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ABSTRACT

Mammalian cells primarily rejoin DNA double-strand
breaks (DSBs) by the non-homologous end-joining
(NHEJ) pathway. The joining of the broken DNA
ends appears directly without template and accur-
acy is ensured by the NHEJ factors that are under
ATM/ATR regulated checkpoint control. In the
current study we report the engineering of a mono-
specific DNA damaging agent. This was used to
study the molecular requirements for the repair of
the least complex DSB in vivo. Single-chain Pvull
restriction enzymes fused to protein delivery
sequences transduce cells efficiently and induce
blunt end DSBs in vivo. We demonstrate that beside
XRCC4/LigaselV and KU, the DNA-PK catalytic sub-
unit (DNA-PKcs) is also essential for the joining of
this low complex DSB in vivo. The appearance of
blunt end 3’-hydroxyl and 5-phosphate DNA DSBs
induces a significantly higher frequency of ana-
phase bridges in cells that do not contain functional
DNA-PKcs, suggesting an absolute requirement for
DNA-PKcs in the control of chromosomal stability
during end joining. Moreover, these minimal blunt
end DSBs are sufficient to induce a p53 and ATM/
ATR checkpoint function.

INTRODUCTION

The core components for a repair by NHEJ are conserved from
yeast to mammals and consist of the XRCC4/DNA-LigaselV
complex and the KU70/KUS80 heterodimer (1-3). Vertebrates
in addition also require DNA-PKcs (4,5) and as shown more
recently, the Artemis nuclease (6). Whereas the XRCC4/
DNA-LigaselV complex is required for end joining of DSBs,
the KU complex contributes to DSB recognition, DSB
bridging and nucleolytic processing of the ends (3). Beside
its essential function during V(D)J recombination in lympho-
cytes, the role of DNA-PKcs is less clear, but DNA-PKcs
impaired cells are hypersensitive to various DSB inducing
agents (4,7). Central to the understanding of the NHEJ repair

function is first whether, depending on the chemical characters
of the break points, the core molecular components are
recruited on default and second, if broken ends that resemble
already suitable substrates for DNA-ligases in the chromo-
somal context still require all components for the joining step.
The ligation of the 5’-phosphate containing blunt ends in
signal-joint formation during immunoglobulin V(D)J recom-
bination requires both DNA-LigaselV and KU complexes.
DNA-PKcs is dispensable, but has an essential function in
hairpin opening together with the Artemis nuclease during
coding joint formation (6). This might suggest that DNA-PKcs
is only recruited to resolve more complex DSB products.
ATM is normally not required during V(D)J recombination,
but has its role in protecting cells from tumors caused by
aberrant V(D)J recombination (8). Cells from patients with AT
support normal levels of V(D)J recombination, and mature
antigen receptor-bearing lymphocytes are readily observed in
ATM-deficient mice (9). Understanding the role of a minimal
DSB in sensing DNA damage is an essential prerequisite for
the analysis of the induction thresholds in DNA repair
checkpoint signaling.

Commonly used DSB causing agents such as ionizing
radiation or radiomimetic drugs introduce simultaneously a
broad spectrum of chemical modifications. This limits the
analysis of substrate requirements for repair in vivo. These
genotoxins potentially induce double-strand as well as single-
strand breaks simultaneously and concomitantly several
distinct mutagenic modifications at the breakpoint nucleotides
(for a recent review, see 10). Homing endonucleases,
transposases and restriction enzymes were successfully intro-
duced into different cell types. Inducible vector systems (11),
or native enzymes were introduced by electroporation,
lipofection or calcium phosphate precipitation (reviewed in
12-14). These types of experiments employing specific
nucleases are limited by the accessibility of the cells and the
side effects from transient transfections, by constitutive
although low basic expression levels and the slow on-rates.
Moreover, many of the nucleases used (11,15,16) (i.e. I-Scel,
HO, RAG1,2) exhibit low turnover rates, additional unspecific
DNA binding activities and often are single-strand or hairpin
overhang producing enzymes (17; reviewed in 18). It is this
complex feature that might influence the sensors for a sensible
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checkpoint and repair induction. Due to the lack of reagents
that cause exclusively 5" phosphate blunt end DSBs of well-
defined character in vivo, it is not clear how a minimal,
potentially non-mutagenic DSB is repaired by the NHEJ
pathway and if ATM and p53-dependent checkpoint controls
are activated.

In this study, we investigated the substrate/sensor function
of the least complex DSB lesion, blunt end cleavage caused
exclusively by phosphodiester hydrolysis. We used the single-
chain variant of the restriction endonuclease Pvull (SCPVU)
to elaborate a new procedure for an unequivocal generation of
DSBs in cells. As was shown before, single-chain Pvull
exhibits only specific, cognate site DNA binding activity with
high catalytic turnover (19). In addition, effects resulting from
nuclease activity can be distinguished from possible side
effects by employing a nuclease-deficient but DNA-binding
proficient SCPVU mutant.

