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Abstract

In this study I used the Sleeping Beauty (SB) transposable element as a tool to probe
transposon-host interactions in vertebrates. SB transposes efficiently in human cells and 1
have conducted a yeast two-hybrid screen to search for human proteins, which interact with
the SB transposase.

Two human proteins could be identified to be specific interactors of the SB
transposase: 1. The cell-cycle regulatory protein Miz-1 (Myc-interacting zinc finger protein 1)
and 2. the HMG2LI1 (high mobility group protein 2-like 1).

Interaction between SB transposase and Miz-1 results in decreased cyclin D1 promoter
activity as revealed by transient transfection experiments. Downregulation of cyclin D1
expression causes retarded growth of transposase-expressing cells, due to a prolonged G1
phase of the cell-cycle. Transposase induced G1 arrest is associated with a decrease of cyclin
D1/cdk4-specific phosphorylation of the retinoblastoma protein which is a central component
of the cell-cycle machinery. Transposase mediated G1 arrest in proliferating cells is of
importance for transposition of the element because a temporary arrest of cells in G1 by
serum starvation enhances transposition. Hence, my findings support a model which links
Sleeping Beauty transposition to the G1 phase of the cell-cycle, where the non-homologous
end-joining pathway of DNA repair is preferentially active.

The relevance of the interaction between the SB transposase and HMG2L1 is not
evident because the function of HMG2LI is unknown. HMG2L1 shares structural similarities
with the closely related transcriptional regulators SRY, Sox-4 and LEF-1 and I hypothesize
that HMG2L1 is a transcription factor which regulates transcription of yet unidentified target
genes. Transcriptional regulation mediated by SB transposase/HMG2L1 I expect to be

beneficial for both the transposable element and the host.



Zusammenfassung

In dieser Studie wurde das Sleeping Beauty Transposon (SB) als Modell-Transposon
verwendet, um Interaktionen zwischen Transposon und Wirtszelle in Wirbeltierzellen zu
untersuchen. SB transponiert effizient in menschlichen Zellen. Um Proteinfaktoren zu
identifizieren, die mit der SB Transposase in Wechselwirkung treten, wurde mittels der Hefe
,» Two-Hybrid“ Technik eine menschliche cDNA-Bank mit der Transposase als Kdderprotein
untersucht.

Es konnten zwei menschliche Proteine identifiziert werden, die spezifisch mit der SB
Transposase interagieren: Das Zellzyklus regulierende Protein Miz-1 (Myc-interacting zinc
finger protein 1) und HMG2L1 (high mobility group protein 2-like 1).

Die Interaktion zwischen der SB Transposase und Miz-1 resultiert in verminderter
Cyclin D1-Promoter Aktivitét und fiihrt somit zu einer verlingerten G1-Phase des Zellzyklus.
Der Transposase induzierte G1-Arrest ist begleitet von einer reduzierten Cyclin D1/Cdk4-
spezifischen Phosphorylierung des Retinoblastomaproteins. SB Transposase induzierter G1-
Arrest in proliferierenden Zellen ist von Bedeutung fiir den Transpositionsvorgang, da ein
voriibergehender G1-Arrest durch Serumentzug zu einer Erhéhung der Transpositionsrate
filhrt. Dieser Mechanismus erlaubt es der Zelle zusidtzliche Zeit zu gewinnen, um DNA
Schéden, welche durch das Transposon hervorgerufen wurden zu reparieren, bevor sie in die
nédchste Zellgeneration iibertragen werden.

Die Bedeutung der Wechselwirkung von der SB Transposase mit HMG2L1 ist
spekulativ, da die biochemische Funktion von HMG2L1 unbekannt ist. Aufgrund der
strukturellen Ahnlichkeit mit den Transkriptionfaktoren SRY, Sox-4 und Lef-1 wird vermutet,

dass es sich beit HMG2L1 ebenfalls um einen Transkriptionsfaktor handelt.
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1. Introduction

1.1 The discovery of transposable elements

Pioneering work which lead to the concept of transposable genetic elements was done
by the maize geneticist Barbara McClintock in the 1940s.

In corn (Zea Maize), McClintock identified a genetic factor as a regular site of
chromosome breakage (McClintock 1945 and 1946) and she termed it the Ds (dissociation)
locus. Breakage in the DS locus uncovers recessive alleles that are present in the homologous
chromosome (McClintock 1947), which lacks the Ds locus, and thereby leads to the loss of

the acentric segment from the nucleus during mitosis (Fig. 1-1A).

B However, she

by presence of Ac .
of the Ds-locus alone is not

Ac Unstable inactivation
by Ac

DS Stable inactivation
by Ds .
recognized that the presence
; :IC Reversion of inactivation
sufficient to generate
Reversion of inactivation
byt ition of Ac . o .
v HAsposiion o dissociation mutations, and
Fig. 1-1: Mutations caused by the Ac/Ds elements in Zea Maize.
(A) Loss of an acentric chromosomal fragment during mitosis. Acentric loss of a h
chromosomal fragment that carries the dominant allele A uncovers the recessive allele she
a. Chromosomal breakage is induced by Ac at the site of a Ds element (ds indicates the
lack of Ds). The centromeres are shown as white circles.
(B) The effects of AC and Ds on gene function. Shown is a hypothetical gene (black
box). For details see text.

postulated another

genetically separate  locus

required to activate
chromosome breakage at Ds. This she designated Ac (activator) (McClintock 1947). Her
attempts to map the Ac locus were not successful, and thus she concluded that Ac locus may
be able to change its position, a process which is now generally called transposition
(McClintock, 1948). Similar findings she obtained for the Ds locus (McClintock 1948).
Further genetic studies revealed that both Ac and Ds can insert into other genetic loci, thereby
causing mutations (McClintock 1948, 1949 and 1951). However, mutations caused by Ac
turned out to be unstable, whereas those caused by Ds were stable in the absence of Ac (Fig.
1-1 B). In the presence of Ac, Ds-induced mutations became unstable, suggesting again that

the activity of Ds is regulated by Ac. Unstable insertion mutations of Ac or DS into genes
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revert during plant and kernel development by excision of the element, which generally
restores gene function and results in revertant cells on a mutant background (variegation).

McClintock designated these (transposable) elements controlling elements since they
modify gene expression as a result from insertion at or near a gene (McClintock 1956). The
controlling elements, which McClintock studied for many years and finally could demonstrate
their transposition (McClintock 1948), are now designated the Activator-Dissociation (Ac-Ds)
family of maize transposable elements.

McClintock’s discovery of transposable controlling elements in maize, and the fact
that she has realized that these elements can induce mutations and alter gene expression, was

recognized with the award of the Nobel Prize.

1.2 Transposable elements

Transposable elements can be defined as discrete DNA segments that can move
between many non-homologous sites within a genome. This movement is generally called
transposition, and can contribute to altered gene expression and recombination. In virtually
any organism investigated to date, including bacteria, lower eukaryotes and higher eukaryotes
such as vertebrates and plants a great diversity of transposable elements was found.

Transposable elements can be divided into two major groups based on the
transposition intermediates: DNA transposable elements transpose through a DNA
intermediate which clearly distinguishes them from retrotransposons that employ RNA

intermediates during transposition.

1.2.1 DNA transposable elements

Prokaryotic transposable elements were discovered as agents causing highly polar
mutations in E. coli (Saedler and Starlinger, 1967a, Saedler and Starlinger, 1967b), which

were found to be due to insertions of DNA (Jordan et al., 1968). These inserted pieces of
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DNA were called insertion sequences (ISs). ISs represent the structurally most compact type
of DNA transposable elements, and are composed of short terminal inverted repeats flanking
the transposase gene (Fig. 1-2 A). Usually no function other than the transposase is encoded
by the element, which distinguishes the ISs from transposons.

Transposons encode, in addition to the transposase, another function, which is often
conferring antibiotic resistance. Transposons are flanked by inverted or direct repeats which

are in many cases structurally similar to IS elements (Fig. 1-2 B).

For example, the bacterial

IR-Left IR-Right
A -" Transposase transposon Tn5 (Fig. 1-2 C) is bounded
IS-Left IS-Right by two, nearly identical IS50 insertion

sequences: IS50L (left) and IS50R

(right) (Rothstein et al., 1980). IS50R

encodes the transposase which catalyses

Fig. 1-2: The structure of DNA transposable elements. transposition and a truncated
(A) Simplified structure of a hypothetical insertion sequence. The
central transposase gene is flanked by terminal inverted repeats (IRs . . o
are indicated by black arrows). The IRs contain the binding-sites for transposase, which is an inhibitor of
the transposase and terminal base pairs that are required for
transposase-mediated cleavage. (B) Simplified structure of a . .
hypothetical transposon. The transposon consists of antibiotic- transpOSItlon (Krebs and ReZIllkOff,
resistance genes (dark grey box) that are flanked by two copies of an
insertion sequence (IS-Left and IS-Right) which carry a gene encoding
for the transposase (grey boxes). The thin lined black arrows indicate 1986) ISSOL Contains a premature Stop
the inverted orientation of the insertion sequences. (C) Structure of
the bacterial Tn5 transposon. Two IS50 elements flank three . . .
antibiotic resistance genes [kanamycin (kan), bleomycin (bleo) and COdOl’l, which results mn 1nactive
streptomycin (str)]. IS50 is bordered by two 19-bp sequences (grey
and black boxes) that contain the transposase binding sites. ISS0R o .
encodes the transposase (Tnp) and an inhibitor (Inh). IS50L contains a tranpsosase and inhibitor protelns
premature stop codon which results in inactive transposase and
inhibitor proteins (P3 and P4). The terminal inverted repeats of the IS .
elements are indicated by grey and black boxes (adapted from (Rothstein and Reznlkoff, 1981)
Reznikoff et al., 1999).

Flanked by the two insertion sequences are three antibiotic resistance genes conferring
resistance to kanamycin, bleomycin and streptomycin (Mazodier et al., 1985). Although DNA
transposons were initially discovered in prokaryotes, they can be also found in eukaryotes.
For example, 2 to 3% of the human genome is composed DNA transposons (Lander et al.,

2001), but there is no evidence for recent activity.
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1.2.2 Retrotransposons

Until the early 1970s, the generally excepted model of information flow within a cell
was exclusively from DNA to RNA to protein. This had to be reconsidered when Baltimore
(1970) and Temin (1970) reported a RNA-dependent DNA polymerase activity that is present
in the virions of retroviruses. Reverse transcription was regarded to be a unique feature of
retroviruses until the early 1980’s, when Nishioka et al. (1980) and Hollis et al. (1982)
described the presence of partial duplicates of structural genes lacking intervening sequences

(introns). Such genes are generally termed processed pseudogenes (Fig-1-3).

Non-autonomous g .
mpzx_ Removal of introns was

./ Processed pseudogene
\/

—— [ oA found to strictly follow the G-

> Gg R N K T/A-G splicing rule of RNA,

Autonomous ITR
—EEROoRF [ orm  FER— M RiGT ™"

and their origin must be from

_’ m ‘K[\ . . 1 .
PA Non-LTR retrotransposon reverse transcrlptlon resu tlng

5 UIR 3 UIR (LINE 1)

Fig. 1-3: Structures of some retrotransposon types. in a cDNA copy of the
Processed pseudogenes are nonfunctional coding sequences, which originate from
retrotransposition events of cellular, polyadenylated (pA) mRNA. LTR
retrotransposons consist of long terminal repeats (LTR) similar to those of processed RNA. Investigation
retroviruses. The LTRs flank two open reading frames (ORF). ORF1 encodes the
group-specific antigen and ORF2 encodes for protease (PR), integrase (IN), reverse
transcriptase and RNaseH (RT-RH). Non-LTR retrotransposons consist of a 5’ of the sequence of human
untranslated region that has promoter activity, which is required to drive
transcription of element encoded genes. ORF1 encodes a nucleic acid binding
protein of unknown function. ORF 2 encodes for an endonuclease (EN) and a pseudogenes revealed that they
reverse transcriptase (RT).

Target site duplications that result from integration of the elements into genomic

DNA are shown as arrows are flanked by direct repeats

(Van Arsdell et al., 1981), a hallmark of DNA transposition (Grindley and Sherratt, 1978 and
references therein). This suggests that processed pseudogenes represent a class of mobile
elements that transpose through an RNA intermediate, a hallmark component of a process
termed retrotransposition.

Retrotransposons can be classified based on their structural properties and their ability
to catalyze their own movement (autonomous elements) or dependence on a catalytic activity
supplied in trans by another element (non-autonomous elements).

Autonomous LTR retrotransposons (Fig. 1-3) bear long terminal repeats (LTRs) which
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flank at least two ORFs similar to the gag and pol genes of retroviruses. LTR-
retrotransposons comprise two major subfamilies: Tyl/copia and Ty3/gypsy, based on the
founder elements, found in the yeast Saccharomyces cerevisiae (Tyl and Ty3) and in
Drososopila (copia and gypsy) (Boeke et al., 1985; Hansen et al., 1988; Mount and Rubin,
1985; Marlor et al., 1986). Elements of both subfamilies can be distinguished based on the
structure of ORFs within the element (Xiong and Eickbush, 1990). LTR-retrotransposons are
widely distributed in eukaryotes, and can be found in yeast (Boeke et al., 1985; Hansen et al.,
1988), fungi (Capello et al., 1985), insects (Mount and Rubin, 1985; Marlor et al., 1986),
plants (Voytas and Asubel, 1988) and humans where LTR elements make up 8.3 % of the
genome (Lander et al., 2001). Besides LTR retrotransposons, there is another class of
autonomous retrotransposons, which do not possess LTRs (non-LTR retrotransposons). Two
types of non-LTR retrotransposons can be destinguished: SINEs (short interspersed nuclear
elements) and LINEs (long interspersed nuclear elements).

SINEs are relatively small, and highly repeated in genomes. Most SINEs are thought
to be derived from tRNAs (Daniels and Deininger, 1985). One dominant form of SINEs in the
human genome are the Alu elements, which were originally identified as repetitive DNA
elements in human DNA renaturation curves (Houck et al., 1979). Alus contain a recognition
site for the restriction enzyme Alul (hence the name) (Houck et al., 1979) and are estimated to
represent 10.6% of the total human genome size (Lander et al., 2001).

As suggested by the name, LINEs are longer than SINEs. Full-length LINEs contain
two open reading frames (Fig. 1-3). One appears to be equivalent to the pol (reverse
transcriptase) gene of retroviruses. The major non-LTR element in mammals, LINE-1 (or L1)
element, is represented in the human genome with 500 x 10° copies, making 16.9 % of the
genome (Lander et al., 2001).

Alu elements and the L1 retrotransposons are currently active and can contribute to disease.
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1.3. The mechanisms of transposition reactions

The movement of a transposable element can be accomplished in two different ways
with regard to the fate of the original element (Fig. 1-4).
During conservative (cut-and-paste) transposition, the element gets excised from the

donor locus and is subsequently reinserted elsewhere. This does not result in the amplification

Conservative Transposition Replicative Transposition
(cut-and-paste) (copy-and-paste) of the element. Elements which

. . b
P < —» $—— Donorsite | oploy this strategy include

Excisionl l Replication
b= | Tn5 (Goryshin and Reznikoff,
l Integration into target DNAl 1998), Tn7 (BaintOIl et al.,
L s [ e A Target site
1991), Tnl0 (Bender and
® —P®» @ 44— ponorsite
Fig. 1-4: Schematic depiction of the two modes of transposition. During Kleckner, 1986)’ the

conservative transposition the element is excised from the donor site (thin line) and
integrated into a new target DNA (thick line). The broken donor site is repaired by
host factors which results in a typical footprint (black circle). D rosoph ila P element
Replicative transposition requires amplification of the element by transcription
followed by reverse transcription. The amplified element gets inserted elsewhere in

the genome (thick line). (Kaufman and Rio, 1992) and

members of the Tcl/mariner family (Plasterk et al., 1999). The double-strand break (DSB)
caused by the excision of the element will be repaired by the host DNA repair machinery.
This occurs in the simplest case by rejoining the ends (see also section 1.3.1), which leaves
behind a typical footprint (Fig. 1-4). However, DSBs can also be repaired by homologous
recombination, which was shown for the Drosophila P element (Engels et al., 1990) and also
for Tcl from C. elegans (Plasterk, 1991).

Another mode of transposition is replicative (copy-and-paste) transposition (Fig. 1-4),
in which the transposon does not get excised from its donor locus, but instead a copy is
produced that inserts elsewhere in the genome. Thus, replicative transposition leads to an
increase in the copy number of the transposon within a genome. Elements that use replicative
transposition, include retrotransposons (Boeke and Chapman, 1991) and the bacteriophage

Mu (Mizuuchi and Craigie, 1986).
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1.3.1 Conservative transposition (cut-and-paste)

Physical separation of the transposable element from the donor locus is a hallmark of

conservative (cut-and-paste) transposition. As shown in Fig. 1-5, three distinct functional

steps can be distinguished during conservative transposition: 1) cleavage of the donor DNA

CA TG
GT AC

l Excision

HO HO
Integration Repair
Y
AC
—
Footprint
Gap Repairl
CA TG
- 5
TSD TSD

Fig. 1-5: Model for Tcl/mariner transposition. The element (grey
box) is excised from its genomic location by staggered cuts, which are
introduced by the transposase. Second-strand cleavage occurs two
nucleotides inwards to the element (for Sleeping Beauty three
nucleotides). Transposon excision leaves behind two-nucleotide long
3’-overhangs. Repair of the broken DNA ends by host factors
generates transposon “footprints”. The transposon integrates into a
TA-target site, which generates single-stranded gaps. The single-
stranded gaps are subjected to DNA repair, which generates target site
duplication (TSD).

(Excision), 2) joining of the transposon to
target DNA (Integration) and 3) host-
mediated gap repair.
During donor cleavage the
transposon DNA is completely separated
from its flanking DNA. The transposon
ends are then connected to the target
DNA by nucleophilic attack of the
exposed 3'-OH ends at staggered
positions of the target DNA. This results
in an inserted transposon, which is

flanked by short, single stranded gaps. In

the last step, the single-stranded gaps are

repaired by the host repair machinery, resulting in short direct repeats that differ in their

length and are characteristic for the element. Repair of the broken DNA at the donor site by

rejoining the ends creates a footprint.

1.3.2 Replicative transposition (copy-and-paste)

During replicative transposition, the transposon remains attached to the donor DNA

molecule and a copy of the transposon is inserted into target DNA. For both integrated

retroviruses and retrotransposons, the event that separates the element from the donor
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molecule is transcription. The RNA is reverse transcribed by an element-encoded reverse
transcriptase into a cDNA copy that is blunt-ended and can be integrated into the target DNA.

Prior to integration of the cDNA, retroviral integrases remove base pairs (usually two)
from the cDNA ends that creates single-stranded 5’-overhangs. This step is called
,processing®, and can be regarded in analogy to the initial cut introduced by transposases.
This step is not required for LTR retrotransposons and the reason for this difference is not
known.

In the integration step, the exposed terminal 3’-OHs act as nucleophiles that cleave the
phosphodiester bonds of the target DNA in staggered positions and simultaneously links the
3" end of the viral (transposon) DNA to the 5'-end of the target DNA. The integration process
is completed by the removal of the 5'-overhangs (viral DNA), and the single stranded gaps
are repaired by host repair enzymes (Brin et al., 2000, Downs and Jackson, 1999; Yoder and
Bushman, 2000), which results in short target site duplications.

Taken together, cut-and-paste DNA transposons, LTR-retrotransposons and
retroviruses share a common mechanism that enables them to transpose within a genome.
This mechanism essentially includes cleavage of the donor DNA, joining to target DNA and
as a last step repair of newly formed transposon-target DNA junctions by the host machinery.
Whereas the target joining step and the repair of the single-stranded gaps are very similar
among these elements, major differences can be seen in the donor cleavage step. DNA cut-
and-paste transposons require two cuts to get excised from the donor locus, just a single cut at
the 3’-end is sufficient for retroviruses and no cut is required for LTR retrotransposons.

Some DNA transposable elements have adopted a strategy similar to retroviruses,
which influences the final transposition product. For example, during phage Mu transposition
only the 3’-ends are cleaved, while the donor DNA remains attached to the 5’-end of the
transposon. Subsequent nucleophilic attack of the 3’ends on the target DNA creates a

transposition intermediate in which the donor DNA is covalently linked to the target DNA,
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creating a potential replication fork (Shapiro intermediate) (Shapiro, 1979). Replication
results in two directly repeated copies of the transposon that are separated by donor and target
DNA (cointegrate). As a result, the element has transposed through replicative transposition.

However this mechanism seems to be an exception rather than a rule.

1.4. The biochemistry of transposition reactions

During transposition, a polynucleotide chain is transferred, and hence this reaction is a
polynucleotidyl transfer reaction.

