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Neurobiology of Disease

The Autism Protein Ube3A/E6AP Remodels Neuronal
Dendritic Arborization via Caspase-Dependent Microtubule
Destabilization

Natasha Khatri,'2 James P. Gilbert,' Yuda Huo,' Roozhin Sharaflari,' Michael Nee,' Hui Qiao,' and “Heng-Ye Man'>
Department of Biology, Boston University, Boston, Massachusetts 02215, and 2Department of Pharmacology & Experimental Therapeutics, Boston
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UBE3A gene copy number variation and the resulting overexpression of the protein E6AP is directly linked to autism spectrum disorders
(ASDs). However, the underlying cellular and molecular neurobiology remains less clear. Here we report the role of ASD-related increased
dosage of Ube3A/E6AP in dendritic arborization during brain development. We show that increased E6AP expression in primary cul-
tured neurons leads to a reduction in dendritic branch number and length. The E6AP-dependent remodeling of dendritic arborization
results from retraction of dendrites by thinning and fragmentation at the tips of dendrite branches, leading to shortening or removal of
dendrites. This remodeling effect is mediated by the ubiquitination and degradation of XIAP (X-linked inhibitors of aptosis protein) by
E6AP, which leads to activation of caspase-3 and cleavage of microtubules. In vivo, male and female Ube3A 2X ASD mice show decreased
XIAP levels, increased caspase-3 activation, and elevated levels of tubulin cleavage. Consistently, dendritic branching and spine density
are reduced in cortical neurons of Ube3A 2X ASD mice. In revealing an important role for Ube3A/E6AP in ASD-related developmental
alteration in dendritic arborization and synapse formation, our findings provide new insights into the pathogenesis of Ube3A/E6AP-
dependent ASD.
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Copy number variation of the UBE3A gene and aberrant overexpression of the gene product EGAP protein is a common cause of
autism spectrum disorders (ASDs). During brain development, dendritic growth and remodeling play crucial roles in neuronal
connectivity and information integration. We found that in primary neurons and in Ube3A transgenic autism mouse brain,
overexpression of E6AP leads to significant loss of dendritic arborization. This effect is mediated by the ubiquitination of XIAP
(X-linked inhibitor of aptosis protein) by E6AP, subsequent activation of caspases, and the eventual cleavage of microtubules,
leading to local degeneration and retraction at the tips of dendritic branches. These findings demonstrate dysregulation in
neuronal structural stability as a major cellular neuropathology in ASD. j

fSigniﬁcance Statement

and the occurrence of repetitive behaviors (Levy et al., 2009).
ASD is becoming a common neurodevelopmental disorder with
a prevalence of ~1 in 70 individuals in the United States
(Zablotsky et al., 2015). ASDs are typically diagnosed during the
first 3 years of life, a period of extensive neuronal development,
including dendritic and synaptic growth and refinement (McGee

Introduction
Autism spectrum disorders (ASDs) are clinically characterized by
decreased communication abilities, impaired social interaction,
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et al., 2014). As a common comorbidity shared with other neu-
rodevelopmental disorders, ASDs present a scientific and thera-
peutic challenge.

UBE3A is a major ASD gene located on chromosome 15q11-
13, a region that has been in focus of genetic studies on autism
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susceptibility. UBE3A is genetically imprinted, where only the
maternal copy of the gene is expressed in the brain and the paternal
copy is silenced (Albrecht et al., 1997). Copy number variations of
UBE3A are strongly implicated in ASDs, whereas deletions of the
gene are involved in Angelman syndrome (AS; Williams et al.,
2006). Individuals with an additional maternal copy of UBE3A
(dup15) and those with two extra copies from an isodicentric
extranumery chromosome (idicl5) both display autism pen-
etrance (Hogart et al., 2010). These studies suggest the impor-
tance of UBE3A gene dosage in brain development. The protein
product of UBE3A, E6AP, is a HECT (homologous to the E6-AP
C terminus) family E3 ligase (Crinelli et al., 2008; Kim and Hu-
ibregtse, 2009). However, the neurobiological function of this E3
ligase in ASDs remains less clear.

As dendrites are the main structures that receive information
in neurons, the complexity of dendrites and synaptic spine num-
ber determine neuronal connectivity and communication.
Development, refinement, and maintenance of the neuronal
dendritic arbors are therefore crucial to normal brain function.
The formation of dendritic arborization is a dynamic process.
Following early developmental growth, mature branching pat-
terns are established not only by neurite elongation and new
branch formation, but also by branch retraction and elimination,
where dendritic branches are shortened or removed by dendrite
remodeling to optimize the connectivity and function of neural
circuits (Kozlowski and Schallert, 1998; Cline, 2001; Puram et al.,
2010; Tao and Rolls, 2011). Dendritic remodeling and retraction
is a general developmental process occurring in neurons from
insects to mammals (Zehr et al., 2006; Parrish et al., 2007; Tao
and Rolls, 2011). Selective and active elimination of dendrites
after initial cortical-layer establishment is essential in shaping the
functional architecture of the cortex (Koester and O’Leary,
1992). In the hippocampus and prefrontal cortex of ASD pa-
tients, significant changes in dendritic branching and spine den-
sity have been observed (Williams et al., 1980; Raymond et al.,
1996; Mukaetova-Ladinska et al., 2004). Consistently, ASD genes,
including FMRP and Mecp2, have been shown to affect neuronal
morphology in animal models (Irwin et al., 2001; Berman et al.,
2012; de Anda et al., 2012; Pathania et al., 2014). However, the
role of E6AP in neuron morphogenesis and maturation in rela-
tion to ASD and the underlying cellular and molecular mecha-
nisms remain largely unknown.

We therefore investigated the role of ASD-related increased
dosage of EGAP in dendritic arborization and synapse maturation
during brain development. Using primary neuron cultures, we
found that elevated E6AP expression causes remodeling of den-
dritic arborization with a significant reduction in dendrite length
and branch numbers, and with dendritic retraction occurring
from the distal end via thinning and local degeneration. After
exploring the signaling cascade, we found that E6AP targets
XIAP (X-linked inhibitor of aptosis protein) for ubiquitina-
tion and degradation, and subsequently elevates levels of acti-
vated caspase-3, leading to microtubule cleavage and eventual
retraction and removal of dendritic branches. In the Ube3A
ASD mouse model, cortical neurons display a significant re-
duction in dendritic branches and spine density. Importantly,
we found that the same signaling cascade involved in dendritic
remodeling in vitro is used in the ASD mice. These novel find-
ings provide important insights into the cellular alterations
and molecular details in neuron development in E6AP-dependent
ASD.
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Materials and Methods

Antibodies, plasmids, and drugs. The following primary antibodies to the
following proteins were used: mouse anti-E6AP [1:100 for immunocyto-
chemistry (ICC) and immunohistochemistry (IHC), 1:1000 for Western
blotting; Sigma-Aldrich, catalog #8655], rabbit anti-cleaved caspase-3
(1:100 for ICC, 1:1000 for Western blotting; Cell Signaling Technology,
catalog #9661), rabbit anti-caspase-3 (1:1000 for Western blotting; Cell
Signaling Technology, catalog #9662), rabbit anti-XIAP (1:100 for ICC
and THC; Bioss Antibodies, catalog #bs-1281r), rabbit anti-XIAP (1:1000
for Western blotting; Sigma-Aldrich, catalog #PRS3331), mouse anti-
FLAG tag DYKDDDDK (1:1000 for Western blotting; Cell Signaling
Technology, catalog #8146), anti-GAPDH (1:5000 for Western blotting;
EMD Millipore, catalog #MAB374), mouse anti-a tubulin (1:2000 for
Western blotting; Sigma-Aldrich, catalog #T9026), rabbit anti-cleaved
tubulin (TubACasp6; 1:500 for ICC, 1:5000 for Western blotting; pro-
vided kindly by Andrea LeBlanc at McGill University), mouse anti-NeuN
(1:100 for ICC; EMD Millipore). The following secondary antibodies
were used: IgG-HRP for Western blotting [1:5000; Bio-Rad, catalog
#170-6516 (mouse), catalog #170-6515 (rabbit)], mouse Alexa Fluor 488
(1:500; Invitrogen, catalog #A21121), rabbit Alexa Fluor 488 (1:500; In-
vitrogen, catalog #A11094), mouse Alexa Fluor 555 (1:500; Invitrogen,
catalog #A21127), and rabbit Alexa Fluor 555 (1:500; Invitrogen, catalog
#A21428).