MATERIALS AND METHODS
Constructs

The Pvull endonuclease gene was cloned into the pRIZ’ vector
(20) as described, to obtain pRIZ’-PvR NBt (19). In this
vector, the endonuclease gene is followed by a polycloning
region containing BamHI and HindIIl terminal sites. This
polycloning region was replaced by a synthetic dsDNA to
obtain a fusion gene coding for Pvull (amino acids 1-157)
followed by a C-terminal GSYGRKKRRQRRRGGS-
HHHHHH extension. The Pvull gene of this vector (pRIZ’-
wtPvR-Tat-His6) was duplicated by inserting the Xbal-Xbal
fragment of the single-chain (sc) Pvull gene [the region
coding for residues (121-157)-GSGG-(2-120)] as described
(19) to obtain the vector pRIZ’-scPvR-Tat-His6. With this
vector, the fusion protein (1-157)-GSGG-(2-157)-
GSYGRKKRRQRRRGGSHHHHHH is expressed (we call
this SCPVU-TAT). SC34 (D34G substitution in both subunits)
was constructed in a similar way using the mutated
endonuclease version as a template for fusion to Tat-His6
(19). Vectors for the dominant negative ATM constructs
kdATM (as described in 21) were a kind gift from M.B.
Kastan, St Jude Children’s Research Hospital, USA. The
EGFP-histone2B expressing vector was obtained by PCR
amplification of a H2B fragment from human genomic DNA
and subsequent cloning into the vector pPEGFP-N1 (Clontech).

Protein expression and purification

Protein expression was performed by using Escherichia coli
XL1 MRF host carrying the pLGM methylase expressing
plasmid as described (19). Cell pellets from 1.6 1 of culture of
a SCPVU-TAT expression experiment were suspended in
40 ml of 50 mM sodium phosphate (pH 8.0) containing
protease inhibitors (Complete EDTA-free, four tablets from
Roche Diagnostic) and 1 mg/ml of egg white lysozyme. After
incubation on ice for 1 h, suspensions were sonicated and
centrifuged (16 000 r.p.m., 20 min). The supernatants were
adjusted to 500 mM NaCl and 10 mM imidazole and loaded on
a HiTrap Chelating affinity column (5 ml, Amersham
Pharmacia Biotech). Columns were washed with 100 mM
imidazole and proteins were then eluted with 300 mM

imidazole. The eluted fractions were subsequently purified
on a SP Sepharose column (5 ml HiTrap SP HP, Amersham
Pharmacia Biotech) using a linear NaCl gradient (0.3-1 M
NaCl in 20 mM sodium phosphate and 1 mM EDTA at
pH 7.0). The SCPVU-TAT proteins eluted between 0.63
and 0.67 M NaCl. Preparations yielded about 10 mg of
protein. Concentrations of the recombinant proteins were
estimated based on the calculated molar extinction coefficient
71 120 M! cm™ at 280 nm as described before (19).
Purification of wtPvull variants was performed similarly,
except these proteins eluted between 0.81 and 0.85 M NaCl
from the SP Sepharose column. All proteins were homo-
geneous on 15% SDS-PAGE and analysis by electron spray
mass spectrometry using an API 150 EX apparatus (Perkin
Elmer) revealed the theoretical molecular masses. The puri-
fied, C-terminally Tat-His6 tagged and untagged versions
exhibited the same specific nuclease activities in vitro, as
assayed with A phage DNA as a substrate.

SCPVU-TAT transduction assay

For the protein transduction of various Pvull enzyme deriva-
tives, recombinant proteins were added to the complete
growth medium including FCS and antibiotics. Protein stock
solutions for transductions contained enzyme concentrations
between 20 and 50 uM in SP-Sepharose elution buffer.

Cell culture and transfections

The rodent cell lines AA8, V3 (DNA-PKcs™), xrss5
(KUB0“") and XR-1 (XRCC4¢") [a kind gift from P.
Jeggo, University of Sussex, UK (22)]; AT-5, MRC-5 (a kind
gift from L. Zentilin; ICGEB, Trieste, Italy), and U20S,
IMR90 (early passages; a kind gift from G. del Sal, CIB,
University of Trieste, Italy) cell lines were maintained in
DMEM supplemented with 10% fetal calf serum (FCS).
MO059J and MO59K cell lines [a kind gift from Susan Lees
Miller, University of Calgary, Canada; (23)] were maintained
in DMEM/Hams12 (1:1) supplemented with 10% FCS. The
various HCT116 derivates [a kind gift from B. Vogelstein,
Johns Hopkins University, USA (24)] were cultivated in
McCoy’s medium supplemented with 10% FCS. For transient
DNA transfections of U20S cells, the SuperFect Transfection
Reagent (Qiagen GmbH) was used as directed by the
manufacturer.