In the first step, a polynucleotide 5’-phoshosphate of an intact DNA strand is attacked
by an incoming water molecule, which results in hydrolysis of the phosphodiester bond and
generates a free 3'OH end. In the strand-transfer reaction step, the cleaved 3'OH ends of the
transposon act as nucleophiles that attack phophodiester bonds located in the target DNA,
thereby creating a new transposon-target junction (Mizuuchi and Craigie, 1986). Both DNA
cleavage and strand-transfer are accompanied by a stereo chemical inversion of a chiral
phosphothioate that substitutes regular phosphodiester bonds in the target DNA (Engelman et
al., 1991). This suggests that the reaction occurs by an in-line transesterification reaction.

Neither of the steps in transpositional recombination requires hydrolysis of high-
energy cofactors such as ATP (Morisato and Kleckner, 1987; Vos et al., 1996; Bushman and
Craigie, 1991). The energy, which is required to form the new phosphodiester bond, comes
from the exergonic cleavage reaction of the target DNA.

A straightforward reaction mechanism for phosphoryl transfer reactions is general
acid/base catalysis. A proton must be removed from the incoming nucleophile and transferred
to the leaving group. Alternatively, electron-starved atoms such as divalent metal ions can
play a role in phosphoryl transfer reactions. Metal ions polarize the H-O bond in a water
molecule, and thereby render it into a potent nucleophile. Hence, metal-bound water can

function as a general acid/base and promote general acid/base catalysis.
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Comparison of the crystal structures of the resolvase RuvC, HIV-1 integrase and
RNase H (Dyda et al., 1994; Ariyoshi et al., 1994) revealed a remarkable similarity in the
topology of the active sites which include a set of three acidic amino acids at essentially
identical positions relative to the tertiary structure. These three invariant acidic amino acids
(two aspartic acids and a glutamic acid), also known as the DDE triad (Kulkosky et al., 1992),
form the active site of a large group of recombinases, including transposases and integrases
(Doak et al., 1994; Landree et al., 1999; Polard and Chandler, 1995; Kulkosky et al., 1992).
The DDE motif is required for both the DNA cleavage and the strand-transfer step and
mutation of any one of the three residues results in a severe reduction in activity (Kulkosky et
al., 1992; Engelman and Craigie, 1992; Bolland and Kleckner, 1996). The crystal structure of
retroviral HIV-1 integrase revealed that the carboxylate residues of the two aspartates are

important for positioning magnesium ions in the active site (Goldgur et al., 1998).

1.5 Impact of transposable elements on the host genome

Mobile elements can cause altered gene expression and genetic recombination.
Insertion of a transposable element into the protein-coding region of a gene (exon) can disrupt
gene function. For example, bacterial insertion sequences were identified as DNA insertions
in the E. coli gal-operon (Jordan et al., 1968). The Drosophila P element was found to cause
mutations at the white locus (Rubin et al., 1982) and the DNA transposon Tcl is the main
cause for mutations in the nematode C. elegans (Emmons et al., 1983; Moerman and
Waterston, 1984). In humans, insertions of the L1 retrotransposon in exon 14 of factor VIII
gene were shown to result in hemophilia A (Kazazian et al., 1988). Furthermore, L1 can
retrotranspose DNA flanking the 3" end of the element (Holmes et al., 1994; Moran et al.,
1999), which leads to segmental duplications of portions of genomic sequences.

In contrast to insertion of a transposable element into exon sequence of a gene, the

element can be inserted into upstream regulatory sequences and thereby alter the regulation
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and expression of flanking genes. For example, insertion between the core promoter and
adjacent enhancer regions would increase the distance between these regions and thus
negatively affect promoter activity. In contrast, Ty elements in Saccharomyces cerevisiae
were shown to act as enhancers when inserted into the 5" regulatory region of a gene (Errede
et al., 1987) and thereby activate transcription of adjacent genes. This behaviour is explained
by sequences within the LTR region, which show homology to the SV40 enhancer. In the
Drosophila ananassae, insertions of the tom retrotransposon into numerous different genes
has led to mutant phenotypes in the eye (Tanda and Corces, 1991), which suggests the
presence of a tissue-specific enhancer in the transposable element.

Taken together, random insertion of transposable elements into genomic sites can alter
gene expression.

Another damaging aspect of transposable elements is that repeated, dispersed copies of
homologous sequences can promote secondary rearrangements, which can result in deletions,
duplications and inversions. This potential of dispersed transposon insertions to promote
homologous recombination can be even more damaging to the genome than a de novo
insertion which can be tolerated if it does not provide a major negative selection. Newly
inserted elements provide a source for unequal homologous recombination for millions of
years if this threat is not eliminated during evolution. Furthermore, recombination between
two elements will affect multiple host genes, which is likely to be more deleterious than a de

novo insertion which affects only one gene.

1.6 Regulation of transposition

Because transposition is potentially deleterious to the host, it is advantageous for the
survival of both the host and the transposable element to develop strategies that reduce the
negative effects on the host but ensure proliferation of the element. In principal, there are

three strategies that can be employed to reduce the damaging impact on the host genome: 1)
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transposable elements are self-restraining and transpositional activity is maintained at low
levels; 2) transposable elements are targeted to “safe” places in the genome where insertions
are non-deleterious, and 3) the transposition process is linked to a metabolic state of the host

organism in which the host can better cope with the consequences of transposition.

1.6.1 Transposable elements are self-restraining

It is in the interest of transposable elements to evolve mechanisms that limit their own
amplification and therefore minimize deleterious impacts on the host. In other words, there is
no positive selection for highly active transpositional machineries in nature. The fact that it is
relatively easy to isolate hyperactive transposase mutants by relatively simple genetic screens
(Wiegand and Reznikoff, 1992; Goryshin and Reznikoff, 1998; Beall et al., 2002; Lampe et
al., 1999) reveals that wildtype transposases have a suboptimal structure which can not
catalyze transposition at high efficiencies.

Another example for self-restraint transposition comes from the bacterial TnS
transposon, in which the transposase acts primarily on the DNA that expresses the transposase
(cis preference) (Johnson et al., 1982). Cis preference limits transposition to the transposon
copy, which is expressing the transposase, whereas other copies remain unaffected. Cis
preference could also be observed for Tn10 and Tn903 (Morisato et al., 1983; Derbyshire et
al., 1990). Self-restraint transposition is achieved by some elements, which encode an
inhibitor protein in addition to the transposase. For example, Tn5 encodes a truncated
transposase version that inhibits transposase activity by forming inactive heterodimers (de La
Cruz et al., 1993). Similarly, the Drosophila P element encodes an inhibitory protein, which is
also a truncated form of the transposase arising from alternative splicing (Misra and Rio,
1990) and that represses P element transposition in somatic cells and thus limits P element
transposition to the germ line where the transposon to be passed to the next generation and
damage to somatic cells can be avoided.
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The functional transposase protein can also act as an inhibitor of transposition, a
phenomenon that is called overproduction inhibition. Overproduction inhibition has been
described for the mariner elements Himar1 (Lampe et al., 1998) and Mos1 (Lohe and Hartl,
1996), but also for Tn5 (Wiegand and Reznikoff, 1992), the Ac element of maize (Kunze et
al., 1993) and the Tcl-like element Sleeping Beauty (Yant et al., 2000). For Tn5, the
formation of catalytically inactive transposase multimers was suggested to mediate this effect
(Weinreich et al., 1994), whereas for the Ac element insolubilty of the transposase at high
concentrations could play a role (Kunze et al., 1993). As the copy number of these elements
increases with time, overproduction inhibition results in a decrease in net transposase activity
and thus limits further amplification.

Most Tcl/mariner elements found in nature are inactive due to the accumulation of
mutations (Maruyama et al., 1991; Robertson, 1993), a process called vertical inactivation
and which can be explained by the lack of positive selection pressure for functional
transposases. Alternatively, it seems to be possible that there is a positive selection pressure
for the accumulation of defective elements because they do not damage the host. There are
two possible explanations for how these defective transposases could negatively affect
transpositional activity: 1) these mutant transposases might be defective in transposition but
still could mediate overproduction inhibition or 2) the mutant transposases compete with
wild-type transposases for binding sites located in the transposon ends.

Although elements in natural populations accumulated inactivating mutations, their
transposase binding sites are often retained. Defective elements bind the transposases but are
incompetent for transposition, a process termed transposase titration.

Taken together, there is a great variety of mechanisms that limit the transpositional
activity to a minimal level. All these regulatory mechanisms have in common that regulation
appears to be an intrinsic property of the element itself. However, for some elements low

basal activity can be greatly enhanced by host-encoded factors.
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For example, the host protein HU plays a role in bacteriophage Mu transposition in E.
coli by bending the transposon DNA and bringing together the transposase binding sites

(Lavoie and Chaconas, 1990). Bacteriophage A also requires a host protein, integration host

factor (IHF), for efficient recombination (Goodman and Nash, 1989). One transposition-like
process in vertebrates that has been extensively studied is immunoglobulin gene
rearrangement, also termed V(D)J recombination (Fugmann et al., 2000). V(D)J
recombination is mediated by the RAG1/2 recombinase (transposase) complex and requires
the host-encoded DNA-bending protein HMGB1/2 (Aidinis et al., 1999; van Gent et al.,
1997). Similarly, HMGBI1 was greatly enhances transposition efficiency of the Sleeping

Beauty transposon (Zayed et al., 2003).

1.6.2 Target site specificity in transposition

Another level of regulation for some transposable elements is to insert into “safe”
places in the genome. Safe places can be: 1) upstream promoter regions of transcribed genes,
which reduces the risk for the host to suffer from insertions into essential genes; 2) genes that
are represented in the genome with many copies and insertion will not result in complete
inactivation of gene function; and 3) regions of transcriptionally silenced chromatin.

However, most elements exhibit low target site specificity and their distribution in the

genome is essentially random.

1.6.2.1 Target site selection by element encoded proteins

The Tn7 transposon is highly specialized to insert into a single sequence motif in the
E.coli genome called the attachment site of Tn7, attTn7 (Lichtenstein and Brenner, 1982),
which is not deleterious to the host. A particular transposase subunit is responsible for
targeting (Bainton et al., 1993) and excision of the element only occurs if there is an attTn7

site available for insertion (Bainton et al., 1993).
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Furthermore, Tn7 does not insert into DNA that already contains Tn7 (Arciszewska et
al., 1989; Stellwagen and Craig, 1997), a phenomenon that is called target immunity. Target
immunity helps to avoid multiple copies of the element in the same DNA molecule, which
might result in deleterious recombination between the elements. Target immunity was also
observed for the bacterial transposons Tn3 and Mu (Maekawa et al., 1996, Adzuma and

Mizuuchi, 1989).

1.6.2.2 Target site selection by host-encoded proteins

For some elements, such as the yeast retrotransposons Tyl, Ty3 and Ty5, host-
encoded proteins direct the transposable element to a particular target area in the genome
where integration can be well tolerated by the host.

For example, the Ty3 element always inserts a few nucleotides upstream of the
transcriptional start site of genes which are transcribed by RNA polymerase III (Chalker and
Sandmeyer, 1992), and targeting is mediated by RNA polymerase III transcription factors
(Kirchner et al., 1995). This mechanism helps to avoid insertion into essential genes by
directing integration to the upstream region of genes encoding for tRNA, which are present in
the genome in many copies.

The yeast retrotransposon TyS5 targets transcriptionally silenced heterochromatin in the
yeast genome, including telomeres and silent mating type loci (Zou et al., 1996). Targeting is
achieved by a domain in the integrase protein that interacts with Sirdp, a structural component

of silent chromatin (Xie et al., 2001).

1.6.3. Linking transposition to the host cell metabolism

Transposition can be linked to the host cell metabolism by which certain host
functions can be exploited to modulate transposition. For example, V(D)J recombination

requires the host-encoded components of the non-homologous end-joining (NHEJ) pathway
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of DSB repair (Jackson and Jeggo, 1995). Selective degradation of the RAG2 recombinase
has been proposed to confine V(D)J recombination to the G1 phase of the cell-cycle (Li et al.,

1996; Lin and Desiderio, 1993) where NHE] is preferably active (Takata et al., 1998).

1.7 Tcl/mariner transposable elements and the Sleeping Beauty transposon

Members of the Tcl/mariner superfamily of transposable elements are probably the
most widespread DNA transposons in nature, and have been found in many species including
vertebrates (for review see Plasterk et al., 1999). The founding element, Tcl, was initially
detected in the nematode C. elegans (Emmons et al., 1983) where it was found to be the main
cause of spontaneous mutations (Eide and Anderson, 1985). Several Tcl-related elements
were discovered in other species including the mariner element, which was first described
genetically in Drosophila mauritiana (Jacobson and Hartl, 1985).

Tcl/mariner elements are DNA based transposons that 1.3 to 2.4 kb in size and
contain a transposase gene that is flanked by terminal inverted repeats. Conservation in amino
acid sequence between different transposases is modest (approximately 15% identity) but all
contain the typical DDE (Tcl-like elements) or DDD (mariner-like elements) amino acid
triad, which forms the catalytic center. Transposable elements belonging to the Tcl/mariner
class all transpose via a cut-and-paste mechanism as shown in Fig. 1-5 (page 19) and
integration always occurs at a TA dinucleotide (Van Luenen et al., 1994; Ivics et al., 1997;
Lampe et al., 1996; Vos et al., 1996).

It was found that no species-specific protein other than the transposase is required for
transposition (Vos et al., 1996; Lampe et al., 1996) suggesting that both excision and
integration are catalysed solely by the transposase. These simple reaction requirements
explain why Tcl/mariner elements have such a broad distribution. Various Tcl/mariner
elements were shown to transpose in a wide variety of species (Ivics et al., 1997; Fadool et
al., 1998; Sherman et al., 1998; Schouten et al., 1998).
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However, actual transposition of these elements has in most cases not been detected,

and although the human genome contains Tcl/mariner transposons, all of them are inactive

due to the accumulation of mutations (Auge-Gouillou et al., 1995; Oosumi et al., 1995) Due

to this not a single active element has been isolated from vertebrates, hindering studies on the

basic mechanism of DNA transposition and transpositional regulation in vertebrate organisms.

1.7.1 The Sleeping Beauty transposable element

In an attempt to derive an active Tcl-like transposon from vertebrates, sequence

alignment of inactive Tcl-like sequences found in different fish species resulted in a

consensus sequence for a likely functional Tc1-like transposable element (Ivics et al., 1997).

Successive removal of inactivating mutations generated an active element, which was named
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Fig. 1-6: Structure of the Sleeping Beauty transposable element.

the Sleeping Beauty transposon. Nearly identical terminal
(black arrows) flank a gene encoding the transposase. The

inverted repeats (IR) contain two binding sites (white arrows) for the transposase

(DR) resulting in the characteristic IR/DR structure. (B)
Sleeping Beauty transposase. The transposase carries an N-

terminal, paired-like DNA-binding domain consisting of two helix-turn-helix
motifs, PAI and RED, with a GRRR-motif (AT-hook) between them. The RED
subdomain overlaps with a bipartite nuclear localization signal (NLS), which is
followed by the catalytic DDE domain responsible for DNA cleavage and joining

the Sleeping Beauty transposon
(Ivics et al., 1997). Therefore,
Sleeping Beauty (SB) can be best
characterized as a synthetic, Tcl-
like  transposon  that  was
reconstructed from multiple dead
copies of a once active fish
transposable element. The overall
structure of the Sleeping Beauty

transposon is shown in Fig. 1-6A.

A central synthetic gene encoding the transposase is flanked by terminal inverted

repeats. Each inverted repeat of SB contains two transposase binding sites that form short, 15-

20 bp direct repeats.

SB catalyzes efficient cut-and paste transposition (Fig. 1-5; page 19) in cells of different

vertebrate classes in tissue culture (Izsvak et al., 2000) and in somatic (Yant et al., 2000) as
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well as germline tissues of the mouse in vivo (Fischer et al., 2001). Therefore, SB is a
valuable tool for functional genomics in several model organisms (Fischer et al., 2001;
Plasterk et al., 1999), and a potential vector for gene therapy in humans (Yant et al., 2000).

In addition, this element is very useful to study DNA transposition in vertebrate cells.

1.7.1.1 Structure of the SB transposase

In order to catalyze excision and integration, Tcl/mariner transposases must include
two functional domains that are conserved in the entire Tcl/mariner superfamily (Plasterk et
al., 1999): 1) an N-terminal DNA-binding domain which specifically recognizes the
transposon ends, and 2) the catalytic center (Fig. 1-6 B).

The N-terminal region of the transposase that mediates specific recognition of the
transposon ends consists of a bipartite DNA-binding domain that encompasses two helix-turn-
helix (HTH) motifs (Pietrokovski and Henikoff, 1997; Vos and Plasterk, 1994; Schukkink and
Plasterk, 1990, Ivics et al., 1997, Izsvak et al., 2002). The first of these HTH-motifs is similar
in both structure and amino acid sequence to the paired domain of some transcription factors
(Vos and Plasterk, 1994; Franz et al., 1994; Ivics et al., 1996). The two HTH motifs are
separated by a GRPR-like motif (GRRR) that shares similarity to an AT-hook (Izsvak et al.,
2002) which was found to be responsible for minor groove contacts in the Hin invertase of
Salmonella (Feng et al, 1994) and the RAGI1 recombinase (Spanopoulou et al., 1996). The
second HTH motif is followed by a bipartite nuclear localization signal (NLS) that enables the
transposase to take advantage of the receptor-mediated nuclear-uptake machinery of the host
cell. The NLS is followed by the catalytic domain of the transposase that is characterised by
the conserved DDE domain that marks the active site of so many transposase proteins (see

section 1.4.).
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1.7.1.2 The structure of the inverted repeats

The SB transposase gene is flanked by inverted repeats that contain the binding sites
for the SB transposase (Fig. 1-6A; page 29). The IRs of Sleeping Beauty are 200-250 bp long
and each contains short, 15-20 bp direct repeats (DR), which are the transposase binding sites
(Ivics et al., 1997). This organization of inverted repeats, termed IR/DR, is conserved among
several Tcl-like elements, with the exception of Tcl itself and the mariner-like elements,
which contain only a single binding site (Izsvak et al., 1995, Plasterk et al., 1999). Efficient
Sleeping Beauty transposition is dependent on the presence and integrity of all four
transposase binding sites (Izsvak et al., 2000). However, the four binding sites differ from
each other in both size and sequence (Ivics et al., 1997). Furthermore, the IRs are not perfect
inverted repeats since the left one contains, in addition to the two binding sites, an extra
transposase binding “half-site” (Izsvak et al., 2002), which acts as a transpositional enhancer,

suggesting that the IRs are functionally distinct.

1.7.1.3 Mechanism of Sleeping Beauty transposition

A complete transposition event encompassing excision from the donor site and
integration into a target site can be subdevided into the following steps: 1) recognition and
binding of the substrate (IR/DRs of the transposon) by the transposase; 2) formation of a
stable synaptic complex (SC) in which the transposon ends are held together by the
transposase subunits; 3) excision of the element by the transposase; 3) binding of the SC to
the target site; 4) nucleophilic attack of the liberated 3’-OH group on a phosphodiester bond
located in the site of integration and 5) repair of transposon-induced DNA lesions by the host-
repair machinery.

A hallmark of all transposition reactions is a strict requirement of a coordinated
assembly of a synaptic complex, which is competent in executing a complete recombination

reaction. The components of a SC are required in stoichiometric quantities and incomplete
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assembly results in a transpositional inactivity. Since genome rearrangements are dangerous
to the host cell, the demand for a stable protein-DNA complex, which includes all proper
DNA sites and protein components before activation of the protein’s DNA-cleavage activity
reduces the danger of incomplete reactions.

Therefore, similar to other transposable elements, Sleeping Beauty transposition is
probably controlled at the level of SC formation (Izsvak et al., 2002), and the necessary
components are the two IRs containing the four transposase-binding sites and four transposase
molecules. The DNA-binding domains of the transposase molecules form tetramers together
with the transposase-binding sites (Izsvak et al., 2002), by which the ends of the element are
paired and held together by the transposase subunits. Donor cleavage and joining to target
DNA probably occur within the context of this SC.

Because recombination takes place within a stable SC, the process of SC assembly can
be a target of physiological control. For example, the high mobility group protein HMGBI
was found to be required for efficient Sleeping Beauty transposition in vivo (Zayed et al.,
2003). HMGBI1 enhances the binding of the transposase to all four DRs, but its effect is
significantly more pronounced at the inner DR sites. Therefore, it appears that at a very early
phase in transposition, the transposase first binds to the inner DRs, and then to the outer DRs,

suggesting that HMGB1 ensures ordered assembly of a catalytically active synaptic complex.

