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Abstract
DNA interstrand cross-links (ICLs), widely used in chemotherapy, are cytotoxic lesions because they
block replication and transcription. Repair of ICLs involves proteins from different repair pathways
however the precise mechanism is still not completely understood. Here, we report that the 3-
methyladenine DNA glycosylase (Aag), an enzyme that initiates base excision repair at a variety of
alkylated bases, is also involved plays a role in the repair of ICLs. Aag−/− mouse embryonic stem
cells were shown to be more sensitive to the cross-linking agent 4, 5’, 8-trimethylpsoralen than wild-
type cells, but no more sensitive than wild-type to the psoralen derivative Angelicin that forms only
monoadducts. We show that γ-H2AX foci formation, a marker for double strand breaks that are
formed during ICL repair, is impaired in psoralen treated Aag−/− cells in both quantity and kinetics.
However, in our in vitro system, purified human AAG can neither bind to the ICL nor cleave it.
Taken together, our results suggest that Aag is important for the resistance of mouse ES cells to
psoralen-induced ICLs. has a role in the repair of ICLs in mouse ES cells, but that its involvement
may be indirect, perhaps mediated through interaction with other proteins, or by its action on an
intermediate of ICL repair.

1. Introduction
Cells are constantly exposed to DNA damaging agents. To overcome this constant assault,
many different pathways have evolved to repair the damage thus restoring normal replication
and transcription. Approximately 150 genes participate in different pathways of damage repair
or tolerance in humans [1]. For every type of DNA damage, there is at least one repair
mechanism or pathway, and some kinds of damage can be acted upon by several different
pathways.

The enzyme 3-methyladenine DNA glycosylase (AAG in human, Aag in mouse) is specialized
in removing various types of modified bases from the DNA, such as 3-methyladenine, 7-
methylguanine, hypoxanthine (Hx) and 1,N6-ethenoadenine, among others [2,3]. AAG
recognizes the damaged base and initiates the base excision repair (BER) process by cleaving
the N-glycosylic bond between the damaged base and the deoxyribose, creating an abasic site
[2,4]. In its simplest form, BER is completed by the action of AP endonuclease (APE1 in
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human) which cleaves at the abasic site, DNA polymerase β which trims the 5’ end and fills
in the missing nucleotide, and DNA ligase which seals the nick [5–7].

Mouse embryonic stem (ES) cells that lack Aag are more sensitive than wild-type to alkylating
agents such as methyl methanesulfonate (MMS) [8,9]. Interestingly, it was shown that Aag−/
− mouse ES cells are also sensitive to 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and
mitomycin C (MMC), both of which are chemotherapeutic agents known to induce DNA
interstrand cross-links (ICLs) [8,10]; both BCNU and MMC initially induce monoadducts,
only some of which can further react to form ICLs. Although Aag had no apparent in vitro
glycosylase activity on double stranded DNA containing a MMC ICL or N2-guanine
monoadduct [10], the sensitivity of Aag−/− cells to MMC could be explained by a possible
role in the repair of yet another in vivo monoadduct formed by MMC. As for BCNU, it produces
lesions at both the N7 and the O6 positions of guanine. O6-chloroethylguanine is normally
repaired via direct reversal by the O6-methylguanine DNA methyltransferase (MGMT).
However, when O6-chloroethylguanine escapes repair by MGMT it can go on to rearrange
into an 1,O6-ethanoguanine lesion, which in turn goes on to react with the cytosine opposite,
forming an ICL. 1,O6-ethanoguanine is structurally similar to 1,N6-ethenoadenine that is a
known substrate for Aag. Therefore, Aag might protect ES cells against BCNU and MMC by
repairing monoadducts that have the potential to form ICLs, rather than by repairing ICLs per
se [10]. In addition, mutations in the yeast MAG1 gene, the functional homologue of Aag,
render cells sensitive to nitrogen mustard treatment [11].

