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Zusammenfassung
Die Ubiquitin Ligase E6AP (E6 assoziiertes Protein) stellt das Gründungsmitglied der
Familie der HECT (homolog zum E6AP C-Terminus) Ubiquitin Ligasen dar. Das
zugehörige Gen UBE3A befindet sich auf Chromosom 15 in der Region q11-13.
Interessanterweise kann die Deregulation der E6AP Aktivität mit zwei völlig
unterschiedlichen Krankheitsbildern beim Menschen assoziiert werden. Vermutlich
stellt E6AP damit zurzeit das wichtigste Beispiel für die Tatsache dar, dass nicht
physiologische Modulation des Ubiquitin Konjugationssystems zur Ausbildung von
humanen Krankheitsbildern führen kann. So kann z.B. nicht physiologische
Aktivierung von E6AP zur Entwicklung von Gebärmutterhalskrebs beitragen,
während

Inaktivierung

von

E6AP

kausativ

zur

Entstehung

der

schweren

neurologischen Erkrankung Angelman Syndrom führt. Zusammen genommen
bedeutet dies, dass eine genaue Charakterisierung der Signalwege an denen E6AP
beteiligt ist, unumgänglich ist, da bis zum heutigen Tag hierzu sehr wenig bekannt
ist. Deshalb sollte im Rahmen dieser Arbeit ein Beitrag zur Aufklärung der E6AP
Physiologie geleistet werden.
Während der experimentellen Arbeiten zu dieser wurde jedoch klar, dass die
gängigen Säugerzellkultursysteme zur Überexpression oder für RNA Interferenz
vermittelte Depletion von E6AP nicht hinreichend verwendbar waren. Der Grund
hierfür war das unerwartete Ergebnis aus Zellkulturexperimenten, dass die
ektopische Modulation von E6AP Proteinleveln hochgradig zytotoxisch war, so dass
entweder Totalverlust der jeweiligen Kultur oder unzulängliche Expression von E6AP
bzw. ineffizienter „knockdown“ von E6AP beobachtet wurde. Aus diesen Gründen
wurden neuartige Zellkultursystem entwickelt, bei denen die Überexpression bzw.
der „knockdown“ stringent an einen selektierbaren Marker gekoppelt wurde, so dass
die üblichen Fallstricke umgangen werden konnten. Für die Überexpression konnte
dies

durch

eine

Ubiquitin-Fusionsstrategie

erreicht

werden,

bei

der

die

Antibiotikumsresistenz Puromycin N-Acetlytransferase an Ubiquitin, gefolgt von dem
zu exprimierenden Protein fusioniert wurde. Hierbei wird die Tatsache ausgenutzt
wird, dass Proteine, die an den C-Terminus von Ubiquitin fusioniert wurden, in
Eukaryonten effizient durch zelleigene Ubiquitin spezifische Protease gespalten
werden. Ergebnisse aus Experimenten, bei denen das beschrieben Konstrukt
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verwendet wurde, haben gezeigt, dass wie erwartet, jede transfizierte und Puromycin
resistente Zelle das zu exprimierende Protein exprimierte. Eine ähnliche Strategie
wurde verwendet um ein RNAi-basierte Knockdownsystem zu etablieren, dass die
gleichen Eigenschaften zeigt, wie das Ubiquitin-Fusionssystem. Darüber hinaus
wurden bei Systemen zu induzierbaren Systemen weiter entwickelt, die im
Folgenden für diverse Fragestellungen verwendet wurden. Aus diesen Experimenten
lies sich ableiten, dass die Deregulation von E6AP Expression in beide Richtungen
zu drastischen zytotoxischen Effekten in Säugerzellen führt, welche sich nur durch
Einstellen des normalen Expressionslevels von E6AP revertieren ließen. Darüber
hinaus konnte durch Überexpressionsexperimente mit E6AP Mutanten gezeigt
werden, dass der beobachtete zytotoxische Effekt von der Liagseaktivität von E6AP
abhängt.
Die entwickelten Expressionssysteme wurden weiterführend vor allem dazu
verwendet, die Einflüsse von E6AP Expression auf das zelluläre Proteom und
Ubiquitom zu untersuchen. Ergänzt wurden diese Experimente durch klassische
Affinitätsansätze, mit denen nach E6AP Interaktionspartnern gesucht wurde. Daten
aus all diesen Experimenten lieferten drei Proteine, deren Funktion möglicherweise
von E6AP beinflusst sein kann. Diese waren Herc2, Nesprin-2 und die schwere Kette
des nicht-Muskle Myosins IIA (MYH9). Ein weiterführende Charakterisierung der
Kandidaten ergab, dass es sich bei dem HECT Protein Herc2 um einen direkten
Interaktionspartner von E6AP handelt, während sich keine Effekt durch E6AP auf
MYH9 duch Co-Überexpressionsanalysen in Zellen nachweisen ließ und dies obwohl
MYH9 in vitro sehr effizient von E6AP ubiquitiniert wurde. Ähnlich verhielt es sich für
das 800 kD große Nesprin-2, ein Protein der Kernmembran. Auch hier konnte keine
Interaction mit E6AP nachgewiesen werden. Überraschenderweise jedoch, führt die
Überexpression einer inaktiven Mutante von E6AP zu einer quantitativen
Relokalisierung von Nesprin-2 aus der Kernmembran hinaus ins Zytosol. Zusätzlich
konnte gezeigt werden, dass in Purkinje Neuronen von AS Mäusen, mit den
verwendeten Methoden, kein Nesprin-2 in der Kernmembran detektiert werden kann
während die Nesprin-2 Lokalisation in wild typischen Kontrollmäusen nicht verändert
war. Außerdem konnte für E6AP, Herc2 und Nesprin-2 in humanen und murinen
Embryonen

eine

überlappende

Gewebeexpression

gezeigt

werden

(Nebennierenmark, Testis & spinale Neuronen).
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Paralle zu den erwähnten Experimenten bei denen Proteine gesucht wurden, deren
Funktion von E6AP Expression beinflusst ist, wurde auch untersucht ob die
Expression von E6AP selbst, durch MikroRNAs reguliert werden kann, weil nach wie
vor in ca. 10% der AS Patienten nicht geklärt ist, wie bei diesen die E6AP Aktivität
inhibiert

ist.

Da

MikroRNAs

heute

als

einer

der

wichtigsten

Expressionsregulationsmechanismen gesehen werden, sind diese auch Kandidaten
für die Regulation der Expression von E6AP. Tatsächlich konnte für die untersuchten
MikroRNAs, gezeigt werden, dass sie prinzipiell mit der Expression von E6AP
negativ interferieren können.
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Summary
The ubiquitin ligase E6AP (E6-associated protein) represents the founding member
of the HECT (homologous to E6AP C terminus) family of E3 ubiquitin ligases. E6AP
is encoded by the UBE3A gene located on chromosome 15q11-13. Intriguingly,
deregulation of the E3 activity of E6-AP has been associated with two distinct human
diseases, and, thus, E6-AP may currently represent the most prominent example for
the notion that inappropriate modulation of the activity of components of the ubiquitinconjugation system contributes to the development of human disease. Unscheduled
activation of E6AP contributes to cervical carcinogenesis (‘gain of function’), whereas
inactivation results in a neurodevelopmental disorder, the Angelman syndrome (AS)
(‘loss of function’). Taken together, these facts necessitate the thorough elucidation
of cellular pathways involving E6-AP.
During the course of this thesis, it became clear that available mammalian ectopic
expression and RNA interference (RNAi) systems cannot be efficiently used to study
E6AP function in mammalian cells. This is due the unexpected finding that
modulation of E6AP expression levels is cytotoxic, resulting in rapid loss of either
expression of E6AP or knockdown of E6AP expression in the respective cellular
system. Thus, new systems were developed that overcome these pitfalls by
stringently coupling the epression of overexpression constructs or knockdown
constructs to a selectable marker. For overexpression, we made use of the ubiquitinfusion protein approach and designed a eukaryotic expression construct encoding a
fusion protein consisting of puromycin N-acetyltransferase fused to the N terminus of
ubiquitin, which in turn is fused to the N terminus of a protein of interest. Results
obtained with this system confirmed the predicted advantage of this expression
construct, which is that any cell that is resistant to puromycin generates the protein of
interest and the resistance marker protein in a 1:1 ratio, since puror and the protein of
interest are not only expressed from the same transcript, but moreover are
expressed as a polyprotein that is processed to the respective free proteins by
ubiquitin specific proteases. A similar strategy was deployed to generate an RNAibased knockdown system, for which the same features apply as for the ubiquitinfusion approach. Namely, every transfected and selected cell shows the designated
effect (overexpression or knockdown) on the respective protein of interest.
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Furthermore, inducible expression and knockdown systems were established. By
using these systems, it became clear that deregulation of E6AP expression in either
direction confers drastic cytotoxic effects, which so far could only be rescued by
adjusting E6AP level back to normal. In addition, overexpression studies using
mutant forms of E6AP, revealed that this cytotoxic effect depends on integrity and
activity of E6AP (e.g. active full-length E6AP).
The expression systems developed, were used to address questions such as to how
the cellular proteome or ubiquitome are affected by either overexpression of mutant
variants of E6AP or depletion of E6AP mRNA by RNAi. In addition, classical affinity
experiemts were performed to identifiy E6AP interaction partners. By combining data
from all approaches, three proteins, Herc2, Nesprin-2, and the heavy chain of nonmuscle myosin IIA (MYH9) were identified to be affected by E6AP in one way or
another. However, the HECT domain containing protein Herc2 appears to be a direct
interaction partner of E6AP, whereas for MYH9 – though being a good substrate of
E6AP in in vitro ubiquitylation assays – no effect of E6AP expression could be
observed by co-overexpression studies. Similarily, for the 800 kD nuclear membrane
protein Nesprin-2 no direct interaction with E6AP could be shown. However,
strikingly, Nesprin-2 can be efficiently relocated from the nuclear membrane to the
cytosole by overexpression of an inactive mutant of E6AP. Furthermore, in Purkinje
neurons from AS mice, Nesprin-2 seems to be completely absent from the nuclear
membrane, as assessed by immunofluorescence and immunohistochemistry.
Moreover, E6AP, Herc2, and Nesprin-2 show an overlapping tissue distribution in
human and murine embryos (adrenal gland, testis, and spinal neurons).
In parallel to identification of proteins affected by E6AP expression, the question, if
E6AP expression itself could be affected by microRNAs (miRNAs), was addressed,
because in 10% of the AS patients the mechanism for E6AP inactivation is not clear
and the miRNA pathway – being one of the most important regulatory pathways for
expression – would be a good candidate for such mechanisms. Indeed, certain
miRNAs, which are predicted to target the E6AP mRNA, have the potential to
interfere with endogenous E6AP expression.

IX
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Chapter 1: Introduction
1.1 General Introduction
1.1.1 Ubiquitin and the ubiquitin-conjugation-system
Ubiquitin is a small eukaryotic protein of 76 amino acids, which can be covalently
attached to lysine (or rarely to serine, threonine or cysteine) residues of target
proteins (Ciechanover 1994; Hershko and Ciechanover 1998; Ben-Saadon et al.
2004; Ciechanover and Ben-Saadon 2004; Cadwell and Coscoy 2005). The
attachment of ubiquitin (“ubiquitination”) or of ubiquitin-like proteins (SUMOs, Nedd8,
Isg15, FAT10, etc.) belongs to the broad range of post-translational modifications
(e.g. phosphorylation, methylation, acetylation), which provide a regulatory instance
for protein function by, for example, influencing localization, turnover rate and
interaction with other proteins (Kerscher et al. 2006). Ubiquitination is achieved in an
ordered multi-step enzymatic process that results in the formation of an isopeptide
bond between the carboxyl group of the C-terminal glycine of ubiquitin and usually
the -amino group of a target lysine residue (ester bond on serine and threonine,
thioester on cysteines) (Ciechanover 1994). For some proteins, it has been reported
that a peptide bond is formed with the amino terminus of the target protein
(Breitschopf et al. 1998; Ciechanover and Ben-Saadon 2004). Furthermore, ubiquitin
ifself can serve as a substrate for ubiquitination, leading to the formation of
polyubiquitin chains attached to a target protein (Hershko and Heller 1985; Cook et
al. 1994; Pickart and Fushman 2004).
In general, three possible modes of ubiquitination can be observed: (i)
Monoubiquitination (one ubiquitin moiety linked to one substrate lysine), (Saitoh and
Niikawa) multi monoubiquitination (more than one substrate lysine residue is
modified by single ubiquitin moieties) (Hicke 2001; Di Fiore et al. 2003) and (iii)
polyubiquitination (substrate lysine residues are modified with polyubiquitin chains).
For polyubiquitin chain formation, each of the 7 lysine residues of ubiquitin (K6, K11,
K27, K29, K33, K48 & K63) can be used, theoretically giving rise to an almost infinite
number of possible combinations (Chen and Pickart 1990; van Nocker and Vierstra
1993; Arnason and Ellison 1994; Finley et al.

