAPI containing mounting media, and images were

captured using 20x of Zeiss- Apotome Microscope.
Statistical analysis

All graphs and statistical analysis were performed using Prism GraphPad software (GraphPad 6.0). Data
represents mean, standard deviation (SD), and n values. As per the experimental requirement based on single or
multiple parameter analysis, data were subjected to a two-tailed unpaired t-test, one-way analysis of variance
(ANOVA), or two-way ANOVA. A p-value less than 0.05 was considered significant. For survival assay, the

survivorship curve uses the Kaplan-Meier approach.
Results:

Downregulation of Pten improves the eye phenotype of the Drosophila model of HD
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We used the Drosophila models of HD expressing mutant Htt protein with 93Q and 138Q repeats [27, 28]. The
138Q is tagged with RFP, which allows the observation of poly(Q) aggregates [27]. GMR-Gal4 was used to
express the mutant form of Htt transgene in the eyes of developing and adult flies. Targeted expression of human
Htt93Q using eye-specific GMR-Gal4 driver exhibited a strong neurodegenerative phenotype characterized by
loss of pigmentation and reduced eye size at 20 days of age (Fig. 1C) in comparison to control flies (Fig. 1A, B).
5-day old flies did not show any such eye phenotypic defects (Fig. S1C) but developed the phenotype upon aging
(Fig. 1C). However, Htt138Q repeats in the fly eye caused a rough eye phenotype even at 5 days (Fig. S1E) which
gets more intensified upon aging (20-day) (see Fig. 1E and S1E). Knocking down of Pten in this context improved
the roughness of the external eye morphology and reinstated the amount of pigmentation of photoreceptor cells
(Fig. 1D and F). Downregulation of Pten exhibited no change in the adult eye phenotype at both 5 days and 20
days (Fig. 1B and S1B). Quantification data showed a significant reduction in eye size in both 93Q and 138Q
expressing flies (Fig. 1S). Knockdown of Pten significantly improved the eye size (Fig. 1S). To further illustrate
the improvement in ommatidial structure, 40-hour-old pupal eyes were stained with a Disc large (Dlg). Compared
to the wild type no ommatidial defects were observed in Htt93Q pupal tissue (Fig. S1G-1). However, flies
expressing Htt138Q.mRFP exhibited gross morphological defects in primary, secondary, and tertiary cells, cone
cells, and abnormal bristle lattice (arrow in Fig. S1K). These defects were partially suppressed following the
downregulation of Pten in Htt138Q.mRFP expressing pupal eye tissues (Fig. S1L). These findings strongly
indicate that the downregulation of Pten effectively curbs the manifestation of phenotypic abnormalities from the
initial stages of the disease pathogenesis. We used 2 different transgenic RNAI of Pten (BDSC #8550 and BDSC
#25841) and found consistent results (Fig. S1M, N). Real-time PCR analysis revealed that both RNAi-mediated
downregulation of Pten lines (BDSC #8550 and BDSC #25841) in the brain tissue reduced the expression by 0.5
and 0.6 fold respectively.

However, diseased flies (Elav-Gal4/UAS-Htt93Q) showed a non-significant upsurge in Pten transcript level (see
Fig. S10, n=3). In fact, in rescue flies it appears due to this upsurge Pten transcript was reduced only up to 0.3-

fold, which suggests mutant Htt may play a significant role in regulating Pten transcript level.

Additionally, the pseudo-pupil technique was utilized to observe the enhancement in photoreceptor neurons in
adult flies. The wild type and Pten.RNAi-expressing flies displayed 7 visible photoreceptors; however, Htt93Q
and Htt138Q expressing diseased flies revealed substantial degeneration of photoreceptor cells (compare Fig. 1G
to | and K). An average of only 1 to 4 photoreceptor(s) was evident in each ommatidium (arrows in Fig. 11 and
K) of flies expressing Htt93Q and Htt138Q. Interestingly, RNAi-mediated downregulation of Pten in Htt93Q and
Htt138Q expressing tissues constrained the degeneration of the photoreceptor cells, and each ommatidium

displayed an average of 3 to 6 photoreceptors (Fig. 1J and L).