ICLs are very detrimental lesions to the cell, since they block fundamental processes required
for cell survival – namely replication and transcription. The mechanisms for repair of ICLs in
bacteria and yeast are somewhat understood, and appear to involve the nucleotide excision
repair (NER) and homologous recombination (HR) pathways, as well as translesion synthesis
(TLS) [12]. Likewise, ICL repair in mammalian cells is believed to involve some proteins from
NER, HR and TLS pathways, along with other proteins [12–14]. The major repair pathway is
believed to be both replication and recombination dependent, although two other minor repair
pathways have been proposed [15–17]. According to most models, the major repair pathway
for ICLs in mammals is initiated when the replication fork is stalled at the lesion, followed by
strand cleavage on the fork side of the ICL, generating a collapsed replication fork with a one-
sided double strand break (DSB) [13,14,18–21]. This cleavage is thought to be mediated by a
structure-specific endonuclease, either Mus81-Eme1 [22] or XPF-ERCC1 [23]. Thereafter,
XPF-ERCC1 cleaves the DNA on the other side of the cross-link, unhooking it from the dsDNA
[14,23]. The requirement for only XPF-ERCC1 from the NER machinery for that step explains
the hypersensitivity of XPF and ERCC1 mutants to ICLs agents, while other NER mutants
exhibit only mild sensitivity [13,24]. After the lesion is unhooked and thus tethered to only
one strand, the gap opposite can be filled via lesion bypass by a translesion polymerase. Once
the gap opposite the ICL is filled, a simple NER process can excise the unhooked lesion and
the gap will be filled by a polymerase, restoring the continuity of the DNA. The one sided DSB
that was formed at the replication fork at the beginning of the process then needs to participate
in replication fork restoration, probably by the action of the homologous recombination
machinery. Strong evidence supports the involvement of homologous recombination in ICL
repair, since mutations in the XRCC2, XRCC3, RAD51C, and RAD51D genes result in severe
sensitivity to ICL inducing agents [13,25–27].

Additional proteins from other repair pathways have been shown to be involved in ICL repair.
hMutSβ appears to be required for the recognition and uncoupling of psoralen ICLs in vitro
[28]. Moreover, MMR deficient cells (MSH2 mutants) are hypersensitive to psoralen ICLs,
but do not have lower frequencies of cross-link-induced mutations, suggesting that MMR may
be involved in a relatively error-free mechanism to process ICLs [29]. The Fanconi Anemia
proteins are thought to have a role both in the regulation of ICL repair, and in the actual repair
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reaction through FANCM [30,31] and FANCJ [11,32,33] (reviewed in [18] and [34]). BRCA2,
which plays a role in homologous recombination [35] is the Fanconi Anemia gene FANCD1
[36]. Using an in vitro assay it was shown that BRAC2 participates in the repair of DSBs
generated when replication forks encounter ICLs [37]. Monoubiquitination of FANCD2
promotes BRCA2 loading into chromatin complexes, that are required for normal homology-
directed DNA repair [38,39]. In addition, it was suggested that the pre-mRNA spliceosome
complex Pso4 together with the Werner helicase are required for ICL processing, in
coordination with BRAC1 [40,41].

The complexity, the different possible repair pathways, and the variety of proteins involved in
ICL repair, raise several questions: how is ICL repair initiated? How are the different types of
ICLs recognized in the cell, and which proteins are involved in this recognition? Here, we show
that Aag−/− mouse ES cells are more sensitive than wild-type cells to the interstrand cross-
linking agent 4, 5’, 8-trimethylpsoralen (TMP), while they have similar sensitivity to Angelicin,
a psoralen derivative which forms mainly monoadducts and no cross-links. The formation of
γ-H2AX foci, markers for DSBs, was delayed and less robust in Aag−/− cells compared to
wild-type cells following treatment with TMP, while there was no difference following
treatment with Angelicin. Caspase 3 activation, a marker for apoptosis, was higher in Aag−/−
than in wild-type cells following the cross-linking treatment. Taken together, our results
suggest an important role for Aag in cellular resistance to repair of psoralen ICLs.

2. Material and methods
2.1. Reagents and proteins

Cells were treated with either MMS, 4, 5’, 8-trimethylpsoralen (TMP) or Angelicin (Sigma-
Aldrich). TMP and Angelicin treatments were followed by UVA irradiation using a UVA lamp
at 365 nm (UVP, CA). The truncated form of human 3-methyladenine DNA glycosylase (Δ80
AAG) and the full length human AAG were purified. Human AP endonuclease (APE1) was
from Trevigen. Monoclonal anti-phospho-Histone H2AX antibody was from Upstate
Technology (NY). Alexa fluor 594 goat anti mouse, Alexa fluor 647 goat anti rabbit, and
ProLong Gold with DAPI were from Invitrogen. Rabbit anti-active Caspase-3 was from BD
Pharmingen. Giemsa staining solution (0.02% w/v), 10x TBS, Triton-X were from Sigma. 16%
solution EM grade paraformaldehyde was from Electron Microscopy Sciences. 10% Twin 20
and blotting grade blocker non-fat dry milk, and 40% polyacrylamide solution, were from Bio-
Rad.

