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3.4.2.

Far Western blotting

To clarify the extent of the multimerisation domain found in the two-hybrid screenings
(3.3), far Western blotting was carried out. The "far" Western blot is a modification of
the standard Western blot in which the antibodies are substituted by a radioactively
labelled protein. Instead of detecting a blotted protein (which is also possible) this
method is generally used to test for protein-protein or DNA-protein ("South-Western",
3.4.3) interactions between probe and immobilised protein.
After the localisation of the DEK-DEK interaction domain, the dependency of
multimerisation on phosphorylation was examined. Possible interactions between
DEK and histones were investigated next by trying to define the regions on the DEK
protein that are necessary for histone binding. Finally, the protocol was adapted for
probing blotted DEK fragments with labelled nucleic acids (South-Western) to find
DNA- and possibly RNA-binding domains.

The multimerisation domain is located between amino acids 270-350 of DEK
Since the two-hybrid result concerning the DEK multimerisation domain was
ambiguous for the last 65 amino acids (Fig. 26), far Western analysis was chosen as a
second method to test this fragment. Four insect cell ('Hi5')-expressed his-DEK
fragments as well as the full-length DEK fragment were blotted on nitrocellulose (Fig.
30A). The membrane was then probed with

32

P-labelled full-length DEK (Fig. 30B, for

labelling of 'PKA-his-DEK 1-375' see materials and methods, 2.3.4). Fragment 310375 was negative in this assay and is thus not sufficient for multimerisation, as
suggested by Fig. 26A and Fig. 28 (two-hybrid), but contrary to Fig. 26B. Since its
complement (amino acids 1-310) is negative as well, while 270-375 and 1-350 are
positive the multimerisation domain must lie within amino acids 270-350, as
suggested by two-hybrid assays (Fig. 28).
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Fig. 30 Localisation of the multimerisation domain by far Western blotting. (A) Recombinant
baculovirus his-tagged DEK and DEK fragments were blotted on nitrocellulose and stained with
Ponceau-red. (B) The same blot as in (A) was incubated with 1µg 32P-ATP his-DEK, labelled in vitro at
a protein kinase A (PKA) phosphorylation-site introduced in between the his-tag and DEK. After
extensive washing, the blot was submitted to autoradiography over night. (C) The multimerisation
domain lies on a region from amino acids 270-350.

Fig. 31 shows the same experiment on a larger scale, with 15 instead of 5 DEK

constructs. Again only fragments containing amino acids 270-350 are positive,
except for DEK 87-310 that shows a moderate signal in the autoradiography (Fig.
31B).

Fig. 31 (below) Confirming the position of the multimerisation domain. 15 different recombinant
his-DEK fragments were used for far Western blotting with 32P-DEK as in Fig. 30. Hela-cell extract and
a molecular weight marker were used as background controls. (A) Ponceau-stain of blotted DEKfragments. (B) Autoradiography. Except for DEK 87-310, which shows some background staining,
only fragments containing DEK 270-350 are positive, confirming that this region carries the
multimerisation domain. Note that in contrast to Alexiadis et al. (2000) histones are not bound by DEK
using this experimental setting.

-78-

3 · Results

-79-

3 · Results
DEK's multimerisation domain may be part of a basic or helix-loop helix motif
So DEK 310-375 is negative for multimerisation using far Western blotting (Fig. 30 and
Fig. 31). The fragment behaves inconsistently in two-hybrid tests: as a bait-fusion

(LexA-DEK) it is able to bind to full-length DEK, as a prey-fusion (activation domain
B42-DEK) it does not (Fig. 26). A NMR-study determining the structure of DEK 310375 could neither find indications for a multimerisation (Devany et al. submitted).
Therefore, the bait construct LexA-DEK 310-375 probably gives a false-positive
result. The reason for this is unknown but it is remarkable, that DEK 270-350
contains a DNA-binding (see 3.4.3 below) and a multimerisation domain. This
succession of domains is similar to LexA (DNA-binding domain) - DEK 310-375 (=
incomplete multimerisation domain). By binding to DNA, LexA may restore the
multimerisation activity of DEK310-375.
DNA-binding + multi/dimerisation domain is reminiscent to basic-zipper (b-zip) or
helix-loop-helix zipper (HLH-zip) motives. However, isolated dimerisation domains of
these motives are still able to interact. DEK 270-350 contains spaced leucines,
although they are not perfectly spaced in the 7-step fashion usual for the "zipper"
motif. The prediction programme "COILS" (link on www.expasy.ch) nevertheless
finds a coiled-coil (Fig. 32), a left-handed superhelix formed by two α-helices between
amino acids 322-350 of DEK. The length of the b-zip motives in JunD (63 amino
acids; with 36 amino acids zipper) and CREB (57 and 32 amino acids, respectively)
or of the HLH-zip motives in c-Myc and Max (85 amino acids total, 32 amino acids
zipper) correspond approximately to the data for DEK 270-350 (domain length ≤80
amino acids, zipper about 28 amino acids).
The conflict between dimerisation of DEK implied by the similarity to 'zipper' motives
and higher-order multimerisation as suggested by other data is discussed in chapter
4.4.1.
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Fig. 32 Coil prediction for DEK Programme "COILS" (www.expasy.ch). On the abscissa (x-axis)
the 375 amino acids of DEK are blotted against the likelihood for coiled-coil formation on the ordinate.
Settings: bias for first and fourth position, output format: 28amino acid window.

Since DEK is a phosphoprotein it is possible that DEK-DEK multimerisation is
phosphorylation-dependent. Recombinant his-DEK purified from insect cells
(baculovirus system) is also phosphorylated (Kappes and Gruss submitted). The
method of Kappes et al. was used to completely dephosphorylate his-DEK with λphosphatase. Untreated (= phosphorylated) vs. dephosphorylated his-DEK were then
compared with respect to multimerisation in the far Western blot (Fig. 33). To get a
complete picture, the probe was either untreated (Fig. 33A) or dephosphorylated
before radioactive labelling (Fig. 33B). Phosphorylated his-DEK gives a stronger signal
on the autoradiography than dephosphorylated his-DEK, regardless whether the
probe is phosphorylated or not. The phosphorylation status of the probe still has an
influence, since the total signal is stronger when a phosphorylated probe was used
(Fig. 33A). The latter point has to be treated with care, however, since residual λphosphatase could interfere with labelling of the probe. Still, these data argue that
phosphorylation enhances DEK-DEK multimerisation.
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Fig. 33 Phosphorylation of DEK influences multimerisation. (A) Left: Nuclear weight marker as
background control and two samples of recombinant his-tagged DEK, one untreated and therefore
phosphorylated, the other treated with lambda phosphatase (deph) were blotted on nitrocellulose
after separation by SDS-PAGE. Right: the blot was incubated with recombinant PKA-his-tagged DEK
as in Fig. 30 and Fig. 31. Phosphorylated DEK gives a stronger signal after autoradiography. (B) The
same experiment as in (A), apart from the radioactive probe that was dephosphorylated with lambda
phosphatase before labelling. The phosphorylated blotted DEK again gives a stronger signal and the
overall signal is weaker than in (A).

DEK-histone-binding
Alexiadis et al. showed that DEK modifies the topology of small circular chromatin
templates in vitro (Alexiadis et al. 2000). Assuming that the effect is confined to
chromatin and does not take place on naked DNA, they went on to demonstrate
direct interactions between the histones H2A & H2B and DEK by far Western
blotting.
To find the DEK-domains necessary for histone binding, a modified far Western
protocol was used here. Radioactively labelled DEK or histones were used as
probes, respectively, to avoid possible artefacts resulting from cross reactions when
using a "sandwich" system consisting of unlabelled probe and antibodies to detect
the probe.

-82-

3 · Results

Fig. 34 shows a part of Fig. 31, where

32

P-labelled PKA-his-DEK was used to detect

DEK-fragments such as DEK 270-350 that is included as a positive control. Histones
from Hela-cell extracts were negative on the autoradiography, although there is some
background signal for histone H3 or H2B. Other blots show that the faint stain
belongs to histone H3 (data not shown), and not to H2A or H2B as found by Alexiadis
et al. Thus, other than Alexiadis et al. who used a possibly less specific sandwich
system consisting of recombinant GST-DEK, DEK antibody and secondary antibody,
no specific binding to histones could be shown.
Fig. 34 Histone
binding by 32P
labelled PKA-hisDEK. An excerpt of
Fig. 31 is shown. DEK
270-350 serves as a
positive, a protein
standard as a
negative control. Faint
staining of histone H3
or H2B from Helaextracts several times
weaker than that of
the positive control is
detectable.

The reverse experiment - labelled histones on blotted DEK - is shown in Fig. 35.
Xenopus laevis histone ORFs (a gift of K. Luger, Luger et al. 1997) were cloned into
the bacterial expression vector pRSET that provides a his-tag for protein-purification.
A protein kinase A phosphorylation site for radioactive labelling was inserted between
his-tag and histone ORF (see materials and methods, 2.3.1). Labelled PKA-histagged histones were separated on a 10-18% SDS-PA gel, along with PKA-his-DEK
that serves as a labelling control (Fig. 35A). An autoradiography of the labelled probes
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is shown in Fig. 35B. The radioactive proteins were incubated with nitrocellulose blots
containing phosphorylated and unphosphorylated his-DEK, along with a protein size
standard and Hela extract (Fig. 35C). Dephosphorylated his-DEK was included
because it is possible that DEK's phosphorylation status is important for histonebinding. Alexiadis et al. used bacterially expressed GST-DEK that is also not
phosphorylated. After autoradiography (Fig. 35D), no signal belonging to any blotted
protein band could be detected. Even the blotted Hela extract does not exhibit
background staining. Thus, even as protein expression, purification and labelling of
PKA-his-histones was successful (Fig. 35 A+B), the probes did not bind to any protein
on the blot. Variations in the far Western protocol such as less stringent or even no
washing after incubation with the probe did not improve the result (data not shown).
Although the histone-probes did not work, the reverse experiment (labelled PKA-hisDEK on blotted histones, Fig. 34) indicates that DEK may not be able bind to histones
in the far Western blot.
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Fig. 35 DEK binding by 32P labelled PKA-his-histones. His-tagged bacterially expressed histones
containing a PKA-phosphorylation site were purified, labelled with 32P-ATP and separated by 10-18%
SDS-PAGE. Recombinant PKA-his-DEK was treated accordingly as a control. (A) Ponceau stain of
labelled probes. (B) Autoradiography of (A). (C) Ponceau stain of blotted recombinant his-DEK, both
untreated (= phosphorylated) and dephosphorylated. Molecular weight marker and Hela extracts were
loaded as background controls. "..." = same samples as for the first strip. (D) Autoradiography after
incubation with the indicated labelled PKA-his-histones. No binding of the probe to any of the blotted
proteins could be detected.
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3.4.3.