To further illustrate the improvement in retinal tissue, the adult eye tissue was fixed, and tangential sections were
generated following paraffin molding. The tangential section of the eye shows retinal projections from the
ommatidia into the lamella of the optic lobe in control (GMR-Gal4) and Pten-RNAi flies (Fig. 1M and N). Flies
expressing Htt93Q and Htt138Q exhibited loss of retinal tissue (Fig.10 and Q). In Htt93Q, only a thin layer of
retinal tissue was observed below the ommatidial cells. Knockdown of Pten mitigated the retinal tissue
degeneration, and improved retinal length (compare Fig. 10 and P). Likewise, retinal tissue showed degeneration

in Htt138Q, which was also ameliorated by the knockdown of Pten (Fig. 1Q and R). Furthermore, we checked for
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the improvement of functional vision by introducing the flies into the Y-maze and counting the number of flies
that went to the dark or illuminated arm of the Y-maze. For both male and female flies of Htt93Q, the phototaxis
behavior towards the illuminated arm was reduced. Interestingly, the knockdown of Pten improved the percentage
of flies moving to the lighted arm (Fig. S1P). The above results showed that reduced Pten expression is protective

against mutant Htt-induced tissue degeneration.
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Fig. 1. Knockdown of Pten improves the Htt93Q and Htt138Q-induced eye degeneration. (A-F) Bright-field
images of the 20-day-old adult eye. (A) GMR-Gal4 (B) GMR-Gal4;UAS-Pten.RNAi (C, E) Overexpression of
Htt93Q and Htt138Q.mRFP resulted in decreased eye size and depigmentation. (D, F) Downregulation of Pten in
Htt93Q and Htt138Q.mRFP background improved the eye pigmentation and reduced the rough eye phenotype in
both the diseased flies, respectively. (G-L) Deep pseudo pupil images of 2-day-old adult eye (G-H) GMR-Gal4
and UAS-Pten.RNAIi have 7 photoreceptor cells whereas (I, K) Htt93Q and Htt138Q.mRFP flies showed

degeneration of photoreceptor cells (arrows). (J, L) Downregulation of Pten improved the number of
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photoreceptors. (M-R) Horizontal sections of the eye retina of 2-day-old flies. (M-N) GMR and Pten.RNAi control
flies (O) Retinal tissue is degraded due to the expression of Htt93Q. (P) Downregulation of Pten restored retinal
projections. (Q) Htt138Q flies showed degeneration and vacuoles in the retinal region. (R) UAS-Htt138Q.mRFP;
UAS-Pten.RNAI showed improved retinal projections (S) Bar graph showing the difference in eye size (T) Bar
graph showing the number of ommatidium (U) Bar graph indicating the retinal thickness. Student's t-test; Mean
+ SE (ns= non-significant, ns P>0.05, *P<0.05, **P<0.01, ****P<0.0001). Scale bars: (A-F) 100um, (G-L) 5 um,
(M-R) 50pm.

Knockdown of Pten suppresses the degeneration of neuronal tissues in the brain and consequently exhibits

enhanced survival.

Since Htt is predominantly expressed in the brain, we sought to determine whether the knockdown of Pten could
elicit a similar protective function in the brain and motor neurons as seen in the eye model. To achieve this, we
employed the pan-neuronal driver, Elav-Gal4, to induce the expression of mutant Htt protein in neuronal tissues.
We focused our attention on the Drosophila mushroom body, a neuronal structure involved in olfactory memory
and learning, consisting of Kenyon cells and their axonal projections which form the a, B, and y lobes [39, 40].
Staining with Fas-II revealed the presence of a, B, and v lobes in the control adult fly brain (Fig. 2A-B). However,
flies overexpressing Htt93Q showed progressive degeneration of mushroom body structures in 5 and 20-day-old
flies (Fig. 2C and S2C). Visually, we categorized the Mushroom body structure into Mild, Moderate, and Severe
forms. Notably, moderate, and severely damaged mushroom bodies were higher in Htt93Q flies and Mild and
moderately damaged mushroom bodies were higher in flies co-expressing Pten.RNAi (Fig. 2D, E). Furthermore,
our investigation revealed that Htt138Q caused more severe mushroom body degeneration even at 10 days and