Cell culture reagents: DMEM, L-Glutamine, Penicillin-Streptomycin, 2-mercaptoethanol,
Trypsin-EDTA were from Invitrogen, Fetal Bovine Serum (FBS) was from Hyclone.

2.2. Cells
AB1 ES cells and their Aag−/− derivative [8] were cultured on SNL76/7 feeder cells that were
mitotically inactivated by gamma irradiation, in DMEM, supplemented with 15% FBS, 50 U/
ml penicillin, 50 µg/ml streptomycin, 2 mM L-glutamine, and 0.1 mM beta-mercaptoethanol.
ES cells that were grown without feeder cells were maintained in an undifferentiated state in
the presence of LIF (leukemia inhibitory factor) purified according to Mereau et al. [42].

2.3. Drug sensitivity testing
Various dilutions of ES cells were plated onto 24 well feeder-coated plates. After 16 hours,
cells were incubated for 1 hour with MMS, TMP, or Angelicin in serum free media at 37°C in
the dark. For TMP and Angelicin treatments, the cells were then irradiated with UVA (20 KJ/
m2). After treatment the cells were washed and supplemented with media containing serum.
7–9 days later dried colonies were air-dried, stained with Giemsa, and counted. All survival
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curves were performed at least 4 times. For TMP and Angelicin treatments, survival was
calculated by comparing psoralen plus UVA treated cells, to cells treated with UVA alone.

2.4. DNA substrates
The oligonucleotides used in this study were as follows: Hx oligonucleotide: 5’-
GCAATCTAGCCAXGTCGATGTATGC-3’ where X=Hx, and its complementary strand: 5’-
GCATACATCGACTTGGCTAGATTGC-3’. The target oligonucleotides for TMP: 5’-
CTCGTCTGTACACCGAAGAGC-3’, and its complementary: 5’-
ACCGGCTCTTCGGTGTACAGACGAG-3’ (the Ts that are target for the TMP cross-link
are boldface underlined letters). All the oligonucleotides were synthesized by Invitrogen, and
purified from a denaturing urea (8M) polyacrylamide (15%) gel. For Hx DNA substrate, the
oligonucleotide containing the Hx was labeled with [32P]-γATP (6000 Ci/mmol, Perkin Elmer)
using polynucleotide kinase (NEB), annealed with its complimentary oligonucleotide at 80°C
for 10 minutes, allowed to cool to room temperature, and then purified from the unincorporated
radionucleotides using G-25 column (GE Healthcare). In order to make the TMP cross-linked
substrate, the two oligonucleotides were annealed as described above. TMP (5 mg/ml in water)
was added to the substrate at a 1:1 volume ratio, incubated for 5 minutes in the dark, and then
irradiated at a UVA dose of 12 mW/cm2 for 20 minutes. The efficiency of the cross-linking
reaction was about 30%, and the cross-linked product was purified from a 15% denaturing
PAGE using UV shadowing (supplementary Fig. 1). Then, the TMP cross-linked DNA was
32P radiolabeled as described for the Hx DNA.

2.5. Glycosylase activity assay
80 fmol of substrate DNA, either containing Hx or TMP cross-link, was incubated for 1 hour
at 37°C with 500 nM human full length AAG, in a final volume of 10 µl. The reaction conditions
contained 20 mM Tris.Cl pH=7.5, 100 mM KCl, 5 mM EDTA, and 5 mM beta-
mercaptoethanol. In order to visualize AAG activity, the abasic-site that is formed by the
glycosylase activity should be cleaved. Since alkaline conditions might disrupt the TMP cross-
link, we used human APE1 (70 units) together with 10 mM MgCl2. The reactions were stopped
by the addition of formamide supplemented with 10 mM EDTA, Xylene Cyanol, and
Bromophenol Blue, and loaded onto a 15% denaturing Urea-PAGE. The gels were exposed to
storage phosphor screens (Packard) and bands visualized using a Cyclone instrument (Packard)
and the program OptiQuant.