1994; Mastrandrea et al.

1999;

Nishikawa et al. 2004; Ben-Saadon et al. 2006; Ikeda and Dikic 2008). Thus, the
1
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ubiquitination system most likely represents an extraordinarily versatile signaling
device. The eventual fate of ubiquitinated proteins is believed to be determined by
the nature of the respective type of ubiquitination. K48, K29 and possibly K11 linked
polyubiquitin chains appear to target a protein for degradation via the 26S
proteasome, a large multi-subunit protease complex (Pickart 2004; Kirkpatrick et al.
2006). For proteasomal degradation, it is assumed that shuttling factors facilitate the
transfer of polyubiquitinated proteins to the proteasome. Such factors recognize
polyubiquitin chains via one of a number of different ubiquitin-binding motifs, which
exhibit preferential affinity for certain types of chains (Elsasser and Finley 2005). In
contrast, mono- or K63-linked polyubiquitination confer a number of non-proteolytic
events (e.g. endocytosis, changes in subcellular localization, changes in proteinprotein interactions etc.) (Levkowitz et al. 1999; Di Fiore et al. 2003; Haglund et al.
2003; Huang and D'Andrea 2006).
The enzymatic cascade involved in ubiquitination (fig. 1) requires the concerted
action of mainly three different classes of enzymes, namely ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin-ligases (E3). In
some cases, a fourth class of enzymes (E4) may be involved in the extension of
polyubiquitin chains (Ciechanover 1994; Scheffner et al.

1995; Hershko and

Ciechanover 1998; Pickart 2001; Pickart 2004; Hoppe 2005). In the first step of
ubiquitination (fig. 1A), ubiquitin is activated in an ATP-dependent manner by the
formation of a thioester bond between the C-terminal carboxyl group of ubiquitin and
the catalytically active cysteine residue of an E1 enzyme. Subsequently, the ubiquitin
moiety is transferred to a catalytically active cysteine residue of an E2 enzyme, again
via thioester bond formation (fig. 1B). The last step of protein ubiquitination involves
the third class of enzymes, the E3 ligases (see 1.1.2), which either facilitate (RING or
RING-like E3s, see 1.1.2.2) or directly catalyze (HECT E3s, see 1.1.2.1) the transfer
of ubiquitin to their cognate substrate (fig. 1C/D).
Similar to the ubiquitination pathway, conjugation of all known ubiquitin-like proteins
(ubl) involves a similar cascade of E1, E2 and E3 enzymes, yet with specificity for the
respective ubl (Pickart 2001; Kerscher et al. 2006; Dye and Schulman 2007).
The fact that nature has evolved only a few E1s (in humans two for ubiquitin) (Pelzer
et al. 2007), some more E2s (in humans approx. 40) but possibly more than 500
possible E3s (in humans, based on database analysis) allows for the hypothesis that
the specificity of ubiquitin transfer with respect to substrate proteins is brought about
2
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Figure 1. Schematic of the ubiquitin-conjugation cascade. The first step of the ubiquitination
cascade involves the ATP-dependent activation of ubiquitin by the formation of a thioester bond
between the C-terminal carboxyl group of ubiquitin and the catalytically active cysteine residue of an
E1 enzyme (ubiquitin activating enzyme) (A). From the E1, the ubiquitin moiety is transferred to a
catalytically active cysteine residue of an E2 enzyme (ubiquitin conjugating enzyme), again via
thioester bond formation (B). The last step of protein ubiquitination involves a third class of enzymes,
the E3s (ubiquitin ligases) (see 1.1.2). E3s either facilitate (RING or RING-like E3s, see 1.1.2.2) the
transfer from the E2 to the substrate (C) or after receiving the ubiquitin moiety, directly catalyze (HECT
E3s, see 1.1.2.1) the transfer of ubiquitin to their cognate substrate (D). A fourth class of enzymes, the
E4s, are in some cases involved in promoting polyubiquitin chain formation.
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1.1.2 E3-ligases
As abovementioned, more than 500 mammalian proteins have been shown or are
predicted to have E3-ligase activity. Known E3s can be classified into two major
groups based on the presence of distinct amino acid sequence motifs/domains,
namely HECT- and RING (or RING-like) E3s. It should be mentioned that RING-like
E3s, as for instance U box proteins, are sometimes classified into a separate family
of E3s but because of considerable structural homology of the U box to the RING
domain (Aravind and Koonin 2000; Hatakeyama et al.

2001), they will not be

discussed separately in the context of this thesis (see 1.1.2.2). Furthermore, E3s can
act either solitary or in multi-subunit complexes like the APC (Anaphase-promoting
complex) (Zachariae et al. 1996) or the SCF (Skp1-cullin-F-box protein) (Lyapina et
al. 1998; Zhou and Howley 1998) complexes in order to facilitate ubiquitination of
their cognate substrates.

1.1.2.1 HECT E3s
The ubiquitin ligase E6AP (E6-associated protein) (Huibregtse et al.

1993a)

represents the founding member of the HECT (homologous to E6AP C terminus)
family of E3 ubiquitin ligases (Huibregtse et al. 1995) - and since it is the major topic
of this work - is discussed separately (1.2). Database analyses indicate that the
human genome encodes 28 different HECT proteins (K. Hoffmann and H. Scheel,
personal communication). Based on the presence of distinct amino acid sequence
motifs, human HECT E3s can be classified into three subfamilies: HECT E3s with
RCC1-like domains (RLDs) termed HERC E3s (HECT and RCC1-like domain)
(Garcia-Gonzalo and Rosa 2005), HECT E3s with WW domains (Nedd4/Nedd4-like
proteins) (Ingham et al. 2004), and HECT E3s that neither contain RLDs nor WW
domains like E6AP. RLDs and WW domains represent known protein-protein
interaction domains and, thus, provide some information about potential interaction
partners of the respective E3s.
The HECT domain is a C-terminal domain of approximately 350 amino acids and
contains a specific cysteine residue, which forms an intermediate thioester bond with
ubiquitin before it is transferred to the substrate (Huibregtse et al. 1995; Scheffner et
al. 1995; Scheffner and Staub 2007). This catalytic activity is unique to the HECT
family of ubiquitin ligases, as all other known ubiquitin ligases do not appear to
4
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possess intrinsic catalytic activity and rather facilitate the transfer of ubiquitin from the
E2 directly to the substrate (Xie and Varshavsky 1999; Zheng et al.

2000;

Hatakeyama et al. 2001). The HECT domain can be functionally separated into two
distinct regions, the N-terminal lobe containing the E2 binding site and the C-terminal
lobe containing the active cysteine (Huang et al. 1999). The two lobes are connected
through a flexible region, which is believed to play a critical role in juxtaposing the
cysteines from the E2 and the HECT domain in order to allow transfer of ubiquitin
(Verdecia et al.

2003; Salvat et al.

2004; Kee and Huibregtse 2007). However,

mechanistically, this transfer is poorly understood.
Since the HECT domain facilitates E2 binding and contains the catalytic activity, it is
likely that the N-terminal region of the respective HECT E3 confers substrate binding
and thus specificity.

1.1.2.2 RING and RING-like E3s
The RING-family (including RING-like) (Really Interesting New Gene) of E3s
represents a large family with possibly more than 500 members (based on data base
analysis of the human genome). These E3s contain a so called RING domain, which
is a type of zinc finger and usually contains a Cys3HisCys4 amino acid motif that
binds two zinc cations. Although the RING domain, which consists of 40 to 60 amino
acids, was originally identified as a nucleic acid binding domain, it confers in many of
the studied cases E3 ligase activity to the respective protein by providing a binding
surface for E2 enzymes. Furthermore, it is commonly accepted that the RING domain
represents the contact site between RING domain containing protein heterodimers
including Mdm2/MdmX (Tanimura et al.

1999), BRCA1/BARD (Hashizume et al.

2001) and Bmi-1/Ring1B (Buchwald et al. 2006).
Proteins containing a U box domain can be sub-classified into the RING-family
because as abovementioned the U box domain shares considerable structural
homology to the original RING domain (Aravind and Koonin 2000) and was shown to
facilitate E2 interaction (Pringa et a l. 2001) and consequently ubiquitin transfer to a
substrate (Meacham et al. 2001). The first U box protein, yeast Ufd2, was identified
as a ubiquitin chain assembly factor that cooperates with a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-protein ligase (E3)
to catalyze ubiquitin chain formation on artificial substrates (Hatakeyama et al. 2001).

5
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1.1.3 RNA interference
The term RNA interference (RNAi) refers to the regulated process of downregulation
of gene expression on the posttranscriptional level involving catalytic processing of
double-stranded RNA. Historically, RNA interference was first observed in plants in
the early 1990s (Napoli et al.

1990) but at the time named differently as

“posttranscriptional gene silencing” or “quelling”. At that time, the mechanism
involved in the downregulation of expression was not known. In 1998, Andrew Fire
and Craig Mello discovered that gene expression can specifically be inhibited in the
nematode C.elegans by double-stranded RNA (dsRNA) molecules and termed this
phenomenon “RNAi” (Fire et al. 1998; Montgomery and Fire 1998; Montgomery et al.
1998). In 2006, they were awarded the Nobel Prize in Physiology or Medicine for
their work on RNAi. (Note that RNAi is not to be confused with antisense suppression
of gene expression, which does not involve catalytic processing of RNA, but instead
is characterized by single-stranded RNA fragments (originating from antisense
transcription) physically binding to mRNA and thus blocking protein translation.)
In the meantime, it has been shown that RNAi is conserved in plants and throughout
the animal world. In mammalian cells, RNAi is triggered by the presence of dsRNA of
exogenous (e.g. viral RNA) or endogenous origin and results in posttranscriptional
modulation of gene expression. Because of the ambiguous nomenclature within the
RNAi field, within this work, small RNAs resulting in mRNA degradation are termed
“small interfering RNAs” (siRNAs) and small RNAs resulting in transcriptional
modulation are termed “microRNAs” (miRNAs or miRs).

1.1.3.1 siRNA
The to-date best understood branch of RNAi is the processing of exogenous dsRNA
(fig. 2A) to 21–23 base pair long double stranded siRNAs by an RNAse named Dicer
(fig. 2B) (Hammond et al. 2000; Zamore et al. 2000; Macrae et al. 2006a; Macrae et
al. 2006b). Accordingly, this process has been termed “dicing”. After “dicing”, the
siRNA fragment is incorporated into the siRNA-induced silencing complex (siRISC)
(fig. 2C) where one of the siRNA strands, the passenger strand, is cleaved leaving
the guide strand in the complex (fig. 2D). The guiding strand serves as platform for
pairing with near-perfect complementary sequences of target mRNAs (fig. 2E). The
siRISC complex contains Argonaut-family proteins (Ma et al. 2005; Sen and Blau

6
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2005) of which only Argonaut2 (Ago2) exhibits nuclease activity and thus is termed
“Slicer” (Schwarz et al. 2003; Gregory et al. 2005; Matranga et al. 2005; Leuschner et
al. 2006). In consequence, the target mRNA is degraded (fig. 2F) (Elbashir et al.
2001a; Elbashir et al. 2001b). The physiological relevance of this pathway is, for
example, in the targeting of dsRNA from viruses and other exogenous sources
(significant for some forms of innate immune response) (Fritz et al. 2006; Stram and
Kuzntzova 2006; Wang et al. 2006b; Zambon et al. 2006). One recently described
exception from the dogma of exogenous origin of siRNAs are endogenous siRNAs
targeting certain transposable elements during meiotic recombination of mouse
oocytes (Tam et al. 2008). However, if this is relevant for somatic cells is currently
unknown.

Figure 2 (derived from RNAiweb.com).
Long dsRNA (A) is processed by a nuclease called Dicer (B) to siRNA (C), which is incorporated with
proteins of the Argonaute-family into the RISC complex (D), where the passenger strand is degraded
leaving only the guiding strand. The guiding strand serves as recognition platform for the target
mRNA, which is incorporated into the complex (E) and subsequently degraded (F).

Besides the physiological implications, the selective and robust effect of this branch
of RNAi on gene expression renders it a valuable research tool, both in cell culture
and in living organisms, because synthetic dsRNA can be introduced into cells and
induce suppression of specific genes of interest (Elbashir et al. 2001a; Paddison et
al. 2002). RNAi may also be used for large-scale screens that systematically shut
7
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down each gene in the cell, which can help in identifing the components necessary
for a particular cellular process (Elbashir et al. 2001a; Kamath and Ahringer 2003;
Boutros et al. 2004; Cullen and Arndt 2005).
1.1.3.2 miRNA
miRNAs were discovered in 1993 in C.elegans as small RNAs with antisense
complementarity to an mRNA (Lee et al. 1993) but they are termed “microRNA” only
since 2001 (Ruvkun 2001). In contrast to siRNAs, which mainly result from
processing of exogenous dsRNAs, miRNAs are endogenously expressed throughout
the animal world as well as in plants. miRNA genes are transcribed as pri-miRNAs
from the genome, where they usually occur in clusters or introns, by RNA
polymerase II (Lee et al. 2004; Ying and Lin 2004; Ying and Lin 2005). Following
transcription, pri-miRNAs are furnished with a 5’-CAP and a polyA tail and are
subsequently processed by the “microprocessor complex” to pre-miRNAs of a length
of 60 – 75 nucleotides (Denli et al. 2004). Since pre-miRNAs contain large selfcomplementary sense and antisense regions, they form characteristic stem-loop
structures (fig. 3).