The following cDNA plasmids were obtained from Addgene: p4054-
E6AP (#8658), EGAP C820A (#37602), pEBB-XIAP (#11558), and pCDNA3-
caspase-3 C163A (#11814). mCherry-tubulin wild-type (WT) and
mCherry-tubulin K40A were kind gifts from Dr. Saudou Frederic (Insti-
tut Curie).

pHR-pTRE-iCre-mCherry and pHR-1tTA (Tet-ON) were generously
provided by Wilson Wong. To make pHR-pTRE-E6AP-mCherry, full-
length human E6AP was PCR amplified to include the restriction sites
Mlul and Xmal using the following oligonucleotides: 5 GCACGCGT
GATGGAGAAGCTGCACCAG 3’, 5" GTCCCGGGGCAGCATGCCAA
ATCCTTT 3'. The same restriction sites were cut in pHR-pTRE-iCre-
mCherry to remove iCre. EGAP PCR products were gel-purified (Qiagen,
QIAquick Gel Extraction Kit) and subcloned into the vector. Similarly,
pHR-pTRE-E6AP (without mCherry) was constructed using the re-
striction sites Mlul and Notl and the following oligonucleotides: 5’
GCACGCGTGATGGAGAAGCTGCACCAG 3', 5 GTGCGGCCGCGT
TACAGCATGCCAAATCCTTT 3'. To make AAV E6AP, E6AP was sub-
cloned into AAV-ReaChR-citrine (Addgene, #50954) using the BamHI
and HindIII restriction sites.

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

Neuronal and human embryonic kidney cell culture and transfection.
Primary cultured cortical and hippocampal neurons were prepared from
embryonic day 18 rat embryos as previously described (Man et al., 2007;
Hou et al., 2008). Briefly, dissociated neurons from rat hippocampus or
cortex were seeded onto poly-L-lysine-coated (Sigma-Aldrich) coverslips
in 60 mm dishes, each containing five coverslips, six-well plates, or glass-
bottom six-well plates (In Vitro Scientific). Neurons were maintained in
Neurobasal medium (Thermo Fisher Scientific), supplemented with 2%
Neurocult SM1 Neuronal Supplement (StemCell Technologies), 1%
horse serum (Atlanta Biologicals), 1% penicillin/streptomycin (Corn-
ing), and L-glutamine (Corning). Seven days after plating, 5'-fluoro-2'-
deoxyuridine (10 um, Sigma-Aldrich) was added to the neuron media to
suppress glial growth until experimental use. Human embryonic kidney
(HEK) 293T cells were cultured in DMEM (Corning) supplemented with
10% heat-inactivated fetal bovine serum (Atlanta Biologicals), 1% peni-
cillin/streptomycin, and L-glutamine. All cells were maintained in a hu-
midified incubator at 37°C in an atmosphere containing 5% CO,.

Transfection and viral infection. Neuron transfections were performed
at days in vitro (DIV) 10—11 with Lipofectamine 2000 (Invitrogen), accord-
ing to the manufacturer’s instructions, with a DNA-to-Lipofectamine ratio
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of 2:1. Briefly, DNA and Lipofectamine were separately diluted in
DMEM, then mixed together and incubated for 20 min at room temper-
ature. The mixture was then added to neuron coverslips or glass-bottom
plates and incubated for 4 h at 37°C, after which the transfection medium
was replaced with conditioned neuron medium. Neurons were fixed for
ICC 24-36 h after transfection. HEK cell transfections were performed
similarly at 60—-70% cell confluency using the polyehtylenimine (PEI)
transfection reagent (Polysciences) with a 3:1 PEI-to-DNA ratio. The
cells were incubated with the transfection mixture for 8 h, then rinsed
twice with sterile PBS, and replaced with fresh HEK medium. HEK cells
were lysed and collected 48 h after transfection.

Recombinant adeno-associated virus (AAV) was produced by trans-
fecting HEK293T cells with the EGAP AAV or GFP AAV plasmid, along
with viral packaging and envelope proteins XX6.80 and p50-Cap9
(AAV9) or XR2 (AAV2) using PEL Three days following transfection,
cells were lysed by freeze—thaw cycles and sonicated. The lysate was centri-
fuged at 3000 X g for 30 min at 4°C and the supernatant was filtered through
a 0.45 um filter and precipitated with PEG-it (Systems Biosciences). The
mixture was centrifuged at 1500 X g for 30 min and the resulting viral pellet
was resuspended in PBS and aliquots were kept at —80°C. Primary neurons
were infected with virus at DIV 2 and collected at DIV 12.

Animals. FVB/NJ-Tg(Ube3A)1Mpan/J mice (stock #019730) and
FVB/NJ WT mice (stock #001800) were purchased from the Jackson
Laboratory. All animals were maintained in accordance with guidelines
of the Boston University Institutional Animal Care and Use Committee.
To obtain Ube3A 2X Tg (2X Tg) animals, heterozygous males were mated
with heterozygous females and homozygous animals were used for ex-
periments. Both male and female pups were used for tissue collection.

ICC. Hippocampal neurons were washed twice in ice-cold ACSF and
fixed for 10 min in a 4% paraformaldehyde/4% sucrose solution at room
temperature. Cell membranes were permeabilized for 10 min with 0.3%
Triton X-100 (Sigma-Aldrich) in PBS, rinsed three times with PBS, then
blocked with 5% goat serum in PBS for 1 h. Following blocking, cells were
incubated with primary antibodies made in 5% goat serum for 1 h at room
temperature, washed with PBS, and incubated with Alexa Fluor-conjugated
secondary antibodies for 1 h. Cells were then mounted on microscopy glass
slides with Prolong Gold anti-fade mounting reagent (Thermo Fisher Scien-
tific, catalog #P36930) for subsequent visualization.

IHC. For brain slices, animals were anesthetized in a CO, chamber and
transcardially perfused with ice-cold PBS. The brains were removed and
placed in 4% paraformaldehyde in PBS solution at 4°C for 4—6 h, fol-
lowed by incubation in a 30% sucrose PBS solution at 4°C for 24 h. The
brains were then placed in trays, submerged in optimal cutting temper-
ature embedded medium (Tissue-Tek, catalog #25608-930), and flash
frozen by placing the trays in a dry-ice bath with methanol. Frozen brains
were cut in 20 wm sections on a Leica CM 1850 cryostat (Leica Biosys-
tems) at —20°C. Slices were then rehydrated in PBS for 40 min, followed
by blocking and permeabilization in a 5% goat serum solution with 0.3%
Triton X-100/PBS for 1.5 h. Slices were then incubated with primary
antibodies made in 5% goat serum overnight at 4°C, washed three times
with PBS, and incubated with secondary antibodies in 5% goat serum for
1 h. Nuclei were stained with Hoechst, followed by three washes with
PBS, and coverslipped with coverglass (Thermo Fisher Scientific, Fisher-
brand #12-544-D) with Prolong Gold. For GFP AAV2-infected brains,
100 wm slices were made, rehydrated, and stained with Hoechst before
coverslipping. These procedures were reviewed and approved by the Bos-
ton University Institutional Animal Care and Use Committee.

