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Abstract

UBE3A is a gene responsible for the pathogenesis of Angelman syndrome (AS), a neurodevelopmental disorder characterized
by symptoms such as intellectual disability, delayed development and severe speech impairment. UBE3A encodes an E3
ubiquitin ligase, for which several targets have been identified, including synaptic molecules. Although proteolysis mainly
occurs in the cytoplasm, UBE3A is localized to the cytoplasm and the nucleus. In fact, UBE3A is also known as a
transcriptional regulator of the family of nuclear receptors. However, the function of UBE3A in the nucleus remains unclear.
Therefore, we examined the involvement of UBE3A in transcription in the nuclei of neurons. Genome-wide transcriptome
analysis revealed an enrichment of genes downstream of interferon regulatory factor (IRF) in a UBE3A-deficient AS mouse
model. In vitro biochemical analyses further demonstrated that UBE3A interacted with IRF and, more importantly, that
UBE3A enhanced IRF-dependent transcription. These results suggest a function for UBE3A as a transcriptional regulator of
the immune system in the brain. These findings also provide informative molecular insights into the function of UBE3A in
the brain and in AS pathogenesis.

Introduction

Genetic defects in the UBE3A gene are responsible for the
pathogenesis of Angelman syndrome (AS; OMIM 105830), a
human neurogenetic disorder characterized by intellectual
disability, delayed development, severe speech impairment,
epileptic seizures and problems with movement and balance.
AS occurs in around 1 in 20 000 to 1 in 12 000 people (1,2). UBE3A
is paternally imprinted in the brain, particularly in neurons (3–5),
and loss of function of maternally-inherited UBE3A results in the
development of AS (6). Most cases of AS are caused by deletion
of the maternal copy of the UBE3A gene and to a lesser extent
by mutations in UBE3A. Among the several AS mouse models
that have been developed, one was generated by an insertional

mutation of exon II of the Ube3a gene into the maternal germ
line of Ube3a, which resulted in a null mutation that leads
to loss of Ube3a expression (7). AS mouse models have been
shown to recapitulate many of the phenotypic features of AS,
including motor dysfunction, increased seizure susceptibility
and hippocampal-dependent learning and memory deficits
(7–9). Interestingly, studies using transgenic mice have shown
that amplification of the Ube3a gene also contributes to
phenotypes observed in 15q11-q13 duplication syndrome, which
is associated with autism spectrum disorder (ASD) (10–12). While
the dosage of UBE3A is critical for AS and ASD pathologies
(10,13), an autism-linked mutation in UBE3A disrupts its protein
kinase A-mediated phosphorylation and results in excess UBE3A
activity and abnormal synaptic formation (14).

https://academic.oup.com/
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UBE3A protein was originally identified as a cellular
protein that mediates the interaction between the human
papillomavirus E6 oncoprotein and p53 and was accordingly
named E6-associated protein (E6-AP) (15). Subsequently, UBE3A
was categorized as a member of a class of functionally related E3
ubiquitin ligases characterized by the presence of a homologous
to the E6-AP carboxyl terminus domain (16). A number of
substrates of UBE3A ubiquitination other than p53 have been
reported (1,2,17). In particular, three synaptic molecules, Arc,
RhoGEF and ephexin5, have been identified as new targets
of UBE3A (18,19). Among these, Arc stands out as a target of
interest because its significance in synaptic regulation has
been intensely studied. Studies have reported that UBE3A
prevents the internalization of α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA)-type glutamate receptors
in synaptic membranes by targeting Arc for degradation,
suggesting that experience or activity-dependent synaptic
regulation could be disrupted in AS. Additionally, γ-aminobutyric
acid (GABA) transporter 1 and small-conductance potassium
channels (SK2) are also reported as targets of UBE3A (20,21). More
recently, ALDH1A2, the rate-limiting enzyme in retinoic acid (RA)
synthesis, was also found to be a target of UBE3A. Excessive
UBE3A dosage impairs RA-mediated neuronal homeostatic
synaptic plasticity, and RA homeostasis regulates ASD-like
phenotypes in mice with excessive UBE3A dosage (22).

In contrast, a report has shown that Arc is not a direct sub-
strate of UBE3A but, instead, UBE3A controls Arc protein levels
at the transcriptional level rather than at the posttranslational
level (23). Given that UBE3A is known to function as a transcrip-
tional coactivator of nuclear (N) hormone receptors (24–28), it is
likely that UBE3A also regulates Arc at the transcriptional level.
A recent report showed that increasing UBE3A in the nucleus
leads to downregulation of the glutamatergic synapse organizer
Cbln1 (29). Although UBE3A knockout (KO) mice show defects in
reproductive function and tissue-specific steroid hormone resis-
tance (24–26), there is little evidence to explain the phenotypic
features of AS mouse models based on the function of UBE3A as
a transcriptional regulator. To our knowledge, there is currently
only one genome-wide transcriptome study of AS. This study
conducted microarray analysis of mouse cerebelli and showed
that gene expression implicated in three networks, cell signaling,
nervous system development and cell death, were significantly
changed in AS mice (30).