2.6. Gel mobility shift assay
20 fmol DNA was incubated in a final volume of 10 µl with various concentrations of Δ80
truncated, or full length human AAG at 16°C for 15 minutes, in a reaction mixture containing
4 mM Tris.Cl PH=7.8, 20 mM KCl, 5 mM MgCl2, 0.4 mM EDTA, 1 mM beta-
mercaptoethanol, 50 ng sonicated salmon sperm DNA (Stratagene), and 10% glycerol. The
samples were loaded immediately on a native 5% PAGE and run for 3 hours at 130V at 4°C.
The bands were visualized as described above.

2.7. Immunofluorescence microscopy
For microscopy experiments the cells were grown on coverslips at a density of 1×105 per
coverslip without feeder cells, supplemented with LIF. After treatment with either 20 KJ/m2
UVA alone, 0.3 ng/ml TMP+UVA, or with 1 mg/ml Angelicin+ UVA, cells were fixed at the
indicated time points in 4% paraformaldehyde for 20 minutes, washed in Tris buffer saline
with 0.1% Tween (TBST), and permeabilized in 0.5% Triton X in Tris buffer saline (TBS) for
30 minutes at room temperature. Blocking was done by gentle shaking in the presence of 5%
milk in TBST for 1 hour at room temperature followed by incubation with rabbit anti-serum.
Primary anti phospho-H2AX was diluted in milk to 1.6 mg/ml (1:625) and incubated for 1 hour
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at 37°C followed by washes with TBST and incubation with 1:200 dilution of Alexa fluor 594
in milk. The coverslips were mounted on ProLong gold with DAPI for 2–3 hours, and analyzed
using Nikon Eclipse E800 Microscope, with Volocity4 / Improvision software for Image
Acquisition. The γ-H2AX foci were counted throughout the volume of each nucleus at ×600
magnification. For every cell line and time point at least 100 cells were analyzed, and each
time point was examined in triplicate.

2.8. Caspase-3 activation assay
For measuring apoptosis by Caspase-3 cleavage, cells were grown without feeder cells,
supplemented with LIF, and 2×105–2.5×106 cells were plated on 60 mm2 dishes. Cells were
treated with 0.5 ng/ml TMP + UVA (20 kJ/m2), fixed at the indicated time points with
paraformaldehyde, and permeabilized in methanol for flow cytometry analysis. Cells were
labeled with rabbit anti-active Caspase-3 (1:200) followed by Alexa Fluor 647 (1:500) and
analyzed using BD FACSCalibur system (BD Biosciences). A target of 20,000 cells per data
point was set. However, due to cell killing some data points represent a minimum of 2,000
cells. The experiment was done four times, with different number of starting cells per plate.
The P value (p=0.0339) was calculated by two-way-ANOVA for the different genotypes.

3. Results
3.1. Aag−/− ES cells are more sensitive than wild-type to psoralen induced cross-links but
not to psoralen induced monoadducts

Aag is known to initiate the BER pathway at 3-methyladenine DNA replication blocking
lesions, and Aag−/− ES cells are sensitive to killing by the alkylating agent MMS that efficiently
induces such lesions (Fig. 1A and [8]). In order to test the involvement of Aag in the repair of
cross-links, we treated Aag−/− and wild-type mouse ES cells with 4, 5’, 8-trimethylpsoralen
(TMP) plus UVA irradiation to induce DNA ICLs, and compared their sensitivities. TMP acts
by intercalating between DNA base pairs, and upon UVA irradiation the psoralen moiety
becomes covalently linked to bases on opposite strands forming the ICL and linking the two
DNA strands together. TMP creates a higher fraction of ICLs than other cross-linking agents
such as BCNU, cisplatin or MMC [12], and the cross-link formation is controlled by the co-
treatment with UVA. A major advantage of a psoralen cross-linking agent is that it has a
chemical analogue, Angelicin that allows comparison between the biological effects of
monoadducts versus ICLs. Cells were incubated with different doses of TMP for one hour in
the dark, and then irradiated with 20 KJ/m2 UVA. Using a colony forming survival assay we
found that Aag−/− cells are more sensitive than wild-type to TMP+UVA treatment (Fig. 1B).
Surprisingly, the difference in survival between the wild-type and Aag−/− cells was even more
pronounced than that following MMS treatment (Fig. 1A, and [8]). TMP treatment of wild-
type and Aag−/− cells without UVA did not result in any cell killing, and UVA alone induced
minimal cell death (data not shown). Importantly, no difference in survival was detected
between wild-type and Aag−/− cells after UVA treatment (data not shown).

