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Abstract

Perturbations in activity and dosage of the UBE3A ubiquitin-ligase have been linked to Angelman
Syndrome and autism spectrum disorders. UBE3A was initially identified as the cellular protein
hijacked by the human papillomavirus E6 protein to mediate the ubiquitylation of p53, a function
critical to the oncogenic potential of these viruses. Although a number of substrates have been
identified, the normal cellular functions and pathways affected by UBE3A are largely unknown.
Previously we showed that UBE3A associates with HERC2, NEURL4, and MAPK6/ERK3 in a
high molecular weight complex of unknown function that we refer to as the HUN complex
(HERC2, UBE3A, and NEURLA4). In this study, the combination of two complementary proteomic
approaches with a rigorous network analysis revealed cellular functions and pathways in which
UBE3A and the HUN complex are involved. In addition to finding new UBE3A-associated
proteins, such as MCM6, SUGT1, EIF3C, and ASPP2, network analysis revealed that UBE3A
associated proteins are connected to several fundamental cellular processes including translation,
DNA replication, intracellular trafficking, and centrosome regulation. Our analysis suggests that
UBES3A could be involved in the control and/or integration of these cellular processes, in some
cases as a component of the HUN complex, and also provides evidence for crosstalk between the
HUN complex and CAMKII interaction networks. This study contributes to a deeper
understanding of the cellular functions of UBE3A and its potential role in pathways that may be
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affected in Angelman Syndrome, UBE3A-associated autism spectrum disorders and HPV-
associated cancers.
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Introduction

The ubiquitin-ligase UBE3A, also known as E6AP (for E6-associated protein) was
originally discovered as the cellular protein that is hijacked by the high risk human
papillomavirus (hrHPVs) E6 proteins to target the ubiquitylation and proteolysis of the
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tumor suppressor p53 [1-4]. UBE3A is a 100-kDa protein encoded by a gene located on

chromosome 15g11-g13. Three different isoforms of UBE3A generated by differential

splicing differ in their amino-terminal sequences, although it is not yet known whether or

how they might differ in function [5]. UBE3A is ubiquitously expressed from both the

paternal and maternal alleles but as a consequence of imprinting, only the maternal UBE3A

allele is expressed in certain areas of the brain [6, 7].
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Defects in UBE3A expression and/or activity are associated with several pathologic
disorders. The E6-induced degradation of p53 is a hallmark of hrHPV oncogenicity in HPV-
associated cancers. In addition, UBE3A is linked to two different neurological disorders.
Increased gene dosage of UBE3A is implicated in some forms of autism spectrum disorders
(ASD) [8-10], and the loss of function of UBE3A in the central nervous system is the cause
of Angelman syndrome (AS), a neurodevelopmental disorder characterized by severe mental
retardation, ataxia, loss of speech, seizures, and other abnormalities [11-14]. Approximately
10% of patients that meet the clinical criteria for AS have no identified UBE3A molecular
defect [15] suggesting that in addition to molecular mechanisms directly affecting UBE3A,
perturbations in other genes that share a pathway or work through convergent pathways with
UBE3A may also cause AS. Also, the pathways downstream of UBE3A affected in AS are
still not well understood. For instance, a mouse model for AS showed decreased CAMKII
activity due to increased phosphorylation of CAMKII [16]. Restoration of CAMKII activity
corrected the behavioral deficits observed in this mouse model [17], yet it is uncertain
whether UBE3A and CAMKII might relate to one another.

Despite the fact that UBE3A was discovered over 25 years ago [1], little is known about its
biological functions or the cellular processes in which it is involved. Although efforts to
identify substrates for its ubiquitin-ligase activity have provided a list of potential
candidates, none have yielded much insight into the actual roles of UBE3A in the cell. Some
of the reported UBE3A protein interactors and potential substrates include RAD23A [18],
UBQLN1 and UBQLN2 [19, 20], the estrogen receptor [21], and PSMD4 [22, 23]. UBE3A
also associates with the proteasome [20, 24—-28] and with the giant ubiquitin-ligase HERC2
[28-30]. Our recent proteomic analysis of UBE3A binding proteins revealed that UBE3A
binds to HERC2 in the context of a high molecular weight complex of unknown function
[28] that we will refer to as the HUN (HERC2, UBE3A and NEURL4) complex, based on
its major components. Another component, the kinase MAPK6/ERKS3, is recruited to the
HUN complex through its association with NEURL4 [28]. Impairment of the functions of
UBE3A mediated through the HUN complex or defects in other components (e.g. HERC2)
of this complex may contribute to the pathological traits observed in AS since a single
homozygous mutation in HERCZ2 segregates in Amish families with a neurodevelopmental
disorder with similarities to AS [31, 32] and loss of HERC2 function results in a severe
neurodevelopmental phenotype [33].

To gain a better understanding of the pathways and processes in which UBE3A and the
HUN complex are involved, we employed two complementary proteomic approaches
followed by extensive network analysis of the resulting protein interaction data. First, we
performed affinity purifications of HA-tagged bait proteins followed by identification of
their associated proteins by liquid chromatography-tandem mass spectrometry (AP-MS). For
this we used two different cell systems: T-REx 293 cells extending our previous studies on
UBE3A and HERC2 [28, 30] and SH-SY5Y human neuroblastoma cells, which have been
successfully used in AS and ASD studies [34-36]. Second, AP-MS experiments were
complemented with systematic yeast two hybrid (Y2H) [37] and yeast three hybrid [38]
screens using UBE3A as bait to specifically identify likely direct interactors of UBE3A and
the UBE3A-HPV16 E6 complex respectively.
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In this study we identified several new UBE3A-associated or direct interacting proteins,
including the minichromosome Maintenance Complex Component 6 (MCM6), Apoptosis-
Stimulating Of P53 Protein 2 / Tumor Protein P53 Binding Protein 2 (ASPP2/TP53BP2/
P53BP2), the SGT1 Homolog, the M1S12 Kinetochore Complex Assembly Co-chaperone
(SUGT1) and the Eukaryotic Translation Initiation Factor 3 Subunit C (EIF3C), as well as
two new components of the HUN complex, the Enoyl-CoA Hydratase 1 (ECH1) and the
Enoyl-CoA Delta Isomerase 2 (ECI2/PECI). The interactors of UBE3A in SH-SY5Y cells
are similar to those previously observed in T-REx 293 cells [28] indicating that these protein
associations are conserved across different cell types. Network analysis of the interaction
data suggests that UBE3A and its interaction partners might be involved in the control and
integration of several fundamental cellular processes, including translation, intracellular
trafficking, and cytoskeleton regulation among others. Importantly the interaction data
reveals a possible crosstalk between the HUN and CAMKII protein complexes, providing a
potential explanation for the mouse phenotypes mentioned above. Our work should
contribute to a better understanding of UBE3A and the pathways and cellular processes
perturbed in the diseases and conditions with which it has been associated.

Identifying UBE3A interacting proteins in SH-SY5Y cells

Since UBE3A is linked to two different neurological developmental disorders, we identified
UBES3A interacting proteins in the human neuroblastoma SH-SY5Y cell line. To avoid
toxicity due to the stable expression of a transgene, we generated a SH-SY5Y single cell
clone expressing the Tet repressor that can be tightly regulated by doxycycline. We
performed coimmunoprecipitations with 64 HA-tagged proteins as baits (Table S2) in SH-
SY5Y to build a database for the AP-MS analysis software CompPASS (Comparative
Proteomic Analysis Software Suite) to discriminate nonspecific background binding from
high-confidence candidate interacting proteins (HCIPs) for each bait [39].

Using the SH-SY5Y database we next employed AP-MS and CompPASS to determine a set
of UBE3A HCIPs in SH-SY5Y cells (Table 1). Similar to our previous strategy with the T-
REXx 293 cell line [28], we used each of the three known isoforms of UBE3A in both the
catalytically active and inactive forms as baits, the latest to increase the likelihood of
identifying ubiquitin-ligase substrates of UBE3A. As with the T-REx 293 cells [28], there
were no major differences among the observed HCIPs for the three UBE3A isoforms (Table
1). In total, 117 HCIPs (including 34 proteasome subunits) were identified for UBE3A
combining the HCIPs from both SH-SY5Y AND T-REx 293 cell lines (see Material and
Methods) of which 45% were observed in both. Only 10% of the HCIPs were observed
exclusively in the SH-SY5Y cell line, from which fewer HCIPs were observed than in the T-
REx 293 cell line, probably due to lower protein expression levels. Overall, the set of
UBE3A-associated proteins was very similar between the two cell types.