Immunodetection analysis

Extracts for Figure 1B, were prepared in cell lysis buffer
(20 mM Tris—HCI1 pH 8.0, 5 mM EDTA, 150 mM NaCl,
0.2% Triton X-100, 20 uM TPCK, 20 uM TLCK, 60 mM
4-nitrophenyl phosphate (all Roche Diagnostics), sonicated
and cleared by centrifugation. Extracts for Figure 4B and C,
and Figure 5C, D and E were prepared by direct collection of
the cells in SDS loading buffer and sonication. Mono-specific
a-Pvull antibody were raised in New Zealand white rabbits
with native, highly purified Pvull fractions. The anti-serum
was affinity-purified against Pvull immobilized to BrCN-
Sepharose (Amersham-Pharmacia Biotech) as described (25).
Immunofluorescence analysis was done after fixation in 3%
paraformaldehyde (26), except for the phospho-H2AX-
(Ser!%) detection where the cells were fixed for 5 min on
ice in acetone and methanol (1:1). Analysis was done by
confocal microscopy with a Zeiss Axiovert 100M microscope
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Figure 1. Introduction of functional SCPVU-TAT protein into vertebrate cells. (A) Expression and purification of SCPVU-TAT proteins. E.coli containing
the SCPVU-TAT expression plasmid were induced for protein expression and purification was performed as described in Materials and Methods. NI and I are
total cell extracts of non-induced and induced E.coli cells, respectively. H1 and H2 are peak fractions from the HiTrap Chelating affinity column purification
step; S1 and S2 are peak fractions from the SP Sepharose column purification step; M, molecular mass markers (from top to bottom in kDa: 94, 67, 43, 33,
20, 14); SC-PVU, protein lacking the TAT-tag purified in a similar way. (B) Immunoblot analysis of extracts after protein transduction into U20S cells.
Proteins assayed were: SCPVU-TAT, increasing protein concentrations were applied (1, 10, 50, 100, 200 nM; numbers indicated on the top represent nM
protein in the cell culture supernatants; SC-TAT; lanes 2-6), SCPVU (200 nM; without TAT, SC; lane 7) or SC34 (200 nM; SCPVU-TAT nuclease impaired
version; SC34; lane 8) and no protein addition (lane 1). Ten minutes after the addition of the proteins, cell extracts were prepared, separated on SDS-PAGE
and analyzed by immunoblotting using Pvull specific antibodies (upper blot; IMPORT). Aliquots of the cell culture supernatants were also included in the
analysis (lower blot; MEDIUM). (C) Thirty minutes after protein transduction with SCPVU-TAT or SC34, cells were trypsinized and reseeded on poly-lysine
coated glass slides and stained with mono-specific antibodies to Pvull and FITC-conjugated secondary antibodies for confocal immunofluorescence analysis
(green, SC-TAT or SC34 as indicated). Propidium iodide DNA co-staining was applied (red; DNA). (D) TUNEL analysis after SCPVU-TAT protein transduc-
tion. Cells were treated with SCPVU-TAT and DNA DSBs were analyzed by confocal immunofluorescence microscopy after TdT-labeling in the presence of
dUTP-FITC (TUNEL) of U20S and IMR90 cells. Treatment was done with 100 nM SCPVU-TAT and for the time periods indicated. A ‘non import
competent’” SCPVU (100 nM) (containing no TAT-tag) was added for 10 min and served as a background control (control); cells positive for
‘TUNEL-labeling’ (green); propidium iodide DNA stain (red). Assays done with SC34 did not result in TUNEL positive cells (data not shown).

attached to a LSM 510 confocal unit. Antibodies used were the
rabbit o-phospho-H2AX-(Ser!3%) (Upstate Biotechnology),
o-phospho-Ser!'> p53 (Cell Signaling Technology, MA), -
actin (Sigma), the sheep o-ADPRT (26), and the mouse
monoclonal a-p53 (DO-1, SC-126) (Santa Cruz Biotech).

TUNEL assay

For in vivo detection of dsDNA breaks, the dUTP-FITC,
TUNEL labeling technique was used in the presence of 1| mM

CoCl, as described by the suppliers (in situ Cell Death
Detection Kit, Roche Diagnostic, Mannheim, Germany).
Reactions were performed on adhesion slides in the dark.
Prior to the TUNEL reactions, the cell lines were fixed in 4%
paraformaldehyde and permeabilized in 0.1% Triton X-100/
PBS for 5 min (U20S) or 20 min (IMR90). Following TUNEL
reactions, the cells were extensively washed with PBS and
then counterstained with propidium iodide as described for
immunofluorescence analysis (26).
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Figure 2. Nuclease-dependent cell cycle delay induced by SCPVU-TAT. Cell cycle distribution of protein-transduced U20S cells by FACS. 2n presents
relative diploid, not replicated equivalent of DNA (G1), 4n presents relative tetraploid, replicated equivalent of DNA (G2/M). Ploidy indications are valid for
both histogram rows. U20S cells were grown for 24 h (upper row) or 48 h (lower row) in the presence of increasing concentrations of SCPVU-TAT (10, 50,
100 nM) as indicated and with one single addition of enzyme, or with multiple additions of enzymes (every 12 h, 10 nM*12, 100 nM*12); no treatment
(control); nuclease-deficient version of SCPVU-TAT (SC34, 100 nM). All histogram plots that are shown represent a measure of the DNA content versus cell
numbers as indicated only for the upper left histogram. The percentage of cells in the various cell cycle phases is given below each histogram.

FACS analysis

The cells from the supernatants and the cells detached by
trypsinization were pooled and washed with PBS containing
1% FCS and fixed with 70% ethanol on ice for 1 h. The fixed
cells were then washed twice with PBS containing 1% FCS
and incubated for 1 h at room temperature with 200 pg/ml of
RNAseA and propidium iodide (20 pg/ml) was added before
measurements. DNA content analysis was done with a
FACSCalibur™ (Becton Dickinson) using CellQuest™ soft-
ware and the MODFIT LT™ statistics program.

Colony forming assays

The various cell lines were incubated with different concen-
trations of SCPVU-TAT for 1 h (AT-5, MRC-5 cells) or 24 h
(NHEJ-cells), the medium was changed by two washes and
cells were grown for a further 7-10 days. For the estimation of
colony formation, cells were then fixed with 10% formalde-
hyde and stained with 10% GIEMSA (Merck) solution.
Assays were done in triplicates.

RESULTS

Introduction of functional single-chain Pvull into
vertebrate cells

We engineered a new tool for the induction of DSBs in vivo.
We used the HIV-TAT protein transduction domain (11 amino
acids, residues 47-57) (27) for protein import (reviewed in 28)
of the class II restriction endonuclease Pvull into vertebrate
cells. Pvull cleaves phosphodiesters in the palindromic
sequence CAG/CTG to produce blunt ends. This sequence
does not contain any known consensus site for DNA
methylation in vertebrate cells. A single-chain variant of

Pvull enzyme (SCPVU) was used, consisting of covalently
joined subunits of Pvull (19). Proteins were purified using a
two-step column purification scheme under non-denaturing
conditions (Fig. 1A). This purification (see Materials and
Methods) results in homogeneous, highly active and transport-
competent fusion enzymes. We chose to call these proteins
SCPVU-TAT in the following.