South Western

The South-Western blot combines elements of the Western blot (transferring
separated proteins on membranes) as well as Southern blots (DNA as probe).
Analogous to the far Western blot, the South Western was used here to map the
DNA-binding domains of DEK.
First, the ability of DEK to bind to different forms of nucleic acids was tested (Fig. 36).
Small interfering RNA against DEK was used annealed (376-398 forward + 376-398
reverse) or unannealed (oligonucleotide 376-398 forward only) to test for single
strand (ss) or double strand (ds) RNA-binding ("North-Western"). As DNA-probe the
"pets"-site was taken, a sequence found by Fu et al. and used for band-shift
experiments with DEK (Fu et al. 1997). 'Pets forward' has only minor tendency to
form dimers or loops (Fig. 36A), important to distinguish real ssDNA- from ds-binding.
It was thus taken as single-strand probe. All oligonucleotides were labelled with P4
polynucleotide kinase. DEK-DEK multimerisation is dependent on phosphorylation,
and DNA-binding might be influenced by phosphorylation as well. Thus both
phosphorylated and dephosphorylated DEK were blotted on nitrocellulose, along with
a protein size marker that serves as a negative control (Fig. 36B). Upon incubation
with 32P-ATP labelled oligonucleotides and subsequent autoradiography, a strong
signal can be detected with dsDNA and a weaker signal with ssDNA (Fig. 36C).
However, exclusively dephosphorylated DEK was able to bind DNA, not the
phosphorylated form. Thus, DNA-binding of DEK seems to be phosphorylationdependent.
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Fig. 36 DEK binds to double- and single-strand DNA and not to short RNA. (A) DEK small
interfering RNA, either '376-398 forward' alone or the annealed ds siRNA was labelled with 32P-ATP by
T4 polynucleotide kinase. The DNA-oligonucleotides were treated accordingly, 'pets forwards' was
taken to check for single strand DNA-binding of DEK. The tendency towards self-dimerisation or loopformation and thus ds generation is low for 'pets forwards', as tested by Lasergene's "Primer"
program. Phosphorylated and dephosphorylated recombinant his-DEK was blotted with a molecular
weight marker (background control) as before (Fig. 33). (B) Ponceau stain. (C) Autoradiography after
incubation with labelled ss- and ds-Oligonucleotides. DEK binds to dsDNA and to a small extent to
ssDNA.

To find the DNA-binding domain of DEK, recombinant DEK fragments were
separated by SDS-PAGE and blotted on nitrocellulose as for the far Western (Fig. 31).
The annealed 'pets'-oligonucleotides were then used as a double-strand probe after
radioactive labelling. The result is shown in Fig. 37B (autoradiography). Numerous
bands not visible in the Ponceau-stain of the "purified" DEK fragments can be seen.
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For clarification, the position of the DEK-fragments on the membrane was marked
with a rectangle. In addition, reoccurring "background"-bands were overlaid with red
boxes (Fig. 37C). Two results become apparent: First, there seem to be at least two
independent DNA-binding domains, one on fragment 87-187 containing the SAF-box,
and one on amino acids 250-375 (see arrows in Fig. 37C). Second, most background
bands (those highlighted with a red box) only occur when amino acids 87-187 are
present on the respective DEK fragment. Apparently, a DNA-binding protein-complex
that binds to DEK 87-187 has been co-purified. But it is more likely that the
concerned recombinant DEK fragments were inefficiently purified, because
fragments containing amino acids 87-187 were only poorly expressed (high
background to his-tag protein ratio) and high-salt conditions were used during the
purification process (700mM NaCl), destroying most protein complexes. This
'background' DNA binding activity may nevertheless have implications for band-shift
assays with these fragments (Kappes, Scholten et al. submitted; see discussion).

...
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Fig. 37 DNA-binding domains - South-Western. 15 recombinant his-tagged DEK fragments were
separated by SDS-PAGE and blotted on nitrocellulose. The blot was probed with 32P-labelled dsDNA
("pets" sequence, see Fig. 36A) to localise the DNA-binding domain of DEK. (A) Ponceau stain. (B)
Autoradiography reveals numerous background-bands. (C) The same autoradiography as in (B) with
rectangles indicating the position of the DEK-fragments on the blot. There is DNA-binding activity on at
least two regions of the DEK-protein, between amino acids 87-187 and 250-375, respectively (see
arrows). Red areas mark background bands that occur only when amino acids 87-187 is present on
the tested DEK fragment.

3.4.4.

GFP- DEK-fragments

In some cases it is possible to examine properties of isolated protein subdomains
such as subcellular localisation, multimerisation or DNA-binding in living cells using
GFP-fusions. The results must be treated with caution, however, since isolation and
fusion to GFP can lead to artefacts. Fig. 38 shows the strategy used here for GFPDEK fragments. The GFP-DEK construct used so far was cloned in the direction NH2DEK-GFP-COOH (construct 'pEGFP-N1-DEK 1-375'). Since the DEK fragments
cloned for the baculovirus system all contain a stop-codon, it was necessary to
switch to vector pEGFP-C1, where the direction of GFP and insert is reversed to NH2GFP-insert-COOH. In addition, a nuclear localisation sequence from simian virus 40
(SV40, sequence PPKKKRKVA) was inserted at the N-terminus to ensure direction
of all fragments to the nucleus. Fig. 38(left side) shows the steps from the empty GFPvector in living and formaldehyde-fixed cells over the GFP-NLS construct to the fulllength construct pEGFP-C1-[NLS]-DEK1-375. Unfortunately this construct no longer
behaves as pEGFP-N1-DEK1-375 or wild-type DEK stained by immunofluorescence.
Apart from a normal distribution in the nucleus excluding the nucleoli, the fusion
protein is accumulated in numerous speckles. This is probably due to the reversed
sequence of the components to NH2-GFP-DEK-COOH, rather than the inclusion of the
SV40-NLS. The fact that pEGFP-C1-[NLS] produces an artefact with full-length GFP
makes it also unsuitable for DEK fragments.
Nevertheless, some DEK constructs are interesting; GFP-DEK 1-87+187-375 (= ∆87187) for example accumulates nearly completely in nucleoli. Although some other
constructs share this feature (pEGFP-[NLS] or pEGFP-[NLS]-DEK 1-87) they do not
do so to such an extent.
Another fragment that is interesting is DEK 87-149, which did not express in the
baculovirus system. As argued later (chapter 4.6.3 it is not unlikely that a second
DNA-binding domain apart from the SAP-box (amino acids 149-187) is present on
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fragment 87-187. However, GFP-DEK 87-149 does not bind to metaphase
chromosomes, as seen in Fig. 38 (right side, middle row). GFP-DEK 1-310 and GFPDEK 1-87 are included to show the kind of staining usually seen with pEGFP-[NLS]DEK-fragments.

...

-91-

3 · Results

Fig. 38 GFP- DEK-fragments. pEGFP-C1-[NLS]-DEK 1-375 (sequence: NH2-[NLS]-GFP-DEKCOOH) does not localise as wild-type DEK stained with antibodies or pEGFP-N1-DEK 1-375
(sequence: NH2-DEK-GFP-COOH, compare last two rows on the left). Differences in propidium iodide
staining are due to variations in RNAse digest that was used to reduce background staining of RNA by
the dye. See text for explanation of the fragments.
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3.4.5.

Summary DEK domains

The recombinant DEK-fragments cloned for far Western and South Western blotting
(Fig. 31 & Fig. 37) were also used for band-shift-, topology- and phosphorylation assays
by Waldmann and Kappes (Kappes et al. submitted). The quintessence of all these
experiments is shown in Fig. 39. DEK has at least two DNA-binding domains lying
between amino acids 87-187 and 270-350, respectively. The first region overlaps
with the supercoiling-inducing region identified by the DEK topology assay developed
by Alexiadis et al. 2000. The latter domain overlaps with the multimerisation domain.
In vitro phosphorylation experiments and in silico analysis show that multiple casein
kinase 2 (CK2) phosphorylation sites lie between amino acids 270-310, influencing
both DNA binding of the second domain and DEK-DEK multimerisation (Kappes and
Gruss submitted; Kappes et al. submitted).

Fig. 39 Functional DEK domains.
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3.5. DEK and DNA damage response / DNA repair
It has been reported that DEK may play a role in DNA-damage response (Meyn et al.
1993; Takahashi et al. 2002). In this chapter, the effects of DNA-damage on the DEK
are examined in terms of subnuclear localisation, posttranslational modification and
protein expression-level. Also, the respective influence of a knock-down of DEK with
RNA interference and an overexpression of DEK on members of the ATM pathway is
examined.
Experimental design
Since the ATM (ataxia telangiectasia mutated) DNA-damage-response pathway
under investigation is activated mainly by DNA double-strand breaks, cells were
gamma-irradiated using an x-ray generator ('Stabilipan Röntgengerät T811/T812'
from Siemens). Among other DNA-damage such as single-strand breaks, ionising
gamma-rays cause double-strand (ds) DNA-breaks that cannot be induced by UVirradiation or a topoisomerase I inhibitor such as camptothecin, although singlestrand breaks induced by these methods can lead to 'secondary' ds-breaks during Sphase.
The dose of irradiation was 2Gy for cells used for immunocytochemistry and 10Gy for
experiments involving Western blots. 2Gy induces a number or repair foci that can
still be distinguished from each other; they have not fused yet, as happens when
higher doses of irradiation are applied. For the test whether DEK is
posttranslationally modified as a reaction to DNA ds-breaks cells 10Gy was used.
This is about 1 - 2,5 times the dose necessary to eventually kill 50% of transformed
cells ('LD50'), depending on the cell-type and to some extend to the gamma-ray
source (Mirzaie-Joniani et al. 2002). Kao et al. puts the 'nonlethal dose' at 1Gy and
the 'lethal' dose at 8Gy (Kao et al. 2003). About 40% survival was seen here with
4Gy for Hela cells after 10days (see survival assay). In the literature, up to 20Gy and
even 200Gy (Paull et al. 2000) have been used to demonstrate phosphorylation of
H2AX in the Western blot and in a Coomassie stain of a 2D gel, respectively.
Because Western blotting is used here 10Gy should be sufficient to detect a shift in
the DEK band due to posttranslational modification.
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The timepoints were taken 1h and 6h post irradiation. The number of repair foci is at
its maximum from about 30min to 1h post irradiation and then slowly decreases due
to successful repair. There are factors that accumulate relatively late in repair foci
such as Rad50 (Paull et al. 2000), thus the 6h timepoint was included. Colocalisation
of Rad50-γH2AX continues at least up to 24h after induction of DNA-damage in the
remaining unrepaired foci of IMR90 cells (Paull et al. 2000). To make sure that DEK
does not assemble at repair foci after 6h p.i., co-localisation of DEK and γH2AX was
also checked 18h after DNA-damage induction in Hela cells (data not shown).
What significance has phosphorylation of the two marker-proteins chosen, H2AX and
Chk2? The histone variant H2AX is phosphorylated within minutes at sites of doublestrand DNA-breaks and thus is often used to visualise repair foci. Thus the number of
"γ"H2AX (serine139-phosphorylated H2AX) -foci is proportional to the dose of
irradiation and is dependent on the time-span since irradiation and on the cell-type.
'Normal' cell-lines react stronger to ds DNA-damage in terms of H2AX
phosphorylation than ATM-/- cells (Fig. 41). Moreover, cells stressed by, e.g.,
transfection reagents react stronger in terms of H2AX phosphorylation (Fig. 42).
Checkpoint kinase 2 is located upstream in the DNA-damage cascade, it relays the
damage-recognition signal from ATM (among others) to targets such as BRCA1,
Cdc25A and MDM2 (1.7.1). By this means it not only activates repair, but also
influence cell-cycle progression and apoptosis. DEK may be involved in DNAdamage recognition, since it preferentially binds to unusual DNA structures such as
four way junction DNA (Waldmann et al., 2003). Thus DEK might act at the beginning
of the DNA-damage recognition cascade, and Chk2 phosphorylation serves as a
second, earlier indicator for the activity of the ATM pathway.
The DEK-level is not changed after ionising radiation
To test whether the cellular DEK level changes in response to DNA-damage, 8
human fibroblast cell-lines were examined by Western blotting after gamma
irradiation (Fig. 40). GAPDH and Lamin A/C were used as loading controls, γH2AX as
a marker for DNA-damage-response and SAF-A as an indicator for apoptosis (Kipp
et al. 2000). DEK is neither induced nor is the protein-level decreased, either 1h or
6h post irradiation (p.i.). Also, a shift of the DEK-band indicating a possible
-95-

3 · Results
posttranslational modification can not be detected. UV-irradiation with 10 and
100J/m2 at 256nm also had no effect on Hela and IMR90 cells (data not shown).

