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ABSTRACT 47 
UBE3A gene copy number variation and the resulting overexpression of the protein E6AP is 48 
directly linked to autism spectrum disorders (ASDs), however the underlying cellular and 49 
molecular neurobiology remains less clear. Here we report the role of ASD-related increased 50 
dosage of Ube3A/E6AP in dendritic arborization during brain development. We show that 51 
increased E6AP expression in primary cultured neurons leads to a reduction in dendritic branch 52 
number and length. The E6AP-dependent remodeling of dendritic arborization results from 53 
retraction of dendrites by thinning and fragmentation at the tips of dendrite branches, leading to 54 
shortening or removal of dendrites. This remodeling effect is mediated by the ubiquitination and 55 
degradation of XIAP by E6AP, which leads to activation of caspase-3 and cleavage of 56 
microtubules. In vivo, male and female Ube3A 2X ASD mice show decreased XIAP levels, 57 
increased caspase-3 activation, and elevated levels of tubulin cleavage. Consistently, dendritic 58 
branching and spine density are reduced in cortical neurons of Ube3A 2X ASD mice. Our findings 59 
reveal an important role for Ube3A/E6AP in ASD-related developmental alteration in dendritic 60 
arborization and synapse formation, which provide new insights into the pathogenesis of 61 
Ube3A/E6AP-dependent ASD.  62 
 63 
SIGNIFICANCE STATEMENT 64 
Copy number variation of the UBE3A gene and aberrant overexpression of the gene product 65 
E6AP protein is a common cause in autism spectrum disorders (ASDs). As a major event during 66 
brain development, dendritic growth and remodeling play a crucial role in neuronal connectivity 67 
and information integration. We found that in primary neurons and in Ube3A transgenic autism 68 
mouse brain, overexpression of E6AP leads to significant loss of dendritic arborization. This effect 69 
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is mediated by the ubiquitination of XIAP by E6AP, subsequent activation of caspases, and the 70 
eventual cleavage of microtubules, leading to local degeneration and retraction at the tips of 71 
dendritic branches. These findings demonstrate dysregulation in neuronal structural stability as a 72 
major cellular neuropathology in ASD.  73 
 74 
 75 
 76 
 77 
 78 
 79 
 80 
 81 
 82 
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 84 
 85 
 86 
 87 
 88 
 89 
 90 
 91 
 92 
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INTRODUCTION 93 
Autism spectrum disorders (ASDs) are clinically characterized by decreased communication 94 
abilities, impaired social interaction, and the occurrence of repetitive behaviors (Levy et al., 2009). 95 
ASD is becoming a common neurodevelopmental disorder with a prevalence of about 1 in 70 96 
individuals in the United States (Zablotsky et al., 2015). ASDs are typically diagnosed during the 97 
first 3 years of life, a period of extensive neuronal development, including dendritic and synaptic 98 
growth and refinement (McGee et al., 2014). As a common comorbidity shared with other 99 
neurodevelopmental disorders, ASDs present a scientific and therapeutic challenge.  100 

UBE3A is a major ASD gene located on chromosome 15q11-13, a region that has been in 101 
focus of genetic studies on autism susceptibility. UBE3A is genetically imprinted, where only the 102 
maternal copy of the gene is expressed in the brain, and the paternal copy is silenced (Albrecht et 103 
al., 1997). Copy number variations (CNVs) of UBE3A are strongly implicated in ASDs, whereas 104 
deletions of the gene are involved in Angelman syndrome (AS) (Williams et al., 2006). Individuals 105 
with an additional maternal copy of UBE3A (dup15) and those with two extra copies from an 106 
isodicentric extranumery chromosome (idic15) both display autism penetrance (Hogart et al., 107 
2010). These studies suggest the importance of UBE3A gene dosage in brain development. The 108 
protein product of UBE3A, E6AP, is a HECT family E3 ligase (Crinelli et al., 2008; Kim and 109 
Huibregtse, 2009). However, the neurobiological function of this E3 ligase in ASDs remains less 110 
clear.  111 

As dendrites are the main structures that receive information in neurons, the complexity of 112 
dendrites and synaptic spine number determine neuronal connectivity and communication. 113 
Development, refinement, and maintenance of the neuronal dendritic arbors are therefore crucial 114 
to normal brain function. The formation of dendritic arborization is a dynamic process. Following 115 
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early developmental growth, mature branching patterns are established not only by neurite 116 
elongation and new branch formation, but also by branch retraction and elimination, where 117 
dendritic branches are shortened or removed by dendrite remodeling in order to optimize the 118 
connectivity and function of neural circuits (Cline, 2001; Kozlowski and Schallert, 1998; Puram et 119 
al., 2010; Tao and Rolls, 2011). Dendritic remodeling and retraction is a general developmental 120 
process occurring in neurons from insects to mammals (Parrish et al., 2007; Tao and Rolls, 2011; 121 
Zehr et al., 2006). Selective and active elimination of dendrites after initial cortical layer 122 
establishment is essential in shaping the functional architecture of the cortex (Koester and 123 
O'Leary, 1992). In the hippocampus and prefrontal cortex of ASD patients, significant changes in 124 
dendritic branching and spine density have been observed (Mukaetova-Ladinska et al., 2004; 125 
Raymond et al., 1996; Williams et al., 1980). Consistently, ASD genes, including FMRP and 126 
Mecp2, have been shown to affect neuronal morphology in animal models (Berman et al., 2012; 127 
de Anda et al., 2012; Irwin et al., 2001; Pathania et al., 2014). However, the role of E6AP in 128 
neuron morphogenesis and maturation in relation to ASD and the underlying cellular and 129 
molecular mechanisms remain largely unknown.   130 

We therefore investigated the role of ASD-related increased dosage of E6AP in dendritic 131 
arborization and synapse maturation during brain development. Using primary neuron cultures, we 132 
find that elevated E6AP expression causes remodeling of dendritic arborization with a significant 133 
reduction in dendrite length and branch numbers, with dendritic retraction occurring from the distal 134 
end via thinning and local degeneration. To explore the signaling cascade, we find that E6AP 135 
targets XIAP for ubiquitination and degradation, and subsequently elevates levels of activated 136 
caspase 3, leading to microtubule cleavage and eventual retraction and removal of dendritic 137 
branches. In the Ube3A ASD mouse model, cortical neurons display a significant reduction in 138 
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dendritic branches and spine density. Importantly, we find that the same signaling cascade 139 
involved in dendritic remodeling in vitro is utilized in the ASD mice. These novel findings provide 140 
important insights into the cellular alterations and molecular details in neuron development in 141 
E6AP-dependent ASD.  142 

 143 
METHODS 144 
Antibodies, plasmids, and drugs 145 
Primary antibodies to the following proteins were used: mouse anti-E6AP (1:100 for ICC and IHC, 146 
1:1000 for WB, Sigma-Aldrich Cat #8655), rabbit anti-cleaved caspase 3 (1:100 for ICC, 1:1000 147 
for WB, Cell Signaling Cat #9661), rabbit anti-caspase 3 (1:1000 for WB, Cell Signaling Cat 148 
#9662), rabbit anti-XIAP (1:100 for ICC and IHC, Bioss Antibodies Cat #bs-1281r), rabbit anti-149 
XIAP (1:1000 for WB, Sigma-Aldrich cat #PRS3331), mouse anti-FLAG tag DYKDDDDK (1:1000 150 
for WB, Cell Signaling Cat #8146), anti-GAPDH (1:5000 for WB, EMD Millipore Cat #MAB374), 151 
mouse anti-alpha tubulin (1:2000 for WB, Sigma-Aldrich Cat #T9026), rabbit anti-cleaved tubulin 152 
(TubΔCasp6) (1:500 for ICC, 1:5000 for WB, provided kindly by Andrea LeBlanc at McGill 153 
University), mouse anti-NeuN (1:100 for ICC, EMD Millipore). The following secondary antibodies 154 
were used: IgG-HRP for WB (1:5000, BioRad mouse, Cat #170-6516, and rabbit Cat #170-6515), 155 
mouse Alexa Fluor 488 (1:500, Molecular Probes Cat #A21121), rabbit Alexa-Fluor 488 (1:500, 156 
Molecular Probes Cat #A11094), mouse Alexa Fluor 555 (1:500, Molecular Probes Cat #A21127), 157 
and rabbit Alexa Fluor 555 (1:500, Molecular Probes Cat #A21428).  158 

The following cDNA plasmids were obtained from Addgene: p4054-E6AP (#8658), E6AP 159 
C820A (#37602), pEBB-XIAP (#11558), and pCDNA3-Caspase 3 C163A (#11814). mCherry-160 
tubulin WT and mCherry-tubulin K40A were a kind gift from Dr. Saudou Frederic (Institut Curie).  161 
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pHR-pTRE-iCre-mCherry and pHR-rtTA (Tet-ON) were generously provided by Wilson 162 
Wong. To make pHR-pTRE-E6AP-mCherry, full length human E6AP was PCR amplified to 163 
include the restriction sites MluI and XmaI using the following oligonucleotides: 5’ 164 
GCACGCGTGATGGAGAAGCTGCACCAG 3’, 5’ GTCCCGGGGCAGCATGCCAAATCCTTT 3’. 165 
The same restriction sites were cut in pHR-pTRE-iCre-mCherry to remove iCre. E6AP PCR 166 
products were gel-purified (QIAGEN QIAquick Gel Extraction Kit) and subcloned into the vector. 167 
Similarly, pHR-pTRE-E6AP (without mCherry) was constructed using the restriction sites MluI and 168 
NotI and the following oligonucleotides: 5’ GCACGCGTGATGGAGAAGCTGCACCAG 3’, 5’ 169 
GTGCGGCCGCGTTACAGCATGCCAAATCCTTT 3’. To make AAV E6AP, E6AP was subcloned 170 
into AAV-ReaChR-citrine (Addgene #50954) using the BamHI and HindIII restriction sites.  171 

