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ABSTRACT 

Neurons are highly polarized cells, the most notable feature of which are their dendrites. Within the dendrites 

reside many organelles, each performing their functions in a localized area away from the soma. Among the 

organelles in the dendrites, Golgi outposts (GOPs) are unique to dendrites—GOPs are rarely found in axons. 

Because dendrites are much thinner than the soma, many organelles such as GOPs are miniaturized and thus 

may have differing functional capacity to their perinuclear counterparts. These differences, among many oth-

ers, may contribute to dendritic vulnerability over other neuronal domains to protein toxicity. However, 

whether GOPs are linked to neuronal dendrite pathology in diseases has not yet been explored. Protein toxici-

ty has been shown to be associated with dendrite defects, but whence protein toxicity induces those defects is 

difficult to understand. Protein toxicity is observed in most neurodegenerative diseases. However, most cases 

of neurodegenerative diseases are sporadic; the etiology is unknown and the causes are usually multiple. 

Therefore, a monogenic disease, such as Machado-Joseph Disease (MJD), can be a great model to understand 

the mechanism underlying dendrite defects via protein toxicity. Notably, MJD is known to be caused primari-

ly by nuclear protein toxicity, making clear the pathogenic cause of the disease. During the course of my 

graduate work, I examined the MJD toxic proteins using a Drosophila Class IV dendritic arborization (C4 da) 

neuronal model to understand how nuclear protein toxicity induces dendrite pathologies and how GOPs may 

contribute. I show in this thesis that polyQ protein expression in the nucleus causes terminal dendrite elonga-

tion and branching defects, most likely through perturbation of GOPs. PolyQ expression also led to decreased 

plasma membrane (PM) supply in C4 da neurons. By sequencing mRNA of fly brains expressing polyQ pro-

teins, I show that polyQ proteins down-regulated many genes involved in secretory pathway, including COPII 

genes the knockdown of which reduces the number of GOPs in C4 da neurons. Transcription factor (TF) anal-

ysis identifies CrebA as the TF disrupted by polyQ proteins and whose overexpression restores GOP loss in 

polyQ-expressing neurons. I demonstrate through chromatin immunoprecipitation (ChIP)-PCR that CBP 

binds to CrebA promoter to regulate its transcription. Notably, I also show that CBP is an important regulator 

of GOP number in C4 da neurons. Next, I also show that CBP interacts with Cut to regulate the transcription 

of CrebA. To find out the link between polyQ proteins and CBP, I co-stained CBP and polyQ and found that 

polyQ proteins sequestered CBP. This sequestration mechanism seems to interfere with CBP function, the loss 

of which results in decreased CrebA expression, subsequently leading to down-regulation of COPII-related 

molecules and ultimately reducing the number of GOPs. I also show that Rac1-mediated terminal dendrite 

branching pathway may be intertwined with the CBP/Cut pathway. Taken together, I demonstrate that polyQ 

proteins induce dendrite pathology through the CBP/Cut-CrebA-COPII pathway. These results from my grad-

uate study may help advance therapeutic research for diseases in which nuclear protein toxicity is the main 

cause. These results of mine may also be helpful in other disease fields in which dendrite pathology is present.  
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Ⅰ. INTRODUCTION  

 

 

1.1 Neuronal dendrites require localized organelles for their structural growth and 
proper function 
 

Neurons are highly polarized cells, most notable feature of which being their elaborate den-

dritic arbors. For most cells, somatic organelles are sufficient for regulating cellular func-

tions and morphology; however, for neurons, the elaborate dendritic structures necessitate 

localized organelles whose proximity to local dendritic areas allows for quick and appropri-

ate localized functions and dynamic morphological changes of terminal dendrites (Hanus 

and Ehlers, 2008). Among the dendrite-localized organelles, the satellite secretory orga-

nelles have been shown to be important for plasma membrane (PM) supply in and dynamic 

growth and retraction of terminal dendrites (Hanus and Ehlers, 2008; Pfenninger, 2009). 

The satellite secretory organelles consist of ER and Golgi outposts (GOPs). Due to the re-

stricted space in dendrites, these organelles are miniaturized by an unknown process for 

their efficient localization. Because their sizes are different, dendrite-localized secretory 

organelles may exhibit functional capacity different from their perinuclear counterparts. In 

addition, the local environment—such as protein and ion concentration—in dendrites is 

vastly different from those in soma. These differences may contribute to dendritic vulnera-
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bility over other neuronal domains to neurotoxic insults, including protein toxicity caused 

by accumulation of mutant or misfolded proteins (Hasel et al., 2015; Kweon et al., 2017).     

Reliance on the secretory pathway in dendrites and axons differ; only the den-

drites—but not axons—appear to rely on GOPs (Ye et al., 2007). Consistent with this ob-

servation, disrupting GOP trafficking interfered with dendrite growth in hippocampal neu-

rons (Horton et al., 2005) and laser ablation of GOPs decreased terminal dendrite dynamics 

in class IV dendritic arborization (C4 da) neurons (Ye et al., 2007). These data suggest that 

GOPs act as local stations to supply PM in dendrites.  

Though GOP functions are becoming more lucid, its origin is still much disputed 

(Hanus and Ehlers, 2008). There exist two prevailing hypotheses that I will briefly discuss 

next. The first hypothesis is based on the fact that Golgi can be produced de novo by ER in 

organisms such as Giardia lamblia or Pichia pastoris (Horton and Ehlers, 2004). Because 

ER exists in the dendrites, GOPs may also be derived de novo from dendritic ER. The sec-

ond hypothesis is based on the fact that somatic Golgi can fragment and disperse as is the 

case during mitosis (Altan-Bonnet et al., 2004). A more recent study supports the second 

hypothesis by showing that LIMK1 and PKD1 control fission of Golgi, thereby promoting 

GOP formation (Quassollo et al., 2015). Nevertheless, the mechanism underlying GOP bio-
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genesis remains to be further explored.  

Just as our understanding on the origin of GOPs is incomplete, so are the molecules 

that regulate GOP synthesis and transport. Nevertheless, Iyer et al. recently reported that 

GOP synthesis is regulated by transcription factor Cut and secretory pathway-related pro-

teins such as Sec31 (Iyer et al., 2013). Furthermore, a golgin adaptor protein, lava lamp 

(LVA), was shown to mediate GOP transport in dendrites (Papoulas et al., 2005), whereas 

Lrrk inhibited anterograde transport of GOPs likely by inhibiting interaction with dynein-

based transport (Lin et al., 2015). These data suggest that GOP receives regulation at both 

transcriptional and post-transcriptional level, but the details of which remain mostly un-

clear.  

 

1.2 Dendrite defect is a common pathological feature of protein toxicity in various 
neurodegenerative diseases 
 
Most neurodegenerative diseases present protein toxicity as one of the hallmark pathologi-

cal features (Soto, 2003; Taylor et al., 2002). Herein I define protein toxicity as any patho-

logical alterations that are induced by accumulation, oligomerization, and/or multimeriza-

tion of mutant or misfolded disease proteins (Chung et al., 2018). Protein toxicity can occur 

virtually anywhere within the neuron and sometimes even without, as is the case for extra-
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cellular beta amyloid aggregation. For instance, there are many proteins whose accumula-

tion in the cytoplasm is linked to toxicity, such as TDP-43, SOD1, tau and -synuclein 

(Chung et al., 2018). Furthermore, many of the same proteins localize to other compart-

ments within the neuron wherein they cause additional toxicity. In addition, the etiology for 

most diseases is unknown; thus, most are labeled as sporadic. Therefore, for the most part, 

from which neuronal compartment these proteins induce dendrite defects remain difficult to 

understand.  

 

1.3 Fly models for polyglutamine diseases are suitable for investigating dendritic pa-
thology 
 
Although various disease models have been used to understand neuronal dendrite patholo-

gy, none are as suitable as polyglutamine (polyQ) diseases. As mentioned above, protein 

toxicity is very complex; its etiology is mostly unknown, the proteins involved may or may 

not harbor mutations, and the place in which they induce toxicity is often manifold (Chung 

et al., 2018). However, polyQ diseases are caused entirely by the expansion mutation of 

CAG repeats within the coding sequence of the disease-associated genes (Zoghbi and Orr, 

2000). Specifically, pathogenic protein in Machado-Joseph Disease (MJD), also known as 



- 5 - 
 

Spinocerebellar ataxia type-3 (SCA3), localizes predominantly to the nucleus in which tox-

icity is induced. Therefore, MJD is a monogenic disease with protein toxicity known to tar-

get predominantly the nucleus, making it a suitable model to study dendrite pathology 

caused by nuclear proteotoxicity.  

In this study, due to the above reasons, I decided to use MJD fly models to examine 

dendrite defects caused by nuclear protein toxicity. Although nuclear protein toxicity has 

been reported to induce severe dendrite defects, the underlying mechanisms remain incom-

pletely understood (Kweon et al., 2017; Lee et al., 2011). Drosophila C4 da neurons are 

amenable to complex genetic studies as well as in vivo dendrite imaging at a single cell res-

olution. Furthermore, these neurons have been shown to have dendritic and molecular fea-

tures similar to that of mammalian neurons (Jan and Jan, 2010). Together, these make C4 

da neurons an apt model in which to examine dendrite morphology and local organelles 

such as GOPs. Therefore, during the course of my study, I used mostly the C4 da neuronal 

system to investigate the pathogenic mechanisms by which nuclear proteotoxicity induce 

dendrite defects and how GOPs may be linked to the pathogenesis. By understanding dis-

ease pathogenesis, novel factors that regulate GOPs can be identified, giving significant in-

sights into the understanding of normal growth and maintenance of neuronal dendrites. 
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II. MATERIALS AND METHODS 

Fly stocks 

The third chromosome weak allele of UAS-MJDtr-78Q (78Q) was used for genetic interac-

tions unless otherwise specified, while the strong, second chromosome allele (UAS-MJDtr-

78Qs; 78Qs) was used for RNA and protein work. For all RNA and protein work, 

transgenes were driven by pan-neuronal elav-gal4 (III) driver except for the cases where the 

transgenic expression induced significant early lethality (i.e. Cut and CBP overexpression). 

To overexpress CBP and/or Cut pan-neuronally while bypassing early lethality, the 

transgenes were induced at 1 day after eclosion using elavGS-gal4 (III) (Figures 56, 57, and 

60). The flies were fed 100 µM Mifepristone (RU486) (SIGMA) for 7 days for induction 

before being collected for subsequent RT-PCR analysis. UAS-HLH106-FLAG-HA was ob-

tained from the National Centre for Biological Sciences Drosophila Facility. UAS-gt-3xHA 

and UAS-Dref-3xHA were obtained from FlyORF (Switzerland) (Bischof et al., 2013). 

UAS-Ataxin1-82Q (Fernandez-Funez et al., 2000) was kindly provided by J. Botas (Baylor 

College of Medicine, Houston, TX). UAS-MJDFL-78Q (Warrick et al., 2005) was gifted by 

N.M. Bonini (University of Pennsylvania, PA). The following lines were kindly provided 

by Y.N. Jan (University of California, San Francisco, CA): ppk-gal4, ppk1a-gal4, 109(2)80-
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gal4, ppk-CD4-tdtomato, UAS-mCD8-GFP, UAS-mCD8-RFP, UAS-Mannosidase II-eGFP 

(ManII-eGFP), UAS-CD4-tdGFP, and UAS-cut. 

 

Microscope image acquisition 

I used Leica SP5, Zeiss LSM700, or LSM780 confocal microscopes to image live animals. 

Unless otherwise specified, 3rd instar larvae were taken directly from the vial to the slide 

glass for mounting. As the mounting solution to paralyze the larvae, I used 1:5 ratio of di-

ethyl ether to halocarbon oil. Acquired images were processed by using Adobe Photoshop 

program, Image J, or Neurolucida 360 (MBF Bioscience). Images of the C4 da neurons 

were obtained from the abdominal segments A2-A4. 

 

Image processing and analyses 

I used Adobe Photoshop to edit and invert images of dendrites and to merge multiple imag-

es. Image J was used to convert the original colors to pseudo-colors (Thal) for better com-

parison of CD4-tdGFP or mCD8-GFP intensity. I used Neurolucida (MBF Bioscience) with 

help from Min Jee Kwon, In Jun Cha, and Jae Ho Cho to quantify dendritic branch points 

and to create pseudo-colored images of dendrite traces. Microsoft Excel was used to create 
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basic graphs and perform two-tailed Student’s t-test. GraphPad Prism (Version 6.01) was 

used to perform one-way and two-way ANOVA with Tukey’s post-hoc correction. 

 

Analysis of terminal dendritic lengths 

For each imaged C4 da neuron, a dendritic trace was first drawn by using Neurolucida 360 

(MBF Bioscience). Then, the automatic dendrite ordering function (Strahler’s method) of 

Neurolucida 360 (MBF Bioscience) was used to identify terminal dendrites (dendrite order 

0) and to measure the lengths of all terminal dendrites. The measured terminal dendritic 

lengths were collected and then converted to log2-scaled lengths. The Gaussian kernel den-

sity estimation method (Bowman and Azzalini, 1997) (MATLAB 2011a) was applied to the 

log2-scaled lengths. A histogram was drawn with the bin size of 0.2 within the range be-

tween 0 and 9. Also, a normalized histogram was generated by matching the trapezoidal 

integrals of the histogram and the estimated kernel density function. These analyses were 

done with the help from Do Young Hyeon.  

