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Huntington’s disease is caused by an expansion of CAG repeats in exon 1 of the huntingtin gene
encoding an extended PolyQ tract within the Huntingtin protein (mHtt). This expansion results in
selective degeneration of striatal medium spiny projection neurons in the basal ganglia. The
mutation causes abnormalities during neurodevelopment in human and mouse models. Here, we
report that mHtt/PolyQ aggregates inhibit the cell cycle in the Drosophila brain during devel-
opment. PolyQ aggregates disrupt the nuclear pore complexes of the cells preventing the trans-
location of cell cycle proteins such as Cyclin E, E2F and PCNA from cytoplasm to the nucleus, thus
affecting cell cycle progression. PolyQ aggregates also disrupt the nuclear pore complex and
nuclear import in mHtt expressing mammalian CAD neurons. PolyQ toxicity and cell cycle defects
can be restored by enhancing RanGAP-mediated nuclear import, suggesting a potential thera-
peutic approach for this disease.

1. Introduction

The central nervous system is considered as the major site of PolyQ pathogenesis, with patients suffering from a wide variety of
symptoms including movement abnormalities, cognitive impairment, and spectrum of psychiatric disturbances. Earlier studies have
shown the presence of varying levels of huntingtin (htt) transcripts throughout the brain, heart, placenta, lung, liver, testes, muscle,
kidney, and pancreas [1,2]. This protein is involved in cell signaling, intracellular transport, roles in axonal trafficking, gene regu-
lation, and cell survival [1-5]. Molecular mechanisms that attempt to explain how the expression of abnormal polyglutamine proteins
leads to cellular dysfunction include transcriptional dysregulation, mitochondrial dysfunction, inflammation, excitotoxicity and
failure of ubiquitin-proteasome system and autophagy [6]. The expansion of CAG repeats in the huntingtin gene disrupts the nucle-
ocytoplasmic transport of proteins and RNAs in iPS-derived neurons and postmortem brain of Huntington’s patients [7]. Most of the
studies are focused on examining the effect of mutant Huntingtin protein in neuronal cells in adults; however, the effect of toxicity of
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mutant Huntingtin in brain development has largely been ignored. Abnormalities in brain development have led to altered neuronal
homeostasis and enhanced cellular vulnerability to late life stressors. Penney et al. reported that huntingtin mutations affect striatal
neurogenesis at birth [8]. R6/2 transgenic Huntington’s disease mice shows decreased hippocampal cell proliferation [9,10]. A recent
study has shown that Huntington’s disease is in fact a disease of neurodevelopment in humans [11]. However, it is not known how
mHTT affects the early development of the brain in humans.

Cell cycle is essential for many key processes that occur in a spatiotemporal manner during development and tissue renewal.
Nucleocytoplasmic trafficking of cell cycle proteins determines their abilities to regulate the cell cycle, and their concentration varies
dramatically during development as cells differentiate into specific cell fates [12,13]. The shuttling of Cyclin A and Cyclin E between
cytoplasm and nucleus is fundamentally important for cell cycle regulation [14]. The Ras-related nuclear protein (Ran) is cardinal for
cell cycle events and plays a key role in the nucleocytoplasmic transport of cell cycle proteins [15,16].

The nuclear pore complex (NPC) is composed of multiple copies of nuclear pore proteins (also known as nucleoporins or Nups) and
is one of the largest and most complex protein structures in the cells. NPCs are involved in nucleocytoplasmic transport, cell cycle, gene
regulation, and other cellular processes [17]. A key function of NPC is to mediate the selective transport of macromolecules between
nucleus and cytoplasm, where phenylalanine-glycine (FG)-repeat-containing segments in Nups form a diffusion barrier that blocks the
free transport of particles larger than ~5 nm [18-20]. Nuclear transport receptors (NTRs) bind to FG-repeat-containing segments in
nucleoporins and cargo for the selective transport of macromolecules [18,20]. Together, NPCs are extremely long-lived protein
complexes that show structural abnormalities and decay in post-mitotic neurons in aging [21-24].