Angelicin is a psoralen derivative that together with UVA produces mainly monoadducts and
very few, if any, cross-links. The molar concentration of Angelicin required to induce 95%
cell death in wild-type cells was more than 3,000 fold higher than that for TMP (Fig. 1B, 1C),
underscoring the toxicity of ICLs compared to monoadducts. When ES cells were treated with
Angelicin+UVA, the wild-type and Aag−/− cells showed similar sensitivity (Fig. 1C). We infer
from these results that Aag protects specifically against the ICLs produced by the TMP+UVA
treatment, and not against the monoadducts that are formed by both TMP and Angelicin.

We next tested the ability of purified human AAG protein to either cleave or bind a short double
stranded DNA oligonucleotide with a site specific TMP cross-link. Although AAG was able
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to cleave and bind a control oligonucleotide DNA containing Hx very efficiently, no cleavage
or binding was seen to the cross-linked DNA (supplemental figure 1); suggesting that Aag’s
role in conferring protection against psoralen-induced ICLs is either indirect or involves a DNA
substrate that is an intermediate of the repair process.

3.2. Human AAG is unable to cleave or bind a TMP cross-link in a short dsDNA
One explanation for the role that Aag plays in protecting cells against TMP induced ICLs is
that the enzyme cleaves the glycosylic bond of one or more of the two crossed-linked bases,
as it does in the normal process of base excision repair. To test the possibility that Aag plays
such a direct role in cross-link repair we prepared a short dsDNA with a site specific TMP
cross-link (supplementary Fig. 1). We purified full length human AAG, which shares
significant sequence homology and substrate specificity with the mouse Aag enzyme, and
tested its glycosylase activity on the TMP containing DNA (Fig. 2A). As a positive control we
used a short dsDNA with a site specific Hx, a known substrate for AAG. The structure of AAG
bound either to DNA containing an abasic site analogue or to DNA containing εA was
previously solved, and it was shown that AAG flips out the damaged nucleotide into its active
site, whereupon the glycosylic bond is cleaved. One would expect that the presence of an ICL
in the DNA will prevent the flipping out of nucleotides into AAG active site. Nevertheless, we
incubated the DNA containing the TMP ICL with AAG, and added APE1 to complete the
cleavage of the putative abasic site reaction product. While AAG was able to cleave the Hx
adduct with great efficiency, no cleavage at the TMP cross-link was detected.

Although no cleavage activity was detected using purified human AAG on a dsDNA with TMP
cross-link, we reasoned that AAG might bind the TMP cross-link and serve to either stimulate
or inhibit the binding of other proteins at the site of the lesion. In order to test whether AAG
binds the TMP cross-link, we performed a gel shift mobility assay, using the same dsDNA
with a site specific TMP (Fig. 2B). In our assay conditions we were unable to detect binding
of full length AAG to Hx DNA. Therefore, we used an N-terminal truncated form of AAG
(Δ80 AAG in this study) known to bind Hx DNA very well (Fig. 2B). However, no specific
binding of either the full length AAG or the truncated protein to the TMP cross-linked DNA
was observed.

3.2. Induction of γ-H2AX foci following UVA irradiation
We next monitored whether Aag influenced the formation and disappearance of γ-H2AX foci.
γ-H2AX, a phosphorylated form of the histone variant H2AX, is known to localize at DSBs
(reviewed in [43]), that are known intermediates of the major pathway for ICL repair [14,19,
20,22]. Formation of γ-H2AX foci occurs at the beginning of the ICL repair process, and their
disappearance likely indicates the completion of ICL repair. ES cells were plated on coverslips,
treated, and fixed at various time points after treatment. More than 95% of untreated cells had
either no foci at all, or <10 foci per cell (Supplemental Fig. 2). Since the cross-linking treatment
requires both TMP and UVA, we looked first at UVA induced γ-H2AX foci. Cells treated with
UVA alone developed a significant number of γ-H2AX foci (Fig. 2, panels A and B;
Supplemental Figure 3A). UVA induction of γ-H2AX foci formation was previously shown
[44] and is probably the consequence of oxidized DNA lesions [45,46] creating sites of single
strand DNA and/or stalled replication forks that could also be sites for γ-H2AX foci formation
[47–50]. UVA treated wild-type and Aag−/− cell cultures had many cells with 11–30 foci per
cell by 6 hours after treatment (data not shown) but very few cells with >50 foci per cell (12%
for both wild-type and Aag−/−; Fig. 2A). 16 and 28 hours after treatment the number of foci
diminished, with most cells showing <10 foci per cell, and fewer than 6% of the cells showing
>50 foci per cell. 48 hours after treatment only 3% of the wild-type cells and 1% of the Aag−/
− cells had >50 foci per cell. Thus, the lesions that induced γ-H2AX foci following UVA
irradiation were mostly repaired by 16 hours after treatment, and by 48 hours repair was
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complete. Moreover, there was no difference between wild-type and Aag−/− cells 6 hours after
treatment, and very small differences at later time points, indicating that the lesions formed by
UVA do not require Aag for their repair.