Golgi staining. Whole brains collected from transgenic animals at post-
natal day (P) 15 were subjected to Golgi neuron staining according to the
manufacturer’s instructions (FD Neurotechnologies, Rapid Golgistain
Kit, catalog #PK401). Brains were sliced in 200-wm-thick slices using a
cryostat. Stained slices were mounted on gelatin-coated microscopy slides
(FD Neurotechnologies, catalog #PO101) with Permount mounting me-
dium (Thermo Fisher Scientific). Images obtained from Golgi-stained slices
were traced using Image]J for spines and Neuron] for dendrites.

Microscopy. Hippocampal neurons mounted on glass slides were im-
aged with a Carl Zeiss inverted fluorescent microscope with a 40X or
63X oil-immersion objective and collected with AxioVision 4.5 software.
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Golgi-stained brain slices were imaged with a 20X air objective. Images
were quantified using National Institutes of Health Image] software.

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

Live images of hippocampal neurons were obtained with a Zeiss LSM
700 Laser Scanning Confocal Microscope with a 63 X oil-immersion ob-
jective in a temperature-controlled live-imaging chamber. Images of the
same cells were obtained at several time points from induction of expres-
sion with the Zen imaging software.

Sholl analysis. Dendritic arborization was quantified using Image]J.
Original images of neurons were used to trace dendrites with the Neu-
ron]J plugin. Using the Sholl analysis plugin, the center of the soma was
used as a reference point and 10 concentric circles were made on the
tracings: the starting radius was set to 35 pixels and the ending radius was
set to 800 pixels (the outermost circle within the image). From these
parameters, the number of intersections at each concentric circle was
quantified and plotted.

Electrophysiology. Hippocampal neurons were transfected at DIV 12
with either surfGFP and pcDNA3.1 or surfGFP and E6AP. Two days
following transfection, a coverslip of neurons was transferred to a record-
ing chamber with the extracellular solution containing 140 mm NaCl, 3
mM KCl, 1.5 mm MgCl,, 2.5 mm CaCl,, 11 glucose, and 10 HEPES, pH
7.4, which was supplemented with tetrodotoxin (1 um) to block action po-
tentials, 2-amino-5-phosphonopetanoate (50 um) to block NMDA recep-
tors, and bicuculline (20 um) to block GABA , receptor-mediated inhibitory
synaptic currents. Whole-cell voltage-clamp recordings were made with
patch pipettes filled with an intracellular solution containing 100 mm Cs-
methanesulfonate, 10 mm CsCl, 10 mm HEPES, 0.2 mm EGTA, 4 mm Mg-
ATP, 0.3 mm Na-GTP, 5 mm QX-314, and 10 mm Na-phosphocreatine, pH
7.4, with the membrane potential clamped at —70 mV.

Immunoprecipitation. For ubiquitination immunoprecipitation as-
says, cells were rinsed with cold PBS and resuspended in 200 ul of
modified radioimmunoprecipitation assay (RIPA) lysis buffer [50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 1% NP-40 (Thermo Fisher Scientific),
1% sodium deoxycholate, and 1% SDS] with minicomplete protease
inhibitor (Roche) and 20 um N-ethylmaleimide (Sigma-Aldrich). Ly-
sates were further solubilized by sonication and volumes were adjusted to
500 pl with more RIPA buffer. Protein A Sepharose beads (Santa Cruz
Biotechnology) were added to the lysates along with antibodies against
either FLAG or XIAP and samples were incubated overnight for 12-16 h
on rotation at 4°C. Immunocomplexes were washed three times with
cold RIPA buftfer, resuspended in 2X Laemmli buffer, and denatured at
95°C for 10 min before being subjected to Western blotting.

Sample collection. Brains were collected from transgenic animals at vari-
ous developmental stages (P0—P40) and the hippocampus was dissected out.
Brain tissues were either processed immediately or frozen at —80°C for later
processing. Tissues were lysed in RIPA buffer with 0.1% SDS by trituration,
followed by brief sonication, and incubated for 1 h on a rotator at 4°C.
Samples were then centrifuged at 13,000 rpm for 30 min at 4°C and the
supernatant was collected. Protein levels were quantified by BCA assay
(Pierce) and normalized to the same total protein concentration.

Western blotting. Cell lysates or immunoprecipitates were separated by
SDS-PAGE, transferred to PVDF membranes, and probed with the ap-
propriate antibodies. Immunointensity of Western blots was measured
using Image]J; values were normalized to corresponding tubulin or
GAPDH inputs, and then normalized to controls where appropriate be-
fore statistical analysis.

Experimental design and statistical analyses. Both male and female mice
were used for tissue collection. For developmental time points and brain
lysate Western blots (see Figs. 6 A, B, 7A-D), three WT and three 2X Tg
mice were collected from 10 separate litters. For IHC (see Figs. 6, 6-1,
available at https://doi.org/10.1523/JNEUROSCI.1511-17.2017.£6-1),
two animals of each genotype were collected and 10 slices from each
animal were used for each staining. For Golgi staining, two brains of each
genotype were collected, five slices were made, and spines from 10 dif-
ferent neurons were analyzed. Dendritic morphology measurements
were collected from 12 neurons from the same five slices.
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All values are reported as mean * SEM. A Student’s ¢ test or two-way
ANOVA with Tukey’s post hoc test, Dunnett’s multiple-comparison test,
or Holm-Sidak test was used as appropriate. Statistical analysis was per-
formed using Graphpad Prism.

Results

E6AP overexpression leads to a reduction in

dendritic arborization

To investigate whether E6AP has any role in neuron morpho-
genesis, we overexpressed E6AP together with surface GFP in
cultured hippocampal neurons at DIV 11 and observed their
morphology at DIV 12. Twenty-four hours after transfection,
increased levels of E6AP expression were detected in both the
soma and the dendrites of neurons (Fig. 1-1, available at https://
doi.org/10.1523/JNEUROSCI.1511-17.2017.f1-1). At this stage,
control neuron morphology shows multiple primary dendritic
branches deriving from the soma, with elaboration of second-
order and third-order branches. Primary branches are distrib-
uted approximately evenly around the soma, often with one
major, dominant dendrite (Fig. 1A). Surprisingly, compared with
the GFP-only control, E6AP-transfected neurons revealed a
marked reduction in dendritic morphology. Typically, a large
portion of the dendrites disappeared, leaving only one or two
major primary branches with multiple short minor neurites at
the soma region (Fig. 1A). Sholl analysis showed that the den-
dritic branch numbers were significantly decreased along the dis-
tance from the soma (F; ;0g) = 55.44, p < 0.0001, ANOVA; Fig.
1B). The total number of dendrites and total dendritic length
were also significantly reduced in E6AP-transfected neurons
(branch number: control, 41.6 = 3.3; E6AP, 17.5 £ 141, p =
1.8 X 105 total length: control, 2299.9 * 176.3 wm; E6AP,
877.4 = 78.1 um, p = 1.4 X 10 ~%; n = 40 cells per condition; Fig.
1C). To further characterize the changes in dendritic morphology,
we analyzed the branching pattern based on branching orders (Fig.
1D). We found that although the length of primary branches was
similar between both the control and E6AP conditions (control,
2944 *= 504 um, n = 10; E6AP, 231.1 £ 37.7 um, n = 10, p =
0.384), the secondary and tertiary branches were significantly short-
ened by E6AP overexpression (secondary branch: control, 378.6 =
37.8 um, n = 10; E6AP, 207.3 £ 29.9 um, n = 10, p = 0.0086;
tertiary branch: control, 442.4 = 101.3 um, n = 10; E6AP, 60.58 =
12.5 pm, n = 10, p = 0.0045; Fig. 1E). These data showed that
overexpressing E6AP leads to a reduction in dendritic arborization
complexity in primary hippocampal neurons.