1.7.1.4 Applications of the Sleeping Beauty transposon system in genomics

After completion of the initial sequencing, the human genome appears to contain
about 30.000-40.000 protein-coding genes (Lander et al, 2001). However, the exploitation of
the obtained nucleic acid sequence for biomedical research is hampered by the lack of
knowledge of gene function. Because of the remarkable conservation of the genetic
information between organisms, it is a powerful approach to study gene function in vertebrate
model organisms such as the zebrafish (Danio rerio). Such studies require large-scale gene
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identification systems which allow the introduction of random mutations and cloning of
affected genes for further studies. Large-scale chemical mutagenesis screens were
successfully employed to isolate large numbers of mutations that affect vertebrate
development (Haffter et al., 1996; Driever et al., 1996) but identification of effected genes by
positional cloning is difficult. An alternative to chemical mutagenesis is insertional
mutagenesis in which exogenous DNA (such as transposon DNA) is used as a mutagen,
which serves as a tag for subsequent isolation of mutated genes (transposon tagging). Large-
scale transposon mutagenesis screens have been applied to a number of organisms in which
controlled transposition has been possible (Hamer et al., 2001). However, the requirement of
species-specific host factors for the mobilization of the element hampers the application of
transposable elements in vertebrates (Gibbs et al., 1994; Rio et al., 1988). This problem can
be circumvented using Sleeping Beauty because it transposes with high efficiency in a variety
of vertebrate cells (Izsvak et al., 2000), and thus has great potential as a molecular tool for

functional genomics.

1.7.1.5 The Sleeping Beauty transposon as a vector system for gene therapy

Gene therapy aims at functionally replacing a mutated gene by the delivery of a
functional transgene that has to be stably integrated into chromosomal DNA to ensure
prolonged expression of the transgene. Gene therapy approaches traditionally employ both
viral and non-viral systems for the delivery of the transgene into the cell (Kay et al., 2001;
Nishikawa et al., 2001). However, major obstacles in viral gene therapy are size restrictions
of the transgene, possible immune responses from the host immune system triggered by viral
components, safety issues for the production of the virus, and difficult genetic manipulation.
In contrast, non-viral systems are not immunogenic but frequently lack efficient genomic
integration, which precludes long-term expression. The Sleeping Beauty transposon may
provide a major step forward in overcoming these difficulties. The Sleeping Beauty vector
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system consists of a transgene flanked by the IR/DR sequences which can be mobilized and
integrate into genomic DNA when the transposase is supplied either in form of plasmid DNA,
mRNA or protein. Hence the Sleeping Beauty transposon system helps to surmount a number

of obstacles encountered with viral vectors.

1.8 Goal of the project

It is thought that during vertebrate evolution mechanisms have developed that allowed
the host to tolerate transposable elements. With the extinction of active DNA transposable
elements in vertebrate genomes, such mechanisms might also have been doomed to die out
and therefore might not be accessible for investigation. However, it is also possible that some
mechanisms have survived and are now involved in other cellular processes than
transposition. Hence, investigations of transposon-host interactions gives insight into the
evolution of vertebrate genomes, and the impact that transposable elements had on directing
this evolution.

Sleeping Beauty is an active DNA transposable element of vertebrate origin and hence
offers the possibility to investigate transposon-host interactions in vertebrate cells.

Therefore, I used the Sleeping Beauty transposable element as a model system to
uncover cellular pathways that are involved in transposition. Furthermore, discovering
cellular responses to transposition may help to improve the Sleeping Beauty transposon

system as a tool for functional genomics and gene therapy.
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2. Materials and Methods

2.1 Recombinant DNA technology

All methods used to generate and isolate recombinant plasmid DNA were performed

as described in Sambrook et al., 1989.

2.2 Plasmids created in this work.

Designation Insert preparation Vector preparation | Sequenced
Template: CMV-SB pGBKT?7 (Clontech)
pG];I;” Primer: FTC-Stop, SB-Start Restriction: ECORI, Yes
) Restriction: ECORI, Ndel Ndel
Template: CMV-SB
pGBKT7 Primer: SB-Start/Ndel/Gln, pPGBKTY (Clontech) Yes
_SB/GIn FTC-Stop RSStI‘lCthl’l. EcoRI,
Restriction: ECoRI, Ndel Ndel
Template: CMV-SB
pGBKT7 Primer: SB-Start/Ndel/Gln, PGBKTY (Clontech) Yes
N123/Gln N123-Stop RSStI‘lCthl’l. EcoRI,
Restriction: ECoRI, Ndel Ndel
Template: CMV-SB
pGBKT7 Primer: DDE-Start/Ndel/Gln, %Sgi{;r(fggﬁclh) Yes
-DDE/GIn DDE-Stop/EcoRI Ndel ' ’
Restriction: ECoRI, Ndel
Template: CMV-SB
pGBKT7 Primer: FTC-Stop, Cterm- %Sgi{;r(fggﬁclh) Yes
-Cterm/GIn | Start/Ndel/GlIn Ndel ' ’
Restriction: ECoRI, Ndel
Template: pUHD10.1-Miz pGADT?7 (Clontech)
pGﬁ.D’IU Primer: Mizl-1, Mizl-2 Restriction: ECoRI, Yes
—viz Restriction: ECORI, Ndel Ndel
Template: pUHD10.1-Miz
pGADT7  |Primer: Miz1-Glu(269)/Ndel, I}’{fﬁif;;cé‘;‘gﬁh) Yes
-Mizl1 (269-803) | Miz1-2 Ndel ' ’
Restriction: ECoRI, Ndel
Template: pUHD10.1-Miz
pGADT7 Primer: Mizl-1, Mizl- %Sﬁi{;lgcé%rggih) Yes
-Miz1 (1-268) |Asn(268)/ECORI Ndel ' ’
Restriction: ECoRI, Ndel
Template: pUHD10.1-Miz pcDNA3.1/Zeo(+) No. but
CMV Primer: Miz1-Start/HindIII, (Invitrogen) func tijonall
-Miz-1 wt Miz1-Stop/Xhol Restriction: tested Y
Restriction: HindIII, Xhol HindIII/Xhol
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Designation Insert preparation Vector preparation | Sequenced
Template: pUHD10.1-Miz pcDNA3.1/Zeo(+) No. but
CMV Primer: Miz1-Start/HindIII, (Invitrogen) func ti’onall
-Miz-1 (269-803) | Miz1-Stop/Xhol Restriction: i Y
Restriction: HindIIl, Xhol HindIII/Xhol
CMV-HMG2L1 Described below Yes

2.3 Cloning of the human HMG2L1 cDNA

A partial HMG2L1 ¢cDNA (encompassing amino acids 110 to 600) was generated
from overlapping cDNA clones; one was recovered from the two-hybrid screen and two
commercially available EST clones (IMAGp998J2210102Q2 and IMAGp958N021240Q2),
which were purchased from the “Deutschen Ressourcenzentrum fiir Genomforschung
GmbH”. The overlapping cDNAs were fused together using Avril and BstXI restriction sites
and the resulting partial HMG2L1 cDNA was amplified by PCR (primers: HMG2LI1-
Nterm/Start, HMG2L1-Cterm/Stop) and cloned into Ndel/EcoRI sites of pUCI19. The
sequence was confirmed by sequencing.

The N-terminal region of HMG2L1 (encompassing amino acids 1 to 110) was
assembled by a single-step oligo-assembly method described by Stemmer et al., 1995.
Briefly, 16 oligodeoxyribonucleotides (N1-N16) were synthesized (BioTeZ, Berlin-Buch
GmbH) which collectively encode both strands of the N-terminal region of the HMG2L1
gene. The oligos were assembled in a PCR reaction using pwo DNA polymerase (Roche). The
generated PCR product was gel-purified and cloned into HindIII/Avall sites of
pcDNA3.1/Zeo(+)-HMG2L1(MDLL-IMPGL) creating the full-length HMG2L1 cDNA

pcDNA3.1/Zeo(+)-HMG2L1(MAYDDS-IMPGL). Sequence was confirmed by sequencing.
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2.4 Primer sequences

Primer designation

Sequence 5'— 37

Cterm-Start/Ndel/Gln

GAT ATA CAT ATG GGT GGT GGT GGT GGT GGT GGT GGT GGT
GGT ACA AAC CTG ACT CAGTTA CAC CAG C

DDE-Start/Ndel/Gln

GAT ATA CAT ATG GGT GGT GGT GGT GGT GGT GGT GGT GGT
GGT CAA AAC CGA CAT AAG AAA GCC AGA CTA CGG

DDE-Stop/EcoRI

TCT AGA ATT CTA AGG CCT CCT TGC TCG CAC ACG C

FTC-Stop

TCT AGA ATT CTA GTA TTT GGT AGC ATT G

HMG2L1(EEKD)

GAA GAG AAG GAC AAA GAG AGA GAG AG

HMG2L1-Cterm/BstX1

GCA GAA CCA CACAGATGG GCATAGTG

HMG2L1-Cterm/Stop

TCT AGA ATT CTC ACA GTC CCG GCATGA TG

HMG2L1-mut/BstXI

GCA GAA CCA CAC AGA TGG GCA TAG TGA AAA GAA GAA GAA
GAA GGA AGA GAA GGA CAA AGA GAG AGA GAG AG

HMG2L1-Nterm/Avrll

CAT ATA CCT AGG AGT AAA ACA CCCTGC

HMG2L1-Nterm/Start

TAT ACA TAT GGA CCT GTT GAA AGC TAT CAC

HMG2L1-
Start(MAYDDS)/HindIII

ATA GCT AAG CTT GCC ACC ATG GCT TAT GAT GAC TCC GTG
AAG

HMG2L1-Start(MDLL)/HindIII

ATA GCT AAG CTT GCC ACC ATG GAC CTGNTTG AAA GCT ATC
ACT TC

HMG2L1-Seq3

GGT AAT TGC TTC CAC ACCTCA

HMG2L1-Stop/Xhol

CTA GTA CTC GAG TCA CAG TCC CGG CAT GAT GTA AGC

Mizl-1

TAT ACA TAT GGA CTT TCC CCA GCA CAG CCA

Mizl-2

TCT AGA ATT CTC ACT CGG CAG GCG GGG GACATT C

Miz1-Asn(268)/ECORI

TCT AGA ATT CTC AAT TCT CGT TCT CCT CGG GG

Miz1-Glu(269)/Ndel

TAT ACA TAT GGA GGA GTC AGC GGG CACAGAC

Miz1-Glu(269)-start/HindIII

ATA GCT AAG CTT GCC ACC ATG GAG GAG TCA GCG GGC ACA
GAC

Miz1-Start/HindIII

ATA GCT AAG CTT GCC ACC ATG GACTTT CCC CAG CAC AGC
CAG

Miz1-Stop/Xhol

GCT ATA CTC GAG TCA CTC GGC AGG CGG GGG ACATTC

TAT ACA TAT GGC TTA TGA TGA CTC CGT GAA GAA AGA AGA

N1/Ndel TTG TTT TG
N10 TCT TGT GTG TGT CCG TCC CCA AGA AGT AAA GTT CAC TAT
N1l GGG GAC GGA CAC ACA CAA GAA GAA GAG GAA GCA CTC CTC T
N12 TCT CCA TAG TAG TAA TCA TCA GAG GAG TGC TTC CTC TTC T
N123-Stop TCT AGA ATT CTA GAG CAG TGG CTT CTT CCT TGC
N13 GAT GAT TAC TAC TAT GGA GAT ATT TCG TCT TTG GAA TCG T
N14 CTT TTT CTT TTT CTT CTG TGA CGA TTC CAA AGA CGA AAT A
N15 CAC AGA AGA AAA AGA AAA AGT CCA GCC CAC AGT CTA CTG A
N6/ HindII TCT CTA AGC TTT CAA CAG GTC CAT AGC TGT ATC AGT AGA
CTG TGG GCT GGA
N2 CTC AAA GGTATG ATC ACC ATC AAA ACA ATC TTC TTT CTT C
N3 ATG GTG ATC ATA CCT TTG AGG ACA TAG GAC TTG CAG CTG G
N4 TTT TCT CTC GTT GGC TTC GGC CAG CTG CAA GTC CTA TGT C
N5 CCG AAG CCA ACG AGA GAA AAA ACG TTC TTA CAA AGA TTT T
N6 ATT TCT TCC TCT TCC CTT AAA AAA TCT TTG TAA GAA CGT T
N7 TTA AGG GAA GAG GAA GAA ATT GCT GCT CAG GTC AGG AAT T
N8 CTT CAA CTT CTT CTT GGA AGA ATT CTT GAC CTG AGC AGC A
NO CTT CCA AGA AGA AGT TGA AGG ATA GTG AAC TTT ACT TCT T
SB-Start TAT ACA TAT GGG AAA ATC AAA AGA AAT CAG

SB-Start/Ndel/Gln

TAT ACA TAT GGG TGG TGG TGG TGG TGG TGG TGG TGG TGG
TAT GGG AAA ATC AAA AGA AAT CAG CC
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2.5 Plasmids that are described elsewhere

The pCMV-SB transposase-expressing helper plasmid, the pCMV-SB/AS control
plasmid, which contains the SB transposase gene in antisense orientation, and the pT/neo
donor constructs were described earlier (Ivics et al, 1997). The plasmid pIRES-SB, which was
derived from pIRES-hyg (Clontech), was described earlier (Izsvak et al., 2000). Plasmid
pT/GFP was generated by cloning an Asel/MIul fragment of pEGFP-C1 (Clontech) into the
Mscl/Stul sites of pT (Ivics et al., 1997). The cyclin D1- and plSmK4b-luciferase reporter
constructs [pD1luc and luc-hp15(-2500/+160)] and pCMV-Myc were described previously
(Muller et al., 1994; Stall et al., 2001; Philipp et al.,1994). The plasmid expressing the
maltose-binding protein (MBP)-SB transposase fusion was described carlier (Zayed et al.,

2003).

2.6 Two-hybrid screen and interaction domain mapping

In total, 2x10’ independent transformants of a pretransformed HeLa cDNA library
(Matchmaker, Clontech) were screened according to the manufacturer’s instructions, using
medium stringency selection for protein-protein interactions. Library plasmids were rescued
from positive yeast colonies by transformation of E. coli and sequenced.

A series of Miz-1 deletion constructs were cotransformed together with the bait
construct into the yeast reporter strain AH109 (Clontech). Similarly, the recovered truncated
HMG2L1 cDNA was cotransfected with the bait construct to verify the interaction. Yeast
clones containing both plasmids were selected and subsequently plated onto medium selecting
for protein-protein interaction and incubated at 30°C. After 12 days, plates were scored for

growth by visual inspection.
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2.7 MBP pull-down assay

Maltose binding protein (MBP)-SB transposase fusion protein and MBP protein
expression was induced in E. coli strain BL21 (0.4 mM IPTG, 30°C for 5 hours). Soluble
MBP protein was isolated from cells using BugBuster reagent (Novagen) according to the
manufacturers instructions, and bound directly to amylose resin (New England BioLabs).
Insoluble MBP-SB was isolated from purified inclusion bodies using sarcosyl (Burgess,
1996), followed by dialysis and binding to resin. Protein concentrations were estimated by gel
electrophoresis and coomassie-staining and were adjusted by dilution with unbound beads.
Protein-loaded beads were equilibrated for 4 hours at 4°C on a rotary shaker in binding buffer
(20 mM HEPES, pH 7.5, 0.4 M KCl, 25% (v/v) glycerol, ] mM EDTA, 2 mM MgCl, and 5
mM DTT). In vitro translation of Miz-1 and HMG2L1 was performed with rabbit reticulocyte
lysate (Promega) and [*°S]-methionine (Amersham). 10 pl samples of radiolabelled protein
were added to the MBP-SB-, and MBP-bound resin, and incubated for 4 hours as above.
Beads were collected by centrifugation, and washed 10-times in 1 ml binding buffer with 60
mM KCI and without BSA. The proteins were resolved on a 12.5% SDS-polyacrylamide gel.

Bands were visualized by autoradiography.

2.8 Cell culture and transfection

Animal cells were cultured at 37°C and 5% CO, in DMEM (Gibco) supplemented with
10% fetal bovine serum (PAA). One day prior to transfection, cells were seeded onto 6-well
plates, and incubated for 16-20 hours until 50-80% confluence was reached. Cells were

transfected with purified plasmid DNA (Qiagen) using Fugene6 tranfection reagent (Roche).
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2.9 Generation of HuH7[IRES-SB] and HuH7[IRES-K] cell lines

The pIRES-SB and pIRES-hyg constructs were transfected into HuH7 cells using
Fugene6 transfection reagent. After selection in the presence of 150 pg/ml hygromycin B
(Invitrogen), clones were pooled and checked for expression of the SB transposase by
Western hybridization, using a polyclonal rabbit antiserum against the SB transposase

(created in this lab).

2.10 Sleeping Beauty transposition assay in temporarily G1 arrested cells

CHO-K1 cells were transfected as described above with the transposon substrate
pT/neo and the helper plasmid pCMV-SB. In a control experiment the helper plasmid was
substituted by pCMV-B. After 6 hours of incubation with the DNA-lipid complexes, cells
were harvested by trypsinization and transferred onto 10 cm plates containing DMEM plus
10% fetal bovine serum. Plates were incubated for 24 hours to allow uptake of plasmid DNA
into the nucleus. G1 arrest was induced by exchanging the medium for DMEM supplemented
with 0.5% fetal bovine serum and incubation for 48 hours. To select for transgene integration,
cells were grown in DMEM supplemented with 10% fetal bovine serum and 1000 pg/ml
G418 (BRL). After 10 days of selection, colonies were fixed on the plates with 10%
formaldehyde in PBS for 10 min, stained with methylene blue in PBS for 1 hour, washed
extensively with water, air dried and counted. Transposition efficiency was determined as the
ratio of colonies formed in the presence of the transposase versus colony numbers in the

absence of transposase.

2.11 Reporter gene assays

HeLa cells were transfected as described above with 50 ng luciferase reporter

construct, 500 ng pPCMV-SB or pCMV-SB/AS (as control) and 50 ng pCMV-f as an internal
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control for transfection efficiency. Two days post-transfection, cells were washed with PBS
and harvested from 6-ml plates using 400 pl of a buffer containing 25 mM Tris-phosphate
(pH 7.8), 2 mM DTT, 2 mM CDTA, 10% glycerol and 1% Triton X-100. Light intensity
resulting from luciferase was measured in a Lumat LB 9507 luminometer with a 10-second
integration period. Briefly, 100 pl of the luciferase assay reagent containing 20 mM Tricine,
pH 7.8, 1.07 mM (MgCO3)sMg(OH), x 5SH>0, 2.67 mM MgSO,, 0.1 mM EDTA, pH 7.8, 33.3
mM DTT, 270 uM Coenzyme A, 470 uM luciferin, 530 uM ATP, was mixed with 30 pl cell
extract in a luminometer cuvette and measured. The resulting readings were expressed as
relative light units (RLU). For the B-galactosidase assay, 30 pl of protein extract was mixed
with 970 ul buffer containing 100 mM HEPES (pH 7.3), 150 mM NaCl, 4.5 mM L-Aspartate
[hemi-Mg salt], 1% BSA, 0.05% Tween 20 and 1.6 mM CPRG (chlorphenol red-beta-D-
galactopyranosid). The reaction was stopped with 0.5 ml 3 mM ZnCl, and the reaction time
was recorded. The ODs7s of the samples was measured with a spectrophotometer and
background from untransfected cells was subtracted. In parallel, the amount of total protein
extracted from the cells was determined by Bradford Assay (BioRad) and A-s9s readings were
corrected for the buffer blank. 1 unit of PB-galactosedase is defined as the amount which
hydrolyzes 1 umol of CPRG per min per total protein (Yeast protocol handbook; Clontech)
and the number of -galactosedae units was calculated using the formula:
units B-galactosidase = 1000 x A-s7g/(reaction time X A-sos)
As a measure for promoter activity, light intensities (RLU) were normalized to units of -

galactosidase .

2.12 Cell-cycle and growth curve analysis

Growth curves were determined in triplicate by seeding out 50 x 10° cells per well of a
6-well plate containing DMEM supplemented with 10% fetal bovine serum. Cells were
incubated at 37°C (5% CO,) and at various time points, cells were harvested by trypsinization
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and pelleted by centrifugation (4°C, 200xg, 6 min). In order to obtain a cell density
appropriate for counting, the cell pellet was resuspended in an appropriate volume of medium
(resuspension volume) and submitted to counting with a Neubauer hematocytometer. The
number of cells in each of the four corner squares was counted and the average cell number
per corner square was calculated for each repetition (n). The number of cells per well was

determined using the following calculation:

cells/well = 10.000 x Average number of cells per corner square x Resuspension volume (ml)

2.13 FACS analysis

Cell-cycle stages were determined by fluorescence-activated cell sorting (FACS),
using a FACSCalibur (Becton Dickinson); data were analysed using CELLQuest'™ Version
3.1 (Becton Dickinson). Briefly, cells were seeded out in low density onto 10-cm dishes and
incubated for 48 hours. For propidium iodide staining, cells were incubated in 1.5 ml 70%
ethanol (-20°C) on ice for 30 minutes. A total number of 300 x 10° cells was washed with 2
ml PBS and resuspended in 0.4 ml staining solution containing 137 mM NaCl, 2.7 mM KClI,
4.3 mM Na,HPOy, 1.4 mM KH;,POy, 0.1% Triton X-100, 0.1 mM EDTA, 250 pg/ml RNase A
(DNase-free) and 56,3 pg/ml propidium iodide. Samples were incubated for 30 minutes at

room temperature in the dark and then submitted to analysis.