Fig. 40 The level of DEK does not change after DNA-damage. 8 different human cell lines were
gamma-irradiated with 10Gy and samples were taken 1h and 6h post irradiation. Western blots are
shown with SAF-A as an indicator for apoptosis, GAPDH and Lamin A/C as loading controls and
γH2AX to visualise the response of the cells to DNA-damage. DEK is neither induced nor is the
protein-level decreased at the time-points examined. The mobility of DEK does not change either.
IMR-90, GM00037 and GM05823 are primary cells, the others are transformed cell-lines. GM05823
and GM05849 are ATM-/- cells (for details on the cell-strains see Table 6). '-' = unirradiated. Sample
separation on 10-18% SDS-PA-gels.
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DEK does not migrate to sites of DNA-damage
Migration to sites of DNA-repair is a sign that a protein plays a role in DNA-damage
response. Thus it was tested whether DEK co-localises with γH2AX repair foci after
DNA-damage induction. A normal primary fibroblast cell-strain (GM00037, ATM+/+,
-/-

Fig. 41A, page 99), as well as a SV40 transformed ATM

line (GM05849, Fig. 41B) were

examined 1h and 6h after γ-irradiation. The number of repair foci is near its maximum
about 1h post irradiation and is reduced due to successful DNA-repair 6h p.i. in the
normal cell-line. The induction of repair speckles is both slower and weaker in the
ATM-/- line, and the repair speckles are less distinct 6h p.i. The remaining repair
activity in GM05849 is probably due to other DNA-repair pathways, such as the ATR
(ATM and Rad3 -related) -pathway. In neither case is an accumulation or a reduction
of DEK in the repair foci visible. Co-localisation between γH2AX and DEK in Helacells was also checked 18h p.i., with the same result (data not shown). This indicates
that DEK might not contribute directly to DNA-repair.
DEK-depletion by RNAi does not influence the phosphorylation status of Chk2
and H2AX after irradiation
Since DEK's putative role in DNA-damage response might be indirect, it was tested
whether a reduction of the amount of DEK by RNA-interference influences steps in
the signalling cascade preceding the actual repair events on DNA. Therefore the
phosphorylation status of checkpoint kinase II (CK2) and of H2AX were examined in
Hela- and ATM-/--cells (GM05849) transfected with dek siRNA. Phosphorylation of
Chk2 is visible by a shift of the respective band in the Western blot, whereas the
H2AX antibody is specific for the phosphorylated form only.
In Fig. 42A (page 100) two DEK-depleted Hela cell-lines indeed exhibit a stronger
response in terms of H2AX phosphorylation after irradiation than the untreated cells.
Also, an induction of Chk2 and possibly a supershift 6h post irradiation can be
observed after DEK knock-down, although a supershift is not detectable in Fig. 42B.
The ATM-/- cell-line GM05849 barely responds to γ-irradiation in terms of H2AX
phosphorylation. Chk2 is activated, possibly by ATR, when irradiated in combination
with dek siRNA transfection.
In Fig. 42B it is tested whether the stronger response to irradiation is dek siRNA
specific, or an unspecific reaction to the transfection procedure. Since the chosen
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dek siRNA sequence does not perfectly complement mouse dek mRNA, 3T3 cells
were used as a control to detect potential toxic impurities in the DEK siRNA
preparation. The Chk2 antibody used does not recognise its mouse-homologue, but
the γH2AX antibody does and shows no difference between untreated, control siRNA
(firefly luciferase) and dek siRNA in 3T3 cells. Therefore, toxic effects caused by
potential impurities in the dek siRNA reagent can be excluded.
It is evident that 3T3 cells, which are considered to be untransformed, react more
sensitive to DNA-damage and transformation than Hela cells. This is suggested from
the absence of intact SAF-A, which is probably due to apoptotic cleavage, where
transfection is combined with irradiation. The Hela strain used here seems to lack
this pathway, or is less sensitive to genotoxic stress.
Concerning H2AX phosphorylation Hela cells also behave differently: more γH2AX is
present 1h p.i. in siRNA treated cells compared to untreated cells, no matter if the
siRNA targets DEK or not. Chk2-phosphorylation on the other hand shows no
difference between siRNA-treated and untreated cells. However, the amount of Chk2
is increased in RNA-treated cells. The induction is stronger in the dek siRNA
transfected cells than in the control siRNA transfected cells.
Thus Hela cells, as well as GM05849 (ATM-/-) concerning Chk2 activation, have an
amplified reaction to DNA-damage induced by γ-irradiation in terms of repairactivation after siRNA transfection. SiRNA transfection seems to put stress on the
cells, so that additional damage in form of γ-irradiation causes an amplified reaction.
The effect is not DEK-specific. However, DEK siRNA seems to induce Chk2 more
than the control siRNA (firefly luciferase) does.
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Fig. 41 DEK does not migrate to sites of DNA-damage. The primary ATM+/+ fibroblast strain
GM00037 and the SV40-transformed ATM-/- line GM05849 were gamma irradiated with 2Gy and costained for DEK and γH2AX, the phosphorylated form of H2AX. γH2AX is a marker for sites of repair
after DNA-damage, especially after DNA double-strand breaks. DEK does not migrate to, nor is it
reduced in repair foci. Note that the ATM-/- line GM05849 reacts slowly and less intense to irradiation,
and that the basal level of γH2AX is increased. Hela cells behave as GM00037 (see Fig. 43).
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Fig. 42 Depletion of DEK by RNA interference does not affect DNA-damage dependent
phosphorylation of H2AX or Chk2. Cells were either not γ-irradiated ('-') or irradiated with 10Gy.
SiRNA-transfection takes place 72h pre-irradiation with DEK-siRNA ('+') or firefly luciferase siRNA as
an unspecific control ('ctrl'). Due to relatively similar migration behaviours of DEK and Chk2 (50kD and
66kD, respectively) on PA gradient-gels, in both (A) and (B) the samples were split and loaded on two
different gels. (A) Influence of dek siRNA transfection on phosphorylation of Chk2 and H2AX. (B) The
effects of control siRNA and dek siRNA are compared. See text for explanation.
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DEK knock-down does not influence the intensity or speed of DNA ds-repair
Does a knock-down of DEK influence the number, size/shape or kinetics (emergence
and clearance-rate) of repair foci? In other words is the reaction to DNA-damage
slower or faster, more or less efficient if the amount of DEK is reduced? Dek siRNA
treated and untreated cells were mixed 24h post transfection and irradiated 72h p.t.
Fig. 43A gives an overview, Fig. 43B a magnification of the cells containing normal and

low amounts of DEK, respectively, after irradiation. Size/shape and number, as well
as the clearance-rate of repair foci vary considerably from cell to cell, but this is
irrespective of their DEK-content. Thus depletion of DEK does not influence the
reaction of cells to DNA-damage caused by γ-irradiation in respect to γH2AX repair
foci at the timepoints observed.
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Fig. 43 Knock-down of DEK does not influence the number and kinetics of γH2AX repair foci.
Dek siRNA treated and untreated cells were mixed 24h post transfection and irradiated 72h p.t. (A)
Overview, scale-bar: 20µm. (B) Higher magnification of the cells containing different amounts of DEK
before and after irradiation. Scale-bar: 5µm. Size/shape and number, as well as the clearance-rate of
repair foci vary considerably from cell to cell, but this is not dependent on the DEK-content.
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Survival assay after ionising radiation
Meyn et al. showed that DEK 310-375 transfected ATM-/- cells had better survival
rates than mock-transfected cells (Meyn et al. 1993). To test the hypothesis that the
introduced DEK 310-375 fragment has a dominant negative effect on cellular DEK, it
was examined whether a knock-down of DEK has the same consequence on the
survival-rate. Since depletion of DEK is only transient when using transfected siRNA,
cells were irradiated 72h post transfection when DEK-levels are at their lowest (see
Fig. 12). Thinly plated cells were given 10 days time to form colonies from single

surviving cells. A dose of 3Gy was used for irradiation, which is approximately the
LD50 (lethal dose where 50% of the cells survive) for Hela cells (Mirzaie-Joniani et al.
2002; Kao et al. 2003) Fig. 44 shows the result of a single experiment. Irradiated Hela
cells formed 38% the number of colonies than do unirradiated controls, confirming
that 3Gy is approximately the LD50 for Hela-cells. The percentage of surviving ATM-/cells (GM05849) is 20, which is unexpectedly high. ATM-/- cells transfected with
either control- or dek-siRNA in addition to irradiation have a survival-rate of only
0.5%. Thus, considerable stress is caused by the transfection-procedure alone. The
experiment may have to be repeated using stably transformed cell-lines (see 4.5 for
discussion).

Fig. 44 Transient DEK-depletion does not alter survival-rates 10 days post irradiation. ATM-/cells (GM05849) were control siRNA (luciferase) or dek siRNA transfected or untreated. Hela cells
were used as a control. The cells were plated thinly on 20x 145mm plates per sample 60h p.t. Plates
were irradiated with 4Gy 72h post transfection when DEK-levels are at their lowest. 10days post
irradiation colonies ≥50 cells were counted (ordinate: logarithmic scale). The result of a single
experiment is shown.
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DEK-depletion or DEK / DEK 310-375 overexpression do not influence the
amount of γH2AX after irradiation
Since effects on the survival-rate of cells after DNA-damage is difficult to measure
using transient knock-down (Fig. 44) or overexpression of DEK, the consequences of
these manipulations on Chk2 and H2AX phosphorylation was examined 1h and 6h
post irradiation. In addition to a knock-down of DEK by RNAi (see also Fig. 42), fulllength DEK and DEK fragment 310-375 were overexpressed (Fig. 45). Apart from a
slightly weaker H2AX phosphorylation 6h after irradiation with 10Gy when full-length
DEK or DEK 310-375 are overexpressed, no clear differences concerning Chk2 or
H2AX phosphorylation can be seen compared to the controls with any of the applied
manipulations.

Fig. 45 Overexpression of full-length DEK or DEK 310-375 has no specific effect on DNAdamage response. The samples were split and run on two different gels: Chk2 was detected on a
10% PA-gel for better separation of the phosphorylated and the unphosphorylated form. Full-length
DEK / DEK 310-375 and γH2AX were run on an 18% gel, since H2AX and especially DEK 310-375
are small (>20kD and >10kD, respectively). A Ponceau stain displaying the separated histones is
shown as a loading control. DEK and DEK 310-375 were overexpressed using the 'tet-off'-vector
pTre2hyg. Ctrl siRNA: firefly luciferase.