Overexpression of E6AP in primary hippocampal neurons
decreases the density of mature spines

E6AP overexpression caused a drastic reduction in dendrite
branching and length. We next wanted to know whether E6AP
also plays a role in the regulation of dendritic spines. One possi-
bility is that, as a result of reduced dendritic arborization, the
remaining dendrites may have an increased density of spines to
compensate for the loss of dendrites. To examine this, we trans-
fected neurons at DIV 11 with E6AP and surface GFP (surfGFP),
which contains a membrane attachment motif and is thus able to
clearly delineate the minor membranous structures, such as the
spines (Kameda et al., 2008; Fig. 1F). Twenty-four hours after
transfection, neurons were fixed and spines were counted on 50
um segments along primary dendrites. Mean spine density de-
creased in E6AP-overexpressing neurons (control, 0.84 £ 0.09
spines/um, n = 10 cells; E6AP, 0.27 = 0.02 spines/um, n = 10
cells; p = 0.047; Fig. 1G). Upon further characterization of the
subtypes of spines, we found that E6AP neurons had fewer
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mushroom-type spines (control, 21.6 * 3.3%, n = 10; E6AP,
7.4 +1.9%, n =10, p = 0.007; Fig. 1H). Conversely, the percent-
age of filopodia increased in E6AP neurons (control, 6.8 = 3%,
n = 10; E6AP, 20.2 = 6.4%, n = 10, p = 0.047; Fig. 1H). The
percentages of stubby spines and thin spines were not signifi-
cantly different between control and E6AP (Fig. 1H). Consistent
with these findings, electrophysiological recordings revealed a
decrease in the frequency, but not amplitude, of AMPA receptor-
mediated miniature EPSCs (mEPSCs) in E6AP-transfected hip-
pocampal neurons (control, 3.19 * 0.6 Hz, n = 10; E6AP, 1.16 =
0.23 Hz, n = 10, p = 0.0054; Fig. 1-2, available at https://doi.org/
10.1523/JNEUROSCI.1511-17.2017). The decrease in the number
of mushroom spines and the increase in the number of filopodia in
E6AP-transfected neurons, along with decreased frequency of
mEPSCs, suggests a role for E6AP in spine maturation.

E6AP overexpression causes active dendrite elimination

We wanted to determine whether the change in dendritic mor-
phology resulted from an inhibition in growth or from active
removal of existing dendritic branches. To this end, hippocampal
neurons were transfected at DIV 10 with surfGFP, and fixed after
24 hat DIV 11 for morphological analysis (Fig. 2A, B). At DIV 11,
another set of neurons were transfected with either surfGFP only
or together with E6AP, and fixed 24 h later at DIV 12. At DIV 11,
the hippocampal cultured neurons already have elaborate den-
dritic arborization (Fig. 2A). If E6AP simply suppresses dendrite
growth, arborization of E6AP-expressing neurons at DIV 12 is
expected to be similar to that of the DIV 11 control neurons.
However, compared with the surfGFP control neurons fixed at
DIV 11, overexpressing E6AP from DIV 11 to 12 still led to a
reduction in dendritic arborization compared with the DIV 11
neurons (F(, 597y = 101.8, p < 0.0001, ANOVA; significant dif-
ference in number of intersections at 40 wm, p < 0.0001; 55 wm,
p <0.0001;86 um, p <0.0001; 101 pm, p < 0.0001; 116 pwm, p =
0.0129; 132 um, p = 0.0023; 147 um, p = 0.0008; n = 10, Dun-
nett’s multiple-comparison test; Fig. 2C). This suggests that the
E6AP-induced downregulation in dendrite branching was not
likely due to an inhibition of dendrite growth, but rather stemmed
from an active removal of existing dendritic branches.

To further examine the cellular process leading to reduced
dendritic complexity, we performed live imaging with inducible
E6AP expression. We first tested our tetracycline-inducible E6AP
for its ability to change dendrite morphology. Indeed, expression
of pTRE-E6AP-mCherry (pTRE-E6AP-mCh) after doxycycline
(1 pg/ml) treatment caused significant dendrite reduction within
24 h. By comparison, no dendrite reduction was seen among
untreated pTRE-E6AP-mCh cells (F(, 5,4) = 25.08, p < 0.0001,
ANOVA; Fig. 2-1A,C, available at https://doi.org/10.1523/
JNEUROSCI.1511-17.2017.£2-1). Additionally, expression of the
control pTRE-mCh did not lead to changes in morphology
with or without doxycycline treatment (Fig. 2-1A, B, available
at https://doi.org/10.1523/JNEUROSCI.1511-17.2017.2-1). To
study the molecular process of E6AP-dependent dendritic re-
modeling, hippocampal cultures on a glass-bottom plate were
transfected with surfGFP together with either pTRE-mCh (con-
trol) or pTRE-E6AP-mCh. One day after transfection, when neu-
ron structures became clearly visible with surfGFP, doxycycline
was added to the medium to induce E6AP expression. Neurons
were then imaged every 6 h for the next 24 h. In the control
neurons, we found some minor dendrite growth and retraction,
but the overall structure remained stable (Fig. 2D, top row). In
contrast, the dendritic arbors of the E6AP-expressing neurons
changed drastically over the same period. Many pre-existing den-
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expression of EGAP causes reduction in mEPSCs).

drites were removed, while a smaller number of neurites either ~ and a greater percentage of overall dendrite reduction (control,
grew or remained stable (Fig. 2D, middle row). Compared with ~ 17.57 £ 4.6%, n = 9; E6AP, 39.4 £ 6.8,n =7, p = 0.022; Fig. 2F),
control, E6AP neurons had more retraction events (control, indicating elevated activity in dendritic remodeling. The total
35.5 +7.8%,n = 9; E6AP,49.09 £ 5.2%,n=7,p < 0.05;Fig. 2E)  length of growth was not significantly different in E6GAP neurons,
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E6AP overexpression triggers active dendrite retraction and elimination. A, GFP images of neurons transfected from DIV 10 to 11 or from DIV 11 to 12. Scale bar, 50 m. B, Diagram of

the experimental design. €, Sholl analysis showed reduced dendritic arborization in E6AP neurons at DIV 12 compared with either DIV 11 or 12 control cells; n = 10 cells per condition. D, DIV 11
hippocampal neurons were transfected with pTRE-mCherry (Control) or pTRE-E6AP-mCherry (E6AP) and their expression was induced by the addition of doxycycline (Dox, 1 wg/ml) 24 h after
transfection (Fig. 2-1, available at https://doi.org/10.1523/JNEUROSCI.1511-17.2017.2-1). Live imaging was performed immediately after Dox treatment (time 0) and every 6 h for 24 h. Colored
tracings represent dendrites thatincreased in length (green), decreased in length (red), or remained the same (yellow). A portion of dendrites was enlarged (bottom row) to show dendrite retraction
and fragmentation in E6AP neurons. Scale bar, 50 m. Scale bar for bottom inset, 10 wm. E, Analysis of live-imaging dendritic events. A significant increase in retraction events was detected in
E6AP-expressing neurons compared with the control neurons. F, Percentage of total length of retracted dendrites at 24 h. G, Total length of dendritic growth after 24 h. H, Total length of dendritic
retraction after 24 h; n = 9 cells for control and n = 7 cells for E6AP for live-imaging experiments. Error bars represent SEM, *p << 0.05, **p << 0.01, ***p << 0.001, ****p < 0.0001.

supporting the notion that the reduction in dendritic arbor com-
plexity is not a result of inhibition of growth (Fig. 2G). The total
length of retracted branches significantly increased in E6AP cells
(control, 73.8 = 25.4 um, n = 9; E6AP, 310.9 = 62.8 um,n =7,
p = 0.0002; Fig. 2H ), suggesting that the dendritic tree of EGAP
neurons is reduced by active retraction. Interestingly, we observed
that the dendrites in the process of remodeling showed two typical
structural changes: distal thinning and fragmentation (Fig. 2D, bot-
tom row). Some dendrites were found to be thinning at the distal

section close to the tip and shrinking before complete elimination,
whereas others were found to disintegrate into fragments at the tip of
the neurite and gradually break down before disappearing.