In the present study, we examined the effect of mHtt in brain development in Drosophila model. We observed that mHtt/PolyQ
repeats impair brain development through inhibition of cell cycle. mHtt/PolyQ disrupts the nuclear pore complex and nuclear import
in Drosophila and mouse neuronal cells, thus disrupting the nuclear import of cell cycle regulatory proteins E2F, Cyclin E and PCNA
from the cytoplasm to the nucleus. Overexpression of RanGAP in PolyQ-expressing cells rescues mitotic cell number and suppresses
PolyQ toxicity. This study indicates that mHtt/PolyQ aggregates impair brain development through the inhibition of cell cycle by
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Fig. 1. Overexpression of mHtt/PolyQ repeats inhibit the cell division during development. (A) BrdU (5-bromo-2'-deoxyuridine) staining was done
to identify the DNA replicating cells in third instar brain and detected with an anti-BrdU antibody in brain tissue of ELAV-GAL4/WT (control), ELAV-
GAL4>UAS-127Q, ELAV-GAL4>UAS-Htt128 genotypes. (Scale bar is 20 pm, n = 20 brains). (B) PH3 staining was done to see the mitotic cell
numbers during brain development in ELAV-GAL4/WT (control), ELAV-GAL4>UAS-127Q, ELAV-GAL4>UAS-Htt128 genotypes (Scale bar in a
denotes 20 pm). (C) Histogram representing number of DNA replicating (PH3 positive) cells per brain lobe UAS-127Q, UAS-Htt128 using ELAV-
GAL4 and control conditions (one-way ANOVA (followed by Tukey’s test); n = 20 brain per genotype). (D) PH3 staining (green) was done in
eye imaginal discs to see the mitotic cells in mentioned genotypes (Scale bar 50 pm); blue represents DAPI. (E) Histogram showing number of mitotic
cells per eye imaginal disc in mentioned genotypes (one-way ANOVA (followed by Tukey’s test); n = 20 brain per genotype). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. mHtt/PolyQ repeats inhibit nuclear import of cell cycle proteins. (A) Immunofluorescence staining of PCNA (green) with DAPI in following
genotypes (c42-GAL4/WT, c42-GAL4>UAS-127Q) in Drosophila larval salivary gland (scale bar denotes 50 pm). (B) Quantification of PCNA
immunofluorescence for A, Data are reported as mean + SEM (mean + SEM, Unpaired t-test; n = 24 cells). (C) Representative confocal image
showing E2F1 staining (green) with DAPI of larval salivary gland of genotypes mentioned above of each panel (scale bar: 20 ym). (D) Quantification
of E2F1 immunofluorescence in (C), data are reported as mean + SEM (Unpaired t-test, n = 24 cells). (E) Images showing the staining of Cyclin E
(Red) with DAPI of salivary glands in mentioned genotypes (Scale bar in image denotes 50 pm). (F) Quantification of Cyclin E fluorescence intensity
in (E), data shows mean + SEM (Unpaired t-test; ****P < 0.0001, n = 24 cells). (G) Western blot of E2F1 and PCNA of salivary gland and larval
brain of c42-GAL4/WT (control), c42-GAL4 > UAS-127Q and ELAV-GAL4/WT (control), ELAV-GAL4 > UAS-127Q, ELAV-GAL4 > UAS-Htt128
genotypes, respectively. The uncropped and raw blots are shown in Supplementary Fig. 4. (H and I) Quantification of E2F1 and PCNA from
Western blot in (G). Data are presented as mean + SEM (One-way ANOVA, Sidak’s multiple comparisons are used for analysis, n = 3). (For
i‘nterpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

disrupting nuclear import of cell cycle proteins.
2. Results
2.1. mHtt/PolyQ repeats reduce the mitotic cell number during neurodevelopment

Several studies have reported the alterations in neurogenesis in animal models and patients of various neurodegenerative condi-
tions including Alzheimer’s, Parkinson’s, and Huntington’s diseases [9,10,25-27]. Barnat et al. reported that mutant Huntingtin
impairs human neurodevelopment [11]. Here, we use Drosophila models to understand the effect of mutant Huntingtin on neuro-
genesis. Cell division was measured by incorporation of the thymidine analog, BrdU into newly synthesized DNA during replication in
Drosophila larval brains followed by staining with anti-BrdU antibody. To examine the effect of PolyQ aggregates on cell division in the
Drosophila brain, PolyQ repeats (UAS-127Q) were expressed using the neuron-specific Elav-Gal4 driver. Furthermore, findings were
verified by expressing human exon 1 of the Huntingtin gene harbouring the 128Q repeat expansion (UAS-Htt128Q). Overexpression of
PolyQ repeats and Htt128 reduces cell division as compared to the control (ELAV-GAL4/+) driver alone (Fig. 1A). BrdU staining
showed ~40% reduction in mitotic cell number with expression of PolyQ repeats and Htt128Q in neurons as compared to control. This
was further corroborated using an anti-PH3 antibody against phosphohistone 3 which marks mitosis during the G2 stage (Fig. 1B and
Q).