Binary interaction screens

Whereas AP-MS identifies proteins that are components of stable protein complexes, it does
not differentiate between direct and indirect interactors. The Y2H system represents a
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complementary approach to interactome mapping in which mostly direct protein interactions
are scored [40]. The combination of these two proteomic approaches thus provides a more
comprehensive understanding of UBE3A interacting proteins. We performed a Y2H screen
using the three isoforms of UBE3A (both active and inactive forms) as baits to interrogate a
library of human open reading frames (ORFs) for proteins that can directly interact with
UBE3A. Similar to the results of the AP-MS experiments, the Y2H screen did not reveal
major differences among the UBE3A isoforms (Table 2). Included in the 19 proteins
identified by the Y2H system were the known UBE3A interactors RAD23A, RAD23B,
PSMD4, UBQLN1 and UBQLN2 [18-20, 22, 23]. In addition, we performed a Y3H screen
to test how the presence of HPV16 E6, could alter the set of proteins that interact with
UBE3A in the Y2H screen. As shown in Table 2, HPV16 E6 does not interfere with the
binding of the UBE3A interactors found in the Y2H screen but enables UBE3A to associate
with a few additional proteins. These additional proteins include TP53, providing a
validation of this approach. There are less proteins that interact with the active UBE3A
isoforms in presence of HPV16 EB, but these differences disappeared when we used the
inactive isoforms of UBE3A. This is consistent with the fact that E6 works as an allosteric
activator of UBE3A [41], therefore E6 may enhance the ubiquitin-ligase activity of UBE3A
toward its associated proteins resulting in a more efficient degradation of these proteins by
the ubiquitin-proteasome system, making their detection more difficult. This does not
happen with the catalytically inactive forms of UBE3A. Additional UBE3A associated
proteins in presence of HPV16 E6 were only detectedin the presence of inactive UBE3A
isoforms since HPV16 E6 promotes the degradation of these proteins via ubiquitylation by
UBE3A. HERC?2, an established interactor of UBE3A, was not identified among the
UBES3A preys because due to its high molecular weight it was not included in the library
used in these experiments. Of note, PSMD4, RAD23B, and MCM6 were identified as
UBES3A interactors by both AP-MS, Y2H, and Y3H approaches.

UBE3A Network Analysis

In total, we identified 96 proteins that either directly or indirectly interact with UBE3A in
addition to the proteasome. We integrated these data with existing human protein
interactome data to gain additional insight into the UBE3A interactors and their potential
functional significance. As sources of available human protein interactome data we used
four recently published and released proteome-scale human protein interaction datasets that
have been generated in systematic screens of the human protein interaction space. BioPlex
[42] and QUBIC [43] are two datasets generated from AP-MS screens, CoFrac [44] contains
protein complex data obtained from co-fractionation of protein extracts from various cell
lines, and HI-union is the total of protein interactions identified at the Center for Cancer
Systems Biology (CCSB) using a binary interaction mapping platform that couples Y2H
screens with validation in orthogonal mammalian protein interaction assays [45-50]. These
four systematically generated datasets cover the human protein interaction space more
homogeneously as compared to literature-curated interaction datasets that display strong
study biases [45]. Given the low overlaps between the systematic and literature-curated
interactome datasets and to add more direct protein-protein interaction (PPI) data of similar
high quality as the systematic datasets, we also included a subset of the curated literature
interactome, Lit-BM-13, which contains all PPIs from seven public protein interaction
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databases, that have multiple evidences (publications or methods) of which at least one
identifies likely direct PPIs [45]. The union of these five interactome datasets, hereafter
referred to as QBCHL, comprised 156,138 PPIs and protein associations involving 15,189
distinct proteins (genes) excluding all homodimeric protein pairs.

94 of the 96 UBE3A interactors have at least one protein interaction or association in
QBCHL. The UBE3A interactors identified from AP-MS are significantly close to each
other in the QBCHL interactome (p-value = 0.004, see Material and Methods). However,
this signal is lost when combining the AP-MS and Y2H interactors (Table S1 and Figure S1)
suggesting that even though both sets of interactors overlap, they seem to be less connected
with each other in the QBCHL protein interactome. Starting from the set of 94 UBE3A
interactors that had at least one interaction in QBCHL, we next built a network that includes
proteins that associate with the UBE3A interactors, if these neighbors were seen to interact
with at least two UBE3A interactors. This network was further filtered to retain interactions
and the corresponding proteins in the network only if the interactions were supported by at
least two independent sources (Figure S2). The network is significantly larger (p-value =
0.011) and contains a significantly higher fraction of UBE3A interactors (p-value = 0.01)
than networks built in identical ways but starting from degree-controlled random sampling
of proteins from the QBCHL network (Table S1 and Figure S1). We sought to further
complete this UBE3A network by including protein interaction and association data around
UBES3A from this and other more focused studies [30, 51] (see Methods) if there were at
least two lines of evidence supporting the data. To our knowledge, the resulting network
(Figure 1) represents the most complete view of the UBE3A interactome module to date
confirming previously known interactions and revealing potential new cellular functions of
UBE3A.

The network highlights the strong association of UBE3A with HIFLAN and with the
members of the HUN complex, HERC2, NEURL4, MAPK®6, ECI2 and ECH1 (see below),
of which all but MAPKG®6 were identified as HCIPs in both T-REx 293 and SH-SY5Y cells.
This network also showed a strong and significant enrichment (see Methods) for the
Translation Initiation Factor 3 (EIF3) complex and related functions, the Aminoacyl tRNA
Synthetase complex, the Nucleotide-Excision Repair complex, Minichromosome
Maintenance (MCM) complex and its function in DNA replication, and the Proteasome
(Table S2). In addition, there are numerous UBE3A HCIPs that are implicated in
centrosome, cytoskeleton or transport-related functions, of which CCP110, CEP97, CEP170,
KTNL1, and RAN are included in the UBE3A network, however most of them are more
closely connected to the other members of the HUN complex, especially NEURL4, which
has a demonstrated role in the centrosome [51, 52].

Confirmation of new UBE3A-associated proteins

We next confirmed the association of UBE3A with several of the HCIPs identified in our
proteomic studies. SUGT1 and EIF3C, that had been previously identified as HERC2
associated proteins [30] were detected as UBE3A HCIPs in several coimmunoprecipitations
from both T-REx 293 and SH-SY5Y cell lines. These in addition to MCM®6, a component of
the mini-chromosome maintenance (MCM) complex, were tested in a reciprocal
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immunoprecipitation experiment for their ability to bind UBE3A (Figure 2). We observed
that VV5-tagged EIF3C, SUGT1, and MCM6 coimmunoprecipitated UBE3A in T-REx 293
cells confirming that these proteins associate with UBE3A. In this experiment we also
examined whether MAPKAPK5/MK5/PRAK, a known interactor of MAPK®6 [53, 54] also
coimmunoprecipitates with UBE3A. We had previously observed MAPKAPKS5 as a HCIP
of UBE3A in T-REx 293 cells [28], however, VV5-tagged MAPKAPKS5 did not
coimmunoprecipitate HA-tagged UBE3A in this experiment. The discrepancy could be due
to differences in sensitivity of the assays or could be due to the presence of the V5 tag on
MAPKAPKS5. Therefore the association of MAPKAPKS in a complex with UBE3A remains
to be determined.

We also performed colocalization experiments in SH-SY5Y cells between UBE3A and
HERC2, EIF3C, and MCM6 (Figure 3). As previously reported [55, 56], UBE3A is
distributed throughout the cell, with higher levels in the nucleus. UBE3A partially
colocalized with HERC2, EIF3C and MCMB® supporting the association of UBE3A with
these proteins. However, UBE3A colocalized with HERC2 and EIF3C in the cytoplasm
whereas the colocalization with MCM6 was observed predominantly in the nuclei. This
pattern was also observed in HaCaT, HelLa, and U20S cells (Figures S7, S8, and S9)
suggesting that it is conserved among different cell types. Also, further support for the
association of UBE3A with MCM6 and EIF3C comes from a recent report that identified
MCMB6 and several components of the EIF3 complex as potential substrates of the ubiquitin-
ligase activity of UBE3A [57].

Taken together, our data identified multiple connections of UBE3A to a variety of cellular
functions, although it remains to be determined which specific rolesUBE3A may play in
these cellular processes.

The HUN complex

From the accumulated UBE3A interaction data it remains unclear which UBE3A functions
might be performed as a component of the HUN complex. We validated that UBE3A
interacts with HERC2 and NEURL4 in SH-SY5Y as part of a high molecular weight
complex by gel filtration (Figure 4) similarly to what was observed in T-REx 293, C33A,
and SiHa cells [28] indicating that the HUN complex is present in SH-SY5Y cells.

Then, to gain further insight into the composition of the HUN complex and other proteins
associated to UBE3A, we performed AP-MS experiments using several HA-tagged UBE3A
interactors as baits. We immunoprecipitated HA-tagged NEURL4, MAPK®6, ECH1, ECI2,
and HIF1AN from both SH-SY5Y and T-REx 293 cells, and HERC2 only from SH-SY5Y
cells since coimmunoprecipitations from T-REx 293 cells have already been published [30].
Due to its high molecular weight (527 kDa), HERC2 was expressed as six overlapping
fragments comprising the complete HERC2 ORF as baits in coimmunoprecipitation
experiments to identify HCIPs for this protein, as we previously did for T-REx 293 cells
[30]. As shown in Table 3, there was extensive cross association between UBE3A, HERC2,
NEURL4, MAPK®6, ECH1 and ECI2, suggesting that they are all components of the HUN
complex across cell types. Supporting this notion UBE3A colocalizes with HERC2 in
HaCaT, HeLa, and U20S cells (Figures S7, S8, and S9) and their interaction has also been
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shown in H1299 cells [29]. In contrast, HIFLAN, which associates with UBE3A
independently of the HUN complex [28], did not associate with any protein other than
UBE3A.