To evaluate the statistical significance of the difference between the distributions 

(probability density functions) of terminal dendritic lengths for two different types of C4 da 

neurons (n = 6 per type) expressing the indicated transgenes, Do Young Hyeon performed 
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the following procedure. First, as a statistic value, he computed the maximum difference 

between cumulative density functions (CDFs) for the two real distributions of terminal den-

dritic lengths. Second, he computed the statistic value for the two distributions of terminal 

dendritic lengths obtained from randomly permuted samples. This step was repeated 1000 

times, resulting in 1000 statistic values from the random permutation experiments. Third, 

an empirical null distribution was estimated for the 1000 statistic value using the Gaussian 

kernel density estimation method (Bowman and Azzalini, 1997). Finally, the p value for the 

observed static value for the two real distributions was computed by the right-sided test us-

ing the empirical distribution. 

To estimate the number of samples that ensures the statistical power in the compar-

ison, Do Young Hyeon performed power analysis for effect size=2.0 for the mean differ-

ence of terminal dendrite lengths in the two comparisons. The power analysis revealed that 

the total number of neurons being compared should be larger than 12 (i.e., n = 6 in each of 

the two types of C4 da neurons being compared) to achieve statistical power  0.95. The 

effect size of 2.0 was estimated from the comparison of 78Q OE + Rac1 OE versus 78Q OE 

+ Rac1 OE + CrebA OE (effect size = 2.03), which showed a smaller mean difference than 

the comparison of 78Q OE versus 78Q OE + Rac1 OE (effect size = 4.70). 
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Quantification of GOPs 

I counted the numbers of GOPs marked by ManII-eGFP in primary and secondary dendrites 

of C4 da neurons expressing specific transgenes of interest. Primary dendrites are defined 

as those originating from soma until the first branch point (Ye et al., 2007). Secondary den-

drites are defined as those dendrites from the first branch point to the second branch point. 

 

Larval locomotion  

Third instar larvae were individually picked off the vial wall and placed into an agarose 

(2%) 90mm petri dish with 1X PBS and left there for roughly 5 min for acclimation. Next, I 

placed the larva carefully onto the center of another 2% agarose 90mm petri dish and began 

timing. For each genotype, I recorded the localizations of the larvae (n = 20 per genotype) 

in 1 min into a 20×1 binary vector where ones and zeros indicate whether the larvae 

reached the edge of the petri dish or not, respectively. I then computed the fraction of larvae 

that reached the edge of the petri dish within 1 min (i.e, the number of ones divided by 20). 

To evaluate the statistical significance of the difference between the fractions of two differ-

ent genotypes (G1 and G2) of larvae, Do Young Hyeon performed the following procedure. 



- 12 - 
 

First, he combined the localization data for G1 (20×1) and G2 (20×1) into a 40×1 vector, 

randomly permuted the elements in the combined vector, split the permuted vector into 

G1_rand (20×1) and G2_rand (20×1), and computed the difference between the fractions 

from G1_rand and G2_rand. This step was repeated 100,000 times, resulting in 100,000 

fraction differences. Second, an empirical null distribution for the fraction difference was 

estimated by applying the Gaussian kernel density estimation method (Bowman and 

Azzalini, 1997) to the 100,000 fraction differences from the random permutation experi-

ments. Third, the p value for the observed fraction difference (Figure 50) was computed by 

the right-sided test using the empirical distribution. These steps were applied to all pairs of 

genotypes. Finally, he performed a multiple testing correction for the p values resulted from 

the above procedure for all pairs of genotypes using Bonferroni post-hoc test. 

 

Immunostaining 

I used 4% formaldehyde (Junsei, Japan) to fix third instar larval fillet for 20 min at room 

temperature (RT). After rinsing with washing buffer (0.3% Triton X-100 in Phosphate 

Buffered Saline), samples were incubated in the blocking buffer (Normal Donkey Serum at 

a concentration of 1:20 in washing buffer) for an hour at RT. Samples were then incubated 
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overnight at 4°C with primary antibodies of rat anti-HA (3F10, Roche Applied Sciences; 

1:100 dilution) for detection of 78Q, mouse anti-V5 (46-0705, Invitrogen; 1:100 dilution) 

for detection of CBP, and rabbit anti-Cut for detection of Cut in blocking buffer. After rins-

ing samples several times with washing buffer for 30 min, they were incubated further with 

fluorescent dye-conjugated secondary antibodies (Jackson Immunoresearch Laboratories; 

1:200 for anti-rat Cy2 & 1:50 for anti-mouse cy5) for 2~4 hours at RT. Cy3-conjugated an-

ti-HRP (Jackson Immunoresearch Laboratories; 1:200 dilution) staining was used together 

with the aforementioned secondary antibodies to label membrane of dendrites of whole da 

neurons in larvae fillet. After washing, samples were mounted with 70% glycerol in phos-

phate buffered saline (PBG) for imaging. In Jun Cha helped with the immunostaining ex-

periments. 

 

Lipid Extraction 

The heads of Drosophila melanogaster were collected by Min Jee Kwon and were used to 

measure sphingomyelin (SM) and phosphatidylcholine (PC) using the lipid assay kits 

(STA-601 and STA-600, respectively) according to the manuals provided by Cell Biolabs, 

Inc. After homogenization in chloroform:methanol solution (2:1 ratio) and centrifugation at 
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15000xg for 1 min, the supernatants were incubated at RT for 1 hr on the shaker. Phase 

separation with deionized water was performed, and the samples were incubated at RT for 

10 min. She centrifuged the samples at 1000xg for 10 min, and their lower organic phases 

were collected. The sample solutions were completely dried out by using SpeedVac Con-

centrator Savant SPD1010 (Thermo Scientific). The pellet obtained from each sample was 

dissolved in chloroform:methanol:water solution (60:30:45 ratio), and before performing 

each lipid assay kit, the sample was diluted from 1:50 to 1:400 accordingly. 

 

Analysis of the PM lipids (Lipidomics) 

Sample Preparation- For the lipid extraction from fly heads, Min Jee Kwon used a two-

staged extraction procedure, including neutral and acidic extractions. First, for the neutral 

extraction, the heads were added to 1 mL of chloroform/methanol (1:2, v/v). The sample 

was vortexed for 30 s every 3 min. After the centrifugation (13,800xg, 2 min at 4 °C), the 

950 µL of supernatant was transferred to a new Eppendorf tube. Second, for the acidic ex-

traction, the remaining pellet was re-suspended in 750 µL chloroform/methanol/37% (1N) 

HCl (40:80:1, v/v/v) and incubated for 15 min at RT while the sample was vortexed for 30 s 

every 5 min. After transferring the tube to ice, 250 µL cold chloroform and 450 µL cold 0.1 
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M HCl were added. The sample tube was vortexed briefly and then centrifuged (6,500 ×g, 2 

min at 4 °C). The organic phase was collected and dried with the SpeedVacTM and re-

suspended with 500 µL of 0.1% formic acid in H2O. The injection volume was 2 µL for 

LC-MS/MS. 

LC-MS/MS analysis- Jae Won Lee profiled the lipids quantitatively using 6490 Accurate-

Mass Triple Quadrupole (QqQ) LC-MS coupled to a 1200 series HPLC system (Agilent 

Technologies, Wilmington, DE, USA) with a Hypersil GOLD column (2.1 × 100 mm ID; 

1.9 μm, Thermo science). This provides high sensitivity by iFunnel technology that consists 

of three components: Agilent Jet Stream technology, a hexabore capillary, and a dual ion 

funnel. The used column was a Hypersil GOLD column (2.1 × 100 mm ID; 1.9 μm, Ther-

mo science). The temperatures of column oven and sample tray were set to 40 and 4 °C, 

respectively. Solvent A consisted of an acetonitrile–methanol–water mixture (19:19:2) with 

20 mmol/L ammonium formate and 0.1% (v/v) formic acid, and solvent B consisted of 2-

propanol with 20 mmol/L ammonium formate and 0.1% (v/v) formic acid. The flow rate 

was set to 250 μL/min, and the injection volume was to 2 μL. The following elution gradi-

ent program was used: holding solvent steady (A/B: 95/5) for 5 min, a first linear gradient 

to solvent (A/B: 70/30) for 10 min, a second linear gradient to solvent (A/B: 10/90) for 7 
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min, an isocratic elution at solvent (A/B: 10/90) for 3 min, and a third linear gradient to 

solvent (A/B: 95/5) for 1 min. The column was equilibrated at 5% solvent B for 4 min be-

fore reuse. Total run time was 30 min for each analysis. The following parameters were 

used for data acquisition: 3500 V positive mode of capillary voltage, 3000 V negative mode 

of capillary voltage, a sheath gas flow of 11 L/min (UHP nitrogen) at 200ºC, a drying gas 

flow of 15 L/min at 150ºC, and nebulizer gas flow at 25 psi. Multiple reaction monitoring 

(MRM) conditions, including transition and MS/MS collision energy, to analyze each target 

lipid were optimized using several lipid standards. 

 

Cell Culture and Transfection 

Immortalized cell line- HEK293T cells were generally grown in DMEM/High Glucose me-

dia (Thermo Scientific HyClone) with 10% FBS (Thermo Scientific HyClone). Cells were 

counted and seeded one day before the transfection. When the seeded cells became 70-80% 

confluent, the media was changed to FBS-free DMEM media. Based on the protocol pro-

vided by Invitrogen, Lipofectamine 2000 (Invitrogen, USA) was used to transfect 5μg of 

DNAs in Opti-MEM media. After the addition of DNA-lipid complex to cells and 4-hour 

incubation thereafter, their media was changed back to the original 10% FBS-containing 



- 17 - 
 

DMEM media and then incubated for 1-2 days. Cell culture experiments were done with 

the help from Min Jee Kwon. 

Primary neuron culture and inducible expression of polyQ proteins- For dendrite 

imaging analysis, embryonic hippocampal neurons were isolated from mouse embryos 

(E16~E17) as previously described (Fu et al., 2007) and plated at the initial density of 1.5 × 

105 cells/well. A modified bidirectional inducible pBI vector system (Clontech), a generous 

gift from E. H. Jho (The University of Seoul, Korea), was used to optimize the expression 

of toxic polyQ proteins in cultured neurons. One microgram of DNA per well were trans-

fected by using Lipofectamine 2000 (Invitrogen) at 6 DIV based on the protocol provided 

by Invitrogen. For the induction of expression, 15ng/mL of Doxycycline was treated at 8 

DIV. Cultured cells were immunostained and imaged at 12~13 DIV.  

Similarly, for Golgi Outpost (GOP) imaging analysis, embryonic hippocampal neu-

rons were dissected from rat embryos (E16~E17). The initial density of cells was 7 × 104 ~ 

1 × 105/well. The same modified bidirectional inducible pBI vector system (Clontech) used 

in dendrite imaging analysis was also used to optimize the expression of toxic polyQ pro-

teins in cultured neurons. For labeling of GOPs, pGolt-mCherry was used. pGolt-mCherry / 

pGolt3-mCherry was a gift from Michael Kreutz (Addgene plasmid # 73297) (Mikhaylova 
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et al., 2016). 1.2ug of each DNA per well were transfected by using CalPhosTM mammali-

an transfection kit (Clontech) at 6 DIV based on the user manual provided by Clontech La-

boratories, Inc. For the induction of expression, 15ng/mL of Doxycycline was treated at 8 

DIV. Cultured cells were immunostained and imaged at 14~15 DIV. These experiments 

were done with the help from Min Jee Kwon and Myeong Hoon Han.  

 

Chromatin immunoprecipitation (ChIP) 

The ChIP assay was performed by Min Jee Kwon and Myeong Hoon Han as previously de-

scribed with slight modifications (Kim et al., 2016). After fly heads were collected in ice 

cold PBS, the PBS was totally eliminated, and the fly heads were lysed within 1.5% for-

maldehyde [dissolved in 0.143M NaCl, 1.43mM EDTA, 71.45mM HEPES-KOH (pH 7.5), 

and 1X protease inhibitor (#87786, Thermo Scientific)] to crosslink CBP with unknown 

chromatin regions. After 20 min incubation at RT, glycine and Tris were added for the final 

concentration to be 370mM and 2.5mM, respectively. After crosslinking termination for 5 

min at RT, lysates from wild-type or CBP OE were centrifugated at 4,000 XG for 5 min. 

Next, the isolated pellets were washed with Tris-buffered saline (20mM Tris-HCL (pH 7.5) 

and 150mM NaCl), FA lysis buffer [50mM HEPES-KOH (pH7.5), 150mM NaCl, 1mM 
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EDTA, 1% Triton X-100, 0.1% SDS and 0.1% Na-deoxycholate], FA lysis buffer/0.5% 

SDS [50mM HEPES-KOH (pH7.5), 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.5% 

SDS and 0.1% Na-deoxycholate], and FA lysis buffer sequentially. Then the final pellets 

were re-suspended within FA lysis buffer.  

The suspended sample was sonicated under ‘Peak power’ 70.0, ‘Duty factor’ 25.0, 

and ‘Cycles/Burst’ 200 (Average power 17.5) condition using Covaris M220 for 30 min, 

and lysates containing the sheared nucleosomes were isolated. Input control was prepared 

from the lysates, and the remaining lysates containing nucleosomes were incubated with 1μl 

of anti-V5 antibody (ab9116, Abcam) and protein A/G agarose (SC-2003, Santa Cruz) at 

4℃ overnight. Next, incubated agarose beads were precipitated and washed with FA lysis 

buffer and washing buffer [10mM Tris-HCl (pH 8.0), 0.25M LiCl, 1mM EDTA, 0.5% NP-

40, 0.5% Na-deoxycholate] in turn. After washing, nucleosomes bound to the agarose beads 

were collected in elution buffer [50mM Tris-HCl (pH7.5), 10mM EDTA, and 1% SDS] at 

65℃ for 20 min. Then, the eluted nucleosome lysates and previous input control were in-

cubated with RNase (1mg/ml) at 37℃ for 1 hr followed by incubation of proteinase K 

(20mg/ml) at 42℃ for 1 hr. Next, the crosslinks were reversed by heating at 65℃ for 5 hr. 
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The DNA was extracted with phenol-chloroform-isoamyl alcohol method and final DNA 

products were dissolved in ultrapure water. 