-104-

3 · Results
Overexpressed DEK or DEK 310-375 do not migrate to repair foci
Finally it was examined where overexpressed full-length DEK, DEK 310-375 and
GFP-DEK 310-375 are located before and after irradiation. The 'Grosveld 2' antibody
recognises epitopes in the C-terminal half of DEK (Kappes, personal communication)
and thus binds to both cellular DEK as well as DEK 310-375. To distinguish DEK
310-375 from cellular DEK the fragment was also cloned into vector pEGFP-C1[NLS]. Due to the NLS, GFP-DEK 310-375 is localised exclusively in the nucleus.
DEK 310-375 without tag is found in both cytoplasm and nucleus because of its small
size that allows diffusion through the nuclear pores.
Fig. 46A, top row, shows two unirradiated cells, one overexpressing full-length DEK

from pTre2hyg-DEK 1-375 ('tet off' system), the other cell is untransfected. The next
cell-pairs were irradiated with 2Gy of γ-radiation and recovered for 1h and 6h,
respectively. Additional DEK does not influence DNA-repair when monitored as
phosphorylation of H2AX.
Fig. 46B illustrates the difference between GFP-DEK 310-375 including a SV40

nuclear localisation sequence (NLS), and DEK 310-375 without additional aminoacids expressed by the 'tet off' vector pTre2hyg. GFP-[NLS]-DEK 310-375 is found in
nucleoli, as are many proteins that are overexpressed in the nucleus (compare to
GFP-[NLS]). DEK 310-375 is localised in both cytoplasm and nucleus, where DEKantibody 'Grosveld 2' also stains cellular DEK. There seems to be less DEK 310-375
in nucleoli compared to GFP-[NLS]-DEK 310-375, although the expression-levels of
the proteins could be different.
Both DEK 310-375 (Fig. 46C) and GFP-[NLS]-DEK 310-375 (Fig. 46D) do not change
localisation upon irradiation and have no influence on the reaction of Hela cells to
DNA ds-breaks - within the variations of irradiation-induced repair foci observed
previously (Fig. 43).
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Fig. 46 Overexpression of DEK, DEK 310-375 and GFP-DEK 310-375. (A) Overexpression of DEK
without additional tags (vector pTre2hyg-DEK 1-375, 'tet-off' system, 24h post transfection) has no
influence on repair efficiency as visualised by γH2AX-foci. The brightness of the DEK-stain has been
decreased, to avoid over-exposure in the DEK-overexpressed cells. (B) GFP-[NLS]-DEK 310-375 is
localised exclusively in the nucleus, pTre2hyg-expressed DEK 310-375 is found throughout the cell. In
the last picture the DEK-antibody 'Grosveld 2' also stains cellular DEK. Both DEK 310-375 (C) and
GFP-[NLS]-DEK 310-375 (D) have no perceptible effect on the cell's reaction to γ-irradiation. Scalebars: 5µm.

These results do not support the theory that DEK is involved in the ATM DNAdamage response pathway. DEK expression levels and posttranslational
modifications, at least on Western blots of one-dimensional gels, do not change upon
irradiation. Significantly, DEK does not relocalise to sites of DNA-repair (γH2AX
repair foci). A knock-down of DEK by RNAi as well as an overexpression of fulllength DEK and DEK 310-375 has no effect on the phosphorylation status of the
checkpoint kinase Chk2 and the histone variant H2AX, that is involved in chromatin
remodelling at sites of ds DNA-damage.
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Since the function of DEK was unknown at the beginning of the project, three
approaches were used to find out more about the protein.
•

Assuming "guilt by association" (Oliver 2000), a protein should be involved in
the same cellular process as its interacting proteins, allowing to deduce its
function from the function of interacting proteins. Yeast two-hybrid screenings
for interaction partners of DEK and co-immunolocalisation studies with nuclear
marker proteins for transcription, replication, splicing and DNA-repair were
used to find out more about DEK's function.
Two-hybrid screenings yielded C-terminal fragments of DEK, suggesting that
DEK is able to multimerise. Co-localisation studies showed that whereas DEK
is associated with chromatin during the whole cell-cycle including metaphase,
it is distributed differently from any nuclear marker-protein used. In particular,
DEK does not co-localise with splicing-proteins, a conclusion first put forward
by McGarvey et al. and Le Hir et al. in 2000. DEK 'microdomains' on chromatin
are stable for several minutes, although the turnover of individual GFP-DEK
molecules was much more rapid.
Immunolocalisation was then combined with a third method, RNA interference.
DEK-depletion by RNAi did not change the distribution patterns of the marker
proteins examined. In addition, neither cell-cycle progression, nor the
proliferation rate or morphological appearance of the cells were affected after
a DEK knock-down or transient overexpression.

•

Recombinantly expressed deletion mutants were used to find the domains
responsible for DNA-binding, for localisation of the putative histone-binding
activity and the DEK-DEK multimerisation domain found in the two-hybrid
screen. It turned out that DEK has at least two DNA-binding domains, one on
a fragment containing the known DNA-binding motif 'SAP'. Using these
mutants, it was also demonstrated that this fragment is responsible for the
introduction of positive supercoils (Kappes, Scholten et al. submitted).
Multimerisation is enhanced and DNA-binding is inhibited by phosphorylation.
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Histone-binding of DEK as proposed by Alexiadis et al. (2000) could not be
confirmed using far Western blotting. GFP-DEK mutants were expressed in
human cell-lines to find out if the deletion of any of the domains mentioned
above has an effect on subnuclear localisation and dynamics of DEK.
•

The possible involvement of DEK in two different processes was examined
more closely: splicing and DNA-repair. It was shown that the assumed
interaction with splicing factors was due to an unspecific DEK-antibody that
was shared among the involved researchers. In addition, no indication was
found that DEK is involved DNA-repair, since DEK does not localise to repair
foci and a DEK knock-out does not seem to influence members of the ATM
damage-response pathway.

4.1. DEK knock-down shows that DEK is not essential for cellsurvival
Using small interfering RNA it is possible to knock-down the protein level of DEK in
Hela cells to about 10-15%, and to levels no longer detectable in the Western blot if
cells are transfected twice (Fig. 12). This 'complete' knock-down after double
transfection suggests that the reason for the remaining 15% DEK three days posttransfection is the relatively long half-life of the protein, and not an incomplete
inhibition of protein synthesis. Indeed, 20h was measured as the half-life of DEK
(Kappes et al. 2001), which corresponds to about 15% DEK remaining after three
days when a knock-down efficiency of 90% is assumed. The successful knock-down
was achieved with the second siRNA-sequence tested. Honigberg et al. found that
the average number of siRNAs necessary to test in order to find one that induces
>80% knock-down 48h post transfection is about four. The authors assessed 356
siRNAs for 64 genes (Honigberg et al. 2003).
No unusual phenotype of DEK knocked-down cells could be found. Neither the
proliferation-rate of the cells nor the distribution of cell-cycle phases measured by
FACS was unusual compared to control-siRNA transfected cells (Fig. 12 and Fig. 13).
Immunofluorescence pictures of DEK-depleted cells did not show any unusual
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phenotype either (Fig. 11). Conversely, transient overexpression of DEK or GFP-DEK
does not seem to affect Hela cells in terms of correct DEK-localisation or overall
morphological appearance (Fig. 6 and Fig. 46A, respectively). However, a stable cell
line is necessary to assess the effect of overexpressed DEK on proliferation and cellcycle progression.
The siRNA findings are confirmed by Gatfield and Izaurralde (2002), who knocked
down dek in drosophila cells with long interfering dsRNA while characterising the
exon-exon junction complex. The authors could not find an effect on the proliferation
rate of the cells or on mRNA export and protein synthesis compared to control
siRNA. In addition, G. Grosveld reported to have created DEK-/- knock-out mice,
which were apparently "healthy and normal, except for the distinct neutrophilia"
(Grosveld 2002). However, experimental data have not been published yet. The only
reference to these DEK knock-out mice so far is in a splicing paper by McGarvey et
al. (2000). The authors reported to have used whole cell extracts of these mice to
test the specificity of the used DEK antibody, but the Western blot was not shown.
The knock-out mouse data together with the RNAi experiments argue for a mild or
absent general (i.e. organism-wide) phenotype. Although DEK is expressed in all
human cell-types, the only effect know so far is the mentioned neutrophilia. Such a
specific effect on myelogenesis can not be detected in cell culture with the human
fibroblast cell-lines used here.
If depletion of DEK shows no strong phenotype, at least in cell culture, is that not
unusual for a protein so widely expressed? Several studies using RNA interference in
cell culture (e.g. Harborth et al. 2001) and even knock-out studies in mice (e.g. Hurst
and Smith 1999) suggest that a surprisingly large number of genes can be knocked
out without or with a mild phenotype only (e.g. slowing down of proliferation-rate in
cell culture). Hurst and Smith put the number of 'unessential' genes that can be
knocked-out in mice without affecting viability of fertility to approximately two-thirds of
all genes. When an expected phenotype cannot be measured, an argument often
used is that of 'redundancy'. Redundancy means that more than one protein for a
given task exists in vivo (or even more than one pathway), so when a gene of one
pathway is knocked down the other pathway or protein fulfils the function. Indeed,
Gatfield and Izaurralde (2002) showed that knocking down combinations of widely
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expressed proteins involved in mRNA export results in a much more severe
phenotype than expected from the knock-down of single proteins. This effect is not
as strong when the two proteins are not involved in the same process. This leads the
authors to argue that the severeness of the phenotype can be used as a measure to
estimate functional linkage of the proteins.
Thus the phenotype of a DEK knock-down may be too mild to detect, especially since
only cultured fibroblasts were examined. It is also possible that a phenotype
manifests itself after certain manipulation, e.g. irradiation combined with a knockdown of a repair protein. In other words knocking down DEK with RNA interference
may be useful once the function of DEK is found. But as for other proteins, RNA
interference may not be the method of choice to find such a function.

4.2. GFP-DEK is highly mobile but maintains chromatin
microdomains over several minutes
GFP-DEK has a rapid exchange-rate on chromatin, dissociation and rebinding take
place within seconds as measured by FRAP (fluorescence recovery after
photobleaching). At the same time, small areas of high DEK-concentration,
'microdomains' ≤0.5µm in diameter, are maintained for minutes, as seen following
GFP-DEK in living cells. Therefore, the at least transiently stable DEK microdomains
represent a dynamic equilibrium of DEK-molecules dissociating and rebinding many
times a minute.
Most proteins in the nucleus are highly dynamic. Apart from core histones of the
nucleosomes the majority of proteins, even those supposedly bound in "stable"
complexes, bind to and dissociate from their partners many times a minute. This was
shown following GFP (green fluorescent protein)-tagged proteins in living cells using
confocal microscopy. Examples include histone H1, HMGN1, the splicing factor
SF2/ASF, rRNA processing factor fibrillarin and heterochromatin protein 1 (HP1α,β
and γ; Misteli et al. 2000; Phair and Misteli 2000; Cheutin et al. 2003).
The rapid on/off binding rate is surprising, as it is possible to co-purify proteins (for
example during a co-immunoprecipitation), or to demonstrate DNA-protein binding in
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mobility-shift assays, procedures that take minutes to hours to complete in each
case. During mobility-shift experiments, a "caging" effect of the gel matrix is
proposed, confining the dissociated protein to a small volume near the DNA and thus
allowing rapid rebinding. Consequently, components of most 'stable complexes' are
not permanently bound to their respective partners, it may rather be the higher affinity
and thus the more rapid re-association that distinguishes them from less stable
complexes.
Thus, from the existence of 'microdomains' follows that DEK has a higher affinity to
these chromatin areas than to other regions of chromatin. How is specificity
achieved? Waldmann et al. (2003) showed that it is not the underlying DNAsequence, but rather the conformation of DNA that influences DEK-binding in vitro.
So maybe certain DNA-conformations (four way junction DNA, supercoiled DNA) in
the context of chromatin play a role. However, it is likely that DNA-conformation
alone cannot supply this specificity, and that protein interaction-partners of DEK
contribute to the initiation of domains of high DEK concentrations. The entry/exit side
of nucleosomal DNA is similar to four way junction DNA, the preferred structure for
DEK-binding (Waldmann et al. 2003). Thus nucleosomes, possibly containing
histones with certain posttranslational modifications would be candidates, e.g.
acetylated histone H4 that seems to co-purify with DEK (Hollenbach et al. 2002).
After binding, DEK may be phosphorylated to co-operatively recruit additional DEK
molecules via the multimerisation domain (4.6.3), in this way stabilising DEK
microdomains.