Doxycycline (Sigma Aldrich Cat #D9891) was used at 1 g/ml. MG132 was obtained from 172 
Sigma-Aldrich (Cat #7449). The caspase-9 inhibitor III Ac-LEHD-CMK, was obtained from EMD 173 
Millipore (Cat #218728). Tubulin live-cell fluorescent labeling was done with the SiR-Tubulin 174 
Spirochrome probe (Cytoskeleton, Inc. Cat # CY-SC002) according to manufacturer’s instructions.  175 

 176 
Neuronal and human embryonic kidney cell culture and transfection 177 
Primary cultured cortical and hippocampal neurons were prepared from embryonic day 18 rat 178 
embryos as previously described (Hou et al., 2008; Man et al., 2007). Briefly, dissociated neurons 179 
from rat hippocampus or cortex were seeded onto Poly-L-lysine (Sigma-Aldrich) coated coverslips 180 
in 60mm dishes, each containing five coverslips, 6-well plates, or glass-bottom 6-well plates (In 181 
Vitro Scientific). Neurons were maintained in Neurobasal medium (ThermoFisher), supplemented 182 
with 2% Neurocult TM SM1 Neuronal Supplement (StemCell Technologies), 1% horse serum 183 
(Atlanta Biologicals), 1% penicillin/streptomycin (Corning), and L-Glutamine (Corning). Seven 184 
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days after plating, 5’-Fluoro-2’-Deoxyuridine (10 μM, Sigma-Aldrich) was added to the neuron 185 
media to suppress glial growth until experimental use. Human embryonic kidney (HEK) 293T cells 186 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Corning) supplemented with 10% 187 
heat-inactivated fetal bovine serum (Atlanta Biologicals), 1% penicillin/streptomycin, and L-188 
glutamine. All cells were maintained in a humidified incubator at 37°C in an atmosphere containing 189 
5% CO2.  190 
 191 
Transfection and viral infection 192 
Neuron transfections were performed at DIV10-11 with Lipofectamine 2000 (Invitrogen) according 193 
to manufacturer’s instructions with a DNA to Lipofectamine ratio of 2:1. Briefly, DNA and 194 
Lipofectamine were separately diluted in DMEM, then mixed together and incubated for 20 min at 195 
room temperature. The mixture was then added to neuron coverslips or glass-bottom plates and 196 
incubated for 4 hours at 37°C, after which the transfection medium was replaced with conditioned 197 
neuron medium. Neurons were fixed for immunocytochemistry 24-36 hours after transfection. HEK 198 
cell transfections were performed similarly at 60-70% cell confluency using the polyehtylenimine 199 
(PEI) transfection reagent (Polysciences) with a 3:1 PEI to DNA ratio. The cells were incubated 200 
with the transfection mixture for 8 hours, then rinsed twice with sterile PBS, and replaced with 201 
fresh HEK medium. HEK cells were lysed and collected 48 hours after transfection.  202 

Recombinant adeno-associated virus (AAV) was produced by transfecting HEK293T cells 203 
with the E6AP AAV or GFP AAV plasmid, along with viral packaging and envelope proteins 204 
XX6.80 and p50-Cap9 (AAV9) or XR2 (AAV2) using PEI. Three days following transfection, cells 205 
were lysed by freeze/thaw cycles and sonicated. The lysate was centrifuged at 3000 x g for 30 206 
minutes at 4°C and the supernatant was filtered through a 0.45μm filter and precipitated with 207 
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PEG-IT (Systems Biosciences). The mixture was centrifuged at 1500 x g for 30 minutes and the 208 
resulting viral pellet was resuspended in PBS and aliquots were kept at -80°C. Primary neurons 209 
were infected with virus at DIV2 and collected at DIV 12.  210 
 211 
Animals  212 
FVB/NJ-Tg(Ube3A)1Mpan/J mice (stock 019730) and FVB/NJ wild-type mice (stock 001800) were 213 
purchased from the Jackson Laboratory. All animals were maintained in accordance with 214 
guidelines of the Boston University Institutional Animal Care and use Committee. To obtain Ube3A 215 
2X Tg animals, heterozygous males were mated with heterozygous females and homozygous 216 
animals were used for experiments. Both male and female pups were used for tissue collection.  217 
 218 
Immunocytochemistry 219 
Hippocampal neurons were washed twice in ice-cold ACSF and fixed for 10 min in a 4% 220 
paraformaldehyde/4% sucrose solution at room temperature. Cell membranes were permeabilized 221 
for 10 min with 0.3% Triton-X-100 (Sigma-Aldrich) in PBS, rinsed three times with PBS, then 222 
blocked with 5% goat serum in PBS for 1 hr. Following blocking, cells were incubated with primary 223 
antibodies made in 5% goat serum for 1 hr at room temperature, washed with PBS and incubated 224 
with Alexa Fluor-conjugated secondary antibodies for 1 hr. Cells were then mounted on 225 
microscopy glass slides with Prolong Gold anti-fade mounting reagent (Thermo Fisher Cat # 226 
P36930) for subsequent visualization.  227 
 228 
Immunohistochemistry  229 
For brain slices, animals were anesthetized in a CO2 chamber and transcardially perfused with 230 
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ice-cold PBS. The brains were removed and placed in 4% paraformaldehyde in PBS solution at 231 
4°C for 4-6 hrs, followed by incubation in a 30% sucrose PBS solution at 4°C for 24 hrs. The 232 
brains were then placed in trays, submerged in OCT embedded medium (Tissue-Tek Cat. 233 
#25608-930), and flash frozen by placing the trays in a dry ice bath with methanol. Frozen brains 234 
were cut in 20 μm sections on a Leica CM 1850 cryostat (Leica Biosystems) at -20°C. Slices were 235 
then rehydrated in PBS for 40 min, followed by blocking and permeabilization in a 5% goat serum 236 
solution with 0.3% Triton-X 100/PBS for 1.5 hrs. Slices were than incubated with primary 237 
antibodies made in 5% goat serum overnight at 4°C, washed three times with PBS, and incubated 238 
with secondary antibodies in 5% goat serum for 1 hr. Nuclei were stained with Hoechst, followed 239 
by three washes with PBS, and coverslipping with coverglass (Fisherbrand #12-544-D) with 240 
Prolong Gold. For GFP AAV2-infected brains, 100μm slices were made, rehydrated, and stained 241 
with Hoechst before coverslipping. These procedures were reviewed and approved by the Boston 242 
University Institutional Animal Care and Use Committee.  243 
 244 
Golgi staining  245 
Whole brains collected from transgenic animals at P15 were subjected to Golgi neuron staining 246 
according to the manufacturer’s instructions (FD Neurotechnologies Rapid Golgistain Kit, Cat 247 
#PK401). Brains were sliced in 200 μm -thick slices using a cryostat. Stained slices were mounted 248 
on gelatin-coated microscopy slides (FD Neurotechnologies Cat #PO101) with Permount 249 
mounting medium (Fisher Scientific). Images obtained from Golgi-stained slices were traced using 250 
ImageJ for spines and NeuronJ for dendrites.  251 
 252 
Microscopy 253 
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Hippocampal neurons mounted on glass slides were imaged with a Carl Zeiss inverted fluorescent 254 
microscope with a 40X or 63X oil-immersion objective and collected with AxioVision 4.5 software. 255 
Golgi stained brain slices were imaged with a 20X air objective. Images were quantified using NIH 256 
ImageJ software.  257 

Fixed brain sections from transgenic animals were imaged using a Zeiss LSM 700 laser 258 
scanning confocal microscope with a 25X oil-immersion objective. Images were collected as 4x4 259 
tiles and stitched together using the Zen imaging software.  260 

Live images of hippocampal neurons were obtained with a Zeiss LSM 700 Laser 261 
Scanning Confocal Microscope with a 63X oil-immersion objective in a temperature-controlled live 262 
imaging chamber. Images of the same cells were obtained at several time points from induction of 263 
expression with the Zen imaging software.  264 
 265 
Sholl Analysis 266 
Dendritic arborization was quantified using Image J. Original images of neurons were used to 267 
trace dendrites with the NeuronJ plugin. Using the Sholl Analysis plugin, the center of the soma 268 
was used as a reference point and ten concentric circles were made on the tracings: the starting 269 
radius was set to 35 pixels and the ending radius was set to 800 pixels (the outermost circle within 270 
the image). From these parameters, the number of intersections at each concentric circle was 271 
quantified and plotted.  272 
 273 
Electrophysiology  274 
Hippocampal neurons were transfected at DIV 12 with either surfGFP and pcDNA3.1, or surfGFP 275 
and E6AP. Two days following transfection, a coverslip of neurons was transferred to a recording 276 
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chamber with the extracellular solution containing 140 mM NaCl, 3 mM KCl, 1.5 mM MgCl2, 2.5 277 
mM CaCl2, 11 glucose and 10 HEPES, pH 7.4, which was supplemented with tetrodotoxin (TTX) 278 
(1 μM) to block action potentials, 2-amino- 5-phosphonopetanoate (APV) (50 μM) to block NMDA 279 
receptors and bicuculline (20 μM) to block GABAA receptor-mediated inhibitory synaptic currents. 280 
Whole-cell voltage-clamp recordings were made with patch pipettes filled with an intracellular 281 
solution containing 100 mM Cs-methanesulfonate, 10 mM CsCl, 10 mM HEPES, 0.2 mM EGTA, 4 282 
mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX-314 and 10 mM Na-phosphocreatine, pH 7.4, with the 283 
membrane potential clamped at −70 mV.  284 