To determine whether the transcriptional regulatory func-
tion of UBE3A is associated with defects in the AS brain, we
compared the transcriptome of the hippocampus between wild-
type (WT) and AS mouse. We found that genes downstream of
the interferon regulatory factor (IRF) transcription factor was
significantly changed in AS mice, implying transcriptional reg-
ulation by UBE3A. As expected, UBE3A interacted with IRF and
functioned as a coactivator of IRF. These findings suggest a
role for Ube3a as a transcriptional regulator of immune-related
transcription factors.

Results
UBE3A is localized to the nucleus of neurons

To confirm the subcellular localization of UBE3A in neurons,
immunohistochemistry was performed on mouse brain tissue
(Fig. 1A–I). UBE3A staining was broadly distributed in the cor-
tices and dentate gyrus of WT mice (Fig. 1B, D and F) but was
mostly absent in AS mice (Fig. 1A, C and E). UBE3A was mainly
localized to the somata of neurons rather than their dendrites or

axons as reported previously (5,10,31–34). On closer inspection,
UBE3A was uniformly localized to the somata of most neu-
rons (Fig. 1G and H), although, in some neurons of the dentate
gyrus, expression was localized mainly to the cytoplasm and
to a smaller extent to the nucleoplasm (Fig. 1I). A subcellular
fractionation experiment also demonstrated that UBE3A was
localized to both the cytoplasm and nucleoplasm in the brain
(Fig. 1J). We therefore concluded that a large portion of UBE3A
molecules was localized in the nucleus of neurons, which is
consistent with the results of a recent study (35).

Transcriptome analysis of an AS mouse model

To examine whether UBE3A has an impact on neuronal
transcription, we performed gene expression profiling of
hippocampi from four WT and four AS mice using microarray
analysis. The difference in global gene expression between WT
and AS is shown in a volcano plot in Figure 2A. We set criteria
(P < 0.05 by moderated t-test; fold change, >1.5) to extract
differentially expressed genes (DEGs) in AS (Ube3a KO) mice.
DEGs are listed in Supplementary Material, Table S1. Among 128
DEGs, 52 were upregulated while 76 were downregulated in AS
mice. UBE3A itself was not included among the DEGs because
abnormal transcripts due to the insertional mutation in the
UBE3A gene could be detected in the microarray. We confirmed
that there was no expression of mature (spliced) mRNA of UBE3A
in the brain of AS mice (Supplementary Material, Fig. S1).

Given that UBE3A was previously shown to be a transcrip-
tional coregulator for the estrogen receptor (ER) family (24,28,36),
we examined whether the DEGs in AS were also affected in ER
KO mice (whole brain) using microarray data retrieved from NCBI
Gene Expression Omnibus (GEO) (Fig. 2B). The overall transcrip-
tion of DEGs was not affected in either ER-α or ER-β KO mice,
suggesting that the transcriptomic differences between WT and
AS mice are not due to a deficiency in the ER pathway.

DEGs were then analyzed using pathway analysis according
to gene ontology [GO; Database for Annotation, Visualization and
Integrated Discovery (DAVID); Supplementary Material, Table S2]
and Ingenuity Pathway Analysis (IPA; Fig. 2C and D). The
significantly enriched relevant biological pathways obtained
from GO analysis are listed in Supplementary Material, Table S2.
We found that immune-related pathways such as ‘response
to virus’, ‘defense response to virus’, ‘cellular response to
interferon-alpha’, ‘inflammatory response’ and ‘innate immune
response’ were prominent (Supplementary Material, Table S2).
Causal network analysis by IPA also showed that many
immunological factors were upstream regulators of DEGs
in AS (Supplementary Material, Table S3). In particular, IRF
family members repeatedly appeared as relevant upstream
regulators among DEGs that were upregulated in Ube3a KO
mice (Supplementary Material, Tables S4–6). IRFs are tran-
scription factors that regulate the transcription of many
antivirus factors including interferons and have diverse roles
in regulating gene expression networks within the immune
system. We subsequently focused on the IRF family as relevant
factors of the N function of UBE3A. Additionally, a protein–
protein interaction network comprising the DEG products was
obtained by analysis using the biological database, Search
Tool for Retrieval of Interacting Genes/Proteins (STRING;
Supplementary Material, Fig. S2). This network showed a promi-
nent cluster of interactions consisting of 16 proteins, many
of which were immunological factors against virus infection
(Supplementary Material, Table S7).
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Figure 1. UBE3A is distributed in neuronal somata. (A–I) DAB immunostaining for UBE3A in coronal brain sections from WT (B, D, F and G–H) and AS (A, C and E)