2.14 Retinoblastoma protein phosphorylation

HuH7[IRES-SB] and HuH7[IRES-K] cells were seeded in equal density onto 10-cm
tissue culture plates and incubated for 48 hours at 37 °C (5% CO,). Total protein was isolated
from the cells using RIPA buffer (1x PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, and protease inhibitors). 20 pg of total protein was loaded and separated on a 10%

acrylamide gel and transferred to PROTRAN BASS (Schleicher & Schuell) membrane. For
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detection of phosphorylated Rb, anti-phospho-Rb (Ser780) and anti-phospho-Rb (Ser807/811)
antibodies were used (Cell Signaling Technology, Inc). For loading control, anti-actin Mab-5

antibody (Neomarkers) was used.

2.15 Affymetrix gene chip hybridizations

10° HeLa cells expressing the Sleeping Beauty transposase from the IRES-SB
construct (Izsvak et al., 2000) as well as the control line (IRES-K) were transfected with 2.5
ug pT/GFP. Transfection was performed using Fugene6 transfection reagent (Roche) or by
nucleofection (Amaxa). After 48 hours incubation, approximately 60-70 % of the cells
expressed GFP. The cells were harvested, and total cellular RNA was isolated (Qiagen,
RNeasy Total RNA isolation kit). Sample processing and labelling was according to Lockhart
et al., 1996). Briefly, 20 ug of total RNA was reverse transcribed using a cDNA Synthesis
System (Roche). The reverse transcription was primed with a dT24 primer containing a T7
RNA polymerase promoter (Roche). In vitro transcription was performed in the presence of
biotin-labelled CTP and UTP (Enzo Diagnostics) on double-stranded cDNAs, resulting in
labelled cRNA that was used as the probe in the hybridization experiment. Affymetrix gene
chips (HGU-95AV2) were hybridized overnight, washed, and stained with streptavidin-
phycoerythrin. Data were collected by a laser scanning technique. Background analysis and
normalization of transcript intensities was done according to the manufacturer’s instructions
using the MICROARRAY SUITE 5.0 software (Affymetrix). Changes in transcript levels
were calculated using absolute signal intensities. The fold change values derived from the

background noise were excluded from the analysis.

2.16 RNA isolation and Northern blotting

Total RNA was isolated from HeLa cells using RNeasy® Mini Kit (QIAGEN)

according to the manufacturers instructions. Total RNA was separated on a 1% denaturing
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agarose gel and transferred to a membrane (Nytran®N, Schleicher & Schuell) using standard
protocols and UV cross-linked. For the preparation of radiolabeled ¢cDNA probes, three
different domains of HMG2L1 were amplified by PCR using N1/Ndel and N16/HindIIll
primers (N-terminal fragment), HMG2L1-START(MDLL)/HindIIl and HMG2L1-Seq3
primers (central fragment), and HMG2L1(EEKD) and HMG2L1-STOP/Xhol primers (C-
terminal fragment). The PCR product was purified from excess nucleotides using QIAquick®
Nucleotide Removal Kit (QIAGEN) according to the manufacturer’s instructions. PCR
fragments were radiolabeled using standard protocols for random primed labeling and excess
label was removed using QIAquick® Nucleotide Removal Kit (QIAGEN) according to the
manufacturer’s instructions.

For hybridization, the membranes were equilibrated with hybridization buffer (0.5 M
NaPOQ4, 7% SDS, 1mM EDTA (pH 7.2)) for 30 min. at 68°C before radiolabeled single-
stranded probes were added. Hybridization was performed for 16 hrs at 68°C and membranes
were washed with washing buffer (40 mM NaPOy, 1% SDS, ImM EDTA (pH 7.2)) in four
changes for 20 min. each at 68°C. The damp membranes were sealed in Saran Wrap® and

exposed to X-ray film at -80°C for two weeks.

2.17 Statistical analysis

All experiments were carried out at least three times and results are reported as the
mean (average) +/- sem (standard error of the mean). The sem was calculated by dividing the
standard deviation (stdv) by the square root of the sample size (n). Standard rules were

applied to determine the error propagation during mathematical operations.
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3. Sleeping Beauty transposase modulates cell-cycle progression through

interaction with Miz-1
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3.1 Results

3.1.1 Sleeping Beauty transposase downregulates cyclin D1 expression

The process of transposition probably induces a network of cellular pathways
including cell-cycle checkpoints, apoptotic checkpoints and DNA damage responses. To
identify such pathways, I investigated differential gene expression in cells undergoing
transposition, using gene chip hybridizations (Izsvak and Szabo, unpublished). The
experiments were done in human HeLa cells, because SB transposition is very efficient in this
cell line (Izsvak et al., 2000), and therefore cellular responses to transposition are expected to
be measurable. A HeLa-derived transgenic cell line (IRES-SB) stably expressing the SB
transposase at high levels from the CMV enhancer/promoter has been described earlier
(Izsvak et al., 2000). The transposase is expressed from a bicistronic expression vector, which
allows for selection of transgene expression by antibiotic selection. Control cells (IRES-K)
carry the integrated empty expression vector only, and therefore do not express the
transposase. A large number of individual antibiotic-resistant clones were pooled and
expanded. Both cell lines were transfected with a plasmid carrying a GFP-tagged transposon
(pT/GFP), which induces transposition in IRES-SB cells. In order to distinguish changes in
cellular gene expression that are specific for transposition events from those that arose due to
the presence of the transposase, I also included untransfected IRES-SB cells in the analysis.

Affymetrix HGU95 gene chips were used for hybridization, using probes prepared
from total cellular RNA obtained in two independent experiments. Fold changes in transcript
levels between transposase-expressing versus control, as well as transposing versus non-
transposing experimental samples were calculated. A fold change was considered biologically
relevant when significantly higher than that of the housekeeping gene glyceraldehyde-

phosphate dehydrogenase (GAPDH).
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Out of the 12.000 genes analyzed, approximately 400 genes showed a marked change
in transcript levels. Among these were genes encoding for chromatin factors and DNA repair
factors and will not be further presented in this work.

Fig. 3-1 shows average changes in transcript levels of selected cell-cycle genes in the

presence of either the transposase only or the transposase plus transpososon DNA (pT/GFP),

as compared to samples without the transposase.
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Fig. 3-1: Differential expression of selected cell-cycle regulatory genes in human cells in response to the presence of
Sleeping Beauty transposase. Shown are relative changes of transcript levels in a transgenic HeLa cell line stably expressing
the SB transposase compared to wild-type cells, in the presence (pT/GFP) and absence (No pT/GFP) of a plasmid containing a
GFP-tagged transposon. A fold change of +/-1 indicates no change.

Selected genes produced significant signals above background noise, and included
various cyclins and cyclin-dependent kinase (cdk) inhibitors (Fig. 3-1). As shown in Fig. 3-1,
transcriptional changes of the majority of these cell-cycle regulatory genes were within the
range of GAPDH, and thus are not considered biologically significant. However, in the

presence of the transposase, there is an about 6- to 8-fold decrease in cyclin D1 mRNA levels.
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The HGUO9S chips contains different targets for the cyclin D1 gene, and I consistently
observed similar changes for all targets, providing an instant validation of the result. Changes
in cyclin D1 transcript levels do not seem to depend on the presence of transposon DNA, and
are apparently due to the mere presence of the transposase.

These findings suggest that Sleeping Beauty transposase can, either directly or
indirectly, downregulate cyclin D1 promoter activity, and thereby has the potential to

modulate cell-cycle progression.

3.1.2 Cells expressing the Sleeping Beauty transposase exhibit retarded

growth due to a prolonged G1 phase of the cell-cycle

D-type cyclins are required for progression through the G1 phase of the cell-cycle [for
review see Sherr, 1995. Decreased cellular levels of cyclin D1 prevent cells from entering the
S phase, resulting in cell-cycle arrest in the G1 phase (Baldin et al., 1993). Thus, because cells
expressing the SB transposase have decreased levels of cyclin D1, they are expected to exhibit
slower growth and an increase in the G1 cell population.

To test this hypothesis, I compared the growth rates of cells expressing the SB
transposase to those of their wildtype counterparts (Fig. 3-2). The HeLa-derived cell line
described above is probably not suitable for this experiment, because the presence of
papillomavirus E6 and E7 proteins in HeLa cells (Goodwin and DiMaio, 2000) can abrogate
G1/S checkpoints. Therefore, stable transgenic derivatives of the human hepatoma cell line
HuH7 were made by transfection of the same IRES-SB and IRES-K constructs as above,
followed by antibiotic selection and expansion of pooled colonies. Stable expression of the
SB transposase in the IRES-SB cells was verified by Western analysis using an anti-SB
transposase antibody (Fig. 3-2 A).

To compare the kinetics of growth in the two cell lines, equal numbers of cells of each

cell line were seeded onto plates, harvested at different time points and counted using
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hematocytometry. As shown in Fig. 3-2 A, cells expressing the SB transposase proliferate
slower than control cells.

To verify whether retarded growth in the presence of the transposase is due to changes
in cell-cycle progression, cells were analysed for DNA content by flow cytometry (Fig. 3-2B).
Cells expressing the transposase showed a 5% increase in the GO/G1-phase cell population
compared to control cells. Accumulation of cells in GO/G1 resulted in an equal decrease in S-
phase cells, whereas the G2/M-population remained unaffected (Fig. 3-2 B).

These data suggest that Sleeping Beauty transposase can induce a moderate cell-cycle arrest

in G1, presumably due to downregulation of the cyclin D1 gene.
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Fig. 3-2: Induction of G1 arrest by Sleeping Beauty transposase in human cells. (A) Growth curves. Growth curves of pooled clones
of human hepatoma HuH7 cells expressing SB transposase (IRES-SB) compared to HuH7 cells containing the empty vector (IRES-K).
Stable expression of SB transposase in IRES-SB cells was verified by Western analysis using an anti-SB transposase antibody. (B) FACS
analysis. FACScan profiles of exponentially growing, HuH7-derived IRES-SB and IRES-K cells. Indicated are the percentages of cells in
different cell-cycle stages. (C) RB phosphorylation. Levels of phosphorylated retinoblastoma protein in IRES-K and IRES-SB cells were
analysed by Western hybridization with antibodies raised against phospho-Rb (Ser780) and phospho-Rb (Ser 807/811). An anti-actin
antibody was used to control equal loading .

C
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3.1.3 G1 arrest is associated with decreased levels of phosphorylated

retinoblastoma protein

A downstream target of the different cyclin-cdk complexes acting in G1 is the
retinoblastoma (Rb) tumor suppressor protein. Rb is expressed throughout the cell-cycle at a
fairly steady level, but its phosphorylation state changes in a phase-specific manner
(Buchkovich et al., 1989). During G1, phosporylation of Rb by specific cyclin-cdk complexes
inhibits the growth-suppressive function of Rb, which allows the cell to enter the S phase
(Hinds et al., 1992; Lundberg and Weinberg, 1998).

In order to determine if transposase-induced G1 arrest in HuH7 cells is mediated by
cyclin D1, I examined levels of phosphorylated Rb in transposase-expressing and control
cells. Western hybridizations with antibodies raised against phospho-Rb (Ser780) and
phospho-Rb (Ser807/811) were done. These serine residues are specifically phosphorylated
by cyclin D1-cdk4 but not by cyclin E-cdk2 and cyclin A-cdk2 (Zarkowska and Mittnacht,
1997), and therefore serve as useful indicators of cyclin DI-mediated cdk activity.
Phosphorylation at the Ser780 site disrupts binding of Rb to the E2F family of transcription
factors, thereby enabling the G1/S transition (Kitagawa et al., 1996). Fig. 3-2 C shows a
significant decrease in Rb phosphorylated at both the Ser780 and the Ser807/811 sites in
HuH?7 cells expressing the SB transposase.

The decreased levels of hyperphosphorylated (i.e. growth-promoting) Rb in cells
expressing the transposase provide strong evidence that transposase-induced G1 arrest is
mediated by the Rb/E2F pathway. The results are consistent with these events being triggered

by downregulation of the cyclin D1 gene in response to the presence of transposase.
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3.1.4 Sleeping Beauty transposase is not sufficient to alter cyclin D1

promoter activity

The above results establish an impact of the SB transposase on cell-cycle progression,

and indicate that this impact is brought about, at least in part, by a decrease in cyclin D1 gene

activity. I considered that the transposase either has a direct effect on cyclin D1 transcription,

or its effect is mediated by other cellular proteins.

To investigate potential direct effects of the SB transposase on the cyclin D1 promoter,

a transient reporter gene expression assay was employed. A cyclin D1 promoter-luciferase
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Fig. 3-3: Sleeping Beauty transposase does not alter cyclin D1
promoter activity in a transient transfection experiment. A cyclin D1
promoter-luciferase reporter construct was cotransfected into HeLa cells
together with a plasmid expressing the SB transposase (CMV-SB) or
with a control plasmid that contains the transposase gene in an antisense
orientation (CMV-SB/AS). CMV-p, expressing [-galactosidase, served
as an internal control for transfection. Forty-eight hours post-transfection,
luciferase activity was measured and normalized with B-galactosidase
activity. Numbers represent ratios of luciferase activity (light units per
reaction time) and f3-galactosidase activity.

reporter construct was cotransfected
into HeLa cells together with a plasmid
expressing the SB transposase (pCMV-
SB) or with a control plasmid that
contains the transposase gene in an
antisense orientation (pCMV-SB/AS).

Fig. 3-3 shows that transient
overexpression of the SB transposase

did not lead to a significant change in

the activity of the luciferase reporter gene under the control of the cyclin D1 promoter.

I conclude that the SB transposase alone is not sufficient for altering the activity of the

cyclin DI gene, and that a yet unidentified host-encoded factor might be required for

mediating transposase-induced repression of the cyclin D1 promoter.
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3.1.5 A yeast two-hybrid screen identifies the Myc-interacting zinc finger

protein 1 as a specific interactor of the Sleeping Beauty transposase

It is likely that the SB transposase interacts with a number of cellular proteins, and that
these interactions affect the transposition reaction as well as endogenous cellular processes. It
has been previously established that SB transposase interacts with the DNA-bending protein
HMGBI in vivo (Zayed et al., 2003).

In order to identify host proteins with the potential to mediate the cyclin D1 promoter
response via interaction with the SB transposase, I used the yeast two-hybrid system (Fields et
al., 1989). A human cDNA library prepared from HeLa cells was chosen for the screen,
because our initial observation for reduced cyclin D1 expression in the gene chip experiment
was also made in this cell line. This, together with the potential of the Sleeping Beauty system
as a powerful vector for human gene therapy (Yant et al., 2000), drew our attention to the
human genome and putative SB interactors therein.

A total of 2x10 independent transformants of a HeLa cell cDNA library fused to the
GALA4 activation domain (AD) were screened using the full-length SB transposase gene fused
to the GAL4 DNA-binding domain (BD) as bait. Plasmid DNA was isolated from clones that
conferred activation of yeast reporter genes, and the cDNAs were identified by sequencing
and comparison to sequences deposited in GenBank. One of the isolated cDNAs encoded a
truncated version (encompassing amino acids 269 to 788) of the human Myc-interacting zinc
finger protein 1 (Miz-1) (Fig. 3-4 A, experiment 1). Another cDNA that conferred activation
of the reporter genes encodes for the human high mobility group 2-like 1 protein and will be
described in section 4. of this thesis.

Miz-1 is a Myc-associated transcription factor (Peukert et al., 1997) and a potent cell-
cycle regulator (Staller et al., 2001). To verify the SB transposase/Miz-1 interaction, I tested
both the full-length Miz-1 protein and a truncated version lacking the N-terminal 268 amino

acids for interaction by cotransformation with the SB bait construct into yeast cells. Protein-
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protein interaction was detected between the transposase and both the full-length Miz-1 gene
product and the truncated version (Fig. 3-4A, experiments 2 and 3). Thus, similar to the
interaction of Miz-1 to Myc (Peukert et al., 1997), the N-terminal region of Miz-1 missing in
the clone recovered from the library (amino acids 1 to 268) does not contribute to the binding
of Miz-1 to the transposase. Indeed, the N-terminal 268 amino acids including the BTB/POZ
domain of Miz-1 does not interact with the SB transposase (Fig. 3-4A, experiment 4). To
demonstrate further the specificity of the interaction, the GAL4-BD/SB transposase was
coexpressed with the GAL4-AD protein (Fig. 3-4A, experiment 5), and the GAL4-AD/Miz-1
protein was coexpressed with the GAL4-BD protein (Fig. 3-4A, experiment 6) in yeast. No
reporter gene activation was detected in either case, demonstrating that SB transposase does
not interact with the GAL4 activation domain, and that Miz-1 does not interact with the
GAL4 DNA-binding domain. Consequently, both Miz-1 and SB transposase are required for
interaction.

I carried out a rough mapping of the region of the transposase responsible for
interaction with Miz-1 (Fig. 3-4B). Three regions of the transposase polypeptide
corresponding to the DNA-binding domain (N123), the catalytic domain containing the
DD(35)E signature and the C-terminal end of unknown function were fused to GAL4-BD and
tested for interaction with full-length Miz-1 in a two-hybrid cotransformation experiment in
yeast (Fig. 3-4B). As with the full-length transposase (Fig. 3-4B, experiment 1), Miz-1 was
found to interact with the catalytic DD(35)E domain of the SB transposase (Fig. 3-4B,
experiment 3), and no binding was found for the other domains (Fig. 3-4B, experiments 2 and
4).

A physical interaction between the SB transposase and Miz-1 was confirmed in vitro
using a pull-down assay (Fig. 3-4C). A maltose-binding protein (MBP)-SB transposase fusion
protein (MBP-SB) was expressed and purified from E. coli, and the protein was immobilized

on amylose beads. Immobilized MBP served as a control. Miz-1 was in vitro translated in the
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presence of [*°S]-methionine. Radioactively labeled Miz-1 was incubated with equal amounts
of either resin-bound MBP-SB or MBP. The resins were washed extensively, and bound
labelled proteins visualized by SDS-PAGE. As shown in Fig. 3-4C, Miz-1 was specifically
retained on the MBP-SB beads (lane 2), but not on the MBP beads (lane 3), confirming the
interaction between SB transposase and Miz-1.

Taken together, the results establish a specific interaction between Sleeping Beauty
transposase and Miz-1, and suggest that SB’s effect on the cell-cycle may be realized through

this interaction.

A

Designation Activation of ADE2 and HIS3
DNA binding hybrid Activation hybrid of activation hybrid reporter genes
Znf 13
1. [GAL4-BD—{ SB Transposase (wi) | [GALZAD———————{ NNZGECIN | AD-Miz-1(269-788) Yes
2. [GAL#BO—{5B Transposase ] [GAL4AD———1{ [NNNZVECI W] AD-Miz-1(269-803) Yes
3. [GALABD—{ sB Transposase (wo | [GAL4-AD] [ ETNROA AD-Miz-1wt (1-803) Yes
4. [GAL4-BD—{ SB Transposase (wt) GAL4-AD|{NSVA AD-Miz-1(1-268) No
5. |GAL4-B! H SB Transposase (Wt GAL4-AD AD No
6. [GALa-aD |- AD-Miz-1 wt (1-803) No
B Designation Activation of ADE2 and HIS3
DNA binding hybrid Activation hybrid of binding hybrid reporter genes
1. [caaBDIERN oG5 W [GAa-apH Miz-1 (wi) ]  BD-SB-Transposase wt (1-340) Yes
2. N123 [GaLa-ADH Miz-1 (wt) ]  BD-SB-N123 (1-123) No
3. [GaLsBD— DbGsE GaL4ADH Miz-1 (w) ] BD-SB-DD(35)E (124-294) Yes
4. [GaLaapH Miz-1 (wt) ]  BD-SB-C-Terminus (294-340) No

“S-Miz-1 (wt)

Input - | MBP-SB| MBP

Miz-1 —»

1 2 3

Fig. 3-4: Sleeping Beauty transposase interacts with Miz-1. (A) SB transposase interaction in vivo. SB transposase/Miz-1
interaction is shown in a two-hybrid assay by cotransforming full-length (wt) Miz-1 or its deletion derivatives together with full-length
transposase. Protein-protein interaction is assessed by activation of the ADE2 and HIS3 reporter genes. (B) Rough mapping of the SB
transposase domain responsible for interaction with Miz-1 in a two-hybrid assay. Full-length (wt) Miz-1 was cotransformed
together with full-length SB transposase or its deletion derivatives. (C) In vitro interaction between SB transposase and Miz-1. *°S-
labelled, in vitro-synthesized Miz-1 was incubated with immobilized maltose binding protein (MBP) alone or with equal amounts of
MBP-SB transposase fusion protein. Beads were extensively washed, the recovered material was separated by SDS-PAGE and
visualized by autoradiography.
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3.1.6 Regulation of the cyclin D1 and p15™**® promoters by Miz-1 and

Sleeping Beauty transposase

Miz-1 was described previously as a transcriptional regulatory protein capable of
activating the adenovirus major late (AdML), cyclin D1, p15™**® p21“™' Mad4 and Nrampl
promoters (Peukertet al., 1997; Staller et al., 2001; Herold et al., 2002; Kime and Wright,
2003; Bowen et al., 2003). However, impaired transactivation of the cyclin D1 and p15™<*®
promoters by Miz-1 was observed when coexpressed with Myc (Peukert et al., 1997; Staller
et al., 2001). These findings led me to hypothesize that SB transposase might exert an effect
similar to Myc, namely, that through its interaction with Miz-1, SB might mediate repression
of cell-cycle regulatory genes such as cyclin D1 or p15™ B,

To substantiate a role of SB transposase in the regulation of cell-cycle genes through
association with Miz-1, I investigated the activities of the cyclin D1 and p15™**® promoters in
transient transfection experiments. HelLa cells were cotransfected with cyclin D1- and

5™K4B - sromoter-driven luciferase reporter constructs together with the pCMV-Miz-1

pl
expression plasmid alone, or either in combination with a construct expressing Myc or the
transposase-expressing plasmid pCMV-SB. The pCMV-SB/AS plasmid was used as a control
for the transposase, and pCMV- (expressing P-galactosidase) as an internal control for

transfection. Fig. 3-5A shows that Miz-1 activates both the cyclin D1 and p15™<*®

promoters,
consistent with published results (Peukert et al., 1997; Staller et al., 2001). An N-terminally
truncated Miz-1 protein (containing amino acids 269-803), that retains its ability to interact
with SB transposase (Fig. 3-4A; experiment 2), transactivates the cyclin D1 promoter at a
level comparable to the full-length Miz-1 protein (Fig. 3-5A).