Pten knockdown mitigated the neuronal loss (Fig. S2E-L, M).

To ascertain whether the improvement in brain degeneration correlates with the functional abilities of the flies,
we evaluated their climbing ability. Flies that successfully climbed the 8 cm mark in a plastic vial were quantified
to assess their motor skills as shown earlier [36]. Interestingly, the climbing ability in both male and female
Htt93Q flies remained only mildly affected for up to 10 days (Fig. 2F and G,). However, at 15 days, a significant
decline in climbing ability was observed compared to control flies, and by 20 days, the motor skills of the flies
were severely impaired, with only a few managing to reach the 8 cm mark (Fig. 2F and G). In contrast, significant
improvement in climbing was noted in both the males and females when Pten was downregulated in Htt93Q-
expressing flies (Fig. 2F and G). This demonstrates that reduced expression of Pten restricts the Htt93Q and
Htt138Q-mediated cellular degeneration and confers functional rescue. Additionally, we assessed the fitness of
the flies by monitoring their longevity. We collected around 100 flies for each genotype and mortality was
recorded daily to determine their lifespan. Subsequently, the knockdown of Pten led to a marked improvement in
longevity for both male and female flies in the Htt93Q disease background (Fig. 2H, I). Similar observations were
made in flies expressing Htt138Q (Fig. S2N). These findings underscore the potential of Pten knockdown to
alleviate neurodegeneration and improve these flies' overall health and longevity in the context of mutant Htt-

induced degenerative conditions.
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Fig. 2. Pten knockdown suppresses the Htt93Q-mediated brain degeneration and improves climbing
behavior and Longevity. (A-D) 20 days old adult brain stained with Fas-II (red) antibody. (A, B) a, B, and y
lobes of the mushroom body are intact in control flies. (C) Htt93Q caused mushroom body degeneration which
exhibited the absence of y lobe and degeneration of a, § lobe. (D) Downregulation of Pten restored the three a, f3,
and y lobe structures. (E) Graphical representation comparing the percentage of degeneration of a, 3, and y lobes
of the mushroom body. (F & G) The bar graph represents the climbing ability of 5, 10, 15, and 20-day-old flies.
Pten.RNAI significantly ameliorated the locomotor ability of Htt93Q from 15 days onwards. (H-1) The survival
curve showed improvement in the longevity of the flies due to the knockdown of Pten. Survival curves were
generated by the Kaplan-Meier method and statistical significance was determined by the log-rank test (P<0.05).
Error bars represent meant SE, one-way ANOVA test (¢=0.05) (ns= non-significant, *P<0.05, **P<0.01,
***P<(.001, ****P<0.0001). Red: Fasll. Scale bar (A-D): 50um.

Motor neuron degeneration improved by knockdown of Pten.