 285 
Immunoprecipitation 286 
For ubiquitination immunoprecipitation assays, cells were rinsed with cold phosphate-buffered 287 
saline and resuspended in 200 μl modified radioimmunoprecipitation assay (RIPA) lysis buffer (50 288 
mM Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40 (Affymetrix/USB, Santa Clara, CA, USA), 1% 289 
sodium deoxycholate and 1% sodium dodecyl sulfate) with mini complete protease inhibitor 290 
(Roche, Indianapolis, IN, USA) and 20 μM N-Ethylmaleimide (NEM, Sigma). Lysates were further 291 
solubilized by sonication and volumes were adjusted to 500 μl with more RIPA buffer. Protein A 292 
sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were added to the lysates 293 
along with antibodies against either FLAG or XIAP and samples were incubated overnight for 12-294 
16 hours on rotation at 4°C. Immunocomplexes were washed three times with cold RIPA buffer, 295 
resuspended in 2X Laemmli buffer, and denatured at 95°C for 10 min before being subjected to 296 
western blotting.  297 
 298 
Sample collection  299 
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Brains were collected from transgenic animals at various developmental stages (postnatal day 0 300 
to postnatal day 40) and the hippocampus was dissected out. Brain tissues were either processed 301 
immediately or frozen at -80°C for later processing. Tissues were lysed in RIPA buffer with 0.1% 302 
sodium dodecyl sulfate by trituration, followed by brief sonication, and incubation for 1 hr on a 303 
rotator at 4°C. Samples were then centrifuged at 13,000 rpm for 30 min at 4°C and the 304 
supernatant was collected. Protein levels were quantified by BCA assay (Pierce) and normalized 305 
to the same total protein concentration. 306 
 307 
Western Blotting  308 
Cell lysates or immunoprecipitates were separated by SDS-PAGE, transferred to PVDF 309 
membranes, and probed with the appropriate antibodies. Immunointensity of western blots was 310 
measured using Image J; values were normalized to corresponding tubulin or GAPDH inputs, and 311 
then normalized to controls where appropriate prior to statistical analysis. 312 
 313 
Experimental design and statistical analyses  314 
Both male and female mice were used for tissue collection. For developmental time points and 315 
brain lysate western blots (Figure 6A-B, Figure 7A-D), 3 WT and 3 2X Tg mice were collected 316 
from 10 separate litters. For immunohistochemistry (Figure 6 and 6-1), 2 animals of each 317 
genotype were collected and 10 slices from each animal were used for each staining. For Golgi 318 
staining, two brains of each genotype were collected, 5 slices were made, and spines from 10 319 
different neurons were analyzed. Dendritic morphology measurements were collected from 12 320 
neurons from the same 5 slices.  321 

All values are reported as mean ± SEM. A Student’s t-test, or two-way ANOVA with 322 
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Tukey’s post-hoc test, Dunnett’s multiple comparison test, or Holm-Sidak test was used as 323 
appropriate. Statistical analysis was performed using Graphpad Prism.  324 
 325 
RESULTS  326 
E6AP overexpression leads to a reduction in dendritic arborization  327 
To investigate whether E6AP has any role in neuron morphogenesis, we overexpressed E6AP 328 
together with surface GFP in cultured hippocampal neurons at DIV11 and observed their 329 
morphology at DIV12. Twenty-four hrs after transfection, increased levels of E6AP expression 330 
were detected in both the soma and the dendrites of neurons (Figure 1-1). At this stage, control 331 
neuron morphology shows multiple primary dendritic branches deriving from the soma, with 332 
elaboration of second and third order branches.  Primary branches are distributed roughly evenly 333 
around the soma, often with one major, dominant dendrite (Figure 1A). Surprisingly, compared to 334 
the GFP-only control, E6AP-transfected neurons revealed a marked reduction in dendritic 335 
morphology. Typically, a large portion of the dendrites disappeared, leaving only one or two major 336 
primary branches with multiple short minor neurites at the soma region  (Figure 1A). Sholl analysis 337 
showed that the dendritic branch numbers were significantly decreased along the distance from 338 
the soma (F(1,198) = 55.44, p < 0.0001, ANOVA) (Figure 1B). The total number of dendrites and 339 
total dendritic length were also significantly reduced in E6AP-transfected neurons (branch 340 
number, control: 41.6 ± 3.3; E6AP: 17.5 ± 1.41, p = 1.8 x 10-5; total length, control: 2299.9 ± 176.3 341 
μm; E6AP: 877.4 ± 78.1 μm; p = 1.4 x 10-9; n = 40 cells per condition) (Figure 1C). To further 342 
characterize the changes in dendritic morphology, we analyzed the branching pattern based on 343 
branching orders (Figure 1D). We found that although the length of primary branches was similar 344 
between both the control and E6AP conditions (control: 294.4 ± 50.4 μm, n = 10; E6AP: 231.1 ± 345 
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37.7 μm, n = 10, p = 0.384), the secondary and tertiary branches were significantly reduced in 346 
length by E6AP overexpression (secondary branch, control: 378.6 ± 37.8 μm, n = 10; E6AP: 207.3 347 
± 29.9 μm, n = 10, p = 0.0086; tertiary branch, control: 442.4 ± 101.3 μm, n = 10; E6AP: 60.58 ± 348 
12.5 μm, n = 10, p = 0.0045) (Figure 1E). These data showed that overexpressing E6AP leads to 349 
a reduction in dendritic arborization complexity in primary hippocampal neurons.  350 
 351 
Overexpression of E6AP in primary hippocampal neurons decreases mature spines  352 
E6AP overexpression caused a drastic reduction in dendrite branching and length. We next 353 
wanted to know whether E6AP also plays a role in the regulation of dendritic spines. One 354 
possibility is that, as a result of a reduction in dendritic arborization, the remaining dendrites may 355 
have an increased density of spines to compensate for the loss of dendrites. To examine this, we 356 
transfected neurons at DIV11 with E6AP and surface GFP (surfGFP), which contains a membrane 357 
attachment motif and is thus able to clearly delineate the minor membranous structure such as the 358 
spines (Kameda et al., 2008) (Figure 1F). Twenty-four hrs after transfection, neurons were fixed 359 
and spines were counted on 50 μm segments along primary dendrites. Mean spine density was 360 
decreased in E6AP overexpressing neurons (control: 0.84 ± 0.09 spines/μm, n = 10 cells; E6AP: 361 
0.27± 0.02 spines/μm, n = 10 cells; p = 0.047) (Figure 1G). Upon further characterization of the 362 
subtypes of spines, we found that E6AP neurons had decreased mushroom-type spines (control: 363 
21.6 ± 3.3%, n = 10; E6AP: 7.4 ± 1.9%, n = 10, p = 0.007) (Figure 1H). Conversely, the 364 
percentage of filopodia was increased in E6AP neurons (control: 6.8 ± 3%, n = 10; E6AP: 20.2 ± 365 
6.4%, n = 10, p = 0.047) (Figure 1H). The percentage of stubby spines and thin spines was not 366 
significantly different between control and E6AP (Figure 1H). Consistent with these findings, 367 
electrophysiological recordings revealed a decrease in the frequency, but not amplitude, of AMPA 368 
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receptor-mediated miniature excitatory postsynaptic currents (mEPSCs) in E6AP-transfected 369 
hippocampal neurons (control: 3.19 ± 0.6 Hz, n = 10; E6AP: 1.16 ± 0.23 Hz, n = 10, p = 0.0054)  370 
(Figure 1-2). The decrease in mushroom spines and increase in filopodia in E6AP-transfected 371 
neurons, along with decreased mEPSCs, suggests a role for E6AP in spine maturation. 372 
 373 
E6AP overexpression causes active dendrite elimination 374 
We wanted to determine whether the change in dendritic morphology was a result of an inhibition 375 
in growth or caused by active removal of existing dendritic branches. To this end, hippocampal 376 
neurons were transfected at DIV10 with surfGFP, and fixed after 24 hrs at DIV11 for 377 
morphological analysis (Figure 2A and 2B). At DIV11, another set of neurons were transfected 378 
with either surfGFP only or together with E6AP, and fixed 24 hrs later at DIV12. At DIV11, the 379 
hippocampal cultured neurons already have elaborate dendritic arborization (Figure 2A). If E6AP 380 
simply suppresses dendrite growth, arborization of E6AP-expressing neurons at DIV12 is 381 
expected to be similar to the DIV11 control neurons. However, compared to the surfGFP control 382 
neurons fixed at DIV11, overexpressing E6AP from DIV11 to DIV12 still led to a reduction in 383 
dendritic arborization compared to the DIV11 neurons (F(2,297) = 101.8, p < 0.0001, ANOVA) 384 
(significant difference in number of intersections at 40 μm, p < 0.0001;  55 μm, p < 0.0001; 86 μm, 385 
p < 0.0001; 101 μm, p < 0.0001; 116 μm, p = 0.0129; 132 μm, p = 0.0023; 147 μm, p = 0.0008; n 386 
= 10, Dunnett’s multiple comparison test) (Figure 2C). This suggests that the E6AP-induced down-387 
regulation in dendrite branching was not likely due to an inhibition of dendrite growth, but rather an 388 
active removal of existing dendritic branches.  389 

To further examine the cellular process leading to reduced dendritic complexity, we 390 
carried out live imaging with inducible E6AP expression. We first tested our tetracycline-inducible 391 
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E6AP for its ability to change dendrite morphology. Indeed, expression of pTRE-E6AP-mCherry 392 
(pTRE-E6AP-mCh) after doxycycline (1 μg/ml) treatment caused significant dendrite reduction 393 
within 24 hrs, while untreated pTRE-E6AP-mCh cells did not (F(1,528) = 25.08, p < 0.0001, ANOVA) 394 
(Figure 2-1A, 2-1C). In contrast, expression of the control pTRE-mCh did not lead to changes in 395 
morphology with or without doxycycline treatment (Figure 2-1A, 2-1B). To study the molecular 396 
process of E6AP-dependent dendritic remodeling, hippocampal cultures on a glass-bottom plate 397 
were transfected with surfGFP together with either pTRE-mCh (control) or pTRE-E6AP-mCh. One 398 
day after transfection, when neuron structure became clearly visible with surfGFP, doxycycline 399 
was added to the medium to induce E6AP expression and neurons were imaged every 6 hrs for 400 
the next 24 hrs. We found that in the control neurons, while there was some minor dendrite growth 401 
and retraction, the overall structure remained stable (Figure 2D, top row). In contrast, the dendritic 402 
arbors of the E6AP-expressing neurons changed drastically over the same period of time. A large 403 
portion of preexisting dendrites was removed, while a smaller number of neurites either grew or 404 
remained stable (Figure 2D, middle row). Compared to control, E6AP neurons had more retraction 405 
events (control: 35.5 ± 7.8%, n = 9; E6AP: 49.09 ± 5.2%, n = 7, p < 0.05) (Figure 2E) and a 406 
greater percentage of overall dendrite reduction (control: 17.57 ± 4.6%, n = 9; E6AP: 39.4 ± 6.8, n 407 
= 7, p = 0.022) (Figure 2F), indicating an elevated activity in dendritic remodeling. The total length 408 
of growth was not significantly different in E6AP neurons, supporting that the reduction in dendritic 409 
arbor complexity is not a result of inhibition of growth (Figure 2G). The total length of retracted 410 
branches was significantly increased in E6AP cells (control: 73.8 ± 25.4 μm, n = 9; E6AP: 310.9 ± 411 
62.8 μm, n = 7, p = 0.0002) (Figure 2H), suggesting that the dendrites of E6AP neurons are 412 
reduced by active retraction. Interestingly, we observed that the dendrites in the process of 413 
remodeling showed two typical structural changes: distal thinning and fragmentation (Figure 2D, 414 
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bottom row). Some dendrites were found to be thinning at the distal section close to the tip and 415 
shrinking before completely elimination, whereas others were found to become disintegrated into 416 
fragments at the tip of the neurite and gradually breaking down before disappearance.  417 