Caspase-3 activity is required for E6AP-induced

dendritic remodeling

We next wanted to know the underlying molecular cascade lead-
ing to E6AP-induced dendritic withdrawal. Caspases are a family
of cysteine proteases that play a key role in the signaling cascade
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involved in apoptosis, differentiation, and neuromorphogenesis
(Unsain and Barker, 2015). An activated caspase cleaves and ac-
tivates downstream caspases, leading to digestion of target func-
tional proteins and resulting in wide-ranging cellular destruction
as well as functional modification. In addition to global activa-
tion leading to cell death, activation of the caspase cascade has
been found to occur locally at restricted regions in neurons (Li et
al., 2010). Local caspase activation is required for regulating ax-
onal branching in retinal ganglion cells (Campbell and Okamoto,
2013), and developmental degeneration of dorsal root ganglion
neurons necessitates caspase activity (Unsain et al., 2013). In ad-
dition, efficient axon regeneration and growth following an in-
jury also involves the activation of the caspase cascade (Verma et
al., 2005). In cultured hippocampal neurons, caspase activity has
been shown to be required for spine dynamics (Jiao and Li, 2011;
Ertiirk et al., 2014). Consistently, caspases also play an important

role in synaptic plasticity (Li et al., 2010). As these studies high-
light the important role of caspases in morphological changes
relevant to neuronal development, we wondered whether this
pathway is also involved in E6AP-dependent dendritic reorgani-
zation. To this end, we first measured caspase-3 activity in neu-
rons overexpressing E6AP, as caspase-3 is a crucial downstream
executioner caspase in the cascade. Hippocampal neurons were
transfected with surfGFP alone or together with E6AP at DIV 11
and fixed 24 h later. When neurons were immunostained with an
antibody specifically against cleaved caspase-3 (activated form),
we found that the E6AP-transfected neurons had a 4.8-fold in-
crease in cleaved caspase-3 levels compared the control (n = 10,
p=28.1X10"%Fig. 3A,B). To further confirm the effect of EGAP
on caspase-3 activation, we infected neurons with AAV9 GFP
or AAV9 E6AP virus for 10 d. Consistent with the immuno-
staining results, Western blotting showed that cleaved caspase-3 lev-
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els were significantly increased in E6AP-infected neurons (2.04 +
0.07-fold normalized to control, n = 3, p = 0.005; Fig. 3C,D).

We then wanted to investigate whether the caspase pathway is
involved in E6AP-dependent dendritic remodeling. In hippocampal
neurons transfected with E6AP, we suppressed caspase-3 activation
by the application of Ac-LEHD-CMK (150 nMm), an irreversible
inhibitor of caspase-9, which is an upstream activator of
caspase-3 (Mocanu et al., 2000). Indeed, treatment with the
caspase-9 inhibitor blocked the E6AP-dependent dendritic
shrinking (Fig. 3E), indicating a requirement of caspase-3 activity
in E6AP-induced dendritic remodeling. To further confirm the
role of caspase-3, we performed dominant-negative experiments.
DIV 11 neurons were transfected with E6AP along with a
caspase-3 catalytic mutant plasmid, Casp3 C163A. Consistent
with the pharmacological treatment, overexpression of this mu-
tant caspase-3 abolished the E6AP-induced morphological changes
(Fig. 3F,G), demonstrating a clear rescue of the remodeling phe-
notype by inhibition of caspase-3 cleavage and activity. These
data strongly suggest that the caspase cascade, primarily caspase-3,
plays a crucial role in E6AP-dependent dendritic remodeling in hip-
pocampal neurons.

E6AP as an E3 ligase targets XIAP for ubiquitination

As a HECT E3 ligase, E6AP is expected to execute its effect by
ubiquitination and subsequent degradation of target protein(s).
Consistently, when we expressed the E6AP E3 ligase mutant
E6AP C820A, the dendritic retraction effect was markedly
suppressed (Fig. 4-1A,B, available at https://doi.org/10.1523/
JNEUROSCI.1511-17.2017.f4-1), confirming the role of E6AP
E3 ligase activity in remodeling. Because E6AP expression led to
an increase in caspase-3 activity, we hypothesized that it may
target an intermediate molecule that inhibits caspases, so that
ubiquitination and degradation of such an inhibitory molecule
would lead to caspase-3 activation. In line with this thought, we
found that the most likely candidate protein is the family of IAPs,
the inhibitors of apoptosis. IAPs are the first identified family of
endogenous cellular inhibitors of caspases in mammals; and
members of that family, namely XIAP, c-IAP1, and c-IAP2, have
been shown to potently bind to and inhibit caspase-3, caspase-7,
and caspase-9 (Deveraux et al., 1997; Roy et al., 1997). Of these
IAPs, XIAP is ubiquitously expressed in all adult and fetal tissues,
including the brain (Rajcan-Separovic et al., 1996), whereas
c-IAP1 and c-IAP2 are mainly expressed in the kidney, small
intestine, liver, and lung, with only minimal expression in the
CNS (Young et al., 1999). XIAP, therefore, was considered the
top candidate as an E6AP target. To directly investigate whether
XIAP is subject to ubiquitination by E6AP, we performed ubiq-
uitination assays as reported in our earlier studies (Lin et al.,
2011; Huo et al., 2015). HEK293T cells were transfected with
HA-ubiquitin and FLAG-XIAP, together with EGAP WT or EGAP
C820A. Two days after transfection, FLAG-XIAP was isolated by
immunoprecipitation and probed for HA (ubiquitin). We found
that compared with control, E6AP overexpression resulted in
strong ubiquitination of XIAP (7 * 0.7-fold increase, n = 3, p =
0.001; Fig. 4A, B). In contrast, much reduced ubiquitination was
detected in cells expressing the ligase dead E6AP C820A4, indicat-
ing E6AP as an E3 ligase for XIAP ubiquitination (2.5 = 0.3-fold
increase, n = 3, p > 0.05; Fig. 4 A, B). To further confirm the role
of E6GAP on XIAP ubiquitination, we performed a ubiquitination
assay in neurons infected with either GFP or E6GAP AAV9 virus
for 10 d. Indeed, compared with GFP, E6AP virus caused a sig-
nificant increase in XIAP ubiquitination (2.85 = 0.12-fold in-
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crease, n = 3, p = 0.0001; Fig. 4C,D), further supporting XIAP as
a ubiquitination target for E6AP.