 

Quantitative PCR (qPCR) 

Amount of DNA region of interest was analyzed by qPCR method using QuantiSpeed 

SYBR Green kit (QS105-10, PhilKorea) and CFX96 TouchTM Real-Time PCR Detection 

System (Bio-Rad), and all qPCR experiments were performed in triplicates to ensure fideli-

ty. These experiments were done with the help of Min Jee Kwon. 

 

Analysis for qPCR 

To calculate the relative enrichment of CBP on the promoter region of CrebA compared to 

the CrebA ORF region, following equations were used: ΔΔCq = ΔCq (Binding candidateIP 

- ORFIP) - ΔCq (Binding candidateInput - ORFInput) and Relative fold change = 2^((-

ΔΔCq)). 

 

Primers used in qPCR 

Four putative CRE sites were identified using MotifLocator in the promoter region of Cre-
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bA gene. Thus, I designed four sets of primers starting at 1.6kb upstream of the transcrip-

tion start site (TSS) and ending at 5’UTR. Primers at the ORF region of CrebA was also 

designed as negative control.  

 

Gene Sequences 

CrebA P1 
5’ - GCCAATTTACTATGTGGTGTAAGC 

3’ – ACAGATACAGCGCAGACAAAC 

CrebA P2  5’ - GACAGCAGCAGCAGCATAAG 

3’ – TGGTAACACTCGCTCCGTTG 

CrebA P3 
5’ – CCATAGCGTCGGAAGAAACTTG 

3’ – GCCACCAATCTACCCTTGATACTG 

CrebA P4 
5’ – CAGAGGACTGACGTTTCGATTC 

3’ – TGTGTGTGAATGGGCAGTAAAC 

CrebA ORF 
5’ - CCGGAATCCTTGAAAATCAGCC 

3’ - GTATGACGGTGGGATCTTTGAC 
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RT-PCR 

Total RNAs were extracted from the heads of Drosophila melanogaster or HEK293T cells 

with Easy Blue system (iNtRON Biotechnology, Korea). Transgenic expression in fly 

heads were driven by pan-neuronal elav-gal4 driver and the samples collected at 1 day after 

eclosion. The extracted RNAs were converted into cDNAs by using GoScriptTM Reverse 

Transcription System (Promega). For RT-PCR, cycle numbers of 28 (for Sec13, Sec23, 

Sec31, Sec63, and Rac1), 27 (for CrebA), 26 (for CREB3L1), 22 (for human Sec13), and 

24 (for Sec23A) were run with C1000 TouchTM Thermal Cycler or T100TM Thermal Cy-

cler system (Bio-Rad). These experiments were done with help of Min Jee Kwon and 

Myeong Hoon Han. 

 

Primer Information 

Primers for the fly genome 

Gene Sequences 

Sec13 5’– ACTTCTACGGCCTACTGTTG     

3’–TCGTGGTTGCTGTATTCGTA      



- 23 - 
 

5’– TACGAATACAGCAACCACGA     

3’– TAAATTATCGCAACCACCGC      

Sec23 

 

5’– TCCGTTTCCCCCTCAATATG 

3’– GGTTATCAGACCCACGAGAG 

5’– AGAGCTATGTGTTTCGTGGT 

3’– CACGAAGGTCATAATGCGAC  

Sec31 5’– GAACCTCGAAAACGGTCAAG 

3’– TGCCATCCGTTTCCTTGATA 

5’– ATCCCTTCCAGAACAACCTG  

3’– GACTCTTACGCAGATCCCAA  

Sec63 5’– TCGACGATGAGAACACCAAT 

3’– GTTCTTTTGGTTCTGGGCTG      

5’– CATGAAAATGTCGCCGATGA 

3’– ACCGAATAGCGTCTTCATGT 

CrebA 5’– CAACTACCTCAGCACCTATACGAC   

3’– GTTACCTTCGGAATCATCGCTGG    
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Rac1 5’– CAGCTACACGACCAATGCCTTTCC 

3’– CCGAGCACTCCAGATACTTGACC 

 

Primers for the human genome 

Gene Sequences 

CREB3L1 

 

5’– GATCTGAACGAGTCGGACTTCC 

3’ – CATGCTCCATGCTCTGCATC 

Sec13 

 

5’ – GTTGTACCTGGAAGCCTCATAG 

3’ – CACCTTATTGTCTCCACCAGAG 

Sec23A 

 

5’ – CTCCTGGAGATGAAATGCTGTC 

3’ – GCTAAGGTTGTAGTGGGACTAAG 

 

Co-Immunoprecipitation (coIP) 

Equal number of fly heads from each line was collected inside the lysis buffer (150mM 

NaCl, 1% Triton X100, 50mM Tris-HCl pH7.5) with 1:100 ratio of protease inhibitor cock-

tail (stock concentration of 100x) (Thermo Scientific, USA). Samples were completely ho-
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mogenized and centrifuged at 4ºC with the maximum speed for 10 min. Protein amount was 

measured via Bradford protein assay (Bio-Rad). After matching the total protein amount of 

lysate, α-V5 antibody-ChIP grade (ab9116, Abcam) was added in each sample with 1:1000 

ratio and incubated on the shaker at 4ºC overnight. Pre-cleaned protein A/G plus-agarose 

beads (Santa Cruz Biotechnology, Inc.) were added into the samples and incubated on the 

shaker at 4ºC for 3 hr. The samples were centrifuged at 1000xg for 3 sec at 4ºC, and the su-

pernatant was discarded. After washing the beads with 500ul lysis buffer 3 times, 4x 

laemmli buffer (Bio-Rad; diluted to 2x) was added with 2-Mercaptoethanol (BIOSESANG, 

Inc.) for 9:1 ratio and boiled at 95ºC for 5 min. The sample was then centrifuged at 1000xg 

for 3 sec, and the supernatant was taken for immunoblotting. The samples were loaded onto 

the gel and detected using α-Cut (DSHB: 2B10) antibody. These experiments were done 

with the help of Min Jee Kwon. 

 

mRNA-sequencing and data analysis 

We expressed 78Q using a pan-neuronal elav-gal4 driver and isolated the adult fly heads 

for NGS analysis. First, total RNAs were prepared by Min Jee Kwon from the fly heads 

with or without expressing 78Q. Poly(A) mRNA isolation from total RNA (2 µg) and frag-
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mentation were performed using the Illumina Truseq Stranded mRNA LT Sample Prep Kit 

with poly-T oligo-attached magnetic beads, according to the manufacturer’s instructions. 

Reverse transcription of RNA fragments was performed using Superscript II reverse tran-

scriptase (Life Technologies). The adaptor ligated libraries were sequenced using an Illu-

mina HiSeq 2500 (DNA Link, Korea). The mRNA-sequencing analysis was performed for 

two independent replicates in each condition by Do Young Hyeon. From the resulting read 

sequences for each sample, adapter sequences (TruSeq universal and indexed adapters) 

were removed using the cutadapt software (Martin, 2011). Remaining reads were then 

aligned to the Drosophila melanogaster reference genome (Flybase r5.57) using TopHat 

aligner (Trapnell et al., 2009). Considering the variations in individual genomes and pres-

ence of multiple gene copies, he used two mismatches in a read and allowed the reads to be 

aligned in up to 20 different locations, which are default options in the TopHat aligner. Af-

ter the alignment, he counted the numbers of reads mapped to gene features (GTF file of 

BDGP5.73) using HTSeq (Anders et al., 2015) and also estimated fragments per kilobase of 

transcript per million fragments mapped (FPKM) using Cufflinks (Trapnell et al., 2009). 

 

Identification of differentially expressed genes (DEGs) 
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On average, 21.8 million reads were obtained in individual samples and aligned to the fly 

genome, resulting in 2.2 Giga bps of mapped sequences, which correspond to 74.1-fold 

coverage of the annotated fly transcriptome. Do Young Hyeon first identified ‘expressed’ 

genes as the genes with fragments per kilobase of transcript per million fragments mapped 

(FPKM) larger than 1 under at least one of the four samples (two independent samples for 

w1118 or 78Q). For these expressed genes, the numbers of reads counted by HTseq were 

converted to log2-read-counts after adding one to the read counts. The log2-read-counts for 

the samples in each condition were then normalized using the quantile normalization meth-

od (Bolstad et al., 2003). For each gene, he calculated a T-statistic value using Student’s t-

test and also a log2-fold-change in the comparison of 78Q versus w1118. He then estimated 

empirical null distributions for T-statistic value and log2-fold-change by random permuta-

tion of the four samples (300 permutations). Using the estimated empirical distributions, he 

computed adjusted p values for the two tests for each gene and then combined these p val-

ues with Stouffer’s method (Hwang et al., 2005). Finally, he identified DEGs as the ones 

that have the combined p values < 0.05 and absolute log2-fold-changes > 1 (2-fold). To 

identify cellular processes represented by the DEGs, he performed the enrichment analysis 

of gene ontology biological processes (GOBPs) for the down-regulated genes using DA-
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VID software (Huang da et al., 2009) and selected the GOBPs with p value < 0.05 as the 

processes enriched by the down-regulated genes. 

 

Identification of key transcription factors (TFs) 

Do Young Hyeon first selected the DEGs involved in membrane organization (MO), vesi-

cle-mediated transport (VT), and lipid biosynthetic process (LP) associated with GOP syn-

thesis. Using the TF-target relationship data for 150 TFs from DroID (v2014_01) (Yu et al., 

2008) and previous literatures (Abrams and Andrew, 2005; Kunte et al., 2006), for each TF, 

he counted the number of target genes in the selected DEGs and then calculated its fraction 

of the total number of target genes. He also calculated the significance of the number of the 

target genes based on the following random sampling experiments: 1) the same number of 

the genes with the selected DEGs were randomly selected from the whole genes of Dro-

sophila melanogaster (NCBI RefSeq release 68); 2) the number of target genes for the TF 

was counted; 3) Steps 1-2 were repeated 100,000 times; 4) the empirical distribution for the 

number of target genes was estimated using the Gaussian kernel density estimation method 

(Bowman and Azzalini, 1997); and 5) p value for the observed number of the target genes 

in the selected DEGs was estimated using the right-sided test using the empirical null dis-
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tribution. Finally, he selected the 29 differentially expressed TFs with p < 0.05, fraction > 

0.01 for at least one of the processes (MO, VT, and LP), and the number of target genes 

larger than 3. 
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III. RESULTS 

 

3.1 PolyQ toxicity in the nucleus disrupts branching and elongation of terminal den-

drites in C4 da neurons 

To investigate dendrite pathology caused by nuclear proteotoxicity, I first analyzed morpho-

logical characteristics of dendrites of C4 da neurons expressing pathogenic Machado-

Joseph’s Disease (MJD) protein, MJDtr-78Q (78Q), known to induce nuclear protein toxicity. 

For this analysis, I compared dendrite images of C4 da neurons expressing 78Q (78Q OE, n = 

6) and wild-type C4 da neuron controls (w1118, n = 6) (Figure 1). I used neurolucida program 

to trace the dendrites with the help of Min Jee Kwon, In Jun Cha, and Jae Ho Cho, for further 

analysis. The comparison showed a significant (p < 0.10×10-3) reduction in the number of 

dendritic branch points (Figure 2) in 78Q OE compared to w1118. Consistently, the number 

of terminal dendrites, another feature of dendritic branching, significantly (p < 0.10×10-3) 

decreased in 78Q OE (average = 41.33) compared to w1118 (average = 573.00) (Figure 3). 

Previously, time lapse imaging of terminal dendrites in C4 da neurons revealed that the 

growth (elongation) of terminal dendrites was decreased in 78Q OE compared to w1118 (Lee 

et al., 2011). From these results, I concluded that polyQ proteins may inhibit both the branch-

ing and elongation of terminal dendrites.  
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The decreased number of dendritic branch points by polyQ proteins was previously 

shown to be restored in C4 da neurons via the co-overexpression of 78Q and Rac1, an up-

stream regulator of F-actin polymerization (78Q OE + Rac1 OE) (Lee et al., 2011). Con-

sistent with this previous observation, I found that 78Q OE + Rac1 OE showed a significant 

increase in the number of dendritic branch points (Figure 2) and of terminal dendrites (Fig-

ures 3 and 4) compared to 78Q OE, and Rac1 overexpression alone in C4 da neurons (Rac1 

OE) also showed an increase in dendritic branch points compared to w1118 (Figures 2 and 3). 