In general, there was good correspondence between the HCIPs detected for HUN component
proteins from both T-REx 293 cells and SH-SY5Y cells. Five members of the HUN
complex, NEURL4, HERC2, MAPK®6, ECH1 and ECI2, coimmunoprecipitated 138, 283,
29, 67, and 34 HCIPs, respectively, comprising 464 distinct HCIPs in total between both cell
lines. Out of these 464 HCIPs, 15% appeared as HCIPs in both cell lines while 13% were
coimmunoprecipitated by at least two different baits (not counting the baits themselves).
Using QBCHL as a source of external interaction data we found that each individual set of
HCIPs from HERC2, NEURL4, MAPKS®, and ECI2 (p-values < 0.001), apart from ECH1
(p-value=0.173), as well as the union of all HCIPs (p-values < 0.001) was significantly
connected within each other in the human protein interactome (Table S1 and Figure S3). To
obtain a clearer view of the cellular functions played by the components of the HUN
complex and their relationship to UBE3A, we built a network starting from the HCIPs of
HERC2, NEURL4, MAPKS®, ECI2, and ECH1. We connected any two HCIPs with each
other if they shared at least one bait and there was evidence for interaction or association
between them from QBCHL, reciprocal IP data from this study, or from a published list of
proteins that associate with NEURL4 [51] (Figure 5). This HUN network is dominated by
HERC2 HCIPs and to a lesser extent by HCIPs identified from NEURL4
coimmunoprecipitations. The network makes apparent a variety of known protein complexes
including the RNA polymerase 1l complex, EIF3 complex, the Coatomer protein complex,
the Commander complex, the Phosphorylase kinase complex and the GATOR 2 complex.
Consistent with the presence of these protein complexes the HUN network (for control built
using only QBCHL, Figure S4) shows clear enrichment for transcription, translation, vesicle
formation and transport as well as metabolism-related functions (Table S3).

HERC2 coimmunoprecipitated about 14 members of the EIF3 complex compared to four
members coimmunoprecipitated by UBE3A and one by NEURL4 suggesting that the
association of the HUN complex with the EIF3 complex most likely occurs through HERC2.
Also, the fact that that HERC2 and EIF3C show a similar colocalization pattern with
UBES3A (Figure 3) is in good agreement with the idea of UBE3A associating with the EIF3
complex through HERC2. EIF3C, the member of the EIF3 complex that was
coimmunoprecipitated by HERC2, NEURL4 and UBE3A may represent the direct contact
point for this association. The EIF3 complex has been shown to serve as a scaffold to
connect the kinase mTORC1 with its targets S6K1 and 4E-BP1 [58]. Interestingly, HERC2
coimmunoprecipitated four (MIOS, WDR59, WDR24, SEH1L) of the five known members
of the GATOR2 complex, a positive regulator of mMTORC1 [59]. Furthermore, NEURL4 co-
precipitated the kinase PIKFYVE and its activator VAC14 from both cell lines. PIKFYVE
has been shown to be necessary for mMTORC1 activation in 3T3-L1 adipocytes [60]. Taken
together, our data strongly suggests a link between the HUN complex and mTORC1
signaling.

In addition, the link observed in the UBE3A network between UBE3A/the HUN complex
and centrosomal and cytoskeleton-related functions becomes even more apparent in the
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HUN network, which highlights the association of NEURL4 with the centrosomal proteins
CEP97, CCP110, CEP290, CEP170 and the pericentriolar protein PCM1. Furthermore,
MAPKS®, known for its regulatory role in actin cytoskeleton remodeling and cell migration
[61-64], showed a strong functional enrichment for spindle and centriole-related GO terms
due to the presence of the kinases AURKA and AURKB as well as the proteins ASPM,
CEP170, and MAP7D1 amongst its HCIPs. ASPM, a centrosomal protein previously
identified as interactor of UBE3A [65] was also coimmunoprecipitated by HERC2 [30]
(Figure 5). Our data clearly reinforces the association of UBE3A with centrosomal functions
through its participation in the HUN complex.

The protein interaction networks of the HUN complex and CAMKII are linked

A mouse model for AS with decreased CAMKII activity also has lower protein phosphatase
PP1 and PP2A activities, two phosphatases for which CAMKII is a substrate [16]. In this
model, it was hypothesized that increased levels of ASPP2, an inhibitor of PP1, could be
involved in regulating CAMKII [16]. Interestingly, ASPP2 was identified as a likely direct
interactor of UBE3A in our Y2H screen (Figure 2, Table 2). We confirmed the interaction by
co-immunoprecipitation (Figure 6A) and examined whether UBE3A affects ASPP2 protein
levels in a cotransfection experiment (Figure 6B). We found that coexpression of UBE3A
decreased the protein levels of ASPP2. In addition, coexpression of a catalytically inactive
UBES3A or proteasomal inhibition increased ASPP2 protein levels. This suggests that ASPP2
could be a target for the ubiquitin-ligase activity of UBE3A that targets ASPP2 for
proteasomal degradation, thus providing a potential link between UBE3A and CAMKII.

We next questioned whether there were functional links between UBE3A and CAMKII that
might be dependent on the HUN complex. AP-MS in SH-SY5Y cells using CAMK2D, a
subunit of the CAMKII complex, as bait resulted in 61 identified HCIPs. The CAMK2D
associated proteins are enriched for members of the cohesin complex, Rac, Ras and
neurotrophin signaling, regulation of actin nucleation, organization of the lamellipodium and
cell junctions, as well as immune response-related functions. Using degree-controlled
randomized QBCHL networks we observe a significant link between the CAMK2D HCIPs
and the HUN complex core members UBE3A, HERC2, NEURL4, ECI2, ECH1, and
MAPKG® (p-value = 0.002). There was a significant link between the CAMK2D HCIPs and
the HUN complex interactors. The same was observed comparing connections between the
CAMK2D interactors and the UBE3A interactors or between CAMK2D interactors and the
HUN complex interactors with the UBE3A interactors removed (Figure S5). These data
therefore suggest connectivity between CAMK2D and the HUN complex beyond that which
is mediated by UBE3A.

To further examine connections between CAMK2D and the HUN complex, we built a
network linking the CAMKZ2D interactors to each other or to the HUN complex interactors
using protein interaction data from QBCHL, reciprocal IP or Y2H data from this study and
from Al-Hakim et al. [51] (Figure 7) (network built using only QBCHL in Figure S6).
Similar to the list of CAMK2D interactors, the CAMK2D-HUN network shows enrichment
for cytoskeleton (spindle, actin nucleation), cell polarity and cell signaling-related functions
(EGFR, Ras, FGFR, and neurotrophin) (Table S4 and Methods), all of which have important
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roles in neurite outgrowth and synapse formation. We found four interactors in common
between CAMK2D and the HUN complex (Figure 7). CAMK2D and HERC2 hoth
coimmunoprecipitated as HCIPs the TANK Binding Kinase 1 (TBK1) and FK506 binding
protein 5 (FKBP5). In addition, NEURL4 and CAMK2D shared the Baculoviral IAP Repeat
Containing 6 (BIRC6) and Drebrin-Like (DBNL) proteins as HCIPs. DBNL functions in
receptor-mediated endocytosis, reorganization of the actin cytoskeleton, formation of cell
projections such as neurites, neuron morphogenesis, and synapse formation [66—73]. An
association between DBNL and NEURL4 has already been described [42] however the
association of DBNL with CAMKI|I has not. Using the VV5-tagged DBNL isoforms 1 and 2,
we were able to pull down CAMK2D and CAMK2A confirming an association between
DBNL and the CAMKII complex (Figure 8). DBNL, thus, represents another possible link
between UBE3A/HUN complex and CAMKII. DBNL’s demonstrated role in neuronal
functions [67-69, 71-73] suggests that it could mediate a role for UBE3A in AS and ASD.

Discussion

A network approach using available systematically generated proteome-scale interaction
maps demonstrated the overall coherence of the interaction data obtained in this study, and
more specifically identified cellular functions in which UBE3A might have a role. As further
discussed below, this systems approach to studying the functions of UBE3A across cell
types also provides intriguing insights into its involvement in HPV-associated cancers and
the neurodevelopmental disorders AS and ASD.