Expression of mutant Huntington protein with abnormal poly(Q) repeats caused motor neuron defects [41].
Henceforth, the structural integrity of Neuro-Muscular Junctions (NMJs) was investigated in Elav-Gal4/UAS-
Htt93Q and Elav-Gal4/UAS-Htt138Q.mRFP diseased flies. We used the Horse Radish Peroxidase (HRP)
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antibody to mark the motor neurons in a 2-5 days adult thorax to observe any structural defects. The schematic
diagram shows all Dorso-lateral muscles (DLMs) and motor neurons innervating the muscles (Fig. 3A and B).
We captured the confocal images of the NMJ from similar regions of DLMs. The control Elav-Gal4 and UAS-
Pten.RNAI showed well-arranged NMJs with secondary and tertiary branches (Fig. 3C, D and G, H). In contrast,
Htt93Q and Htt138Q expressing transgenic flies showed reduced branching patterns and severe degeneration of
secondary and tertiary branches of motor neurons (Fig. 3E, and I). Thus, the structural deterioration of NMJs in
diseased flies was consistent with the behavioral climbing impairment. Interestingly, the downregulation of Pten
showed a significant restoration of motor neuron morphology in branching patterns and their arrangements
(compare arrowhead in Fig. 3E-F, 1-J). Quantification analysis showed a significant reduction in branching and
triple points in diseased flies compared to the control, which was improved in Elav-Gal4, UAS- Htt93Q/UAS-
Pten.RNAI expressing flies (Fig. 3K-L, n=10). Similar analyses were also done for Htt138Q flies which also
confirmed a gross level of degeneration of the branching pattern of motor neurons in selected DLMs, which was
significantly reinstated with down-regulation of Pten in disease background (Fig. 3I-J, M-N). Similarly, anti-
Futsch (22C10) staining showed branching defects of motor neurons in Htt138Q and improvement by co-
expression of Pten.RNAIi (compare Fig. S3C and D, also see E and F). These observations suggest that the

knockdown of Pten has a protective role and restricts motor neuron degeneration in mutant Htt-expressing flies.

A Dorsal B 20x magnification

T \ j
[

/ A%
Ly N L N\ pogtei
e NN 2\ ey
\ VN — )
v /4 )
Ventral
Dorsal longitudinal muscles (DLMs)

Sday old

[ Elav-Gal4

Il Elav-Gal4;UAS-Pten.RNAI
[ Elav-Gal4:UAS-Htt93Q
[T Elav-Gal4:UAS-Htt93Q;

UAS-Pten.RNAi
[ Elav-Gal4:UAS-Htt138Q.mRFP

[ Elav-Gal4:Htt138Q.mRFP;
UAS-Pten.RNAI

Elav-Gal4
Elav-Gal4

-
o
o

75

N
(4]

Numer of triple points /

Elav-Gal4;

Elav-Gal4:UAS-Htt93Q  UAS-Pten.RNAi

Branch number/ 1.0x10* pm?
(4
=)

Elav-Gal4;UAS-
Pten.RNAi

o

Genotypes Genotypes

100+ *kkk 50 ek %

Elav-Gal4:UAS-Htt
138Q.mRFP

Numer of triple points /

Branch number/ 1.0x10* pm?

Elav-Gal4:UAS-Htt

z
=
o«
<
o
e
@\
<
2
A
w
o )
£

Genotypes Genotypes

Elav-Gal4:UAS-Htt138Q.

7
=
o

c
2
a.
"
<
2
(]
e
o

Fig. 3: Pten knockdown rescued the mutant Htt-mediated degeneration of synaptic structure in thoracic
muscles (A) Schematic representation of dorsal longitudinal muscle (DLM) along with the typical representation

of neuromuscular junctions (NMJs) of hemithorax of the adult fly. (B) 20X magnified image of muscle segments
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and NMJs which were stained with horseradish peroxidase (HRP). (C-J) HRP stained NMJs of 5-day-old flies. (C
and G) Elav-Gal4; (D and H) UAS-Pten.RNAi shows well-arranged branching of motor neurons in DLMs (E and
1) Expression of Htt93Q and Htt138Q resulted in degeneration and loss of branching of motor neurons (Arrows
represent the point of synaptic degeneration. (Fand J) Pten.RNAI restored the branching pattern in diseased
Htt93Q and Htt138Q flies. (K-L) The bar graph shows the quantification of the branching number and triple points
in the fixed ROl area in each Htt93Q fly. (M-N) Similar results were seen in Htt138Q flies. Student's t-test, error
bars represent meant SE (hs= non-significant, ns P>0.05, **P<0.01, ***P<0.001, ****P<0.0001). Green: HRP
(C-F), Red: HRP (G-J). Scale bar (C-J): 10um.