However, it is not clear whether Rac1 can also contribute to the elongation of terminal den-

drites in 78Q OE, in addition to the effects on branching. To examine this aspect, I further 

compared the length distributions of individual terminal dendrites between 78Q OE and 78Q 

OE + Rac1 OE (Figure 5). This analysis was done with the help of Do Young Hyeon. Inter-

estingly, probability density functions (PDFs) of terminal dendritic lengths showed a signifi-

cantly (p < 1.0×10-3) higher proportion of short terminal dendrites (<10 µm) in 78Q OE + 

Rac1 OE compared to 78Q OE (Figure 6). This pattern was also observed in Rac1 OE com-

pared to w1118 (Figure 7). From these data, I concluded that Rac1 may contribute more pre-

dominantly to the formation of short terminal dendrites (branching) than the formation of 
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long terminal dendrites (elongation) in 78Q OE. 
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Figure 1. PolyQ proteins in the nucleus simplify dendrite branches in C4 da neurons. Com-

parison of dendrite traces of representative C4 da neurons expressing the denoted transgenes: 

78Q OE (orange) versus wildtype control w1118 (light blue). Red insets are magnified at the 

bottom. Red scale bar: 100 μm; black scale bar: 50 μm. 
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Figure 2. Rac1 overexpression restores the number of dendritic branch points in polyQ-

expressing neurons. Comparisons of the number of dendritic branch points in w1118 and C4 

da neurons expressing the denoted transgenes: 78Q OE, Rac1 OE, 78Q OE + Rac1 OE. 

**** p < 0.1 × 10  by two-way ANOVA with Tukey’s post-hoc correction; error bars, 

SEM; n = 6. 
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Figure 3. Rac1 overexpression restores the number of terminal dendrites in polyQ-

expressing neurons. Comparisons of the number of dendritic branch points in w1118 and C4 

da neurons expressing the denoted transgenes: 78Q OE, Rac1 OE, 78Q OE + Rac1 OE. 

** p < 0.01; **** p < 0.1 × 10  by two-way ANOVA with Tukey’s post-hoc correction; 

error bars, SEM; n = 6. 
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Figure 4. Rac1 overexpression restores the dendrite complexity in polyQ-expressing neurons. 

Comparison of dendrite traces of representative C4 da neurons expressing the denoted 

transgenes: 78Q OE (orange) versus 78Q OE + Rac1 OE (light blue). Red insets are magni-

fied at the bottom. Red scale bar: 100 μm; black scale bar: 50 μm.  
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Figure 5. Rac1 overexpression increases the number of terminal dendrites in polyQ-

expressing neurons. Histograms of the log2(length of terminal dendrites) in 78Q OE and 78Q 

OE + Rac1 OE. Short (< 10 μm) and longer (> 10 μm) terminal dendrites are partitioned by a 

red line. n = 6. 
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Figure 6. Rac1 overexpression considerably decreases the lengths of terminal dendrites in 

polyQ-expressing neurons. Comparison of the probability density functions (PDFs) of 

log2(length of terminal dendrites) in C4 da neurons expressing the denoted transgenes: 78Q 

OE (black) versus 78Q OE + Rac1 OE (red). Normalized histograms are also provided. The p 

value represents the significance of the difference between the two PDFs from an empirical 

Kolmogorov-Smirnov (KS) test. Short (< 10 μm) and longer (> 10 μm) terminal dendrites are 

partitioned by a green line at 10 μm. Analysis was done with the help from Do Young Hyeon. 
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Figure 7. Overexpression of Rac1 alone significantly decreases the lengths of terminal den-

drites in C4 da neurons. Histograms of the log2(length of terminal dendrites) in w1118 and 

Rac1 OE. n = 6. Comparison of the probability density functions (PDFs) of log2(length of 

terminal dendrites) in C4 da neurons expressing the denoted transgenes: w1118 (black) versus 

Rac1 OE (red). Normalized histograms are also provided. Short (< 10 μm) and longer (> 10 

μm) terminal dendrites are partitioned by a green line. Analysis was done with the help from 

Do Young Hyeon. 
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3.2 PolyQ toxicity in neurons induces a loss of GOP number in C4 da neurons 

Next, I questioned which additional factors are required for the formation of long terminal 

dendrites in 78Q OE. It was previously shown that laser ablation of GOPs reduced the 

growth of terminal dendrites in C4 da neurons, suggesting a potential link between GOPs and 

dendrite elongation (Ye et al., 2007). Based on this observation, I examined whether the dis-

ruption of GOPs occurred in polyQ-expressing neurons together with the impairment in ter-

minal dendrite elongation induced by toxic polyQ proteins. To this end, I first compared the 

localization of ManII-eGFP puncta, which marks the medial Golgi compartment, between 

78Q OE, 27Q OE (C4da neurons expressing non-expanded MJD protein), and w1118. 78Q 

OE (n = 12) showed a significantly decreased number of GOPs in both primary and second-

ary dendrites compared to w1118 (n = 12) and 27Q OE (Figures 8 and 9). By contrast, the 

number of GOPs was not significantly different in 27Q OE and w1118. Henceforth, I used 

w1118 as the control for 78Q OE.  

Furthermore, I examined whether the loss of GOPs is unique to 78Q OE by counting 

the number of GOPs in C4 da neurons expressing two other polyQ constructs that induce nu-

clear protein toxicity, MJDFL-78Q (pathogenic MJD full length protein) and Ataxin1-82Q 
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(pathogenic Spinocerebellar Ataxia type 1 protein). A comparison of the number of GOPs 

showed similar decreases in C4 da neurons expressing these constructs (Figures 10 and 11), 

suggesting that the loss of GOPs is not caused only by 78Q but also by other toxic nuclear 

polyQ proteins. Interestingly, polyQ proteins caused no noticeable structural alterations in the 

somatic Golgi in C4 da neurons (Figure 8) or in the dorsal da neuronal clusters (Figure 12), 

suggesting a preferential malformation of dendritic GOPs over somatic Golgi. Finally, I ex-

amined whether the polyQ-induced pathology of dendrites and GOPs were also observed in 

mammalian hippocampal primary neurons. To this end, Min Jee Kwon and Myeong Hoon 

han transfected rat hippocampal primary neurons with pGolt-mCherry, which labels GOPs 

and Golgi satellites (GSs) (Mikhaylova et al., 2016). They observed that pGolt-mCherry-

positive dendritic Golgi (GOPs and/or GSs) in rat hippocampal primary neurons showed 

widespread distributions that are comparable to those of ManII-eGFP-positive GOPs in C4 

da neurons (Figure 13). Consistent with the Drosophila data, in rodent hippocampal primary 

neurons, transfection of MJD-75Q significantly reduced the number of dendritic spines (Fig-

ures 14 and 15) and pGolt-mCherry-positive dendritic Golgi puncta (Figure 13) compared to 

the controls. 
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 Dendritic GOPs have been shown to supply proteins and lipids to the PM, thereby 

contributing to dendrite growth and maintenance (Horton et al., 2005; Ye et al., 2007). Thus, 

I examined whether the PM protein supply was also affected by toxic polyQ proteins by 

comparing the normalized fluorescence intensities of a membrane marker protein, mCD8-

GFP (Murthy et al., 2005), by those of nucleus-targeted Redstinger (mCherry-NLS) between 

78Q OE and w1118. The normalized intensity of mCD8-GFP, similar to the number of GOPs 

(Figure 9), markedly (~60%) decreased in 78Q OE, compared to w1118 (Figures 16 and 17). 

CD4-tdGFP has recently been shown to serve as an alternative membrane marker with 

stronger and more even expression throughout dendrites compared to mCD8-GFP (Han et al., 

2011). The intensity of CD4-tdGFP showed a consistent decrease in 78Q OE, compared to 

w1118 (Figure 18). Moreover, I also examined whether the decreased PM protein supply was 

specific to the expression of 78Q by measuring the PM protein supply in C4 da neurons ex-

pressing MJDFL-78Q and Ataxin1-82Q. Similar decreases in the intensity of CD4-tdGFP 

were observed in these neurons compared to the controls (Figure 18). Taken together, these 

data suggest that nuclear polyQ toxicity results in decrease in GOP synthesis and PM protein 

supply. 
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Figure 8. PolyQ toxicity induces a loss of GOPs in C4 da neurons. Representative images of 

GOPs in w1118 and C4 da neurons expressing 27Q (27Q OE) and 78Q (78Q OE). The medi-

al Golgi marker(ManII-eGFP) and plasma membrane (PM) marker (CD4-tdTom) were ex-

pressed to visualize GOPs and dendrites, respectively. GOPs are indicated by arrowheads. 

Scale bar: 20 μm.  

  



- 44 - 
 

 

 

Figure 9. PolyQ toxicity decreases the number of GOPs in primary and secondary dendrites 

of C4 da neurons. Quantification of the number of GOPs in both primary and secondary den-

drites of C4 da neurons with the following genotypes: w1118, 27Q OE, and 78Q OE. 

**** p < 0.1 × 10  by two-way ANOVA with Tukey’s post-hoc correction; error bars, 

SEM; n = 12. 
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Figure 10. Nuclear polyQ proteins, Ataxin1-82Q and MJDFL-78Q, induce a loss of GOPs in 

C4 da neurons. Representative images of GOPs labeled by ManII-eGFP in w1118 and C4 da 

neurons expressing the denoted transgenes. GOPs are indicated by arrowheads. Scale bar: 20 

μm. 
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Figure 11. Nuclear polyQ proteins decrease the number of GOPs in C4 da neurons. Quantifi-

cation of the number of GOPs in both primary and secondary dendrites of C4 da neurons of 

w1118 and C4 da neurons expressing the denoted transgenes. **** p < 0.1 × 10  by two-

way ANOVA with Tukey’s post-hoc correction; error bars, SEM; n ≥12. 
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Figure 12. Perinuclear Golgi are relatively unaffected by nuclear polyQ toxicity. Representa-

tive black and white images of GOPs labeled by ManII-eGFP in dorsal da neuronal clusters 

expressing the denoted transgenes. Perinuclear Golgi are indicated by arrowheads. Blue scale 

bar: 50 μm; red scale bar: 20 μm. 
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Figure 13. Nuclear polyQ proteins cause decrease in the number of GOPs and Golgi satel-

lites in rat primary neurons. Images of pGolt-mCherry-positive dendritic Golgi (GOPs and/or 

GSs) in rat primary neurons with or without MJD-75Q expression using an inducible system. 

MJD-75Q was transfected at 6 DIV and its expression was turned on at 8 DIV. Neurons were 

imaged at 14~15 DIV. Magnified images are to the right. Arrows indicate pGolt-mCherry-

positive dendritic Golgi. Scale bar: 50 μm; the scale bar in the inset: 20 μm. 
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Figure 14. Dendrite images of mouse primary neurons expressing nuclear polyQ proteins. 

Images that show dendrites and dendritic spines of mouse primary neurons with or without 

MJD-75Q transfection at 6 DIV (turned on at 8 DIV). The images were obtained at 12~13 

DIV. Scale bar: 50 μm. 
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Figure 15. PolyQ proteins reduce the number of spines in mouse primary neurons. Quantifi-

cation of the spine number per μm of dendrites in mouse primary neurons with or without 

MJD-75Q expression. ***p < 0.001 by Student’s t-test; error bars, S.D.; n = 7.  
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Figure 16. PolyQ proteins preferentially decrease the fluorescence intensity of membrane 

marker proteins in C4 da neurons. Images of Redstinger (mCherry-NLS) and mCD8-GFP in 

78Q OE and w1118. Due to weak fluorescence intensity, images converted to HiLo via Im-

ageJ for 78Q OE are also shown. Somas are outlined by white dotted lines. Scale bar: 25 μm. 
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Figure 17. PolyQ proteins decreased the PM supply in C4 da neurons. Quantification of 

mCD8-GFP fluorescence intensity normalized to that of Redstinger’s in w1118 and 78Q OE. 

***p < 0.001 by Student’s t test; error bars, SEM; n ≥ 10. 
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Figure 18. Nuclear polyQ protein toxicity decreased the PM supply in C4 da neuronal den-

drites. Representative CD4-tdGFP-labeled dendrite images (pseudo-colored Thal) of w1118 

and C4 da neurons expressing the denoted transgenes. Scale bar: 50 μm. 
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3.3 PolyQ toxicity in the nucleus leads to down-regulated cellular processes associated 

with GOP synthesis and PM protein supply 

To investigate the processes that are associated with the polyQ-induced loss of GOPs, we 

performed mRNA sequencing of fly heads with or without 78Q expression (Figure 19). Min 

Jee Kwon helped with sample preparations and Do Young Hyeon helped with data analysis. 

From the mRNA sequencing data, we identified 5,385 differentially expressed genes (DEGs; 

p < 0.05) between the polyQ-expressed and control samples using a previously described sta-

tistical method (Chae et al., 2013). Of the 5,385 DEGs, 98.9% (5,325 genes) were down-

regulated in the polyQ-expressed condition (see Discussion), suggesting that nuclear polyQ 

toxicity decreased the activities of cellular processes associated with DEGs.  

To understand the cellular processes disrupted by toxic polyQ proteins, we per-

formed an enrichment analysis of gene ontology biological processes (GOBPs) for the 5,325 

down-regulated genes using DAVID software (Huang da et al., 2009). The down-regulated 

genes were involved in a broad spectrum of cellular processes (Figure 20). Of them, we fo-

cused on the following processes potentially associated with GOPs: 1) vesicle-mediated 

transport (VT) and 2) membrane organization (MO). Notably, they were among the most sig-

nificantly affected cellular processes (Figure 20). Moreover, among the daughter GOBPs of 
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VT, ER-to-Golgi transport was strongly affected by polyQ toxicity (Figure 21), consistent 

with the loss of GOPs caused by polyQ expression (Figures 8 and 9). Additionally, among 

the daughter GOBPs of MO, PM organization was most strongly affected by polyQ toxicity 

(Figure 22), consistent with decreased PM protein targeting by polyQ expression (Figures 16 

and 17). Next, Min Jee Kwon and Myeong Hoon Han helped with RT-PCR experiment 

through which they confirmed the down-regulation of the following six representative genes 

by polyQ protein expression in fly heads (n  3) (Figure 23): Sec13, Sec23, Sec31, Sec63, 

and CrebA involved in VT and Rac1 involved in MO. 