 418 
Caspase-3 activity is required for E6AP-induced dendritic remodeling 419 
We next wanted to know the underlying molecular cascade leading to E6AP-induced dendritic 420 
withdrawal. Caspases are a family of cysteine proteases that play a key role in the signaling 421 
cascade involved in apoptosis, differentiation, and neuromorphogenesis (Unsain and Barker, 422 
2015). An activated caspase cleaves and activates downstream caspases, leading to digestion of 423 
target functional proteins, and resulting in wide range cellular destruction as well as functional 424 
modification. In addition to global activation leading to cell death, activation of the caspase 425 
cascade has been found to occur locally at restricted regions in neurons (Li et al., 2010). Local 426 
caspase activation is required for regulating axonal branching in retinal ganglion cells (Campbell 427 
and Okamoto, 2013), and developmental degeneration of dorsal root ganglion neurons 428 
necessitates caspase activity (Unsain et al., 2013). In addition, efficient axon regeneration and 429 
growth following an injury also involves the activation of the caspase cascade (Verma et al., 430 
2005). In cultured hippocampal neurons, caspase activity has been shown to be required for spine 431 
dynamics (Erturk et al., 2014; Jiao and Li, 2011). Consistently, caspases also play an important 432 
role in synaptic plasticity (Li et al., 2010). As these studies highlight the important role of caspases 433 
in morphological changes relevant to neuronal development, we wondered whether this pathway 434 
is also involved in E6AP-dependent dendritic reorganization. To this end, we first measured 435 
caspase-3 activity in neurons overexpressing E6AP, as caspase-3 is a crucial downstream 436 
executioner caspase in the cascade. Hippocampal neurons were transfected with surfGFP alone 437 
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or together with E6AP at DIV11 and fixed 24 hrs later. When neurons were immunostained with 438 
an antibody specifically against cleaved caspase-3 (activated form), we found that the E6AP-439 
transfected neurons had a 4.8-fold increase in cleaved caspase-3 levels compared the control (n = 440 
10, p = 8.1 x 10-6) (Figure 3A, 3B). To further confirm the effect of E6AP on caspase-3 activation, 441 
we infected neurons with AAV9 GFP or AAV9 E6AP virus for 10 days. Consistent with the 442 
immunostaining results, western blotting showed that cleaved caspase-3 levels were significantly 443 
increased in E6AP-infected neurons (2.04 ± 0.07 fold normalized to control, n = 3, p = 0.005) 444 
(Figure 3C, 3D).  445 

We then wanted to investigate whether the caspase pathway is involved in E6AP-446 
dependent dendritic remodeling. In hippocampal neurons transfected with E6AP, we suppressed 447 
caspase-3 activation by the application of Ac-LEHD-CMK (150 nM), an irreversible inhibitor of 448 
caspase-9, which is an upstream activator of caspase-3 (Mocanu et al., 2000).  Indeed, treatment 449 
with the caspase-9 inhibitor completely blocked the E6AP-dependent dendritic shrinking (Figure 450 
3E), indicating a requirement of caspase-3 activity in E6AP-induced dendritic remodeling. To 451 
further confirm the role of caspase-3, we performed dominant negative experiments. DIV11 452 
neurons were transfected with E6AP along with a caspase-3 catalytic mutant plasmid, Casp3 453 
C163A. Consistent with the pharmacological treatment, overexpression of this mutant caspase-3 454 
abolished the E6AP-induced morphological changes (Figure 3F, 3G), demonstrating a clear 455 
rescue of the remodeling phenotype by inhibition of caspase-3 cleavage and activity. These data 456 
strongly suggest that the caspase cascade, primarily caspase-3, plays a crucial role in E6AP-457 
dependent dendritic remodeling in hippocampal neurons.  458 
 459 
E6AP as an E3 ligase targets XIAP for ubiquitination 460 
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As a HECT E3 ligase, E6AP is expected to execute its effect by ubiquitination and subsequent 461 
degradation of target protein(s). Consistently, when we expressed the E6AP E3 ligase mutant 462 
E6AP C820A, the dendritic retraction effect was markedly suppressed (Figure 4-1A, 4-1B), 463 
confirming the role of E6AP E3 ligase activity in remodeling. Because E6AP expression led to an 464 
increase in caspase-3 activity, we hypothesized that it may target an intermediate molecule that 465 
inhibits caspases, so that ubiquitination and degradation of such an inhibitory molecule would lead 466 
to caspase-3 activation. In line with this thought, we found that the most likely candidate protein is 467 
the family of IAPs, the inhibitors of apoptosis. IAPs are the first identified family of endogenous 468 
cellular inhibitors of caspases in mammals; and members of that family, namely XIAP, c-IAP1, and 469 
c-IAP2, have been shown to potently bind to and inhibit caspases 3, 7, and 9 (Deveraux et al., 470 
1997; Roy et al., 1997). Of these IAPs, XIAP is ubiquitously expressed in all adult and fetal tissues 471 
including the brain (Rajcan-Separovic et al., 1996), whereas c-IAP1 and c-IAP2 are mainly 472 
expressed in the kidney, small intestine, liver, and lung, with only minimal expression in the central 473 
nervous system (Young et al., 1999). XIAP, therefore, was considered the top candidate as an 474 
E6AP target. To directly investigate whether XIAP is subject to ubiquitination by E6AP, we 475 
performed ubiquitination assays as reported in our earlier studies (Huo et al., 2015; Lin et al., 476 
2011). HEK293T cells were transfected with HA-ubiquitin, FLAG-XIAP, together with E6AP WT or 477 
E6AP C820A. Two days after transfection, FLAG-XIAP was isolated by immunoprecipitation and 478 
probed for HA (ubiquitin). We found that compared to control, E6AP overexpression resulted in 479 
strong ubiquitination of XIAP (7 ± 0.7-fold increase, n = 3, p = 0.001) (Figure 4A, 4B). In contrast, 480 
much reduced ubiquitination was detected in cells expressing the ligase dead E6AP C820A, 481 
indicating E6AP as the E3 ligase for XIAP ubiquitination (2.5 ± 0.3-fold increase, n = 3, p > 0.05)  482 
(Figure 4A, 4B). To further confirm the role of E6AP on XIAP ubiquitination in vivo, we then 483 
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performed a ubiquitination assay in neurons infected with either GFP or E6AP AAV9 virus for 10 484 
days. Indeed, compared to GFP, E6AP virus caused a significant increase in XIAP ubiquitination 485 
(2.85 ± 0.12 fold increase, n = 3, p = 0.0001) (Figure 4C, 4D), further supporting XIAP as a 486 
ubiquitination target for E6AP.  487 
 488 
E6AP down regulates XIAP levels by ubiquitination-dependent degradation 489 
Following ubiquitination, the modified protein is usually sorted to the proteasome for degradation. 490 
To examine whether the E6AP-dependent XIAP ubiquitination leads to its degradation, we 491 
immunostained XIAP in neurons transfected with either a control vector or E6AP. As expected, the 492 
endogenous XIAP intensity was markedly reduced in neurons overexpressing E6AP (40 ± 9% n = 493 
10, p = 0.042) (Figure 4E, 4F). Whole-cell lysates of E6AP-overexpressing HEK cells also had 494 
lower levels of XIAP, whereas XIAP levels in E6AP C820A cells were comparable to control 495 
(E6AP: 0.55 ± 0.06, n = 3, p = 0.0017; E6AP C820A: 1.11 ± 0.1, n = 3, p > 0.05) (Figure 4A, 4B). 496 
To examine XIAP stability in neurons, we applied E6AP virus in hippocampal neurons for 10 days 497 
and probed XIAP by western blotting. Indeed, the total protein level of XIAP was markedly 498 
reduced in E6AP virus infected neurons (0.66 ± 0.07 n = 3, p = 0.0037) (Figure 4G, 4H), 499 
confirming that E6AP indeed causes a reduction in XIAP protein levels.  500 

The E6AP-induced reduction in XIAP could result from facilitated degradation or 501 
inhibited protein synthesis.  To clarify this, we performed degradation assays in HEK293 cells. 502 
Two days after transfection with XIAP alone or together with E6AP, HEK cells were incubated with 503 
the protein translation inhibitor Cycloheximide (CHX) for varied periods of time. Western blots 504 
showed that XIAP had an increased rate of degradation in cells with E6AP overexpression 505 
compared to the control (F(1,40) = 16.68, p = 0.0002, ANOVA) (at 4 hr, control: 0.82 ± 0.09; E6AP: 506 
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0.41 ± 0.13, n = 4, p = 0.0195; at 6 hr, control: 0.49 ± 0.07; E6AP: 0.16 ± 0.06, n = 4, p = 0.025) 507 
(Figure 4I, 4J). This result confirmed that E6AP overexpression led to an elevated turnover rate for 508 
XIAP.  509 