mice (3 weeks old). Both low and intermediate magnifications revealed broadly distributed UBE3A staining in the brain, which was mostly absent in AS mice. High

magnification provided better resolution of UBE3A staining patterns in CA1 (G), CA3 (H) and the dentate gyrus (I). Scale bar beneath (B), 1 mm for (A) and (B); beneath

(F), 100 μm for (C–F); beneath (I), 40 μm for (G–I). (J) Subcellular fractionation of mouse brain homogenates. UBE3A was localized to both the C and N fractions. PSD95,

β-III tubulin and synaptophysin were used as cytoplasmic markers and c-fos as a nucleoplasmic marker.

UBE3A interacts with IRFs and promotes IRF-dependent
transcription

We first determined whether UBE3A can interact with IRF using
immunoprecipitation (IP) and western blotting (Fig. 3). HEK293
cells overexpressing both UBE3A and IRF were first immuno-
precipitated with anti-IRF antibodies and subsequently blot-
ted using an anti-UBE3A antibody. Both WT and a catalytic
mutant (C833A) of UBE3A were clearly detected in the IP of
IRF1, 2 and 3 (Fig. 3), suggesting these IRF members can interact
with UBE3A regardless of its E3 ubiquitin ligase activity. We
also examined the opposite interaction, that is, whether IRF
members could be detected in the IP of UBE3A. Weak signals
for IRF1 and 2 but not 3 were detected in the IP of UBE3A
(Supplementary Material, Fig. S3). IRF2 was only detected in the
IP of WT UBE3A but not that of mutant UBE3A. These results
suggest that IRF1 and 2 can interact with UBE3A at least to some
extent in vitro. Endogenous expression of IRF members were
difficult to detect even in total cell lysates using the antibodies

at our disposal; we were therefore unable to demonstrate their
endogenous interactions.

We next investigated whether UBE3A had an impact on the
transcriptional activity of IRF by the luciferase reporter assay
using a reporter construct containing the consensus binding
site for IRF, interferon-stimulated responsive element (ISRE),
upstream of a luciferase gene. Transcriptional activity of endoge-
nous IRF in Neuro2a cells was augmented by WT but not mutant
UBE3A (Fig. 4A). When ectopically expressed, IRF1 and 3 showed
marked transcriptional activity, whereas the activity of IRF2 and
7 was much weaker (Fig. 4B). No IRF9 activity was detected in this
assay. Addition of UBE3A to these assays again upregulated the
transcriptional activity of all members (IRF1, 2, 3 and 7; Fig. 4C).
The UBE3A mutant partially upregulated the activity of IRF1 but
had no effect on the other members. In contrast, WT and mutant
UBE3A had no effect on the transcriptional activity of p53 or NF-
κB (Fig. 4D). These results indicate that UBE3A can specifically
potentiate IRF-mediated transcription at least partially through
its E3 ubiquitin ligase activity.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz019#supplementary-data
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Figure 2. Gene expression profile of AS mouse hippocampus. (A) Volcano plot of the microarray analysis from WT and AS hippocampi. Vertical and horizontal red

lines indicate 1.5-fold change and P = 0.05, respectively. Genes in the pink (up) and blue (down) rectangular areas were defined as DEGs in AS. (B) Comparison of DEGs

in AS with those in ERα and ERβ KO mice. The values represent the number of genes. Pink, green and blue circles indicate DEGs compared with WT mice in ERα KO,

ERβ KO and Ube3a KO mice, respectively. Gene expression profile data in ER KO mice were obtained from the GEO database (GEO accession no. GSE17869). (C) Network

analysis of DEGs in AS mice using IPA. The core networks were algorithmically ranked by score based on their right-tailed Fisher’s exact test P-value, which reflects

the likelihood that the genes were grouped in a network by chance. (D) The top-ranked network of upregulated DEGs in AS mice. This network was associated with

‘Antimicrobial Response, Inflammatory Response, Infectious Diseases’. Genes in red were upregulated in AS mice and the color intensity indicates the fold change in

differential expression.