Next I examined the ability of SB transposase to repress Miz-1-mediated
transcriptional activation. As expected, coexpression of Myc antagonizes the activating effect

of Miz-1 at the cyclin D1 promoter (Fig. 3-5B, lane 1). Significantly, coexpression of the SB

transposase with Miz-1 led to a 3-fold decrease of luciferase expression from the cyclin D1
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promoter (lane 2). However, only minimal repression of cyclin D1 promoter activity was

observed in the presence of Miz-1(269-803) (lane 3).
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Fig. 3-5: Regulation of the cyclin D1 and p15™*‘® promoters by Miz-1, Myc and Sleeping Beauty transposase in transient

transfections in HeLa cells. (A) Activation of cyclin D1 and p15™“® promoters by wildtype and truncated Miz-1 (containing amino

acids 269 to 803). Data represent fold activation of reporter gene expression. Data were normalized with transfection efficiencies,
determined from a cotransfected CMV-B-galactosidase standard. (B) Repression of cyclin D1 and p15™%*® promoters by Myc and SB
transposase in the presence of wildtype and truncated Miz-1 (containing amino acids 269 to 803). Coexpression of SB transposase with
Miz-1 leads to a 3-fold reduction of cyclin D1 promoter activity whereas p15™* promoter activity remains unaffected. Minimal
repression of cyclin D1 promoter activity can be observed in the presence of Miz-1(269-803). Coexpression of Myc antagonizes the
activating effect of Miz-1 at the cyclin D1 and p15™%*® promoters. (C) The response of the cyclin D1 promoter to increasing amounts of
transfected CMV-SB plasmid (in the presence of a constant amount of CMV-Miz-1) is dose-dependent. Changes of +/- lindicate no
change.

This suggests that cyclin D1 repression by the SB transposase requires the intact Miz-
1 protein. Furthermore, the response of the cyclin D1 promoter to increasing amounts of
transfected CMV-SB plasmid (in the presence of a constant amount of CMV-Miz-1) was

found to be dose-dependent (Fig. 3-5C), providing a further confirmation that the effect on
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promoter activity requires the transposase. In contrast to the cyclin D1 promoter, the activity
of the plSINK4B promoter remained unaffected in the presence of the transposase (Fig. 3-5B,

lane 4), although the reported repressing ability of Myc on the p15™<*?

promoter (Staller et
al., 2001) was clearly reproduced (lane 5).
These data show that downregulation of the cyclin D1 promoter requires both the

transposase and Miz-1, and that, unlike Myc, the SB transposase does not affect expression of

the p15INK4B gene.

3.1.7 A temporary G1 arrest enhances Sleeping Beauty transposition

The above results show that, mediated by the cell-cycle regulatory factor Miz-1, SB
transposase downregulates the cyclin D1 promoter, which results in slower cell growth. What
is the biological relevance of this process? A reasonable assumption is that a temporary block
in the G1 phase of the cell-cycle is beneficial for the transposable element.

To investigate whether a transposase-induced GI1 arrest has an impact on the
efficiency of transposition, a quantitative transposition assay was performed in serum-starved
CHO-K1 cells. Serum-starvation was chosen for the induction of the G1 arrest, because this
treatment has a reversible effect: by refeeding the cells with serum, the cells resume the cell-
cycle. CHO-K1 cells were used for this experiment, because they were shown to readily
respond to serum-starvation (Chou and Chou, 1999), and because SB transposition is efficient
in this cell line (Izsvak et al., 2000). The in vivo transposition assay is based on cotransfection
of a donor plasmid carrying an antibiotic resistance gene (neo)-marked transposon and a
transposase-expressing helper plasmid (pCMV-SB) into cultured cells. In control experiments
pCMV-B substitutes for the transposase helper plasmid. Cells are placed under antibiotic
selection, and the numbers of resistant colonies are counted. The ratio between numbers
obtained in the presence versus the absence of transposase provides a measure of the
efficiency of transposition. CHO-K1 cells were subjected to serum withdrawal one day post-
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transfection, which resulted in an enrichment of a population of cells in the G1 phase, as
determined by FACS analysis (Fig. 3-6A). Cells were maintained under G1 arrest for two
days; released from arrest by readdition of serum, and kept under G-418 selection until
colonies appeared on the plates. As shown in Fig. 3-6B, there was an approximately 30%

increase in transposition efficiency in serum-starved cells.
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Fig. 3-6: A temporary G1 arrest by serum-starvation enhances Sleeping Beauty transposition in CHO-K1 cells. (A) CHO-K1
cells readily respond to serum withdrawal with a marked G1 arrest. (B) In vivo transposition assay in G1 arrested (serum-starved) and
exponentially growing CHO-K1 cells. Transposition efficiency represents fold increase in numbers of antibiotic-resistant cell clones in
the presence versus in the absence of the transposase.

I conclude that an artificially induced block in the G1 phase of the cell-cycle enhances
Sleeping Beauty transposition, suggesting that SB’s natural ability to slow down the cell-cycle

is beneficial for the transposition process.
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3.2 Discussion

The results I have obtained in this study strongly suggest that the Sleeping Beauty
transposase can regulate cell-cycle progression of proliferating cells.

The cell-cycle is an ordered set of processes through which the cells devide and

produce new daughter cells. The cell-

A cycle can be divided into four phases

M
(mitosis) (Fig. 3-7): The gap phase before DNA
I G1 replication (G1), the phase in which
Gap2
(Gap2) (Gap 1) DNA synthesis takes place (S), a
second gap phase after DNA
S phase

‘ (DNA synthesis) replication (G2) and the mitotic phase
in  which the cells devide (M).

Fig. 3-7: The cell-cycle of proliferating cells. The cell-cycle of . .
proliferating cells consist of alternating DNA synthetic (S) and mitotic Reglﬂatory mechanisms (ChCCprlIltS)
(M) phases , separated by gap phases (G1 and G2).

assure the ordered progression through
the cell-cycle and monitor the internal amount of DNA, and possible DNA damage (Murray,
1994). The core of the cell-cycle machinery are the cyclin-dependent kinases (cdks). The cdk
protein kinase holoenzymes are composed of a catalytic subunit (cdk) that, through
association with cyclins allow initiation of subsequent cell-cycle events. Throughout the cell-
cycle cdk levels remain constant and initiation of the next cell-cycle stage is achieved by
association with cyclins. Cyclins are defined as proteins whose expression levels oscillate in a
specific manner throughout the cell-cycle and by that bind and activate cdks. Each cdk
interacts with a specific subset of cyclins. For example, D-type cyclins (D1, D2 and D3)
associate with cdk4/6 during the G1 phase of the cell-cycle, and thus allow progression into S
phase (for review see Sherr, 1995). Low cellular levels of cyclin D1 result in an extended G1
phase and a delayed entry into S phase (Baldin et al., 1993), whereas overexpression of D-
type cyclins results in a shortened G1 interval (Quelle et al., 1993). cdk4/6 activity can also be
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negatively regulated by cyclin-dependent kinase inhibitors (Ckls), which selectively compete
with D-type cyclins for binding to cdk4/6 and thus inhibit cdk4/6 function. These are p15,
pl6, p18 and p19 (Hannon and Beach, 1994; Serrano et al., 1993; Hirai et al.,1995). Active

cyclin-cdk complexes promote positive growth control by inactivating negative regulators

o15 such as Rb  (Fig. 3-8).
pl6 I 5
pl8 Hypophosphorylated Rb during G1
P P blocks transition into S phase,
Rb
P

whereas phosphorylation of Rb by

specific  cyclin-cdk  complexes

G2M Gl »—> | inhibits the growth-suppressive

Fig. 3-8: Regulation of GI1/S transition by the Rb/E2F pathway. . X
Progression through G1 phase is controlled by the phosporylation-state of the function of Rb, which allows the
Rb protein. Hypophosphorylated Rb exhibits a growth-suppressive function by
binding to and inactivating (perpendicular line) E2F, a transcription factor .
required for transcription of S phase-specific genes. Phosphorylation of Rb by cells to enter S phase (HlndS et al.,
cyclin D-cdk4/6 complexes leads to a release of E2F and allows the
transcription of E2F-controlled S phase-specific genes (rectangular arrow). The .
activity of cdk4/6 is negatively regulated by the INK4 family if Cdk-inhibitors | 1992; Lundberg and Weinberg,
(perpendicular line) and positively controlled by D-type cyclins.

1998).

Here I establish that the Sleeping Beauty transposase induces retarded growth (Fig. 3-
2A; page 49), and Gl arrest in proliferating cells (Fig. 3-2B; page 49). Several lines of
observation suggest that SB’s effect on the cell-cycle is mediated by cyclin D1: 1) gene chip
analysis shows markedly reduced cyclin D1 transcript levels in cells expressing the
transposase (Fig. 3-1; page 47); 2) SB transposase specifically represses the cyclin D1
promoter in transient reporter assays (Fig. 3-5B; page 56); 3) cells expressing the transposase
have reduced levels of retinoblastoma protein phoshorylated at cyclin D1/cdk4 target sites
(Fig. 3-2C; page 49); and 4) reduced cellular levels of cyclin D1 and phosphorylated
retinoblastoma protein can cause an arrest of the cell-cycle in the G1 phase (Baldin et al.,
1993; Hinds et al., 1992; Lundberg and Weinberg, 1998). My results are therefore consistent
with the suggestion that G1 arrest by the transposase is due to cyclin D1 downregulation,

although I can not exclude the involvement of other cell-cycle regulatory genes. Furthermore,
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my results indicate that presence of the SB transposase alone in cells is sufficient to trigger
cyclin D1 downregulation, because levels of cyclin D1 transcript in the presence and absence
of transposon DNA were not different (Fig. 3-1; page 47). This result indicates that
downregulation of the cyclin D1 gene is not due to transposition-induced DNA damage.

I demonstrate further that the human Myc-interacting zinc finger protein 1 (Miz-1) is
an interactor of the Sleeping Beauty transposase (Fig. 3-4; page 54), and is required for cyclin
D1 downregulation by the SB transposase (Fig. 3-5; page 56). Miz-1 is a transcription factor
containing 13 zinc fingers (Fig. 3-4 A; page 54), of which 12 are clustered in the central
portion of the protein (Peukert et al., 1997). Miz-1 contains an N-terminal, conserved POZ
(pox virus and zinc finger) domain found in many transcription factors with transcriptional
repression activity (Deltour et al., 1999; Dhordain et al., 1997; Huynh et al., 2000). The POZ
domain has been shown to target the protein to subnuclear foci (Dhordain et al., 1997; Peukert
et al., 1997) and thereby inhibiting DNA binding of the attached zinc finger (Dhordain et al.,
1995; Bardwell and Treisman, 1994). Miz-1 was first identified by its association with the
Myc protein (Peukert et al., 1997), which is a transcription factor that can both activate and
repress transcription of a large set of target genes (for review see Eisenman 2001; Amati et
al., 2001; Menssen and Hermeking, 2002). Dimerization of Myc with Max forms a complex
that can activate transcription (Kretzner et al., 1992), whereas dimerization of Myc with Miz-
1 represses transcription (Peukert et al., 1997, Staller et al., 2001).

Miz-1 activates the AdML and cyclin DI promoters in transient transfection
experiments (Peukert et al., 1997). Impaired transactivation of these promoters by Miz-1 was
observed when coexpressed with Myc (Peukert et al., 1997), suggesting a role of Miz-1 in
gene repression by Myc. Subsequently, Staller et al. (2001) demonstrated that Miz-1 strongly

INK4B

enhances transcription of the cdk inhibitor gene p15 , and that transcriptional activation of

P 1 SINK4B . INK4B

is inhibited when Myc forms a complex with Miz-1 at the p15 promoter. Based

on these previous studies, I hypothesize that the Sleeping Beauty transposase might exert a
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function similar to Myc, namely, transcriptional regulation of cell-cycle regulatory genes (i.e.

INK4B

cyclin DI and pl5 ). However, 1 found that interaction between Sleeping Beauty

transposase and Miz-1 specifically downregulated cyclin D1 promoter activity, whereas
p15™**B expression remained unchanged (Fig. 3-5B; page 56). This suggests that the
transposase/Miz-1 interaction is distinct from the Myc/Miz-1 interaction with regard to the
target gene affected. Overexpression of the transposase alone did not alter cyclin D1 promoter
activity (Fig. 3-3; page 51), suggesting that endogenous levels of Miz-1 in HeLa cells are not
sufficient to mediate SB’s repressing effect in transient reporter assays. Consistent with this
explanation, Miz-1 was found to be of low abundance in HeLa cells (Peukert et al., 1997),
and its exogenous overexpression was required to show transcriptional effects on the AAML,
cyclin D1 and p15™**® promoters (Peukert et al., 1997; Staller et al., 2001). Although the
mechanism by which SB transposase antagonizes the effect of Miz-1 at the cyclin DI
promoter was not addressed in this study in detail, my data allow me to draw some
conclusions. Namely, an N-terminally truncated version of Miz-1, lacking the POZ domain,
interacts with the transposase (Fig. 3-4A; page 54), activates the cyclin D1 promoter (Fig. 3-
5A; page 56), but does not appear to mediate repression by the transposase (Fig. 3-5B; page
56). Thus, interaction between Miz-1 and the SB transposase is necessary but not sufficient
for repression. A similar phenomenon has been reported for Myc’s repressing activity on Miz-
I-mediated AdAML transcription, which requires the integrity of the POZ domain (Peukert et
al., 1997). Based on these results, a model has been proposed in which association of Miz-1
with Myc renders Miz-1 insoluble, by inducing a latent insolubilizing function of the POZ
domain (Peukert et al., 1997). Further work will be required to address if a similar mechanism
is at work in transposase-mediated repression.

Cyclin D1 initiates cell cycle progression towards S phase by binding to and activating
cdk4 and cdk6 [for review see Sherr, 1995]. Cyclin D1 also appears to be an essential

component of the G1 DNA damage checkpoint which transiently delays progression of G1-
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phase to allow repair of damaged DNA prior to replication and prevents segregation of
damaged chromosomes.

DNA damage induced G1 arrest through the ATM (Ataxia-telangiectasia mutated)-
p53/p21°"! pathway is well described. p53 plays a central role in this pathway by turning on
transcription of p21 (EL-Deiry et al., 1993). p21 is a potent inhibitor of G1 cyclin-dependent
kinases and thus leads to G1 arrest (Harper et al., 1993).

However, this pathway requires multiple steps of phosphorylation and transcription,
and thus takes several hours to achieve cell cycle arrest (Agami and Bernards, 2000). In
contrast to the ATM-p53-/p21""! pathway, downregulation of cellular cyclin D1 was found to
trigger a faster response to ionizing radiation induced genotoxic stress. (Agami and Bernards,
2000).

Mismatch repair-dependent attenuation of endogenous cyclin DI followed by
treatment with the DNA damaging agent cisplatin was also shown to induce G1 arrest (Lan et
al., 2002). In murine macrophage cells, cyclin D1 was found to be downregulated after UV-
irradiation at both the mRNA level and by proteolysis (Miyakawa and Matsushime, 2001).
This immediate G1 arrest is p5S3-independent, but at a later stage p53 is required to maintain
the initial cyclin D1-mediated arrest (Agami and Bernards, 2000), by transcriptional

activation of the cdk inhibitor p21<™"

[for review see Levine, 1997 and references therein].
Delay in the G1/S transition and S phase progression by cell-cycle checkpoints is thought to
facilitate DNA repair, and to avoid replication and subsequent propagation of potentially
hazardous mutations.

My results are consistent with the proposal that the Sleeping Beauty transposase acts
as other genotoxic agents (i.e. IR or UV), and triggers an immediate damage response by
downregulation of cyclin D1 in an attempt to halt progression of the cell-cycle and thereby
allowing time for efficient DNA repair prior to replication. It cannot be excluded that the p53-

lCIPl

p2 -mediated G1 checkpoint can also be activated, at a later stage when chromosomal
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breaks were introduced due to transposition. A p53-p21<"'-mediated effect could not have
been revealed in the gene chip hybridization experiment (Fig. 3-1; page 47), because this
pathway is corrupted in HeLa cells (Goodwin and DiMaio, 2000). Transposase-induced Gl
arrest is expected to be beneficial for transposition, because increased transpositional activity
was observed in Gl-arrested cells (Fig. 3-6B, page 58). I argue that the G1-preference of the
Sleeping Beauty transposable element has evolved because transposon induced DNA lesions
display a major threat to the vitality of the host and hence a preventative activation of DNA
damage checkpoints by the transposase could provide an evolutionary advantage over other
elements. As it is shown in Fig. 1-5 (page 19), transposition of the Sleeping Beauty element
induces two types of DNA damage: double-strand breaks (DSBs) during excision and single-
stranded gaps after integration of the element into target DNA. Whereas single-stranded gaps
are relatively harmless and can be easily repaired by host replication or repair enzymes, DSBs
are a major threat to the integrity of the genome and, if left unrepaired, they can lead to
chromosome loss and death of the host.

DSBs can be repaired in eukaryotic cells by at least two pathways, homologous
recombination (HR) and non-homologous end-joining (NHEJ). Both pathways are
complementary, but act at different stages of the cell-cycle. Whereas the HR pathway is
preferentially used in the late S and G2 phase, the NHEJ pathway plays a dominant role in G1
and early S phase (Takata et al., 1998). Yeast cells repair the majority of their DSBs by HR,
by essentially copying the missing information from one homologue to the other, preventing
loss of genetic information. However, in mammalian cells repair of DSBs seems to occur
preferably by NHEJ because genomes of higher eukaryotes have a substantial fraction of
repetitive DNA that might result in problems during the homology search for repair by HR. In
contrast to repair by HR, repair of DSBs by NHEJ does not require sequence homology for
the repair process. During NHEJ, the broken DNA ends are rejoined without the use of

extensive sequence homology (for review see Critschlow and Jackson, 1998).

64



However, when DSBs occur in DNA the broken ends are usually incompatible and
thus a simple ligation step would be inefficient. Therefore, the broken ends must be processed
by the repair machinery to create a terminal microhomology (1-4 nucleotides) between both
ends that is sufficient for efficient ligation. Hence processing of the broken ends leads to the
loss of genetic information but prevents the genome from more severe damage that can be
caused by DSBs.

The dependence of mammalian cells on the NHEJ pathway to repair DSBs suggests
that the DNA damage introduced by excision of the Sleeping Beauty transposon will be
repaired by this pathway. Indeed, it has been shown that Sleeping Beauty transposition is
severely reduced in cells which lack essential components of the NHEJ pathway (Izsvak et
al., in press). Hence, it is reasonable to propose a correlation between the particular pathway
used for the repair of transposon-induced DNA damage and the cell-cycle stage where
recombination occurs. This is nicely illustrated by gene rearrangements through V(D)J
recombination, a transposition-like process in vertebrates that is mediated by the RAG1/2
recombinase (transposase) complex. V(D)J recombination requires the NHEJ pathway
(Jackson and Jeggo, 1995). Selective degradation of the RAG2 protein has been proposed to
contribute to confining V(D)J recombination to the G1 phase of the cell-cycle (Li et al., 1996;
Lin and Desiderio, 1993), in which NHEJ is preferentially active (Takata et al., 1998). RAG2
accumulates in G1, declines before the cell enters the S phase, and remains low throughout
the rest of the cell-cycle (Lin and Desiderio, 1994). Phosphorylation of RAG2 by the cyclin
A-cdk2 complex shortens the half-life of the protein at the G1/S boundary, whereas

. Kipl
overexpression of p27-"

, a negative regulator of cyclin A-cdk2, results in elevated levels of
RAG2, G1 arrest and increased recombination (Lee and Desiderio, 1999). Thus, V(D)J
recombination and Sleeping Beauty transposition share a common feature of regulation that

directs transpositional activity to the G1 phase of the cell-cycle where transposon-induced

DNA damage can be most efficiently repaired, and damage to the host is thus minimized.
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However, the way in which this regulation is achieved differs significantly. Whereas in V(D)J
recombination it is the recombinase (transposase) that is regulated by the cell-cycle
machinery, in transposition it is the Sleeping Beauty transposase that regulates the cell-cycle
machinery.