Figure 3: pre-miRNA stem-loop structure of hsa-mir 576 (derived from miRBase, Welcome
Trust Sanger Institute, UK).
Predicted stem-loop structure of the human microRNA 576. The respective targeting region for it’s
cognate mRNA is colored in pink.

pre-miRNAs are exported to the cytoplasm via Exportin-5, where Dicer further
processes them to mature miRNAs, similarly to siRNAs (see fig. 2 and 4) (Bernstein
et al. 2001; Kurihara and Watanabe 2004). The fact that unlike siRNAs, miRNAs do
not need near-perfect complementation to their target mRNA with siRNAs but rather
require certain mismatches, explains the observation that miRNAs are confer the
assembly of a differentially flavored RISC complex, which is termed miRNA-induced
silencing complex (miRISC). Although, similar to siRISC, miRISC contains Ago2, it
does not exhibit RNAse activity towards the mRNA. Thus, the mRNA is not degraded
but the translation is modulated because the miRISC is hypothesized to not only bind
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the respective mRNA at the miRNA targeting region, which is often the 3’UTR, but in
addition, binds the 5’-CAP. This results in the formation of a tight complex, probably
rendering the mRNA inaccessible for translation (fig. 4). Recently, it was reported
that in addition to translational repression, miRNAs can also up-regulate translation.
However, this mechanism depends on auxiliary features of the target mRNA and the
state of the cell cycle (Vasudevan et al. 2007).

Figure 4 (derived from Chu Cy & Rana TM Plos Biology 2006). Schematic of siRISC and miRISC
mode of action. While siRISC formation results in target mRNA cleavage, miRISC formation leads
predominantly to tranlational repression (for further details, see text).

Although it is hypothesized that complex formation between miRISC and its target
mRNA interferes with translation at the step of pre-initiation of translation, the specific
mechanism is still poorly understood. However, the growing number of expressed
miRNAs and their predicted targets, indicates the physiological relevance of miRNAmediated modulation of translation. In fact, it is speculated that nearly one third of all
human genes may be in part regulated by miRNAs. Because of the complexity of the
system, the physiological relevance of miRNAs can only be deduced from loss-offunction (Meister et al. 2004) or overexpression studies (He et al. 2005). By this, it
was shown that some miRNAs play a role in storage and transport of mRNAs to their
final destination where they are translated (synapses, which can be relatively far
away from the nucleus of the respective neuron) (Schratt et al . 2006; Lugli et al.
2008), while other have been implicated in the development of cancer (He et al.
2005; Mendell 2005; O'Donnell et al. 2005). Thus, it is tempting to speculate that
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certain human disorders, which involve the loss-of-function of defined proteins, may
arise from deregulated expression of miRNAs as it was shown in animal models
(Zhao et al. 2007).
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1.3 Aims of this study
As discussed in 1.2, the function of E6AP in “high risk” HPV positive cancer cells is
well understood with respect to the degradation p53 or PDZ-domain containing target
proteins. However, the actual physiology of E6AP in a “normal” cellular background
(i.e. in noninfected cells) remains enigmatic, since neither a physiological relevant
target of E6AP nor pathways involving E6AP have been identified, yet. Although loss
of E6AP expression, or more precisely lack of E3 function, confers the severe
neuropathology Angelman syndrome (AS), the cellular processes impaired in this
disorder remain elusive. Since the lack of E3 function already suffices to cause the
development of AS, it can be hypothesized that deregulation of pathways involving
ubiquitination substrates of E6AP play a role herein. Thus, to obtain insight into the
development of AS and consequently E6AP physiology, it is crucial to identify cellular
targets of E6AP.
Hence, the overall aim of this work was the identification of substrates of E6AP and
of cellular pathways involving E6AP. In order to achieve this goal a combination of
approaches including mouse models, cell culture systems, RNAi-based strategies,
and quantitative proteomics was used. In particular, to generate material to perform
quantitative proteomics, cell lines either ectopically overexpressing various E6AP
forms or depleted for endogenous expression of E6AP by RNAi or even a
combination of both had to be generated. However, during the course of these
experiments it turned out that both ectopic expression and/or knockdown of E6AP is
rather toxic to every host cell line tested. Thus, novel expression and knockdown
systems had to be established in order to generate material suitable for proteomic
approaches.
In addition to the generation of cell culture systems suitable to study E6AP
physiology another aim of this work was to determine if E6AP could potentially be
regulated by miRNAs, since database analysis indicated that certain miRNAs may
have the potential to associate with the 3’-UTR of the E6AP mRNA.

17

Chapter 2: Preface to the manuscript section

Chapter 2: Preface to the manuscript section
In order to generate suitable cellular systems to accomplish the aimed goals, one has
to consider the requirements such cell lines should meet.

These are essentially the same for both, ectopic expression and knockdown cell
lines:

1. The cell population should behave homogenously with respect to either
ectopic expression or knockdown. E.g. every cell within the population should
express E6AP or any other proteins of interest to a similar extend or display a
similar knockdown of E6AP.
2. Both, level ectopic expression and knockdown should not vary between
experiments conducted under similar conditions.
3. Generation of single-cell clones should be avoided, since clonal differences
can be difficult to account for. In case a clonal system is used, especially for
knockdown strategies, an inducible system is preferable since isogenicity is in
this setup intrinsic.
4. Material should be generable in a reasonable amount of time, especially when
mutants of a given protein are to be compared it would not be an option to
generate single-cell clones for each mutant, which express to a similar extent
and do not show clonal variances influencing the behavior.
5. The knockdown of a given protein such as E6AP should be sufficient to
provide functional inactivation.
6. Since for proteome analysis by mass spectrometry the amount of sample is a
concern, it may be difficult to obtain enough material from experimental setups where cytotoxicity is encountered. Thus, again an inducible system can
circumvent this pitfall, because either ectopic expression or knockdown can be
induced after expansion of the cell culture.

The Development of such cellular systems is described in chapters 3 and 6.
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Abstract
Downregulation of protein expression by ectopic expression of target-specific
shRNAs is frequently used in mammalian cell culture systems to obtain insight
into the physiological functions of a protein of interest. Cells stably expressing
the

respective

shRNA

expression

construct

are

usually selected

by

coexpression of an antibiotic resistance marker. However, since the shRNA
and the mRNA encoding the antibiotic resistance marker are commonly
expressed from two different promoters, the selection of clones suited for
further analysis can be rather labor-intensive. Here, we generated expression
vectors that allow constitutive and inducible expression, respectively, of a
bicistronic transcript encoding a target-specific siRNA in a precursor
microRNA context and an antibiotic resistance marker. We show that such
bicistronic expression cassettes can be used to efficiently downregulate the
expression of a protein of interest in transient and stable transfection assays.
Upon stable transfection, nearly all surviving colonies express the respective
precursor microRNA, thus decreasing the need to screen large numbers of
colonies to identify clones that can be used for functional analyses.
Furthermore, the inducible system should prove particularly helpful in the
analysis of proteins, whose expression is essential for cell viability.

Introduction
RNA interference (RNAi) has become a powerful tool to study the functional
significance of a protein of interest in mammalian cell culture systems and in animal
models (Paddison et al. 2002; Meister et al . 2004; Silva et al.

2004; Chen and

Meister 2005; Cullen 2006). Two general strategies are currently used to apply RNAi
in mammalian cells, introduction of synthetically generated short interfering (si) RNAs
and of expression constructs encoding short hairpin (sh) RNAs that are intracellularly
processed to siRNAs. Synthetic siRNAs can be introduced into mammalian cells with
high efficiency (e.g. by transfection) and can achieve an efficient knockdown (more
than 90 percent) of the levels of the mRNA of interest. However, synthetic siRNAs
are effective for about 4-5 days only, since they are degraded with time and diluted
during cell divisions, and are rather cost-intensive compared to shRNA expression
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constructs. With shRNA expression constructs, stable gene silencing can be
achieved by integration of the expression construct into the genome of target cells.
Initially, RNA polymerase (Pol) III-dependent promoters were used to drive shRNA
expression (Brummelkamp et al. 2002). More recently, Pol II-dependent promoters
have been employed to drive the expression of so-called precursor microRNAs (premiRNAs), which are subsequently processed to functional siRNAs (Silva et al. 2005).
Conditional rather than constitutive knockdown approaches have to be employed for
the functional characterization of essential proteins, since downregulation of the
expression level of such proteins below a certain threshold is cytotoxic. However,
also for the characterization of non-essential proteins, the analysis of isogenic cell
populations that only differ in the activation state of a conditional allele has significant
advantages over the analysis of cells, in which the expression of the protein of
interest is constitutively knocked down. In the latter case, multiple clones obtained by
single cell cloning and expansion have to be analyzed to avoid the possibility that
results obtained with a single cell clone are explained by clonal variation (i.e. the
effects observed are not functionally related to the knockdown of the expression of
the protein of interest). In addition, the constitutive downregulation of the expression
of a protein may induce mechanisms to compensate for the loss of its function,
thereby obscuring the actual cellular function of a protein. These disadvantages of
constitutive RNAi expression systems can be avoided by the use of conditional RNAi
expression systems such as the Tet repressor system (Gossen and Bujard 1992;
Hillen and Berens 1994).
To efficiently generate cell lines stably expressing a siRNA of interest, it seems
advantageous to directly link the expression of the respective pre-miRNA to the
expression of an antibiotic resistance marker (to ensure that all cells expressing the
resistance marker also express the pre-miRNA). Since pre-miRNAs are efficiently
processed even when they are part of a longer transcript, an attractive possibility is to
express these in the context of bicistronic RNAs consisting of the pre-miRNA fused to
the 5'-end of an open reading frame (ORF) encoding an antibiotic resistance marker
protein. To determine if such a strategy is feasible, we generated an inducible system
and a lentivirus-based system (Zufferey et al.

1998), respectively, expressing a

bicistronic transcript consisting of a pre-miRNA directed against the E6AP mRNA and
of the puromycin N-acetyltransferase ORF. Cell lines stably expressing the
respective constructs were established by puromycin selection and the efficiency of
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downregulation of E6AP expression determined. The results obtained show that
E6AP expression was significantly reduced by the constructs used. Furthermore,
nearly all surviving colonies expressed the siRNA, thus decreasing the need to
screen large numbers of colonies to identify clones that can be used for functional
analyses.

Materials and Methods
Generation of plasmids
The pcDNA3neo-tetR plasmid expressing the Tet repressor was generated by
ligation of a KpnI/XhoI fragment (tetR) from pcDNA6/TR (Invitrogen) into KpnI/XhoI
digested pcDNA3neo (Invitrogen). To generate the inducible expression vector
pcDNA4TOhygro-E6APi-IRESpuro, oligos with the E6AP mRNA-derived sequence
5'-GCGGATCCTGCTGTTGACAGTGAGCGCAAAGATGTGACTTACTTAACATAGT
GAAGCCACAGATGTATGTTAAG-3’ and 5'-CGCTCGAGGAATTCTCCGAGGCAG
TAGGCATAAAGATGTGACTTACTTAACATACATCTGTGGCTTCACTATGTTAAG-3’
were annealed and inserted into BamHI/XbaI digested pcDNA4/TO/myc-His B
(Invitrogen) resulting in pcDNA4TO-E6APi. An EcoRI/XbaI fragment from pIRESpuro
(Clontech) containing the IRES element and the puromycin resistance ORF was then
ligated into the EcoRI/XbaI sites of pcDNA4TO-E6APi resulting in pcDNA4TO-E6APiIRESpuro. Finally, the AhdI/XbaI fragment ofpcDNA4TO-E6APi-IRESpuro containing
the Zeocin resistance gene was exchanged with the respective fragment from
pcDNA3.1(-)hygro (Invitrogen) containing the Hygromycin B resistance gene. The
pcDNA4TOhygro-LUCi-IRESpuro vector was generated accordingly (the LUCi
targeting sequence used will be provided upon request).
To generate the lentiviral vector pRRL-E6APi-IRESpuro, a PmeI/XbaI fragment from
the vector pcDNA4TO-E6APi-IRESpuro containing the E6APi-IRESpuro cassette
was ligated into the SmaI/NheI sites of pRRL (Dull et al. 1998; Zufferey et al. 1998).
Cell lines and reagents
H1299, RKO, and HEK293T cells were maintained in DMEM containing 10% fetal
bovine serum and Penicillin (100IE)/ Streptomycin (100 mg/ml). Puromycin
(Invitrogen) and G418 (MP Biomedicals) were resolved in water at concentrations of
1 mg/ml and 50 mg/ml, respectively. Doxycycline (Sigma) was resolved in DMSO at a
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concentration of 10 mg/ml. Hygromycin B (Invitrogen) was obtained as aqueous
solution at a concentration of 50 mg/ml.