Uptake of the SCPVU-TAT protein into U20S cells was
analyzed with a polyclonal antibody against Pvull. Extracts
prepared from cells that were protein transduced with either
SCPVU-TAT or SCPVU (without TAT) for 10 min were
analyzed in immunoblots. Enrichment for SCPVU-TAT
versus proteins with no TAT was obtained (Fig. 1B).
Moreover, microscopic analysis detected uptake into virtually
all the nuclei of the SCPVU-TAT or SC34 (see below) treated
cells (Fig. 1C). These results demonstrate that significant
amounts of SCPVU-TAT fusion proteins are targeted to the
nucleus of a cell. The uptake was not dependent on the
denatured state of the protein as reported for other TAT-tag
containing proteins (29).

Terminal deoxynucleotidyl transferase labeling in the
presence of CoCl, (TUNEL) was used after SCPVU-TAT
treatment to detect the nuclease activity of the imported
restriction enzyme in vivo (Fig. 1D). For U20S and IMR90
cells, TUNEL-positive cells were readily detected as soon as
10 min after the addition of the SCPVU-TAT enzyme. The
TUNEL positive staining was cell cycle state independent and
no signs of apoptosis could be detected (Fig. 1D, and data not
shown). Protein uptake and TUNEL positive staining could be
detected in response to an SCPVU-TAT treatment, contrary to
treatments with either SCPVU lacking the TAT-tag fusion
(Fig. 1D, control), or the nuclease-deficient and TAT-tag
containing version SC34 (not shown). TUNEL staining was
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Figure 3. Hypersensitivity of cell lines defective in NHEJ. (A) Colony forming assays of NHEJ mutated CHO cells treated with SCPVU-TAT. Cell lines
used are AA8 (parental line), V3 [DNA-PKcs™7], xrss5 [KU80] and XR-1 [XRCC4)], HIS P1.13-11 [KU70¢"] (*) and the corresponding parental line
CHO-K1 (*). Also included are assays done with human DNA-PKcs (**) mutant cells MO59J [DNA-PKcs minus (—/—)] compared to MO59K [DNA-PKcs
plus (+/+)] cells. Various dilutions of the CHO and the human MO59 cells carrying the different NHEJ mutations as indicated were either ‘not treated’ (white
bars) or treated with SCPVU-TAT (25 nM, gray bars; 100 nM, black bars) for 24 h; cells were then washed and grown for 7-10 days, stained with GIEMSA
and colonies were counted. A summary of the results is shown as histograms and represents the mean from three experiments with standard deviations in the
range of 15-20% as indicated. ‘No treatment’ was set equal to 100%. Missing gray and black bars in V3 [DNA-PKcs?] histograms indicates colony
outgrowth below 1%. (B) (left panel) FACS analysis of various NHEJ mutant cell lines after the time periods indicated. Cells were treated with 100 nM
SCPVU-TAT (blue histograms) or 100 nM SC34 (red histograms, SC34), or not treated (red histograms) for the time periods as indicated on the right of the
histograms and analyzed in FACS analysis as in Figure 2; (B) (right panel, top) Example of an anaphase bridge observed 48 h after SCPVU-TAT treatment
of MO59J [DNA-PKcs (-/-)], two different Z layers of the same object are shown; arrows indicate fused chromosomes. (B) (right panel, bottom) Analysis of
anaphase bridges in MO59J [(DNA-PKcs (-/-)] and MO59K [(DNA-PKcs (+/4)] cells after 48 h of SCPVU-TAT treatment, cells and conditions as indicated;
for each condition, 3 X 50 anaphases were examined by microscopy after DNA staining and results are summarized in ‘% of anaphase-bridges’ with observed
standard deviations [SCTAT (blue bars), SCPVU-TAT treated; NT (red bars), not treated].

observed with all human and rodent cell lines analyzed so far,
including epithelial cells (HEK293, MCF7, HCT116) and
primary fibroblasts (WI83, IMR90, MEFs).

Nuclease-dependent cell cycle delay induced by SCPVU-
TAT

For cell cycle analysis of SCPVU-TAT transduced cells, we
treated the osteosarcoma cell line U20S. These cells are p53-
positive and show functional checkpoint responses to various
genotoxic agents. We examined cell cycle distributions in a
FACS analysis. A nuclease-deficient but high affinity DNA-
binding mutant (SC34) (19) was introduced in a similar way.