PolyQ repeats were also expressed in the eye imaginal disc using GMR-GAL4 driver to observe the effect on cell division. Eye
imaginal discs are well-accepted and appropriate for neuronal cell studies, as they are redundant for life. GMR-GAL4 drives the
expression of transgenes posterior to morphogenetic furrow in developing eye imaginal discs. We found that overexpression of PolyQ
repeats and Htt128Q reduces cell division in eye imaginal disc of third instar larva (Fig. 1D and E). Reduced staining of BRDU and PH3
in brain and eye imaginal discs indicates that PolyQ repeats and Htt128 impaired cell division.

2.2. PolyQ repeats inhibit the cell cycle by disrupting the nuclear import of cell cycle proteins

To further understand the mechanism for reduced DNA replication in the brain following the expression of PolyQ repeats, we
selected salivary glands (SGs) of Drosophila for further experiments, as they have large cell size and follow a highly regulated pattern of
endo-replication cycles [28]. Polytene results in increased DNA content and polyploidy. Expression of expanded PolyQ repeats in
salivary glands resulted in a marked reduction in the size of glands. The reduction of SGs could be due to two non-mutually exclusive
causes, reduced cell number or reduced cell size. We first counted the number of SG cells stained with DAPI and found no statistical
difference in the number of cells between SGs expressing PolyQ and wild type (Fig. STA and S1B). Next, the size of the cells and nuclei
were measured, and the size of nucleus was significantly reduced in comparison to wild-type (Fig. SIA-S1E). The reduction in the size
of the nucleus was also significant as compared to repeat size of 20Q (Fig. S1C). We measured the DNA content by DAPI staining and it
was found to be reduced in SGs expressing PolyQ repeats as compared to wild type (Fig. S1D). These results suggest that PolyQ ag-
gregates could be affecting DNA replication. The size of the cells increases with each round of endoreplication, with the largest cells
having undergone the most rounds of replication [29]. This relationship between cell size and the number of rounds of endoreplication
is highly regulated.

We next looked at the protein expression and localization of cell cycle regulatory proteins. The proliferating cell nuclear antigen
(PCNA) protein is a key regulator of DNA replication and repair. PCNA processes the DNA polymerase § in eukaryotic cells and is
involved in chromatin reorganization, DNA repair, sister-chromatid cohesion, and cell cycle regulation. PCNA was found to be
localized in the nucleus as well as cytoplasm in wild type SGs, however in SGs expressing PolyQ repeats, PCNA was present only in the
cytoplasm (Fig. 2A and B). Next, we examined the localization of E2F1, which is a critical transcription factor for the cell cycle and is
required for Cyclin E expression at the G1-S phase transition [30]. Similar to PCNA, E2F1 was localized in the nucleus as well as
cytoplasm in wild-type SGs, whereas overexpression of expanded PolyQ repeats restricts E2F1 to the cytoplasm (Fig. 2C and D). In
addition, Cyclin E levels were also examined, as it regulates cell cycle progression by translocating to the nucleus and activating Cdk 2
which controls genes for G1-S phase transition. Cyclin E also shows the same distribution pattern as PCNA and E2F in wild-type and in
PolyQ repeat-expressing cells; Cyclin E localization to the nucleus is impaired, and it is only present in the cytoplasm (Fig. 2E and F). To
check if along with localization, there is a quantitative difference in the levels of these factors, we performed Western blot analysis for
E2F and PCNA in the salivary glands and brain. No significant difference in the levels of E2F or PCNA was observed in PolyQ- or
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Htt128Q-expressing salivary glands or brains (Fig. 2G-I), suggesting that expanded PolyQ restricts the translocation of cell cycle
determinants from the cytoplasm to the nucleus in the salivary gland, rather than affecting their protein level.