Generation of inducible cell lines
RKO cells were co-transfected with pcDNA3neo-tetR and pcDNA4TOhygro-E6APiIRESpuro or pcDNA4TOhygro-LUCi-IRESpuro by lipofection (Lipofectamin2000)
according to the manufacturer's instructions (Invitrogen). After 24 h, cells were
selected in media containing 200 μg/ml Hygromycin B and 800 μg/ml G418. After 7
days of selection, single cell clones were obtained from the surviving cells by
standard procedures. To select for single cell clones inducibly expressing the
bicistronic transcript, 10 μg/ml of Doxycycline were added to the respective single cell
clones and 24 h upon addition, expressing clones were selected with 4 μg/ml
Puromycin.
Generation of recombinant lentivirus and transduction of H1299 cells
Recombinant

lentivirus

containing

the

pRRL-E6APi-IRESpuro

plasmid

was

generated as described elsewhere (Dull et al. 1998; Zufferey et al. 1998). 200 ml of
virus-containing supernatant were harvested from producer cells and concentrated
by ultracentrifugation. The viral titer, expressed in CFU/ml (CFU/ml is defined as
absolute number of infectious particles per ml), was determined by colony formation
assays using serial dilutions of the virus-stock.
105 H1299 cells were transduced at MOIs (MOI is defined as absolute number of
infectious particles per cell) of 0.01, 0.1, and 1, respectively, with pRRL-E6APiIRESpuro lentivirus in the presence of 8 μg/ml Polybrene (Sigma). 48 h post
transduction, transduced cells were selected with Puromycin (4 μg/ml) for at least 48
h.
Real-time RT-PCR
To quantify E6AP mRNA levels in cells expressing either knockdown constructs
targeting E6AP mRNA or the respective controls, total RNA was extracted from
3x105 cells with Trizol® (Invitrogen). 1 μg of total RNA was reverse-transcribed using
random primers and the Superscript® III reverse transcription system (Invitrogen).
Quantitative PCR was performed with the LightCycler® instrument (Roche Applied
Science) using the LightCycler® FastStartDNA® master mix (Roche Applied
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Science) SYBR Green I Master reaction mix (Roche Applied Science) with E6AP
cDNA-specific forward (5'-GCCACCATGGCCATTGTTGCTGCTTCGAAG-3’) and
reverse

primers

(5'-AAGTGGTTTTCGACAATCCAG-3’).

Human

GAPDH

(Glycerolaldehyde-3-phosphate dehydrogenase) sequence was used as reference
cDNA with the following primers: 5'-TGATGACATCAAGAAGGTGGTGAAG-3’
(forward) and 5'-TCCTTGGAGG CCATGTGGGCCAT-3’ (reverse).
Western blot analysis
Protein extracts were prepared as described (Hengstermann et al.

1998;

Hengstermann et al. 2005). The antibodies used for detection of proteins were: rabbit
polyclonal to beta actin (Abcam ab 8227), mouse monoclonal to p53 (DO1,
Calbiochem), mouse monoclonal to tubulin (DM1A, Abcam ab7291), and a mouse
monoclonal to E6AP (Hengstermann et al. 2005).
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Results and discussion
We and others have previously shown that the mRNA encoding the ubiquitin ligase
E6AP can be efficiently targeted by both synthetic and vector-driven siRNAs
(Hengstermann et al.

2005; Kelley et al.

2005). Thus, to determine if bicistronic

vectors can be employed for siRNA-mediated knockdown of protein expression, we
generated a vector inducibly expressing a transcript encoding both a precursor
microRNA (pre-miRNA) targeting the E6AP mRNA and a resistance marker protein
(Fig. 1). As resistance marker, puromycin N-acetyltransferase (briefly, puror) was
chosen, since transfected cells can be selected by resistance to puromycin within
24-48 h upon addition of the antibiotic. Furthermore, an internal ribosome entry site
(IRES) was introduced into the bicistronic RNA between the pre-miRNA and the
puror ORF, since IRES elements permit the efficient translation of mRNAs devoid of
a 5’-cap structure and stabilize such mRNAs (Jang et al. 1988; Jackson et al. 1990;
Rees et al. 1996).
After transcription of the respective construct, the primary transcript is expected to be
processed by DROSHA (Lee et al.

2003), liberating the shRNA, which is

subsequently processed by Dicer to mature siRNA and the IRES-puror mRNA (Fig.
1A). Finally, to render the expression of the bicistronic transcript inducible, the
respective cDNA was cloned into an expression vector (pcDNA4TO) containing a
CMV promoter followed by two Tetracycline-operators and the resulting construct
was termed pcDNA4TOhygro-E6APi-IRESpuro. When expressed in cells in the
presence of the Tet repressor (tetR), the expression of the knockdown construct is
repressed and, thus, even if the knockdown of the respective target of interest is
toxic, inducible cell lines can be established (see below). Upon treatment with
Tetracycline or its derivative Doxycycline, the promoter is de-repressed resulting in
strong expression of the respective precursor microRNA and puror, which in turn
allows efficient selection of induced cells (Gossen and Bujard 1992; Hillen and
Berens 1994).
To determine the functionality of the inducible knockdown construct, RKO cells were
co-transfected with pcDNA3neo-tetR (for expression of the Tet repressor) and
pcDNA4TOhygro-E6APi-IRESpuro and single cell clones were established by
selection of transfected cells with G418 (encoded by pcDNA3neo-tetR) and
Hygromycin B (encoded by pcDNA4TOhygro-E6APi-IRESpuro; for details see
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Materials and Methods). Since the system allows for separate selection of (i) the
presence of the knockdown construct (Hygromycin) and (Saitoh and Niikawa) the
induction of expression of the E6APi-IRESpuro transcript (Puromycin), clones suited
to further analysis were then identified by a simple combination of induction
(Doxycycline) and selection (Puromycin). A suitable clone is sensitive to low
concentrations of Puromycin (<1 μg/ml) in the absence of Doxycycline (i.e. cells do
not proliferate in the presence of Puromycin indicating that expression of the E6APiIRESpuro transcript is under strict control of the Tet repressor). In the presence of
Doxycycline, however, cells are resistant to Puromycin treatment at normal working
concentrations (2-4 μg/ml). Figs. 1B and 1C show an example for a clone with such
features.

Figure 1 (A) The inducible expression vector generated (pcDNA4TO-E6APi-IRESpuro) encodes a
bicistronic mRNA consisting of a target-specific shRNA in a precursor microRNA (pre-miRNA) context;
in the present case, a shRNA targeting the mRNA encoding E6AP, an IRES element, and an ORF
encoding the Puromycin resistance protein (puror). Upon expression, the primary bicistronic transcript
is processed by DROSHA to a functional shRNA and a puror mRNA. Furthermore, expression of the
bicistronic transcript is driven by an inducible CMV promoter (PCMV2XTetO2). Thus, expression of the
transcript is repressed in the presence of the Tetracycline repressor and can be induced by addition of
Tetracycline or its analog Doxycycline. (B) A clonal cell line (RKO 3TR/E6APi) containing the inducible
expression vector pcDNA4TO-E6APi-IRESpuro was generated (see Materials and Methods). RKO
3TR/E6APi cells were then either induced with 10 µg/ml Doxycycline or treated with the Doxycycline
solvent DMSO for 24 h. Subsequently, cells were selected with 4 µg/ml Puromycin for 48 h in the
presence of Doxycycline and DMSO as indicated. 72 h post-induction, cells were fixed and stained
with crystal-violet to assess relative survival. (C) RKO 3TR/E6APi cells were either induced with
Doxycycline or treated with the Doxycycline solvent DMSO for 24 h. Subsequently, cells were selected
with increasing amounts of Puromycin as indicated for 48 h in the presence of Doxycycline or DMSO.
72 h post-induction, cells were fixed with paraformaldehyde and stained with crystal-violet.
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Figure 2 (A) Clonal RKO 3TR/E6APi and RKO 3TR/LUCi cells, respectively, were induced with
Doxycycline for the time periods indicated and maintained under Puromycin (1 µg/ml) selection
starting at 24 h upon induction. At the indicated times, cells were fixed and stained with crystal-violet to
assess relative survival. (B) RKO 3TR/E6APi cells were induced with Doxycycline for the time periods
indicated and maintained under Puromycin (4 µg/ml) selection starting at 24 h upon induction. Then,
cells were lysed, the respective samples normalized according to their protein concentration, and 50
µg of total protein of each sample separated by SDS-PAGE followed by Western blotting with the
antibodies indicated. The amount of E6AP was quantified and normalized against Actin. (C) RKO
3TR/E6APi cells were cultured in the absence (uninduced) or presence of Doxycycline for 120 h
(induced) and induced cells were maintained under Puromycin (1 µg/ml) selection for the last 96 h of
induction. After induction of E6AP knockdown, Doxycycline and Puromycin were removed from the
respective cells and an aliquot of cells was harvested and lysed every 24 h for 5 subsequent days as
indicated. The respective lysates were normalized according to their protein concentration and 50 g
of total protein of each sample was separated by SDS-PAGE followed by Western blotting with the
antibodies indicated.

We previously reported that it is possible to establish cell lines with significant siRNAmediated knockdown of E6AP expression (Kuballa et al. 2007). However, during the
course of these studies, we realized that this is a rather rare event (establishment of
cells with a stable and significant reduction of E6AP expression) indicating that
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knockdown of E6AP expression is cytotoxic. Indeed, as shown in Fig. 2A, a cytotoxic
effect of E6AP knockdown can be detected already after 48 h of induction. After 120
h of induction, 80% of the cells have died and after 1 week almost no surviving cells
can be detected (data not shown). In contrast, cells transfected with an inducible
Luciferase knockdown construct as control do not display any significant cytotoxic
effect after induction. Similarly, mock induced (DMSO) knockdown cells grow normal
(data not shown). Furthermore, upon induction, efficient downregulation of E6AP
expression at both the mRNA level (Table 1) and the protein level (Fig 2B) was
observed within a reasonable period of time (120 h). In addition, upon removal of
Doxycycline, E6AP expression levels recovered to a significant extent within 120 h
(Fig. 2C). Two weeks after removal of Doxycycline, E6AP levels were fully recovered
(data not shown) indicating that the bicistronic knockdown system generated fulfills
all criteria of an inducible system. To provide evidence that the inducible E6AP
knockdown system can be used for functional characterization of E6AP, we made
use of the fact that in complex with the E6 oncoprotein of the human papillomavirus
type 16 (HPV16 E6), E6AP targets the tumor suppressor p53 for degradation
(Huibregtse et al. 1993a; Scheffner et al. 1993).

Cell line
RKO K3 (conventional E6AP
knockdown clone)
RKO 3TR/E6APi induced
H1299 K3 (conventional
E6AP knockdown clone)
H1299 transduced with
pRRL-E6APi-IRESpuro virus

Knockdown efficiency

73% +/- 6%
75% +/- 4%
77% +/- 4%

70% +/- 9%

Table 1: Real time PCR quantification
of E6AP mRNA.
Knockdown efficiencies of the respective
expression systems (inducible/lentivirus)
were determined by quantitative real time
PCR in three independent experiments.
The relative values were obtained by
calculation
of
the
crossing-point
differences of either non-induced/induced
or parental/lentiviral knockdown. As
reference
for
the
knockdown,
quantifications
of
stable
E6AP
knockdown cells were included. All
quantifications
were
normalized
according to a GAPDH standard.

As expected, transfection of an HPV 16E6 expression vector into parental RKO cells
(data not shown) or in uninduced RKO-3TR/E6APi cells (Fig. 3) resulted in
significantly decreased p53 levels.
In contrast, E6-mediated degradation of p53 was significantly impaired in induced
(i.e. E6AP knockdown) RKO-3TR/E6APi cells. Transfection procedures for the
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delivery of expression vectors perform reasonably well with established cell lines but
are less well suited for studies with primary cells (i.e. the percentage of transfected
primary cells is usually rather low). Thus, viral expression systems including the
lentivirus-based systems are frequently used when working with primary cells
(Rubinson et al. 2003).

Figure 3 RKO 3TR/E6APi cells were induced with 10 g/ml Doxycycline for 120 h and maintained
under Puromycin (1 g/ml) selection for the last 96 h of induction (Doxycyclin) or treated with the
Doxycyclin solvent DMSO (DMSO). Subsequently, cells were either mock transfected or transfected
with a plasmid encoding HPV16 E6 as indicated. 24 h upon transfection, cells were lysed, the lysates
normalized according to their protein concentration, and 50 g of total protein of each sample
separated by SDS-PAGE followed by Western blotting with the antibodies indicated. RKO par.,
parental RKO cells.