E6AP downregulates XIAP levels by
ubiquitination-dependent degradation

Following ubiquitination, the modified protein is usually sorted
to the proteasome for degradation. To examine whether E6AP-
dependent XIAP ubiquitination leads to its degradation, we im-
munostained XIAP in neurons transfected with either a control
vector or E6AP. As expected, the endogenous XIAP intensity was
markedly reduced in neurons overexpressing E6AP (40 * 9%,
n = 10, p = 0.042; Fig. 4E,F). Whole-cell lysates of E6AP-
overexpressing HEK cells also had lower levels of XIAP, whereas
XIAP levels in E6GAP C820A cells were comparable to those of
control cells (E6AP, 0.55 * 0.06,n = 3, p = 0.0017; EGAP C820A,
1.11 =£0.1,n=3,p > 0.05; Fig. 4 A, B). To examine XIAP stability
in neurons, we applied E6AP virus to hippocampal neurons for
10 d and probed XIAP by Western blotting. Indeed, the total
protein level of XIAP was markedly reduced in E6AP virus-
infected neurons (0.66 = 0.07, n = 3, p = 0.0037; Fig. 4G,H),
confirming that E6AP indeed causes a reduction in XIAP protein
levels.

The E6AP-induced reduction in XIAP could result from facil-
itated degradation or inhibited protein synthesis. To clarify this,
we performed degradation assays in HEK293 cells. Two days after
transfection with XIAP alone or together with E6AP, HEK cells
were incubated with the protein translation inhibitor cyclo-
heximide for varied periods of time. Western blots showed
that XIAP had an increased rate of degradation in cells with
E6AP overexpression compared with the control (F(, 4, =
16.68, p = 0.0002, ANOVA; at 4 h: control, 0.82 = 0.09; E6AP,
0.41 £ 0.13, n = 4, p = 0.0195; at 6 h: control, 0.49 * 0.07;
E6AP, 0.16 = 0.06, n = 4, p = 0.025; Fig. 41,]). This result
confirmed that E6GAP overexpression led to an elevated turn-
over rate for XIAP.

We predicted that if downregulation of XIAP and thus activation
of caspase-3 mediates E6AP-dependent structural remodeling, then
dendritic changes might be prevented by overexpression of XIAP.
To this end, we transfected neurons with E6AP alone or together
with XIAP, and Sholl analysis was performed 24 h later. We found
that while E6AP-transfected neurons had marked dendritic re-
modeling (F(, 557y = 16.45, p < 0.0001, ANOVA), no significant
changes in dendritic arborization were detected in cells cotrans-
fected with E6AP and XIAP (Fig. 4K, L). Thus, consistent with the
role of E6AP-mediated ubiquitination and degradation of XIAP,
these results strongly indicate a reduction in XIAP as a key step in
E6AP-dependent dendritic remodeling.

The cytoskeletal component tubulin is targeted by caspases in
E6AP-dependent dendritic remodeling

Having implicated the involvement of caspases in E6AP-
dependent dendritic remodeling, we wanted to examine the sub-
cellular events that lead to the dendritic remodeling under E6AP
overexpression. As microtubules are essential for structural
integrity of dendrites in neurons, we wondered whether micro-
tubule integrity was compromised during E6AP-dependent den-
dritic retraction. In our examination of dendritic branches under
active remodeling, live imaging revealed a destabilization, disin-
tegration, and retraction from the distal tip of a branch (Fig. 2D).
To determine whether changes in microtubules occurred during
E6AP-induced dendrite retraction, we performed live-imaging
experiments by live-labeling microtubules. We transfected neu-
rons on glass-bottom dishes with surfGFP and tet-inducible
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PTRE-E6AP for 24 h, and loaded neurons with the microtubule  resentative images taken at 7 h after doxycycline treatment). We
dye SiR-Tubulin before inducing E6AP expression with doxy-  found that during dendrite remodeling, microtubules showed
cycline. Images of the tubulin signal and the overall neuronal  thinning and shrinking at times before withdrawal of physical
structure by surfGFP were captured every 20 min for 12 h (rep-  structure of a branch, as indicated by the retraction of the labeled
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microtubule ahead of the retreating branch tip indicated by surf-  triggers microtubule destruction and structural removal. Indeed,
GFP (Fig. 5A). the cleavage of tubulin by caspase-3 and caspase-6 has been

Given that microtubules are the core supporting structure in ~ shown to be involved in cytoskeletal degradation during axon
dendrites, it is conceivable that activation of the caspase cascade ~ degeneration (Sokolowski et al., 2014). We therefore wondered
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whether tubulin cleavage occurs in dendrite remodeling. In
neurons infected with GFP or E6AP AAVY virus for 10 d, we
examined levels of cleaved tubulin by Western blot with the
TubACasp6 antibody, which specifically recognizes the tubulin
sites cleaved by caspase-6 and caspase-3 (Klaiman et al., 2008;
Sokolowski et al., 2014). Surprisingly, in neurons infected with
E6AP virus, increased levels of cleaved tubulin were detected
(E6AP, 1.2 £ 0.02, n = 3, p = 0.0006; Fig. 5B,C). To further
characterize this cleavage, we immunostained with the TubACasp6 an-
tibody in E6AP-transfected neurons. Compared with the control,
much higher levels of cleaved tubulin were detected in E6AP-
transfected cells (F(, ,,,) = 5.27,p = 0.0065, ANOVA; Fig. 5D, E).
Upon characterization of the localization of the cleaved tubulin
signals, we found increased cleaved tubulin, especially in minor
dendrites, which are those mostly affected by E6AP-induced re-
modeling (E6AP, 1.7 = 0.2, n = 10, p < 0.0001; Fig. 5D, E).
Interestingly, in cells cotransfected with E6AP and the caspase-3
mutant C163A, immunostaining signals of cleaved tubulin were
dramatically reduced (1.2 = 0.1 over control, n = 10, p > 0.05;
Fig. 5E), indicating that the E6AP-dependent tubulin cleavage
was dependent on caspase-3 activity.

To further assess the role of tubulin in E6AP-induced den-
dritic remodeling, we overexpressed E6AP along with tubulin.
In the presence of higher levels of tubulin expression, E6AP-
expressing neurons no longer underwent morphological changes
(Fig. 5F-H). Interestingly, when we overexpressed a less stable
form of tubulin, the acetylation mutant tubulin K40A, along with
E6AP, the increase in K40A tubulin failed to block the E6AP-
induced reduction in dendritic arborization (Figs. 5H, 5-1A,B,
available at https://doi.org/10.1523/]NEUROSCI.1511-17.2017.
5-1). These findings indicate that the integrity of tubulin or mi-
crotubules serves as a key substrate in EGAP-dependent dendritic
remodeling. To further examine this idea, we treated control and
E6AP-expressing neurons with 5 nuM taxol to stabilize tubulin.
Indeed, we found that treatment with taxol prevented E6AP-
induced morphological changes (Fig. 5H, 5-1C,D, available at
https://doi.org/10.1523/JNEUROSCI.1511-17.2017.f5-1). These
results support the role of tubulin stability as an important deter-
minant in dendritic remodeling caused by E6AP.

E6AP-overexpression ASD mouse model shows normal
neuronal density and cortical-layer formation

Abnormal overexpression of E6AP in the brain is directly linked
to the pathogenesis of autism. We therefore wanted to know
whether similar cellular regulation and molecular cascades occur
in vivo. We thus obtained the recently established E6AP autism
mouse model. The 2X Tg transgenic mouse model exhibits a
tripling of the normal Ube3A gene dosage in neurons, replicating
idic15 in patients with autism (Smith et al., 2011). The increased
levels of E6AP in these mice leads to a recapitulation of the three
core behavioral autism traits: defective social interaction, im-
paired communication, and increased repetitive behavior. In
addition, recordings in hippocampal slices showed reduced
strength in synaptic transmission (Smith et al., 2011).