4.3. DEK does not co-localise to any of the used nuclear marker
proteins
Immunostainings did not show co-localisation of DEK with any of the marker-proteins
tested. DEK is distributed as a fine grainy pattern over chromatin. Staining appears
not as granular as that of acetylated histone H4 (Fig. 19), but rather more dispersed
like that of GFP-H1 (Fig. 21). On the other hand it is clearly not evenly distributed over
DNA and its concentration decreases towards the periphery of the nucleus (compare
DNA-stain and SAF-A stain in Fig. 19, respectively). The resolution of the light-
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microscope is not sufficient to resolve these chromatin substructures (see
comparison of DEK-antibodies at high magnifications, Fig. 5). Electron microscopic
studies might be an option for testing known interactions. However, R. Dorn
(University of Halle, personal communication) could visualise distinct domains on
chromatin in the fluorescence-microscope by using ectopically expressed GFPdmDEK on polytene giant chromosomes from fly salivary glands. The bandingpattern by GFP-dmDEK on these giant chromosomes has not been analysed yet. It
would be interesting whether DEK is located in transcriptionally active or inactive
regions of chromatin, since these regions are distinguishable on polytene
chromosomes.
It would also be useful to compare DEK's binding pattern on polytene chromosomes
with the classical banding pattern that can be seen when staining insulator-binding
proteins like BEAF32 (Gilbert 2003, p122). In this respect it is noteworthy that
dmDEK has been identified in drosophila as an enhancer of position effect
variegation (PEV, gene: E(var)3-93D; Dorn et al. 1995). Enhancers of position effect
variegation exhibit increased heterochromatinisation; the respective wild-type protein
has the opposite effect. Thus, similar to DEK, insulator-binding proteins should be
enhancers of PEV, since they normally shield euchromatic regions from
heterochromatinisation. Co-expression of a GFP-dmDEK with test-proteins fused to a
red-fluorescent protein might be an option to test this hypothesis.

4.4. Protein interactions of DEK
The search for interacting proteins of DEK using the yeast two-hybrid system yielded
one positive result, DEK itself. Why have no other interacting proteins been found,
especially the published binding partners histone H2A/H2B, AP2α, SRm160 or Daxx
and HDAC (Alexiadis et al. 2000; McGarvey et al. 2000; Hollenbach et al. 2002;
Campillos et al. 2003)? On one hand neither of these proteins were confirmed
independently to be true interactors of DEK. This is especially true for Daxx and
HDAC, but to a certain extend as well for histones H2A/H2B (4.4.2).
However, there are several problems intrinsic to the two hybrid system that may
explain the absence of these putative interactors: Generation of hybrid proteins may
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interfere with proper polypeptide folding, posttranslational modifications may be
missing in yeast, the insert-size of prey plasmids is usually small (≤2kb) and only a
limited number of clones can be screened (107 clones screened per test in
comparison to 109 independent clones in a library). Moreover, histone cDNA is
absent from the polyT-primed library since it lacks a polyA-tail. More important,
complexes involving multiple proteins may be missed, since only one-on-one binding
can be tested. The interaction of two proteins of the complex may be too week to
detect, or the proteins may not be in the right conformation if isolated from the
complex. This may be the case for Daxx and HDAC, since they were co-purified in a
complex together with DEK (Hollenbach et al. 2002). Complexes requiring molecules
other than proteins, e.g. DNA or RNA may be undetectable, too.
Since DEK could be repeatedly isolated from multiple interaction hunts involving two
different libraries, the absence of other interactors is therefore probably due to
limitations intrinsic to the two-hybrid system.

4.4.1.

DEK contains a multimerisation domain that is regulated

by phosphorylation
Two-hybrid screening identified C-terminal fragments of DEK, showing that DEK
contains a dimer- or multimerisation domain that is located between amino acids
270-350. This result was confirmed by far Western blotting of recombinantly
expressed DEK-fragments. Supportive evidence also comes from GFP-DEK ∆87-187
transiently expressed in Hela cells. This construct lacks the 'SAP' DNA-binding
domain. It is located almost exclusively in nucleoli, in compact spherical beads. An
active association of the deletion mutants by their multimerisation domains, rather
than mere precipitation, is conceivable. In the full-length protein, the activity of the
multimerisation domains thus would have to be controlled, i.e. multimerisation may
depend on DNA-binding.
The multimerisation domain may be part of a leucine-zipper motif
In silico analysis shows that DEK 322-350 may form a coiled coil. In addition, DNAbinding activity is present on DEK 270-350. This suggests the presence of a Helixloop-Helix Zip or basic Zip motif. Proteins containing these motives dimerise.
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However, electron microscopic images of DEK on DNA (Waldmann et al. 2002),
native polyacrylamide-gels and glycerol gradients (Kappes et al. submitted) suggest
that DEK forms higher-order multimers. Recently, Devany et al. solved the structure
of the DEK-fragment 310-375 using NMR (nuclear magnetic resonance; submitted).
Whereas the computer programme "COILS" predicts one α-helix form amino acids
322-350, the NMR-structure shows two, which is incompatible with a zipper-motif.
Because of similarity to the E2F/DP DNA-binding domain, which does heterodimerise
(E2F-DP dimers), the authors suggest that DEK 310-375 may form heterodimers with
E2F. However, Devany et al. do not mention the possibility of a dimerisation or
multimerisation of DEK itself, apparently because that would have been detected in
their NMR spectra. Since the structures of Devany et al. and "COILS" both propose
some kind of dimerisation, the NMR-study does not solve the conflict with data from
glycerol gradients and electron microscope studies, which show higher order
multimerisation.
Since multimerisation of DEK 310-375 has not been shown using NMR, sequences
before amino acid 310 (e.g. DEK 270-375) need to be tested in structural studies to
give more definite answers about the nature of the multimerisation domain.
Multimerisation may increase the local concentration of DEK to establish or
maintain microdomains
What is the function of DEK multimerisation? An obvious idea is that multimerisation
of DEK might be necessary for the introduction of supercoils. Surprisingly, this is not
the case, since Kappes, Scholten et al. showed that DEK 87-187, the 'supercoiling
domain', is sufficient to carry out this function. If one assumes that supercoiling is the
conserved function of DEK (see 4.6), and considers that the C-terminal
multimerisation domain is absent in several organisms (e.g. plants), then it makes
sense that multimerisation has a supportive rather than a fundamental role in DEK.
In general, the local concentration of a protein can be rapidly increased by cooperative binding. Native gel-electrophoresis (Kappes, personal communication)
shows that only a small amount of DEK runs as a monomeric band, the majority
forms large complexes not able to enter the gel. The absence of lower-order
multimers (e.g. dimers, trimers, tetramers) argues for co-operative binding. Thus the

-116-

4 · Discussion
local concentration of DEK on DNA might be increased by co-operative binding.
Indeed, DEK is not homogenously spread over chromatin, rather a fine grainy
pattern, called 'microdomains' here, can be observed.
Multimerisation is induced by phosphorylation, and casein kinase 2 (CK2) is the
responsible kinase (Kappes, Scholten et al. submitted). CK2 phosphorylates amino
acids 270-310 of DEK, a region that overlaps with the multimerisation domain. Thus,
after binding to its target region on chromatin, DEK may be phosphorylated by CK2
to induce co-operative-binding through the 'multimerisation domain' (DEK 270-350).
This may enable DEK to establish and maintain a high DEK-concentration at small
regions of chromatin ('microdomains') for at least several minutes, although the
exchange rate of individual DEK-molecules may be much higher.

4.4.2.

DEK does not bind to isolated histones in the far Western

blot
Alexiadis et al. (2000) reported that DEK interacts with histones in the far Western
blot, preferentially to H2A and H2B. Another study finding DEK associated with
histones used FLAG-tagged DEK to co-immunoprecipitate core histones (with a
preference again of H2A/H2B, as well as acetylated H4), Daxx and HDAC II from
fractions of a Sephacryl S-300 size-exclusion column (Hollenbach et al., 2002).
However, DEK, Daxx and acetylated histone H4 smeared over nearly all fractions
shown for the size exclusion chromatography, which indicates insufficient DNA
degradation. Thus it is likely that co-purifications or co-immunoprecipitations in this
study were due to the capability of the proteins to bind to DNA, not to each other.
In contrast to these results, no binding to histones, except for some background
staining of histone H3, could be found here using radioactively labelled recombinant
PKA-his-DEK on blotted histones from Hela extract in far Western experiments (Fig.
34). The reverse experiment, detecting blotted DEK with labelled histones failed for

unknown reasons. There are experimental differences between the far Western blot
of Alexiadis and the ones shown here. First, a radioactively labelled DEK probe was
used in our protocol instead of a sandwich system consisting of GST-DEK and
antibodies (Alexiadis et al. 2000), which may have the tendency to bind unspecifically
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to the positively charged histones. In addition, positive and negative controls were
included, i.e. interacting DEK fragments as positive, protein size markers, noninteracting DEK fragments and Hela-cell extract as negative controls. A positive
control was not available when Alexiadis et al. performed their experiments (2000).
Other researchers such as McGarvey et al. (2000) could neither find a co-purification
of DEK and histones nor a co-immunoprecipitation (H.G. Hu, personal
communication). In summary, the question whether DEK binds directly to isolated
histones is still open and a convincing proof for interaction has not been published
yet. Different methods from far Western blotting and co-immunoprecipitations should
be tried, such as two-hybrid testing. However, DEK may bind to nucleosomes due to
its binding preference for four way junction DNA (discussed in 4.6.3).

4.4.3.

Reports of an involvement of DEK in mRNA processing

are due to an unspecific antibody
DEK was suggested to be a member of the exon junction complex (EJC) that is laid
down on processed mRNA by the spliceosome (Le Hir et al. 2000; Le Hir et al. 2001).
A direct interaction between DEK and a member of the EJC, the splicing protein
SRm160, has also been reported (McGarvey et al. 2000). Subsequent studies
analysing the properties of the EJC could not confirm DEK as a member of the
complex (Lykke-Andersen et al. 2001; Lejeune et al. 2002; Gatfield and Izaurralde
2002; Reichert et al. 2002).
It was shown here that a DEK-antibody from G. Grosveld (St. Jude Children
Research Hospital, Memphis) recognises one or more epitopes of splicing factors.
These epitopes are probably only recognised in their native form during
immunofluorescence and co-immunoprecipitation, but not when denaturated during
Western blotting (Fig. 17/Fig. 18 and Fig. 4, respectively). Other antibodies, as well as
GFP-DEK, do not stain splicing compartments in immunofluorescence experiments.
G. Grosveld also supplied a DEK-antibody to the laboratories of Le Hir and
McGarvey, which explains the false-positive co-immunoprecipitations between DEK
and splicing proteins. McGarvey et al. also used co-purification to show DEK binding
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to SRm160. However, they used ion exchange chromatography, which is unsuitable
for this task, especially since elution was carried out at high salt conditions (1M NaCl)
that should disrupt protein-protein interactions. Moreover, from a second ion
exchange column, Q-Sepharose, the assumed SRm160-DEK complex eluted with
300mM KCl, the same condition that Alexiadis et al. (2000) used to purify DEK. Thus,
both proteins probably co-elute because of similar physical properties, and not
because of interaction. However, there is one experiment that cannot be explained
by the unspecific DEK antibody or inaccurate co-purifications: DEK was coimmunoprecipitateted by a SRm160 antibody (McGarvey et al. 2000). The
significance of this experiment is unclear, since DEK and SRm160 do not co-localise
in splicing-speckles.
Le Hir, Moore and colleagues who initially reported the association of DEK with exon
junction complexes recently came to the same conclusion found here that the
Grosveld antibody "recognises an alternate [non-DEK] epitope". The authors could
precipitate an unidentified 20kD protein cross-linked to 5'-exons of splicing
intermediates using the Grosveld serum (Reichert et al. 2002). Taken together, it is
likely that DEK does neither bind to the exon junction complex, nor to the splicing
factor SRm160, although a transient interaction with the latter cannot be ruled out
altogether.