To generate a bicistronic lentiviral knockdown vector, we cloned the bicistronic
expression cassette described above into the pRRL lentiviral backbone (Dull et al.
1998; Zufferey et al.

1998) resulting in the vector pRRL-E6APi-IRESpuro. Upon

packaging and concentration (see Materials and Methods), a virus titer of approx. 108
CFUs per ml was obtained, which is within the expected range for the system used.
Finally, the respective lentiviral stock was tested in transduction experiments for its
ability to knockdown E6AP expression. To this end, H1299 cells were transduced
with different MOIs and subsequently selected with Puromycin. The results obtained
show that even at an MOI of 0.01, the surviving cells exhibit a downregulation of
E6AP protein levels of up to 90 % (Fig. 4A), indicating that integration of a single
copy of pRRL-E6APi-IRESpuro into the host genome is sufficient to induce a
maximum knockdown of E6AP expression. Furthermore, the efficiency of knockdown
of E6AP expression achieved by a single-copy integration event is comparable to that
observed in the stable E6AP knockdown cell line H1299 K3 (Fig. 4B and Table 1),
which was originally generated with a conventional shRNA expression vector and is
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considered to be functionally null for E6AP (Kuballa et al. 2007). Thus, the bicistronic
lentiviral knockdown system appears to be well suited for studies with primary cells.

Figure 4 (A) 105 H1299 cells were transduced with "E6AP knockdown" lentivirus at MOIs of 1, 0.1,
and 0.01, respectively. Cells were selected for viral integration with Puromycin (4 g/ml). After 96 h,
cells were lysed, lysates normalized according to their protein concentration, and 50 mg of total protein
of each sample separated by SDS-PAGE followed by Western blotting with the antibodies indicated.
The amount of E6AP was quantified and normalized against Actin. (B) 105 H1299 cells were
transduced with "E6AP knockdown" lentivirus with an MOI of 1 (H1299 transduced) and transduced
cells selected for viral integration with Puromycin (4 mg/ml) for 96 h. Then, parental H1299 cells
(H1299 par.), previously generated stable E6AP knockdown cells (H1299 K3) (21), and the transduced
cells were lysed, the respective lysates normalized according to their protein concentration, and similar
protein amounts subjected to immunoprecipitation using a monoclonal anti-E6AP antibody (13). The
respective samples were separated by SDS-PAGE followed by Western blotting using a polyclonal
anti-E6AP antibody (13) and the amount of immunoprecipitated E6AP quantified. 10 % of the
respective crude lysates were loaded as input control.

In conclusion, we have shown that a precursor microRNA sequence and an ORF
encoding an antibiotic resistance marker protein can be co-expressed from a
bicistronic transcript resulting in efficient downregulation of expression of a given
cellular protein as well as resistance to the respective antibiotic. Furthermore, the
observation that a single lentiviral integration event into the host cell genome is
sufficient for both knockdown of the expression of the protein of interest and antibiotic
resistance underscores the potency of the system. An additional beneficial feature of
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the bicistronic expression system is that once made inducible, it allows fast and
convenient screening for leakiness and inducibility by simple antibiotic selection
protocols. Thus, the bicistronic expression system introduced in this manuscript
provides an easy-to-handle knockdown system for both the generation of stable cell
lines and transient experiments.
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Abstract
The functional inactivation of the ubiquitin ligase E6AP expressed from the
maternal allele of the UBE3A gene is causally involved in the development of a
severe neurogenetic disorder, the Angelman Syndrome (AS). In most patients
(approx. 90%) the inactivation of E6AP is a result of genetic mechanisms such
as deletions, imprinting defects, uniparental disomies or point mutations,
affecting the ubiquitin ligase activity of E6AP. The mechanism for E6AP
inactivation for the remaining 10% of cases is still unknown. Although no data
are currently available, a potential candidate to regulate E6AP expression
could be the microRNA pathway, which is known to be one of the most
prominent regulators of mRNA expression. Hence, we hypothesized that
deregulated E6AP specific microRNAs (miRNAs) may be involved in E6AP
regulation and thus pathogenesis as well. To address this hypothesis, we have
tested several miRNAs (hsa-mir-485, -519b, -576 & -605), which are expressed
and predicted to target the E6AP 3’-UTR, for their potential to interfere with
E6AP expression in human cells. This revealed that in all cell lines used, all of
the tested miRNAs were able to interfere with an EGFP-E6AP-3’-UTR reporter
construct and that overexpression of the miRNAs hsa-mir-576, and -605
downregulates endogenous E6AP expression. Furthermore, in RKO cells, we
were able to target endogenous miRNAs by overexpression of the E6AP-3’-UTR
and observed an increase in E6AP protein level, which did not result from
enhanced transcription. Of all miRNAs tested, hsa-mir-576 showed the most
pronounced effect on E6AP expression in all experimental set ups used and
thus, would be the prime candidate for further research of miRNA-dependent
regulation of E6AP expression.

Introduction
Angelman Syndrome (AS) is a severe neurogenetic disorder, which was first
described in 1961 by the pediatrician Harry Angelman (Angelman 1961; Angelman
1964). AS has a rather high incidence of approx. 1 in 10,000 to 1 in 20,000 and is
characterized by mental retardation, movement or balance disorder, characteristic
abnormal behaviors, and severe limitations in speech and language. Genetically, AS
has been linked to chromosome 15q11-13, which contains the UBE3A gene
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encoding the E3 ubiquitin ligase E6AP (Nakao et al.

1994; Kishino et al.

1997;

Matsuura et al. 1997; Nicholls and Knepper 2001). Importantly, the paternal UBE3A
allele is imprinted and thus, silenced in certain brain areas including Purkinje
neurons, a subset of hippocampal neurons and neurons of the olfactory bulb
(Albrecht et al . 1997). Hence, all of the genetic abnormalities associated with AS
affect expression of the maternal UBE3A gene and/or the E3 activity of E6AP.
Although the role of E6AP - together with the viral oncoprotein E6 of high-risk human
papilloma viruses - as the major E3-ligase for p53 in cervical carcinogenesis is well
understood (Scheffner et al. 1993; Huibregtse et al. 1995; Scheffner et al. 1995; zur
Hausen 2002), the molecular implication of loss of E6AP function with respect to the
development of AS remains enigmatic. A potential further complication in the
understanding of AS etiology is provided by the fact that UBE3A mRNA is spliced
into 3 isoforms, which show only subtle differences in the very N terminus of the
protein (Yamamoto et al. 1997). However, if the respective proteins fulfill different
functions is unknown. A potential hint to the function of E6AP in neurons was recently
provided by the observation that in mice, the AS phenotype can be rescued by
transgenic expression of a mutant CAMKII (Calmodulin dependent Kinase II), which
lacks the amino acid residues necessary for inhibitory phosphorylation (Narasimhan
2007; van Woerden et al . 2007). In addition, in UBE3A knockout mice, endogenous
CAMKII appears to be enriched in the inhibited phosphorylated form. Thus, one can
speculate that E6AP - by a yet unknown mechanism - participates in activation of
CAMKII signaling by negatively interfering with the inhibitory phosphorylation.
Development of AS appears to be the result of several genetic mechanisms where
deletion of the 15q11-13 region of the maternal chromosome accounts for approx. 70
percent of the cases. Other mechanisms include uniparental paternal disomy, defects
in imprinting, and single point mutations in the UBE3A gene (Fang et al.

1999;

Nicholls and Knepper 2001; Clayton-Smith and Laan 2003). Yet, in 10 percent of the
phenotypical AS patients the underlying molecular mechanisms of E6AP inactivation
remain unknown, which may be due to a lack of appropriate diagnostic tools.
However, another option could be that E6AP activity is negatively affected by
targeting E6AP expression on the mRNA level. Along these lines, it was shown that
in mice a long antisense transcript exists, which seems to influence E6AP expression
by a yet unknown mechanism (Rougeulle et al. 1998; Yamasaki et al. 2003; Landers
et al. 2004; Le Meur et al. 2005). Although no data are currently available another
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good candidate to regulate E6AP expression could be the microRNA pathway, which
is known to be one of the most prominent regulators for mRNA expression. Hence,
deregulated E6AP specific microRNAs (miRNAs) can be hypothesized to be involved
in E6AP regulation and thus pathogenesis as well.
miRNAs are a class of small non-coding RNA molecules that arise abundantly and
regulate gene expression post-transcriptionally (Jackson and Standart 2007;
Standart and Jackson 2007). In organisms, where the existence of miRNAs has been
described, they are exclusively transcribed by RNA polymerase II as long primary
transcripts (Cai et al. 2004; Lee et al. 2004). These transcripts are processed in
multiple steps into duplexes of approximately 22 nucleotides in size (Hutvagner et al.
2001; Ketting et al. 2001; Lee et al . 2003; Yi et al. 2003; Lund et al. 2004). The
duplexes are then incorporated into a distinct ribonucleoprotein particle, termed
miRISC. Unwinding of the duplex finally enables the mature single-stranded miRNA
to base-pair with its target mRNA (Han et al. 2006; Kim and Nam 2006). The majority
of mammalian miRNAs are believed to recognize their targets by base-pairing of the
so-called miRNA seed region (bases 2–8 at the 5’ end) with one or more sites of
perfect complementarity in the 3’ untranslated region of the target mRNA (Doench
and Sharp 2004; Wang et al. 2006a), resulting in repression of expression of the
respective mRNA. miRNA-mediated repression has been shown to occur by at least
two different mechanisms, resulting in either degradation of the target mRNA or
inhibition of translation. In more detail, miRNAs can mediate RNAi-like cleavage of
targets with perfect complementarity, as demonstrated for miR-196 and its
endogenous HOXB8 target (Yekta et al. 2004). In addition, miRNAs with imperfect
target complementarity can also promote target degradation, but by mechanisms
other than classical RNAi (Bagga et al. 2005; Jing et al. 2005). Furthermore, there
are studies, indicating that miRNAs, rather than affecting mRNA stability, inhibit
mRNA translation at the step of initiation or elongation. Taken together, the available
data indicate the existence of several mechanisms for miRNA-mediated repression,
which in addition may not be mutually exclusive (Pillai et al. 2005; Petersen et al.
2006; Wu and Xie 2006).
Currently, it is assumed that individual miRNAs are able to influence various
signaling pathways, affecting cell proliferation, differentiation, and cell death as well
as developmental timing (Lee et al.

2006). In addition, miRNAs may function in

certain tissues as a fine-tuning mechanism by preventing the immediate translation of
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mRNAs, and thus, allowing for (subcellular) “localization specific” expression, a
phenomenon, which has also been reported for tissues affecting AS patients (Cohen
et al. 2006; Hornstein and Shomron 2006). Therefore, we have tested several
miRNAs (hsa-mir-485, -519b, -576 & -605), which are expressed and predicted to
target the E6AP 3’-UTR, for their potential to interfere with E6AP expression in
human cells.