The consequences of cyclin DI downregulation on the cell-cycle machinery and the

effect of the Sleeping Beauty transposase are summarized in Fig. 3-9.

. Based on my findings, I propose a
Miz-1

SB-TPaseH/ \— SB-Tpase model in which Sleeping Beauty transposase
— = — =

induces cyclin Dl1-dependent G1 arrest in

INK4B

pls cyclin D1
\ / proliferating cells through interaction with
cyclin D1/cdk4/6 . . . .
l Miz-1, in order to allow efficient repair of
Rb > Rb-P )
l transposon induced DNA double-strand breaks,
E2F .
l preferentially by NHEJ. Furthermore, I
Gl > S

propose that transposase induced G1 arrest has

Fig. 3-9: The effect of the Sleeping Beauty transposase on
molecular events leading to the G1/S transition in cycling . .
cells. Schematic representation of some of the molecular no effect on SIHgle'Stranded gap repair because
processes prior to DNA replication in the S phase. Cyclin D1
romotes (arrow), pl5 inhibits (perpendicular line) the G1/S . .
E)ransition.(Cyclizl I]))1 associate(sp \f-vl;th the cyclin-)dependent it was demonstrated for retroviruses that a G1
kinases cdk4 and cdk6, pl5 is a cdk inhibitor. Cdks
hosphorylate the retinoblastoma protein. Phosphorylation . . .
?nhib?ts I.l:})linding of the E2F translc)ription factolr)s, Bllereby arrest does not increase efﬁc1ency of gap repair
enabling the G1/S transition. SB transposase downregulates
expression of the cyclin D1 gene in a Miz-1-dependent . . .
manner, but does not affect expression of the pl5 gene after retroviral 1ntegrat10n (ROG et al-a 1997)
(crossed line). Reduced levels of cyclin D1 result in G1 arrest,
which promotes transposition.

Can this proposed model, as it is shown in Fig.

3-9 be extended to other members of the Tcl/mariner superfamily of transposable elements or
is it a unique feature of the Sleeping Beauty transposon? An experimental approach to this
question is hampered by the fact that there are currently only two Tcl/mariner transposable
elements active in vertebrate cells: the Sleeping Beauty transposon (Ivics et al., 1997) and the
Frog Prince (FP) transposon, which was recently isolated from the frog Rana pipiens (Miskey

etal., 2003).
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Preliminary experiments that address the impact of Tcl, Himarl and the FP
transposase on cyclin D1 promoter activity suggest that this is a specialized pathway that is
used solely by the SB transposon (data not shown). However, the transpositional activity of
Tcl and Himarl in human cells is much lower than that of the SB transposon (Fischer et al.,
2000), which in turn suggests that some cellular requirements for these transposons are not
met in human cells. Support for this assumption comes from the fact that the Miz-1 protein is
restricted to vertebrate genomes (personal communication, Martin FEilers), and hence
interaction of Tcl and Himar transposases with Miz-1 does not occur in their natural hosts.
However, there might be functional homologues in these organisms which could mediate
effects similar to the human Miz-1 protein in conjunction with the Sleeping Beauty
transposase. This is in sharp contrast to the Sleeping Beauty transposon which was isolated
from a vertebrate organism (fish) containing the evolutionary highly conserved Miz-1 protein
(Fig. 3-10). Therefore, interaction of human Miz-1 protein with the SB transposase is
expected to reflect a similar situation in its natural host, fish.

In order to substantiate this assumption, a zebrafish cDNA library was screened with
the Sleeping Beauty transposase as a bait protein to attempt recovery of the zebrafish Miz-1
protein as an interactor with the transposase (diploma thesis, Mareike Becker). However, this
attempt was inconclusive since not a single interacting protein could be identified. Whether
this is due to leakiness of the screen or due to other technical difficulties remains to be
elucidated. The same might be true for the FP transposable element, which was isolated from
the frog Rana pipiens (Miskey et al., 2003). However, transient transfection experiments
suggest that the FP transposase does not significantly affect cyclin D1 promoter-activity. This
might be due to the fact that FP is evolutionary a younger transposon than Sleeping Beauty
(Miskey et al., 2003). Hence, regulatory mechanisms that limit the amplification of the

element and thus damage to the host might be poorly developed.
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VASI SR N1 MRS < OF' T T SGNLKRHLRVMHSGEK PEECMHCORMFADPGALQRHVRIHTGEKPCIMCEICGKGET

Human SEANNOASSLIAHVRQHTGEKPYVCERCGKRFVQSSQLANHIRHHDNIRPHKCS \FVNVGD
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Human 654
Mouse 645
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Human 700
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Human 760
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Zebrafish 745 DAMRNOT TE@N 6] c{eIIr Fix Ty

Fig. 3-10: Alignment of the amino acid sequences of Miz-1 proteins from human, mouse and zebrafish. Identical
residues are shaded and dashes denote gaps. Underline indicates the region corresponding to the fragment which was
recovered from the yeast two-hybrid screen.

Support for this assumption comes from two lines of evidences: 1) Transpositional activity of

the FP transposable element in vertebrate cells is significantly higher than the SB transposon
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(Miskey et al.,, 2003) and 2) in contrast to Tcl, Himarl and Sleeping Beauty, the FP
transposable element does not seem to be subjected to overproduction inhibition (Miskey,
unpublished observation). This might suggest that the FP transposase has not evolved to a
point which allows the employment of a Gl arrest pathway mediated by the frog Miz-1

homologe.

3.3 Future work

The proposed model suggests that Sleeping Beauty transposition occurs preferentially
in the G1 phase of the cell-cycle where transposon-induced DNA damage can be repaired
most efficiently by NHEJ.

Although my own work clearly demonstrates impact of the transposase on the cell-
cycle by downregulation of cyclin D1, the link to the NHEJ pathway remains speculative, and
requires further investigation.

Therefore, 1 suggest to perform a transposition assay in Gl-arrested and proliferating
cells which lack essential components of the NHEJ repair machinery. If the model is true,
then a G1 arrest in NHEJ-mutant cells would not result in an increase in transpositional
activity, because the broken DNA can not be repaired, and hence a G1 arrest will not provide
an advantage.

Another experimental approach to this question is to investigate the resulting
transposition footprints in cells which proliferate normally and in those which have a
shortened G1 phase and hence impaired repair. If the proposed model is true, then increased
cell proliferation (shortened G1) will lead to incomplete DNA repair and thus to altered
footprints in the donor DNA (see Fig. 1-5; page 19).

Another aspect which will have to be addressed is whether the proposed model can be
extended to other members of the Tcl/mariner superfamily of transposable elements. This
would include the isolation of functional Miz-1 homologues from C. elegans and Drosophila
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and their subsequent analysis with regard to cell-cycle and transposition. Alternatively, dead
copies of human Tcl/mariner elements can be brought back to life and tested for interaction
with Miz-1.

Another unanswered question is whether the described interaction between the human
Miz-1 protein and the fish Sleeping Beauty transposase reflects a similar process in the
natural host fish. Functional characterization of interaction between SB transposase and the

zebrafish Miz-1 protein will clarify this question.
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4. The Sleeping Beauty transposase interacts with the human high mobility

group 2-like 1 protein, an HMG-box protein with unknown function
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4.1 Results

A second human protein identified in a yeast two-hybrid screen to be a specific
interactor of SB transposase is the human high mobility group protein 2-like 1 (HMG2L1).
Seroussi et al. (1999) have previously predicted the amino acid sequence of this protein, a
domain of which shares 39% amino acid sequence with the HMG box of bovine HMG2
(hence the name). However, the cellular function and biochemical activities of HMG2LI1 are

unknown.

4.1.1 Yeast two-hybrid screen

I isolated a cDNA that encodes a truncated version (encompassing amino acids 138 to
393) of the previously predicted human high mobility group protein 2-like 1 (HMG2L1)
(Serroussi et al., 1999). To demonstrate the reproducibility of SB transposase/HMG2L1
interaction, I cotransfected the isolated HMG2L1 c¢cDNA [fused to the GAL4 activation
domain (GAL4-AD)] together with the SB transposase [fused to the GAL4 DNA-binding
domain (GAL4-BD)] into the yeast reporter strain AH109 (Fig. 4-1, experiment 1) that

resulted again in reporter gene activation.

To further demonstrate
Activation of ADE2, HIS3

DNA binding hybrid Activation hybrid and Mell reporter genes the specificity of the interaction,
1.[GAL4-BDI— SB Transposase | |GAL4-AD}— HMG2LI (138-393) | Yes
2.[GALABD— SB Transposase | [GAL&-AD] No the GAL4-BD/SB transposase
3. [GaLs-ADH  HMG2L1 (138-393) | No

was coexpressed with the

Fig. 4-1: Sleeping Beauty transposase interacts with HMG2L1. SB
transposase/HMG2L1 interaction is shown in a two-hybrid assay by cotransforming GAL4-AD protein (F1 g. 4-1,
full-length transposase together with truncated HMG2L1 (encompassing amino acids
138 to 393). Protein-protein interaction is assessed by activation of Ade2, HIS3 and

Mell reporter genes. experiment 2) and the GAL4-

AD/HMG2L1 (truncated) was coexpressed with the GAL4-BD protein (Fig. 4-1, experiment
3). No reporter gene activation was detected in either case, demonstrating that SB transposase
does not interact with the GAL4 activation domain, and that the truncated HMG2L1 protein

version does not interact with the GAL4 DNA-binding domain.
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4.1.2 Cloning of the full-length HMG2L1 cDNA

The cDNA recovered from the two-hybrid screen encodes the central region of the
predicted full-length HMG2L1 protein, and does not include the HMG box (Fig. 4-2).

Therefore, I searched for commercially available EST clones which contain the
missing parts. Two EST clones were obtained from the “"Deutsches Ressourcenzentrum fiir
Genomforschung GmbH’’, one partially encoding the N-terminus of HMG2LI
(IMAGp998J2210102Q2), and the other encoding the C-terminus (IMAGp958N021240Q2),

including the HMG box (Fig. 4-2).

HMG2L1 (1-606)

Oligo-assembly —

EST clone IMAGp998J2210102Q2

Two-hybrid clone

EST clone IMAGp958N021240Q2

Avall AvrIl BstXT

Fig. 4-2: Cloning of the human full-length HMG2L1 gene. The gene was assembled from the cDNA clone recovered from the
two-hybrid screen, two commercially available EST clones and oligonucleotides (for details see text).

The cDNA-inserts of the EST clones were sequenced using vector-specific primers
and after sequence comparison, Avril and BstXI restriction sites were chosen to assemble
partial cDNA inserts together (Fig. 4-2). The resulting cDNA (encompassing amino acids 110
to 606 of the predicted full-length HMG2L1 protein) was cloned into ECORI/Ndel sites of
pUCI19 and confirmed by sequencing. The missing cDNA encoding for the N-terminal 110
amino acids was synthesized using an oligo-assembly approach described by Stemmer et al.,
1995, fused to an Avall site and the full-length HMG2L1 cDNA (amino acids 1 to 606) was

cloned into pcDNA3.1/Zeo (+) (Invitrogen) using HindIIl/Xhol sites.
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4.1.3 Detection of HMG2L1 transcripts in HeLa cells

In order to verify that the cloned, full-length HMG2L1 ¢DNA is represented in HeLa

cells by the corresponding mRNA, I conducted a Northern blot analysis using total RNA

1solated from HeLa cells.

Three different HMG2L1-specific probes were hybridised to membrane bound mRNA

HMG2L1

Probe 1 Probe 2

Probe

Fig. 4-3: Expression of HMG2L1 mRNA in HeLa cells. Three different
cDNA probes covering the N-terminal, central and C-terminal region of
HMG2L1 were used to detect a 2.0 kb HMG2L1 transcript in HeLa cells.

(Fig. 4-3A): one representing the N-
terminus of the HMG2L1 protein
(probe 1), another representing the
central region which contains the
interaction domain responsible for
protein-protein interaction with the
SB transposase (probe 2) and a
third spanning the C-terminal

region which contains the HMG

box (probe 3). The membranes were washed extensively and bound radioactive DNA was

visualized by autoradiography (Fig. 3-3B). All three probes used produced a signal

representing a mRNA of approximately 2.0 kb in size. Both the unity in size of the detected

transcripts by the three different probes, and the fact that its size very well corresponds to the

one expected for HMG2L1, strongly suggest that the cDNA I cloned represents endogenous

transcripts, and therefore can be used for further experiments.
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4.1.4 In vitro interaction between SB transposase and HMG2L1

A physical interaction between the SB transposase and full-length HMG2L1 was
confirmed in vitro using a pull-down assay (Fig. 4-4).

A maltose-binding protein (MBP)-SB transposase fusion protein (MBP-SB) was
expressed and purified from E. coli, and the protein was immobilized on amylose beads.
Immobilized MBP served as a control. Full-length HMG2L1 was in vitro translated in the
presence of radioactive methionine. Radioactively labeled HMG2L1 was incubated with equal
amounts of resin-bound MBP-SB and MBP. The resins were washed extensively, and bound
radioactive proteins were visualized by SDS-PAGE. As shown in Fig. 4-4, HMG2L1 was
specifically retained on the MBP-SB beads (lane 2), but not on the MBP beads (lane 3),

confirming the interaction between SB transposase and HMG2LI1.

35
S-HMG2L.1
| Inpput | - |MBP-SB MBP |
HMG2L1
—
el i
s
L IR
1 2 3
Fig. 4-4: In vitro interaction between SB transposase and
HMG2L1. **S-labelled, in vitro-synthesized full-length HMG2L1 was
incubated with immobilized maltose binding protein (MBP) alone or
with equal amounts of MBP-SB transposase fusion protein. Beads
were extensively washed, the recovered material was separated by
SDS-PAGE and visualized by autoradiograpy.
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4.2 Discussion

I identified the high mobility group 2-like 1 (HMG2L1) protein to be a specific
interactor of the Sleeping Beauty transposase. I cloned the full-length HMG2L1 c¢DNA,
verified the interaction by a yeast two-hybrid assay and an in vitro pull-down assay.
Furthermore, I demonstrated that the cloned HMG2L1 cDNA is represented in HeLa cells by
the corresponding mRNA using Northern blot analysis.

High mobility group (HMG) proteins were discovered as abundant heterogeneous non-
histone components of chromatin, which have high electrophoretic mobility (Goodwin et al.,
1973). HMG proteins contact the minor groove of DNA through a conserved DNA-binding
domain of approximately 85 amino acids called the HMG box and binding is accompanied by
a sharp bend in the helix (Giese et al., 1992; Ferrari et al, 1992; Fisher et al., 1992; Zayed et
al., 2003). Two types of HMG proteins can be distinguished according to their ability for
sequence discrimination and the number of HMG boxes (for review see Grosschedl et al.,
1994). The canonical type contains multiple HMG boxes and binds to DNA in a sequence-
independent fashion. This type includes the HMGBI1/2 proteins, which lack intrinsic
transcriptional activity but were shown to stimulate transcription from RNA polymerase I1
promoters (Shykind et al., 1995). Furthermore, HMGB1/2 proteins are able to modulate the
activity of other transcriptional activators such as Oct-1, Oct-2, Oct-6, HOXD9 (Dailey et al.,
1994), p53 (Jayaraman et al., 1998) and MLTF (Watt and Molloy, 1988). The primary role of
HMGB1/2 proteins in transcriptional regulation is that they bend DNA, and facilitate the
binding of various factors to their cognate DNA sequences (Watt and Molloy, 1988).

The second type of HMG proteins is represented by those which have a single HMG
box embedded into their primary sequence, and bind to DNA in a sequence-specific fashion
through minor groove contacts that alter DNA conformation (for review see Bewley et al.,

1998). This type of HMG proteins is represented by the Sox and TCF (T-cell factor)/LEF1
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(Iymphoid enhancer-binding factor 1) family of proteins. The prototypic member of the Sox
family is the male sex determining factor SRY (sex-determining region Y).

SRY is expressed specifically in testis, but not in other tissues suggesting a crucial role
in testis development (Sinclair et al., 1990; Gubbay et al., 1990). Like HMGBI1, SRY binds
DNA four-way junctions in a sequence-independent fashion, but can also bind and
subsequently bend linear duplex DNA containing a heptameric target sequence (Ferrari et al.,
1992). Similarly to SRY, LEF-1 is a developmentally regulated sequence-specific DNA
binding protein, which is specifically expressed in pre-B and T lymphocytes (Travis et al.,
1991). LEF-1 binds to a defined target sequence (Giese et al., 1991; Travis et al., 1991)
through minor groove contacts and bends DNA (Giese et al., 1992). For both SRY and LEF-
1, bending of DNA was suggested to play a major role in the mechanism by which
transcription of target genes is regulated (Ferrari et al., 1992; Giese et al., 1992). Bending of
the DNA helix might facilitate the interaction between proteins bound at distant sites in the
enhancer region and thus activate transcription of the target gene containing the HMG-
specific sequence.

A member of the Sox protein family, which is related by homology to the HMG box
region of SRY, is the Sox-4 protein (SRY-related HMG-box protein 4). Sox-4 is expressed
primarily in T and pre-B lymphocyte cell lines, and binds in a sequence-specific fashion to T-
cell specific enhancer regions (van de Wetering et al., 1993). In contrast to LEF-1 and SRY,
Sox-4 contains a transactivation domain (van de Wetering et al., 1993), which can mediate
transcriptional activation in the absence of the HMG box.

Interestingly, SRY, LEF-1 and Sox-4 share some similarities with HMG2L1 (see Fig. 4-5).
First, these four proteins do not contain any detectable functional domain other than the HMG
box, and second, there is very little (or even no) sequence homology to other proteins.

Therefore, I think that the HMG2L1 protein and the previously described Sox, SRY and LEF-

1 proteins share some biochemical and functional characteristics, namely: 1) binding to a
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specific target sequence located in promoter/enhancer regions of genes, 2) architectural
changes in target DNA through bending and 3) transcriptional regulation of these target
genes.

In the light of Sleeping Beauty transposition, interaction between the transposase and
HMG2L1 possibly regulates transcription of unknown target genes in such a way that it
affects transposition. Support for this assumption comes from my work on the interaction
between Miz-1 and the SB transposase (see section 2). I clearly demonstrated that interaction
between these proteins modulates the promoter activity of the Miz-1 target gene cyclin DI,

and that this change in promoter activity is beneficial for transposition.

1 215
HMGB! -—————

399

1
LEE-1 I
1 204
SRY .
1 474
Sox-4 —lE
1 606
HMG2L1 .

Fig. 4-5: HMG boxes in nonsequence-specific and sequence-specific DNA-binding proteins. HMGBI1
represents a class of HMG box (black boxes) proteins with multiple HMG boxes which bind to DNA in
sequence-independent fashion. The other class of HMG box proteins which binds to DNA in a sequence-
specific fashion includes LEF-1 , SRY, Sox-4 and the recently isolated HMG2L1 protein. Numbers denote
amino acid positions.
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4.3 Future work

Nothing is known about the cellular function of HMG2LI, but based on structural
similarity to the Sox-4, LEF-1 and SRY proteins (Fig. 4-5), I predict a role of HMG2LI in
transcriptional regulation and development. Therefore, I suggest to investigate: 1) target genes
and target sequences recognized by HMG2L1, 2) the mechanism of target gene regulation,
and 3) the role of HMG2L1 in SB transposition.

A common approach to identify target genes of a particular transcription factor is to
overexpress or knock-down that factor, and to investigate genome-wide changes in transcript
levels by DNA microarray analysis (Miiller et al., 2001). This approach will help to identify
possible HMG2L1 target genes and binding of the HMG2L1 protein to the promoter of these
target genes can be analysed by chromatin immunoprecipitation (ChIP) (Zeller et al., 2001;
Haggerty et al., 2003).

Putative HMG2LI1 target sequences recovered by the ChIP method need to be verified
by electromobility-shift assays, DNasel footprinting and circular permutation analysis (Ferrari
etal., 1992; Giese et al., 1992).

The impact of HMG2L1 protein on the efficiency of SB transposition in vivo can be
determined using a transpositional assay in tissue culture cells. This method allows the
quantification of transpositional activity (Ivics et al., 1997) when HMG2L1 is overexpressed
or endogenous HMG2L1 is knocked-down using RNA interference (RNAi). It is expected
that either overexpression or knock-down (or both) of HMG2L2 expression will result in a
measurable change in transposition efficiency.

There are at least two different mechanisms how regulation of transposition by
HMG2L1 could be achieved. First, HMG2L1 might regulate another host-gene function(s)
and association with SB transposase leads to changes in gene expression thereby affecting
transposition. I demonstrated such a mechanism for the SB transposase/Miz-1 interaction
(Walisko et al., unpublished). Second, HMG2L1 could bind to the inverted repeats of the
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Sleeping Beauty transposon, and hence assist synaptic complex formation at the transposon
ends. Such a mechanism was suggested by Zayed et al. (2003) who could show that HMGB1
is a cellular cofactor in SB transposition.