2.3. mHtt/PolyQ repeats disrupt nucleocytoplasmic transport

The above results suggest that nucleocytoplasmic transport is impaired, and to confirm this hypothesis, we analyzed the locali-
zation of a nucleocytoplasmic shuttling reporter NLS-NES-GFP in which GFP is tagged with both a NLS (nuclear localization signal) and
NES (nuclear export signal) (Fig. 3A and B). In control SG cells, NLS-NES-GFP localizes to the both nucleus and cytoplasm, whereas in
cells expressing PolyQ repeats or Htt128Q localizes predominantly in the cytoplasm confirming that nuclear import of NLS-NES-GFP is
inhibited in these cells. This observation was verified under conditions of reduced number of polyQ repeats, UAS-20Q. The pattern was
same as control with distribution of the reporter in both cytoplasm and nucleus, suggesting that the mHTT could be responsible for this
erroneous distribution of cell cycle factors. We also found mis-localization of NLS-NES-GFP in motor neurons of the ventral nerve cord
(VNQ) in larval brains expressing PolyQ repeats or Htt128Q (Fig. 3C and D), indicating that the PolyQ repeats and mHtt128Q affects
nucleocytoplasmic transport in Drosophila neurons during development. These results show that PolyQ repeats and Htt128Q reduce
nuclear import in Drosophila cells in vivo.
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Fig. 3. mHtt/PolyQ repeats inhibit the nuclear imports. (A) NLS-NES-GFP (green) in larval salivary glands of OK371-GAL4/UAS-LacZ (control),
OK371-GAL4 > UAS-20Q, OK371-GAL4 > UAS-127Q, and OK371-GAL4 > UAS-Htt128Q genotypes. DAPI (blue) stains the nucleus and scale bar in
image denotes 10 pm. (B) Quantification of the nuclear NLS-NES-GFP in salivary gland cell in (A) (One-way ANOVA, Tukey’s multiple comparisons
test, n = 20 cells). (C) Expression of NLS-NES-GFP (green) in motor neuron of larval ventral nerve card in mentioned genotypes. DAPI (blue) stains
the nucleus and scale bar in image denotes 5 pm. (D) Quantification of the nuclear NLS-NES-GFP in motor neuron in (C) (One-way ANOVA, Tukey’s
multiple comparisons test, n = 20 cells). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 4. Nuclear pore complex is disrupted in mHtt/PolyQ repeats expressing cells. (A and B) Larval salivary gland labeled with indicated antibodies
recognizing FG-Nucleoporins (MAB414-green) and Megator (red) with DAPI (blue) in following genotypes: c42-GAL4/WT (control), c42-
GAL4>UAS-127Q (Scale bar in image denotes 5 pm, n = 24 cells). (C) Quantification of FG-Nucleoporins and Megator in (A) and (B) (Unpaired t-
test; n = 24 cells). (D) Expansion microscopy image shows MAB414 (Red), Nup214 and DAPI in neuron of ELAV-GAL4/WT and ELAV-GAL4>UAS-
127Q (Scale bar is 2 pm). (E) Quantification of FG-Nucleoporins and Nup214 in (D) (Unpaired t-test; n = 24 cells). (F) Western blot of salivary gland
of c42-GAL4/WT (control), c42-GAL4>UAS-127Q and c42-GAL4>UAS-Htt128Q. The uncropped and raw blots are shown in supplementary Fig. S4.
(G) Quantification of Megator from Western blot in (F) (One-way ANOVA (Tukey’s multiple comparisons test), n = 20 cells). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. mHtt disrupts the nuclear import and nuclear pore complex in mouse CAD neurons. (A) CAD cells expressing (NLS-NES)S-tdTomato (Red);
which shuttles between nucleus and cytoplasm and DAPI (blue) stains the nucleus. pEGFP-Htt74Q (Green) showing the mHtt aggregates in
transfected cells, which inhibit the import of S-tdTomato from cytoplasm to nucleus (Scale bar is 2 pm). (B) Quantification of the nuclear S-tdTomato
in (A) (Unpaired t-test; ****P < 0.0001, n = 24). (C) Optical section of MAB414 (Red) staining showing the nuclear pore complex in CAD neuron.
PEGFP-Htt74Q (Green) transfected cells showed the disrupted pattern of nuclear pore complex and mis-localized to cytoplasm. (Scale bar is 2 pm).
(D) Quantification of the cytoplasmic puncta of MAB414 in (C) (Unpaired t-test; ****P < 0.0001, n = 24). (E) Immunofluorescence staining shows
PCNA (red) with mHtt (green) with DAPI (nucleus) in following conditions (scale bar denotes 2 pm). (F) Quantification of PCNA fluorescence
intensity of CAD neuronal cells in E, Data shows mean + SEM (Unpaired t-test; n = 24). (For interpretation of the references to color in this figure
lfgend, the reader is referred to the Web version of this article.)
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2.4. mHtt/PolyQ repeats disrupt nuclear pore complex integrity in Drosophila