This allowed to test the in vivo function of the endonuclease
activity and to distinguish probable nuclease-independent
squelching effects, which may result from DNA-binding alone
or from the TAT-tag mediated import. SCPVU-TAT at a final
concentration of 10 nM readily induces an increase in the 4n
DNA content within 24 h in U20S cells (Fig. 2). This change
in the steady-state cell cycle distributions was dependent on
the SCPVU-TAT concentration. Initially we compared the
effects on the cell cycle distribution induced by SCPVU-TAT
with those of the non-covalently dimerized native Pvull
containing TAT in the same arrangement. The native
enzyme—although exhibiting comparable enzyme activity
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Figure 4. p53 induction by blunt end DSBs. (A) FACS analysis of HCT116
cell lines and derivatives with homozygous knockout mutations for p53,
p21WAFI/CIPL and 14-3-30. Cells were either untreated (control) or treated
with SCPVU-TAT (100 nM) for 36 h. Analysis was done as in Figure 2;
All histogram plots represent a measure of DNA content versus cell number.
DNA content equivalents indicated at the bottom lane: 2n (G1), 4n (G2/M);
positions valid for all histogram plots in a row. (B) Immunoblot analysis
from extracts prepared from the HCT116 cell lines as described in (A) that
were treated with SCPVU-TAT (100 nM; SC) or nocodazol (0.2 pug/ml; N)
for 24 h, extracts from non-treated cells were used for comparison (/).
Extracts were resolved on SDS-PAGE and immunoblotted with p53 or
p21WAFICIPL ghecific antibodies as indicated. (C) U20S (lanes 1-7) and
HCT116 (lanes 8-14) cells were treated either with SCPVU-TAT (100 nM;
SC) or with adriamycin (0.02 pg/ml; AD) for the time periods indicated,
non-treated cells were used for comparison (0). Equal amounts of protein
extracts were resolved on SDS-PAGE and immunoblotted with p53 specific
antibodies. (D) Analysis of the histograms in (A). The percentage of cells in
the various cell cycle phases is summarized.

in vitro—was less active in our TAT-mediated in vivo assay
(data not shown). Thus, only the single-chain proteins were
used in the following experiments.

The cells were released back into the cell cycle after an
additional 24 h (Fig. 2; compare 24 and 48 h) suggesting that
the enzyme activity was diluted and the respectively induced
DSBs were repaired. No sign of immediate apoptosis was
detected, as was estimated from the sub-2n DNA content
populations. Addition of enzyme to the cell culture medium
every 12 h (Fig. 2; *12) resulted in a stable induced cell cycle
delay but no apoptosis. This was not observed for populations
treated either with a preparation of a SCPVU protein without
TAT-tag (not shown) or with the nuclease-deficient version
(SC34). Cell cycle distributions of these populations did not
change, thus proving that the catalytic-nuclease activity of the
transduced protein is the main cause for the cell cycle
perturbations. The cell cycle stop with a DNA content at 4n
induced by SCPVU-TAT treatment in various cell lines

including U20S and HCT166 (see below) was analyzed in
more detail. In the enriched 4n populations, most nuclei were
of large size and no dramatic increase in mitotic o-tubulin
arrays, condensed chromosomes or nuclear envelope break
down was observed (data not shown). Further, cyclinB1 and
Cdc25C were localized to the cytoplasma (data not shown)
and histone H1 kinase activity of cyclin Bl immunoprecipi-
tates was low compared to a 4n cell population blocked in
G2/M by nocodazole (data not shown)—hallmarks for a late
S/G2 population in the cell cycle.