If down regulation of XIAP and thus activation of caspase-3 mediates E6AP-dependent 510 
structural remodeling, we predicted that dendritic changes might be prevented by overexpression 511 
of XIAP. To this end, we transfected neurons with E6AP alone or together with XIAP, and Sholl 512 
analysis was performed 24 hrs later. We found that while E6AP-transfected neurons had marked 513 
dendritic remodeling (F(2,297) = 16.45, p < 0.0001, ANOVA), no significant changes in dendritic 514 
arborization were detected in cells co-transfected with E6AP and XIAP (Figure 4K, 4L). Thus, 515 
consistent with the role of E6AP-mediated ubiquitination and degradation of XIAP, these results 516 
strongly indicate a reduction in XIAP as a key step in E6AP-dependent dendritic remodeling.  517 

 518 
The cytoskeletal component tubulin is targeted by caspases in E6AP-dependent dendritic 519 
remodeling  520 
Having implicated the involvement of caspases in E6AP-dependent dendritic remodeling, we 521 
wanted to examine the subcellular events that lead to the dendritic remodeling under E6AP 522 
overexpression. As microtubules are essential for structural integrity of dendrites in neurons, we 523 
wondered whether microtubule integrity was compromised during E6AP-dependent dendritic 524 
retraction. In our examination of dendritic branches under active remodeling, live imaging revealed 525 
a destabilization, disintegration and retraction from the distal tip of a branch (Figure 2D). To 526 
determine whether changes in microtubules occurred during E6AP-induced dendrite retraction, we 527 
performed live imaging experiments by live-labeling microtubules. We transfected neurons on 528 
glass-bottom dishes with surfGFP and tet-inducible pTRE-E6AP for 24 hours, and loaded neurons 529 
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with the microtubule dye SiR-Tubulin before inducing E6AP expression with doxycycline. Images 530 
of the tubulin signal and the overall neuronal structure by surfGFP were captured every 20 min for 531 
12 hours (representative images taken at 7 hrs after Dox treatment). During the process of 532 
dendrite remodeling, we found that microtubules showed thinning and shrinking at times prior to 533 
withdrawal of physical structure of a branch, as indicated by the retraction of the labeled 534 
microtubule ahead of the retreating branch tip indicated by surfGFP (Figure 5A).  535 

Given that microtubules are the core supporting structure in dendrites, it is conceivable 536 
that activation of the caspase cascade triggers microtubule destruction and structural removal. 537 
Indeed, the cleavage of tubulin by caspase-3 and caspase-6 has been shown to be involved in 538 
cytoskeletal degradation during axon degeneration (Sokolowski et al., 2014). We therefore 539 
wondered whether tubulin cleavage occurs in dendrite remodeling. In neurons infected with GFP 540 
or E6AP AAV9 virus for 10 days, we examined levels of cleaved tubulin by western blot with the 541 
TubΔCasp6 antibody, which specifically recognizes the tubulin sites cleaved by caspase-6 and 542 
caspase-3 (Klaiman et al., 2008; Sokolowski et al., 2014). Surprisingly, in neurons infected with 543 
E6AP virus, increased levels of cleaved tubulin were detected (E6AP 1.2 ± 0.02, n = 3, p = 544 
0.0006)  (Figure 5B, 5C). To further characterize this cleavage, we immunostained with the 545 
TubΔCasp6 antibody in E6AP-transfected neurons. Compared to the control, much higher levels 546 
of cleaved tubulin were detected in E6AP-transfected cells (F(2,111) = 5.27, p = 0.0065, ANOVA) 547 
(Figure 5D, 5E). Upon characterization of the localization of the cleaved tubulin signals, we found 548 
that the cleaved tubulin was increased particularly in minor dendrites, which are those mostly 549 
affected by E6AP-induced remodeling (E6AP 1.7 ± 0.2, n = 10, p < 0.0001) (Figure 5D, Figure 550 
5E). Interestingly, in cells co-transfected with E6AP and the caspase-3 mutant C163A, 551 
immunostaining signals of cleaved tubulin were dramatically reduced (1.2 ± 0.1 over control, n = 552 



 

 25 

10, p > 0.05) (Figure 5E), indicating that the E6AP-dependent tubulin cleavage was dependent on 553 
caspase-3 activity.  554 
  To further assess the role of tubulin in E6AP-induced dendritic remodeling, we 555 
overexpressed E6AP along with tubulin. In the presence of higher levels of tubulin expression, 556 
E6AP-expressing neurons no longer underwent morphological changes (Figure 5F, 5G, 5H). 557 
Interestingly, when we overexpressed a less stable form of tubulin, the acetylation mutant Tubulin 558 
K40A, along with E6AP, the increase in K40A tubulin failed to block the E6AP-induced reduction 559 
in dendritic arborization (Figure 5H, 5-1A, 5-1B). These findings indicate that the integrity of 560 
tubulin or microtubules serves as a key final substrate in E6AP-dependent dendritic remodeling. 561 
To further examine this idea, we treated control and E6AP-expressing neurons with 5 nM taxol to 562 
stabilize tubulin. Indeed, we found that treatment with taxol prevented E6AP-induced 563 
morphological changes (Figure 5H, 5-1C, 5-1D). These results support the role of tubulin stability 564 
as an important determinant in dendritic remodeling caused by E6AP.  565 
 566 
E6AP overexpression ASD mouse model shows normal neuronal density and cortical layer 567 
formation  568 
Abnormal overexpression of E6AP in the brain is directly linked to the pathogenesis of autism. We 569 
therefore wanted to know whether similar cellular regulation and molecular cascades occur in 570 
vivo. To this aim, we obtained the recently established E6AP autism mouse model. The Ube3A 2X 571 
(2X Tg) transgenic mouse model exhibits a tripling of the normal Ube3A gene dosage in neurons, 572 
replicating idic15 in patients with autism (Smith et al., 2011). The increased levels of E6AP in 573 
these mice leads to a recapitulation of the three core behavioral autism traits: defective social 574 
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interaction, impaired communication, and increased repetitive behavior.  In addition, recordings in 575 
hippocampal slices showed reduced strength in synaptic transmission (Smith et al., 2011).  576 

We first examined the developmental time course of E6AP expression in both WT and 2X 577 
Tg animals. Hippocampal brain samples were collected from P5-P40 mice and subjected to 578 
western blotting to measure E6AP protein levels. In WT mice, E6AP was expressed at a peak 579 
level at P5 and P10, which then started declining at P15 until reaching minimal traces at P40. As 580 
expected, 2X Tg mice showed significantly higher levels of E6AP during the examined 581 
developmental period (2x Tg - P5: 1.67 ± 0.32 of WT control, p = 0.16; P10: 1.48 ± 0.36, p = 582 
0.041; P15: 1.07 ± 0.29, p = 0.15; P20, 0.85 ± 0.29, p = 0.13; P40, 0.35 ± 0.17, p = 0.015, n = 3 583 
for all time points) (Figure 6A, 6B). Interestingly, 2X Tg mice shared the same time course pattern 584 
of E6AP expression (Figure 6A, 6B). To visualize the E6AP distribution pattern in the cortex, we 585 
then immunostained E6AP in brain slices of P15 mice. Consistent with westerns, E6AP 586 
immunointensity in 2X Tg cortical slices was significantly stronger in all cortical layers (2.5 ± 0.3 of 587 
WT, n = 20 slices, p < 0.0001) (Figure 6C, 6D). 588 
 To determine the effect of E6AP overexpression on overall brain development, P15 brain 589 
slices were labeled with nuclear the dye Hoechst to indicate structural organization. Examination 590 
of the 2X Tg slices revealed normal cortical layer patterns of layers I-VI, and the thickness of each 591 
cortical layer was similar to that of the WT animals (Figure 6-1A, 6-1B). Next, we stained P15 592 
slices for the neuron specific marker NeuN and found similar distribution and cell density of 593 
neurons within the cortex (Figure 6-1C, 6-1D). To further examine the effect of high E6AP levels 594 
on cellular organization, we infected brains at P0 with AAV2 GFP virus by intraventricular 595 
injection, and brain slices were collected at P40 to allow sufficient GFP intensity. Infected cortical 596 
pyramidal neurons showed regular distribution and normal gross cellular structure with the single 597 
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primary dendrite projecting to the pia in both WT and 2X Tg mice (Figure 6E). These findings 598 
indicate that the increased dosage of E6AP did not cause significant impairments in overall 599 
neurogenesis and cortical structural development. 600 
 601 
XIAP, caspase-3, and tubulin cleavage are involved in the E6AP ASD mouse model brain 602 
In primary cultured neurons, we have shown that E6AP targeted XIAP for ubiquitination and 603 
degradation. We wondered whether XIAP was also regulated in this transgenic ASD mouse 604 
model.  We collected hippocampal brain tissue from mice at P15 and examined XIAP protein 605 
levels. Indeed, we observed a significant decrease in XIAP levels in 2X Tg mice compared to WT 606 
control (0.51 ± 0.07 of the control, n = 3, p = 0.042) (Figure 7A, 7B). We also stained slices for 607 
XIAP to determine the pattern of XIAP decrease among different cortical layers. We found that in 608 
slices obtained from 2X Tg mice, XIAP immunointensity was decreased in all the cortical layers, 609 
with the overall intensity reduced to 0.48 ± 0.03 of the WT control (n = 20 slices, p < 0.0001) 610 
(Figure 6F, 6G). Given the elevated amount of E6AP in 2X Tg mice, we assumed that changes in 611 
XIAP resulted from enhancement in protein ubiquitination. In order to determine the general 612 
ubiquitination levels in the transgenic mouse brain and prevent rapid protein degradation, we tried 613 
to accumulate ubiquitinated proteins in the mouse brains by injecting the proteasomal inhibitor 614 
MG132 (10 mM, 1.5 μl in each ventricle) into both ventricles (Villamar-Cruz et al., 2006; Wojcik et 615 
al., 2015). Hippocampal and cortical brain tissues were collected 12 hrs later for western analysis.  616 
Indeed, in the MG132 treated brain lysates, ubiquitination signals were increased in 2X Tg 617 
samples (Figure 6H).  618 
  We have shown in cultured neurons that XIAP reduction led to activation of the caspase 619 
cascade. We wondered whether the same signaling occurred in the brain of the E6AP 620 