IRF2 suppressive complex is a major target of UBE3A

Although in vitro reporter assays clearly indicated that UBE3A
was a coactivator for IRF-mediated transcription, according to
our microarray analysis, most of the DEGs downstream of IRF
were upregulated in AS mice (see ‘Activation state’ column in

Supplementary Material, Table S5). This suggests that UBE3A

may have inhibitory actions on IRF in the mouse brain. To

explain this apparent discrepancy between in vitro and in

vivo studies, we focused on one of the IRF members, IRF2.

IRF2 has been described as a transcriptional repressor and is

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz019#supplementary-data
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Figure 3. Molecular interactions between UBE3A and IRF in vitro IP following western blotting of samples from HEK293 cells that overexpressed each IRF, with UBE3A

(WT or C833A mutant). UBE3A was successfully co-immunoprecipitated using antibodies against IRF1, 2 and 3 (from left to right). UBE3A C833A is the ligase-dead

mutant. Input: total cell lysate; IgG: normal IgG negative control.

thought to function by competing with IRF1 (37). At the same
time, reports indicate that IRF2 functions as a transcriptional
activator for several genes (38–40). We first sought to determine
the degree to which IRF2 can suppress the transcriptional
activity of IRF1. ISRE reporter assays showed that IRF2 markedly
suppressed IRF1 activity (>94%; Fig. 5A, left). This suppression
was more pronounced when IRF2 was expressed with IRF2
binding partner (IRF2BP)1, IRF2BP2 or both. Intriguingly, the
IRF2 complex suppressed IRF3 to a similar extent (Fig. 5A, right).
According to our microarray results, one of the two IRF2 binding
partners, IRF2BP2, was most highly expressed among the IRF
family members in the brain (Fig. 5B). IRF2BP1 and IRF2BP2 have
been identified as components of the IRF2 corepressor complex
(41). They both have a zinc finger domain in the N-terminus
and a RING finger domain in the C-terminus, with the latter
being sufficient for interaction with IRF2. Of note, IRF2BP1 and
IRF2BP2 themselves have been demonstrated to function as
transcriptional repressors, even when not bound to IRF2 (42–45).

To evaluate the protein stability of IRF1 and 2, these proteins
were ectopically expressed in HEK293 cells in the presence or
absence of the proteasome inhibitor, MG132 (Fig. 5C). Endoge-
nous IRF1 and 2 were undetectable even in the presence of
MG132. Surprisingly, overexpressed IRF1 was only detectable in
the presence of MG132, indicating rapid turnover of IRF1 by the
ubiquitin-proteasome system. In contrast, overexpressed IRF2
was readily detectable both in the absence and presence of
MG132. These results suggest that IRF2 is much more stable than
IRF1.

Based on combined evidence that the IRF2 complex was
an extremely potent suppressor of IRF1 and 3 and that the
expression of IRF2BP2 was markedly higher than that of other
IRF members, we hypothesized that the IRF2 suppressor com-
plex predominantly functions under unstimulated conditions.
Moreover, given that UBE3A likely activates IRF2 at least in
normal conditions, IRF2 function is likely weakened in UBE3A-
deficient AS mice. We speculate that this may explain the overall
upregulation of the transcriptional activity of IRF in AS mice

despite UBE3A likely being a coactivator of IRF in vitro. Although
still hypothetical, this may explain the discrepancy between the
in vivo and in vitro findings described above.

IRF dysfunction in AS model mice

IRF family members are critical transcription factors in the
immune system, particularly for genes involved in protection
against virus infection. If the effect of UBE3A on IRF is
biologically significant, we would expect to see some sign of
immunologic disease in AS patients. However, there are no
such case reports. Another possibility is that another function
of IRF, other than immunoreaction, is lost in AS patients. In
the brain, the IRF family of proteins has also been impli-
cated as transcription factors for genes involved in neuronal
survival (46,47), neuroinflammation (48) and microglia activation
(49–53). We compared the levels of brain apoptosis, neuroin-
flammation and the morphology of microglia and astrocytes
between WT and AS mouse but found no clear differences
(Supplementary Material, Fig. S3, data not shown). We next
attempted to find changes in the number of microglia. Fluo-
rescence activated cell sorting (FACS) analysis using anti-CD11b
revealed that the number of microglia was unchanged in the
AS mouse brain (Supplementary Material, Fig. S5). Collectively,
in our hand, we were not able to find obvious morphological
defects related to compromised immunity in the AS brain.