We first examined the developmental time course of E6AP
expression in both WT and 2X Tg animals. Hippocampal brain
samples were collected from P5-P40 mice and subjected to West-
ern blotting to measure E6AP protein levels. In WT mice, E6AP
was expressed at a peak level at P5 and P10, which then started
declining at P15 until reaching minimal traces at P40. As ex-
pected, 2X Tg mice showed significantly higher levels of E6GAP
during the examined developmental period (2x Tg: P5, 1.67 =
0.32 of WT control, p = 0.16; P10, 1.48 = 0.36, p = 0.041; P15,
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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 for all time points; Fig. 6 A, B). Interest-
ingly, 2X Tg mice shared the same time course pattern of EGAP
expression (Fig. 6 A, B). To visualize the E6AP distribution pattern
in the cortex, we then immunostained E6AP in brain slices of P15
mice. Consistent with Western blotting, EGAP immunointensity in
2X Tg cortical slices was significantly stronger in all cortical layers
(2.5 £ 0.3 of WT, n = 20 slices, p < 0.0001; Fig. 6C,D).

To determine the effect of E6AP overexpression on overall
brain development, P15 brain slices were labeled with Hoechst
nuclear dye to indicate structural organization. Examination of
the 2X Tg slices revealed normal cortical-layer patterns of layers
I-VI, and the thickness of each cortical layer was similar to that of
the WT animals (Fig. 6-1A,B, available at https://doi.org/10.
1523/JNEUROSCI.1511-17.2017.f6-1). Next, we stained P15
slices for the neuron-specific marker NeuN and found simi-
lar distribution and cell density of neurons within the cortex
(Fig. 6-1C,D, available at https://doi.org/10.1523/JNEUROSCI.
1511-17.2017.f6-1). To further examine the effect of high E6AP
levels on cellular organization, we infected brains at PO with
AAV2 GFP virus by intraventricular injection, and brain slices
were collected at P40 to allow sufficient GFP intensity. Infected
cortical pyramidal neurons showed regular distribution and nor-
mal gross cellular structure with the single primary dendrite pro-
jecting to the pia in both WT and 2X Tg mice (Fig. 6E). These
findings indicate that the increased dosage of E6AP did not cause
significant impairments in overall neurogenesis and cortical
structural development.

XIAP, caspase-3, and tubulin cleavage are involved in the
E6AP ASD mouse model brain

In primary cultured neurons, we have shown that E6AP targeted
XIAP for ubiquitination and degradation. We wondered whether
XIAP was also downregulated in this transgenic ASD mouse
model. We collected hippocampal brain tissue from mice at P15
and examined XIAP protein levels. Indeed, we observed a signif-
icant decrease in XIAP levels in 2X Tg mice compared with WT
control (0.51 = 0.07 of the control, n = 3, p = 0.042; Fig. 7A, B).
We also stained slices for XIAP to determine the pattern of XIAP
decrease among different cortical layers. We found that in slices
obtained from 2X Tg mice, XIAP immunointensity decreased in
all the cortical layers, with the overall intensity reduced to 0.48 *
0.03 of the WT control (n = 20 slices, p < 0.0001; Fig. 6F,G).
Given the elevated amount of E6AP in 2X Tg mice, we assumed
that changes in XIAP resulted from enhancement in protein
ubiquitination. To determine the general ubiquitination levels in
the transgenic mouse brain and prevent rapid protein degrada-
tion, we tried to accumulate ubiquitinated proteins in the mouse
brains by injecting the proteasomal inhibitor MG132 (10 mm, 1.5
ul in each ventricle) into both ventricles (Villamar-Cruz et al.,
2006; Wojcik etal., 2015). Hippocampal and cortical brain tissues
were collected 12 h later for Western analysis. Indeed, in the
MG132-treated brain lysates, ubiquitination signals were in-
creased in 2X Tg samples (Fig. 6H).

We have shown in cultured neurons that XIAP reduction led
to activation of the caspase cascade. We wondered whether the
same signaling occurred in the brain of the E6AP-overexpressing
ASD mouse model. We collected hippocampal brain-tissue sam-
ples from mice at P15 and measured the cleaved form (i.e., active
form) of caspase-3 by Western blotting. Compared with WT
mice, cleaved caspase-3 levels were significantly increased in 2X
Tg mice (1.4 * 0.01-fold increase, n = 3, p = 0.0097; Fig. 7 A, C),
paired with a decrease in caspase-3 levels (Fig. 7A). Consistent
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with our findings in cultured neurons, we observed that cleaved
tubulin levels were also increased in the 2X Tg animals (1.4 =
0.04 times that of the WT control, n = 3, p = 0.0089; Fig. 7A, D).

E6AP ASD mouse model neurons show impairment in spine
maturation and reduction in dendritic branching

In the E6AP transgenic ASD mouse model, we detected molecu-
lar and signaling regulation similar to that found in E6AP-
transfected neurons. We therefore wanted to determine whether
these molecular changes were accompanied by morphological
alteration in neurons. Brain slices were prepared from the so-
matosensory cortex of P15 mouse brains after Golgi staining, and
the spines at the basolateral dendrites were measured in layer-V
pyramidal neurons. Representative spine images and spine trac-
ings are shown in Figure 7E. Similar to its effects in cultured
neurons, increased E6AP levels in the mouse brain led to a de-
crease in spine density (WT, 1.7 = 0.1 spines/um; 2X Tg, 1.4 *

0.1 spines/um, #n = 10 neurons, p = 0.019; Fig. 7E, F). Although
spine density decreased, mean spine length increased in 2X Tg
neurons (WT, 1.2 = 0.3 um/spine; 2X Tg, 1.3 = 0.3 um/spine,
n =10, p = 0.007; Fig. 7G). Since we saw an increase in filopodia
in culture neurons, we wondered whether the increase in spine
length suggests a similar change in transgenic animal spines. In-
deed, both the number and percentage of filopodia increased in
2X Tg mice (for filopodia number: WT, 1.6 = 0.4 filopodia/50
um; 2X Tg, 3.2 = 0.7 filopodia/50 wm, n = 10, p = 0.03; for
filopodia percentage: WT, 1.8 = 1.1%; 2X Tg, 4.4 = 1.4%, n = 10,
p = 0.04; Fig. 7H,I). These results suggest that in 2X Tg mice, an
increase in E6AP levels resulted in suppression of spine formation
and/or maturation, leading to a decrease in spine density and an
increase in filopodia.

As increased E6AP levels in cultured neurons lead to a reduc-
tion in dendritic arborization by dendritic retraction, we wanted
to determine whether this also occurred in the neurons of 2X Tg
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animals. We subsequently collected brain slices at P15 and sub- n=13;2XTg, 18.6 = 1.4 dendrites, n = 12, p = 0.033; Fig. 7J,K).
jected them to Golgi staining to study morphology of layer-V  Along with fewer dendrites, total dendritic length in neurons was
pyramidal neurons in the somatosensory cortex. Compared with  also markedly reduced in 2X Tg mice (WT, 1608 = 187 um, n =
WT animals, the mean number of dendritic branches per cell was ~ 13;2X Tg, 998 * 85 wm, n = 12, p = 0.013; Fig. 7L). These results
significantly decreased in 2X Tganimals (WT, 31 = 2.9 dendrites,  suggest a defect in dendritic development in 2X Tg mice as a
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result of increased E6AP expression in the brain. These in vivo
findings support the idea that E6AP has a role in downregulation
of dendritic arborization, presumably by dendritic retraction
mediated by the molecular pathway involving the E6AP-
induced ubiquitination and degradation of XIAP, the subse-
quent activation of caspase-3, and the resulting cleavage of
tubulin and local dendritic degeneration (Fig. 7-1, available at
https://doi.org/10.1523/J]NEUROSCI.1511-17.2017.£7-1).