 

 28 

overexpressing ASD mouse model. We collected hippocampal brain tissue samples from mice at 621 
P15 and measured the cleaved, i.e. active form, of caspase-3 by western. Compared to WT mice, 622 
cleaved caspase-3 levels were significantly increased in 2X Tg mice (1.4 ± 0.01-fold increase, n = 623 
3, p = 0.0097) (Figure 7A, 7C), paired with a decrease in caspase-3 levels (Figure 7A). Consistent 624 
with our findings in cultured neurons, we observed that cleaved tubulin levels were also increased 625 
in the 2X Tg animals (1.4 ± 0.04 of the WT control, n = 3, p = 0.0089) (Figure 7A, 7D).  626 
  627 
E6AP ASD mouse model neurons show impairment in spine maturation and reduction in 628 
dendritic branching 629 
In the E6AP transgenic ASD mouse model, we detected molecular and signaling regulation similar 630 
to that found in E6AP-transfected neurons. We therefore wanted to determine whether these 631 
molecular changes were accompanied by morphological alteration in neurons. Brain slices were 632 
prepared from the somatosensory cortex of P15 mouse brains after Golgi staining, and the spines 633 
at the basolateral dendrites were measured in layer V pyramidal neurons. Representative spine 634 
images and spine tracings are shown in Figure 7E. Similar to its effects in cultured neurons, 635 
increased E6AP levels in the mouse brain led to a decrease in spine density (WT: 1.7 ± 0.1 636 
spines/μm,; 2X Tg: 1.4 ± 0.1 spines/μm, n = 10 neurons, p = 0.019) (Figure 7E, 7F). Although 637 
spine density was decreased, mean spine length was increased in 2X Tg neurons (WT: 1.2 ± 0.3 638 
μm/spine; 2X Tg: 1.3 ± 0.3 μm/spine, n = 10, p = 0.007) (Figure 7G). Since we saw an increase in 639 
filopodia in culture neurons, we wondered whether the increase in spine length suggests a similar 640 
change in transgenic animal spines. Indeed, both the number and percentage of filopodia were 641 
increased in 2X Tg mice (for filopodia number, WT: 1.6 ± 0.4 filopodia/50 μm, 2X Tg: 3.2 ± 0.7 642 
filopodia/50 μm, n = 10, p = 0.03; for filopodia percentage, WT: 1.8 ± 1.1%, 2X Tg: 4.4 ± 1.4%, n = 643 
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10, p = 0.04) (Figure 7H, 7I). These results suggest that in Ube3A 2X Tg mice, an increase in 644 
E6AP levels resulted in suppression of spine formation and/or maturation, leading to a decrease in 645 
spine density and an increase in filopodia.  646 
 As increased E6AP levels in cultured neurons lead to a reduction in dendritic arborization 647 
by dendritic retraction, we wanted to determine whether this also occurred in the neurons of 2X Tg 648 
animals. We subsequently collected brain slices at P15 and subjected them to Golgi staining to 649 
study morphology of Layer V pyramidal neurons in the somatosensory cortex. Compared to WT 650 
animals, the mean number of dendritic branches per cell was significantly decreased in 2X Tg 651 
animals (WT: 31 ± 2.9 dendrites, n = 13; 2X Tg: 18.6 ± 1.4 dendrites, n = 12, p = 0.033) (Figure 652 
7J, 7K). Along with fewer dendrites, total dendritic length in neurons was also markedly reduced in 653 
2X Tg mice (WT: 1608 ± 187μm, n = 13; 2X Tg: 998 ± 85μm, n = 12, p = 0.013) (Figure 7L). 654 
These results suggest a defect in dendritic development in Ube3A 2X Tg mice as a result of 655 
increased E6AP expression in the brain. These in vivo findings support the role for E6AP in down 656 
regulation of dendritic arborization, presumably by dendritic retraction mediated by the molecular 657 
pathway involving the E6AP-induced ubiquitination and degradation of XIAP, the subsequent 658 
activation of caspase-3, and the resulting cleavage of tubulin and local dendritic degeneration 659 
(Figure 7-1).  660 
 661 
DISCUSSION 662 
In this study we elucidate for the first time the molecular mechanisms underlying Ube3A/E6AP-663 
dependent regulation of dendritic arborization. We show, both in vitro in cultured neurons and in 664 
vivo in the E6AP ASD mouse model, that increased levels of E6AP causes XIAP ubiquitination 665 
and degradation, resulting in activation of the caspase cascade, which ultimately leads to reduced 666 
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dendritic arborization via tubulin cleavage and dendritic retraction. These neurodevelopmental 667 
deficits and the underlying mechanistic cascades represent the molecular pathology of ASD 668 
resulting from aberrant up-regulation of E6AP expression.  669 

Sholl analysis of different DIV time points showed that the reduction in arborization was 670 
not due to a suppression of growth, indicating active dendrite retraction. Consistently, live imaging 671 
experiments revealed the mechanism of dendritic remodeling in E6AP-overexpressing neurons. 672 
We observed distal fragmentation and thinning of dendritic branches, followed by tip retraction and 673 
eventual disappearance of dendrites. In line with our finding on the role of E6AP in dendritic 674 
remodeling, knockdown of E6AP in mouse pyramidal neurons showed disrupted apical dendrites, 675 
which is also observed in the maternally-deficient Ube3A AS mouse model (Miao et al., 2013). In 676 
addition, a study of drosophila da neurons has shown that loss of the E6AP homolog dUBE3A 677 
alters terminal dendritic branching and growth (Lu et al., 2009).  678 

We identify XIAP as a novel ubiquitination and degradation target for E6AP E3 ligase 679 
activity. The role of XIAP has previously been implicated in axon degeneration. In the absence of 680 
XIAP, dorsal root ganglion (DRG) axons subjected to nerve growth factor withdrawal show 681 
accelerated degeneration and increased caspase-3 activity, along with decreased levels of XIAP 682 
(Unsain et al., 2013). Furthermore, sustaining XIAP levels in degenerating axons reduces caspase 683 
activation and suppresses axonal degeneration (Unsain et al., 2013). Consistent with these 684 
studies, we find that XIAP levels are decreased during dendritic remodeling, and that the 685 
reinstatement of XIAP rescues E6AP-dependent structural reorganization.   686 

There are two possible mechanisms by which XIAP could regulate caspase activation in 687 
E6AP-dependent dendritic remodeling. First, as XIAP inhibits both the cleavage of caspase-3 and 688 
its access to target substrates (Chai et al., 2001; Riedl et al., 2001), lowering XIAP levels by 689 
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E6AP-mediated ubiquitination and degradation removes its inhibition on caspases. This would 690 
allow caspases to be activated and act on their substrates. Second, XIAP can directly target 691 
caspase-3 for ubiquitination and proteasomal degradation (Schile et al., 2008; Suzuki et al., 2001). 692 
Our immunostaining and western data demonstrate that E6AP-induced XIAP reduction is 693 
accompanied with an increase in caspase-3 cleavage and thus activation, indicating an alleviation 694 
of XIAP inhibition in the presence of higher levels of E6AP.  695 

We found caspases to be a key component in the E6AP-dependent dendritic remodeling 696 
pathway. Caspases have been shown to play a role in axon pruning of NGF-dependent DRGs 697 
(Cusack et al., 2013; Nikolaev et al., 2009; Simon et al., 2012). In cultured hippocampal neurons, 698 
local activation of caspase-3 by Mito-KillerRed photostimulation was sufficient to induce 699 
proteasome-dependent spine elimination and dendrite retraction without cell death (Erturk et al., 700 
2014). In agreement with these studies, we demonstrate that the E6AP-induced remodeling 701 
process in neuronal cultures is dependent on caspase-3 cleavage and activity indicated by 702 
pharmacological inhibition and rescue experiments. However, we observed that the distribution of 703 
activated caspase-3 is not limited to the dendritic arbors or individual branches; rather, strong 704 
signals were also detected in the soma. Global caspase activation has been shown to cause 705 
widespread damage leading to apoptosis (Yuan and Yankner, 2000), however, we did not observe 706 
cell death even 7 days after E6AP transfection (not shown). In addition, in Ube3A 2X Tg mice with 707 
tripled E6AP dosage and increased levels in cleaved caspase-3, Hoechst and NeuN staining in 708 
cortical slices failed to show any changes in neuron number, indicating a lack of neuron apoptosis 709 
in the presence of E6AP-induced caspase activation. We therefore wondered whether E6AP 710 
overexpression also triggers an up-regulation of pro-survival signaling cascade(s) such as the 711 
PI3K-Akt pathway, protecting neurons from overall degeneration. Indeed, in neurons transfected 712 
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with E6AP, we detected an upregulation of phosphorylated and activated Akt (data not shown). 713 
Consistently, increased p-Akt levels were also detected in neurons infected with AAV9 E6AP virus 714 
and in 2X Tg mouse brain tissue (data not shown).  715 

We observed retraction of tubulin from the tip of the dendrite, which preceded retraction of 716 
the neuronal structure itself. However, cleavage of tubulin by caspases was observed on the 717 
dendrite at locations more proximal to the cell body rather than at the tip, suggesting a link 718 
between proximal cleavage of tubulin and distal degeneration. It is possible that microtubule 719 
cleavage blocks the trafficking of molecular cargo to reach the distal ends, leading to degeneration 720 
and retraction of the distal dendritic fragment. These findings provide insight into the molecular 721 
mechanism of E6AP-dependent dendritic remodeling. 722 