Hypersensitivity of cell lines defective in NHE]J

We compared rodent cells that carry homozygous loss of
function mutations in one of the three essential factors for
dsDNA break repair by NHEJ: the PIKK containing serine/
threonine kinase DNA-PKcs, the DNA-PK regulatory subunits
Ku70 and Ku80, and the DNA-Ligase IV subunit XRCC4 in
the SCPVU-TAT in vivo nuclease assay. These cell lines are
hypersensitive to genotoxins inducing dsDNA breaks (30), are
pS3-positive and do not show checkpoint defects in general
(31). SCPVU-TAT treatment for 30 h resulted in distinct cell
cycle stops (Fig. 3B; and data not shown). We tested SCPVU-
TAT on NHEJ mutant cells in clonogenic assays and colony
outgrowth was scored after a single treatment of these mutant
cells. As summarized in Figure 3A, mutant cells of the DNA-
Ligase IV subunit XRCC4 are hypersensitive to blunt end
dsDNA breaks. Interestingly, all the DNA-PK mutant cells
assayed, including mutations for the catalytic subunit also
exhibit strong reduction in colony formation. A DNA-PKcs
defective human glioma cell line M059J (23) was treated with
SCPVU-TAT, and compared to the parental MO5S9K cells.
Similarly, colony outgrowth was scored after a single
treatment. Again, these human cells showed a significant
increase in sensitivity towards SCPVU-TAT treatment
(Fig. 3A). This is consistent with the results obtained for the
rodent DNA-PKcs mutant cell lines, which, taking into
account the high specificity of SCPVU-TAT, proves an
essential function for DNA-PKcs in the repair of blunt end
DSBs. We analyzed cell cycle distributions of mutant cell
lines treated with SCPVU-TAT up to 96 h and compared them
to parental cells, non-treated cells and cells treated with the
nuclease impaired SCPVU-TAT version SC34 (Fig. 3B, left
panel). Wild-type and mutant cells showed an increase in 2n
and 4n DNA content and a decrease in intermediate DNA
content upon SCPVU-TAT treatment. But more striking after
SCPVU-TAT treatment, the KU (-/-) cells and to a somehow
greater extent the DNA-PKcs (-/-) cells displayed a signifi-
cant increase in the DNA content beyond 4n in time (Fig. 3B).
After DNA staining, microscopic examination of these cells
after SCPVU-TAT treatment for 48 h displayed more than
30% of anaphase bridges (data not shown). A more detailed
analysis of the human glioma DNA-PKcs defective cell lines
MO59] as compared to control cells MO5S9K confirmed this
increase in the frequency of anaphase bridges in response to
SCPVU-TAT treatment. An image and summary of the results
obtained from various experiments are shown in Figure 3B
(right panel). The DNA-PKcs mutant cells analyzed exhibit a
significant increase in anaphase bridges in response to the
blunt end inducer SCPVU-TAT. This was not observed for the
DNA-PKcs positive cell lines under SCPVU-TAT treatment
and to a much lower extent for non-treated DNA-PKcs mutant
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Figure 5. ATM is essential for checkpoint control of SCPVU-TAT induced repair. (A) Colony forming assays with ATM mutant cell lines. Different dilutions
of AT-5 or the ATM positive cells MRC-5 were either ‘not treated’ (white bars) or treated with SCPVU-TAT (25 nM, gray bars; 100 nM, black bars) for
60 min; cells were then washed and analyzed after 7-10 days with GIEMSA stain as described in Figure 3. Standard deviations in the range of 10-15% as
indicated. ‘No treatment’ was set equal to 100%, black bars in AT-5 cells nearly 0% and thus not indicated. (B) Example of a colony-forming assay with
AT-5 cells at high density; 50% confluent AT-5 cells were either untreated (control) or treated with SCPVU-TAT (10, 50, 100 nM) or with the nuclease
impaired SCPVU-TAT version SC34 (100 nM; SC34) or adriamycin (0.02 pg/ml; AD) for 24 h; cells were then washed, grown for an additional 7 days and
stained as described in (A). (C) SCPVU-TAT dependent Ser'> phosphorylation of p53. ATM positive MRC-5 cells were treated either with SCPVU-TAT
(100 nM; SCTAT) or with hydroxyurea (1 mM; HU) for the time periods as indicated, ‘not-treated’ cells were used for comparison (0). Extracts were resolved
on SDS-PAGE and immunoblotted with p53-specific antibodies (upper panel; p53), p53 Ser'> phospho-specific antibodies (middle panel; S15P) and
PARP-specific antibodies (lower panel; PARP). (D) ATM negative AT-5 cells were treated and assayed as in (C). (E) SCPVU-TAT dependent Ser!s
phosphorylation of p53 is caffeine-sensitive. ATM negative AT-5 cells were treated with SCPVU-TAT (100 nM; SCTAT) or with hydroxyurea (1 mM; HU)
in the presence and absence of caffeine (2 mM) for 4 h, ‘not-treated’ cells and caffeine ‘only’ treated cells were used for comparison. Extracts were resolved
on SDS-PAGE and immunoblotted with p53-specific antibodies (upper panel; p53), p53 Ser'> phospho-specific antibodies (middle panel; S15P) and
actin-specific antibodies (lower panel; actin). (F) H2AX-(Ser'3®) phosphorylation in U20S cells after SCPVU-TAT treatment. U20S cells grown on
microscopic slides were transiently transfected with pcDNA3 and pEGFP-H2B (a, b, d), or pcDNA3kdATM and pEGFP-H2B (c) expression constructs.
Twenty hours after transfections, samples were treated with SC-34 (100 nM; a) as a control, SCPVU-TAT (100 nM; b, c¢), or Wortmanin (50 uM) in
combination with SCPVU-TAT (100 nM) (d), for 40 min; objects were stained with H2AX-(Ser!?®) phospho-specific antibodies (red), co-transfection of
pEGFP-H2B (green). (G) Summary of H2AX-(Ser!*®) phosphorylation in U20S cells after SCPVU-TAT treatment. The means of three experiments are
shown as histograms. For each experiment, 50 transfected cells [EGFP-H2B positive cells (green bars)] were scored for H2AX-(Ser!®) positive cells (red
bar). Results are expressed as percentage of cells. Assay conditions marked by letters on the top and indicated on the bottom as in (F).

cells. Altogether, these results strongly suggest an essential p53 checkpoints in response to blunt end phosphodiester
role for all the known NHEJ factors in the repair of minimal hydrolysis of DNA

blunt end DSBs. DNA-PKcs has a possible function in

protecting from transfusions of broken but ligateable chromo- The tumor suppressor p53 is induced by genotoxic agents
somes, which extends its role in preventing telomere fusions causing DSBs (reviewed in 32). Due to the poly-functional
for the maintenance of chromosomal stability. nature of all the genotoxic agents used, it is however difficult
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to directly assign p53-dependent checkpoint induction to
DSBs and thus phosphodiester hydrolysis might not recruit
sensor molecules for p53 checkpoint function (reviewed in
33). We used various derivatives of the human colorectal
cancer cell lines HCT116, which contain homozygous null
mutations of either p53 or of the direct p53 transcriptional
targets and cell cycle inhibitors p21WAFI/CIPL and 14-3-38.
HCT116 parental cells are pS3-positive and show normal cell
cycle arrest responses following +Y-irradiation (24). We
assayed cell cycle distributions of these cell lines after
incubation with SCPVU-TAT for 30 h (Fig. 4A and D).
Regardless of the p53 status, this treatment changed steady-
state distributions and the various knockout cell lines showed
qualitative differences in their cell cycle stops. Parental, p53-
positive cells arrested in G1 and late S/G2 with little S-phase
cells, p53 minus and p21WAFVCPL minug HCT116 cell lines
showed similar changes, exhibiting more cells with a G2 or
with an intermediate S-phase DNA content. Low G1 popu-
lations compared to p53-positive cells or to non-treated
control samples were detected. For the 14-3-38 mutants, we
observed a strong enrichment of the Gl cell population,
consistent with an essential function in blunt end DSB induced
checkpoint signaling in G2. All these effects were nuclease-
dependent, as the nuclease impaired SC34 proteins did not
induce these changes (not shown). This suggests a crucial role
for p53 and its downstream targets for a stress-response
induced by SCPVU-TAT during cell cycle progression. We
then analyzed p53 protein levels in cells treated with SCPVU-
TAT and compared these to a nocodazole treatment. HCT116/
p53-positive cell lines showed a moderate increase in p53
steady-state levels after 24 h in response to both agents, and
this was also the case in the knockout lines for p21WAFI/CIPI
and 14-3-38. Moreover, p21WAFI/CIPL wag induced in a p53-
dependent manner (Fig. 4B). We further compared the p53
induction in cells that were treated either with SCPVU-TAT or
with adriamycin, a commonly used therapeutic DNA dam-
aging agent. Similar rates for p53 stabilization by both agents
could be detected in U20S and HCT116 cells after 24 h
(Fig. 4C). Thus, SCPVU-TAT treatment readily induces a p53
checkpoint response.