The first mechanism will be addressed by the chromatin immunoprecipitation and
microarray analyses described above. The second mechanism will be addressed by
electrophoretic mobility-shift experiments, in which we will compare the mobility of the
inverted repeats only, inverted repeats plus HMG2L1 and inverted repeats plus HMG2L1 and
transposase. This experimental set-up would tell us whether HMG2L1 is possibly involved in
synaptic complex formation as it was suggested for HMGB1 (Zayed et al., 2003). If it turns

out to be so, additional experiments would be necessary to address this question in detail.
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5. Concluding thoughts

The present study is to my knowledge the only one so far which systematically aimed
at investigating transposon-host interactions of the Tcl-like element Sleeping Beauty in
human cells. I succesfully identified two human proteins which interact with the SB
transposase: the cell-cycle regulatory protein Miz-1, and the HMG-box protein HMG2LI1.

Interaction of the transposase with Miz-1 was demonstrated to regulate the host cell-
cycle in a way which is beneficial for both transposition of the element and survival of the
host. This illustrates the intimate relationship between transposable elements and the host cell
that has evolved and rendered a “selfish” element into a tame, domesticated inhabitant of
vertebrate genomes. Furthermore, my findings have profound practical consequences with
regard to possible applications of the Sleeping Beauty system in insertional mutagenesis.
Insertional mutagenesis screens rely on the fact that the observed phenotype is due to a
transposon insertion and not due to chromosomal rearrangements caused by transposon-
induced DNA DSBs. In this regard, my results clearly suggest that mechanisms exist (namely
the transposase/Miz-1 interaction) which support accurate DNA repair, and thus reduce (or
even eliminate) the chance of chromosomal rearrangements which may lead to high
background mutations during the screen. This clearly supports the potential use of Sleeping
Beauty in vertebrate functional genomics. In the light of Sleeping Beauty as a non-viral vector
system in gene therapy, my results suggest that transposition possibly can occur in non-
dividing cells such as T-cells, brain tissue and nerve cells which would extend the use of
Sleeping Beauty to treat genetic disorders in both proliferating and non-proliferating cells.

At the current stage of my research, it is difficult to predict what the impact of the
transposase/HMG2L1 interaction on both the element itself and the host is. This requires
detailed molecular studies of the cellular function of the HMG2L1 protein as briefly proposed

in section 3.3.
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Appendix

c¢DNA and amino acid sequence of the Sleeping Beauty transposase.

ATGGGAAAATOAAAAGAAATOA@OAAGACCT OAGAAAAAAAATTGT AGACCT mACAAGT CT Cf;’l’ TCATCCT Tm@AATI’TCCAAA 90

M GKSKEI S QDLRKIKI VDLHIKSGSSLGAI s K

(IIZCT GAAAGT ACCA(IBT TCATCT GT ACAAACAATAGT A(BCAAGT ATAAACACOATG(EQCOACGOAGCCGT CATACCGCT CAGGAAGG

RLKVPRSSVQTIVRKYKHHGTTQPSYRSGR

180

AGACGCGT TCTGI CTCCTAGAGATGAACGTACTTTGGT GCGAAAAGT GCAAAT CAATCCCAGAACAACAGCAAAGGACCT TGTGAAGATG

R RV L SPRDERTILVRIKYVQI NPRTTAIKUDILVKWM

270

CTi GGAGGAAACAG;T AOAAAAGT ATCT ATATCOACAGT AAAACGAGT CCT ATATCGACATAACCT GAAAMT CA@AAGGAAGAAG

L EETGT KV SI STV KRVLYRHNLI KU GRS SARKK

360

(IZACT GCT (IZAAAAC(IBACATAAGQAAG:CAGQCT A(IBGT TT(XZAACT GCACAT(BGGACAAAGATCGT ACT TTTTGGAGAAATGT CCT C

PLLQNRHKKARLRFATAHGDKDRTFWRNVL

450

TGGTCTGATGAAACAAAAATAGAACT GT TTGGOCATAATGACCATCGT TATGT TTGGAGGAAGAAGGEGEGEGAGGECT TGCAAGCCGAAGAAC 540
wWs DETIKI ELFGHNUDMHRYVWRIKI KU GEATCIKPKN

A@ATCCCAACCGT GAAG\CAG-IGCI{;T GCfACﬁATCATGT TGT CI{{-ZGI' GCT TTC£T G\CACX‘ACI{EACT GGI' CfACT TCACAAAATAGAT

T1 PTVKHOGGGSI|I ML WGCFAAGGTGALMHIKI1I D

630

GGCATCATGAGGAAGGAAAATTATGT GGATATAT TGAAGCAACAT CTCAAGACAT CAGT CAGGAAGT TAAAGCT TGGT CGCAAATGGGTC 720

GI MRKENYVDI L KQHLI KT SVRIKILIKLGRIKWYV

TTCCAAATGGACAAT GACCCCAAGCATACT TCCAAAGT TGT GGCAAAAT GCCT TAAGGACAACAAAGT CAAGGT AT TGGAGT GGOCATCA 210

FQMDNUDWPIKMHTSKVV AKWLIKUDNIKVKVL E WP S

CAAACCCCT CACCT CAATCCT ATACAAAATTTGT GGBCAGAACT GAAAAAGET GT GCGAGCAAGGAGGCCT ACAAACCT GACT CAGT TA 900

QSPDLNPIENLWAELKKRVRARRPTNLTQL

CACCAGCT CTGT CAGGAGGAAT GGGCCAAAAT TCACCCAACT TAT TGT GGGAAGCT TGT GGAAGGCTACCCGAAACGT TTGACCCAAGT T 990
HQLCQEEWAKI HPTYOCGKLVEG GYWPIKRLTOQV

AAACAATTTAAAGGCAATGCTACCAAATACTAG 1023

K 0 F K G N A T K Y
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c¢DNA and amino acid sequence of human Miz-1.

ATGGACT TTCCCCAGCACAGCCAGCATGT CTTGGAACAGCT GAACCAGCAGCGGCAGCTGGEGEECTTCTCTGTGACTGCACCTTTGIGGTG

MDFPQQHSQHVYLEQQLNOQQQROQLGLLOCDG CTTFVYV

GACGGTGTTCACTTTAAGGCT CATAAAGCAGT GCTGGCGGCCT GCAGCGAGTACT TCAAGATGCTCTTCGT GGACCAGAAGGACGT GGTG

D GVHFIKAHIKAVLAACSEYFIKMLFVDOQKDVYV

CACCTGGACAT CAGT AACGCGGCAGGECCT GGGEGCAGAT GCTGGAGT TTAT GTACACGGCCAAGCT GAGCCT GAGCCCTGAGAACGT GGAT

HL DI SNAAGLGQMLEFMYTAKILSL SPENWVD

G’-\TGT GCT m GGI‘ACT TTCCT CIZAAATG:AGG‘-\CATCATO’-\G}ECCT GCCAT(}DCCT CAAGT CACT T(XZT CAGCCIB(XZT ACCAGC

DVLAVATFLQMQDIITACHALKSLAEPATS

CCT GXXXBAAAT(E(I:‘G’-\GXZCT TGI:CACAGAAGEAGXXBACAAGAGAG:CAAAGQGEAGAAGBTGXIV\CCAC{ACG:T GAGCAGECT G

PGGNAEALATEGGDKRAKEEKVATSTLSRL

@@A@:AG%C@A@MC@ATAW@AW@T@A@@AW CAG}I:CACAGTGCGIIZAGOGGT (X:A

EQAGRSTPIGPSRDLKEERGGQAQSAASGA

G‘\G:AGACAG‘\GAAAGI:GATGISCI:CI:GXEAW GT GB‘-\G:T CAAGI‘AG‘-\CCCCACGQGTGXZATGECT GCI:(X:AGQA(XZT

EQTEKADAPREPPPVELKPDPTSGMAAAEA

G‘-\GBCCG:T TTGT CCG’-\G‘-\GZT (IIEAGCAAG‘-\AATGG‘-\(XET %AWAAGXXBAAGQ@A(XZAAAAGBQ&AAGAGBQC{AA

EAALSESSEQEMEVEPARKGEEEQKEQEEQ

G‘-\GBAGGAG?ECC{‘AGXXIV-\G:T GAGGT CAAG.‘AGG‘-\GEGT TCCCA(XZT CIEAGAAOGGQG‘\WGEAGAACEAGAATGQCIEAG

EEEGAGPAEVKEEGSQLENGEAPEENENEE

TCAGCGGGOACAGACTCGGGGCA(I‘A(I)T CGGCTCCGAGGCCCGGGG(ITI’ GCGCTCAGGCACCTACGGCGACCGCACGGAGT CCAAGGCC

SAGTDSGQELGSEARGLRSGTYGDRTESKA

TACGGCT CCGTCATCCACAAGF(KZGA(IEAUGF(KIEAA(IEAGFTOAC(IIACACGG(IEAACT TCAAGCGGCACATCCGCATCCACACGGGG

YGSVIHKCEDCGKEFTHTGNFKRHIRIHTG

GAGAAGCCCTTCT CGT GCCGGGAGT (ITAGCAAGGCCT TTTCCGACCCGGCCGCGTGCAAGGCCCATGAGAAGACGCACAGCCCT CTGAAG

EKPFSCRECSKAFSDPAACKAHEKTHSPLK

CCCT ACGGCT GCGAGGAGT GCGGGAACAGCT ACCGCCT CATCAGCCTGCT GAACCT GCACAAGAAGCGGCACTCGGGCGAGG(IIIIZT AC

PYGCEECGKSYRLISLLNLHKKRHSGEARY

CGCT GCGA%ACT GCGGCAAGCTCTT CACCACCTCGGGCAACCTOAAGCGCCACCAGCTGGT GCACAGCGGCGAGAAGCCCT ACCAGI' GC

RCEDCGKLFTTSGNLKRHQLVHSGEKPYQC

GACT ACTGCGGCCGCTCCTTCTCCCACCCCACTTCCAAGATGCGCCACCT GGAGACCCACGACACGGACAAGGAGCACAAGT GCCCACAC

DYCGRSFSDPTSKMRHLETHDTDKEHKCPH

TGCGACAAGAAGT T(AAC(A&;TAGI%ACCT(%AMCCTGAAGATCCACATC@TGAC&BGCCCUCAAGT GCCGAGAGT GT GGG

CDKKFNQVGNLKAHLKIHIADGPLKCRECG

AAGCAGI'TCACCACCT CAGGGAACCT (‘AAGCGGCACCTTC(‘:GATCCACAGCGG(IEAGAAGCCCT ACGTGT GCATCCACT GCCAGCGACAG

KQFTTSGNLKRHLRIHSGEKPYVCIHCQRQ

TTTGCAGACCCCGGECGCT CTGCAGOGGCACGT CCGCAT TCACACAGGT GAGAAGCCATGCCAGT GTGT GATGT GCGGTAAGGCCTTCACC

F A DPGAIL QR HV R I HTGEIK©PCOQCVMTCGZK A F T

95

90

180

270

360

450

540

630

720

810

900

990

1080

1170

1260

1350

1440

1530

1620



OAGGCCAGCT CCCT CATCGCCCACGT GC@CA@ACACCG@GAGAAGCCCT ACGT CT GCGAGC@T GCGGCAAGAGATTCGT CCAGT CC

QASSLIAHVRQHTGEKPYVCERCGKRFVQS

AGCCAGT TGGCCAATCATATTCGZCA(IZACGACAACAT(IZG:(IZACACAAGT G’ZAGCGT GT GCAGCAA(XB(IIT TCGT GAACGT GGGBGAC

SQLANHIRHHDNIRPHKCSVCSKAFVNVGD

CTGT CCAAGCACATCATCATTCACACT GCAGAGQAGCCT TACCT GT GT CATAAGT GT! GGGCGT m TCAAC(IEGGT AGACAA(I:T G(IBC

L S KHI I I HTGEIKW®PYLCDI KT CGRU GFNARVDNILR

TCCCACGT GAAGACCGT GCACCAG@\CAAGGCAGGCATCAAGATCCT GGAGCCCGAGGAGCECAGI’ GAGGT CAGCGT GGT CACT GT GGAT

SHVKTVHQGKAGIKILEPEEGSEVSVVTVD

GACATGGT CACGCT GGCTACCGAGGCACT GGCAGCGACAGCCGT CACT CAGCTCACAGT GGT GCCGGT GGGAGCT GCAGT GACAGCCGAT

bDbMYVY T LATEALAATAVTQLTVVPVGAAVTATD

GAGACGGAAGT CCT GAAGGCCGAGATCA@AAAGCT GT GAAGCAAGT GOAGGAAGAAGACCCCAACACT CACATCCT CT ACGCCT GT GAC

ETEVLKAEISKAVKQVQEEDPNTHILYACD

TCCTGT GGGGACAAGT TTCTGGAT GCCAACAGCCT GGCT CAGCATGT GCGAAT CCACACAGCCCAGGCACTGGTCATGI TCCAGACAGAC

S CGDKFLDANSLAQHVRI HTAQALV MF QT D

GCGGACTTCTATCAGCAGT ATGGGCCAGGT GGCACGT GGCCT GCCGEECAGGT GCTGCAGGCT GGGGAGCTGGT CTTCCGCCCTCGCGAC

A DFYQQYGPGGTWPAGQQVLQAGELVFRZPRD

GGGGCT GAGGG(IZAG(IZCGZACT G(xAGAGACCT (IZCCT ACAGCT CCTGAATGT! (IZCC(I;‘CCT GCCGAGT GA 2412

y
t
G A E G Q P AL A E T S P T A P E C P P P A E
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1710

1800

1890

1980

2070

2160

2250

2340



c¢DNA and amino acid sequence of human HMG2L1.

ATGBCT TATGATGACT CCGT GAAGAAAGAAGATTGT TTTGATGBT GATCATACCT TTGAGGACATAGGACT TGCAGCT CECCGAA&CAA

MAYDDSVKKEDCFDGDHTFEDIGLAAGRSQ

90

CGAGAGAAAAAACGT TCT TACAAAGATTTTTTAACH‘AAGAGGAAGQAATTGCT GCT CAGGT CAGGAATTCT TCCAAGAAGQAGT TGAAG

REKKRSYKDFLREEEEIAAQVRNSSKKKLK

180

GATAGT GAACT TTACT TCT TCQGGAOGEACACACACAAGQAGQAGAGEAACIIACT CCT CT GATGATTACT ACT. AT&‘AGATATTTCGT CT

DSELYFLGTUDTMHI K KI KRIKHSSDDYYYGDI S S

270

360

TTGGAATCGT CACAGAAGAAAAAGAAAAAGT CCAGCCCACAGT CTACT GATACAGCTATGGACCTGT TGAAAGCTATCACTTCCCCACTG
+ Il + Il + Il + Il + Il + Il + Il + Il + Il

L ESSQK KK KIKSSPQSTIDTAMDILIULIKAI TSUPL

GCAGCAGGCT CCAAGCCCT CCAAAAAGACT GGGGAGAAAT CCTCTGGCT CTTCAAGCCAT TCGGAGAGT AAAAAGGAGCACCACAGGAAG
+ Il +

450

AAGS KPS KKTGEIKSSGSSSHSESIKIKEWHHRK

AAAGT CAGT GGAAGC’\GT CEGGAACT AOCOCT AGAG‘ATGBT GT CT CCCACAAATCGAAAAAAATGAAACCT CT CT ATGT GQACACAGAG

KVSGSSGELPLEDGVSHKSKKMKPLYVNTE

540

ACACT GACOCT TCCHEAGOCT GATGGT TTAAAAATGAAACT TATTCT GT CACCAAAG‘AGAACH‘AACIAGCT CT GT TGATGACEAGT CT

TLTLREPDGLKMKLILSPKEKGSSSVDEES

630

TTTCAATATCCCT OCCAACAAGOGACT GT GAAAAAATCCT CAAAGAAATCAGCT CCH‘ATGAGCA&BGT CIIT TTACT CCT AGGACATGAG

FQYPSQQATVKKSSKKSARDEQGALLLGHE

720

TTACAGAGCT TTCT! GAAAACAGOCCGGAAAAAGCACAAGT CATCCT CAGACGCACATTCATCT CCT GC£CCT GAAGGCT GT GBGT CT GAC

LQSFLKTARKKHKSSSDAHSSPGPEGCGSD

810

GCCT OCCAGT TOGCAGAGT COCACAGT GCT AACCT TGATCT TTCACHBCT TGAACCT ATTCT GGT AGAATCAGACT CATCCT CT GGT GGG

ASQFAESHSANLDLSGLEPILVESDSSSGG

900

GAACT AGAGGCT GCHEAGT TAGT GATAGATGATTCT TACCGAGAAATCAAGQAGAAAAAGAAGT CAAAGAAGACI:AAAAAGQAGQAAGAC

ELEAGELVIDDSYREIKKKKKSKKSKKKKD

990

AACXEAGAAGCATAAAGAGAA&GACACT CCAAGT CCAAGQGAAATTTAGGACT TTCT C£CGT C£CAGT GGGAGAGGT CACAGT GQCATCT

KEKHKEKRHSKSKRNLGLSAVPVGEVTVTS

1080

C{£CCT CCT CCCAGCATCOCATACGCT GGAGCAGCAGCACCT CCCCT GCCACT TCCT C£CCT CCACACAGATGGGCATAGT GAAAAGAAG

GPPPSIPYAGAAAPPLPLPGLHTDGHSEKK

1170

AAGAAGAACIEAAGAGAA(XEACAAAGAGAGAGAGAGACIEAGAAMGCCAAMMGAAGAACATGT C&BCCT ACCAGGT GT TCT GT. AAAGAG

KKKEEKDKERERGEKPKKKNMSAYQVFCKE

1260

TATCC£GT GACCATTGT GGCT GACCATOCAGBT ATAGATTTTGCH‘AACT TAGT. AAAAAACT CECT GAGBT GT GGAAGCAATTACCAGQA

YRVTIVADHPGIDFGELSKKLAEVWKQLPE

1350

AAAGACAAACT GATTTGEAAGCAAAAAGCT CAGT, ATCT CIACIACAAACAGQACAAACIAGQAGCCACAACT GT GAAAAG‘AAA&ATCC

KDKLIWKQKAQYLQHKQNKAEATTVKRKAS

1440

AGCT! CAGAAGGT TOCATGAAAGT CAAAC£CT CT TCT GT. AGEAGT ACT GT CACCCCAGAAGAAGT CCCCACCCACCACCATGCT GT TACCA

SSEGSMKVKASSVGVLSPQKKSPPTTMLLP

1530

GCCT CACCAGCCAAAGCCCCT GAGACAGAGCCCATTGATGT TGCTGCT CATCT TCAGCT GTTGGGAGAGT CCCTAAGCCTCATTGGACAC

1620

A S P A K A P ETE P I DV A A HL QL L G E S L S L I G H
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CGTCTGCAGGAAACT GAGGGT, ATGGTGGCTGTGT CT mGT TTGT CAGTGCTTCTCISATTCOATTATCT GTGCCCTTGGCCCXITT@OA
t } } } } + 1710