Pten knockdown reduces the poly(Q) aggregates.

The accumulation of protein aggregates in the HD brain is a prominent hallmark of HD pathogenesis and to date,
most suppressors of poly(Q) toxicity have been shown to aid in clearing these protein aggregates. We next
investigated whether the reduction in poly(Q) phenotypes in flies is due to changes in the level of poly(Q)
aggregates. First, we checked the status of aggregates in adult eyes. The Htt138Q is tagged with RFP which allows

observation of the poly(Q) aggregates under the fluorescence microscope (Fig. 4A-D).

5 days adult flies of desired genotypes were decapitated, and the entire head was mounted on a glass slide and
observed under fluorescence microscopes. In comparison to GMR-Gal4 and GMR-Gal4; Pten.RNAi (Fig. 4A B)
which showed no RFP level, while Htt138Q.mRFP-expressing flies exhibited a significantly enhanced level of
fluorescence intensity in the form of puncta which was significantly reduced by the expression of Pten.RNAi
(compare Fig. 5C and D). To restrict the expression of mutant Htt protein adult fly and observe the changes in the
formation of aggregates progressively, we employed Or47b-Gal4 which is expressed in the specific antennal lobe.
The expression of Or47b-Gal4 was minimal during the early stage, it started expressing after the flies were eclosed
from the pupal stage [42]. At the age of 2 days post eclosion, as compared to the controls, the Htt138Q expressing
flies showed the formation of aggregates (Fig. 4G, S4A-B). However, in Pten.RNAi expressing flies the diffuse
Htt expression was observed, and the number of aggregates was significantly reduced (Fig. 4H). At 20 days, as
compared to the control the number of aggregates substantially increased in Htt138Q expressing flies while
knockdown of Pten significantly restricted the enhancement of aggregate formation even in 20-day-old flies (Fig.
41 -K, S4C-D).
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Fig. 4. Pten knockdown reduces Htt aggregates in the eye and antennal lobe. (A-D) Adult eye images. (C)
HttQ138.mRFP flies showed aggregates in 5-day-old adult flies. (D) Downregulation of Pten significantly reduces
the level of Huntingtin protein aggregates. (E) Bar graph showing mean fluorescence intensity of Htt protein
aggregates. (F) Schematic representation of the Drosophila brain showing the antennal lobe and its expression
pattern of odorant receptor 47b specific Or47b-GAL4. Antenatal lobe stained by Disc large (Dlg-1) and
Htt138Q.mRFP aggregates. (G-H) 2-day old Htt138Q.mRFP-expressing flies showed poly(Q) aggregates which
were significantly reduced in number by the knockdown of Pten. (1-J) The level of poly(Q) aggregates gets more
aggravated in 20-day-old flies which was significantly reduced upon downregulation of Pten. (K) Box plot
showing poly (Q) aggregates at 2-day and 20-day-old flies of each genotype. Error bars represent meant SE (ns=
non-significant, ns P>0.05, ***P<0.001, ****P<0.0001). Green: DIg1; Red: Htt138Q.RFP. Scale bar: 50um.

Downregulation of Pten restrict cell death in HD disease model.

We next investigated whether reduced levels of Pten level alleviate Htt-mediated apoptosis corresponding with
the reduction in aggregates. The level of activated death caspase was examined using cleaved Drosophila death