Materials and Methods
Generation of plasmids
The pcDNA4TO-eGFP-E6AP-3’-UTR reporter construct was generated by inserting a
RT-PCR fragment containing the E6AP-3’-UTR into the XhoI/ApaI sites of
pcDNA4TO (Invitrogen). The EGFP fragment was generated by PCR-based
approach and inserted between the EcoRI/XhoI sites of the pcDNA4TO-E6AP-3’UTR plasmid. The E6AP expression construct pcDNA4TO-HA-E6AP+3’UTR was
generated by inserting a KpnI-HA-E6AP-SalI fragment between the KpnI/XhoI sites
of the abovementioned pcDNA4TO-E6AP-3’-UTR plasmid.
The pcDNA4TO or pMSCVpuro (Clontech) miRNA constructs were generated as
precursor

stem-loop

constructs

according

to

the

Sanger

miRBase

(http://microrna.sanger.ac.uk/) as follows:
Hsa-mir-485-5p(MI0002469):5’-GCGGATCCACTTGGAGAGAGGCTGGCCGTGATG
AATTCGATTCATCAAAGC-3’, 5’-TTCTCGAGACTAAAAGAGAGGAGAGCCGTGTA
TGACTCGCTTTGATGAATCGAATTC-3’; Hsa-mir-519b (MI0003151): 5’-GGATCCC
ATGCTGTGACCCTCTAGAGGGAAGCGCTTTCTGTTGTCTGAAAGAAAAGAAAGT
GC-3’, 5’-CGCTCGAGCAAACAGTAAACCTCTAAAAGGATGCACTTTCTTTTCTTT
CAGACAACAGAAAGCGC-3’;Hsa-mir-576-5p(MI0003583):5’-GCGGATCCTACAAT
CCAACGAGGATTCTAATTTCTCCACGTCTTTGGTAATAAGGTTTGGCAAAGATGTG
G-3’, 5’-TTCTCGAGTGGTTATAACCAATCGAATGAGGATTCCAATTTTTCCACATC
TTTGCCAAACCTTATTACC-3’; Hsa-mir-605 (MI0003618): 5’-GCGGATCCGCCCTA
GCTTGGTTCTAAATCCCATGGTGCCTTCTCCTTGGGAAAAACAG-3’, 5’-TTCTCG
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AGCCTAACTTGATTCTAAATCTCATAGTGCCTTCTCTGTTTTTCCCAAGGAGAAG
G-3’. For each miRNA, the indicated two synthetic oligonucleotides were annealed,
filled-in and digested with BamHI/XhoI and ligated into pMSCVpuro BglII/BamHI.
Cell lines and reagents
RKO, H1299 & HeLa cells were maintained in DMEM containing 10% fetal bovine
serum and Penicillin (100IE)/ Streptomycin (100 mg/ml). Puromycin (SIGMA) was
dissolved in water at a concentration of 1 mg/ml to create a stock solution.
Transient transfection
RKO, H1299 & HeLa cells were transfected by lipofection, using Lipofectamin2000
reagent (Invitrogen) according to the manufacturer’s instructions. When indicated,
transfected cells were selected with Puromycin for 48 h – 96 h.
EGFP-E6AP-3’-UTR-reporter assays
Cells were cotransfected by lipofection with pcDNA4TO-E6AP-3’-UTR, the respective
miRNA expression construct and a βGal expression construct for normalization (5%
of total DNA). After 24 h, cells were harvested and lysed in TNN-buffer (100 mM TrisHCl, 100 mM NaCl, 1% NP40, pH8). The amount of lysate assayed for eGFP
expression was normalized according to βGal activity (Hengstermann et al. 1998).
The EGFP fluorescence was measured with a PerkinElmer (GE) Victor3 Multilabel
Counter.
Quantitative Real-time RT-PCR
Real-time RT-PCR was used to quantify E6AP mRNA levels in cells expressing
either miRNA targeting E6AP or the respective controls. Total RNA was extracted
from 3x105 cells with Trizol® (Invitrogen). 1 µg of total RNA was reverse-transcribed
using random primers and the Superscript® III reverse transcription system
(Invitrogen). Quantitative PCR was performed with the LightCycler® instrument
(Roche Applied Science) using the LightCycler® FastStartDNA® master mix SYBR
GreenIincombinationwithE6AP-specificforward(5'-GCCACCATGGCCATTGTTGC
TGCTTCGAAG-3')andreverseprimers(5'-AAGTGGTTTTCGACAATCCAG-3').
Human GAPDH (Glyceraldehyde-3-phosphatedehydrogenase) mRNA was used as
reference gene with the following primers: 5’-TGATGACATCAAGAAGGTGGTGAAG-3’
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(forward) and 5'-TCCTTGGAGGCCATGTGGGCCAT-3' (reverse).
Western blot analysis
Protein extracts were prepared as described (Hengstermann et al.

1998). The

antibodies used for detection of proteins were: rabbit polyclonal to beta-actin (Abcam
ab 8227), mouse monoclonal [DO1] to p53 (Calbiochem) and a mouse monoclonal to
E6AP (Hengstermann et al. 2005).
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Results and discussion
In order to test the hypothesis that E6AP expression is subject to regulation by
miRNAs, we first used the miRBase tool to predict potential miRNAs targeting E6AP
(http://microrna.sanger.ac.uk/cgi-bin/targets/v5/detail_view.pl?transcript_id=ENST00
000232165). Candidate miRNAs were selected based on the prediction score and
the evolutional conservation among primates (fig. 1).

Figure 1: Overview of candidate miRNAs targeting E6AP. (A) Selected candidate miRNAs, structure of the
precursor, mature sequence and evolutional conservation. (B) Targeting regions for the depicted miRNAs in the 3’
UTR of E6AP mRNA (Positioning based on transcript Ensemble ENST00000232165).

For selected miRNAs, pMSCVpuro based expression constructs were generated.
Furthermore, a suitable reporter construct containing an EGFP cDNA in fusion with
the human E6AP 3’ untranslated region (3’UTR, Ensembl id ENST00000232165)
was designed (fig. 2A, see material and methods). To prove, if the predicted miRNAs
are indeed able to target the E6AP 3’-UTR and thus downregulate the expression of
the reporter and consequently endogenous E6AP itself, we cotransfected the
reporter plasmid with miRNA expression constructs encoding the human miRNAs
519b, 485-5p, 576-5p, and 605. As negative control, we made use of a miRNA
construct, which interferes neither with E6AP mRNA nor E6AP protein levels (data
not shown). 24 h post transfection, potential down modulation of the reporter was
assessed by measuring the EGFP fluorescence of normalized transfections. This
revealed that all miRNAs tested, have the potential to interfere with EGFP translation
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(fig. 2 B&C) in H1299 and RKO cells. An EGFP construct lacking the E6AP 3’-UTR is
not subject to modulation by coexpressed miRNAs (data not shown).
Figure 2: Effects of coexpression of an EGFP-E6AP-3’-UTR
reporter with candidate miRNAs against E6AP mRNA. (A)
Schematic of the EGFP-E6AP-3’-UTR reporter construct. An
EGFP cDNA is fused to the 3’-UTR of the E6AP mRNA
(Ensemble ENST00000232165). The expression is driven by a
CMV promotor. (B/C) Either H1299 (B) or RKO (C) cells were co
transfected with the EGFP-E6AP-3’-UTR reporter and the
depicted miRNA constructs at a molar ratio of 1:1 and with 5%
DNA encoding βGal. Transfection efficiency normalized EGFP
fluorescence is plotted (normalization for transfection efficiency
by βGal activity, control miR=100%). Error bars represent
standard deviation from 3 independent experiments.

In order to determine whether or not the effect
reflected

translational

inhibition

rather

than

degradation of the mRNA, we compared the
mRNA levels transcribed from the reporter
construct by real time PCR using EGFP specific
primers and found no significant reduction of
EGFP mRNA by any miRNA (data not shown).
Thus,

we

concluded

that

the

reduced

fluorescence is a real miRNA effect. Of note
though, the extent of down regulation varied from
40% to almost 80% reduction of fluorescence.
We next tested if the predicted candidate
miRNAs are able to downregulate endogenous E6AP expression in RKO and HeLa
cells. Indeed, in RKO cells, ectopically expressed miRNAs can downregulate
endogenous E6AP to an extent similar to that observed with the reporter construct
(fig. 3). Furthermore, similar to the results obtained with the reporter construct in
H1299 cells, all candidate miRNAs tested in RKO cells show a variance with respect
to the efficiency of downregulation (fig 3A). From the miRNAs tested, the most
effective one was hsa-mir-576, which confers a downregulation in a range of 65% –
80% on either reporter expression or endogenous E6AP expression. In addition,
none of the tested miRNAs had any effect on the stability of the E6AP mRNA as
assessed by real time PCR (fig. 3C, and data not shown).

69

Chapter 7: Manuscript 5

Figure 3: Effects of ectopic miRNA expression on endogenous E6AP. (A) Depicted miRNAs were
transfected into RKO cells. The cells were selected with Puromycin for 96 h. Equal amounts of cellular
protein were separated by SDS-PAGE. E6AP is visualized by immunoblotting with a specific antiE6AP antibody (see material & methods). Tubulin serves as loading control. (B) HeLa cells were
transfected with the depicted miRNAs and an E6AP siRNA construct as control. The cells were
processed as mentioned above. p53 level serves as additional readout for functional downregulation
of E6AP. Actin serves as loading control. (C) Remaining E6AP mRNA (from B) is plotted as assessed
by real time PCR.
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As proof of principle that the candidate miRNAs by downregulating E6AP expression
are able to functionally interfere with E6AP activity, we made use of HeLa cells. In
HPV18-positive HeLa cells, the p53 tumor suppressor is tightly regulated by E6AP in
complex with the HPV16 E6 oncoprotein. The E6/E6AP complex binds p53 and
targets it for proteasomal degradation (Scheffner et al. 1993; Huibregtse et al. 1995;
Scheffner et al. 1995; zur Hausen 2002). This effect depends strictly on E6 and
E6AP and thus the functional inactivation of E6AP through ectopic expression of
miRNAs should result in stabilization of p53 in HeLa cells as it was shown for down
regulation of E6AP by siRNAs (Hengstermann et al.

2005). Transfection of

expression vectors for the candidate miRNAs into HeLa cells revealed that under the
conditions used only hsa-mir-576 behaved as expected (fig. 3B) (i.e. E6AP levels
decreased, while in turn p53 levels increased). Expression of hsa-mir-519b and 485
had no effect on E6AP levels and p53 levels were at best mildly affected by hsa-mir485 expression. In contrast, hsa-mir-605 transfection showed – as expected –
decreased E6AP levels but had no effect on p53 (fig. 3B). Furthermore, comparison
of E6AP mRNA levels by real time PCR in the transfected HeLa cells showed an up
to 3-fold increase in E6AP mRNA (fig. 3C), which might explain why the E6AP
protein level did not substantially decrease upon transfection of hsa-mir-519b and
485. These results suggest that although all miRNAs tested have the ability to target
the E6AP mRNA, they probably have additional targets thereby disguising the
potential effect on E6AP expression.
To obtain evidence that E6AP expression is regulated by miRNAs, we used RKO
cells, which have been reported to express the candidate miRNAs. First, we wanted
to confirm that RKO cells indeed express the respective miRNAs and found that hsamir-519b is not detectably expressed whereas hsa-mir-485, 576 and 605 are
expressed (suppl. fig. 1). Thus, in RKO cells, it should be possible to affect
endogenous expression of E6AP by ectopically expressing the 3’-UTR of E6AP and
thus competing with the endogenous mRNA for the pool of endogenous miRNAs.
Consequently, one would expect an increase of E6AP protein levels upon expression
of increasing amounts of the E6AP 3’-UTR. To test this hypothesis, we transfected
either an E6AP cDNA including it’s 3’-UTR together with increasing amounts of the
EGFP reporter construct (fig. 4A) or increasing amounts of the EGFP reporter alone
to score for endogenous E6AP expression. Indeed, the results obtained support the
notion that E6AP expression is regulated by miRNAs as both ectopically expressed
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E6AP (fig. 4A) and endogenous E6AP (fig. 4B) protein levels increased with
increasing expression of the EGFP reporter construct. An E6AP expression construct
lacking the 3’-UTR does not respond to increased coexpression of the EGFP reporter
construct (data not shown). However, although these experiments suggest that
miRNAs play a role in regulation of E6AP expression in RKO cells, we cannot
exclude the possibility that the E6AP 3’-UTR may interfere with E6AP expression by
other yet unknown mechanisms.

Figure 4: Ectopically expressed E6AP 3’-UTR can compete with miRNA mediated regulation of
ectopic and endogenous E6AP expression.
(A) RKO cells were co transfected with a cDNA encoding HA-tagged E6AP including the E6AP 3’UTR
(0.5 µg pcDNA4TO-HA-E6AP+3’UTR) and the GFP reporter (increasing amounts: 0, 0.5, 1 & 2 µg). 24
h post transfection cells were lysed and protein ammounts normalized for transfection efficiency were
separated by SDS-PAGE and subsequently electrotransfered to PVDF membrane. HA-E6AP and
GFP were visualized by immunostaining with anti-HA and anti-GFP antibodies respectively. HA-E6AP
is indicated by an arrowhead. (B) RKO cells were transfected with the GFP reporter (increasing
amounts: 0, 0.5, 1 & 2 µg). Cells were lysed and similar protein amounts were separated by SDSPAGE and subsequently electrotransfered to PVDF membrane. E6AP, GFP and Tubulin (as loading
control) were visualized by immunostaining with specific antibodies (see material and methods).
Endogenous E6AP is indicated by an arrowhead.

In summary, we have shown that all tested candidate miRNAs can interfere with the
expression of an EGFP reporter construct containing the E6AP 3’-UTR, presumably
via an effect on protein translation since the mRNA levels are either not altered or
even increased. In addition, we have shown that (ectopic and endogenous) E6AP
expression in different cell lines (H1299, RKO and HeLa) can be influenced in a
similar manner. Of the tested miRNAs, hsa-mir-576 showed the most pronounced
effect on E6AP expression. The fact that all of the candidate miRNAs did act on the
EGFP reporter construct and thus on the E6AP 3’-UTR would allow for the
hypothesis that miRNAs, which have the general potential to target a respective 3’UTR are sufficient in such reporter assays but additional factors may be required
under physiologic conditions (e.g. on endogenous mRNA in cells). This hypothesis is
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enforced by the fact that all miRNAs tested in this study are predicted to target
mRNAs other than the E6AP mRNA. For example today hsa-mir-605 is predicted to
target 1029 human genes (http://microrna.sanger.ac.uk/cgi-bin/targets/v5/hit_list.pl?
genome_id=2964&mirna_id=hsa-mir-605). Only hsa-mir-576 showed comparable
effects in all cell lines and systems tested and thus may be the prime candidate
miRNA for regulation of E6AP expression. However, to elucidate the role of hsa-mir576 and other miRNAs in E6AP physiology, one would need to either characterize
E6AP 3’-UTRs with deletions for the predicted miRNA targeting regions or directly
target the respective miRNAs endogenously by antisense approaches such as
antagomirs (Krutzfeldt et al.