Importantly, our in vitro findings were validated in the Ube3A-overexpressing ASD mouse 723 
model. The Ube3A 2X Tg mice show typical ASD behavioral deficits, including impaired social 724 
behavior, as measured by social preference tests, decreased communication, measured by 725 
vocalizations, and increased repetitive behavior, shown by excessive grooming (Smith et al., 726 
2011). In these transgenic animals, we measured neuron number and cortical layer structure and 727 
thickness and found no obvious changes. In postnatal cortical neurons, the structural pattern and 728 
orientation of the apical dendrites appeared normal. These findings indicate relatively normal brain 729 
development, including neurogenesis and neuron migration. In contrast, detailed analysis revealed 730 
alterations in spine formation and dendritic branching. 2X Tg neurons showed reduced spine 731 
density and increased immature filopodia-like spines, suggesting a suppression in spinogenesis, 732 
stability or maturation. These findings are consistent with the electrophysiological changes we 733 
found in hippocampal neurons, as well as a previously reported decrease of mEPSC frequency in 734 
Ube3A 2X Tg mice (Smith et al., 2011). Consistent with our in vitro studies, 2X Tg mice showed a 735 
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reduction in dendritic branching in layer V cortical neurons. Strikingly, the same signaling 736 
cascades for dendritic remodeling observed in E6AP-transfected neurons were also utilized in 737 
Ube3A 2X Tg mice. The animal brains showed decreased XIAP levels, increased caspase-3 738 
cleavage and enhanced tubulin cleavage, supporting the involvement of these key components in 739 
E6AP-mediated morphological remodeling.  740 

We show that E6AP is expressed in the brain mainly during early development, and is 741 
then reduced to and maintained at a minimal level, which is consistent with the fact that E6AP 742 
mRNA peaks in the mouse brain at a time considered to be a critical period in development (Kroon 743 
et al., 2013). During this critical window, neuronal dendrites are remodeled in a developmental and 744 
activity-dependent manner in order to form more specific stable connections as neurons complete 745 
their maturation stage (Koleske, 2013). In the visual cortex of AS mice, E6AP has been shown to 746 
regulate experience-dependent neuronal development from P10 to P25 (Kim et al., 2016; Yashiro 747 
et al., 2009).  Thus, it is likely that E6AP is involved in dendritic remodeling during the critical 748 
window of neuron dendrite development and maturation. Indeed, in an AS model with maternal 749 
E6AP deficiency, reinstatement of E6AP expression at birth and at 3 weeks of age was able to 750 
rescue motor deficits, while reinstatement in adults failed to show rescue effects (Silva-Santos et 751 
al., 2015). As we observed a shared time course in E6AP expression in both WT and Ube3A 2X 752 
Tg mice, we predict that with the overexpression of E6AP, the overall time course of 753 
developmental dendritic remodeling may remain the same, but the dendritic arbor is pathologically 754 
over-pruned due to elevated E6AP activity. Future rescue studies on the E6AP ASD mouse model 755 
will confirm the existence of a critical window, which will provide valuable guidance on clinical 756 
therapeutics of ASD patients.  757 
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Aberrant connectivity and thus malfunction of neural circuitry is one of the major common 758 
developmental changes in ASD (Doll and Broadie, 2014; Ebert and Greenberg, 2013). Our 759 
findings on ASD-related alterations in dendritic remodeling and spine formation during brain 760 
development provide mechanistic insights at the cellular and molecular levels. In E6AP-expressing 761 
neurons and in the brain of the E6AP ASD mouse model, we show alterations in spine density and 762 
maturation. Consistently, electrophysiological recordings revealed changes in synaptic activity. 763 
Furthermore, reduced dendritic arborization is expected to cause a decrease in the complexity of 764 
neuron connectivity. These cellular developmental defects may result in improper wiring of 765 
neuronal circuitry, and therefore contribute to the development of altered social and cognitive 766 
behaviors in ASDs.  767 
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FIGURE LEGENDS 949 
Figure 1. E6AP overexpression reduces the complexity of dendritic arborization. 950 
(A) Hippocampal neurons were transfected with surfGFP together with vector cDNA (Control) or 951 
E6AP cDNA at DIV11 and imaged for morphology 24 hrs after transfection. Scale bar = 50 μm. (B) 952 
Sholl analysis of dendritic branch numbers.  Overexpression of E6AP resulted in a decrease in 953 
dendritic complexity; n = 40 neurons for each condition. (C) Total dendritic branch number and 954 
total dendritic length were reduced in E6AP-transfected neurons; n = 40. (D and E) Dendrites 955 
were characterized as either primary, secondary, tertiary, or quaternary based on their 956 
arborization pattern. Representative images of neurons were traced with primary dendrites in blue, 957 
secondary in red, tertiary in cyan, and quaternary in magenta. E6AP overexpression led to a 958 
decrease in secondary and tertiary dendritic branch length; n = 10. (F) Images of dendritic spines 959 
from neurons transfected at DIV11 with surfGFP or together with E6AP for 24 hrs. Scale bar = 10 960 
μm. (G) Mean spine density was decreased in E6AP neurons; n = 10 cells. (H) Spines were 961 
categorized as either mushroom, stubby, thin, or filopodia. Increased E6AP expression led to a 962 
decrease in mushroom-type spines and an increase in filopodia; n = 10 cells. Error bars represent 963 
SEM, *P < 0.05, **P < 0.01, ****P < 0.0001. (Figure 1-1) Cellular distribution of E6AP in 964 
hippocampal neurons. (Figure 1-2) Overexpression of E6AP causes reduction in mEPSCs.  965 

 966 
Figure 2. E6AP overexpression triggers active dendrite retraction and elimination.  967 
(A) GFP images of neurons transfected from DIV10 to DIV11 or from DIV11-DIV12. Scale bar = 968 
50 μm. (B) A diagram of the experimental design. (C) Sholl analysis showed reduced dendritic 969 
arborization in E6AP neurons at DIV12 compared to either DIV11 or DIV12 control cells; n=10 970 
cells per condition. (D) DIV11 hippocampal neurons were transfected with pTRE-mCherry 971 
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(Control) or pTRE-E6AP-mCherry (E6AP) and their expression was induced by the addition of 972 
doxycycline (Dox, 1μg/ml) 24 hrs after transfection (also see Figure 2-1). Live imaging was 973 
performed immediately after Dox treatment (time 0), and every 6 hrs for 24 hrs. Colored tracings 974 
represent dendrites that increased in length (green), decreased in length (red), or remained the 975 
same (yellow). A portion of dendrites was enlarged (bottom row) to show dendrite retraction and 976 
fragmentation in E6AP neurons. Scale bar = 50 μm. Scale bar for bottom insert = 10 μm.  (E) 977 
Analysis of live imaging dendritic events. A significant increase in retraction events was detected 978 
in E6AP-expressing neurons compared to the control neurons. (F) Percentage of total length of 979 
retracted dendrites at 24 hrs. (G) Total length of dendritic growth after 24 hrs. (H) Total length of 980 
dendritic retraction after 24 hrs; n = 9 cells for control and n = 7 cells for E6AP for live imaging 981 
experiments. Error bars represent SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  982 
 983 
Figure 3. Activation of caspase-3 is required for E6AP-dependent dendritic remodeling  984 
(A) Neurons were transfected with surfGFP (green) (Control) or together with E6AP, and the 985 
cleaved (activated) caspase-3 (red) was immunostained 24 hrs later. Scale bar = 50 μm. (B) 986 
Quantification of the cleaved caspase-3 immnunofluorescence signals; n = 10. E6AP expression 987 
resulted in higher levels of cleaved caspase-3. (C and D) DIV2 hippocampal neurons were 988 
infected with AAV9 GFP virus or AAV9 E6AP virus for 10 d and cleaved caspase-3 levels were 989 
measured by western blot. Neurons infected with E6AP virus showed higher levels of cleaved 990 
caspase-3; n = 3 independent experiments. (E) Dendritic arborization reduction in E6AP neurons 991 
was blocked by inhibiting caspase-3 cleavage with the caspase-9 inhibitor Ac-LEHD-CMK (150 992 
nM) at the time of transfection, as shown by Sholl analysis; n = 10. (F and G) Neurons were 993 
transfected with surfGFP (control), or together with E6AP, or E6AP + Casp3 C163A (E6AP + C3 994 
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mutant), a catalytic caspase-3 mutant. Scale bar = 50 μm. Sholl analysis revealed a rescue of the 995 
E6AP-induced dendritic remodeling by Casp3 C163A; n = 10. Error bars represent SEM, *P < 996 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  997 

 998 
Figure 4. E6AP targets XIAP for ubiquitination and degradation 999 
(A) XIAP ubiquitination assay. HEK293 cells were transfected with FLAG-XIAP, HA-Ubiquitin, and 1000 
either a vector control, E6AP, or the E3 ligase dead mutant E6AP C820A for 2 d. XIAP was 1001 
immunoprecipitated and probed for ubiquitin (ubi). Cell lysates (input) were also probed to detect 1002 
total protein levels. (B) Quantification of western blot intensities. E6AP, but not E6AP C820A, 1003 
caused an increase in XIAP ubiquitination and a decrease in XIAP protein levels; n = 3 1004 
independent experiments. (C and D) XIAP ubiquitination assays using lysates of neurons infected 1005 
with AAV9 GFP or AAV9 E6AP virus for 10 days. An increased amount of ubiquitination signals on 1006 
XIAP was detected in E6AP-infected neurons; n = 3 independent experiments. (E) 1007 
Immunostaining of endogenous XIAP (red) in neurons transfected with surfGFP (green), or 1008 
together with E6AP. Nuclei were indicated by DAPI staining  (blue). Scale bar = 50 μm. (F) 1009 
Quantification of the XIAP signal intensity relative to the control; n = 10 cells per condition. (G and 1010 
H) Neurons were infected with AAV9 GFP virus or AAV9 E6AP virus for 10 days, and XIAP levels 1011 
were measured by western blot. Quantification showed a reduced level of XIAP in E6AP-infected 1012 
neurons, n = 3 independent experiments. (I) Degradation assay of XIAP with or without E6AP. 1013 
Transfected HEK cells were treated without Cycloheximide (CHX) for various time points and cell 1014 
lysates were collected to examine XIAP levels by western blot. (J) Quantification of the 1015 
degradation rate of XIAP over time; n = 4 independent experiments. (K) Morphology imaging of 1016 
primary neurons transfected with surfGFP alone, or together with E6AP, or E6AP + XIAP. The 1017 
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effect on dendritic arborization was markedly decreased in neurons expressing E6AP C820A 1018 
(Figure 4-1). Scale bar = 50 μm. (L) Sholl analysis showing a blockade of the E6AP effect in 1019 
dendritic remodeling by XIAP overexpression; n = 10 cells per condition. Error bars represent 1020 
SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 1021 