ATM is essential for SCPVU-TAT repair response

The kinases ATM and ATR resemble the central signaling
elements for DNA damage response checkpoints during the
cell cycle (5). We treated U20S cells with caffeine, a
methylxantine-derived drug that inhibits the kinase activities
of ATM, ATR and mTOR (half-maximal inhibitor concen-
tration: ICsg < 1 mM) (34). Cultivation for 30 h of U20S cells
in 2 mM caffeine containing medium induces a moderate G1
delay whereas growth in medium with 100 nM SCPVU-TAT
leads to an increase in the 4n DNA population. In the presence
of both agents, however, cell populations are distributed as
seen for caffeine alone; no substantial increase in apoptosis
can be detected (data not shown). In colony forming assays,
the outgrowth was <0.02% after treatment with 100 nM
SCPVU-TAT and only a few colonies were formed in AT
cells. The ATM-positive control cell line MRC5 was less
sensitive to SCPVU-TAT treatment (Fig. SA and B). This
effect was due to the endonucleolytic activity of SCPVU-
TAT, as colonies were formed in comparable quality to a ‘no

treatment’ in the presence of the nuclease-deficient protein
(Fig. 5B, and data not shown).

ATM is an important stress induced p53-Ser!’ kinase in vivo
(5). p53-Ser!® phosphorylation in turn regulates p53 protein
stability and transcriptional activity (reviewed in 32). We
tested phosphorylation of p53 on Ser! in response to SCPVU-
TAT treatment of ATM positive and ATM impaired cell lines.
For comparison, parallel experiments were done with HU
treatment. We employed immunoblotting experiments with
extracts obtained after treatments using phospho Ser!? specific
antibodies for detection. Specific phosphorylation of p53-
Ser'> was detected after treatment with SCPVU-TAT in ATM
positive MRCS5 (Fig. 5C) as well as in the ATM negative AT-5
(Fig. 5D) cell line. The same was true for HU treatment that
resulted in comparable, although consistently higher induction
of p53-Ser!> phosphorylation. This p33 in vivo phosphoryl-
ation was sensitive towards the ATM/ATR inhibitor caffeine,
AT-5 cells incubated with 2 mM caffeine during SCPVU-TAT
and also HU treatment did not exhibit significant p53-Ser'>
phosphorylation (Fig. 5E).

ATM was previously shown to induce histoneH2AX
(H2AX)-Ser!® phosphorylation as an early hallmark event
in response to irradiation (35). U20S cells were transfected
with vector controls or with a plasmid for the expression of a
dominant loss of function ATM construct (kdATM) (21)
together with an EGFP-histone2B transfection marker.
Twenty hours after transfections, the cells were treated with
SCPVU-TAT for 60 min, fixed and H2AX-phosphorylation
was assessed. For this, objects were stained with H2AX-
phospho-serine-139 specific antiserum and analyzed with a
microscope on a single cell basis. An example and summary of
the results are shown in Figure 5F and G. SCPVU-TAT
treatment induces H2AX phosphorylation in an ATM-specific
manner, because the ATM inhibitor (but not ATR) Wortmanin
(50 uM) is antagonistic. Consistently, cells transfected with a
dominant negative kdATM did not show significant H2AX
phosphorylation in response to SCPVU-TAT treatment.
Similar results were also obtained with MCF7 epithelial
cells (data not shown).

DISCUSSION

In this communication, we have analyzed the contribution of a
minimal DSB on DNA repair and checkpoint controls. We
argued that in case a repair and/or checkpoint component is
already required for the repair of a low complexity DSB
lesion, then these factors should have a role in the repair of all
types of DSB in general. For the production of a low
complexity DSB, enzymatic hydrolysis seemed suitable. In a
vast body of repair and recombination studies in mammalian
cells, chromosomal DSBs were introduced by the expression
of the I-Scel endonuclease (reviewed in 11). A drawback to
this frequently used prototype experiment for highly defined
break-populations is the fact that the I-Scel nuclease strongly
binds to the cleaved DNA ends and does not dissociate from
the hydrolyzed ends which may cause persistence of the
cleaved products (reviewed in 18). This feature is believed to
be the basis for a significant increase in homologous
recombination by gene targeting to I-Scel cleavage sites
(17). Similarly, during V(D)J signal joint formation, the
recombining nucleases RAG1/2 show low turnover rates and



consequently cap the cleaved ends in a non-covalent fashion
(16). It seems reasonable that the I-Scel approach in many
respects resembles the joining step in signal joint formation
where entry of KU has to compete with end-bound nucleases.
Consistently, a frequent repair outcome of I-Scel DSBs is
precise religation (36). Thus I-Scel DSBs are clearly more
complex and do not represent a minimal DSB. We extended
these experiments and have developed a novel procedure to
induce specific DSBs in whole cell populations. These
experiments are supposed to resemble more generally the
minimal substrate for DSB repair. The introduction of a high
turnover endonuclease which produces free accessible ends,
the choice of blunt end cleavage and the fast and efficient
protein delivery, advantageously helped us to define the
impact of a pure minimal DSB on NHEJ and checkpoint
controls.