2005). The generation of respective E6AP 3’-UTR

reporter constructs with deletions for the respective miRNA target region and their
characterization in cells is currently ongoing and results obtained may or may not
support the notion that hsa-mir-576 is the candidate miRNA to follow-up.
Furthermore, to investigate if miRNAs can play a role in E6AP associated diseases, it
will be necessary to generate cellular systems, which reflect the situation in diseaserelated tissues or to generate either transgenic animal models wherein the candidate
miRNAs are overexpressed or knockout animals either lacking the miRNA targeting
region within the E6AP mRNA or the miRNA genes themselves.
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Supplementary figure 1: miRNA expression in RKO cells.
Total RNA was prepared from RKO cells and miRNAs were detected with fluorescently labeled probes
by miRNA detection kit (Ambion) according the manufacturers instructions. All samples were RNAseH
treated before PAGE to get rid of unhybridized probe. Ubiquitously expressed hsa-mir-16 was used as
positive control. Negative controls did not contain RNA from RKO cells.
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Chapter 8: Concluding remarks and future perspectives
Preface
Since most of the specific issues of the manuscripts have been discussed separately
within each manuscript, the scope of this section is to place the results obtained into
a larger perspective of E6AP research. Thus, the focus will be on providing data
derived in particular from the cellular tools established and used during the
experimental work of this thesis and their further development. In brief:
1. By using the ectopic expression and RNAi tools developed, the cellular
consequence of interference with endogenous E6AP expression was
assessed with respect to cytotoxcicity and characterization of E6AP mutants.
2. Data will be provided, in which the respective cellular systems were used to
set up and conduct proteomic experiments. In this respect, the main focus was
to provide proof-of-principle experiments that the cellular systems are of value
to generate material usable for proteomic approaches such as affinity
purification or SILAC (Stable Isotope Labeling with Amino acids in Cell
culture) and to address questions regarding the E6AP interactome, the E6AP
ubiquitome and E6APome (i.e. how is the cellular proteome affected by
modulation of E6AP expression) within human cells.
3. The latest generations of both ectopic and RNAi systems will be introduced.
4. Finally the future potential of the developed cellular systems will be discussed.

E6AP levels have to be kept at a distinct threshold level within
mammalian cells
As discussed in chapters 3 & 6, both ectopic overexpression and RNAi-mediated
depletion of E6AP levels have drastic consequences for mammalian cells. Even a
subtle increase or decrease of cellular E6AP levels leads to cytotoxic effects and
subsequent loss of the respective cells. As a consequence, in cell culture
experiments, ectopic expression or endogenous depletion of E6AP confers a
massive negative selection pressure onto cells, limiting the amounts of material that
can be generated for further analysis (e.g. proteome studies), functional assays
within cells or the generation of stable cell lines. In fact by using classical vector
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systems, ectopic E6AP expression or RNAi-mediated knockdown is lost within a
short period of time (as shown in figure 1 of this section, E6AP expression - even
under antibiotic selection pressure - from pcDNA is rapidly lost within a time period of
96 h). This is probably due to processes such as promoter silencing, partial
recombination or, as discussed above, loss of cells because of cytotoxic effects,
which in turn leads to either rapid outgrowth of non expressing cells or total loss of
the culture. Taking these pitfalls into account, vectors such as pcDNA are of no use
whenever one needs to study E6AP not only in very transient experiments.

*
Hours post
transfection

24

48

96

Figure 1. Transient ectopic expression of E6AP within cells is rapidly lost. pcDNA3(puro) HAE6AP wt, C820A (inactive mutant) & E6BS (HPVE6 binding site mutant) were transfected into H1299
cells. 24 h post transfection, transfected cells were selected in the presence of 4 µg/ml Puromycin. At
depicted time points, cell were harvested and lysed. Adjusted total protein amounts were separated by
SDS-PAGE and after Western blotting visualized through immunodetection using an anti-HA antibody.

The rapid loss of ectopic E6AP expression is highly reproducible in every mammalian
cell line tested (HEK293, H1299, U2OS, COS7, RKO, HeLa, NIH3T3, various MEFs,
PC12, N2a, SH-SY5Y, etc.). Similar results were obtained for RNAi-mediated E6AP
depletion. Based on these experiments, it became clear that a new vector system
was required to study the consequence of targeted modulation of E6AP expression
within cells. The features required for such systems are discussed in the preface to
the manuscript section (chapter 2) and such systems were generated as described in
chapters 3 and 6. By using these systems, a comprehensive cytotoxicity analysis
was conducted using various E6AP mutants expressed in the ubiquitin-fusion system
to map the region of E6AP that confers this drastic effect (in the following the
ubiquitin-fusion vectors are termed pExoIN). As depicted in figure 2, for most cell
lines tested, wild-type E6AP reproducibly shows the most prominent cytotoxic effect,
whereas the catalytically inactive mutant of E6AP C820A and the truncation mutants
show either no or only mild effects. From these experiments, it can be concluded that
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not only catalytic activity is required to confer the phenotype but also an intact
structure of the protein.

MCF-7
HEK
C33A
RKO
COS-7
H1299
H1299 K3
RKO K3

Figure 2. Transient ectopic expression of pExoIN E6AP within cells is cytotoxic. Depicted
mutants of E6AP were transfected into various cell lines. 24 h post transfection, transfected cells were
selected in the presence of Puromycin. After 96 h of selection, cells were stained with crystal violet
and the relative cell number is plotted (lg). Results from all cell lines are normalized to EGFP negative
control and the error bars reflect the standard deviation from 3 independent experiments.

To relate the observed cytotoxic effect directly to E6AP overexpression, concomitant
RNAi-mediated or HPV16 E6-mediated reduction of E6AP levels was used. As
expected, both showed a substantial rescue of the cytotoxic effect of E6AP

Rel. fluorescence

overexpression as shown in figure 3.
Figure 3. Overexpression of E6AP is directly
related to cytotoxicity. pExoIN E6AP wt or a
RNAi resistant mutant was co transfected into
H1299 cells with either HPV16E6 or a RNAi
construct targeting E6AP and equal amounts of
EGFP. 96 h post transfection, relative EGFP
fluorescence served as measure for survival of
transfected cells. The error bars reflect the
standard deviation from 3 independent
experiments.
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The mechanisms underlying this effect are currently unclear. Although according to
published data an obvious option might be deregulated auto- or paracrine steroid
hormone receptor signaling (Ramamoorthy and Nawaz 2008), the fact that the HPV
E6 binding mutant of E6AP (the E6 binding site overlaps with the major steroid
hormone receptor binding site) displays similar effects as the wild-type protein may
point towards the direction that steroid hormone receptor signaling modulation is not
involved. Surprisingly however, luciferase reporter assays reproducibly show that the
HPV E6 binding site mutant is – with an efficiency similar to wild-type E6AP - able to
inhibit androgen (AR) and estrogen (ER) dependent transactivation of a respective
reporter. Even more striking is the fact that in contrary to AR signaling and to
published data (McKenna et al. 1999; Nawaz et al. 1999a; Nawaz et al. 1999b;
Nawaz et al. 1999c; Ramamoorthy and Nawaz 2008), E6AP seems to inhibit ER
signaling in the absence of the respective hormone. Furthermore, the inhibition of
ER- and not AR-mediated signaling seems to depend on the E3 ligase activity of
E6AP, since the inactive E6AP variant does not inhibit ER mediated transactivation
(fig. 4).

ERE w/o hormone
ERE + hormone
ARE w/o hormone
ARE + hormone

Figure 4. Overexpression of E6AP influences steroid hormone receptor dependent
transactivation. H1299 cells were co transfected with mock or depicted E6AP constructs and either
ARE- or ERE-luciferase reporters. 24 h post transfection cells were either incubated for 12 h in the
presence (+) or absence (w/o) of the respective hormone. Relative transactivation is plotted.

In view of the above findings, one might speculate that the cytotoxic effects observed
are explained by impaired ER signaling. However, for most of the tumor cell lines
tested, there is no indication that deregulation of ER signaling leads to cell death.
Nontheless, it may be worthwhile to test if the E6AP cytotoxic phenotype can be
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rescued by co-overexpression of ER. In order to correlate the observed phenotypes
with ER signaling, it would first be necessary to repeat the respective reporter assay
in other cell lines, in which the cytotoxicity phenotype is observed. In addition, one
should monitor ERE-reporter activity while depleting E6AP expression by RNAi to
check if this results in constitutive activation of the ER signaling pathway (as might be
expected if E6AP is required to interfere with estrogen responsive gene expression).
Due to the potential link to p53 that could be drawn from the function of E6AP in HPV
positive cells and from inconclusive data (chapter 1.2) from Angelman mouse models
(Jiang et al. 1998), another possibility would be that the observed effect is mediated
through p53-dependent cell death.

Indeed, the cytotoxic effect of E6AP

overexpression can be rescued by concomitant RNAi-mediated p53 or p19ARF
inactivation in MEFs. However, this effect is - though significant - rather subtle (data
not shown). Furthermore, many tumor cell lines tested do not have a functional p53
pathway and, thus, it is not likely that p53 is involved in the phenotype observed.
Recently published data indicates that the Angelman phenotype in mice, which is
causally related to loss of E6-AP activity, can be rescued by crossing with a
transgenic mouse strain expressing a CAMKII (Calmodulin dependent kinase II)
mutant, which lacks the major inhibitory phosphorylation sites (Narasimhan 2007;
van Woerden et al. 2007). Furthermore, it was reported that cells derived from the
respective Angelman mouse model show increased inhibitory phosphorylation of
CAMKII. Based on these findings, it could be speculated that in the presence of
higher than normal levels of E6AP, CAMKII signaling may be deregulated, which in
turn may be involved in the cellular phenotypes observed. Thus, it is possible that
CAMKII signaling is involved in E6AP physiology and might as well be responsible for
the E6AP cytotoxic phenotype.
Since E6AP knockdown shows cytotoxic effects similar to overexpression of E6AP in
all cell lines tested (data not shown), CAMKII signaling might be a good candidate
pathway to explain these effects as well. In contrast to overexpression of E6AP, one
could hypothesize in the knockdown scenario that CAMKII enriches in its inhibitory
phosphorylated form and thus CAMKII signaling is abrogated. The inducible E6AP
knockdown system developed may be a particularly valuable tool to test this
hypothesis. If this hypothesis is correct, one can postulate that the mutant CAMKII
variant, which rescues the Angelman phenotype in mice, should rescue the cytotoxic
phenotype of E6AP knockdown in mammalian cells as well. This would prove that
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cell culture systems could at least partially reflect AS physiology and thus may be
used to study the entire pathway.

E6APomics
Although worldwide a considerable effort is made to illuminate E6AP physiology, the
knowledge that we nowadays have does not substantially differ from the one 15
years ago. Till now, neither a clearly defined pathway nor a comprehensive
interactome could be associated with E6AP. As mentioned in chapters 1 and 2, some
interaction partners of E6AP were identified over the years but none of them made a
significant contribution to the understanding of the function of E6AP in normal cells.
Therefore, cell lines developed during the course of this work and material derived
from AS mice were used to conduct both classical affinity experiments and more
sophisticated mass spectrometry based experiments to identify candidate interactors
of E6AP or pathways affected by E6AP activity (fig. 5).

Affinity purification of
candidiate interactors
with GST-E6AP as
affinity matrix.

Proteome comparison
of isogenic cell lines
with inducible E6AP
knockdown.
Identification of hits by
SILAC and lable-free
quantification.

Purification
of
ubiquitylated
species
from cell lines in the
presence or absence of
E6AP. Identification of
candidate substrates by
SILAC
or
lable-free
quantification.

Figure 5. Schematic overview of data from E6APomics.
Various experiments as depicted were done mainly using cell line generated with the systems
described in chapters 3 and 6 or cells derived from an Angelman mouse model. Numbers represent
candidate hits, which were reproducible in at least 2 independent experiments. In case of quantitative
proteomics, only hits, which appeared by two independent methods are taken into account.
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Many of the indentified candidates were analyzed with various other methods.
However, only Herc2 seems to be a direct interactor of E6AP and the non-muscle
myosin IIA heavy chain, which is encoded by the MHY9 gene was found to be a good
ubiquitylation substrate in vitro (data not shown). The Herc2 (HECT domain and RLD
2) gene encodes a large protein of ~530 kDa and inactivating mutations within this
gene have been associated with the jdf2 (juvenile development and fertility) (Ji et al.
1999) or rjs (runty jerky sterile) (Lehman et al.