 1022 
Figure 5. Microtubule cleavage and retraction in E6AP-induced dendritic remodeling  1023 
(A) Neurons were transfected with surfGFP and pTRE-E6AP for 24 hrs, and loaded with SiR-1024 
tubulin, a fluorogenic and cell permeable dye for tubulin labeling, before being treated with 1025 
doxycycline (Dox) to induce E6AP expression. Tubulin and surfGFP images were obtained every 1026 
20 mins for 12 hours following Dox application. Representative images show that retraction of 1027 
microtubule (red) (open arrowhead) occurred prior to that of the GFP-positive dendritic branch 1028 
(green) (closed arrowhead). The original position of the dendritic tip is indicated by a dashed line. 1029 
Scale bar = 5 μm. (B) Neurons were infected with AAV9 GFP virus or AAV9 E6AP virus for 10 1030 
days, and cleaved tubulin levels were measured by western blot with an antibody specifically 1031 
against the cleaved microtubule (ΔTubulin). (C) Quantification showed an increased level of 1032 
microtubule cleavage in E6AP-infected neurons, n = 3 independent experiments. (D) 1033 
Representative image of E6AP neurons immunostained with ΔTubulin. Scale bar = 10 μm. (E) 1034 
Quantification of ΔTubulin immunointensity in neurons transfected with vector control, E6AP, or 1035 
E6AP + Casp3 C163A (E6AP + C3 mutant), compared to control; n = 10. (F) Morphology of 1036 
neurons transfected with surfGFP, tubulin WT, E6AP, or E6AP + tubulin WT. Scale bar = 50 μm. 1037 
(G) Sholl analysis of dendritic arborization; n = 10 cells per condition. (H) Quantification of total 1038 
dendritic length; n = 10 cells per condition. Changes in tubulin stabilization also affected the 1039 
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E6AP-dependent dendritic remodeling (Figure 5-1). Error bars represent SEM, *P < 0.05, **P < 1040 
0.01, ***P < 0.001, ****P < 0.0001.  1041 
 1042 
Figure 6. Increased E6AP overexpression in Ube3A 2X Tg mice leads to decreased XIAP 1043 
expression 1044 
(A) Hippocampal brain lysates were collected from WT or Ube3A 2XTg mice from P5 to P40 and 1045 
E6AP levels were measured by western blot. Tubulin was probed as a loading control. (B) 1046 
Quantification of E6AP western blot intensity; n = 3 independent experiments. (C) Immunostaining 1047 
of E6AP in somatosensory cortex slices obtained from P15 WT or Ube3A 2X Tg mice. Scale bar = 1048 
100 μm. (D) Quantification showed an increase in E6AP signal intensity in Tg mice; n = 20 slices. 1049 
(E) GFP AAV2 virus was injected into the brain ventricles of WT and Ube3A 2X Tg mice at P0.  1050 
Brain slices were prepared at P40 and imaged. Scale bar = 100 μm. A portion of layer V neurons 1051 
was enlarged for clarity. Scale bar = 50 μm. Cortical layer development and neuron density were 1052 
also analyzed in 2X Tg mice (Figure 6-1). (F) XIAP staining in somatosensory cortex slices from 1053 
P15 WT or Ube3A 2X Tg mice. Scale bar = 100 μm. (G) Quantification showed a decrease in 1054 
XIAP signal intensity in 2X Tg mice; n = 20 slices. (H) MG132 (10 mM, 1.5 μl in each ventricle) 1055 
was injected into the brain of both WT and 2X Tg mice at P3 for 12 hrs. Brain lysates were probed 1056 
for ubiquitin signals. An elevated ubiquitination amount was detected in 2X Tg mice under MG132 1057 
treatment. Error bars represent SEM, *P < 0.05, ****P < 0.0001.  1058 

 1059 
Figure 7. E6AP autism mouse model neurons show impairment in spine maturation and 1060 
reduction in dendritic branching  1061 
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(A) Brain lysates collected from WT or Ube3A 2X Tg mice at P15 were probed for E6AP, XIAP, 1062 
caspase-3, cleaved caspase-3, cleaved tubulin and total tubulin. GAPDH was also probed as a 1063 
loading control. (B - D) Quantification analysis of western blots for XIAP, cleaved caspase-3, and 1064 
cleaved tubulin; n = 3 for each. (E) At P15, brains of WT and 2X Tg mice were subjected to Golgi 1065 
staining. Representative images of spine morphology of Layer V somatosensory cortical neurons 1066 
are shown. (F) Mean spine density was decreased in Ube3A 2X Tg mice; n = 10 neurons. (G) 1067 
Mean spine length was increased in 2X Tg mice; n = 10 neurons. (H and I) The percentage and 1068 
number of filopodia was increased in 2X Tg mice; n = 10 neurons. (J) Representative layer V 1069 
pyramidal neuron tracing images of Golgi staining from P15 WT and 2X Tg mouse brain slices. (K 1070 
and L) Measurement of average dendrite number and total dendritic length in pyramidal neurons; 1071 
n = 12 neurons. Error bars represent SEM, *P < 0.05, **P < 0.01. Figure 7-1. Summary of the 1072 
E6AP-dependent dendritic remodeling pathway.   1073 

 1074 
Figure 1-1. Cellular distribution of E6AP in hippocampal neurons  1075 
(A) Staining of endogenous E6AP (red) in primary neurons transfected with surfGFP (green) only. 1076 
E6AP is present in the soma and dendrites. (B) Staining of total E6AP (red) in neurons transfected 1077 
with surfGFP (green) and E6AP. Increased levels of E6AP were detected in both the soma and 1078 
dendritic arborization. Scale bar = 50 μm. 1079 
 1080 
Figure 1-2. Effects of E6AP overexpression on synaptic transmission 1081 
Neurons were transfected with surfGFP with either vector or E6AP at DIV12 and whole-cell 1082 
recordings were performed two days later to measure mEPSCs. (A) Representative traces of 1083 
mEPSC are shown. (B) Quantification of the amplitude and frequency of mEPSCs shows a 1084 
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significant decrease in frequency in E6AP-overexpressing cells; n=10 cells per condition. (C) 1085 
Cumulative probability distribution of amplitude and frequency. Error bars represent SEM, **P < 1086 
0.01. 1087 
 1088 
Figure 2-1. Tet-induced expression of E6AP-mCherry causes dendritic remodeling 1089 
(A) Primary neurons were transfected with surfGFP (green) and Tet-ON, together with control 1090 
pTRE-mCherry or pTRE-E6AP-mCherry. Twenty-four hrs after transfection, expression of the 1091 
plasmids was induced by application of doxycycline (Dox, 1μg/ml) for 24 hrs. Scale bar = 50 μm. 1092 
(B) Sholl analysis of control neurons with or without Dox treatment; n = 20 cells. (C) Sholl analysis 1093 
of pTRE-E6AP-mCh neurons with or without Dox. Expression of E6AP led to decreased dendritic 1094 
arborization under the Dox condition; n = 20 cells. Error bars represent SEM, *P < 0.05, **P < 1095 
0.01.  1096 

 1097 
Figure 4-1. The E3 ligase activity of E6AP is required for dendritic remodeling. (A) Primary 1098 
neurons were transfected with surfGFP, or together with E6AP, or the E3 ligase mutant E6AP 1099 
C820A, and imaged 24 hrs later. Scale bar = 50 μm. (C) Cell morphology was analyzed by Sholl 1100 
analysis, showing a significant decrease in dendritic arborization in neurons expressing regular 1101 
E6AP, but not in cells expressing mutant E6AP C820A; n = 40 cells. Error bars represent SEM, *P 1102 
< 0.05,  ***P < 0.001. 1103 
 1104 
Figure 5-1. Tubulin stabilization blocks E6AP-induced dendritic remodeling 1105 
(A) Neurons were transfected with surfGFP (Control), E6AP or together with either tubulin WT or 1106 
the acetylation mutant tubulin K40A. Scale bar = 50 μm. (B) Sholl analysis of dendritic arborization 1107 
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showing that dendrite reduction was suppressed by tubulin WT but not tubulin K40A; n = 10 cell 1108 
per condition. (C) Neurons expressing surfGFP or E6AP were treated with taxol (5nM) to stabilize 1109 
microtubules. Scale bar = 50 μm. (D) Sholl analysis of dendritic arborization showing that 1110 
remodeling was inhibited by taxol treatment in E6AP neurons; n = 10 cells per condition. Error 1111 
bars represent SEM, *P < 0.05, **P < 0.01.   1112 
 1113 
Figure 6-1. Normal cortical layer development in Ube3A 2X Tg mice 1114 
(A) Hoechst staining of somatosensory cortex slices from WT and Ube3A 2X Tg P15 mice. Scale 1115 
bar = 100 μm. (B) Quantification of the thickness of cortical layers I - VI in WT and 2X Tg mice; n = 1116 
30 slices. (C) Neuronal marker NeuN staining of P15 cortical layers from WT or 2X Tg mouse 1117 
brain slices. Scale bar = 100 μm. (D) Quantification of NeuN positive neurons in layers II – VI in 1118 
somatosensory cortex slices; n = 30 slices. Error bars represent SEM.   1119 
 1120 
Figure 7-1. Schematic illustration of the E6AP-dependent dendritic remodeling pathway 1121 
Diagram depicting the molecular pathway by which E6AP leads to dendritic remodeling. Increased 1122 
E6AP expression leads to an increase in XIAP ubiquitination via its function as an E3 ligase. As a 1123 
result, more XIAP is targeted for proteasomal degradation. The decrease in XIAP causes a 1124 
reduction in the inhibition of caspases, thereby increasing caspase activity. Caspases 1125 
subsequently target microtubules for cleavage and destabilization, leading to E6AP-dependent 1126 
dendritic remodeling.   1127 
 1128 
 1129  1130 
