Discussion
As mentioned above, many groups have shown that endoge-
nous UBE3A is localized to neuronal somata (5,10,31–34) and
that UBE3A functions as a coregulator of N hormone receptors
(24–28,32,36). Using immunohistochemistry, we confirmed that
UBE3A was indeed localized mainly to the somata of neurons
rather than dendrites or axons (Fig. 1). Therefore, while there is
some evidence suggesting that UBE3A may be involved in the

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz019#supplementary-data
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Figure 4. Transcriptional activities of IRF family members are augmented by UBE3A. (A) UBE3A upregulated endogenous IRF activity in Neuro2a cells. (B) Transcriptional

activities of IRF1, 2, 3, 7 and 9. (C) UBE3A upregulated the transcriptional activities of IRF1, 2, 3 and 7 (from left to right). (D) UBE3A had no effect on p53 (left) or NF-κB

(right). p53 R175A is a mutant p53 without transcriptional activity. p65 is a major component of the NF-κB transcription factor. Bars represent mean ±S.E.M. of 3–9

samples (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ns, not significant). pCI and pcDNA are vehicle vectors.

turnover of AMPA receptors (18) and GABA transporters (20) in
the synapse, this is likely controlled by a limited population
of UBE3A molecules. In contrast, the function of UBE3A in the
nucleus, if any, is expected to be its primary function in the brain,
as reported recently (29).

Microarray analysis of the hippocampus revealed that 128
genes were significantly affected at the mRNA level in AS mice.

We found that a large number of immune-related genes were
enriched among the upregulated genes in AS. In particular,
genes downstream of a family of antivirus transcription factor
genes, IRF, were affected in the AS brain, suggesting that UBE3A
regulates IRF-dependent transcription. Our results differed from
those of a previous microarray study of the cerebellum from
the same AS mouse model (30), probably due to differences in
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Figure 5. IRF2 complex is a potent suppressor of IRF. (A) Marked suppression of

the transcriptional activities of IRF1 (left) and IRF3 (right) by IRF2 and IRF2BP1/2

complex. (B) Comparison of mRNA expression levels between IRF family mem-

bers, IRF2BP1 and IRF2BP2, in microarray analysis. (C) Overexpressed IRF1 was

only detected in the presence of MG132 (upper), whereas overexpressed IRF2 was

detected even in the absence of MG132 (lower) in HEK293 cells. MG132 and poly

(I:C) were used as a proteasome inhibitor and an IRF stimulant, respectively. pCI

is a vehicle vector.

tissue specificity. Moreover, given that IRF is a general transcrip-
tion factor of immune system genes that protect against virus
infections, our findings are likely not hippocampus-specific and
require further extensive work.

Given that our in vitro experiments indicated that UBE3A can
bind IRF and enhance IRF-dependent transcription (Figs 3 and
4; Supplementary Material, Fig. S2), we propose that UBE3A may
function as a coactivator for IRF transcription in the neuronal

nucleus. It remains unclear how UBE3A works as a coactiva-
tor for IRF-dependent transcription, although, according to the
results of our luciferase reporter assay using a catalytic-dead
mutant of UBE3A, ubiquitination may be involved in its coacti-
vator function. Among the IRF family members, the IRF2 repres-
sive complex was potent, abundant and relatively stable (Fig. 5).
Therefore, we hypothesize that the IRF2 repressive complex is
the primary IRF family member that restricts transcription of IRF
target genes until the proper stimulation becomes available. This
hypothesis is consistent with findings from previous studies on
IRF2 (54,55). If this is the case, IRF2 should be the main target
of UBE3A as a coactivator at least under normal conditions.
Given that IRF2 and p53 share the same E3 ubiquitin ligase,
MDM2 (56), it is possible that UBE3A also targets both p53 and
IRF2 as E3 ligase targets. If this is the case, the IRF2 repressive
complex may not exhibit proper function in the UBE3A-deficient
AS mouse model, providing an explanation for the upregulation
of genes downstream of IRF in the hippocampus of AS mice
(Supplementary Material, Table S5).