The nuclear membrane is a double membrane lipid bilayer which encloses the nuclear content and allows selective nucleocyto-
plasmic transport of cellular materials between the cytoplasm and nucleus. The above observation that mHtt/PolyQ repeats affect the
nuclear import of cell cycle proteins from the cytoplasm to the nucleus suggested the possibility of defective nuclear pore complexes.
We examined the nuclear pore complex (NPC) by immunostaining with Mab414 antibody, which binds to the conserved FG-repeat
containing nucleoporins (Nups) within the nuclear pore complex including Nup62, Nup107 and Nup152 and other Nups [31,32].
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Fig. 6. RanGAP restores the mitotic cell number and suppresses the PolyQ toxicity. (A) PH3 staining (Green) showing the mitotic cell in eye
imaginal discs in mentioned genotypes. (Scale bar in image denotes 20 pm). (B) In histogram, PH3-positive cells were counted in per eye imaginal
disc in control condition, PolyQ repeats and overexpressing RanGAP in PolyQ repeats background, using GMR-GAL4. (Tukey’s multiple comparisons
test, n = 20). (C) Photomicrograph images of adult fly eye in GMR-GAL4/WT (control), GMR-GAL4>UAS-127Q, GMR-GAL4>UAS-127Q/UAS-
RANGAP and GMR-GAL4>UAS-127Q/UAS-RANGAP-RNAI. (scale bar-100 pm). (D) Quantification of external eye phenotype in (C). Data shows
mean + SEM (One-way ANOVA (Sidak’s multiple comparisons), n > 25 adults). (E) The NMJ terminals of the mentioned genotypes immunostained
with anti-horseradish peroxidase (HRP) antibody in larvae (OK-371-GAL4/WT, OK-371-GAL4 > UAS-127Q, OK-371-GAL4 > UAS-127Q/UAS-
RANGAP and OK371-GAL4 > UAS-127Q/UAS-RANGAP-RNAI). The scale bar is 10 pm. (F) The quantification shows total number of boutons
per muscle area on muscle 6/7 of A3 in the above-mentioned genotypes (E) (One-way ANOVA (Sidak’s multiple comparisons), n > 25 adults). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In wild type SGs, NPCs were observed homogeneously distributed on the nuclear membrane (Fig. 4A), while localization of NPCs is
nonuniform and reduced in PolyQ expressing-SGs (Fig. 4A and C). We next examined the expression of Megator, as it is also a
component of the NPC, and in addition to a role in nucleocytoplasmic transport also plays role in chromosomal organization, mitosis,
mRNA transport and gene expression regulation [33,34]. In wild-type nuclei, Megator was present in the form of a rim along the
nuclear periphery as well as in the nuclear matrix (Fig. 4B). However, in PolyQ-expressing salivary glands, Megator expression is
significantly reduced, and the rim pattern is completely abolished (Fig. 4B and C). These results suggest that PolyQ aggregates might be
disrupting the integrity of nuclear pore complexes in the salivary glands.

To confirm if this disruption is specific to a particular tissue type, we repeated the same experiments in neurons of the larval brain
(Fig. 4D and E). Similar to our observations in salivary glands, the localization of Nups also appears to be disrupted and reduced in
neurons. We also confirmed downregulation of Megator in PolyQ and Htt128Q expressing salivary gland by performing Western blot
analysis (Fig. 4F and G), indicating that PolyQ repeats affect the nuclear pore complex in multiple Drosophila cell types.

2.5. mHtt disrupts the nuclear pore complex in mouse CAD neuronal cells

To determine whether findings observed in Drosophila models of Huntington’s disease also extend to mammalian models, we
analyzed nucleocytoplasmic transport in cultured mammalian neurons. Mouse neuroblastoma CAD (Cath. a-differentiated) cells, a cell
line with similar morphology to primary neurons, were used to overexpress a mHuntingtin protein containing 74 PolyQ repeats
(Htt74Q). We transfected cells with shuttle-tdTomato, which shuttles between nucleus and cytoplasm in the cell. In control cells,
shuttle-tdTomato localizes predominantly to the nucleus, whereas in cells expressing Htt74Q-GFP, it localizes primarily to the cyto-
plasm (Fig. 5A and B). Furthermore, we examined the integrity of nuclear pore complexes in huntingtin (Htt74Q) cells using MAB414
antibody, which recognises FG-repeats in the nucleoporins of NPC. In control cells, the nuclear pore complex localized precisely on the
nuclear periphery (Fig. 5C), whereas in PolyQ expressing cells, the NPCs appeared disrupted. In addition, NPCs are localized in the
cytoplasm in Htt74Q-expressing CAD neurons (Fig. 5C and D). Interestingly, we also observed that PCNA mislocalizes to the cytoplasm
in Htt74Q-expressing CAD neurons, further suggesting that PolyQ repeats inhibit import of PCNA protein (Fig. 5E and F). These data
suggest that PolyQ-mediated disruption of the NPC and nuclear import of cell cycle proteins is conserved in fly and mammalian
neurons.