UBE3A and the Proteasome

Most of the components of the proteasome are UBE3A HCIPs in the AP-MS experiments
highlighting the association of UBE3A with the proteasome. The function of UBE3A in the
proteasome is still unclear although it has been suggested that it might be involved in
controlling the proteolytic activity of the proteasome through its association with PSMD4
[22, 23]. In this study, PSMD4, a member of the regulatory subunit of the proteasome, was
also identified as a prey of UBE3A in the Y2H screen indicating that these two proteins
directly interact. Interestingly, PSMD4 has been recently reported to mediate the turnover of
the proteasome through autophagy when it is ubiquitylated [74, 75] and UBE3A has been
shown to ubiquitylate PSMD4 [22, 23]. Therefore it is possible that, under certain
conditions, UBE3A may play a role in proteasomal turnover by autophagy through its
interaction with PSMD4.

UBE3A and the Centrosome

PSMD4 also plays a role in the centrosome, where it controls proteasome activity and
promotes the elaboration of dendrite arbors in the rat brain [76]. Whether UBE3A is
involved in those processes has not yet been determined. However UBE3A itself has been
reported to associate with ASPM, a centrosomal protein linked to primary microcephaly
[65], a condition affecting approximately 80% of the individuals with AS [77]. Our study
provides further support for the involvement of UBE3A in centrosomal functions with the
identification of SUGT1 as an UBE3A HCIP. SUGT1 is involved in protein ubiquitylation
through interaction with SKP1 (a subunit of the SCF complex) in kinetochore assembly, and

J Mol Biol. Author manuscript; available in PMC 2019 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez-Noél et al. Page 11

centrosome organization [78-81]. In addition, the fact that UBE3A associates with
centrosomal proteins such as CEP97 and CEP170, which also associate with HERC2 and
NEURLA4 [51], suggests that UBE3A may contribute to the centrosomal functions ascribed
to HERC2 and NEURL4 [51, 52] through its engagement as a component of the HUN
complex. It should be noted that the E6 proteins encoded by hrHPVs, which bind UBE3A,
have also been implicated in causing centrosome aberrations [82-84] raising the intriguing
possibility that HPV E6-associated centrosome aberrations might be mediated through the
interaction of E6 with UBE3A and the HUN complex.

UBES3A and the MCM Complex

MCMG6 is one of the few proteins that were identified as an UBE3A interactor in both AP-
MS and Y2H experiments. MCM® is part of the MCM complex that is required for initiation
and elongation of DNA replication [85]. Although MCM®6 was not an HCIP for HERC2, it is
noteworthy that HERC2 is a component of the DNA replication fork and regulates its
progression as well as DNA origin firing by facilitating the phosphorylation of MCM2,
another member of the MCM complex [86—88]. The fact that both HERC2 and UBE3A
associate with proteins involved in DNA replication suggests that UBE3A may play a role in
some of the functions ascribed to HERC2 in DNA replication and repair. Moreover, recovery
of stalled forks is facilitated in part via Trans-Lesion Synthesis (TLS) [89] and template
switching by homologous recombination (HR). HERC2 participates in HR repair by
coordinating ubiquitin-dependent assembly of DNA repair factors at DNA double-strand
breaks [90]. In addition, together with RNF8, HERC2 has been shown to promote TLS at
stalled replication forks [91]. Interestingly HPV replication occurs on fragile sites [92],
heritable nonrandomly distributed loci on human chromosomes that exhibit an increased
frequency of chromosomal breakage under conditions of replication stress. The models
proposed to explain how instability at fragile sites arises involve DNA replication and
suggest that replication fork stalling along fragile sites during DNA synthesis is a very
frequent event (reviewed in [93]). HPV16 E6 has been shown to prevent the recovery of
stalled replication forks independently of p53 [94]. HPVV16 E6 might achieve this by
interfering with the replication functions of HERC2 through the HUN complex and, perhaps
also with the functions of UBE3A in the MCM complex. Interestingly, hrHPV E6 proteins
have been shown to be necessary for efficient viral replication in keratinocytes [95-97]. In
this context the effect of HPVV16 E6 on replication forks will result in unreplicated fragile
sites moving further through the cell cycle, which might help HPV replication and contribute
to E6 oncogenicity by increasing chromosome instability.

UBE3A and Transcription

In addition to its ubiquitin-ligase activity, UBE3A can function in transcription as a
coactivator of nuclear hormone receptors [98] or to down regulate the estradiol-induced
expression of some genes [99]. One of the down regulated genes is ARC, whose
overexpression in AS neurons stimulates the internalization of AMPA receptors resulting in
a lower number of these receptors at excitatory synapses [100]. Concerning the
transcriptional activity of UBE3A, its interaction with MCM6 might be relevant since the
MCM complex interacts with RNA polymerase Il and it has been suggested that it could
facilitate transcription by remodeling the chromatin template [101]. Of note, NEURL4

J Mol Biol. Author manuscript; available in PMC 2019 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez-Noél et al.

Page 12

consistently coimmunoprecipitated components of the RNA polymerase 11 as well as the
helicase ERCC3/XBP/RAD25, a component of the transcription factor Il H, involved in
DNA repair and transcription [102, 103]. We do not know whether the UBE3A interaction
with MCMB6 is physically and/or functionally related to its roles as a component of the HUN
complex, or if these are independent events, but all this evidence suggests that both UBE3A
and the HUN complex may be involved in DNA replication, repair, and transcription, and
that these activities might be of relevance for AS and UBE3A-associated ASD as it has been
suggested by others [99, 104].

The HUN Complex

At present we do not know the full composition of the HUN complex or whether there are
more than one complex containing HERC2, UBE3A and NEURLA4. However, similarly to
MAPKS6 [28], ECH1 and ECI2 seem to be part of the HUN complex since they are HCIPs
for UBE3A, NEURL4 and MAPKS6 and, as bait, ECI2 coimmunoprecipitated HERC2,
NEURL4 and ECH1. In addition, another study has reported the association of ECI2 with
HERC2 and NEURLA4 [51]. Both ECH1 and ECI2 are enzymes that participate in the beta-
oxidation of fatty acids. We do not yet know whether the HUN complex is involved in the
metabolism of fatty acids or whether these enzymes play another role in the context of the
HUN complex, but since fatty acid oxidation has been linked to developmental
neuropsychiatric disorders, including autism [105-107], a possible role for the HUN
complex in that process should be addressed in the future.

HERC2 associated proteins have already been discussed [30], however it is noteworthy to
highlight its association with mTORC1, a key regulator of metabolism in eukaryotes [108—
110] whose dysregulation is associated with neurodevelopmental and neuropsychiatric
disorders such as ASD (reviewed in [111]). Although HERC?2 itself does not associate with
mTORC1, it associates with the mTORC1 regulatory complex GATOR 2 [59] and with the
EIF3 complex, which is necessary for mTORC1 signaling through the translational
regulators S6K1 and 4E-BP1 [58]. In addition, NEURL4 and UBE3A associate with
components of the EIF3, probably through HERC2, suggesting that the HUN complex may
play a role in mTORC1 signaling and regulation of translation. Interestingly, the
hippocampus of a mouse model for AS has been shown to have increased mTORCL1 and
decreased mTORC2 activities. Restoring the activities of mMTORCL1 and 2 to normal levels
resulted in improved long-term potentiation (LTP), restored actin polymerization (see below)
and reduced ARC levels [112] suggesting that any effect of UBE3A on this pathway may be
relevant for neural function and AS. On the other side, E6 proteins of mucosal HPVs activate
mTORC1 and enhance cap-mediated transcription and these effects correlate, at least in part,
with the ability of the E6 proteins to bind UBE3A [113, 114], raising the possibility that E6
proteins influence the mTORC1 pathway and translation through its recruitment into the
HUN complex by binding to UBE3A.

Mouse models for AS show characteristics of the human disease including abnormal
dendritic spine morphology and density [55, 115], impaired LTP and learning deficits [17,
116]. The induction of long-term potentiation or depression is associated with the
enlargement or shrinkage of the spine, respectively. The F-actin cytoskeleton is the main
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driving force of dendritic spine remodeling and sustains synaptic plasticity [117, 118]. It has
been recently proposed that AS is associated with a defect in activity-driven spine
cytoskeletal reorganization what results in loss of synaptic plasticity necessary for long-term
memory [119]. Interestingly, MAPK® regulates the actin cytoskeleton and promotes cell
migration of several cell types [62—-64]. Furthermore, the deubiquitinating enzyme USP20
has been shown to regulate the actin cytoskeleton organization and cell migration by
deubiquitylation of MAPKS®, altering its protein levels [61]. The same study also identified
USP16 as a deubiquitinating enzyme for MAPKG®6 but with moderate effects on its protein
levels. Intriguingly, both deubiquitinating enzymes associate with HERC2 [120-122] but
while MAPKG®6 associates with fragment 1 of HERC2 through its association with NEURL4,
USP20 associates with fragment 4 of HERC2 [30] indicating that HERC2 might work as
scaffold to bring these proteins together. This suggests that the HUN complex may also play
arole in the reorganization of the actin cytoskeleton and therefore in spine morphology and
synaptic plasticity in neurons, and that disruption of this function could contribute to AS and
UBE3A-associated ASD.