That UBE3A was originally identified as a binding partner for
the human papillomavirus E6 oncoprotein and was called E6-AP
is consistent with its involvement in antiviral machinery. How-
ever, there are no case reports of immunologic disease pathology
in AS patients other than obesity, an immunity-relevant disease,
which was previously reported as an (20–80%) associated clinical
feature of AS (57). IRF has been implicated in functions other
than its typical role in antiviral pathways. Several studies have
demonstrated that IRF1 acts as a coregulator of p53 in the apop-
tosis pathway (58–62). In the brain, IRF1 and 4 are involved in the
immunoreactivity and survival of neurons after ischemic stroke
(46–48). Moreover, IRF5 and 8 act as vital transcription factors
for microglial activation (49–53). IRF2 has also been shown to
be a key factor for the maintenance and/or differentiation of
hematopoietic stem cells, progenitor cells of microglia (63–65).
However, we found little difference in neuroinflammation, brain
apoptosis and the microglia population between the WT and
AS mouse brain. Recently, however, a prospective trial on the
safety and tolerability of minocycline treatment and its effect
on cognitive function and adaptive behavior among AS children
provided strikingly supportive evidence for our findings (66).
This study showed that minocycline was well tolerated and
caused significant improvements in the adaptive behaviors in
AS children. Minocycline is a tetracycline antibiotic medica-
tion that readily crosses the blood brain barrier and has been
shown to be effective in Fragile X syndrome patients (67) and
several animal models of degenerative neuropathology such as
Alzheimer’s disease, Parkinson’s disease and amyotrophic lat-
eral sclerosis (68,69), probably by recovering synaptic dysfunc-
tion. Importantly, studies have demonstrated that minocycline
is an inhibitor of microglial activity (70–72). We speculate that an
abnormality in microglia due to IRF hyperactivation in AS mice
might explain the effectiveness of minocycline in AS patients.

Mouse Ube3a has three alternative spliced transcripts (10).
Isoform 1 is reported to be expressed as a non-coding RNA
and regulates dendritic complexity or spine morphogenesis by
regulating a miRNA pathway (73). Isoform 2 corresponds to the
open reading frame of Ube3a, called ‘canonical form’. On the
other hand, isoform 3 lacks 21 amino acids from its N-terminal.
Although the differences including their function, localization
or expression pattern between isoform 2 and 3 remain unclear,
Miao et al. reported that isoform 2 is distributed mainly in the
cytoplasm, whereas isoform 3 is localized largely in the nucleus
(74). Therefore, the data in this study may reflect the role of
UBE3A isoform 3.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz019#supplementary-data
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UBE3A is located on the human chromosome 15q11-q13
region and copy number variations in this gene have been
implicated in two neurological disorders other than AS: Prader–
Willi syndrome (PWS) and ASD (75). Paternally- or maternally-
inherited deletions of 15q11-q13 occur quite frequently and
manifest as PWS or AS, respectively. In contrast, duplication of
the same region is the only recurrent cytogenetic aberration
associated with autism, occurring in up to 5% of autism
cases. Therefore, AS is considered to be pathophysiologically
associated with ASD. Immune dysfunction has been proposed
as a potential mechanism for the etiology of autism. For
example, high levels of inflammation have been observed in
post-mortem samples of brains from individuals with autism
(76). Epidemiological studies have also shown that children with
autism tend to have a family history of autoimmune diseases
(77), and the rate of autism is higher in the offspring of mothers
who contract influenza during pregnancy (78–80). A number
of other studies have shown that cytokine levels in the blood,
brain and cerebrospinal fluid of autistic subjects are elevated
compared to those of healthy individuals (81,82).

In conclusion, we found that IRF activity was prominently
affected in the UBE3A-deficient AS mouse brain. Our finding that
UBE3A interacts with IRF and induces IRF-mediated transcrip-
tion in vitro suggests a novel function for UBE3A as a transcrip-
tional coactivator of IRF. We also found that a potent suppressor
member, IRF2, likely predominantly functions with the aid of
UBE3A under normal unstimulated conditions. Further studies
are needed to determine the effect of UBE3A on compromised
immunity in the AS brain.

Materials and Methods
Animals

AS model mice (B6.129S7-Ube3a<tm1Alb>/J, stock#: 016590) (7)
were purchased from Charles River Laboratories Japan (Yoko-
hama, Japan). Tissues were immediately frozen in liquid nitrogen
and stored at −80◦C until required for processing for RNA. All
experimental protocols using animals in the present study were
approved by the RIKEN Animal Research Committee.

Immunohistochemistry

Mice were anesthetized prior to transcardial perfusion with
phosphate buffer and phosphate-buffered 4% paraformalde-
hyde. Perfused brains were removed and postfixed for 4 h
at 4◦C prior to cryoprotection by submerging for 48 h in 30%
sucrose in phosphate-buffered saline. Cryoprotected brains
were embedded in OCT compound (Sakura Finetek Japan, Tokyo,
Japan), frozen on dry ice and cut into 40 μm thick sections using
a cryostat (Hyrax C50, Thermo Fisher Scientific, Waltham, MA).
For chromogenic staining, sections were incubated in 0.3% H2O2

to quench endogenous peroxidases and incubated in primary
antibodies for 24 h at 4◦C before rinsing several times and
incubating with biotinylated anti-mouse/rabbit secondary anti-
bodies (1:500, Vector Laboratory, Burlingame, CA) for 1 h at room
temperature. Sections were rinsed again prior to amplification
using reagents from the Vectastain ABC standard kit (Vector
Laboratory). Finally, the immune complex was visualized using
the 3′3′-diaminobenzidine (DAB) substrate kit for peroxidases
(SK-4100, Vector Laboratory). For immunofluorescent staining,
sections were incubated in primary antibodies for 24 h at 4◦C and
rinsed before incubation in secondary antibodies conjugated
to Alexa Fluor 488 or 568 (1:1000; Thermo Fisher Scientific).