2.6. Overexpression of RanGAP in neurons expressing PolyQ repeats rescues mitotic cell number and suppresses PolyQ-mediated toxicity

After confirming the impairment of nucleocytoplasmic transport of cell cycle protein in mHtt/PolyQ repeat-expressing cells, we
tested whether enhancing or downregulating nuclear import by RanGAP rescues the mitotic cell number. RanGAP protein is a master
regulator of nucleocytoplasmic transport. We observed that overexpression of RanGAP in PolyQ expressing eye imaginal discs rescues
the mitotic cell number (Fig. 6A and B), as well as the size of the cells which are the same size as control (Supplementary Fig. 3A).
Interestingly, overexpression of RanGAP also rescues the nuclear import of NLS-NES-GFP in PolyQ-expressing cells (Supplementary
Figs. 3A and 3B).

Next, we tested the effect of altering RanGAP genetically by expressing it in GMR-Gal4>UAS-127Q progeny and observing the
effect in adult eyes. The expression of expanded PolyQ repeats lead to degeneration of eyes with lack of pigmentation, necrotic patches,
improper bristles lattice, and defective eyes (Fig. 6C). We observed that overexpression of RanGAP in PolyQ-expressing eyes showed
rescue in eye pigmentation and ommatidial arrangement (Fig. 6C and D). To validate these observations, we performed the reverse
experiment and downregulated RanGAP resulted in severe eye degeneration (Fig. 6C and D).

Recent reports show that mutant Huntingtin expression causes axonal growth defects and synaptic loss during development in a
mouse model [35]. Here, overexpression of PolyQ repeats in motor neurons caused an ~50% reduction of the number of synaptic
boutons that form at the neuromuscular junction (Fig. 6E). We further tested for a genetic interaction between PolyQ repeats and
RanGAP, and we found that overexpression of RanGAP in PolyQ repeats background rescued the loss of boutons, whereas down-
regulation of RanGAP showed severe synaptic bouton degeneration as compared to PolyQ repeats condition (Fig. 6E and F). These data
suggest the importance of nucleocytoplasmic transport in PolyQ-mediated synaptic toxicity.

3. Discussion

Neurodevelopmental disorder-associated genes such as CDKL5, MECP2, and FMR1, play a role in cell proliferation and differen-
tiation, and their deficiency in neuronal stem cells causes neurodevelopmental disorders [36]. A recent study has reported that mutant
Huntingtin alters neural development in humans [11], though the mechanisms by which neurodevelopmental alterations arise in the
human CNS remain elusive. The early phase of HD may be looked as a slow progressive alterations in normal neurodevelopment that
eventually transforms into a neurodegenerative disorder and reduced neurogenesis, may be a contributor of disease progression. A
small fraction of progenitor cells undergo mitosis in HD carrier as compared to control fetuses, which suggests a subpopulation of
proliferating cells are affected. The velocities of nuclear movement in G1 and G2 are slow, causing these phases to broaden whereas the
G1/S phase transition duration was reduced in HD.

Previous studies have shown that nucleocytoplasmic transport is disrupted in late-onset neurodegenerative diseases like amyo-
trophic lateral sclerosis (ALS), Frontotemporal dementia (FTD) and Huntington’s disease [7,37-41]. Grima et al. found mislocaliza-
tion, and aggregation nucleoporins and nuclear transport factors in R6/2 mouse model, iPSC-derived neurons HD patient, and
postmortem brains [7]. They also found that a subset of nucleoporins colocalize with mHTT aggregates and colocalization increases in
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frequency and diameter with disease progression. Another study on Huntington’s disease showed that mHTT aggregates sequesters
nuclear pore components and disrupts the function of the NPC in a knock-in mouse model, expressing mutant HTT with ~190 CAG
repeats, patient iPSC neurons, and postmortem brains [42]. mHTT also disrupts nuclear envelope and causes mis-localization and
aggregation of RanGAP1 and Glel proteins. These mis-localized nucleoporins and nuclear transport factors colocalize with mutant
HTT aggregates in the nucleus, which suggests sequestration of these proteins into mutant HTT aggregates and functional depletion
mechanism.