UBE3A and CAMKII

In this study we confirm the association of HIFLAN, a known interactor of UBE3A in T-
REXx 293 cells, with UBE3A in SH-SY5Y cells. HIFLAN is a negative regulator of HIF1A
[123, 124] and NOTCH signaling [125, 126]. The NOTCH pathway controls multiple cell
differentiation processes including neuron differentiation [127-132], neurite development
[133-136], and epithelial cell differentiation [137-142]. In addition, Notch signaling is
thought to play a role in cervical cancer [143, 144] and is altered by hrHPV EG6 proteins
[145, 146]. Altogether this suggests that control of NOTCH signaling by UBES3A through
HIFLAN could be relevant for AS, ASD, and HPV-associated cancers. Interestingly
HIF1AN also regulates the binding of ASPP2 to specific interactors by hydroxylation [147].
Increased levels of ASPP2, an inhibitor of PP1, has been postulated to be a potential cause
of decreased CAMKII activity in an AS mouse model [16]. The decrease in CAMKI|I
activity seems to be very relevant for AS since restoring its activity corrected the behavioral
deficits observed in the AS mouse [17]. Here we have shown that UBE3A directly interacts
with and regulates ASPP2 protein levels through degradation by the proteasome, supporting
the notion that ASPP2 might be involved in AS. In this case, the lack of UBE3A would
result in higher levels of ASPP2 which, in turn, would inhibit PP1 resulting in the increased
phosphorylation and lower activity of CAMKII observed in the AS mouse model.

The relationship between CAMKII and UBE3A is not limited to ASPP2. The recruitment of
the proteasome to the NMDA receptors by CAMKII is necessary for LTP and synaptic
plasticity [148-150]. UBE3A is present in neuronal proteasomes, including synaptic
proteasomes, and disengages from those proteasomes after NMDA treatment [27], however,
the significance of this event for LTP and plasticity is not yet understood. In addition, there
is a significant overlap between the CAMKII and UBE3A/HUN complex protein networks
including some shared HCIPs such as TBK1 and DBNL (Figure 7). TBK1 plays a role in
autophagy [151, 152] and in the innate immune response as an inducer of type-1 interferons
[153, 154], and genetic alterations of TBK1 have been associated to amyotrophic lateral
sclerosis and frontotemporal dementia [155, 156]. The association of the HUN complex and
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CAMKII with DBNL might have functional implications for AS and ASD since DBNL is
known to be involved in neuronal functions [67-69, 71-73]. Additionally, many known
components of the postsynaptic density and other cargos destined to the dendritic spine are
transported down the dendrites along microtubules by various kinesin family members [157—
161] and CAMKII has been shown to be a regulator of microtubule based motors of the
kinesins super family [162, 163]. Interestingly one of the most prominent HCIPs of
NEURL4 is KTN1, which is a receptor for kinesin involved in kinesin-driven vesicle
motility [164-166]. All this suggests an intricate net of associations between CAMKII and
UBE3A-associated pathways that may be relevant for AS and UBE3-Aassociated ASD. On
the other side, CAMKII has been shown to have increased activity or expression in several
cancers and to be important for proliferation, differentiation and survival of several cancer
cells [167-170]. Therefore, some of the interactors/pathways shared by the CAMKII- and
UBE3A-associated networks might contribute to HPV-associated cervical cancer via
dysregulation by the hrHPV EG6 proteins through their interaction with UBE3A.

Using an approach that involves proteomics and network analysis we have identified new
UBES3A interacting and associated proteins that we were able to place within a larger
network comprising various cellular processes, some of which are known to be altered in
HPV-associated cervical cancer, AS and ASD. We also found a possible connection between
UBE3A and CAMKII through ASPP2 and possibly HIFLAN as there is a significant
crosstalk between their associated proteomes, suggesting that UBE3A and CAMKII must, at
least partially, converge in a common network. We provide strong evidence for UBE3A to be
connected to several cellular processes suggesting that UBE3A might be involved in their
coordination to ensure adequate cellular responses. Such a role for UBE3A would be
advantageous for HPVs, since binding to UBE3A would grant to E6 proteins of hrHPVs,
which have a small genome and limited encoding capability, access to several key cellular
processes in addition to the ability to degrade TP53. The fact that UBE3A is connected to
several cellular processes also has important implications for AS and UBE3A-associated
ASD since changes in UBE3A protein levels and activities could affect a variety of cellular
pathways contributing to the aspects of the phenotypes associated with those
neurodevelopmental disorders. To design effective therapies for HPV-associated cancers,
AS, and ASD, it is necessary to identify these cellular processes and understand how they
are related to each other. We believe that the results presented in this study should contribute
further insight into the role of UBE3A in these disorders and build an important foundation
for future work towards an even more mechanistic understanding of the cellular processes
altered in HPV-associated cancer, AS, and UBE3A-associated ASD.

Materials and Methods

Cloning and plasmids

The generation of the UBE3A and HERC2 expression vectors was described before [28, 30].
Entry clones in pDONR223 from the CCSB Human ORFeome collection (http://
horfdb.dfci.harvard.edu/index.php?page=home) were recombined into the pHAGE
expression vectors using the Gateway LR 11 clonase Enzyme Mix (Invitrogen) according to
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the manufacturer’s instructions. To obtain a pHAGE vector containing an N-terminal V5 tag,
the expression vector pHAGE-P CMVt N-HA GAW [28] was digested with Pmel and Xhol
(New England Biolabs) to remove the HA tag and then it was ligated with the following
annealed oligonucleotides 5’-
AAACGCTAGCCACCATGGCGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGAT
TCTACGGC-3’ and 5’-
TCGAGCCGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCCGCCATG
GTGGCTAGCGTTT-3’ to generate pHAGE-P CMVt N-V5 GAW. PHAGE-P CMVt N-
HBH GAW was generated by replacing the HA tag in PHAGE-P CMVt N-HA GAW with
an HBH tag, which contains a biotinylation signal between two RGS-6xHis tags [171, 172],
using the Pmel and Xhol restriction sites.

All cell lines were maintained in Dulbecco’s modified Eagle’s medium —10% fetal bovine
serum at 37°C and 5% CO2. Culture conditions for T-REx 293 cells (Invitrogen) have been
described previously [28, 30]. The human neuroblastoma SH-SY5Y cells were a kind gift
from Bruce Yankner. The SH-SYS5Y is a neuroblast clone isolated from the human
neuroblastoma cell line SK-N-SH that was established in 1970 from a metastatic tumor. The
SH-SY5Y cell line is widely used in studies of neurologic disorders [173]. In order to have
tetracycline-regulated expression the SH-SY5Y cells were transfected with the plasmid
pcDNAG/TR (Invitrogen) linearized with Fspl (New England Biolabs) and cultured in the
presence of 5 pg/ml Blasticidin for several passages to ensure integration of the plasmid into
the genomic DNA. A single cell clone was selected based on its ability to repress expression
of pHAGE-P CMVt N-HA EGFP. After infection with lentiviruses carrying pHAGE-P
CMVt NHA GAW-derived vectors, transduced SH-SY5Y cells were selected with 5 ug/ml
Blasticidin and 2 pg/ml puromycin. To induce the expression of the HA-tagged proteins, the
cells were kept for 24 h in medium without antibiotics and then induced with 1 pg/ml
doxycycline for 24 h. HEK 293T cells were transfected using TransI T®-293 Transfection
Reagent (Mirus) using a transfection reagent to DNA ratio of 3:1.

Immunoprecipitations

Immunopurification from T-REx 293 cells for AP-MS experiments have been described
previously [28, 30]. The same protocol was followed for SH-SY5Y cells with few
modifications. Briefly, cells from four 500 cm? culture plates (approximately 80 to 90%
confluent) expressing HA-tagged proteins were washed once with phosphate-buffered saline
(PBS) at room temperature and then lysed on the plates with 5 ml ice-cold lysis buffer (50
mM Tris-HCI, pH 7.5, 150mMNacCl, 0.5% NP-40, 12.5mMNaF, 1ImMNa3V04, 12.5mM B-
glycerophosphate, cOmplete™ protease inhibitor cocktail [Roche]) per plate. Cleared
lysates were filtered through a 20-um SFCA-PF syringe filter (Corning) and
immunoprecipitated with 50 pl (settled) anti-HA-agarose beads (Sigma) for 2 h at 4°C. The
beads were then washed twice with 10 ml lysis buffer and twice with 10 ml PBS, transferred
with 1 ml PBS into a microcentrifuge tube, and then eluted with three washes of 0.5 N
NH4O0H, 0.5 mM EDTA. For reciprocal immunoprecipitation experiments HEK293T cells
were transfected on 6 well plates with 1 g of each vector DNA and harvested for analysis
48 h later. Only for the UBE3A and ASPP2 coimmunoprecipitation experiment 2 g of each
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vector were used. Cells were lysed on ice in 1 ml of the same lysis buffer used for the AP-
MS experiments and the V5-tagged proteins were coimmunoprecipitated with anti-V5
magnetic beads (M167-41, MBL) (30 pl of 50% slurry per sample). After 6 washes with 1
ml of ice cold lysis buffer the proteins were eluted by incubating the beads for 60 minutes at
65°C in 30 pl of gel loading buffer (50 mM Tris-HCI pH 6.8, 2% SDS, 10 MM TCEP, 5 mM
EDTA, 10% Glycerol, Serva Blue G). For HA immunoprecipitations the same protocol was
used with anti-HA agarose beads (A2095, Sigma).