Stained sections were mounted in VECTASHIELD (H1200, Vector
Laboratory). Primary antibodies used were anti-Ube3a (1:1000;
E8655, clone 330, Sigma-Aldrich, St. Louis, MO), anti-Iba1 (1:500;
019-19741, Wako, Osaka, Japan), anti-GFAP (1:200; MAB3402,
clone GA5, Merck Millipore, Guyancourt, France) and anti-TNFA
(1:200; SAB4502982, Sigma-Aldrich). Images of brain sections
were acquired using a BZ-9000 microscope (Keyence, Osaka,
Japan). Sections compared in the figures were stained at the
same time under identical conditions.

Subcellular fractionation

Whole brains from mice (3 weeks old) were minced and
suspended in low-salt HEPES buffer (10 mm KCl). Brain lysates
were homogenized using a Potter-Elvehjem grinder. Total
homogenates were spun down at 1000g to yield the cytosolic (C)
fraction. The pellet was resuspended in high-salt HEPES buffer
(400 mm NaCl) and briefly sonicated before spinning down at
20 000g to yield the N fraction.

Western blotting

Cell lysates or brain homogenates were fractionated using
Sodium Dodecyl Sulfate-Poly-Acrylamide Gel Electrophoresis
and proteins were transferred onto nitrocellulose membranes.
The membranes were blocked in 3% Bovine Serum Albumin
in Tris-buffered solution with Tween-20 at room temperature
for 1 h. Blocked membranes were incubated with primary
antibody at 4◦C overnight. The following primary antibodies
were used: anti-Ube3a clone 330 (E8655, Sigma-Aldrich), anti-
Ube3a (sc-8926, Santa Cruz, CA), anti-PSD95 clone 7E3-1B8
(MA1-046, Thermo Fisher Scientific), anti-beta-III tubulin (MMS-
435P, Covance Laboratories, Harrogate, UK), anti-synaptophysin
(10706, Progen, Heidelberg, Germany), anti-c-fos (PC38T, Merck
Millipore), anti-IRF1 (sc-497, Santa Cruz, CA), anti-IRF2 (sc-
498, Santa Cruz, CA), anti-IRF3 (sc-FL-425, Santa Cruz, CA)
and anti-beta-actin clone AC-15 (A1978, Sigma-Aldrich). After
washing, the membranes were incubated with peroxidase-
conjugated secondary antibody (mouse: NA9310, GE Healthcare,
Waukesha, WI; rabbit: 111-035-003, Jackson ImmunoResearch,
West Grove, PA). Signals on the membranes were developed
using a chemiluminescence assay kit (Chemi-Lumi One L,
Nacalai Tesque, Kyoto, Japan) prior to imaging with luminescent
image analyzer LAS3000 (Fujifilm, Tokyo, Japan).

Microarray

Microarray was performed as described previously (83,84). Total
RNA from the hippocampus was extracted using TRIzol (Life
Technologies, Gaithersburg, MD), followed by column purifica-
tion with DNaseI treatment (Promega, Madison, WI). The quan-
tity and quality of RNA was evaluated using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA). Microarray
analysis was performed according to the manufacturer’s instruc-
tions (mouse GE 4x44K v2 microarray kit, Agilent Technologies).
Briefly, 200 ng of total RNA was processed for Cy3 labeling with
T7 RNA polymerase amplification prior to hybridization onto a
microarray chip. The raw expression data were acquired using
Feature Extraction Software 9.5. Data processing was performed
as described previously (83). Briefly, raw signal intensities were
corrected using the ‘backgroundCorrect’ function in the limma
package in R Bioconductor. Between-array normalization was
performed using the quantile method. Linear model and Bayes
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moderated t-statistics were applied to extract DEGs. DEGs in AS
mice were defined and ranked using moderated t-tests (P < 0.05
and fold change >1.5). Data are available from GEO (http://www.
ncbi.nlm.nih.gov/geo/) under accession no. GSE119415.