3.4. γ-H2AX foci formation is delayed in Aag−/− cells following TMP+UVA treatment
Treatment with TMP+UVA (Fig. 2, panels C and D; Supplemental Figure 3B) resulted in a
much higher induction of γ-H2AX foci than treatment with UVA alone (Fig. 2, panels A and
B). In order to minimize the background effect of UVA alone, we set the cutoff for a significant
induction of foci after TMP+UVA treatment at >50 foci per cell. 6 hours after treatment with
TMP+UVA most wild-type cells had between 30–70 foci per cell, while most Aag−/− cells
had between 11–50 foci per cell (Supplemental Fig. 4, left panel). The fraction of wild-type
cells with >50 foci was high at 6 hours after TMP+UVA treatment (50%) and continued to
increase at 16 hours and 28 hours (~60% and ~70% respectively); by 48 hours there was a
sharp drop in the fraction of cells with >50 foci, that presumably reflects resolution of DSBs
and the completion of ICL repair in many cells (Fig. 2C). In contrast, the fraction of Aag−/−
cells with >50 foci was much lower than that of wild-type at 6 and 16 hours after treatment
(18% and 33% respectively) and we thus observed that the extent of initiating ICL repair is
both diminished and delayed in the absence of Aag. At 28 hours after treatment both wild-type
and Aag−/− cells reach the maximum γ-H2AX foci induction, although the induction in the
Aag−/− cells was somewhat smaller than the maximal induction of wild-type cells (56% versus
69%). A modest drop in the fraction of Aag−/− cells with >50 foci at 48 hours indicates that
at least some ICLs can be resolved in Aag−/− cells, albeit delayed compared to wild-type cells.
The lengthy kinetics of γ-H2AX foci induction in both wild-type and Aag−/− cells fits an ICL
repair mechanism that requires the replication fork to encounter the lesion. To summarize, after
TMP+UVA treatment we observed a diminished and delayed induction and disappearance of
γ-H2AX foci in Aag−/− versus wild-type cells, suggesting that Aag contributes to the efficiency
of ICL repair.

3.5. γ-H2AX foci formation and disappearance is similar in wild-type and Aag−/− cells
following Angelicin+UVA treatment

To test whether the difference in γ-H2AX foci induction between wild-type and Aag−/− cells
is indeed due to ICL repair, we monitored γ-H2AX foci following treatment with Angelicin
+UVA. This treatment forms DNA monoadducts that are most probably repaired by NER. As
shown in Figure 2, panels E and F (and Supplemental Fig. 3C and 4) Angelicin+UVA treatment
led to significant foci induction. As for some other DNA damaging agents, the formation of
monoadducts can block replication forks and γ-H2AX foci will be formed at these sites [47–
49]. Another possibility is that closely opposed single strand breaks that arise from processing
of closely opposed monoadducts may go on to form a DSB. Although we used a much higher
molar concentration of Angelicin than TMP, γ-H2AX foci induction following Angelicin
+UVA treatment was less extensive than that following TMP+UVA treatment. The percentage
of cells showing significant induction was maximal 6 hours after Angelicin+UVA treatment
for both wild-type and Aag−/− cells and the fraction of cells with >50 foci steadily decreased
over the next 42 hours. These kinetics fit repair of monoadducts by NER that does not require
the lesion to first be encountered by the replication fork. At later time points a small difference
appeared between wild-type and Aag−/− cells, but overall, there was no major difference
between them, suggesting that Aag is not required for the repair of the monoadducts induced
by Angelicin.