MS and CompPASS analysis

The MS run and analysis have already been described in detail [30]. Then the AP-MS data
for each bait were analyzed by CompPASS, which relies on an unbiased comparative
approach for identifying HCIPs as previously described [39, 174]. For the analysis of
coimmunoprecipitations from T-REx 293 cells we used a table with the data of 171 HA
coimmunoprecipitations from the same cells produced by the Harper lab [174]. To do the
CompPASS analysis of AP-MS data from SH-SY5Y cells we used a table with the data of
64 HA coimmunoprecipitations from those cells generated in this study. The D and WD
score threshold was calculated in a way that 90% of the data falls below it for
coimmunoprecipitations from SH-SY5Y cells and 95% of the data is under it in the case of
T-REXx 293 cells. Using a 90% cutoff might produce more false negatives but seem to work
better with the data obtained from SH-SY5Y cells based on the UBE3A
coimmunoprecipitations (Table 1) since it includes more proteasomal subunits as well as
several proteins that were also detected as UBE3A HCIPs in the coimmunoprecipitation
experiments done with T-REx 293 cells [28]. The analyses of the AP-MS data from SH-
SY5Y cells using a 95% cutoff are also provided in the supplementary material. The
normalized D (ND) and WD (NWD) scores results from dividing each score by the
calculated threshold. We considered HCIPs those proteins who have a ND or NWD equal to
or higher than 1 (normalized score equal to or higher than the calculated threshold). In most
cases considering the ND score in addition to the NWD score adds no more than a couple of
proteins to the list of HCIPs. A complete set of data including the number of peptides
detected for each protein is presented in the Supplementary AP-MS Tables at Mendeley
datasets (https://data.mendeley.com/datasets/5w3b4y4cwr/draft?
a=98bf0268-3fa9-4854-8h76-b80b8fa2f97f, doi:10.17632/5w3bdy4cwr.1).

Identification of binary protein-protein interactions by Y2H screens

Y2H screens were performed as described previously [37], with some modifications.

Library preparation—ORF clones in pPDONR223 containing sequences encoding the
three catalytically active and inactive forms of UBE3A [28] were transferred to the Y2H
destination vector pQZ212 (DB vector) by Gateway recombinational cloning (Invitrogen) as
described in Dreze et al. [37]. pQZ212 is a modified version of pVVVV212, a high-copy 2-
micron (2y) vector, engineered to contain the LEUZ and CANI selection markers.

Competent yeast cells of the Y8930c strain (MATa leu2-3,112 trp1-901 his3A200 ura3-52
gal4Ngal80AGAL2::ADE2 GAL1::HIS3@LYS2 GAL7::1acZ@METZ2 cyh2®) were
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transformed with the cloned DB-ORF constructs [37]. Yeast cells were plated on selective
synthetic complete (SC) solid medium lacking leucine (SC-Leu) to select for transformants.

Y2H screening—Y 2H screens were then conducted as described in Rolland, et a/. [45]
and Sahni et al. [47]. Briefly, saturated cultures of Y8930c containing the vector for each
DB-ORF fusion were mated against Y8800 containing AD-ORF mini-pools from human
ORFeome 9.1. Each mini-pool contained 96 different AD-ORF yeast strains. After mating in
rich liquid media (YEPD), cells were transferred to SC medium lacking leucine and
tryptophan (SC-Leu-Trp) to select for diploid cells. Finally, cells were plated on selective
solid medium also lacking histidine (SC-Leu-Trp-His + 1mM 3-amino-1,2,4-triazole [3AT]
agar plates), allowing for selection of yeast cells which have activated the GAL1.:HIS3
reporter gene.

De novo DB-ORF auto-activators, which activate GAL1::HIS3 reporter gene expression
without an AD-ORF construct and which can arise during the Y2H screens, were detected
using the same method as described in Dreze et a/. [37] and Rolland et al. [45]. Diploid
yeast cells were spotted in parallel on SC-Leu-Trp-His + 1 mM 3AT and SC-Leu-His

+ 1mM 3AT + 1 mg/L cycloheximide (CHX) agar plates. Yeast cells containing an AD-ORF
plasmid are sensitive to CHX due to the presence of the counter selection marker cy#25in
the plasmid. Only autoactivator DB-ORF cells, which have lost the AD-ORF plasmid by
plasmid shuffling, will exhibit a growth phenotype on SC-Leu-His + 1 mM 3AT + 1 mg/L
CHX agar plates. Yeast strains containing the DB-ORF auto-activators are therefore
excluded from the screen data.

To identify the interacting protein pairs, specifically the interacting AD-ORF from the 96
different strains of the mini-pool, we followed the same protocol as in Rolland et a/. [45]. Up
to five yeast colonies were picked per spot and subsequently lysed. The lysates were then
used as a template for PCR amplification. PCR products were subjected to Sanger
sequencing and human ORFs were identified by BLASTIing the resulting sequence against
the human ORFeome v9.1. This generated a list of first-pass pairs (FiPPs) from primary
yeast two-hybrid screens.

Pairwise testing to verify primary screen results—FiPPs from primary Y2H screens
were then pairwise tested as described in Dreze et al. [37]. Yeast strains expressing each
interacting pair of DB-ORF and AD-ORF were freshly inoculated in SC-Leu and SC-Trp,
respectively. Saturated yeast cultures are then mated in quadruplicate in YEPD, followed by
a diploid enrichment in SC-Leu-Trp 24 hours later. Diploid yeast cells were spotted in
quadruplicate on SC-Leu-Trp-His + 1 mM 3AT and once on SC-Leu-His + 1 mM 3AT + 1
mg/L CHX agar plates. Protein-protein interactions (PPIs) were scored as positive when
yeast colonies developed in at least three out of four spots on SC-Leu-Trp-His + 1mM 3AT
but did not grow on SC-Leu-His + 1 mM 3AT + 1 mg/L CHX. Colonies were picked and
then lysed. The lysates were used as template for duplex PCR amplification using Platinum
Taq Polymerase High Fidelity (Life Technologies). For duplex PCR amplification, an
indexed AD and DB primers set was used, in which each primer contains a unique barcode.
This allowed for the pooling of up to 96 different DB-ORF and 96 different AD-ORF PCR
products per well. The barcodes and ORF sequences were then determined using Illumina
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sequencing by seqWell, Inc. (Beverly, MA) and identified by BLASTing the resulting
sequence against the human ORFeome 9.1 [175].

Y3H screen—For the Y3H screen, the destination vector pAG416GPD (Addgene Plasmid
#14148) expressing HA-HPV16 E6 and the selection marker URA3 was selected. Y8930c
strain was co-transformed with pQZ212, expressing one of the three catalytically active and
inactive isoforms of UBE3A, and pAG416GPD (Addgene Plasmid #14148). To select for
transformants expressing HA-HPV16 E6 and UBE3A, yeast cells were platted on SC solid
medium lacking leucine and uracil (SC —Leu-Ura).

To perform the Y3H screen, saturated cultures of Y8930c expressing UBE3A and HPV16
HA-E6 were mated against Y8800 containing the AD-ORF minipools. To test for functional
expression of HA-HPV16E6 the obtained cultures were mated with a Y8800 clone
expressing TP53. In contrast to a culture only expressing inactive UBE3A which did not
show any growth, the clones containing wt UBE3A and HA-16E6 showed detectable growth
of colonies which was strongly increased when using the strains expressing inactive UBE3A
and HA-HPV16ES®, verifying that our Y3H system can be used to detect UBE3A/HPV16E6
complexes. All the following screening steps were identical to the Y2H procedure, except
that the SC medium lacked uracil to maintain selection of yeast expressing HA-HPV16 E6.
The Y3H screen was performed in parallel with a Y2H screen of Y8930c expressing only
UBE3A mated against Y8800 containing the AD-ORF minipools.

Western Blots and Size exclusion chromatography

Western blots and size exclusion chromatography have already been described in detail [28,
30]. Blots were incubated with the following primary antibodies: HA conjugated to
horseradish peroxidase (HRP) (clone 3F10, Roche), V5 conjugated to HRP (R961-25,
Invitrogen), beta actin conjugated to HRP (ab49900, Abcam), UBE3A (clone E6AP-330;
Sigma), HERC2 (BD Transduction Laboratories), NEURL4 (ProteinExpress), PSMD4
(S5a-18; Enzo), PSMA5 (PA1-1962; Thermo). HRP-conjugated anti-mouse or anti-rabbit
antibodies (GE Healthcare) were used as secondary antibodies when needed. Biotinylated
proteins were detected with Streptavidin-HRP (#21130, Pierce).