Lipid metabolism is intricately involved in the synthesis and function of Golgi appa-

ratus (Bankaitis et al., 2012). Thus, I reasoned that the disruption of lipid metabolism could 

impinge on Golgi apparatus. Indeed, many genes involved in the lipid biosynthetic process 

(LP) and its daughter GOBPs were down-regulated by toxic polyQ proteins (Figures 20 and 

24). Based on this observation, I examined whether toxic polyQ proteins caused alterations in 

the levels of PM lipids with help from Min Jee Kwon and Jae Won Lee. Using the mass spec-

trometry-based method previously described (Hong et al., 2016), we compared the levels of 

two lipids present in PM, sphingomyelin (SM) and phosphatidylcholine (PC) (van Meer et al., 
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2008) with and without polyQ expression in adult fly whole-brain extracts. The level of SM, 

which is associated with the PM supply through the secretory pathway (Koval and Pagano, 

1991), was significantly decreased by 78Q (Figure 25). The level of PC was also decreased, 

similar to SM (Figure 26). The decreases in SM and PC were further confirmed by Min Jee 

Kwon with an independent lipid assay kit (Figure 27). Taken together, these data suggest that 

nuclear polyQ toxicity significantly disrupts cellular processes associated with GOP synthe-

sis and PM protein supply.  
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Figure 19. Experimental scheme for mRNA sequencing of 78Q OE and w1118 (control) fly 

heads. Sample preparation was done with the help from Min Jee Kwon. 
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Figure 20. Vesicle-mediated transport, lipid biosynthetic process, and membrane organiza-

tion are among the most down-regulated GOBPs. GOBPs represented by the downregulated 

genes in 78Q OE, compared to w1118. The p value is the significance of the GOBPs being 

enriched by the down-regulated genes from DAVID software. Three GOBPs associated with 

GOP synthesis are highlighted in red. This experiment was done with the help from Do 

Young Hyeon. 
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Figure 21. Vesicle-mediated transport is compromised by polyQ proteins. The number of 

down-regulated genes involved in daughter GOBPs of vesicle-mediated transport (VT). 

Heatmap representation of down-regulated genes involved in ER to Golgi. The color bar in 

the heatmap represents gradient of log2-fold changes of mRNA expression levels in 78Q OE 

and w1118 with respect to the median mRNA expression levels. This experiment was done 

with the help from Do Young Hyeon. 
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Figure 22. Membrane organization is compromised by polyQ proteins. The number of down-

regulated genes involved in daughter GOBPs of Membrane organization (MO). Heatmap rep-

resentation of down-regulated genes involved in PM organization. The color bar in the 

heatmap represents gradient of log2-fold changes of mRNA expression levels in 78Q OE and 

w1118 with respect to the median mRNA expression levels. This experiment was done with 

the help from Do Young Hyeon. 
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Figure 23. RT-PCR confirms the down-regulation of genes involved in PM organization and 

ER to Golgi pathway in polyQ-expressing neurons. Relative mRNA expression levels of the 

denoted genes in 78Q OE with respect to those in w1118. *p < 0.05; **p < 0.01; ***p < 

0.001 by Student’s t test; error bars, SEM; n ≥ 3. This experiment was done with the help 

from Do Young Hyeon. 
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Figure 24. Lipid biosynthetic process is compromised by polyQ proteins. The number of 

down-regulated genes involved in daughter GOBPs of the lipid biosynthetic process (LP). 

Heat map representation of down-regulated genes involved in daughter GOBPs of LP. Color 

bar in the heat map, gradient of log2-fold-changes of mRNA expression levels in 78Q OE and 

w1118 with respect to the median mRNA expression levels. This experiment was done with 

the help from Do Young Hyeon. 
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Figure 25. Lipidomics analysis shows decreased level of sphingomyelin in polyQ-expressing 

neurons. Comparison of sphingomyelin (SM) abundances (area under the elution curves; 

AUCs) measured by multiple reaction monitoring methods between 78Q-expressing and con-

trol fly brains. Relative quantified levels of total SM in 78Q OE to those in w1118 are denot-

ed by the slope of the regression lines: 0.71 for SM. This experiment was done with the help 

from Min Jee Kwon and Jae Won Lee. 
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Figure 26. Lipidomics analysis shows decreased level of phosphatidylcholine in polyQ-

expressing neurons. Comparison of phosphatidylcholine (PC) abundances (area under the 

elution curves; AUCs) measured by multiple reaction monitoring methods between 78Q-

expressing and control fly brains. Relative quantified levels of total PC in 78Q OE to those in 

w1118 are denoted by the slope of the regression lines: 0.81 for PC. This experiment was 

done with the help from Min Jee Kwon and Jae Won Lee. 
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Figure 27. Decreased levels of SM and PC in polyQ-expressing neurons are confirmed using 

lipid assay kits. Relative quantified amounts of SM and PC in 78Q-expressing fly brains us-

ing Lipid assay kits (Cell Biolabs, San Diego, CA, USA), compared to those in w1118 con-

trols. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test; error bars, SEM; n ≥ 3, controls 

set to 1. This experiment was done with the help from Min Jee Kwon. 



- 66 - 
 

3.4 CrebA overexpression restores the down-regulation of COPII pathway and the loss 

of GOPs caused by polyQ toxicity in nucleus 

A growing volume of evidence suggests that the genes involved in the secretory pathway 

contribute to the synthesis and maintenance of GOPs (Hanus and Ehlers, 2008; Iyer et al., 

2013; Ye et al., 2007). Moreover, the mRNA sequencing data also showed that the expression 

of polyQ proteins led to the down-regulation of genes involved in the secretory pathway 

(Sec13, Sec23, Sec31 and Sec63). From these data, I suspected that the transcriptional 

dysregulation of the secretory pathway may be linked to the loss of GOPs caused by nuclear 

polyQ toxicity in C4 da neurons. To test this hypothesis, I examined the number of GOPs and 

the PM protein supply after the knockdown of Sec23 and Sec31, key components of the 

COPII pathway (Paccaud et al., 1996; Salama et al., 1997). Knockdown of these genes sig-

nificantly decreased the number of GOPs (Figures 28 and 29). Moreover, knockdown of 

Sec31 decreased the PM protein supply (Figures 30 and 31). These results support my hy-

pothesis that the disrupted COPII pathway can contribute to the loss of GOPs in polyQ-

expressing neurons.  

 Next, I questioned which transcription factors (TFs) regulate the expression of genes 

involved in the secretory pathway or in GOP synthesis and the PM protein supply. To answer 
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this question, I searched with the help from Do Young Hyeon for key TFs regulating the 

genes involved in the aforementioned cellular processes compromised by nuclear polyQ tox-

icity: MO, VT, and LP. This search identified 29 TFs that were down-regulated by nuclear 

polyQ toxicity, and a significant (p < 0.05) number of target genes were involved in the three 

processes (Figure 32). Of the 29 candidate TFs, CrebA (CREB3L1, human ortholog) (Fox et 

al., 2010) was found to regulate the largest fraction of the genes involved in MO and VT 

(Figure 32) associated with PM protein supply (Figure 22) and the COPII pathway (Figure 

21), respectively. Additionally, HLH106 (SREBP1, human ortholog) (Theopold et al., 1996) 

was found to regulate the largest fraction of the genes involved in LP (Figure 32). CrebA and 

HLH106 have been shown to act as the master regulators of the secretory pathways, includ-

ing the COPII pathway (Table 1) (Abrams and Andrew, 2005; Fox et al., 2010), and of lipid 

biosynthesis (Eberle et al., 2004), respectively. Dref (DREF, human ortholog), a key regula-

tor of cell proliferation (Matsukage et al., 2008), was also identified to regulate a significant 

fraction of the genes involved in VT, while gt, a regulator of segmentation gap genes 

(Capovilla et al., 1992), was found to regulate a large fraction of the genes involved in all 

three processes (Figure 32). Next, I examined whether their overexpression could restore the 
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loss of GOPs and the reduced PM protein supply in 78Q OE. C4 da neurons co-expressing 

78Q and CrebA (78Q OE + CrebA OE) showed significant increases in the number of GOPs 

(Figures 33 and 34) and in the PM protein supply (Figures 35 and 36) compared to 78Q OE. 

In contrast, overexpression of the other three TFs failed to restore the loss of GOPs (Figure 

37). Consistently, the overexpression of CrebA alone in C4da neurons (CrebA OE) also sig-

nificantly increased the number of GOPs (Figures 33 and 34) compared to w1118.  

Of the known target genes of CrebA (Table S3), 15 COPII pathway-related genes 

(44.1% of 34 target genes) were down-regulated by nuclear polyQ toxicity (Figure 38). The 

down-regulation of CREB3L1, a human ortholog of CrebA, and its two key downstream tar-

gets, Sec13 and Sec23α (Fox et al., 2010), was further confirmed in HEK293T cells express-

ing MJD-77Q (Figure 39). Thus, I next examined whether CrebA overexpression could re-

store the down-regulation of the four representative COPII pathway-related CrebA target 

genes (Sec13, Sec23, Sec31, and Sec63) caused by nuclear polyQ toxicity using RT-PCR 

analysis, which was done by Min Jee Kwon. The expression levels of these genes were re-

stored to levels comparable to those in the w1118 fly heads (Figure 40). Moreover, the resto-

ration of the PM protein supply by CrebA overexpression was suppressed by the additional 
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knockdown of Sec31 (Figure 41). Note that Sec31, a well-known COPII pathway gene, was 

included in these experiments although it was not identified as a DEG from mRNA sequenc-

ing data due to its marginal significance (p = 0.08) of being down-regulated. Taken together, 

these data suggest that CrebA overexpression restores the down-regulation of the COPII 

pathway and the loss of GOPs caused by nuclear polyQ toxicity. 
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Figure 28. Knockdown of Sec31 reduces GOP puncta in dendrites. Representative images of 

GOPs labeled by ManII-eGFP in w1118 and C4 da neurons expressing Sec31 RNAi. PM 

marker is labeled in red (ppk-CD4-tdTom). GOPs are indicated by arrowheads. Scale bar: 10 

μm.  
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Figure 29. Sec31 and Sec23 knockdown significantly reduces the number of GOPs in C4 da 

neurons. Quantification of the number of GOPs in both primary and secondary dendrites of 

w1118 and C4 da neurons expressing Sec31 RNAi or Sec23 RNAi. ***p < 0.001, **** p <

0.1 × 10  by one-way ANOVA with Tukey’s post-hoc correction; error bars, SEM; n ≥ 8. 
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Figure 30. Sec31 knockdown decreases PM supply in C4 da neuronal dendrites. Representa-

tive mCD8-GFP-labeled dendrite images (pseudo-colored Thal) of w1118 and C4 da neurons 

expressing Sec31 RNAi. Scale bar: 25 μm. 
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Figure 31. Sec31 knockdown decreases the average fluorescence intensity of PM marker in 

C4 da neurons. Quantification of mCD8-GFP pixel intensity in w1118 and C4 da neurons ex-

pressing Sec31 RNAi. ***p < 0.001 by Student’s t-test; error bars, SEM; n = 8. 
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Figure 32. TF analysis shows a list of polyQ toxicity-induced down-regulated TFs whose 

targets are associated with MO, LP, and VT. Twenty-nine TF candidates and the distribution 

of their targets in three GOBPs: MO; lipid biosynthetic process (LP); and VT. The color bar 

represents gradient of the number of downregulated targets in each GOBP divided by the to-

tal number of targets (target fraction). TFs were clustered using target fractions in the three 

GOBPs by hierarchical clustering (average linkage and Euclidean distance as a dissimilarity 

measure). Analysis was done with the help from Do Young Hyeon. 
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Table 1. Target genes of CREB3L1/CrebA previously reported in flies and HeLa cells 

 

 

References Downstream target genes Model system Method

Abrams & Andrew, Development 2005
Sec16, Sec31, Sec13, Sec23,
Sec24, Sar1, Sec61α, Sec63, δ
COP …etc.

Drosophila
CrebA-binding consensus sequence
motif search through MEME
analysis

Fox et al., Journal of Cell Biology 2010
Sec16A, Sec23A, Sec24A,
Sec24D, Sec31A, Sar1A… etc.

HeLa cells Microarray

Fox et al., Journal of Cell Biology 2010
Sec16, Sec31, Sec13, Sec61α,
Sec63…etc.

Drosophila
embryos

Microarray

Fox et al., Journal of Cell Biology 2010
SrpRα-1, SrpRα-2, Sec61ß,
Spase25-1, δCOP…etc.