caspase 1 (Dcp-1) antibody in the larval and pupal eye disc. The basal level of Dcp-1 staining was observed in the
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pupal eye disc of control flies (Fig. 5A-B). Increased apoptosis was observed in the pupal eye disc of Htt93Q flies
as shown by increased Dcp-1 staining (Fig. 5C). Reduction in Pupal eye cell death was demonstrated by a
significant reduction in Dcp-1 positive cells in comparison to diseased tissue (arrow in Fig. 5A-D; also see N).
The above results were substantiated further in other diseased lines with Htt138Q repeats. In comparison to GMR-
Gal4, Htt138Q expressing eye disc tissue at the larval stage also displayed an enhanced level of Dcp-1 positive
puncta (compare Fig. 5E with G; also see J). Notably, the downregulation of Pten (compare Fig. 5G-H) caused a
significant reduction in the abundance of Dcp-1 positive signal. The above observations demonstrate that the
downregulation of Pten provides neuroprotection by restricting the Htt-mediated apoptosis in the Drosophila
model.
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Fig. 5. Pten knockdown suppresses cell death induced by mutant Htt protein.

(A-J) Larval and pupal eye discs stained for anti-cleaved Drosophila death caspasel (Dcp-1). (A-D) At the pupal
stage, control flies showed basal levels of Dcp-1 positive cells while Htt93Q flies have a significantly enhanced
level of cell death which is reduced upon downregulation of Pten. (E-H) Similarly, Htt138Q.mRFP flies represent
a heightened level of cell death which is significantly reduced by knockdown of Pten. (I) Graph showing the
average number of Dcp-1 puncta per 100 um? of the pupal eye disc. (J) The graph represents the average Dcp-1
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positive cells in the larval eye disc. Student’s t-test, error bars represent meant SE (ns= non-significant,
***p<0.001, ****P<0.0001). Red- (A-D) Dcp-1; Blue: DAPI; Green: Dcp-1 (E-H). Scale bar: (A-D) 10um, (E-
H) 50um.

Inhibitor of Ptenimproves the aggregates and behavior:

PTEN, as a neuromodulator, can be effectively downregulated using targeted drugs. PTEN inhibitors including
VO-OHpic, bpV (Phen), bpV(pic), and SF160 were identified to be specific and effective (Spinelli et al., 2015).
VO-OHpic, a potent PTEN inhibitor, has been shown to effectively inhibit Pten in Drosophila [37, 43] We sought
to identify the optimum concentration of the inhibitor that will inhibit PTEN and reduce the poly(Q) aggregates.

In our dosage screening with HttQ138.mRFP, 30uM and 50uM inhibitor concentrations were identified to be
effective in reducing HttQ138.mRFP induced aggregates level (Fig. S5A-C). Independent sets of HttQ138.mRFP-
expressing flies at the embryonic stage were allowed to hatch and develop on 30 and 50uM VO-OHic
supplemented food. RFP intensity of the 3rd instar larval eye tissues revealed a remarkable reduction in the
abundance of poly(Q) aggregates in the groups fed on both 30uM (Fig. S5B) and 50uM PTENI (Fig. S5C, 6B),
compared to the DMSO control group (Fig. 6B). These results demonstrated that the identified PTENI
administration could efficiently reduce the abundance of poly(Q) aggregates in HD models of Drosophila.
Moreover, the flies have reduced cell death in the eye disc (Fig. 6B-C, n=10). Furthermore, the climbing ability
of flies fed with PTEN inhibitor showed a significant improvement (Fig. 6D, S6. Video).

Furthermore, to fortify our findings and to investigate the possible effect of the PTEN inhibitor on lowering the
poly(Q) aggregates; we followed the paradigm of co-treating the Mouse neuroblastoma NZ2a cells with PonA
(induction) and VO-OHpic (PTEN:I) as described in the schematic figure (Fig. 6E, n=3 replicates). We checked
for the EGFP puncta per cell as an indirect way of measuring the mHtt aggregates. Similarly, we observed a
significant reduction of the puncta per cell in the PTENi-treated conditions, as compared to the inducible control
(1C) (only PonA) (Fig. 6F). We also looked for the fluorescence intensity of the EGFP aggregates and the area of
the EGFP puncta to understand whether by inhibiting PTEN, there were any significant changes in the intensity
of the poly(Q) aggregates (Fig. 6G). We discovered that the VO-OHic-treated cells showed no changes in the
intensity and the size of the puncta. To confirm the observation from the fluorescence imaging, we looked for the
GFP protein aggregates level to again surrogate measure the protein content of mHtt protein aggregates present
in the cell. We found a reduction in the protein aggregates in 50nM of VO-OHic. (Fig.6 H, ). These results suggest
that even in cellular conditions the PTEN inhibition may somehow play an active role in altering the mutant

