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Abstract
The ubiquitin ligase E6-AP (E6-associated protein) represents a prime example for the notion that
deregulated modification of proteins with ubiquitin contributes to the development of human disease:
loss of E6-AP function by mutation is responsible for the development of AS (Angelman syndrome), a
neurological disorder, and unscheduled activation of E6-AP by complex formation with the E6 oncoprotein
of HPVs (human papillomaviruses) contributes to cervical carcinogenesis. However, while there is a
considerable amount of data concerning the oncogenic properties of the E6–E6-AP complex, only little is
known about the function(s) of E6-AP in neurons. This is mainly due to the fact that although some E6-AP
substrates have been identified, it is at present unclear whether deregulated modification/degradation
of these proteins is involved in the pathogenesis of AS. Similarly, the cellular pathways involving E6-AP
remain enigmatic. To obtain insights into the physiological functions of E6-AP, we are currently employing
several strategies, including quantitative affinity proteomics and RNA interference approaches. The results
obtained will eventually allow the introduction of E6-AP into functional protein networks and so reveal
potential targets for molecular approaches in the treatment of E6-AP-associated diseases.

Introduction
The ubiquitin ligase E6-AP (E6-associated protein) repres-
ents the founding member of the HECT (homologous with
E6-associated protein C-terminus) family of E3 ubiquitin
ligases [1–3]. E6-AP is encoded by the UBE3A gene located
on chromosome 15q11-13 [4–7]. The UBE3A gene encodes
three protein isoforms generated by differential splicing [8].
These isoforms differ at their very N-termini and consist
of 852 amino acids (isoform 1), 872 amino acids (isoform 3)
and 875 amino acids (isoform 2) respectively (in the following,
numbering of amino acid residues is according to isoform 1).
It is at present unknown whether the isoforms have different
properties (e.g. towards putative target proteins) and/or show
tissue-specific expression. Intriguingly, deregulation of the
E3 activity of E6-AP has been associated with two distinct
human diseases ([6,7], reviewed in [9,10]) and, thus, E6-AP
may currently represent the most prominent example for
the notion that inappropriate modulation of the activity of
components of the ubiquitin-conjugation system contributes
to the development of human disease. Unscheduled activation
of E6-AP contributes to cervical carcinogenesis (‘gain of func-
tion’), whereas inactivation results in a neurodevelopmental
disorder, the AS (Angelman syndrome; ‘loss of function’)
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(Figure 1B). Taken together, these facts necessitate the
thorough elucidation of cellular pathways involving E6-AP.

‘Gain of function’: E6-AP and
cervical cancer
It is generally accepted that infection with certain types of
HPVs (human papillomaviruses) represents the most signi-
ficant risk factor for the development of cervical cancer (for a
review, see [9]). Approx. 30 HPV types have been associated
with lesions of the anogenital tract and these HPVs can be
roughly classified into ‘low risk’ and ‘high risk’ types based
on their association with clinical lesions. Whereas low-risk
HPVs are generally associated with benign lesions including
condyloma accuminata, high-risk HPVs have been aetiolo-
gically associated with malignant lesions of the anogenital
tract, most notably cervical cancer. High-risk HPVs encode
two major oncoproteins termed E6 and E7, and the respective
genes are the only viral genes that are generally retained and
expressed in cervical cancer tissues. Furthermore, a number
of studies have shown that continuous expression of both E6
and E7 is required for the viability of HPV-positive cancer
cells (for reviews, see [9–11]). Since cervical cancer represents
the second most common cancer in women, it has been, and
still is, of considerable interest to elucidate and characterize
the oncogenic functions of E6 and E7.

E6-AP was originally isolated as a protein that binds to
the E6 oncoprotein of HPVs associated with cervical cancer
and, in complex with E6, targets the tumour suppressor p53
for ubiquitination and proteasome-mediated degradation
[1,12]. The region comprising 378–401 amino acids of
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Figure 1 E6-AP and human disease

(A) Schematic illustration of the domain structure of E6-AP isoform 1. The

E6-binding site and the HECT domain are depicted (the asterisk indicates

the active cysteine residue at position 820 of the HECT domain). (B) E6-

AP in human disease. Inappropriate activation of E6-AP contributes to

cervical carcinogenesis (‘gain of function’), while inactivation results in

a neurodevelopmental disease, the AS (‘loss of function’).

E6-AP serves as a binding site for HPV E6 proteins [13]
(Figure 1A). This region is necessary and sufficient for the
E6–E6-AP interaction and even subtle changes within this
region interfere with E6 binding [14]. However, p53 is not
the only target of the E6–E6-AP complex. Besides p53,
known substrates of the E6–E6-AP complex include several
PDZ-domain-containing proteins (e.g. hDlg and Scribble),
E6TP1 and NFX1-91, a transcriptional repressor of the
gene encoding hTERT, the rate-limiting catalytic subunit of
telomerase [15–20] (for reviews, see [10,11]).