Drosophila
embryos

ChIP

Iyer et al., Journal of Cell Science 2013
Sar1 , Sec31 , Sec23 , Sec24 ,
and Sec13

Drosophila da
neurons

qPCR
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Figure 33. CrebA overexpression restores a loss of GOPs in polyQ-expressing neurons. Rep-

resentative images of GOPs labeled by ManII-eGFP in w1118 and C4 da neurons expressing 

the denoted transgenes. GOPs are indicated by arrowheads. Scale bar: 10 μm. 
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Figure 34. CrebA overexpression increases the number of GOPs in polyQ-expressing neu-

rons. Quantification of the number of GOPs in both primary and secondary dendrites of 

w1118 and C4 da neurons expressing the denoted transgenes. N.S., not significant; ***p < 

0.001; ****p < 0.1 × 10  by two-way ANOVA with Tukey’s post-hoc correction; error 

bars, SEM; n ≥ 14.  
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Figure 35. CrebA overexpression restores the PM supply in polyQ-expressing neurons. Rep-

resentative mCD8-GFP-labeled dendrite images (pseudo-colored Thal) in w1118 and C4 da 

neurons expressing the denoted transgenes. Scale bar: 20μm. 
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Figure 36. CrebA overexpression restores average fluorescence intensity of PM marker pro-

teins in polyQ-expressing C4 da neurons. Quantification of mCD8-GFP pixel intensity in 

w1118 and C4 da neurons expressing the denoted transgenes. ****p < 0.1 × 10  by one-

way ANOVA with Tukey’s post-hoc correction; error bars, SEM; n = 8. Controls are normal-

ized to 100. 

  



- 80 - 
 

 

Figure 37. Other TFs identified by TF analysis cannot restore GOPs in polyQ-expressing 

neurons. The images of GOPs in da neuronal cluster expressing the denoted transgenes. 

ManII-eGFP was used as GOP marker and 10(2)80-gal4 was used to drive expression in da 

neurons. Magnified images of the blue box are at the bottom of each picture. Red arrows in-

dicate somatic Golgi. Scale bar: 50 μm; scale bar in the inset: 20 μm. 
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Figure 38. CrebA target genes are down-regulated in polyQ-expressing neurons. Down-

regulated targets of CrebA in 78Q OE, compared to w1118. The color bar represents gradient 

of log2-fold changes of mRNA expression levels in 78Q OE and w1118 with respect to the 

median mRNA expression levels. 
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Figure 39. Nuclear polyQ proteins reduce the expression of CREB3L1, Sec13, and Sec23A in 

HEK293T cells. mRNA levels of CREB3L1, Sec13, and Sec23A in HEK293T cells express-

ing MJD-77Q or control (transfection reagents only). **p < 0.01, ***p < 0.001 by Student’s 

t-test; error bars, SEM; n ≥ 3. 
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Figure 40. CrebA overexpression rescues expression level of its downstream targets in 

polyQ-expressing neurons. Relative mRNA levels of Sec13, Sec23, Sec31, and Sec63 in fly 

brains of 78Q OE, 78Q OE + CrebA OE, and w1118. *p < 0.05; **p < 0.01 by one-way 

ANOVA with Tukey’s post-hoc correction; error bars, SEM; n = 3. 
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Figure 41. Sec31 knockdown reverses the CrebA rescue effect on PM supply in polyQ-

expressing neurons. mCD8-GFP-labeled C4 da neuronal dendrites expressing the denoted 

transgenes (pseudo-colored Thal). Scale bar: 50 μm. 
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3.5 Co-overexpression of CrebA and Rac1 synergistically restores polyQ-induced den-

drite pathology  

I showed above that toxic polyQ proteins caused defects in the branching and elongation of 

terminal dendrites. Thus, I examined whether CrebA overexpression could restore such de-

fects of terminal dendrites in polyQ-expressing neurons. To this end, I compared the number 

of terminal dendrites (branching) between 78Q OE + CrebA OE and 78Q OE. Interestingly, 

however, I found no significant difference in the number of terminal dendrites between 78Q 

OE + CrebA OE and 78Q OE (Figures 42 and 43). To examine changes in the elongation of 

terminal dendrites, I then compared the distribution of terminal dendritic lengths between 

78Q OE + CrebA OE and 78Q OE (Figure 44) and found no significant (p = 0.12) difference 

in the distribution. These data collectively imply that no significant changes exist in the 

branching and elongation of terminal dendrites by CrebA overexpression.  

I next questioned whether the restoration of polyQ-induced dendritic defects by Cre-

bA required the preceding rescue of terminal dendrite branching in a CrebA-independent 

manner. I showed above that the overexpression of Rac1 restored terminal dendrite branching. 

Thus, I examined whether the co-overexpression of CrebA and Rac1 could restore the polyQ-

induced defects in terminal dendrites. Indeed, a significant (53.85%) fraction of C4 da neu-
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rons co-overexpressing CrebA and Rac1 showed an increased formation of long (> 10 µm) 

terminal dendrites compared to 78Q OE (Figure 45). On the other hand, only a marginal frac-

tion (12.50%) of 78Q OE overexpressing Rac1 alone showed the formation of long terminal 

dendrites compared to 78Q OE, whereas a higher fraction (75.00%) showed the formation of 

short terminal dendrites (Figure 45). Dendrites of C4 da neurons from each genotype that be-

long to the major fraction were chosen for subsequent comparisons. Do Young Hyeon com-

pared the distribution of terminal dendritic lengths, which showed that 78Q OE + Rac1 OE + 

CrebA OE (Figure 46), compared to 78Q OE + Rac1 OE (Figure 5), exhibited a significantly 

(p < 0.01) increased (approximately 77.85%) formation of long terminal dendrites (Figures 

47-49). Taken together, these data suggest that the co-overexpression of CrebA and Rac1 

synergistically restores polyQ-induced dendrite pathology.  

Previous studies showed that dendritic arborization (da) sensory neurons play an im-

portant role in larval locomotion (Hughes and Thomas, 2007; Song et al., 2007), suggesting 

that 78Q-induced dendrite defects in da neurons might impair the functions of da neurons, 

such as larval locomotion. Thus, I examined the effect of the co-overexpression of Rac1 and 

CrebA on larval locomotion under the polyQ-expressed condition. I compared the locomo-



- 87 - 
 

tion of larvae with the overexpression of the following transgenes in the entire da neuronal 

cluster using 109(2)80-gal4 and the locomotion of control larvae (w1118) (n = 20) by meas-

uring the fractions of larvae that reached the edge of the petri dish within one min: 78Q, Cre-

bA, 78Q + CrebA, CrebA + Rac1, and 78Q + Rac1 + CrebA. The fraction was significantly 

(p = 0.01) increased in 78Q, compared to w1118. From my observation, there appears to be 

no noticeable increase in speed, but rather a decrease in the number of turns in 78Q com-

pared to w1118, indicating that 78Q expression likely impaired the ability of larva to turn. 

This alteration was restored by the co-overexpression of CrebA and Rac1 in 78Q (Figure 50), 

suggesting the contribution of Rac1 and CrebA to improving larval locomotion under the 

polyQ-expressed condition. 
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Figure 42. CrebA overexpression does not alter dendrite morphology of C4 da neurons ex-

pressing polyQ proteins. Comparison of dendrite traces of representative C4 da neurons ex-

pressing the denoted transgenes: 78Q OE (orange) versus 78Q OE + CrebA OE (light blue). 

Scale bar: 100 μm. 
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Figure 43. CrebA overexpression only slightly increases the number of terminal dendrites in 

polyQ-expressing neurons. Quantification of the number of terminal dendrites in 78Q OE 

and 78Q OE + CrebA OE. N.S., not significant by Student’s t test; error bars, SEM; n = 6. 

  



- 90 - 
 

 

Figure 44. CrebA overexpression has no effect in the length of terminal dendrites in polyQ-

expressing neurons. Comparison of PDFs of log2(length of terminal dendrites) in C4 da neu-

rons expressing the denoted transgenes: 78Q OE (black) versus 78Q OE + CrebA OE (red). 

Normalized histograms were also provided with p values from the KS test. Short (< 10 μm) 

and longer (> 10 μm) terminal dendrites are partitioned by a green line. 
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Figure 45. Co-overexpression of CrebA and Rac1 induces increase in the length of terminal 

dendrites in neurons expressing polyQ proteins. Fractions of C4 da neurons expressing the 

denoted transgenes, 78Q OE + Rac1 OE (blue), and 78Q OE + Rac1 OE + CrebA OE (red), 

which show increased short terminal dendrites, increased long terminal dendrites, or no 

change in terminal dendrites compared to 78Q OE. n ≥ 8. 
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Figure 46. CrebA and Rac1 co-overexpression induces elongation of terminal dendrites. His-

tograms of the log2(length of terminal dendrites) in 78Q OE + Rac1 OE + CrebA OE. Short 

(< 10 μm) and longer (> 10 μm) terminal dendrites are partitioned by a red line. 

  



- 93 - 
 

 

Figure 47. PolyQ-expressed C4 da neurons with CrebA and Rac1 co-overexpression present 

increased length of terminal dendrites compared to those with Rac1 only expression. Com-

parison of dendrite traces of representative C4 da neurons expressing the denoted transgenes: 

78Q OE + Rac1 OE (orange) versus 78Q OE + Rac1 OE + CrebA OE (light blue). Scale bar: 

100 μm. 
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Figure 48. CrebA and Rac1 co-overexpression in polyQ-expressing neurons increases the 

population of neurons showing increased terminal dendrites. Comparison of the fractions of 

short (left) and longer (right) terminal dendrites neurons expressing the denoted transgenes: 

Rac1 OE + CrebA OE (purple) and 78Q OE + Rac1 OE + CrebA OE (red). **p < 0.01 by 

Student’s t-test; error bars, SEM; n = 6. 
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Figure 49. Co-overexpression of CrebA and Rac1 increases the terminal dendrite lengths in 

polyQ-expressing neurons compared to those with Rac1 overexpression alone. Comparison 

of PDFs of log2(length of terminal dendrites) in C4 da neurons expressing the denoted 

transgenes: 78Q OE + Rac1 OE (black) versus 78Q OE + Rac1 OE + CrebA OE (red).  
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Figure 50. CrebA and Rac1 co-overexpression rescues defects in larval locomotion. The per-

centage of larvae expressing the denoted transgenes (x axis) that reached the outer edge of 

the 90-mm petri dish within 1 min of starting from the center. n = 20. Random permutation 

experiments were performed to evaluate the statistical significance of the fraction difference 

between two genotypes.  
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3.6 CBP directly binds to the CrebA promoter to regulate its transcription in coopera-

tion with Cut 

I next questioned which TFs regulate the expression of CrebA and thus could account for the 

down-regulation of CrebA in the polyQ-expressed condition. Previously, Cut (Iyer et al., 

2013) and Scr (Henderson and Andrew, 2000) were reported as the upstream TFs of CrebA, 

and another TF CBP was described as a genetic interactor of CrebA in the fly retinal system 

(CrebA mutant suppressed retinal degeneration induced by the overexpression of mutant 

CBP) (Anderson et al., 2005). Thus, we tested whether the overexpression of Cut, Scr, and 

CBP could also restore the loss of GOPs, similar to CrebA overexpression, in polyQ-

expressing da neuronal clusters. We found that the overexpression of only CBP, among the 

three TFs, appeared to restore the loss of GOPs in polyQ-expressing neurons (Figure 51). To 

further confirm this observation, I compared the number of GOPs in the following C4 da 

neurons: w1118, CBP OE, 78Q OE, and 78Q OE + CBP OE. Consistent with the above find-

ing, CBP overexpression significantly (p < 0.10×10-3) restored the loss of GOPs in 78Q OE 

(Figure 52). In support of this finding, the knockdown and overexpression of CBP in C4da 

neurons resulted in a significant decrease (p < 0.10×10-3) and increase (p < 0.10×10-3), re-

spectively, in the number of GOPs compared to w1118 (Figures 53 and 54).     
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Next, I examined whether CBP directly binds to the promoter region of CrebA in 

CBP overexpressed fly heads via ChIP-PCR analysis (performed by Min Jee Kwon and 

Myeong Hoon Han) with four different sets of primers covering the promoter and 5’ UTR of 

CrebA (P1 to P4 in Figure 55). The binding strengths in CBP overexpressed samples were 

significantly larger compared to w1118 samples near the transcription start site (P3 and P4 in 

Figure 55), suggesting the direct binding of CBP to the promoter region of CrebA (Figure 55). 

To further confirm the regulation of CrebA by CBP, Min Jee Kwon and Myeong Hoon Han 

measured the expression level of CrebA after the knockdown and overexpression of CBP in 

w1118 fly heads. Consistent with the above data, CBP knockdown significantly (p < 

0.10×10-3) decreased CrebA expression (Figure 56). Interestingly, however, CBP overexpres-

sion did not significantly (p = 0.9844) change CrebA expression (Figure 56), suggesting that 

CBP is necessary but not sufficient for CrebA transcription. Hence, we hypothesized that 

CBP required a co-factor to regulate CrebA transcription. Previously, CBP was shown via co-

IP to interact with Cut in HeLa cells (Li et al., 2000). Based on this observation, Min Jee 

Kwon helped in checking whether CBP interacts with Cut in fly heads through co-IP experi-

ment and confirmed the interaction of CBP with Cut (Figure 57). Min Jee Kwon and Myeong 
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Hoon Han then tested whether the knockdown of Cut could decrease the level of CrebA 

mRNA in fly brains and found that Cut knockdown significantly (p < 0.01) decreased the 

level of CrebA mRNA compared to controls (Figure 58). Consistently, after the knockdown 

of Cut, significantly (p < 0.05) fewer GOPs were detected in C4 da neurons compared to con-

trols (Figure 59). I next examined whether the co-overexpression of CBP and Cut could in-

crease the mRNA level of CrebA in fly heads. Indeed, Min Jee Kwon and Myeong Hoon Han 

found CrebA expression to be significantly (p < 0.001) increased compared to fly heads 

overexpressing either CBP or Cut (Figure 60). These data altogether suggest that Cut and 

CBP act together to regulate CrebA transcription in the fly neuronal system, thereby contrib-

uting to GOP synthesis.  
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Figure 51. Cut and Scr overexpression cannot rescue GOP loss in polyQ-expressing neurons. 