However, it remains unclear if nucleocytoplasmic transport disruption in mHtt/PolyQ repeats per se impact neurodevelopment at
early stages of pathogenesis. In this study, we have identified that mHtt/PolyQ repeats alter the molecular and cellular cell cycle
program in the Drosophila brain by disrupting the nuclear import of cell cycle proteins during development. In this study, we observed
that defects in nucleocytoplasmic transport in mHtt/PolyQ diseases reduce mitotic division in eye imaginal discs and neuro-
development in larval stages. Molero et al. reported that development of stem cell-mediated striatal neurogenesis is impaired in
Huntington’s disease mouse model [43]. In spite of altered transcription and translational levels due to PolyQ aggregates, they do not
alter the expression of cell cycle proteins but rather affect their localization. Interestingly, we observed that nuclear import of
NLS-NES-GFP is disrupted in neurons of the Drosophila brain. Furthermore, we also found that nuclear import was disrupted in
mHtt-expressing mammalian neuronal cell culture, suggesting mHtt/PolyQ repeats inhibit nuclear import of proteins in both cellular
and Drosophila models. Using a mammalian neuronal cell model of Huntington’s disease, we provide evidence that mHtt disrupts
nucleocytoplasmic transport by disrupting the nuclear pore complex. Since mHtt inhibits the nuclear import of cell cycle proteins, it
will be interesting to examine whether mHtt also inhibits import of other pathway proteins.

In addition, we have also demonstrated that altering the levels of RanGAP (regulator of nucleocytoplasmic transport) suppresses
toxicity in the eye and synaptic loss at the neuromuscular junction. These data suggest that Drosophila and CAD neurons can be used as
models to study the mechanism whereby mHtt/PolyQ repeats cause impaired neurodevelopment, since it disrupts the nuclear pore
complex and nuclear import of key regulators of cell cycle proteins (Fig. 7). Finally, this work provides evidence linking impairments in
nucleocytoplasmic transport with neurodevelopment in Huntington’s disease. Our findings suggest that mHtt/PolyQ aggregates affect
the cell cycle by disrupting the nuclear import machinery, thereby leading to abnormalities in neurodevelopment.

4. Materials and methods
4.1. Fly stocks and culture conditions

Flies were normally maintained on standard Drosophila agar cornmeal medium at 25 °C. The following stocks were procured from
Bloomington drosophila Stock Center until mentioned: c42-GAL4 (BDSC-30835), GMR-GAL4 (BDSC-9146) UAS-127Q [44]. Bloo-
minton stocks: Oregon R™ was used as WT control. UAS-RanGAP (BDSC-22503 and 16995), RanGAP-RNAi (BDSC-29565),
OK-371-GAL4 (BDSC- 26160), UAS-NLS-NES-GFP [41], ELAV-GAL4 (BDSC-8765), UAS-Htt128Q (Littleton’s Lab, MIT).

Eye degeneration was scored based on the work by J Paul Taylor [45,46]. The eye degeneration phenotype was quantified based on
the following criteria: Drosophila eyes were looked for the changes in supernumerary inter-ommatidial bristles with disrupted
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Fig. 7. mHtt/PolyQ repeats lead to nuclear import defects and cause neurodevelopment abnormalities. In healthy cells, protein and RNA transport
through the nuclear pore complex is an extremely regulated process. In mHtt/PolyQ repeats expressing cell, the structure of nuclear pore complex is
compromised, and the transport of proteins and RNAs is no longer controlled. This impairs the import of cell cycle proteins (E2F1, CyclinE and
PCNA), further disrupting the cell cycle process.
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orientation, black necrotic patches, decrease in eye size, crumbled retina, fused ommatidia, disrupted ommatidial array and lack of
pigmentation in adult male flies. Phenotypes were scored for complete loss of inter-ommatidial bristles (+1), if there was more than 3
small or 1 large necrotic black patch in an eye (+1), retinal collapse phenotype expanded to the midline of the eye scored (+1) or
beyond (+2). ~50% loss of ommatidia scored (4-1) and >50% loss of ommatidia scored (+2). Due to loss of pigmentation resulted
change in eye color into orange (+1) or light orange/white (+2) [41,46].

4.2. Immunostaining, antibody, and confocal imaging

Imaginal discs from Drosophila eyes were dissected and fixed with 4% Paraformaldehyde prepared in 1x PBS for about 20 min.
These tissues were then washed with PBST (1XPBS, 0.1% Triton X-100). Later, tissues were blocked for 2 h in prepared blocking
solution (1x PBS, 0.1% Triton X-100, 0.1% BSA, 10% FCS, and 0.02% Thiomersal). The sample was then incubated with primary
antibody at 4 °C overnight. Tissues were then washed with 0.1% PBST (3 x 20 min each) to remove excess antibody and incubated with
secondary antibody at room temperature for 2 h. The sample was then stained with DAPI for 10 min, washed thrice with 0.1% PBST
and mounted in DABCO (Sigma).