Quantitative Reverse Transcription-Polymerase Chain
Reaction

DNaseI-treated total RNA (1 μg) was reverse-transcribed
using a random hexamer primer (Hokkaido System Science,
Hokkaido, Japan) and Superscript reverse transcriptase (Invit-
rogen, Carlsbad, CA). cDNA equivalent to 30 ng total RNA
was amplified by quantitative Polymerase Chain Reaction
using Power SYBR Green master mix in a 7900HT sequence
detection system or StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, CA). Gapdh genes were used as internal
controls. Forward and reverse primers were as follows: Gapdh
sense, 5′-ACGGGAAGCTCACTGGCATGGCCTT-3′; Gapdh anti-
sense, 5′-CATGAGGTCCACCACCCTGTTGCTG-3′; UBE3A sense,
5′-TGAACAAGAAGGAAGGAAAAGA-3′; UBE3A antisense, 5′-
GGGGAATAATCCTCACTCTCTC-3′.

Network/pathway analysis

DEGs were analyzed using DAVID, STRING or IPA to identify the
relevant biological networks/pathways or interactions. DAVID is
a web-based tool for GO used to identify enriched biological
GO terms (http://david.abcc.ncifcrf.gov/home.jsp). STRING is a
database of known and predicted protein interactions (http://
string-db.org/). IPA is pathway analysis software (Ingenuity, Qia-
gen, Hilden, Germany). Briefly, a list of DEGs along with their
P-values and fold changes were uploaded to the IPA server
and causal network analysis was performed to generate plau-
sible regulatory networks that may explain the gene expression
changes in the data set.

Cell culture

HEK293 and Neuro2a cells were cultured in Dulbecco’s modified
Eagle’s medium (Nacalai Tesque) supplemented with 10% heat-
inactivated fetal bovine serum (ICN Biomedicals, Aurora, OH)
and antibiotics penicillin/streptomycin. Cells were treated with
10 μm MG132 (Enzo Life Sciences, Farmingdale, NY) for 12 h to
inhibit proteasome activity. Poly (I:C) (Invivogen, San Diego, CA),
a synthetic analog of dsRNA, was used to stimulate IRF (20 μg/ml;
12 h).

Immunoprecipitation

HEK293 cells transfected with the appropriate expression plas-
mids using Lipofectamine 3000 (Invitrogen) were cultured for
2 days and treated with proteasome inhibitor (10 μm MG132) for
12 h. Cells were lysed in Tris NaCl EDTA buffer using a protease
inhibitor cocktail (Nacalai Tesque) and precleared with protein
A/G+agarose (Roche Penzberg, Germany) and immunoprecipi-
tated with antibodies against anti-Ube3a (E8655, Sigma-Aldrich),
IRF1 (sc-497, Santa Cruz), IRF2 (sc-498, Santa Cruz) or IRF3 (sc-
9082, Santa Cruz). After washing three times, the precipitates
were resuspended in the 2× SDS-PAGE sample buffer, boiled for
5 min, and separated on a 10% SDS-PAGE gel before performing
western blot analysis.

Luciferase assay

Firefly luciferase vectors used as experimental reporters were
pGL4.45 [luc2P/ISRE/Hygro] (Promega) for IRF transcriptional
activity, 3× κB luciferase reporter construct for NF-κB activity
and a reporter construct containing p53 DNA binding consensus
sites for p53 activity. Renilla luciferase vector used as a reference
reporter for the normalization of the transfection efficiencies
was phRL-TK (Promega) expressing Renilla luciferase driven by
a herpes simplex virus thymidine kinase promoter. Neuro2a
cells were transfected with the reporter plasmids together with
expression plasmids for Ube3a and/or IRFs using Lipofectamine
LTX reagents (Invitrogen). Cells were harvested 2 days after
transfection, and luciferase assays were performed according
to the manufacturer’s protocol (Dual Luciferase Reporter Assay
System, Promega). Promoter activity was determined from the
ratio of firefly luciferase activity to Renilla luciferase activity.

FACS analysis

P0 mice were anesthetized on ice and perfused intracardially
using phosphate-buffered saline. Brains were dissected and
digested in papain solution (Sumitomo Bakelite, Tokyo, Japan).
The cell pellet was suspended in medium and layered over 30%
Percoll. Samples were centrifuged at 700g for 10 min at room
temperature, and the pellet was further cleared through 70 μm
cell strainers (Corning Inc., Corning, NY). Isolated cells were
washed in FACS buffer and suspended in anti-CD11b antibody
(M1/70, Biolegend, San Diego, CA) for 20 min. Cells were washed
and analyzed in Cell Sorter SH800 (Sony, Tokyo, Japan). Microglia
populations were quantified by calculating the percentage of
microglia obtained from flow cytometry analysis compared to
live cell counts.

Supplementary Material
Supplementary Material is available at HMG online.
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