Black and white images of GOPs in da neuronal cluster expressing the denoted transgenes. 

ManII-eGFP was used as GOP marker (white) and 10(2)80-gal4 was used to drive expression 

in da neurons. Scale bar: 50 μm. 
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Figure 52. CBP overexpression rescues GOP loss in polyQ-expressing C4 da neurons. Quan-

tification of the number of GOPs in the primary and secondary dendrites of w1118 and C4 da 

neurons expressing the denoted transgenes. ***p < 0.001; **** p < 0.10×10-3 by two-way 

ANOVA with Tukey’s post-hoc correction; error bars, SEM; n ≥ 12. 
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Figure 53. CBP regulates the number of GOPs in C4 da neurons. Representative images of 

GOPs labeled by ManII-eGFP in w1118, CBP RNAi, and CBP OE. PM marker is in red (ppk-

CD4-tdTom). GOPs are indicated by arrowheads. Scale bar: 20 μm. 
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Figure 54. Knockdown of CBP decreases and its overexpression increases the number of 

GOPs in C4 da neurons. Quantification of the number of GOPs in both primary and second-

ary dendrites of w1118, CBP RNAi, and CBP OE. ****p < 0.10×10-3 by one-way ANOVA 

with Tukey’s post-hoc correction; error bars, SEM; n ≥ 14. 
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Figure 55. Chromatin immunoprecipitation shows that CBP directly binds to the CrebA pro-

moter. ChIP-qPCR results showing that the promoter regions (P3 and P4) of CrebA exhibit 

increased CBP-V5 occupancy compared to the controls. *p < 0.05; **p < 0.01 by Student’s t 

test; error bars, SEM; n = 3. Locations of four primers (P1–P4) used for qPCR experiments 

are denoted in the promoter and 5` UTRs. The experiments were done with the help from 

Min Jee Kwon and Myeong Hoon Han. 
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Figure 56. Knockdown of CBP decreases CrebA mRNA level. CrebA mRNA expression lev-

el in fly brains of w1118, CBP RNAi, and CBP OE. ****p < 0.10×10-3 by one-way ANOVA 

with Tukey’s post-hoc correction; error bars, SEM; n = 5. This experiment was done with the 

help from Min Jee Kwon and Myeong Hoon Han. 
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Figure 57. CBP physically interacts with Cut in fly heads. Co-immunoprecipitation (coIP) of 

V5-tagged CBP proteins and Cut from the fly brains co-overexpressing Cut and CBP-V5 us-

ing elav-gal4. This experiment was done with the help from Min Jee Kwon. 
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Figure 58. Knockdown of Cut reduces the mRNA level of CrebA. Relative mRNA expres-

sion level of CrebA in fly brains of Cut RNAi to that in w1118. **p < 0.01 by Student’s t test; 

error bars, SEM; n = 4. This experiment was done with the help from Min Jee Kwon and 

Myeong Hoon Han. 
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Figure 59. Knockdown of Cut led to decreased number of GOPs in C4 da neurons. Quantifi-

cation of the number of GOPs in both primary and secondary dendrites of w1118 and Cut 

RNAi. *p < 0.05 by Student’s t test; error bars, SEM; n ≥ 20. 
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Figure 60. Co-overexpression of CBP and Cut up-regulates CrebA mRNA level. Relative 

mRNA expression levels of CrebA in fly brains of CBP OE and Cut OE + CBP OE to that in 

Cut OE. ***p < 0.001 by one-way ANOVA with Tukey’s post-hoc correction; error bars, 

SEM; n = 3. This experiment was done with the help from Min Jee Kwon and Myeong Hoon 

Han. 
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3.7 PolyQ proteins in the nucleus interfere with CBP at the upstream of CrebA in regu-

lation of GOP synthesis 

Finally, I asked how CBP and/or Cut, the upstream regulators of CrebA, could be affected by 

78Q. Toxic polyQ proteins are known to sequester interacting molecules, which may inhibit 

their functions (Orr and Zoghbi, 2007). CBP is a well-known polyQ interactor, and its histone 

acetylation activity was shown to be decreased under polyQ-expressed conditions (Hughes, 

2002). Based on these observations, I hypothesized that the transcriptional regulation activity 

of CBP for CrebA expression might also be affected through its sequestration by polyQ pro-

teins. To test this hypothesis, I examined the localization of CBP with help of In Jun Cha in 

C4 da neurons overexpressing CBP (CBP OE) and found that CBP showed a diffuse localiza-

tion pattern throughout the nucleus, but a mixed pattern of diffused and punctate localization 

in the cytoplasm (Figure 7A). However, co-overexpression of CBP with 78Q in C4da neu-

rons (78Q OE + CBP OE) led to the co-localization of CBP with 78Q puncta in the nucleus 

and the disappearance of the original diffuse localization (Figure 7B). To test the functional 

inhibition of CBP by polyQ proteins, we examined the capability of CBP to restore the 

polyQ-induced loss of GOPs when a stronger allele of 78Q (78Qs) was used. The restoration 

of GOPs by CBP overexpression was markedly diminished with the expression of 78Qs 
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(Figure 7C), compared to the expression of a weak 78Q allele (Figure 6A). These data to-

gether suggest a possible sequestration of CBP by 78Q in C4 da neurons, which contributes 

to the inhibition of CBP-mediated GOP synthesis. Unlike CBP, Cut showed no mis-

localization in da neurons expressing 78Q (Figure S7B), suggesting that Cut may not be a 

strong interactor of polyQ proteins, consistent with the observation that Cut overexpression 

failed to restore the loss of GOPs under polyQ-expressed condition (Figure S7A). 

  



- 112 - 
 

 

 

Figure 61. Nuclear polyQ proteins sequester CBP inside the nucleus. Immunostaining of 

overexpressed CBP tagged with V5 in C4 da neurons with or without 78Q expression. CBP 

and 78Q were visualized with anti-V5 (green) and anti-HA antibodies (blue), respectively. 

PM was visualized with an anti-horseradish peroxidase (HRP) antibody (red). The nucleus is 

outlined by white dotted lines. Scale bar: 5 μm.  
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Figure 62. PolyQ proteins interfere with CBP-mediated GOP synthesis. Quantification of the 

number of GOPs in the primary and secondary dendrites of w1118 and C4 da neurons ex-

pressing the denoted transgenes. Note, the strong allele of 78Q (78Qs) was used here. ****p 

< 0.10×10-3 by two-way ANOVA with Tukey’s post-hoc correction; error bars, SEM; n ≥ 12. 
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Figure 63. Nuclear polyQ proteins do not alter the localization of Cut in da neurons. Im-

munostaining of Cut using anti-Cut antibody in da neuronal clusters expressing 27Q (left) 

and 78Q (right). Membrane was stained with anti-HRP antibody. 
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IV. DISCUSSION 

 

4.1 PolyQ proteins in the nucleus cause terminal dendrite defects through the perturba-
tion of CBP-CrebA-COPII-GOP pathway 

During the course of my study, I mainly focused on how toxic nuclear proteins induce den-

drite defects using Drosophila C4 da neurons as a primary model system. I used primarily 

MJD protein as a model for nuclear protein toxicity. Toxic polyQ proteins in the nucleus 

cause terminal dendrite defects in C4 da neurons through disrupting CBP-CrebA-COPII 

pathway, leading to the loss of GOPs and PM supply perturbation. I showed that inside the 

nucleus, polyQ proteins sequester and interfere with the functions of CBP. This leads to de-

creased transcription of CrebA, leading to the down-regulation of many COPII-related genes 

such as Sec31. I showed that these genes are functionally linked to GOP number and PM 

supply in dendrites. Decreased number of GOPs in dendrites leads to decreased terminal 

dendrite dynamics and growth. Because polyQ proteins also disrupt F-actin, both dendrite 

elongation and growth were perturbed in C4 da neurons expressing nuclear polyQ proteins. 

These results suggest that CBP-CrebA-COPII-GOP pathway perturbed by nuclear polyQ pro-

teins contributed to the neurotoxicity in polyQ diseases.   

 

4.2 PolyQ proteins may disrupt the stoichiometric ratio of CBP to Cut for the regula-
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tion of CrebA transcription  

I showed that overexpression of CBP, but not Cut, led to the restoration of GOP number in 

polyQ-expressing neurons. This is an interesting result, because I also showed that CBP 

physically interacts with Cut to regulate CrebA transcription under normal condition. One 

possible explanation for this is that CBP and Cut form a complex in order to perform regula-

tory function for CrebA transcription. However, because polyQ proteins sequester CBP away 

from the CBP-Cut complex, Cut cannot perform the regulatory function by itself. If this is 

the case, overexpression of CBP leads to excess CBP that are not sequestered by polyQ pro-

teins, but CBP remains sequestered when Cut is overexpressed.  

 Even though we did not delve deep into the mechanistic link between Rac1-

mediated F-actin and CBP or Cut, there are ample amount of evidence from the literature to 

support such a link. For instance, a previous study showed that Cut regulates Rac1 expression 

(Jinushi-Nakao et al., 2007). In addition, another study showed that Rac1 can be epigenet-

ically suppressed by H3K27me3 (Golden et al., 2013), a histone methylation marker often 

observed in cases when CBP is compromised. Because my sequencing data shows decreased 

expression of Rac1 by polyQ proteins, I suspect that such decrease may have been induced 

by the disruption of CBP-Cut complex. Potential pathways involved in polyQ-mediated ter-
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minal dendrite elongation and branching defects are shown in Figure 64.  
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Figure 64. A proposed mechanistic model for polyQ-induced terminal dendrite defects 

(branching and elongation). Black lines denote functional links identified by the experimental 

data in this thesis, whereas the gray line denotes the link identified by the indicated previous 

study.  
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4.3 CBP-CrebA pathway, among many other transcriptional pathways, contributes sig-

nificantly to the loss of GOPs and terminal dendrite defects by polyQ proteins  

I have shown through the sequencing data that polyQ proteins perturb many a transcriptional 

pathways in neurons. From this observation, an alternative explanation may be drawn for the 

mechanism underlying the loss of GOPs and terminal dendrite defects in polyQ-expressing 

neurons. It is entirely possible that GOP loss and terminal dendrite defects are caused by a 

different transcriptional pathway from the CBP-CrebA pathway. Consistent with such a pos-

sibility, previous studies have shown that polyQ proteins can also sequester many other TFs 

other than CBP, such as TBP, Sp1, and p53 (Orr and Zoghbi, 2007). Downstream targets of 

these TFs may regulate terminal dendrite dynamics and GOPs independent of CBP-CrebA 

pathway. Nevertheless, I argue that CBP-CrebA pathway is a significant pathway contrib-

uting to the loss of GOPs and terminal dendrite defects in polyQ-expressing neurons for the 

following reasons: 1) overexpression of CBP or CrebA—but not other TFs such as HLH106, 

gt, and Dref—rescues the loss of GOPs and terminal dendrites as well as decreased PM sup-

ply in polyQ-expressing neurons, 2) knockdown of Sp1 did not decrease GOP number in C4 

da neurons (Figure 65), suggesting that Sp1 is irrelevant to GOP number, and 3) overexpres-

sion of known regulators of CrebA (Henderson and Andrew, 2000; Iyer et al., 2013), Cut and 
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Scr, failed to restore the loss of terminal dendrites and GOPs. These data support my conclu-

sion that CBP-CrebA pathway is at least partially responsible for polyQ-induced loss of ter-

minal dendrites and GOPs as well as decreased PM supply in C4 da neurons.   
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Figure 65. Knockdown of Sp1 does not alter the number of GOPs in C4 da neurons. Quanti-

fication of the number of GOPs in both primary and secondary dendrites of w1118 and Sp1 

RNAi. N.S., not significant by Student’s t-test; error bars, SEM; n = 8. 
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4.4 PolyQ proteins in the nucleus disrupt the neuropeptide maturation process, but per-

inuclear Golgi are relatively spared   

The sequencing data showed that secretory pathway is most affected by nuclear polyQ pro-

tein expression. Besides the GOPs, secretory pathway is associated with innumerous pro-

cesses such as neuropeptide maturation and trafficking (Zhang et al., 2010). To test whether 

polyQ proteins also affect neuropeptide vesicle maturation and trafficking, I expressed a neu-

ropeptide vesicle marker, ANF-EMD (Rao et al., 2001), and measured its number with or 

without polyQ expression in da neurons. I found that nuclear polyQ proteins significantly 

decreased the number of ANF-EMD vesicles in the soma and dendrites of da neurons com-

pared to those of controls (Figure 66). This additional information suggests that polyQ pro-

teins may perturb in general the secretory pathway.  