Immunofluorescence

HaCat, HeLa, SH-SY5Y, and U20S cells were plated onto glass cover slips and fixed with
3% formaldehyde in PBS for 10 minutes at room temperature. Cells were then washed 3
times with PBS and stored at 4°C until stained. For staining, cells were permeabilized and
blocked for 15 minutes with 0.2% Triton X-100 and 5% normal donkey serum in PBS
(blocking buffer). Cover slips were then incubated for 1 hour at room temperature with
blocking buffer containing the rabbit polyclonal antibody to UBE3A (E6AP H-182)
(sc-25509; Santa Cruz Biotechnology), together with the mouse monoclonal antibodies to
EIF3C (elF3 p110 B-6) (sc-74507; Santa Cruz Biotechnology) (1:50), MCM6 (H-8)
(sc393618; Santa Cruz Biotechnology) (1:50), or Herc2 (612366; BD Biosciences) (1:50) as
indicated. The primary antibodies were washed 5 times with 0.2% Triton X-100, 1% normal
donkey serum in PBS (washing buffer) and incubated for 1 hour at room temperature with
donkey anti-mouse 1gG conjugated to alexa 594 (A-21203; ThermoFisher Scientific) and
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donkey anti-rabbit 1gG conjugated to alexa 488 (A-21206; ThermoFisher Scientific) diluted
in blocking buffer. Cover slips were then washed 5 times with washing buffer, 1 time with
water, and mounted onto glass slides using Prolong Gold Antifade Mountant (ThermoFisher
Scientific). All samples were analyzed by confocal microscopy using an Olympus FVV3000
confocal laser scanning microscope. The specificity of the antibodies against UBE3A,
HERC2, and MCM6 was tested and established in cells treated with the corresponding
siRNAs. The antibody against EIF3C has been previously used in immunofluorescence
experiments [176].

UBE3A mediated degradation of ASPP2

Software

HEK 293T cells were transfected with 0.5 pg of pHAGE-P CMVt N-HA UBE3A isoform 1,
pHAGE-P CMVt N-HA UBE3A isoform 1 C820A, pHAGE-P CMVt N-HBH ASPP2,
pHAGE-P CMVt N-V5 GAPDH, or the corresponding empty vectors. Proteasomal
inhibition was achieved by 4 hours treatment with 500 nM Velcade (Active Biochem,
A1014). 48 hours after transfection the cells were lysed on the plates with 50 mM Tris-HCL
pH 6.8, 2% SDS. The protein extracts were analyzed by SDS-PAGE and Western blot.

All code was written in Python 2.7 and is being made publicly available at github.com/
CCSB-DFCI/UBE3A HUN_paper_pub (doi:10.5281/zenodo.846870) along with most input
and output files and all plots generated for this project. The code makes use of the additional
python libraries igraph for network manipulations [177], numpy for numeric operations
[178], pyjsonrpc for easy access to the FuncAssociate JSON-RPC based web service
(github.com/gerold-penz/python-jsonrpc), and matplotlib for plotting [179]. Cytoscape
v3.4.0 was used for network visualization [180]. Jupyter python notebooks were used to
provide interactive python code for plotting [181]. The Funcassociate web service with
default settings was used to perform all Gene Ontology [182] functional enrichment analyses
described in this paper [183].

Source of gene annotation data

Entrez gene IDs along with gene symbols, synonyms and descriptions were obtained from
the Homo sapiens gene info file downloaded from ftp://ftp.ncbi.nih.gov/gene/DATA/
GENE_INFO/Mammalia/ on November 13th 2016.

Assembly of final list of HCIPs for every bait

UBE3A: The HEK293T pulldown data was obtained from [28]. Gene symbols were mapped
to Entrez gene IDs and combined with pulldown data obtained in this study from the SY5Y
cell line for a 90 and 95% HCIP confidence cutoff as determined from CompPASS. A final
HCIP cutoff was determined for every prey by combining the pulldown data from the
different isoforms and variants of UBE3A that were used as bait in this study. At least half
of all prey occurrences had to be found at a 95% cutoff in order to assign the 95%
confidence to that prey. All HCIPs that were only observed in one of the
coimmunoprecipitations per cell line were removed unless that HCIP was also observed at
least once in the other cell line or if it was a gene of the MCM complex. Based on this
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filtering, three sets of HCIPs were built for UBE3A: i) AP-MS based HCIPs, ii) AP-MS
based HCIPs with all but the PSMD4 proteasome subunits removed based on finding the
substring "PSM" in the official gene symbol of the prey, iii) combining ii) with all UBE3A
interactors identified in the Y2H screen in this study.

HERC2—The HEK293T pulldown data for the HERC2 fragments was obtained from [30]
and combined with the pulldown data obtained for the HERC2 fragments from the SY5Y
cell line. No other filtering than the removal of proteasome subunits was performed.

All other baits—The HEK293T and SY5Y pulldown data obtained in this study for the
baits ECH1, ECI2, HIFLIAN, MAPK®6, NEURL4, and CAMK2D (this one only from SH-
SY5Y) were combined (per bait) without any additional filtering apart from removing any
proteasome subunits that appeared as prey.

The final list of HCIPs for each bait is provided in GitHub (github.com/CCSB-DFCI/
UBE3A_HUN_paper_pubdoi:10.5281/zen0d0.846870).

External protein interaction data

The QBCHL network (named after the initials of the different protein interaction data sets
used) was built from the following five different sources: Hl-union was built on March 6th
2017 from downloading all published and unpublished, test space verified and test space
validated datasets from http://interactome.baderlab.org/ [45-50]. BioPlex was obtained from
downloading the dataset with time stamp 06/12/2015 from http://bioplex.hms.harvard.edu/
downloadInteractions.php [42]. CoFrac was obtained from downloading Supplementary
Table 2 from Wan et al [44]. QUBIC was obtained from downloading Supplementary Table
2 from Hein et al [43]. Lit-BM-13 was obtained from downloading Supplementary Table 1
from Rolland et al [45]. The HI-union and QUBIC PPIs and protein pairs were mapped from
UniProt accession numbers (ACs) to Entrez gene IDs using the mapping file
HUMAN_9606_idmapping_selected.tab downloaded from UniProt on March 3rd, 2017
[184]. The CoFrac protein pairs were mapped from Ensembl gene IDs to Entrez gene 1Ds
using a mapping file obtained from the BioMart tool at http://www.ensembl.org/ (release 88)
[185].

Additional sources of PPI data were obtained as follows: DuB_AP was built from
downloading the PPI data in MI-TAB from IntAct [186] for the PubMed identifiers
19615732 [39] and 20562859 [174] on April 24th 2017. PPIs were mapped from Uniprot
ACs to Entrez gene IDs as described above. AlHakim_IPs was built from curating protein
associations published in Al-Hakim et al [51]. Howley_map was built from building pairs
between the baits UBE3A, HERC2, ECI2, ECH1, NEURL4, MAPK6, CAMK2D, and
HIF1AN and their respective final sets of HCIPs. These additional sources of PPI data as
well as the reciprocal IPs obtained during this and previous studies [28, 30] and the UBE3A
interactors identified in the Y2H screen described in this study are available on GitHub
(github.com/CCSB-DFCI/UBE3A_HUN_paper_pubdoi:10.5281/zenod0.846870).

All PPI datasets were made non-redundant (any directionality removed) and any homodimer
pairs were removed prior to be merged and used for analysis.

J Mol Biol. Author manuscript; available in PMC 2019 March 30.


http://github.com/CCSB-DFCI/UBE3A_HUN_paper_pub
http://github.com/CCSB-DFCI/UBE3A_HUN_paper_pub
http://interactome.baderlab.org/
http://bioplex.hms.harvard.edu/downloadInteractions.php
http://bioplex.hms.harvard.edu/downloadInteractions.php
http://www.ensembl.org/
http://github.com/CCSB-DFCI/UBE3A_HUN_paper_pub

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez-Noél et al. Page 21

Network generation

UBE3A—The UBE3A networks were built using either as source for PPI data only QBCHL
or QBCHL, DuB_AP, Howley _map, Y2H_UBE3A, reciprocal_IP, and AlHakim_IP. The
final set of UBE3A HCIPs (without proteasome subunits and with the interactors from Y2H)
were connected between each other and two their neighbors if the neighbors interacted with
at least two UBE3A HCIPs using the indicated sources of PPI data. Next, all PPIs in this
network with only one source of evidence were removed as well as all proteins that ended up
being unconnected from any other protein in the network.

HUN complex network—The final set of HCIPs from HERC2, NEURL4, MAPKS,
ECHZ1, and ECI2 were connected with each other using either QBCHL or QBCHL,
reciprocal IP, AlHakim and Y2H_UBES3A, if both HCIPs connected to each other had at
least one of these five baits in common.