aggregate protein level by an unknown mechanism.
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Fig. 6. PTEN inhibitor, VO-OHpic (referred to as PTENI), reduces mutant Htt aggregation and cell
death.

(A) Schematic representation of drug feeding method to Htt expressing flies. (B) 50uM, VO-OHpic treatment
reduces Htt aggregation and cell death in compared to DMSO-fed flies. (C) Bar Graph representing the reduction
of Htt aggregates and Dcp-I positive cells in Htt138Q.mRFP files. Student's t-test, error bars represent mean+ SE
(ns= non-significant, ****P<0.0001). (D)VO-OHpic flies show improvement in their climbing efficiency
compared to DMSO-treated Elav-Gal4/UAS-Htt138Q.mRFP flies at 2-, 3-, 4- and 5-day aging. One-way
ANOVA, error bars represent mean+ SE (*P<0.05, ***P<0.001). Green: Dcp-I, Red: Htt138Q.mRFP and Blue:
DAPI.
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(E) 24-hour Treatment protocol for experiments and at the end of the treatment, cells were scraped for protein
isolation and fixed for imaging and representative fluorescence images indicating reduction of poly(Q) aggregates
by PTEN inhibitor. (F) Quantification of percentage in the change in Poly(Q) aggregate. (G) Quantification of
percentage in the change in intensity. (H) Representatives immunoblot of PTEN inhibitor (w.r.t. IC) and (1)
Quantification of the immunoblot showing a reduction in band intensity across the treatment (n=3). (All graphs
represented in Mean £ SEM, p values <0.05 considered as statistically significant). Green: Poly(Q) aggregate,
Blue: DAPI.

Discussion:

Huntington's disease is a neurodegenerative condition triggered by the abnormal expansion of polyglutamine
poly(Q) repeats of the Huntingtin protein. These poly(Q) aggregates instigate widespread cell death within certain
brain regions [44]. In animal models, overexpression of mutant poly(Q) proteins causes apoptosis in the eye and
brain region [44-46]. Several growth hormone signaling defects have been implicated in Huntington's disease. For
example, mutant Htt protein alters the distribution of EGFR and inhibits ERK signaling [47]. Similarly, in
Drosophila, expanded poly(Q) repeat prevented EGFR signaling and prevented phosphorylation of ERK [48].
Furthermore, Insulin-like growth factor peptide 1 (IGF1), which activates the insulin signaling pathway by binding
to the insulin receptor (a receptor tyrosine kinase), is consistently diminished in animal models and HD patients
[49]. Interestingly, in mouse models, intranasal administration of IGF1 has demonstrated the potential to enhance
motor function [50]. Furthermore, the administration of Insulin-like growth factor 2 (IGF2) has been shown to
reduce poly(Q) aggregates in a mouse model of Huntington's disease, offering a potential therapeutic avenue [51].
Moreover, administration of FGF has been shown to improve cell survival in Huntington’s disease model [52].
Interestingly, the molecular signaling through EGFR, FGFR, and IGF are regulated by AKT and PTEN is pivotal
in the regulation of downstream PI3K/AKT, and loss of its activity causes activation of AKT signaling[53-55].
Since PTEN is a common signaling molecule in the various growth signaling pathways, we hypothesize that PTEN
could be a potential avenue for Huntington’s disease therapeutics. In this study, we investigated whether
modulating the expression of Pten could ameliorate Huntington's disease phenotype in the Drosophila model
system and Huntington’s disease-induced 150Q repeats N2a cell line. Our study demonstrated that the knockdown
of Pten improved the rough eye phenotype and loss of photoreceptor neurons caused by overexpression of Htt93Q
and Htt138Q in Drosophila models. In addition, knockdown of Pten improved the morphology of the mushroom
body which was truncated by mutant Htt proteins. Notably, the morphological improvement was translated into
functional improvement as the flies expressing Pten.RNAi with mutant Htt have significantly improved visibility,

motor ability, and longevity.