Discussion

In this study we elucidate for the first time the molecular mech-
anisms underlying Ube3A/E6AP-dependent regulation of den-
dritic arborization. We show, both in vitro in cultured neurons
and in vivo in the E6AP ASD mouse model, that increased levels
of E6AP causes XIAP ubiquitination and degradation, resulting
in activation of the caspase cascade, which ultimately leads to
reduced dendritic arborization via tubulin cleavage and dendritic
retraction. These neurodevelopmental deficits and the underly-
ing mechanistic cascades represent the molecular pathology of
ASD resulting from aberrant upregulation of E6AP expression.

Sholl analysis of different DIV time points showed that the
reduction in arborization was not due to a suppression of growth,
indicating active dendrite retraction. Consistently, live-imaging
experiments revealed the mechanism of dendritic remodeling in
E6AP-overexpressing neurons. We observed distal fragmenta-
tion and thinning of dendritic branches, followed by tip retrac-
tion and eventual disappearance of dendrites. In line with our
finding on the role of E6AP in dendritic remodeling, knockdown
of E6AP in mouse pyramidal neurons showed disrupted apical
dendrites, which is also observed in the maternally deficient
Ube3A AS mouse model (Miao et al., 2013). In addition, a study
of Drosophila dendritic arborization neurons has shown that loss
of the E6GAP homolog dUBE3A alters terminal dendritic branch-
ing and growth (Lu et al., 2009).

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

There are two possible mechanisms by which XIAP could reg-
ulate caspase activation in E6AP-dependent dendritic remodel-
ing. First, as XIAP inhibits both the cleavage of caspase-3 and its
access to target substrates (Chai et al., 2001; Riedl et al., 2001),
lowering XIAP levels by E6AP-mediated ubiquitination and deg-
radation removes XIAP’s inhibition on caspases. This would al-
low caspases to be activated and act on their substrates. Second,
XIAP can directly target caspase-3 for ubiquitination and protea-
somal degradation (Suzuki et al., 2001; Schile et al., 2008). Our
immunostaining and Western data demonstrate that E6AP-
induced XIAP reduction is accompanied with an increase in
caspase-3 cleavage and thus activation, indicating an alleviation
of XIAP inhibition in the presence of higher levels of E6AP.

We found caspases to be key components in the E6AP-
dependent dendritic remodeling pathway. Caspases have been
shown to play a role in axon pruning of NGF-dependent DRGs
(Nikolaev et al., 2009; Simon et al., 2012; Cusack et al., 2013). In
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cultured hippocampal neurons, local activation of caspase-3
by Mito-KillerRed photostimulation was sufficient to induce
proteasome-dependent spine elimination and dendrite retrac-
tion without cell death (Ertiirk et al., 2014). In agreement with
these studies, we demonstrate that the EGAP-induced remodeling
process in neuronal cultures is dependent on caspase-3 cleavage
and activity indicated by pharmacological inhibition and rescue
experiments. However, we observed that the distribution of acti-
vated caspase-3 is not limited to the dendritic arbors or individual
branches; rather, strong signals were also detected in the soma.
Global caspase activation has been shown to cause widespread
damage leading to apoptosis (Yuan and Yankner, 2000). However,
we did not observe cell death even 7 d after EGAP transfection (data
notshown). Inaddition, in 2X Tg mice with tripled ECAP dosage and
increased levels in cleaved caspase-3, Hoechst and NeuN staining in
cortical slices failed to show any changes in neuron number, indicat-
ing a lack of neuron apoptosis in the presence of E6AP-induced
caspase activation. We therefore wondered whether E6AP overex-
pression also triggers an upregulation of prosurvival signaling cas-
cade(s), such as the PI3K-Akt pathway, protecting neurons from
overall degeneration. Indeed, in neurons transfected with E6AP, we
detected an upregulation of phosphorylated and activated Akt (data
not shown). Consistently, increased p-Akt levels were also detected
in neurons infected with AAV9 E6AP virus and in 2X Tg mouse
brain tissue (data not shown).

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

Importantly, our in vitro findings were validated in the
Ube3A-overexpressing ASD mouse model. The 2X Tg mice show
typical ASD behavioral deficits, including impaired social behav-
ior (as measured by social-preference tests), decreased commu-
nication (measured by vocalizations), and increased repetitive
behavior (shown by excessive grooming; Smith et al., 2011). In
these transgenic animals, we measured neuron number and
cortical-layer structure and thickness and found no obvious
changes. In postnatal cortical neurons, the structural pattern and
orientation of the apical dendrites appeared normal. These find-
ings indicate relatively normal brain development, including
neurogenesis and neuron migration. In contrast, detailed analysis
revealed alterations in spine formation and dendritic branching.
Reduced spine density and increased immature filopodia-like
spines in 2X Tg neurons suggests suppression in spinogenesis,
stability, or maturation. These findings are consistent with the
electrophysiological changes we found in hippocampal neurons,
as well as a previously reported decrease of mEPSC frequency in
2X Tg mice (Smith et al., 2011). Consistent with our in vitro
studies, 2X Tg mice showed a reduction in dendritic branching in
layer-V cortical neurons. Strikingly, the same signaling cascades
for dendritic remodeling observed in E6AP-transfected neurons
were also used in 2X Tg mice. The animal brains showed de-
creased XIAP levels, increased caspase-3 cleavage, and enhanced
tubulin cleavage, supporting the involvement of these key com-
ponents in E6AP-mediated morphological remodeling.

We show that E6AP is expressed in the brain mainly during
early development, and is then reduced to and maintained at a
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minimal level, which is consistent with the fact that EGAP mRNA
peaks in the mouse brain at a critical period in development
(Kroon et al., 2013). During this critical window, neuronal den-
drites are remodeled in a developmental-dependent and activity-
dependent manner to form more specific stable connections as
neurons mature (Koleske, 2013). In the visual cortex of AS mice,
E6AP has been shown to regulate experience-dependent neuro-
nal development from P10 to P25 (Yashiro et al., 2009; Kim et al.,
2016). Thus, it is likely that E6AP is involved in dendritic remod-
eling during the critical window of neuron dendrite development
and maturation. Indeed, in an AS model with maternal E6AP
deficiency, reinstatement of E6AP expression at birth and at 3
weeks of age was able to rescue motor deficits, while reinstate-
ment in adults failed to show rescue effects (Silva-Santos et al.,
2015). As we observed a shared time course in EGAP expression in
both WT and 2X Tg mice, we predict that with the overexpression
of E6AP, the overall time course of developmental dendritic re-
modeling may remain the same, but the dendritic arbor is patho-
logically overpruned due to elevated E6AP activity. Future rescue
studies on the E6GAP ASD mouse model will confirm the existence
of a critical window, which will provide valuable guidance on
clinical therapeutics of ASD patients.

Aberrant connectivity and thus malfunction of neural cir-
cuitry is one of the major common developmental changes in
ASD (Ebert and Greenberg, 2013; Doll and Broadie, 2014). Our
findings on ASD-related alterations in dendritic remodeling and
spine formation during brain development provide mechanistic
insights at the cellular and molecular levels. In E6AP-expressing
neurons and in the brain of the EGAP ASD mouse model, we
show alterations in spine density and maturation. Consistently,
electrophysiological recordings revealed changes in synaptic ac-
tivity. Furthermore, reduced dendritic arborization is expected to
cause a decrease in the complexity of neuron connectivity. These
cellular developmental defects may result in improper wiring of
neuronal circuitry, and therefore contribute to the development
of altered social and cognitive behaviors in ASDs.
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