CAMK2D network—The CAMK2D networks were built using the same two sets of source
networks as described above for the HUN complex network. The CAMK2D HCIPs were
connected with each other and to any neighbors as defined by the PPI data in the set of
source networks used, if these neighbors were HCIPs from at least one of the baits HERC2,
NEURLA4, ECI2, ECH1, MAPKS, or UBE3A. Interactions between these neighbors were not
added to the network.

The list of interactions and interaction partners, the Cytoscape session file as well as the
network images are all available on GitHub (github.com/CCSB-DFCI/
UBE3A HUN_paper_pubdoi:10.5281/zen0d0.846870).

Generation of randomized QBCHL networks

The python package igraph and function Degree_Sequence() was used to obtain degree-
controlled randomized QBCHL networks [187].

Randomization of sets of HCIPs

For some statistical analyses where network randomization was not appropriate, starting sets
of HCIPs to build networks were randomized instead. We observed that the sets of HCIPs
obtained for each of the baits displayed a slightly elevated degree distribution (a higher
fraction of proteins with more interaction partners) compared to the degree distribution of
the QBCHL network. Therefore, simple random drawing of proteins from the QBCHL
network to build random sets of HCIPs was inappropriate. Degree-controlled random protein
sampling was achieved by applying a sliding window around a given degree d for which a
random protein needed to be sampled. The size of the window was determined by the degree
plus/minus the square of the log base 2 of d (Iog(d,2)"2). The sufficient number of proteins
to sample from for a certain degree was put to 1,000 in line with the number or total
randomizations performed. If there were < 1,000 proteins of degree d available from the
QBCHL network to randomly sample from, proteins from d+1 and d-1 degrees were added
and so forth until the limits of the window were reached or the minimum number of 1,000
proteins to sample from was obtained. This procedure allowed to perform degree-controlled
random protein sampling even for high degree nodes where only a few proteins in the
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QBCHL network are available for a given degree. Overlaps of random sets of HCIPs with
the original set of HCIPs was possible but remained small (< 3).

Empirical testing for significance of enriched GO terms in expanded networks

Functional enrichment tests using the Fisher's exact test and correction for multiple testing
are not sufficient to assess significance of functional enrichments observed for the UBE3A
and CAMKZ2D networks (built only with QBCHL as source) because these networks were
built by extension to neighbors of UBE3A or CAMK2D HCIPs. Network expansion will
lead to preferential addition of hubs to the network, which might represent a class of
proteins of certain biological function, therefore leading to potential functional bias, which
is not captured by the null hypothesis of the Fisher's exact test.

Gene Ontology (GO) terms that were found to be enriched in any of these two networks as
defined by an adjusted p-value cutoff of 0.05 determined by FuncAssociate [188] were
further tested for significance using the following empirical approach. For each network
(CAMKZ2D and UBE3A) degree-controlled random sets of HCIPs were built 1,000 times.
For each random set of HCIPs, a network was built using the exact same protocol as used for
the original set of HCIPs (as described above) using QBCHL as only source of PPI data.
Each randomly built network was then assessed for functional enrichments using
FuncAssociate. Any GO term that was significantly enriched in the original network was
assessed by how often that term was observed to be at least as significantly enriched in the
randomly built networks (using the log odds ratio as a measure for strength of enrichment).
Only enriched GO terms from the original UBE3A or CAMK2D network that were
observed at most 5% of the time (p-value cutoff of 0.05) to be as much or more enriched in
the randomly built corresponding networks were retained.

Test for significances of LCC sizes

The LCC of a given network was determined as the largest cluster returned from the python
package igraph clusters() function. 1,000 random networks around each set of HCIPs as
negative control were built using either degree-controlled randomized QBCHL networks
wherever applicable (individual sets of HCIPs and HUN network) or starting from
randomized sets of HCIPs (UBE3A and CAMK2D network).

Test for significance of closeness between CAMK2D HCIPs and HUN complex HCIPs

Significances of closeness of CAMK2D HCIPs to the union of HCIPs from HERC2,
NEURLA4, ECI2, ECH1, MAPKS6, and UBE3A were empirically determined using 1,000
degree-controlled randomized QBCHL networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

UBE3A is associated with Angelman syndrome, autism, and HPV-associated
cancers.

Several new UBE3A associated proteins were identified (e.g. MCM®6 and
ASPP2).

UBES3A associated proteins are connected to several fundamental cellular
processes.

There is evidence for crosstalk between UBE3A and CAMKII interaction
networks.

Network analyses provide new insights into the cellular functions of UBE3A.
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Figure 1. A UBE3A-centered protein interaction network
This network displays interactors of UBE3A found by AP-MS or Y2H as well as interactors

of its associated proteins. All links shown in the network are supported by at least two
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different sources (see Methods). Highlighted are a few key protein complexes of which all
apart from the ribosome are significantly enriched in the systematically built network of
UBE3A using only QBCHL as source of interactions (see Figure S2).
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Figure 2. Confirmation of interaction of UBE3A with several HCIPs
V5-tagged HCIPs were immunoprecipitated from T-REx 293 cells using anti-V5 magnetic

beads. Protein extracts and immunoprecipitates were analyzed by SDS-PAGE and Western
blot using antibodies against HA-tag, VV5-tag and Actin. HA-SRC was used as negative
control and VV5-PSMD4 as positive control. HA-SRC signal was present in each pulldown,
including that done with the empty V5-tag vector and therefore is considered as background
for this experiment. The long black line indicates the place where part of the blots was
removed because it was irrelevant for the figure. HA-UBE3A: UBE3A isoform 1 C820A,
catalytically inactive. EV: empty vector.
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Figure 3. UBE3A partially colocalizes with HERC2, EIF3C, and MCM6 in SH-SY5Y cells
UBE3A colocalizes with HERC2 and EIF3C in the cytosol and with MCM6 predominantly

in the nuclei.
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Figure 4. UBE3A co-fractionates with HERC2 and NEURL4 in high molecular weight fractions
in a size-exclusion experiment with SH-SY5Y cells protein extract

8 mgs. of protein extract from SH-SY5Y cells were loaded on a Superose 6 column for size-
exclusion chromatography. After fractionation, 20 pl of the collected fractions (500 pl) were
analyzed by SDS-PAGE and Western blot using antibodies against the UBE3A, HERC2,
NEURL4, PSMD4 and PSMADB. 20 pg of protein extract were loaded as input. The position
where the peaks of protein standards eluted (669, 443, 200, 150, 66 and 29 kDa) and the
void volume (V) are indicated over the fractions number.
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Figure 5. The HUN complex interactome
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Preys of HERC2, NEURL4, MAPKS®6, ECI2, and ECH1 were connected if there was
evidence for association or interaction from QBCHL, reciprocal IP from this study or [Al-
Hakim et al] and if any pair of preys had at least one bait in common. Key protein complexes
are highlighted. Oval shapes are equivalent to circles, they were used with the sole purpose

of facilitating the reading of the gene symbols in the corresponding nodes.
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Figure 6. UBE3A promotes the degradation of ASPP2 by the proteasome
A.UBE3A coimmunoprecipitates ASPP2. HEK 293T cells were transfected with the

indicated vectors. 48 hours after transfection the HA-tagged proteins were
immunoprecipitated with anti-HA agarose beads. Protein extracts and immunoprecipitates
were analyzed by SDS-PAGE and Western blot using antibodies against HA-tag and Actin.
HBH-ASPP2 carrying a biotinylation signal in the HBH tag was detected using streptavidin-
HRP. HA-UBE3A: UBE3A isoform 1 C820A, catalytically inactive. B. Coexpression of
UBE3A reduces ASPP2 protein levels. HEK 293T cells were transfected with the
corresponding vectors. 48 hours post transfection the cells were harvested and the protein
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extracts were analyzed by SDS-PAGE and Western blot. Proteins were detected using anti
HA, V5 and actin antibodies, and streptavidin HRP. Of note, UBE3A runs as a double band
while its catalytically inactive form runs as a single band. - indicates that the cells were
transfected with the corresponding empty vector. WT: wild type, CA: catalytically inactive
form of UBE3A.
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The network built between CAMK2D and HUN complex preys using interaction data from
QBCHL, reciprocal IP and Y2H data from this study and pulldown data from [Al-Hakim et
al.], shows strong connectivity and suggests an involvement of both, the CAMKII and HUN
complex, in common biological processes. Interestingly, no distinct protein complexes were
identified in this network. Oval shapes are equivalent to circles, they were used with the sole
purpose of facilitating the reading of the gene symbols in the corresponding nodes.
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Figure 8. Confirmation of interaction of CAMK2D and CAMK2A with several HCIPs
V5-tagged HCIPs were immunoprecipitated from T-REx 293 cells using anti-V5 magnetic

beads. Protein extracts and immunoprecipitates were analyzed by SDS-PAGE and Western
blot using antibodies against HA-tag, VV5-tag and Actin. HA-SRC was used as negative
control and V5-CAMKZ2B as positive control. The long black line indicates the place where
part of the blots was removed because it was irrelevant for the figure. EV: empty vector.
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