3.6. TMP+UVA induction of apoptosis is greater in Aag−/− versus wild-type ES cells
We showed that Aag−/− ES cells are sensitive to the toxic effects of TMP+UVA, and that their
γ-H2AX foci induction is both delayed and diminished compared to wild-type cells. We
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hypothesized that the delay in ICL repair indicated by delayed γ-H2AX foci formation is
responsible for the increased cytotoxicity in Aag−/− versus wild-type cells. Caspase-3
activation is a known marker for apoptotic programmed cell death [51,52]. To investigate
whether the delay in γ-H2AX foci induction is accompanied by increased apoptosis, we
measured Caspase-3 activation following treatment with TMP+UVA (Fig. 3). Caspase-3
activation was very low and similar in untreated and UVA treated cells (data not shown).
However, TMP+UVA induced ~2-fold more Caspase-3 activation in Aag−/− versus wild-type
cells at 72 hours after treatment (31.4%, compared to 16.8%). Thus in Aag−/− cells, that showed
delayed and reduced repair of ICLs (Fig. 2, panels C and D), we observed increased apoptosis
(Fig. 3), which presumably contributes to the decreased survival of these cells (Fig. 1).

4. Discussion
ICL repair is a complex process that involves proteins from a variety of DNA repair pathways.
Here we show that the Aag 3-methyladenine DNA glycosylase, an enzyme that initiates the
base excision repair pathway, is involved in the repair of psoralen ICLs. This is based on the
evidence that mouse ES Aag−/− cells are more sensitive than wild-type cells to the cross-linking
treatment with TMP+UVA, show a delayed induction and resolution of γ-H2AX foci
formation, and undergo enhanced apoptosis.

In principle, Aag could protect against ICL-induced cell death either by preventing the
conversion of TMP-induced monoadducts into ICLs, or by contributing to the increased
efficiency of ICL repair. Two lines of evidence rule out the possibility that Aag acts upon, or
binds to the psoralen monoadducts to prevent ICL formation. First, Angelicin produces mainly
monoadducts that are efficiently repaired by NER, and the presence or absence of Aag does
not influence sensitivity to Angelicin-induced cell death; we infer from this that Aag does not
significantly bind to or repair psoralen monoadducts. Second, we see that in the presence of
Aag there is a more robust induction of DSBs than in the absence of Aag, as evidenced by the
formation of γ-H2AX foci; since DSBs are induced after the formation of ICLs it seems quite
clear that Aag does not prevent ICL formation. It therefore seems likely that Aag has a role in
the process of ICL repair, rather than preventing ICL formation.

Recently, Couve-Privat et. al [53] reported that psoralen induced DNA monoadducts are
substrates for NEIL1, a human DNA glycosylase that removes oxidized bases. They thus
showed that BER can provide an alternative to NER for repairing these bulky DNA adducts.
Couve-Privat et. al reported that in vitro, NEIL1 cleaved the monoadduct produced by 8-
methoxypsoralen (8-MOP) but could not cleave the ICLs. Moreover, they showed that human
AAG could not cleave monoadducts produced by 8-MOP. Although we did not detect any
cleavage of TMP ICL by human AAG (Sup. Fig. 1), we specifically show that Aag nevertheless
provides in vivo protection against ICLs, and not against monoadducts, by showing that wild-
type and Aag−/− cells are equally susceptible to Angelicin induced cell killing and γ-H2AX
foci formation.

Does Aag play a direct role in the repair process? When assayed on a short dsDNA with a site
specific TMP ICL lesion, human AAG was unable to cleave any bases at the vicinity of the
lesion. This is not surprising, since AAG acts by flipping out the target base into its active site
in order to cleave the glycosylic bond. Since the ICL connects the two DNA strands, there is
no way for the enzyme to flip the damaged base into its active site. Still, AAG might be able
to act on an intermediate repair product, after the cross-link is unhooked from the DNA.
However, there is room for only one nucleotide in the AAG active site, and so exonuclease
action would be required around the cross-link in order for it to be flipped into the AAG active
site.
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We reasoned that if Aag does not have a direct role in the cleavage at the cross-link site, it
might have a role in the recognition of the lesion and in assisting other repair proteins to process
it. Using a short dsDNA with a site specific TMP cross-link, we were unable to detect any
specific binding of either the full length or the truncated AAG protein to the cross-linked DNA.
Again, it may be that AAG is able to bind an intermediate of ICL repair rather than the ICL
per se. Alternatively, AAG might bind the lesion via another repair protein, or accelerate the
action of another repair protein by indirect interaction with the lesion.