4.5. DEK is not involved in the ATM DNA-damage response
pathway
The incentive to examine the involvement of DEK in DNA-repair after double-strand
breaks came from a study of Meyn et al. (1993). The authors found two cDNAfragments that revert the malignant phenotype of ATM-/- fibroblasts: a fragment of
topoisomerase III and the last 65 amino acids of DEK (= residues 310-375).
Topoisomerase III is indeed involved in repair by homologous recombination (HR)
through its mediation of RecQ-like helicases (SGS1in yeast, Bloom's and Werner
syndrome helicases in humans; Chakraverty et al. 2001). A dominant negative
mechanism of action has been proposed by Fritz et al. for the topoisomerase III
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fragment (Fritz et al. 1997). This kind of mechanism is also possible for DEK 310375. If overexpressed DEK 310-375 had multimerisation activity it would bind to
endogenous DEK, blocking the multimerisation domain of cellular DEK. Thus, cooperative binding of cellular DEK would be inhibited in a dominant-negative way.
However, DEK 310-375 may be insufficient for multimerisation (see 4.4.1).
There is also evidence that DEK might be controlled by a transcriptional regulator
activated upon DNA-damage, p33ING1b. p33ING1b is induced by UV-irradiation or other
DNA-damage and "might serve as a bridge between DNA replication and repair
proteins, and proteins that modify chromatin by acetylation." (Feng et al. 2002).
Incidentally, Markovitz et al. recently found DEK to be highly acetylated under certain
conditions (personal communication).
However, p33ING1b seems to be a repressor of DEK, at least on the mRNA-level in
mouse epithelial cells (Takahashi et al. 2002). The authors observed an upregulated
dek mRNA-level when they introduced antisense p33ING1b into the cells, conversely
dek mRNA was knocked-down by an overexpression of p33ING1b. Assuming that
ectopically expressed DEK 310-375 acts in a dominant-negative way on endogenous
DEK, both reports come to the same conclusion: A decreased DEK-level (or DEKactivity) is beneficial under genotoxic stress. RNA interference was used here to test
this hypothesis (see below).
The third indication for DEK as a protein putatively involved in DNA-repair comes
from Aravind and Koonin (2000), who initially described the SAP-DNA binding box.
They compared proteins containing SAP-domains in an in silico-approach, and
emphasize that "The SAP motif consistently co-occurs with DNA-repair-associated
domains, such as PARP, AP-endonuclease, 3'→5' exonuclease and the KU domains
[KU70 is involved in non-homologous end-joining]". They further speculate that SAF
might participate in the "targeting of these DNA-repair proteins to transcriptionally
active chromatin, probably by binding to SAR regions.".
DEK is probably not a DNA-repair protein
Neither a shift in the mobility of DEK that would suggest a posttranslational
modification nor an induction or suppression could be detected at various time-points

-120-

4 · Discussion
after gamma-irradiation in 9 cell-lines tested by one-dimensional Western blotting.
Camptothecin (M. Petersson, personal communication) and UV-irradiation also had
no effect. Groettke et al. (2000) showed that the human melanoma cell-line MeWo
treated with the antineoplastic and genotoxic reagents vindesine, fotemustine, cisplatin (causing DNA cross-links and adducts) and etoposide (topoisomerase II
inhibitor) failed to show any difference in mRNA-levels of dek 36h post treatment.
Although using a wide range of different experimental settings, 2D gel
electrophoresis to assess posttranslational modification after irradiation more
accurately was unsuccessful. For future analysis, conditions for 2D gel
electrophoresis have to be optimised (see 2.3.5 for possible strategies).
All proteins directly involved in DNA ds-repair and many other members of DNAdamage -detection or -signal transduction cascades (such as, to a certain extent, the
ATM and ATR kinases) are located in repair foci at various timepoints after DNAdamage. DEK, including overexpressed full-length DEK, DEK 310-375 and GFPDEK, does not accumulate at sites of ds-DNA repair 1h, 6h and 18h post irradiation.
These results argue against a direct involvement of DEK in the repair process. The
remaining possibility is that DEK acts in earlier steps of the ATM DNA-damageresponse pathway. According to Meyn et al. (1993), DEK 310-375 exhibits a range of
positive effects on several aspects of the ATM phenotype (hyperrecombination,
incorrect checkpoint control, hypersensitivity to DNA-damage). Consequently, to be
able to influence all these processes, DEK would have to act at the top of the
signalling cascade. A conceivable function would be recognition of DNA doublestrand breaks or other DNA-damage, especially since DEK binds preferentially to
unusual DNA-structures (Waldmann et al. 2003).
DEK seems not to be involved other aspects than repair of the DNA-damage
response as well
Inactivation of factors involved in early steps of DNA-damage response (such as,
presumably, DEK) should have an effect on the activation of 'downstream' members
of the pathway. Therefore, DEK was knocked-down by RNA interference and the
phosphorylation status of Checkpoint Kinase 2 (Chk2) and H2AX was tested.
Moreover, DEK 310-375 was transiently overexpressed in Hela cells, to test the
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hypothesis whether this fragment acts in a dominant-negative way. This would be the
case if knock-down and overexpression of DEK 310-375 had the same effects.
However, apart from a small increase of Chk2-levels after dek siRNA transfection
which are probably unspecific, neither the DEK knock-down nor an overexpression of
DEK or DEK 310-375 had an effect on Chi 2 or H2XA.
One could argue that DEK may, for example, be a DNA-damage sensor protein, and
that its function is redundant and can be taken over by other factors after DEK-knockdown. However, the strong phenotype observed for the overexpressed DEK 310-375
fragment rules out this possibility, unless this fragment acts unspecifically, and not in
a dominant-negative way.
In general, factors involved in DNA-damage response are conserved from yeast to
man. Some repair proteins or factors involved in homologous recombination such as
the RecQ-like helicases even have homologs in bacteria. DEK on the other hand is
absent from yeast, and the sequences between animals diverge considerably. This
argues against a functional role in such a fundamental process as DNA-repair.
There are some limitations imposed by the used cell-lines. The majority of
experiments were carried out with Hela-cells and SV40-transformed ATM-/- cells
(GM05849). Transformed cells, and especially cells from tumor tissue such as Hela
cells seem to be unfavourable to monitor DNA-repair and other aspects of DNAdamage response such as checkpoint control and a possible induction of apoptosis.
In addition, there are reports that the SV40 large T-antigen may interfere with the
migration of certain DNA-repair proteins such as MRE11to repair foci after ionising
radiation (Digweed et al. 2002), although other DNA-damage-activated proteins such
as NBS1 are unaffected.
On the other hand Hela cells and SV40 transformed fibroblasts (GM00637) show
similar γH2AX repair-foci patterns in response to gamma irradiation as does the
primary strain GM00037. Moreover, Hela cells and GM05849 are frequently used for
studying DNA repair (e.g. Meyn et al. 1993; Fritz et al. 1997; Kao et al. 2003), and
both cell lines show a good response to siRNAs, a prerequisite for knock-down
experiments. Primary cell-lines such as IMR-90 were unsuitable, since they appeared
unhealthy and virtually stopped net proliferation after siRNA transfection. Another
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problem is that RNA interference is incomplete, so DEK-levels might have not been
brought down sufficiently to observe an effect.
Although some methods use here may have limitations, the question whether DEK
plays a role in DNA-damage response was approached from different directions.
Consistently, neither of these experiments gave evidence for an influence of DEK on
the ATM-pathway. The experiments done by Meyn et al. (1993) probably need to be
repeated with stably transformed cell-lines expressing DEK 310-375, to rule out that
the initial finding was incorrect. Taken together, these data could not support the
suggestion of Meyn et al. that DEK influences the ATM DNA-damage response.

-123-

4 · Discussion

4.6. Conclusions and speculations

4.6.1.

DEK is unlikely to cause enhanced cell proliferation,

differentiation and cancer and is not a 'proto-oncogene'
Dek has been shown to be overexpressed at the mRNA-level in at least four different
types of cancer using microarrays or differential display: skin, liver, brain and non
t(6;9) leukemia (Grottke et al. 2000; Kondoh et al. 1999; Kroes et al. 2000;
Larramendy et al. 2002). There are also reports (e.g. Kondoh et al. 1999, ) showing
that dek mRNA is more abundant in proliferating or little differentiated cells in
comparison to dormant or terminally differentiated cells, respectively. However,
results concerning the dek-levels in differentiated versus undifferentiated cells vary.
Huang et al. found dek to be upregulated in melanoma cells induced to differentiate
terminally (Huang et al. 1999). The authors suggest that dek and other identified
genes "should provide a framework for delineating the molecular basis of growth
regulation, expression of the transformed phenotype and differentiation in melanoma
and other cancers". A generalisation that cannot be maintained, since Savli and
colleagues found dek to be downregulated in the promyelotic cell line HL-60 upon
differentiation (Savli et al. 2002), and Kondoh et al. (1999) found downregulation of
dek upon induction of hepatocellular carcinoma (HCC) cells to differentiate with
sodium butyrate. Consequently, dek up- or downregulation may depend on the celltype and manipulation used (e.g. sodium butyrate versus interferonβ treatment).
Kroes et al. (2000) conducted a differential display experiment finding 9 genes,
including dek, to be overexpressed in a glioma cell-line compared to a normal fetal
astrocyte line. They conclude that these genes were "novel targets ... for the
diagnosis and treatment of brain tumors". However, correlations on the mRNA-level
need to be treated with care, as the previous example showed.
The DEK protein-level is increased as a result of cell transformation, but
overexpressed DEK does not cause malignant transformation
The correlation between higher DEK-levels and uncontrolled cell proliferation
suggested by mRNA studies was confirmed here on the protein-level by comparing
the DEK content of 8 human fibroblast cell lines and primary cell strains.
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Transformed cell-lines that proliferated at a faster rate compared to their counterparts
(untransformed primary cells) contained at least twice the amount of DEK. In
addition, H.G. Hu showed that DEK-levels in untransformed B-cells were about 4-5
times lower compared to Hela cells.
Does that mean that DEK contributes to malignant transformation when
overexpressed, e.g. by accelerating cell proliferation? It is more likely that
overexpression of DEK is a consequence of broader physiological changes
accompanying uncontrolled proliferation. One reason is that proteins expressed at
different levels in normal and transformed cell-lines are quite frequent. Of the three
proteins used as loading controls here, SAF-A -levels were increased in transformed
cells, Lamin A/C was decreased and only GAPDH remained relatively constant in all
cells examined. A second argument is the fact that at least dek mRNA is
overexpressed consistently in cancerogenous tissues or transformed cell lines
examined in array studies for the 'Gene Expression Atlas' (www.gnf.org). Thus, DEK
levels seem to reflect certain cell states such as malignant transformation,
differentiation or proliferation, rather than being causative for these changes.
DEK is not a proto-oncogene
In this respect, the label 'oncoprotein' or 'proto-oncoprotein' for DEK and DEK-CAN,
respectively, is often taken as an argument for the significance of a finding, e.g. when
DEK is found to be overexpressed in cancer-cells. However, Grosveld et al. (prepublication statement in Grosveld 2002) showed that retroviral transduction of DEKCAN into myeloid precursors is not sufficient to cause an acceleration of cell
proliferation, or even malignant transformation. The same is true for DEK-CAN
knock-in mice (Grosveld 2002). Thus, if DEK-CAN is not an oncogene, DEK is no
'proto'-oncogene either. Nevertheless, DEK is still categorised as oncogene in all
major databases (www.expasy.ch and links on this page) and publications (e.g. in a
review of Sitwala et al. 2003). Since proto-oncogenes are often transcription- or
signal transduction-proteins, the group of D. Markovitz suggests that DEK is a "sitespecific DNA-binding protein that is likely involved in transcriptional regulation and
signal transduction" (Fu et al. 1997, also Fu et al. 1997; Sitwala et al. 2002; Adams et
al. 2003). However, the authors undermine their finding of sequence specificity by
switching from the HIV-2 'pets' site to class II MHC Y-boxes as the preferred binding
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site (Adams et al. 2003), although these sequences are not related to each other. In
addition, relatively low apparent dissociation constants (KD[app] of 10-6 to 10-7M) are
given for Y-box binding. Since DEK is expressed in comparatively large numbers
(>1million copies/cell, Kappes et al. 2001), sequence alone cannot provide sufficient
specificity to a transcription factor, as proposed by Fu et al. 1997. Moreover, the view
that DEK binds in a sequence-specific manner has been challenged recently (e.g.
Grosveld 2002; Waldmann et al. 2003). Thus, there is no unambiguous experimental
evidence that DEK might be a proto-oncogene.