Moreover, pathogenic markers of HD such as accumulation of poly(Q) aggregates were significantly reduced
indicating the involvement of the proteasomal or autophagic clearance pathways via Pten downregulation. Hence,
these pathways deserve further investigation in subsequent studies. Since Pten is a tumor suppressor, a negative
regulator of Pi3K/Akt signaling involved in tissue growth [56], we hypothesize that the knockdown of Pten

possibly provided neuroprotection in HD models by reducing the mutant Htt-induced cell death. As expected, the
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downregulation of Pten reduced the cell death induced by mutant Htt. Our finding from the Drosophila model

suggests that PTEN downregulation has potential therapeutic application for HD.

Interestingly, studies have demonstrated that the administration of PTEN inhibitors improved neurodegenerative
disease models. In the Alzheimer's disease (AD) mouse model, the administration of PTEN inhibitor, VO-OHpic,
improved cognitive deficits, and Long-term potentiation (LTP) in hippocampal neurons [57]. Similarly, inhibition
of PTEN provided neuroprotection against axon injury and improved regeneration of axons [58]. Even in the
Amyotrophic Lateral Sclerosis disease (ALS) mouse model, inhibition of PTEN improved the survival of motor
neurons by improving the neuromuscular junction [59]. With the same rationale, we tested the therapeutic
applicability of Pten by feeding the HD fly model with a PTEN inhibitor. In our case, we selected VO-OHpic as
a potent inhibitor of PTEN in vivo and in vitro [43]. We administered the VO-OHpic (Pten inhibitor) by
incorporating the drug into Drosophila food media and allowed the fly to develop. Flies with Huntington's disease,
when fed with the drug-incorporated food, exhibited a notable decrease in aggregate and apoptotic marker levels.
Similarly, in the neuronal cell model of HD, VO-OHpic administration significantly reduced the aggregate levels.
The reduction of HD markers was also translated into functional improvement as PTEN inhibitor-fed flies
exhibited improved climbing ability compared to the flies fed with normal media. Mechanistically, inhibition of
PTEN could be altering the defects caused by mutant Huntingtin in PISBK/AKT signaling. Given that AKT
signaling serves as a metabolic regulator of Insulin signaling and glucose metabolism pathways, further
exploration into the metabolic aspects of this signaling holds promise for future investigations. In HD patients the
uptake of glucose is reduced in the brain, and it is interesting to note that metabolic and transcriptomic analysis
have demonstrated changes in glucose metabolism and altered gene expression of genes involved in glucose
transport [60-62]. Overexpression of the Glucose transporter ameliorated the HD phenotype in the Drosophila
model [63]. Considering the studies mentioned above, it is highly possible that inhibition of PTEN activated AKT
signaling which in turn improved the glucose uptake and suppressed the neuronal cell death. To summarize, our
study suggests that Pten is neuroprotective against mutant Htt by reducing the aggregate and ameliorating the
survival of neuronal cells (Fig. 7). Our findings highlight the remarkable potential of PTEN inhibition as a
promising avenue for advancing therapeutics in Huntington's disease. Thereby offering renewed hope for those

affected by this debilitating condition.
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Fig. 7. A Schematic model showing how Pten knockdown reduces poly(Q) toxicity. Mutant Huntingtin protein
forms poly(Q) aggregates which induces neuronal apoptosis. Reduction of Pten expression restricts aggregate

formation, reduces cell death, and promotes the survival of the neuron.
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