The notion that the ability of E6 to utilize E6-AP to target
p53 and other cellular proteins for degradation contributes to
its oncogenic functions is supported by several observations:
(i) transgenic mouse models indicate that both ablation of
p53 activity and the interaction with PDZ domain proteins
are critical for HPV-induced tumorigenesis [21,22]; (ii) in
contrast with many other tumour types, the p53 gene is
very rarely mutated in cervical carcinomas [9,10]. Thus
E6–E6-AP-induced degradation of p53 can be considered as
functionally equivalent to inactivation of p53 by mutation
of the p53 gene, although the situation in HPV-positive
cancers may be somewhat more complicated (for a detailed
discussion of this issue, see [10]); and (iii) interference with
E6-AP expression by antisense RNA-based approaches or
by RNAi (RNA interference) results in accumulation of p53
and activation of its transcriptional and growth-suppressive
properties in HPV-positive but not in HPV-negative cells
(indicating that E6-AP plays no or only a minor role in p53
degradation in the absence of E6) [23–26].

Finally, it should be noted that E6-AP may not only be
utilized by E6 but, in addition, may represent a direct target
for E6, since binding of E6 targets E6-AP for ubiquitination
and degradation [27]. Although the physiological relevance
of this finding is not yet understood, it can be speculated that
an E6-induced decrease in intracellular E6-AP levels should

have profound effects on the stability of E6-independent
substrates of E6-AP.

‘Loss of function’: E6-AP and AS
AS was first described in 1965 by the paediatrician Harry
Angelman [28,29]. AS is a genetic disorder with an incidence
in the range of approx. 1 in 10 000 to 1 in 40 000 and is
characterized by mental retardation, movement or balance
disorder, characteristic abnormal behaviours and severe lim-
itations in speech and language. Development of AS has been
linked to chromosome 15q11-13, which is known as the PWS
(Prader–Willi syndrome)/AS region and, as indicated above,
contains the UBE3A gene. The PWS/AS region comprises
approx. 4 megabases and contains a bipartite imprinting
centre and, thus, maternally and paternally imprinted genes
[30]. The PWS and the AS represent two clinically distinct
neurodevelopmental disorders with PWS resulting from
paternal genetic deficiency and AS from maternal genetic
deficiency [5]. Importantly, the paternal UBE3A allele is im-
printed in certain brain areas (Purkinje neurons and a subset
of hippocampal neurons), but expressed from both alleles in
all other tissues throughout the body [31,32]. Furthermore,
all of the genetic abnormalities associated with AS affect
the expression of the maternal UBE3A gene and/or the E3
activity of E6-AP. Genetic abnormalities include deletion of
the 15q11-13 region of the maternal chromosome (accounting
for approx. 70 % of the AS cases), uniparental paternal
disomy, defects in imprinting and single-point mutations
in the UBE3A gene [5,29,33]. However, why loss of E6-
AP activity results in AS development is not understood,
mainly because the cellular pathways and processes that
are controlled by E6-AP have not yet been identified. In
this context, it should be noted that cell culture studies
indicate that E6-AP positively affects the activity of nuclear
hormone receptors (oestrogen, androgen and progesterone
receptors) and that this property of E6-AP is not related
to its E3 function [34]. The effect on hormone receptors
appears to be mediated via two spatially separated amino
acid motifs (one within the E6-binding site and the other
within the HECT domain) of E6-AP that match the con-
sensus sequence of a nuclear hormone receptor interaction
motif (LXXLL) [34,35]. However, the relevance of the ability
of E6-AP to affect nuclear hormone receptor activity for the
development of AS is unclear (e.g. this property is not affected
in those E6-AP mutants that are derived from AS patients
with point mutations in the UBE3A gene).

Finally, deregulation of E6-AP expression/activity has
also been shown to contribute to autism (e.g. [36,37]).
However, the available data are purely descriptive and, apart
from altered expression profiles, do not provide any evidence
for a direct contribution of deregulated E6-AP activity to
the development of autism.

E6-AP in mice
Two Ube3a-knockout mouse models (Ube3atm1Alb and
Ube3atm1Jwf) are currently available [38,39]. The respective
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mice display a number of features reminiscent of AS
patients including motor dysfunction, mental retardation,
seizures and sleep disturbances [38–40]. Remarkably, Ube3a
transgenic mice develop these AS-like features by disruption
of only the maternal allele, thus reflecting the situation in
AS patients. Indeed, similar to the human UBE3A gene, the
mouse Ube3a gene is biallelically expressed in all somatic
cells with the exception of Purkinje cells (cerebellum),
hippocampal neurons and mitral cells of the olfactory bulb,
in which the paternally derived Ube3a gene is silenced [41].