It is well established that a DSB is formed in the process of unhooking the ICL from the DNA
[14,18–22]. γ-H2AX foci are known markers for DSBs. However, γ-H2AX foci have also been
shown to be induced by agents that do not cause DSBs directly, such as UVA [44], MMS
[47–49,54,55], and Angelicin [19]. In these cases it is believed that either the formation of a
single strand break generated during the processing of oxidized or alkylated DNA bases
subsequently lead to DSBs [55], or that γ-H2AX foci can be formed at sites of ssDNA, and/or
at stalled replication forks [47–50]. In our experiments we see a maximal induction of γ-H2AX
foci 28 hours after TMP+UVA treatment that would be expected for DSB formation as a part
of the ICL repair mechanism [14].

In the absence of Aag, the formation of γ-H2AX foci following TMP+UVA treatment was
decreased and delayed compared to wild-type cells, suggesting that Aag plays a yet unidentified
role in the initial steps of the cross-link processing. Slower induction of γ-H2AX foci might
indicate that fewer TMP cross-links were recognized in order to initiate the repair process.
Moreover, the significant foci induction in the wild-type cells diminishes to less than half of
the maximum induction by 48 hours after treatment, while the foci induced in the Aag−/− cells
do not drop by half, but instead by only 18%. This could indicate that resolving the DSBs and
completion of the repair reaction is more efficient in wild-type cells than in Aag−/− cells. Such
inefficient ICL processing presumably accounts for the greater apoptosis seen by Caspase-3
activation in Aag−/− cells 72 hours after treatment with TMP+UVA, and eventually to their
sensitivity. The kinetics of the γ-H2AX foci and apoptosis induction might suggest a role for
Aag in both an early and a later step of the ICL repair reaction. After the cross-link is unhooked
from the DNA, it is believed that a translesion polymerase bypasses the lesion, and that
homologous recombination restores the replication fork. If Aag is bound directly or via another
protein to the unhooked lesion, it could either inhibit or stimulate the action of TLS polymerase
and/or recombination proteins.

Psoralen combined with UVA irradiation (PUVA) is a common treatment for the skin disorders
Psoriasis and Vitiligo [56,57] despite the fact that one of the side effects is increased skin cancer
[56–58]. Both diseases are believed to result from abnormalities of skin cells (epidermal
keratinocytes for Psoriasis, melanocytes for Vitiligo) in a process that could be controlled by
the immune system. Our finding that Aag is involved has a role in the reaction of cells to TMP
+UVA might suggest that AAG’s level in human cells can affect the efficiency of PUVA
treatment for these disorders. It is possible that by knowing or controlling the level of AAG in
cells, a lower dose of PUVA might be required in order to get the same treatment result, thus
reducing the probability of skin cancer. Moreover, understanding the exact mechanism of ICL
repair will assist in planning chemotherapy treatments using PUVA and other DNA cross-
linking agents that are used to treat cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aag−/− cells are sensitive to the cross-linking treatment with TMP+UVA
Cell survival of wild-type (▯) and Aag−/− (▯) mouse ES cells was measured following
treatments with MMS (A), TMP+UVA (B) or Angelicin+UVA (C). Each data point represents
the mean ± SEM of at least 4 independent experiments.
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Figure 2. Aag−/− cells are impaired for the induction of γ-H2AX foci following TMP+UVA
treatment. Panels A, C and E
Graphs depict the percentage of cells that showed a significant induction of γ-H2AX foci (more
than 50 foci per cell) following UVA at 20 KJ/m2 (A), TMP (0.3 ng/ml) + UVA (C), or
Angelicin (1 mg/ml) + UVA (E) treatment. Black bars and red line – wild-type; White bars
and blue line – Aag−/−. Panel B: Representative images of UVA-treated cells, 6 hours after
treatment. Nuclei are evidenced by DAPI staining (blue) and γ-H2AX foci by labeling with an
antibody for γ-H2AX (red). The merged image is also shown. Panels D and F: Representative
cells at 6, 16, 28, and 48 hours after treatment with TMP+UVA (D), or Angelicin+UVA (F)
are shown stained with antibody for γ-H2AX only. For every cell line and time point at least
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100 cells were analyzed, and every time point was examined 3 times. Pictures were taken using
a magnification of 600x.
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Figure 3. Enhanced apoptosis in Aag−/− cells following TMP+UVA treatment
Cells were treated with TMP (0.5 ng/ml) + UVA and tested for Caspase-3 activation using
flow cytometry. Black bars - wild-type; White bars - Aag−/−. For each data point a minimum
of 2,000 cells was analyzed, and a mean of 4 experiments ± SEM is presented. The P value
(p=0.0339) was calculated by two-way-ANOVA for the different genotypes.
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