 If polyQ proteins disrupted the secretory pathway in general, perinuclear Golgi 

should also be compromised. However, when I imaged perinuclear Golgi, I did not find sig-

nificant difference from those in controls. Molecules such as CrebA are crucial for the func-

tions of perinuclear Golgi. Thus, it was a surprise that perinuclear Golgi seemed relatively 

normal compared to the GOPs in polyQ-expressing neurons presenting CBP-CrebA pathway 

perturbation. A possible explanation for lack of phenotype in polyQ-expressing neurons is 
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that the perturbation of CBP-CrebA pathway is not complete and that GOPs are more sensi-

tive to the pathway disruption than perinuclear Golgi. Therefore, if the polyQ-induced dis-

ruption of CBP-CrebA becomes more severe, I believe that perinuclear Golgi would also be-

come obviously altered.  
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Figure 66. PolyQ proteins decrease the number of neuropeptide vesicles in da neurons. Im-

ages of neuropeptide vesicles (ANF-EMD) in da neuronal clusters with or without 78Q ex-

pression. CD4-tdTom was used as a membrane marker. Scale bar: 50 μm. 
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4.5 PolyQ proteins in the nucleus significantly down-regulates a substantial number of 
genes without causing cell death in Drosophila brain 

Most of the imaging experiments of GOPs and terminal dendrites were done in C4 da neu-

rons, which are located on the larval body wall and not in the brain. However, we performed 

mRNA sequencing using Drosophila adult brains instead, because isolating enough C4 da 

neurons for sequencing is very challenging. I reasoned that data obtained from Drosophila 

brain can be very useful because the brain itself is very heterogeneous in its neuronal popula-

tion. Even though the brain does not contain any C4 da neurons, the heterogeneity of the 

brain and the significant differentially expressed genes (DEGs) derived from it suggest that 

these DEGs are not specific to a subset of neurons and may thus be generalized to C4 da neu-

rons as well. Indeed, the sequencing data obtained from the brains were largely consistent 

with imaging data I obtained from C4 da neurons.  

 Among the 5,385 DEGs between polyQ-expressed samples and controls, 5,325 

(98.9%) were down-regulated. These results may be interpreted in two different ways: 1) a 

significant cell death has occurred, or 2) a broad epigenetic silencing has occurred. To ad-

dress whether the cell death possibility is a viable interpretation, I examined the extent of cell 

death in polyQ-expressing neurons with the help of Jae Ho Cho. He stained the brains with 
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cleaved caspase-3 antibody and compared the polyQ-expressed samples with the controls. 

Note, these experiments were done under the same condition in which the sequencing was 

performed. We found that polyQ-expressing brains showed no difference in the amount of 

cleaved caspase-3 antibody staining compared to the controls (Figure 67). Furthermore, Min 

Jee Kwon observed no difference in the level of rRNA between the polyQ-expressed samples 

and the controls (Figure 68), suggesting that widespread cell death has not occurred. There-

fore, these data suggest that the down-regulation of such large number of DEGs is not due to 

widespread cell death, but may possibly be due to epigenetic changes. In support of this, pre-

vious studies showed that polyQ proteins can impair acetylation of H3K27 (Chou et al., 2014) 

and disrupt tri-methylation of H3K9 (Ryu et al., 2006) and H3K27 (Seong et al., 2010), all of 

which induces widespread silencing of genes. These epigenetic changes may result in the 

down-regulation of 98.9% of DEGs.  
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Figure 67. PolyQ proteins expressed in the adult fly brains do not induce cell death. Images 

of one-day-old adult fly brains with or without 78Q expression. The brain is marked in green 

by nc82, a synaptic marker. Cleaved caspase-3 were immunostained using anti-cleaved 

caspase-3 antibody to examine cell death. Quantification of the number of cells positive for 

caspase-3 puncta in adult fly brain with or without 78Q expression. N.S., not significant by 

Student’s t test; error bars, SEM; n = 3. 
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Figure 68. PolyQ proteins expressed in the adult fly brains do not alter the level of rRNA. 

Comparison of rRNA band intensity between w1118 fly heads and polyQ-expressed heads. 

N.S., not significant, by Student’s t test; error bars, SEM; n = 4.  
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4.6 MJDtr-27Q can also cause neurotoxicity 

In patients of MJD, polyQ repeat length is found to be above 36. This means that 27 polyQ 

repeats is within the normal range of repeats. In flies, MJDtr-27Q (27Q) is often used as a 

control (Saitoh et al., 2015; Warrick et al., 1998) for MJDtr-78Q (78Q). However, I used 

w1118 as the control for 78Q for most of my experiments because recently, my colleague 

Jeong Hyang Park found 27Q to be toxic in certain conditions. She showed that expression of 

27Q can induce strong dendrite pruning defects in C4 da neurons, a phenotype comparable to 

when 78Q was expressed (Figure 69). Interestingly, a previous study (Kirilly et al., 2011) al-

so showed that Httex1p-Q93 also caused strong dendrite pruning defects, whereas Httex1p-

Q20 did not. These results suggest that the protein context within which polyQ resides is not 

important for pruning defects. However, there seems to be a threshold Q length (somewhere 

between 20 and 27) associated with pruning defects, the mechanism for which remains un-

known.  
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Figure 69. PolyQ proteins with control and pathogenic Q lengths both induce dendrite prun-

ing defects in C4 da neurons. Dendrite images of C4 da neurons expressing denoted 

transgenes at 120h after egg laying (AEL) and 18h after puparium formation (APF). ppk-

gal4-driven expression of CD4-tdGFP or mCD8-RFP was used to label dendrites. Red arrows 

indicate cell bodies. Red scale bar: 20 μm; blue scale bar: 40 μm. Percentage of C4 da neu-

rons that have dendrite branches attached to the cell body at 18h APF in each genotype (right 

panel). These experiments were done with the help from Jeong Hyang Park. 
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4.7 Conclusion 

I have spent several years studying how toxic disease-associated proteins such as 78Q can 

lead to dendrite defects. I pursued this question using predominantly the Drosophila C4 da 

neuron system. This neuronal system is highly conserved to mammals in its function, mor-

phological complexity, and transcriptional controls of dendrites. I have shown using this sys-

tem that nuclear polyQ proteins can sequester CBP, leading to the dysregulation of its down-

stream CrebA-COPII-GOP pathway, ultimately leading to terminal dendrite defects and de-

creased PM supply (Figure 70). Interestingly, nuclear accumulation of toxic proteins is ob-

served in many other neurodegenerative diseases as well as in aging (De Cecco et al., 2011; 

Woulfe, 2007). Therefore, I suspect that my work may be relevant to these other neuronal 

maladies and aging, the mechanistic link of which should be further explored. I have also be-

gun to work on other disease-associated proteins such as TDP-43 and dipeptide repeat pro-

teins derived from GGGGCC repeat expansion in C9orf72, a gene recently found to be most 

mutated in ALS and FTD (DeJesus-Hernandez et al., 2011). How these toxic proteins are as-

sociated with dendrite pathology is a question to which I have set out to answer. I believe that 

my findings in this thesis can provide a significant clue to the mechanistic understanding of 
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my other, newly started research endeavor, which will likely continue on into my post-

graduate studies. Finally, by studying disease pathogenic mechanisms underlying dendrite 

pathology, novel molecules (e.g. CBP) can be identified that regulate dendrite morphology in 

normal condition—to understand normal physiology, one must study pathophysiology. 
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Figure 70. A diagram that summarizes my findings during the course of the study. This dia-

gram was drawn by Min Jee Kwon. 
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VI. SUMMARY IN KOREAN (요 약 문) 
 

신경세포의 특징은 매우 길고 복잡한 형태를 가지고 있는 수상돌기이다. 수상돌기 안에서는 

다양한 세포 소기관들이 발견될 수 있는데 그 중에서도 특히 축삭돌기에서는 발견되지 않지만 

수상돌기에서만 발견되는 Golgi outpost (GOP) 라는 세포 소기관이 있다. GOP 는 핵 주변에 있는 

골지랑 비슷한 형질을 가지고 있지만 그에 비해서 사이즈는 확연히 더 작다. 수상돌기는 매우 

가늘기 때문에 GOP 가 소형화 된 게 아닐까라는 가설이 존재한다. 사이즈가 다르기 때문에 

GOP 의 기능 수용력도 다를 수 있지 않을까 생각이 된다. 이러한 차이 때문에 수상돌기가 

독성단백질에 더 취약할 수도 있을 것이다. 그러나 아직까지 GOP 가 수상돌기 병적 측면에서 

어떤 역할이 있을지는 잘 알려져 있지 않다. 독성 단백질은 대부분의 퇴행성 뇌 질환에서 발견 

된 병리기작 이다. 그러나 대부분의 퇴행성 뇌 질환은 산발적으로 발생함으로써 정확한 원인을 

모르고, 결국 다양한 원인이 존재할 수 있다는 가능성을 열어둔다. 그래서 Machado-Joseph Dis-

ease (MJD) 같은 100% 유전병으로 알려진 질병이 수상돌기 병리 기작을 이해하는데 유용한 

모델로 쓰인다. 석박통합과정 동안 저자는 MJD 환자에서 보이는 polyQ 독성 단백질을 가지고 

연구를 초파리 Class IV dendritic arborization (C4 da) 신경세포에서 하게 되었다. 본 논문에서는 

polyQ 라는 독성 단백질이 어떻게 종말 가지돌기에 영향을 줄 수 있는지 라는 질문에 답을 하기 

위해서 실험을 시작 하였다. PolyQ 단백질을 핵 에다 발현을 시키면 종말 가지돌기가 없어지거나 

짧아지는 현상을 발견 하였고, 이것이 GOP 를 통해서 일어나는 것을 증명 하였다. 그러고 또한 
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원형질막 공급에도 문제가 생기는 것을 보고 하였다. 차세대 시퀀싱을 통해서 분비 경로에 

관련된 유전자 발현도가 polyQ 에 인해서 많이 감소한 것을 발견하였다. 이런 분비 경로에 

관련된 유전자를 녹다운 했을 경우 GOP 가 대체로 감소하는 것을 보고 하였다. 따라서 polyQ 

단백질이 분비 경로를 통해서 GOP 의 수를 감소하는 것으로 해석이 된다. 그 후 저자는 전사 

인자 분석을 통해서 CrebA 라는 전사 인자가 polyQ 로 인해서 발현이 의미 있게 감소하였고, 

또한 CrebA 의 하류로 에 있는 타겟 유전자들 역시 감소한 것을 밝혔다. 더욱이 CrebA 를 과 

발현 해 보았을 때 polyQ 로 인해서 감소했던 GOP 숫자가 회복하는 것을 관찰 하였다. 

CrebA 라는 유전자 발현을 조절하는 인자가 뭐가 있을까 살펴 본 결과 CBP 라는 또 다른 전사 

인자를 발견하게 되었다. CBP 는 기존 논문에 CrebA 랑 유전 상호작용을 한다는 보고가 있었다. 

그러나 그 관계가 어떻게 되는지는 잘 모르고 있었다. 따라서 저자는 CBP 랑 CrebA 의 관계를 

더 깊이 조사하였고, 그런 결과, CBP 는 GOP 의 개수를 조절할 수 있음과 동시에 염색질 면역 

침강을 통해서 CrebA 의 촉진자에 붙어서 전사 조절이 가능하다는 사실을 규명하였다. 또한, 

Cut 이라는 전사 인자는 Rac1 이라는 유전자의 전사를 돕는다고 잘 알려져 있다. 이 뜻은, 

polyQ 로 인해서 Cut 을 통한 Rac1 이 매개하는 F 액틴 합성 능력이 무너짐과 동시에 CBP 를 

통한 CrebA 가 매개하는 분비경로가 같이 무너짐으로, Rac1 이 종말 가지돌기가 분기하는 걸 

도와주고, CrebA 는 가지가 더 길어지도록 도와주는 역할을 하지만, 이 역할들이 polyQ 독성 

단백질을 통해서 막히게 되는 것이다. 또한 재미있게도, Cut 이랑 CBP 가 각각 CrebA 의 전사를 
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조절한다고 밝혔다. 그러나 각각 과 발현을 하면, CrebA양이 늘어나지 않는다. 왜일까? 녹다운을 

하면 CrebA 양은 확연히 줄어든다. 이 뜻은, CBP 랑 Cut 은 CrebA 전사 조절에 필요한 

분자들이지만 충분하진 않다는 뜻이다. 그러나 재미있게도, CBP랑 Cut이랑 같이 과 발현 시키면 

CrebA 양이 증가하게 된다. 따라서 CBP 랑 Cut 이 같은 pathway, 혹은 complex 를 이루면서 

Cut 의 전사를 조절하지 않을까 라는 가설을 새웠다. 흥미롭게도, 저자는 연구 중에 CBP 랑 

Cut 이 같은 complex 에 존재한다는 걸 알게 되었고, 따라서 CrebA 의 조절은 결국 이 complex 를 

통해서 이루어진다고 추측 되었다. 그러면 어떻게 polyQ 는 이 complex 를 방해하게 될까?  

흥미롭게도 예전 논문에 CBP가 polyQ에 의해서 기능을 상실할 수 있다고 보고된 바 있다. C4 da 

신경세포 안에서 CBP 랑 polyQ 랑 같이 발현을 해서 염색을 해 보았을 때 둘이 같은 위치에 

있음을 확인하였고, 특히나 CBP 의 위치가 polyQ 가 없을 때랑 비교해서 많이 변한 것을 보아 

polyQ 가 CBP 를 격리시키고 있어 보였다. PolyQ 가 CBP 의 기능을 제어하고 있는지 확인하기 

위해서 CBP 의 GOP 조절능력을 polyQ 발현 한 상황에서 확인해 보았다. 흥미롭게도 CBP 의 

GOP 개수 조절능력이 상실된 것이 확인 되었다.  따라서 polyQ 독성 단백질이 CBP 를 격리 

시킴으로써 Cut 이랑의 complex 가 무너지고, 그럼으로 인해서 CrebA 의 전사를 막고, 그럼으로써 

분비 경로가 막히고, 결국 GOP 가 손실되는 것이라는 결론을 내리게 되었다. 이 저자가 

석박통합과정 동안 한 실험들이 앞으로 질병 치료 연구에 많은 통찰력을 기어함으로써 독성 

단백질이 핵에 쌓여서 생기는 질병 기작을 이해하는데 도움이 되리라 생각된다.  
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