The abovementioned data indicate that Ube3a-knockout
mice provide an invaluable tool for the elucidation of the
molecular mechanisms underlying the neurodevelopmental
defects of AS patients. This notion is underlined by experi-
ments studying ataxia, one of the diagnostic criteria of
AS. In general, ataxia can result from various dysfunctions
of the cerebellar cortex. In Ube3a-knockout mice, the cortical
dysfunction may arise from fast oscillation (approx. 160 Hz)
in the cerebellar cortex, which is sustained by an abnormally
increased firing rate and rhythmicity of (E6-AP-deficient)
Purkinje cells [42]. This oscillation is inhibited by sensory
stimulation or by gap junction and GABAA (γ -aminobutyric
acid type A) receptor blockers respectively. Of note, a similar
oscillation was previously found in mice lacking calcium-
binding proteins that also present ataxia, but never in wild-
type mice [43]. Thus it has been proposed that fast oscillation
in the cerebellar cortex is implicated in the cerebellar
symptomatology of AS and, thus, inhibition of this oscillation
might alleviate symptoms of ataxia in AS patients [42].

‘E6-APomics’
To understand why loss of the E3 activity of E6-AP results in
the development of AS, it is essential to identify the cellular
pathways that involve E6-AP. An obvious strategy to do
so is the identification and characterization of proteins that
interact with E6-AP and modulate its function and/or serve as
ubiquitination substrates of E6-AP. Several E6-independent
substrates of E6-AP have been reported, including HHR23A
and HHR23B (the human homologues of Saccharomyces
cerevisiae RAD23), Blk (a member of the Src family of
non-receptor tyrosine kinases), Bak (human pro-apoptotic
protein), Mcm7 (which is involved in DNA replication) and
AIB1 (co-activator of steroid receptors) [44–48]. However,
it is at present unclear whether deregulated degradation of
these proteins is involved in the pathogenesis of AS patients.
In addition, in one of the Ube3a-knockout mouse models,
cytoplasmic levels of p53 have been reported to be signific-
antly increased in post-mitotic neurons [38]. However, since
this was not observed in the other Ube3a-knockout mouse
model [39] and since all available data obtained in cell culture
systems indicate that, in the absence of HPV E6, E6-AP does
not play a prominent role in p53 degradation, it seems likely
that the observed increase in p53 levels is an indirect rather
than a direct effect of loss of E6-AP expression.

To identify cellular pathways involving E6-AP, we are cur-
rently using a combination of approaches, including mouse
models, RNAi-based strategies and quantitative proteomics

Figure 2 Schematic representation of the experimental workflow

used to elucidate the cellular functions of E6-AP

For details, see the text. MEF, mouse embryonic fibroblast.

(Figure 2). We have developed an analysis pipeline along three
major workflows. First, we have performed classical affinity
proteomics (with recombinantly expressed E6-AP as matrix)
using protein extracts derived from either Ube3a-knockout
mice or from human cell lines, in which endogenous E6-AP
expression is constitutively or inducibly ablated by RNAi. By
this approach, we have been able to identify several putative
interaction partners of E6-AP, where some appear to directly
bind to E6-AP and others indirectly. Secondly, we are using
comparative MS-based proteome analysis using both SILAC
(stable isotope labelling in cell culture) [49] and label-free
quantification [50]. For this, we are employing both MEFs
(mouse embryonic fibroblasts) derived from either wild-type
or Ube3a-knockout mice and matched human cell lines that
either express E6-AP or do not express E6-AP (see above). So
far, we have been able to identify approx. 100 proteins that ap-
pear to be altered in their expression levels as a consequence of
loss of E6-AP expression. Thirdly, we are employing quantit-
ative MS approaches to identify potential ubiquitination sub-
strates of E6-AP by performing in cellulo ubiquitination
assays combined with affinity purification. In addition,
ectopic expression of E6-AP is highly cytotoxic to cells. Thus
we have generated inducible overexpression systems for E6-
AP that will be used in RNAi screens to identify proteins
that are involved in mediating the cytotoxic effect of E6-
AP. Finally, when the datasets for the different approaches
are available, we will attempt to establish a semantic
bioinformatics approach to cross-compare the individual
datasets. This will eventually enable us to place E6-AP into a
network of pathways that are relevant for the physiological
and pathophysiological functions of E6-AP.

E6-AP: a therapeutic target?
The data available suggest that the ability of the HPV E6
oncoprotein to target p53 and other cellular proteins for
degradation is required for the viability of cell lines derived
from cervical cancer patients [26,51]. Thus the E6–E6-AP
complex represents a bona fide target for molecular
approaches in the treatment of cervical cancer. However,
since E6-AP is expressed in all human tissues, E6 (since it
is a viral protein) rather than E6-AP should be the target of
choice for potential anticancer strategies.
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AS is caused by loss of E6-AP expression, indicating
that proteins acting upstream or downstream of pathways
involving E6-AP rather than E6-AP represent targets for po-
tential therapeutic approaches. However, AS is a neurodevel-
opmental disorder and it is at present unclear whether the
neuronal defects caused by loss of E6-AP activity can be re-
verted and, if so, at which stage of neuronal development. As
a first step to answer this question, the availability of Ube3A-
knockout mice should prove helpful. For example, it has
been reported that hippocampal slices derived from Ube3A-
knockout mice show deficits in long-term potentiation [38].
If it is possible to rescue this phenotype by restoration of E6-
AP expression, this would suggest that it should be possible
to devise strategies to improve the conditions of AS patients.
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