RLQETEGMVAVSGSLSVLLDSIICALGPLA

TGTCTCACOAOAOQACT ACCT GAATTGAATCIECTGT CCOAAAOAG;T CTTGTCAAACAOATTAGAOAAOATTGCTTACATCATGCC@GA 1800

CLTTQLPELNGCPKQVLSNTLDNIAYIMPG

4+t 1806
L
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Raw data: Gene chip analysis

pT/GFP
Fugene transfected Nucleofected (Amaxa) Statistics
GeneBank Acc- . Signal Signal Fold Signal Signal Fold Average
Gene # Affymetrix-ID (gB) (gK) change (gB) (gK) change n Fold cha?nge stdv sem
Cyclin M64339 2017_s_at 103.5 1120.8 -10.8 276 1218 -4.4 4 -7.3 2.7 14
D1 38418 at 725.1 4447 -6.1 539 4327 -8
Cyclin M92287 1795 _g_at 4218 3956 11 5511 3690 15 4 0.4 1.6 0.8
D3 1794 _at 4395 4609 1 2301 4691 -2
p16INK4 u26727 1713_s_at 2606 3772 -14 2368 4529 -1.9 2 -1.7 0.4 0.3
p21CIP1 U03106 2031_s_at 3765 2046 1.8 2785 2703 1 2 1.4 0.6 0.4
Cyclin E M73812 2021_s_at 425 435 1 538 551 1 2 1 0.0 0.0
Cyclin A X51688 1943 at 3645 4544 -1.2 4554 4492 1 2 -0.1 1.6 11
Cyclin B M25753 34736_at 4390 5682 -1.3 4160 5463 -1.3 2 -1.3 0.0 0.0
Cyclin F U17105 1996_s_at 540 386 14 523 538 1 2 1.2 0.3 0.2
Cyclin H U11791 1924 at 2286 2293 1 945 2274 -2.4 2 -0.7 2.4 1.7
GAPDH M33197 23229 18527 1.3 41010 20668 2 2 1.7 0.5 0.4
No pT/GFP
Fugene transfected Nucleofected (Amaxa) Statistics
GeneBank Acc- . Signal Signal Fold Signal Signal Fold Average
Gene # Affymetrix-ID (gB) (gK) change (gB) (gK) change n Fold cha?nge stdv sem
Cyclin M64339 2017_s_at 168.1 1120.8 -6.7 168.1 1218.4 -7.3 4 -7.2 0.3 0.2
D1 38418 at 595.3 4447 .4 -7.4 595.3 4326.8 -7.3
Cyclin M92287 1795 _g_at 3159,6 3956.3 -1.3 3159,6 3689.9 -1.2 4 -1.3 0.1 0.1
D3 1794 _at 3318.1 4609.2 -14 3318.1 4691 -1.4
p16INK4 u26727 1713_s_at 2787.5 3771.9 -14 2787.5 4528.8 -1.6 2 -1.5 0.1 0.1
p21CIP1 U03106 2031_s_at 3180.2 2046.4 1.6 3180.2 2703.3 1.2 2 14 0.3 0.2
Cyclin E M73812 2021_s_at 558.2 434.9 1.3 558.2 550.5 1 2 1.2 0.2 0.1
Cyclin A X51688 1943_at 3481.3 4544 -1.3 3481.3 4491.9 -1.3 2 -1.3 0.0 0
Cyclin B M25753 34736 _at 4225.4 5681.7 -1.3 4225.4 5462.7 -1.3 2 -1.3 0.0 0
Cyclin F U17105 1996_s_at 641.6 386.2 1.7 641.6 537.7 1.2 2 15 0.4 0.2
Cyclin H uU11791 1924 at 2178 2192.5 1 2178 2273.6 1 2 1 0.0 0
GAPDH M33197 20730.4 | 18526.7 11 20730.4 20668.4 1 2 1.1 0.1 0.1
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Raw data: Growth curve analysis

cell line | Days post N Resuspepsion Cells per corner square Average Cells per well Average stdv sem
inocculation volume in ml (4 squares counted) cells per square cells per well
1 48; 49; 44; 50 47,8 23900
1 2 0.05 50; 82;70; 52 63.5 31800 30900 6596 3808
3 78; 76; 82; 60 74 37000
1 40; 52; 52; 40 46 57500
3.75 2 0.125 47; 32; 48; 47 43.5 54400 51400 8032 4637
. 3 38; 38; 21; 38 33.8 42300
~ (’% 1 16; 18; 16; 16 16.5 165000
% %) 55 2 1 17;13; 10; 13 13.3 133000 160333 25325 14621
T HEJ 3 20; 18; 19; 16 18.3 183000
= 1 24;10; 19; 21 18.5 277500
7 2 15 18; 13; 13; 16 15 225000 229000 46629 26921
3 11, 7;22; 11 12.3 184500
1 30; 23; 33; 33 29.8 596000
9 2 2 50; 41; 36; 55 455 910000 727333 163173 94208
3 41; 31, 30; 33 33.8 676000
1 59; 53; 57; 54 55.8 27900
1 2 0.05 65; 63; 53; 65 61.5 30800 30300 2150.19 1300
3 64; 58; 77; 58 64.3 32100
1 53; 48; 56; 72 57.3 71600
3.75 2 0.125 72;64;75; 71 70.5 88100 73200 14214 8200
3 58; 32; 52; 49 47.8 59800
~ Q 1 23; 21; 16; 15 18.8 188000
% (,_,’J) 55 2 1 32; 24, 28; 29 28.3 283000 237000 47571 27500
tx 3 19; 31; 23; 23 24 240000
1 33; 25; 24; 25 26.8 402000
7 2 15 28; 35; 38; 34 33.8 506300 446800 53695 30900
3 29; 25; 31; 30 28.8 432000
1 99; 82; 108; 88 94.3 1886000
9 2 2 78; 96; 69; 85 82 1640000 1648700 233121 | 134500
3 71;70; 78; 65 71 1420000
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Raw data: Cyclin D1 promoter response to SB transposase in the absence of Miz-1

Reaction time: 10 min Average Average minus blank Average
Trans- units R.LU/ R.LU/
Sample fection| M RLU | A-578 | A-595| RLU | A-578 | A-595( RLU A-578 | A-595 R-gal units 3- units B-| stdv sem
gal gal
1 37876 | 0.547 | 0.607
1 2 41690 | 0.547 | 0.603 | 39333 | 0.546 | 0.604 | 39164 0.481 0.068 707.4 55.4
o 3 38434 | 0.544 | 0.601
o 1 53310 | 0.650 | 0.598
= 2 2 53573 | 0.647 | 0.601 | 53874 | 0.648 | 0.601 [ 53705 0.583 0.065 896.9 59.8 56.6 2.8 1.6
% 3 54741 | 0.648 | 0.605
+ 1 37353 | 0.531 | 0.605
3 2 38943 | 0.531 | 0.603 | 38433 | 0.533 | 0.603 | 38264 0.469 0.067 700.0 54.7
3 39004 | 0.539 | 0.601
1 43299 | 0.619 | 0.597
1 2 44766 | 0.617 | 0.608 | 44131 | 0.618 | 0.602 | 43962 0.553 0.066 837.8 52.5
o 3 44329 | 0.618 | 0.601
] 1 | 55507 | 0.683 | 0.596
= 2 2 55064 | 0.696 | 0.602 | 54802 | 0.688 [ 0.600 | 54633 0.623 0.064 973 56.1 54.7 1.9 11
a 3 | 53836 | 0.684 | 0.601
' 1 46529 | 0.623 | 0.597
3 2 46828 | 0.615 | 0.596 | 48498 | 0.614 | 0.599 | 48329 0.548 0.063 869.8 55.6
3 52138 | 0.603 | 0.605
untrans. 1 177 0.066 | 0.596
fected 2 196 0.066 | 0.600 | 169 | 0.066 | 0.599 0 0 NA
3 134 0.066 | 0.600
Buffer 1 0.065 | 0.537
blank 2 0.065 [ 0.533 | NA | 0.065 | 0.536 NA NA 0.000
3 0.065 | 0.537
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Raw data: Cyclin D1 promoter response to SB transposase in the presence of wildtype Miz-1

Reaction time: 5.5 min Average Average minus blank Average
Trans- units R.LU/ R.LU/ Fold
Sample fection| M RLU [A-578 | A-595| RLU | A-578 [ A-595| RLU A-578 | A-595 R-gal units R- units R- h sem
ga gal gal change
1 77417 | 1.672 | 0.459
1 2 80745 | 1.734 | 0.487 | 79081 | 1.699 | 0.475 | 78783 1.629 0.475 623.7 126.3
g 3 1.692 | 0.479 111.6
g 1 44349 | 1.088 | 0.471
i 2 2 43782 | 1.120 | 0.478 | 44476 | 1.109 | 0.482 | 44178 1.039 0.482 391.8 112.8
7 3 | 45296 | 1.120 | 0.498 (stdv=
+ 1 | 29454 | 0.859 | 0.476 15.3)
3 2 29173 | 0.897 | 0.489 | 29111 | 0.883 | 0.491 | 28813 0.813 0.491 301.0 95.7
3 28706 | 0.894 | 0.509
1 | 32662 | 0.400 | 0.477 -3.0 13
1 2 32674 | 0.423 | 0.526 | 33003 | 0.416 | 0.512 | 32705 0.346 0.512 122.8 266.4
o 3 33672 | 0.424 | 0.533
g 1 | 1441 | 0076 | 0.482 338.2
—~ 2 2 1420 0.078 | 0.503 | 1463 | 0.077 | 0.508 1165 0.007 0.508 25 465.3 (stdv=
& 3 | 1528 |0.077 | 0.540 110.3)
' 1 8887 0.152 | 0.488
3 2 8750 0.158 | 0.521 | 8819 | 0.155 | 0.514 8521 0.085 0.514 30.1 283.4
3 0.533
untrans- 1 263 0.069 | 0.512
fected 2 333 0.070 | 0.527 | 298 | 0.070 | 0.524 0 0 NA
3 0.070 | 0.532
1 0.069
Buffer
blank 2 0.066 | 0.000 NA 0.067 | 0.000 NA NA 0.000
3 0.067
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Raw data: p15INK4b promoter response to SB transposase in the presence of wildtype Miz-1
Reaction time: 5.5 min Average Average minus blank Average
. RLU/ RLU/
Sample fTra’?S' n | RLU |A-578|A-595| RLU | A-578|A-595| RLU | A-578 | A-595 | Y™ |ynits g- units 8- | FOld 1 gem
ection 3-gal gal gal change
1 3660 | 0.215 | 0.491
1 2 3654 | 0.215 | 0.527 | 3657 | 0.206 | 0.517 | 3359 | 0.136 | 0.517 47.7 |70.4
o 3 0.187 | 0.534
ﬁ 1 | 21586 | 0.274 | 0.484 1672
N 2 2 | 22330 |0.284 | 0.511 [ 22172| 0.282 | 0.513 | 21874 | 0.212 | 0.513 75.1 291.4
7 3 | 22601 | 0.287 | 0.543 (stdv=
+ 1 | 17699 | 0.326 | 0.523 111.0)
3 2 | 18087 | 0.340 | 0.548 | 17997 | 0.332 | 0.538 | 17699 | 0.262 | 0.538 88.6 199.8
3 | 18205 | 0.331 | 0.544
1 513 | 0.071 | 0.522 -12 1.3
1 2 532 | 0.072 | 0547 | 500 |0.072 |0.541| 202 0.002 | 0.541 0.6 361.2
o 3 456 0.072 | 0.554 232.0
§ 1 | 4446 |0.171 ] 0515
= 2 2 4785 | 0.156 | 0.573 | 4629 | 0.161 | 0.555 | 4331 | 0.091 | 0.555 29.7 145.7
N 3 | 4655 |0.155 | 0.576 (stdv=
' 1 635 | 0.075 | 0.510 114.0)
3 2 632 | 0.075| 0554 | 636 |0.075|0.542 | 338 0.005 | 0.542 1.8 189.0
3 642 | 0.076 | 0.561
1 263 [ 0.069 | 0.512
”Petéf‘e”(f 2 | 333 |0070|0527| 298 | 0070|0524 o 0.000 | 0.524
3 0.070 | 0.532
Buffer 1 0.069
blank 2 0.066 | 0.000 0.067 | 0.000 | NA NA 0.000
3 0.067
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Raw data: Cyclin D1 promoter response to SB transposase and truncated Miz.1

Reaction time = 7.5 min Minus blank Average Statistics
Sample |n| RLU | A578 | A-595 | RLU | A-578 |A-595 é‘”'ts RLU/ RLU/ stdv | sem | Fold change |S€M of fold
-gal units R-gal units R-gal change
+ Miz1 1| 17508 | 0.530 | 0.974 | 17276 | 0.452 | 0.439 | 137.3 125.8
(269-803) 2 | 17498 | 0.549 | 0.993 | 17266 | 0.471 | 0.458 | 137.1 125.9 126.8 1.5 0.9
3| 17627 | 0.546 | 0.996 | 17395 | 0.468 | 0.461 | 135.4 128.5 +31 0.2
Miz1 1| 4892 0.485 | 1.035 4660 0.407 | 0.500 | 108.5 42.9
(269-803) 2 | 4941 0.494 | 1.043 4709 0.416 | 0.508 | 109.2 43.1 41.0 3.6 2.1
3| 4423 0.518 | 1.051 4191 0.440 | 0516 | 113.7 36.9
+ Miz-1 1| 12788 | 0.415 | 1.025 | 12556 | 0.337 | 0.490 | 91.7 136.9
(269-803) 2 | 12982 | 0.438 | 1.033 | 12750 | 0.360 | 0.498 | 96.4 132.3 126.4 144 | 83
SB-Tpase | 3 | 13665 | 0.518 | 1.015 | 13433 | 0.440 | 0.480 | 122.2 109.9 12 01
+Miz-1 1| 10060 | 0.324 | 1.066 9828 0.246 | 0531 | 61.8 159.1 ' '
(269-803) 2 | 10193 | 0.332 | 1.064 9961 0.254 | 0.529 | 64.0 155.6 157.3 1.8 1.0
-SB-Tpase | 3 | 10169 | 0.339 | 1.086 | 9937 | 0.261 |0.551 | 63.2 157.3
1 253 0.078 1.07 0.535
untransfected | 2 219 0.079 1.105 0 0.000 | 0.570
3 225 0.078 | 1.112 0.577
1 0.531
Buffer blank | 2 0.538 0.000
3 0.537
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Raw data: Cyclin D1 promoter response to wildtype Miz-1 and Myc

Reaction time: 8 min Minus blank Average Statistics
Sample n| RLU | A578 | A-595 | RLU | A-578 | A-595 [‘;”'ts RLU/ RLU/ stdv sem Fold — | sem of fold
-gal units 3-gal units 3-gal change change

1 | 47194 0.537 0.772 | 46658 | 0.471 | 0.772 76.3 611.8

+ Miz-1 2 | 45897 0.534 0.828 | 45361 | 0.468 | 0.828 70.7 642.0 618.9 20.5 11.8
3 | 45759 0.543 0.795 | 45223 | 0.477 | 0.795 75.0 603.0 129 06
1 | 11035 0.498 0.856 | 10499 | 0.432 | 0.856 63.1 166.4

- Miz-1 2 | 10793 0.501 0.890 | 10257 | 0.435 | 0.890 61.1 167.9 210.1 74.5 43.0
3 | 19731 0.513 0.862 | 19195 | 0.447 | 0.862 64.8 296.1
1 | 29257 0.493 0.865 | 28721 | 0.427 | 0.865 61.7 465.5

+Myc 2 | 30970 0.500 0.883 | 30434 | 0.434 | 0.883 61.4 495.4 484.7 16.7 9.6
3 | 30527 0.499 0.890 | 29991 | 0.433 | 0.890 60.8 493.2 18 01
1 | 110029 | 1.033 0.914 |109493| 0.967 | 0.914 | 132.2 827.9

- Myc 2 | 108660 | 1.049 0.941 |108124| 0.983 | 0.941 | 130.6 828.0 869.8 72.3 41.8
3 | 113999 | 0.982 0.962 |113463| 0.916 | 0.962 | 119.0 953.3
1 594 0.066 1.026
untransfected | 2 551 0.066 1.073 0 0.000
3 463 0.066 1.06
1 0.062
Buffer blank | 2 0.062 0.000 0.000

3 0.062
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Raw data: p15INK4b promoter response to wildtype Miz-1 and Myc
Reaction time: 6 min Minus blank Average
Sample n | RLU | A578 | A595 | RLU | A-578 | A-595 é‘”'ts RLU/ RLU/ stdv | sem |Fold change| S€M Of fold
-gal units R-gal units 3-gal change
1 266203 | 0.777 0.352 | 265879 | 0.706 0.352 334.3 795.4
+ Miz-1 2 277636 | 0.815 0.366 | 277312 | 0.744 0.366 338.8 818.5 804.3 12.4 7.2
3 281475 | 0.831 0.360 | 281151 | 0.760 0.360 351.9 799.1 +17.9 03
1 17843 0.946 0.369 17519 0.875 0.369 395.2 44.3
- Miz-1 2 18038 0.964 0.384 17714 0.893 0.384 387.6 45.7 45.1 0.7 04
3 18398 0.962 0.373 18074 0.891 0.373 398.1 454
1 49929 0.485 0.378 49605 0.414 0.378 182.5 271.7
+Myc 2 49569 0.499 0.419 49245 0.428 0.419 170.2 289.3 277.0 10.6 6.1
3 48619 0.498 0.398 48295 0.427 0.398 178.8 270.1 220 01
1 151597 | 0.766 0.416 151273 | 0.695 0.416 278.4 543.3
- Myc 2 155786 | 0.833 0.435 | 155462 | 0.762 0.435 292.0 532.5 542.2 9.2 5.3
3 151690 | 0.813 0.450 | 151366 | 0.742 0.450 274.8 550.8
1 236 0.070 0.319
untransfected | 2 393 0.071 0.337 0 0.000
3 344 0.071 0.342
1 0.068
Buffer blank 2 0.068 0.000
3 0.068
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Raw data: Cyclin D1 promoter response to increasing amounts of SB transposase

Reaction time: 4.5 min Average Average minus blank Average RLU/

gV TS|y | RLU | A-578 |A-595| RLU |A578|A595| RLU | A-578 [A-595 gg‘:j uni?ersz-/gal uni?ersz-/gal stdv | sem | oo | sem
1 ; 22;;2; 8:;2? 8:2; 560656 | 0.740 | 0.819 | 560420 | 0.669 |0.292 | 509.1 | 1100.7

0ng 2 ; 22:?1: 8:;2; 8:;22 550895 | 0.747 | 0.751 | 559659 | 0.676 |0.224 | 670.1| 835.1 999.1 | 1433 | 827 | 100 | NA
3 ; 225312: gzgg% 8:24113 571836 | 0.809 | 0.832 | 571600 | 0.738 |0.305 | 538.6 | 1061.3
1 ; g;:gég 8:282 8:222 329241 | 0.603 | 0.858 | 329005 | 0.532 |0.331|357.2| 921.2

25ng | 2 ; gggég 8:2;; 8:2;; 377579 | 0.683 | 0.827 | 377343 | 0.612 |0.300 | 454.1 | 831.0 8682 | 471 | 272 | 087 | 0.10
3 ; 2:2232 8:232 8:222 392568 | 0.669 | 0.816 | 392332 | 0.598 |0.289 | 460.2 | 8525
1 ; ;zgggg 8:222 g:ggi 231835 | 0.544 | 0.820 | 231599 | 0.473 |0.203|358.7| 645.6

5ng 2 ; ;jigéi gzggg 8:222 242133 | 0.552 | 0.874 | 241897 | 0.481 |0.347 |308.5| 784.2 7156 | 69.3 | 400 | 072 | 0.10
3 ; ;g;gg 8:22‘2‘ 8:2‘11; 250248 | 0.548 | 0.831 | 250012 | 0.477 |0.304 |348.7| 717.0
1 ; gg;g: 8:22; 8:33 131046 | 0.410 | 0.912 | 130810 0.339 |0.385 | 195.4 | 669.5

ong | 2 ; ijgfég 8:221 8:222 146373 | 0.431 | 0.851 | 146137 | 0.360 |0.324 | 247.3| 590.9 500.1 | 79.9 | 461 | 059 | 0.09
3 ; ggg; 8:228 8:3? 136931 | 0.413 | 0.810 | 136695 | 0.342 |0.283 | 268.2| 509.8
1 ; 18322; 8:22411 8:2;2 104656 | 0.388 | 0.839 | 104420 | 0.317 |0.312 | 225.8| 4625

20ng | 2 ; 18;’83 8222 8:;2; 103801 | 0.390 | 0.816 | 103565 | 0.319 |0.289 | 244.9| 422.9 459.8 | 357 | 206 | 046 | 006
3 ; 183251,411 8:43123 8:2% 107983 | 0.409 | 0.871 | 107747 | 0.338 |0.344 | 218.0| 494.2
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Average Average minus blank Average RLU/
ng CMV-[Transf units | RLU/ RLU/ units 8-gal
- - _ _ _ _ _ _ normalized
S5 |ection| N | RLU |A-578 |A595| RLU |A-578|A595| RLU |A-578 |A595 ol rl  oel | e | Stav | sem ( )| sem
1 |283942[ 0.703 | 0.815
1 |5 |oso00s| 0.v8s | 0530 | 286969 | 0.744 | 0.826 | 286733 | 0.673 | 0.209 | 500.7 | 5727
1 |302401| 0.742 | 0.810
50 ng 2 15 3004830 0701 | 0.4 | 301442 | 0.767 | 0.817 | 301206 | 0.696 |0.290 |533.0 |  565.2 587.1 317 | 183 059 | 0.07
1 |310581[ 0.830 | 0.846
3 151310795 0822 | 0.88a | 310653 | 0-826 | 0.864 | 310417 | 0.755 | 0.337|497.9 | 6235
uggtaer(‘ff 1| 236 | 0071 |0854| 236 |0071|0854| 0 | 0000 0327 0.0
Buffer
Ik 1 0.078 | 0.527 0.000
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Raw data: Transposition assay in serum-starved CHO-K1 cells

1% serum containing medium 0.5% serum containing medium

colonies per plate Transposition Traﬁ\g?)r:sgi(taion stdv sem colonies per plaie Transposition Traﬁ\g?)r:sgi(taion stdv | sem
n |+ Tpase| - Tpase Efficiency Efficiency + Tpase | - Tpase Efficiency Efficiency
1 363 50 7.3 108 10 10.8
2 479 86 5.6 180 12 15.0
3 111 16 6.9 104 7 14.9
4 196 28 7.0 276 34 8.1
5 164 19 56 6.5 2.2 0.8 159 19 8.4 9.9 35 1.3
6 180 19 9.5 158 16 9.9
7 80 22 3.6 14 2 7.0
8 110 32 3.4 57 11 5.2
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