The primary antibodies used were obtained from following resources: rabbit anti-HA (1:40, SCBT), Cyclin E (1:50, SCBT), Anti-E2f1
(1:100, gift from Robert J. Duronio), mouse Anti-PCNA (1:300, SCBT), Anti-Megator (1:20, gift from Dr. Harald Saumweber), Anti-NPC
antibody [Mab414] (Abcam, USA), guinea pig anti-Nup214 (Prof. Christos Samakovlis, Stockholm), mouse phospho-histone 3 PH3
antibody (1:800, Upstate USA Inc and EMD Millipore), FITC-conjugated anti-HRP (Jackson ImmunoResearch Laboratories) and DAPI
(1 mg/ml, Molecular Probe). Imaging was done using Zeiss LSM 510 and 800 Meta Confocal microscopes. Adobe Photoshop was used
for processing and image assembly. Zen Zeiss software was used for quantification of fluorescence intensities. The individual values are
the mean value of fluorescence intensity of the protein of area of individual cell or region.

4.3. BrdU staining

Grace’s insect medium was used to dissect the brains from 3rd instar larvae. These larvae were then incubated with 200 pg/ml BrdU
for half an hour. The sample was then fixed using 4% paraformaldehyde for 30 min and subsequently treated with 2 N HCI for 20 min.
Anti-BrdU antibody (ab6326) (1:10 dilution) was used to detect the BrDU incorporation in the larval brain followed by incubation of
sample with secondary antibody diluted 1:500 in blocking solution.

4.3.1. Expansion microscopy

Brains were processed for Expansion Microscopy after immunostaining, according to the protocol mentioned in Dubey et al., 2022
[41,47]. Immunostained brains were washed in 0.1% PBST before proceeding with steps for anchoring proteins to sample buffer with
0.1 mg/ml Acryloyl-X SE (AcX) in PBS for 12 h. The samples were then taken for gelation by adding gelling solution incubating them on
ice for 2 h before pipetting the brains onto the Gel Chamber composed of a glass slide, spacers, and a cover glass. The Gel Chamber was
then incubated at 37 °C for ~1 h. Embedded brains were then trimmed from the gel chamber upon gel solidification and submerged in
the Digestion Buffer with fresh Proteinase K (1:100) for 12 h. The brains were washed with ddH20O several times to remove excess
proteinase K. The samples were then mounted on the slide with dH20 and imaged on Zeiss LSM800 with 63x Objective.

4.4. Western blot

The protein samples were prepared from the larval brain and salivary gland (112-120 h) of the desired genotype. The brain and
salivary glands were dissected in 1x PBS and were transferred and crushed in RIPA buffer for protein extraction. Samples were de-
natured at 95 °C for 10 min, followed by centrifugation at 12000 rpm for 10 min to remove debris. Supernatant was collected and
subjected to SDS-PAGE gel. Protein was then transferred onto a PVDF membrane from SDS-PAGE gel using wet electrotransfer at 100 V
for 2 h in the cold room. The PVDF membrane was incubated in the blocking solution (5% milk in PBST) for 2 h followed by 1° antibody
incubation (antibody in 2% blocking solution) for 12 h at 4 °C. The membrane was washed in 1x TBST (3 times, in 15 min each) and
was incubated in secondary antibody for 2 h at room temperature followed by 3x PBST washes. Enhanced chemiluminescence (ECL)
method was used to detect the signal on LI-COR Biosciences.

4.5. Cell culture and plasmids
CAD (Cath.-a-differentiated) cells were received from Zhou lab, JHMI and CAD cells were cultured in DMEM/F12 (1:1, Thermo
Fisher (Gibco)) supplemented with 10% FBS and 1x Penicillin-Streptomycin Solution in a standard humidified 5% CO3, 37 °C cell

culture incubator. The CAD cells were transfected with S-tdTomato [44] and htt74Q-EGFP (Addgene) using Lipofectamine (Thermo
Fisher) and Opti-MEM (Thermo Fisher) at 80% confluency.

4.6. Statistical analyses

All Statistical analysis was done with Prism software. All experiments were performed in triplicate and the data showed as mean +
standard deviation (SD) from at least 3 independent experiments. The P values less than 0.05 were considered statistically significant.
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