This was possible by combining the specificity of the
scPvull endonuclease (19) with the TAT-mediated protein
transduction technology (28). The introduction of in vivo
‘Pvull breaks’ by means of protein transduction works in the
nanomolar range, is rapid, technically simple to perform and
due to its high efficiency, does not need positive selection for a
read out. The additional use of a nuclease impaired but
cognate DNA-binding mutant of Pvull as a control, clearly
demonstrates that the nuclease activity of SCPVU-TAT per se
causes the checkpoint and repair responses observed in the
experiments presented. We conclude that these dSDNA breaks
are not biased by side effects and SCPVU-TAT activity in vivo
is equivalent to DNA damage induced by 3’-OH and 5’-
phosphate containing blunt end DSBs.

The core repair proteins involved in the NHEJ pathway
have been extensively investigated. Essential proteins for
proper NHEJ function include the XRCC4/DNA-LigaselV
and KU70/KU80 complexes. In vertebrates, in addition, DNA-
PKcs has an essential function in certain aspects of end-
joining. NHEJ proteins have essential functions in the joining
steps of immunoglobulin V(D)J recombination, which has
been thoroughly investigated (37-39). The KU70/80 and
DNA-PKcs components are also involved in telomere cap-
ping, which is supposed to prevent ‘end-to-end fusions’ of the
chromosomes (40,41). Initially, we argued that XRCC4/DNA-
Ligase IV but probably also other DNA ligases could be
sufficient to seal blunt end breaks in the chromatin scaffold
context and part of the NHEJ proteins might be redundant for
these ‘low complexity’ DNA lesions. This appeared not to be
the case. Cell lines containing mutations in XRCC4 or in one
of the DNA-PK components were sensitive to SCPVU-TAT
treatment. Involvement of the KU70/80 complex in blunt end
sealing was confirmed. DNA-PKcs however is only involved
in coding join formation during hairpin opening (i.e. formed
by transposases including RAG1, 2) (42,43) and overhang
processing together with the Artemis proteins (6) and DNA-
PKcs orthologues are not found in lower eukaryotes, which
taken together suggests a specialized function in vertebrates
(38). The fact that cell lines that carry mutations in DNA-PKcs
are hypersensitive to SCPVU-TAT treatment in colony
formation assays, but show normal checkpoint responses
suggested a more general direct involvement in the repair of
blunt end DSBs. We analyzed this in more detail and found a
strong increase of beyond 4n DNA content in DNA-PKcs
impaired cells. Moreover, it was shown previously that the
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DNA-PKcs deficient SCID mice and also DNA-PKcs (—/-)
MEF cells exhibit an increased frequency of spontaneous
telomeric fusions and anaphase bridges, which suggests that
beside NHEJ functions the DNA-PKcs has its role in
protecting telomeres from fusions during normal growth
(44.,45). Strikingly, due to the high specificity of SCPVU-
TAT, we were able to extend these findings and demonstrated
that introduction of blunt end breaks into DNA-PKcs impaired
human as well as rodent cell lines in vivo and in general results
in a significantly higher frequency of anaphase bridges than
scored for wild-type or not treated DNA-PKcs mutated cells.
These findings suggest a genome-wide function for DNA-PK
in preventing heterologous fusions of ligateable DSBs in
chromosomes. Finally, chromosomal aberrations like the
occurrence of anaphase bridges during mitosis are believed
to be important for tumor progression (39,46). The DNA-PKcs
proteins from the mutant cell lines used exhibit low kinase
activity (47), thus suggesting a rate limiting function for the
DNA-PKcs kinase activity not only in telomere function but
more generally for the maintenance of chromosomal stability
exposed to DSBs. Preliminary experiments with SCPVU-TAT
treated XRCC4 mutated cells did not show any significant
increase in anaphase bridges which might suggest a separate
function for DNA-PK. Future experiments in isogenic back-
grounds are needed to finally prove functional differences for
inter-chromosomal ligation by the various essential NHEJ
components.

Blunt end DSBs are sufficient to induce H2AX phosphoryl-
ation and this mainly depends on ATM function. SCPVU-
TAT treatment in contrast induces p53 Ser!'> phosphorylation
also in the absence of ATM, suggesting an overlapping
function for ATR in response to blunt end breaks.
Consistently, ATM/ATR specific inhibitor concentrations of
caffeine abolish this p53 Ser!3 phosphorylation completely. So
far the exact substrate requirements for activation of ATM or
ATR by DSBs in vivo are elusive (5). Results obtained with
Saccharomyces cerevisiae suggest that single-strand over-
hangs are necessary for recognition in vivo (48) and are
essential for ATR recruitment to sites of DNA damage in
human cells (49). In a cell-free system from Xenopus laevis
eggs, an ATM repair response is sufficiently induced by linear,
blunt end containing plasmids (50). The SCPVU-TAT
experiments demonstrate an activation of ATM/ATR also by
blunt end DSBs in human cells in vivo. However, so far we
cannot rule out the need for the generation of single-strand
overhangs by exonucleolytic activity before checkpoint
induction and repair for this low complex lesion. The unique
specificity of SCPVU-TAT will allow us to focus on this issue.
The simplicity of this technique further provides for high
throughput screening for virtually any system accessible for
protein transduction, including animal models (28) and favors
its use in the analysis of DNA repair pathology profiles.
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