1998) phenotype in mice. The

phenotypic features of jdf2 mice include runting, a nervous jerky gait and tremor,
male sterility, female semi-sterility and a reduced lifespan with juvenile lethality,
which partially overlap with the features of the AS mouse phenotype. Of note is that
the Herc2 locus in mice and humans lies just distal to the PWS/AS region and is
often co-deleted and thus, might be associated with neurodevelopmental disorders
resulting from chromosomal aberrations in this region (Amos-Landgraf et al. 1999; Ji
et al. 2000; Smith et al. 2000; Nicholls and Knepper 2001; Gong et al. 2003). The
Herc2 protein contains three RCC1-like domains (RLD), a Cytochrome B5 domain, a
MIB/Herc2 domain, WD40 domains and a HECT domain. Although Herc2 by
similarity was predicted to have guanyl-nucleotide exchange factor activity and E3ligase activity, no physiological function or substrate has been attributed to Herc2 yet.
Non-muscle myosin II was shown to comprise functions in cell contractility,
morphology, cytokinesis and migration. In mammalian cells, three isoforms of nonmuscle myosin II, termed IIA, IIB and IIC, encoded by three different genes are
expressed. These isoforms share considerable homology and some overlapping
functions, yet they exhibit differences in enzymatic properties, subcellular
localization, molecular interaction and tissue distribution (Kolega 1998; Cai et al.
2006; Sandquist et al. 2006; Swailes et al. 2006; Vicente-Manzanares et al. 2007).
The IIA isoform reveals unique regulatory roles in cell-cell adhesion and cell
migration that are associated with cross-talk of the actomyosin system with
microtubules (Even-Ram et al. 2007; Even-Ram and Yamada 2007). In humans,
various mutations in the MYH9 gene cause autosomal dominant disease such as
May-Hegglin, Sebastian, Fechtner, and Epstein syndromes (Seri et al. 2003). With
respect to E6AP, both Fechtner and Epstein syndromes share hearing abnormality
as clinical feature with AS (Hall 1990). However, the underlying pathway is currently
unclear.
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Although an interaction could not be observed in other than large-scale affinity
experiments, cellular Nesprin-2 localization seems to be affected by either absence
of E6AP or overexpression of an inactive mutant of E6AP (data not shown).
Surprisingly, Nesprin-2, which is an abundant protein of the nuclear membrane,
seems to be completely absent in Purkije neurons monitored in cerebellar slices from
AS mice (fig. 6) by immunofluorescence. This result could be confirmed by
immunehistochemistry on paraffin-embedded tissue (data not shown).

Figure 6: Nesprin-2 is not detectable in Purkinje neurons and adjacent tissue in Ube3a-/- mice.
Whole brain from wt and Ube3a-/- was dissected and cryoslices were prepared. Representative slices
were stained for E6AP and Nesprin-2. Nuclei were stained with DAPI. Arrows indicate Purkinje
neurons.

The lamin-associated Nesprin-2 protein has been implicated in nuclear envelope
(NE) organization and the physical integration of the nucleus with cytoskeletal
filaments. Nesprins are multifunctional nucleo- and cytoplasmic spectrin-repeatcontaining proteins, which associate with the NE through their highly conserved type
II transmembrane domain (KASH domain). Nesprin-2 is a highly complex gene
coding for at least nine isoforms that vary enormously in their length and domain
architecture. The largest transcript codes for a massive ~800 kDa scaffold protein
(nesprin-2 giant/NUANCE) essential for anchorage of emerin to the inner nuclear
membrane and is composed of an N-terminal -actinin type actin-binding domain
(ABD), followed by a long spectrin-repeat-containing rod and a C-terminal KASH
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domain (Libotte et al. 2005; Warren et al. 2005; Zhang et al. 2005; Luke et al. 2008).
The expression of a mutant lamin A protein (LMNA S143F) in patients resulting in
early-onset myopathy and progeria has devastating effects on the nuclear
architecture and function (e.g. nuclear blebbing or increased size). Studies in wildtype and in nesprin-2 giant deficient mouse fibroblasts show that these effects can be
counteracted by the concomitant expression of nesprin-2 giant, thus linking nesprins
directly to the development of laminopathies (Kandert et al. 2007; Zhang et al. 2007).
In accordance with the data derived from Nesprin-2 knockout mice, transient E6AP
depletion and, thus, Nesprin-2 relocalization from the nuclear membrane, in various
cell lines resulted in a nuclear deformation phenotype (data not shown). Moreover,
E6AP, Herc2 and Nesprin-2 show overlapping tissue distribution in spinal neurons,
testis and adrenal gland of the human and mouse embryo embryo. Furthermore,
preliminary data indicate that AS mice have a defect in the development of the
adrenal gland and testis (data not shown). Although the data need to be
substantiated, it would not be surprising if either E6AP or Herc2 play a role in this
phenotype.

The pExoIN and pEndoOUT systems
The ectopic expression and knockdown systems were further developed and
subsequently commercialized by the author through a Konstanz based biotech
company, Trenzyme GmbH. The main concern of the ubiquitin-fusion system
described in chapter 3 was that - due to a classical cloning strategy - the N terminus
of the protein of interest was extended by 2 amino acids encoded by a restriction
endonuclease recognition site (BamHI was used and in consequence the target N
terminus was extended by a Glycine and aSerine residue, which should not target
e.g. the N-end-rule pathway). Thus, the system was not usable for protein targets
where a native N terminus is critical for appropriate function (such as secreted
proteins, which require an unmodified N terminal signal peptide). Thus, a type-II
restriction endonuclease strategy was employed, which resulted in a direct fusion of
the starting target Methionine to the C-terminal Glycine of ubiquitin. Additionally, this
strategy allows for convenient cloning of any target irrespective of its DNA sequence.
This simple ubiquitin-fusion vector was termed pExoIN and by now was used to
generate more than 80 cell lines homogenously expressing various targets including
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membrane receptors, ion channels, cytoplasmic proteins, and secreted proteins.
From the results obtained, it can be concluded that the ubiquitin-fusion strategy does
not interfere with physiological localization of target proteins in all cellular systems
tested so far.
In order to extend the usability of the system to the generation of inducible cell lines
while keeping the advantageous features - mainly homogeneity and tight regulation
of the on and off status - the vector was extended by a counter selectable marker.
Having counter selectability allows for rapid clearance of cells, which do not
appropriately shut off the expression of the target in response to the inhibitory
stimulus. The system used to confer this function was the HSV-TK (Herpes Simplex
Virus Thymidine Kinase), a kinase that converts Ganciclovir (2-[(2-Amino-6-hydroxypurin-9-yl)-methoxy]- propan-1,3-diol) into a nucleoside analogue, which then is
incorporated into the host DNA during replication. Upon incorporation of the
nucleoside analogue, DNA synthesis is blocked and in consequence, apoptosis is
induced. For integrating this function into the pExoIN system, the HSV-TK DNA was
fused to the puroR-ubiquitin ORF yielding a polyprotein consisting of HSV-TK, PAC
(Puromycin-N-acetyl transferase), and ubiquitin. This system is processed with an
efficiency similar to the first generation ubiquitin-fusion system, e.g. neither cleavage
nor target localization is impaired (data not shown). If the described cassette is
expressed from an inducible promotor such as a CMV promotor in conjunction with
tet operators, expression is repressed in the presence of the tet repressor (tet system
is explained in chapter 6). Hence, in cells, where repression is effective, neither HSVTK nor PAC is expressed (i.e. the “off-state” in a “tet-on” system). In the contrary,
cells, where the repression is suboptimal resulting in basal or “leaky” expression of
HSV-TK, PAC, and the protein of interest, can be easily cleared from the culture by
Ganciclovir treatment. On the other hand, in the “on-state” (i.e. in the presence of
Tetracycline or Doxycylin for a “tet-on” system), cells expressing the cassette can be
conveniently selected for by Puromycin treatment. Taken together, this system allows
for rapid and selective generation of cell pools exhibiting the desired target
expression state (fig. 7). The counter-selectable ubiquitin-fusion system was termed
pExoINCS.
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Figure 7: The counterselectable pExoINCS system.
PC12 cells stably expressing the tet repressor were
transfected with pExoINCS-alpha-Synucleine. Cell were
either induced with Doxycyclin for 48 h or kept in the “offstate” in the absence of Doxycyclin. Subsequently, cells
were treated with Puromycin or Ganciclovir as depicted
for 7 days. Surviving cells were stained with crystal violet.
The quantification of three independent transfection
experiments is shown. Error bars reflect the standard
deviation over the three experiments

The functionality of the system was verified for a number of targets as well as for “tetoff” systems. Till now, not a single case has been observed, where the system did
not perform as expected. Thus, in contrast to classical reverse cell line generation
systems, where clones are generated and in the end analyzed for the desired
properties (e.g. inducibility and lack of leakiness), the pExoIN system with all family
members is a real forward system, which can be used to directly select for a
subpopulation of cells displaying the desired properties homogenously. Moreover,
the system is fully functional when antibiotic selection is replaced by auxotrophy
markers. The same applies for the pEndoOUT knockdown system, which is the
second generation of the knockdown system described in chapter 6 and also for the
combination of pExoIN and pEndoOUT.
The combination of the pExoIN and pEndoOUT systems (on one plasmid) allows for
generation of cell lines, in which a given target protein is depleted by RNAi and either
a mutant of the target protein or a different protein of interest is ectopically
expressed. This allows for rather versatile functional analysis in cell culture and is due to all the features described for the pExoINCS system - easy to handle because it
is a one vector system which uses only one antibiotic resistance for positive
selection.

Dual inducible expression and RNAi vectors for transcriptome and
proteome analysis in isogenic backgrounds
Allthough versatile expression and knockdown systems were generated, they have
certain limitations when sophisticated transcriptome and proteome analysis is
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needed for a given protein such as E6AP. To differentially assess the changes within
a cell in response to depletion or overexpression, a dual inducible expression and
RNAi system is needed. Furthermore, to guarantee significance of the obtained
results, experiments should be performed in an isogenic background rather than in
separate cell lines. In more detail, a construct and subsequently a cell line (preferably
clonal) needs to be generated, in which for example for E6AP, a knockdown cassette
and an expression cassette can be induced independently by different stimuli. That
means one could - based on an isogenic population of cells - either deplete cells from
endogenous E6AP by RNAi or overexpress E6AP or both, which should revert the
cells close to the full “off-state”. By this, one could address many questions that were
already attempted to be addressed in the experiments described at the beginning of
this section, namely the cytotoxicity phenotype and the SILAC experiments.
Especially for SILAC experiments, state-of-the art is that three differentially labeled
cell populations are compared in order to assess changes on the whole proteome
level, which would be perfectly possible with the cell line described. In addition, one
could use mRNA from the very same populations to generate transcriptomes.
Comparison of these two data sets should yield a fairly good understanding of how
the effects on protein level by overexpression or depletion of E6AP can be explained.
One way to generate such a system would be to drive the expression of the
knockdown cassette by a Zink inducible MT (Metallothionine) promotor and the
expression cassette by a tet inducible promotor. The tet repressor should be driven
by a separate promotor on the same plasmid (fig. 8). Both the knockdown and
expression cassettes need to be counter-selectable, which could be readily achieved
by the system described in the last paragraph. However, the positive selection (e.g.
for the “on-state”), has to be performed differently. This can be accomplished by
using either two different antibiotic resistance genes or even better by adapting the
system to auxotrophy markers such as DHFR (Dihydrofolate reductase) or GS
(Glutamine synthetase), which in addition have the advantage that they can easily be
couter-selected. When a system with auxotrophy markers is used, one needs host
cell lines, deficient for the respective enzyme. This can be achieved through RNAimediated depletion of the enzymes mRNA or alternatively be culturing cells in the
presence of a compound, which is metabolized by the respective enzyme to a
cytotoxin (e.g. MTX for DHFR). By the latter procedure, many DHFR deficient cell
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lines were generated such as CHO DHFR-, which then in culture need to be
supplemented with Hypoxanthine and Thymidine.

GS

IRES

PMT

miRNA

SAR

PUbC tetO

DHFR

ubi

POI
F1 ori

ampr

pUC
ori

PPGK

puror

ubi

tetR

Figure 8: Schematic of a Dual inducible expression and RNAi vector. All features are depicted
(ubi=ubiquitin, DHFR=Dehydrofolate reductase, GS=glutamine synthetase, SAR=scaffold-attachment
promoter,
PUbCtetO=tet
inducible
ubiquitinC
promoter,
element,
PMT=Metallothionine
PPGK=Phosphoglycerate kinase promoter, ori=Origin of replication, POI=Protein of interest, tetR=Tet
repressor, ampr=Ampicilin resistance gene, puror=Puromycin resistance gene, miRNA=MicroRNA
based knockdown cassette, IRES=Internal ribosomal entry site).

The system described will be generated and subsequently used for the purposes
mentioned as part of a PhD. Thesis in Martin Scheffner’s lab.
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