4.6.2.

DEK-CAN and 'genomic stability': DEK-CAN may

contribute to the constitutive activation of a receptor tyrosine
kinase
Mutations leading to constitutive activation of the FLT3 (FMS-like tyrosine kinase 3)
receptor tyrosine kinase are found in nearly 30% of all acute myelogenous leukemiae
(AML). In over 70% of these cases, a palindromic DNA sequence coding for the
juxtamembrane domain has been duplicated (internal tandem duplication, ITD). The
kinase is expressed in early hematopoietic and lymphoid progenitors, and when
constitutively switched on activates downstream signal molecules such as STAT5,
Ras and MAP kinase (Thiede et al. 2002). Remarkably, the (6;9) translocation
leading to the DEK-CAN fusion gene coincides in up to 90% of all cases with a
constitutively active FLT3, caused by the internal tandem duplication, in contrast to
20% for other AMLs (Thiede et al. 2002). Although based on relatively small case
numbers (10 patients out of 980 had t(6;9)) this suggests the possibility that DEKCAN may promote the ITD. G. Grosveld speculates that if both DEK-CAN and FLT3ITD are present, they act synergistically to promote leukemia (Grosveld and al.
2003). However, he does not explain why these seldom events, 6;9 translocation
followed by FLT3 internal tandem duplication, coincide in 90% of all cases.
Since DEK preferably binds to four way junction (4WJ) DNA, a possible mechanism
for DEK-CAN causing the ITD may involve the palindromic sequence 'flipping' to a
cruciform conformation, which is structurally similar (but not identical) to four way
junction DNA. Palindromic DNA corresponding to FLT3-codons 593-602 has only
three mismatches when rearranged to a cruciform conformation (Kiyoi et al. 1998).
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This structure may be transiently stabilised by DEK, and also by DEK-CAN, since the
domain responsible for four way junction binding (amino acids 87-187; Kappes,
Scholten et al. submitted) is still present in the fusion protein. The difference between
DEK and DEK-CAN would be that DEK-CAN could promote the duplication event,
probably by binding more stably to the cruciform structure. During replication or
repair, the palindrome would then be duplicated. This would also explain why DEKCAN is only found in leukemiae: If DEK-CAN indeed acts 'specifically' on FLT3
promoting the internal tandem duplication, then the effects only become apparent in
cells that express FLT3. These are exclusively myeloid precursors.
Another possibility is that DEK or DEK-CAN might directly influence homologous
recombination (HR). This would explain the reported effect of DEK on
hyperrecombination and DNA-repair (Meyn et al., 1993). 4WJ DNA is structurally
equivalent to Holiday Junctions. Manipulation of HR might increase the tendency of
the "inherent genetic instability of the FLT3 palindrome" (Libura et al. 2003) to
duplicate. In another subtype of AML, the fusion protein PML-RARA delocalises the
PML (promyelotic leukemia) protein, destroying a subnuclear structure, the PML
bodies. This also disrupts normal localisation of another PML-body protein, the
Blooms syndrome protein, a RecQ-like helicase involved in homologous
recombination. Thus, the AML-subtype with the second highest incident in FLT3internal tandem duplication, PML-RARA, is also defective in HR. A link between HR
and FLT3-ITD has been proposed as early as 1998: "FLT3-ITD have also been
reported to be due to HR errors, following loop formation within a palindromic
hotspot." (Kiyoi et al. 1998, cited by Libura et al. 2003).
However, DEK is unlikely to be a genuine member of the homologous recombination
pathway, since other than DEK its members are conserved from yeast to mammals.
Even in bacteria, homologous proteins such as RecQ are found. Also, proteins
involved in HR often exhibit defects in cell-cycle progression upon knock-out, such as
topoisomerase III; TOP3-deleted yeast cells accumulate in late S or G2 phase
(Chakraverty et al. 2001). This is probably due to a role in the resolution of abnormal
DNA structures or DNA damage arising during S phase. However, a knock-down of
DEK shows no delay in cell-cycle progression.
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Libura et al. (2003) propose that the FLT-palindrome is generally susceptible to
"agents that modify chromatin configuration, including topoisomerase II inhibitors and
abnormalities involving PML and DEK with consequent errors in DNA repair". Thus
DEK-CAN could contribute to FLT3-ITD-formation by directly binding to palindromic
sequences in the FLT3-gene, by influencing homologous recombination or by
inducing general changes in chromatin structure.

4.6.3.

Supercoiling and four way junction binding: DEK, an

'architectural' protein?
DEK's most striking feature is its ability to introduce constrained positive supercoils
into DNA (Waldmann et al. 2002). Two DNA binding regions on DEK were found
here, the first is located from amino acid 87-187, contains the DNA-binding motif
'SAP' and is sufficient for the introduction of supercoils (Kappes, Scholten et al.
submitted). It is likely that this 'supercoiling domain' is also responsible for the second
interesting feature of DEK: preferred binding to unusual DNA structures such as four
way junctions and supercoiled DNA (Waldmann et al. 2003).
The second domain is on a fragment from amino acid 270-375. This region could be
clipped down to amino acids 270-350 using band-shift assays (Kappes et al.
submitted). Thus the second DNA-binding domain overlaps with the multimerisation
domain, and also with sites of Casein Kinase 2 (CK2) phosphorylation (DEK 270310). This may allow co-ordinated regulation of DNA-binding and multimerisation.
DEK may bind to nucleosomes through its four way junction binding activity
It has been suggested that binding to four way junction DNA is a common property of
'architectural' proteins (Zlatanova and van Holde 1998). Architectural proteins in
general organise higher-order chromatin-structure, and may (e.g. most HMG
proteins, the SWI/SNF complex, linker histones) or may not have 4WJ binding
activity. As diverse proteins as SAF-A (nuclear matrix), BEAF32 (insulator protein) or
the structural maintenance of chromosomes (SMC) complexes condensin and
cohesin are architectural proteins. Can DEK be sorted in any of these categories?
Cohesin for example is required for connecting sister chromatids during mitosis and
although the mechanism of DNA-binding is different, both DEK and the cohesin-
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complex have in common to interconnect different DNA-molecules (Losada and
Hirano 2001; Waldmann et al. 2003). DEK could also be part of the nuclear matrix,
maybe organising chromatin domains/loops by binding to SAR/MAR, although DEK's
'SAP'-domain seems not to have a preference for A/T rich SAR/MAR DNA
(Waldmann, personal communication). Since most architectural proteins bind to or
induce unusual DNA-structures (DNA-bends, 4WJ DNA, supercoiled DNA), DEK
could also act at sites of unusual DNA conformations (holiday junctions, DNAlesions) or topologically stressed DNA (e.g. at replication forks). Nucleosome binding
seems most likely, however.
DNA intersects at the entry/exit points of nucleosomes, and these cross-overs to a
certain extent resemble four-way junction DNA. Cross-overs of supercoiled DNA
plasmids are also structurally similar, and DEK has been shown to favour negatively
supercoiled over relaxed plasmids (Waldmann et al. 2003). So DEK might bind to
nucleosomes (but not to isolated histones), although this possibility has not been
tested directly yet. Some additional evidence for nucleosome-binding of DEK comes
from "typical HMG-like properties" (Dorn et al. 1995) of drosophila-DEK. First,
dmDEK shows homology to D1, an HMG-like protein in drosophila. In addition, the
"...protein contains two RGRP-motives known to bind four way junction DNA." Since
RGRP boxes are not present on hDEK, 4WJ binding by these domains in dmDEK
may exists on top of the putative four way junction binding domain homologous to
hDEK 87-187, with an effect similar to hDEK-dimerisation. In any case evidence for
4WJ-binding in drosophila-DEK is a further sign that this ability may be conserved
and therefore significant for the function of DEK. Zlatanova and van Holde report that
four way junction binding proteins "are frequently interchangeable in cellular
function", which could explain the absence of a phenotype after dek knock-down by
RNA interference.
The DEK 'supercoiling' activity may serve to mark DNA-regions of torsional
stress
Amino acids 87-187 are characteristic for DEK: DEK proteins of all organisms have
this conserved domain, while they might have lost the semi-conserved C-terminal
domain from amino acids 310-375 (amino acid numbering relates to human DEK).
The region surrounding the SAP-box (DEK 87-187) is sufficient to introduce positive
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supercoils into DNA (Kappes, Scholten et al. submitted). It is therefore possible that
DEK proteins from other organisms might share this activity. If true, the introduction
of supercoils must be an essential part of DEK's function.
From the DEK supercoiling and DNA 'cross-linking' activity one can propose that
DEK's architectural role might include a contribution to maintain certain condensation
states. In this model, DEK would be able to constrain and conserve positive
supercoils. Upon phosphorylation by CK2 or other triggers, DEK would change its
binding mode or detach from DNA and thus release the hitherto constrained positive
supercoils. In this way, DEK would be able to "remember" the supercoiling state of a
chromatin region. Nucleosome-binding by DEK would not be necessary, but could
contribute to such a function.
On the other hand, DEK should preferentially bind to regions of positive supercoiling,
e.g. downstream of stalled replication forks. Preferential binding has only been show
for negatively supercoiled plasmids so far (Waldmann et al. 2003). Positive
supercoiled DNA is already in the right configuration usually imposed by DEK-DNA
interactions, thus this DNA state should facilitate DEK binding. DEK could thus 'mark'
the region on the DNA where erroneous events in DNA-metabolism had taken place.
Although positive supercoils would be neutralised (a task much more efficiently done
by topoisomerases), tagging to recruit factors such as DNA repair proteins to the
sites of action would be the main function. Further investigation into how DEK, and
especially the 'supercoiling domain' (amino acids 87-187) of DEK binds to DNA and
changes its structure could therefore help understanding the cellular function of DEK,
e.g. by obtaining structural data of the protein.
DEK activity is regulated by phosphorylation
DNA-binding and DEK multimerisation are dependent on the phosphorylation status
of DEK, allowing co-ordination of these two processes. Opposite to DEK
multimerisation, which is promoted by phosphorylation, only dephosphorylated DEK
was able to bind to double-strand and single-strand DNA in vitro. In vivo, however,
DEK is associated with chromatin during the whole cell-cycle (Kappes et al. 2001;
Krithivas et al. 2002). Kappes et al. showed that the kinase influencing DNA-binding
is the same that regulates multimerisation: Casein kinase 2 (CK2, Kappes and Gruss
submitted).
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DEK phosphorylation fluctuates during the cell-cycle, with a two-fold peak in G1phase over S-phase and mitosis when CK2 is most active (Kappes and Gruss,
submitted). Thus, DNA-binding and multimerisation have their maximum activity in
opposite phases of the cell-cycle, suggesting that although the protein-level is
constant over the cell cycle (Kappes et al. 2001), DEK activity is cell-cycle
dependent.
So DEK's DNA-binding activity is enhanced in S-phase and mitosis when chromatin
undergoes substantial structural rearrangements, often associated with considerable
torsonal stress on DNA. This stress in form of 'overwound' (positively supercoiled)
DNA might serve as a binding platform for 'activated' DEK that in term might serve as
an recruitment signal for other proteins. Results from Alexiadis et al. (2000) showed
that DEK may have inhibitory influences in S-phase, since DEK reduces the
replication efficiency of SV40 minichromosomes in vitro. Many architectural
chromatin proteins such as the structural maintenance of chromatin proteins (e.g.
cohesin and condensin complexes) also operate in mitosis.
Conversely, dephosphorylated DEK has a weaker DNA-binding activity, but
enhanced multimerisation activity, which may lead to co-operative DEK-binding to
chromatin subdomains ('microdomains') of unknown function.

4.6.4.

Outlook

The experiments presented here and in Kappes, Scholten et al. have identified and
characterised functional domains of DEK, two for DNA-binding and one for
multimerisation. These domains are regulated by Casein Kinase 2 phosphorylation in
a co-ordinated and cell-cycle dependent manner. Also, the 'supercoiling domain'
could be located on the DEK fragment 87-187. As mentioned, DEK has been
involved in the DNA-damage response pathway (Meyn et al. 1993), in transcriptional
regulation (Fu et al. 1997) and in mRNA processing (McGarvey et al. 2000).
However, Waldmann et al. (2003) showed that DEK is probably not involved in
transcriptional regulation, at least not as a site-specific transcription factor. Here,
evidence is given that DEK plays no role in mRNA-processing and DNA-damage
response. Thus, the definite function of DEK is still unknown. Present data
increasingly points towards a role in chromatin architecture.
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Along which experimental lines should future research be conducted? First, further
effort is needed to identify interaction partners of DEK and to clarify the validity of
reported DEK-binding proteins. Interaction partners of DEK have so far been
searched with the two-hybrid system, co-immunoprecipitation, co-affinity-tag
purifications and biochemical co-purifications. The two-hybrid system can only test
for one-on-one binding, and could be used to resolve the question whether DEK
really bind to isolated histones. However, the affinity of isolated proteins of a complex
might be too weak to detected.
The principal problem for affinity (co-immuno or affinity-tag precipitation) or gel
filtration is that DEK binds to DNA, probably in a complex with other proteins such as
nucleosomes. DNA has to be broken up without destroying the complex. If DNA is
degraded too much, the complex may disintegrate. Insufficient DNA-fragmentation on
the other hand and unspecific proteins that bind to DNA without interacting with each
other are detected, which presumably happened for DEK, Daxx and HDAC
(Hollenbach et al. 2002).
A possible approach would combine affinity tag-purification with gel-filtration. After
fragmentation of DNA by nucleases or shearing varying the intensity of these
treatments, gel-filtration should be used to purify the putative DEK-DNA-complex
from large DNA fragments and monomeric proteins. (rule of thump: 100bp weigh
about 65kD, so the DNA-content of a di-nucleosome, roughly 400bp, weights about
260 kD). Then affinity purification should be done, using either the mammalian
expression vector pTre2hyg-his-DEK (see Materials & Methods) with protease cleavage
(factor XA) between his-tag and DEK as a mild method for elution, or the 'tandem
affinity purification' (TAP) protocol (Puig et al. 2001). In the TAP-protocol the protein
of interest double tagged, this in combination with specific and mild elution
conditions, e.g. the site-specific cleavage with TEF-protease or elution form
calmodulin beads with EGTA, increases the purification efficiency considerably in
contrast to a single-tag (Rigaut et al. 1999; Puig et al. 2001).
In addition, features suggesting architectural roles of DEK need to be examined.
These include DNA-binding properties of DEK and the 'supercoiling domain' (DEK
87-187). Does the supercoiling domain have a preference for four way junction DNA,
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as the full-length protein? 4WJ binding implies that DEK might bind preferentially to
nucleosomes, which can be tested in band-shift assays with reconstituted mononucleosomes. Then it is interesting to know why DEK 87-187 'cross-links' different
DNA-molecules at low protein-concentrations in the band-shift assay (Kappes et al.
submitted). There could be either a second DNA-binding-domain on this fragment, or
a DNA-dependent multimerisation-domain, as suggested by Devany et al.
(submitted) who found that DEK 68-187 makes large complexes upon addition of
DNA that cannot be resolved by nuclear magnetic resonance. Splitting the domain in
the SAP-domain (DEK 149-187) and the rest of the supercoiling domain (DEK 87148) and testing the recombinantly expressed protein fragments in band-shift assays
should answer the question whether two DNA-binding domains are present.
Above all, determination of the crystal structure (NMR seems to be problematic,
Devany et al. submitted) of DEK or at least DEK 87-187 on DNA should reveal the
mechanism for the introduction of constrained positive supercoils and four way
junction binding binding.
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5. Appendix
5.1. Abbreviations
@
aa
ab
ATM
ATR
bp
cDNA
DEK
DNA
ds
EJC
his
HR
kb
kD
lacZ
M
o
/n
ORF
p.i.
p.t.
PAGE
PBS
PCR
PKA
RNA
RNAi
RT
RT-PCR
SAF-A
SAP
SDS
siRNA
ss
SV40
TAE
TBE
UV
α
γ

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

s
– second(s)
min – minute(s)
h
– hour(s)

at
amino acids
antibody
ataxia telangiectasia mutated
ATM and Rad3 -related
base pair
copy DNA
DEK (full name)
deoxyribonucleic acid
double strand
exon junction complex
histidine
homologous recombination
kilo base pairs
kilo Dalton
gene for βgalactosidase
molar (concentration: moles/litre)
over night
open reading frame
post irradiation
post transfection
polyacrylamide gel electrophoresis
phosphate buffered saline
polymerase chain reaction
protein kinase A
ribonucleic acid
RNA interference
room temperature (-PCR: reverse transcription)
reverse transcription PCR
scaffold attachment factor A
SAF-A / Actinus / PARP (DNA-binding motif)
sodium dodecyl sulphate
small interfering DNA
single strand
simian virus 40
Tris-acetate-EDTA buffer
Tris-borate-EDTA buffer
ultra violet
alpha or antigamma-ray
k
m
µ
n
p

–
–
–
–
–

kilo
(103)
milli (10-3)
micro (10-6)
nano (10-9)
pico (10-12)
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5.2. Figures
Fig. 1

Features of DEK.

7

Fig. 2

The DEK-topology assay.

9

Fig. 3

The ATM pathway during S-phase of the cell-cycle.

15

Fig. 4

Characterisation of DEK-antibodies.

37

Fig. 5

Comparison of DEK-antibodies by immunofluorescence labelling in Hela

cells.

38

Fig. 6

GFP-DEK vs. DEK antibodies.

39

Fig. 7

Kinetics of GFP-DEK.

41

Fig. 8

GFP-DEK: Fluorescence recovery after photobleaching (FRAP).

43

Fig. 9

Expression levels of DEK in 9 cell-lines.

44

Fig. 10 The pI of DEK is approximately 5.5 as shown by 2D electrophoresis

45

Fig. 11 Knock-down of DEK with RNA interference.

46

Fig. 12 Time-course DEK-level after depletion with RNAi.

48

Fig. 13 Cell numbers 3 days after DEK- and control-siRNA transfection.

49

Fig. 14 FACS (fluorescence activated cell sorting) after RNA interference.

50

Fig. 15 RNA interference in 8 different human cell-lines.

53

Fig. 16 DEK overexpression in the Tet-off system.

54

Fig. 17 DEK during the cell-cycle.

56

Fig. 18 DEK knock-down in Hela cells.

58

Fig. 19 DEK versus markers for subnuclear domains.

60

Fig. 20 DEK vs. functional markers.

63

Fig. 21 DEK vs. core histone binders.

64

Fig. 22 Principle of the yeast two-hybrid.

66

Fig. 23 Characterisation of bait constructs.

68

Fig. 24 Repression assay.

69

Fig. 25 Result of the two-hybrid screens.

70

Fig. 26 Comparison of bait constructs DEK 310-375 and DEK 1-375

71

Fig. 27 Degradation of LexA-DEK.

72

Fig. 28 Multimerisation domain: full-length DEK vs. DEK fragments.

73

Fig. 29 Recombinant baculovirus DEK expression constructs.

76

Fig. 30 Localisation of the multimerisation domain by far Western blotting.

78
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Fig. 31 Confirming the position of the multimerisation domain.

78

Fig. 32 Coil prediction for DEK Programme "COILS" (www.expasy.ch).

81

Fig. 33 Phosphorylation of DEK influences multimerisation

82

Fig. 34 Histone binding by 32P labelled PKA-his-DEK.

83

Fig. 35 DEK binding by

32

P labelled PKA-his-histones.

85

Fig. 36 DEK binds to double- and single-strand DNA and not to short RNA.

87

Fig. 37 DNA-binding domains - South-Western.

90

Fig. 38 GFP- DEK-fragments.

92

Fig. 39 Functional DEK domains.

93

Fig. 40 The level of DEK does not change after DNA-damage.

96

Fig. 41 DEK does not migrate to sites of DNA-damage.

99

Fig. 42 Depletion of DEK by RNA interference does not affect DNA-damage
dependent phosphorylation of H2AX or Chk2.

100

Fig. 43 Knock-down of DEK does not influence the number and kinetics of γH2AX
repair foci.

102

Fig. 44 Transient DEK-depletion does not alter survival-rates 10 days post
irradiation.

103

Fig. 45 Overexpression of full-length DEK or DEK 310-375 has no specific effect on
DNA-damage response.

104

Fig. 46 Overexpression of DEK, DEK 310-375 and GFP-DEK 310-375.

108

5.3. Tables
Table 1: List of used vectors. For two-hybrid vectors see Table 4.

20

Table 2: Overview DEK-constructs.

21

Table 3: Baculovirus-system expression constructs.

22

Table 4: Two-hybrid vectors.

31

Table 5: Yeast strains.

31

Table 6: Mammalian Cell-lines.

32

Table 7: SiRNA sequences.

33

Table 8: Scheme RNAi & cell-synchronisation.

34

Table 9: Antibodies.
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