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Abstract

Repair pathways of covalent DNA damage are understood in considerable detail due to decades of
brilliant biochemical studies by many investigators. An important feature of these experiments is
the defined adduct location on oligonucleotide or plasmid substrates that are incubated with
purified proteins or cell free extracts. With some exceptions, this certainty is lost when the inquiry
shifts to the response of living mammalian cells to the same adducts in genomic DNA. This
reflects the limitation of assays, such as those based on immunofluorescence, that are widely used
to follow responding proteins in cells exposed to a DNA reactive compound. The lack of effective
reagents for adduct detection means that the proximity between responding proteins and an adduct
must be assumed. Since these assumptions can be incorrect, models based on /n vitro systems may
fail to account for observations made /n vivo. Here we discuss the use of a detection tag to address
the problem of lesion location, as illustrated by our recent work on replication dependent and
independent responses to interstrand crosslinks.
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1. Introduction

It is an oft cited truism that cells are continually exposed to DNA reactive agents from both
endogenous and exogenous sources [1]. Throughout the cell cycle helix distorting lesions
can activate the DNA Damage Response (DDR), a vast assembly of proteins and other
factors [2;3]. The DDR has consequences that are local to the lesion (e.g. repair of the
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damage, modulation of chromatin structure) and more global (stimulation of stress response
pathways, signaling to neighboring cells, etc.). The DDR can also be induced by the
encounter of replication forks with blocking lesions, or by inhibitors of DNA synthesis.
Again, the response includes functions with activity in the vicinity of the inducing lesion, as
well as the stimulation of stress pathways with influence throughout the cell. One of the
challenges for the investigator studying cellular responses to DNA damage in the
mammalian genome is to distinguish local from global effects, and replication fork
dependent from independent events.

The best understood component of the DDR is repair, a process immediate to the lesion. For
covalent adducts, such as those introduced by ultraviolet light, or bulky aromatic
hydrocarbons, or base oxidation products, the molecular steps involved in replication
independent repair are understood in great detail. This reflects the spectacular advances in
the biochemistry and genetics of repair during the long history of the field, driven, in part, by
experimental approaches that follow the processing of model substrates carrying defined
adducts, incubated with purified proteins, or cell extracts. These assays report endpoints at
single nucleotide precision. Consequently, the spatial relationship between a lesion and
molecular operations fundamental to repair pathways (incision, excision, resection, etc.) can
be accurately defined. There are also methods for detection, again at single nucleotide
resolution, of a few kinds of DNA damage in the mammalian genome [4;5]. Recently, next-
generation sequencing of Nucleotide Excision Repair (NER) intermediates produced
genomic location and repair maps of adducts introduced by UV or benzo[a]pyrene in human
cells [6;7]. The success of this approach was based on two essentials: clearly defined
intermediates in the repair pathway, and effective reagents for their capture. However, these
requirements are not met for most lesions.

Another experimental strategy for following cellular responses to DNA damage is based on
immunofluorescence (IF). With a few exceptions, the direct relationship between brightly
colored foci and the physical location of a lesion is inferred rather than demonstrated. This
follows from the lack of effective detection and display strategies for the adducts in question.
Consequently, surrogate markers are commonly taken as denoting sites of damage in DNA.
The best known, the phosphorylated form of the histone variant H2AX (y-H2AX), is
routinely taken as a prima facie evidence of a double strand break (DSB). While this is often
a reasonable conclusion, in a formal sense, the appearance of y-H2AX simply reflects the
activity of one or more of the kinases (ATM, ATR, DNA-PK) for which H2AX is a
substrate. These kinases can be activated by DNA structures other than DSBs [8-12]. Thus,
interpretation of foci of -y-H2AX and similar markers is compromised by ambiguity in the
identity of the initiating structure. Furthermore, DDR induced alterations in chromatin
spread over great distances [2;13], resulting in uncertainty as to the location of the
provocative lesion. For research on the local consequences of DNA damage it would be
desirable to have reagents that could directly display the location of lesions within affected
cells.

Remarkably, despite the long history of the DNA repair field, and the power and popularity
of immunofluorescence technologies, effective methods for directly marking lesions /n situ
are limited to relatively few targets. For example, DSBs induced by ionizing radiation can be
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displayed in fixed cells by an end labeling technique described only recently [14]. This
approach has been used in conjunction with the antibody-based Proximity Ligation Assay
(PLA) [15] to identify DDR factors proximal to DSBs. Antibodies against ultraviolet
photoproducts were developed many years ago [16]. They played an important role in a
well-known study of the dynamics of nucleotide excision repair factors responding to UV
lesions [17], and in subsequent reports from other laboratories [18;19]. They, and antibodies
against benzo[a]pyrene adducts, were essential reagents in the production of genomic repair
maps mentioned above [7]. In a study of Base Excision Repair (BER) antibodies against 8-
oxoG were combined with laser localization to characterize protein recruitment to oxidized
base damage [20].

The universe of DNA adducts is enormously greater than these few examples, including
many formed by compounds of considerable relevance to human health. Among them are
the interstrand crosslinks (ICLs), highly toxic lesions that are the focus of this article. Drugs
that induce them, such as cisplatin, mitomycin C, and the nitrogen mustards, are clinically
significant in cancer chemotherapy. Another, psoralen, has been used for thousands of years
to treat skin disorders [21;22]. Despite many years of use (nitrogen mustard was the first
cancer chemotherapy drug), our knowledge of ICL repair, although improving in recent
years, is far from complete. In view of the importance of these drugs, an understanding of
their repair pathways would support improved treatment protocols and might reduce their
considerable side effects.

Although antibodies against DNA maodifications introduced by these compounds have been
described, they have not been widely used for detailing cellular responses to ICLs. For
example, measurements of different cisplatin adducts are understandably dominated by the
major adducts, which are single strand reaction products [23;24] [25]. Antibodies against
psoralen adducts were generated decades ago [26], but suffered from specificity problems
and have not been utilized in recent years.

In the absence of effective immunologic reagents, there are other established methods for
studying repair of these important structures. The alkaline comet assay, based on the
resistance of crosslinked DNA to denaturation, has been used to follow the key step in ICL
repair- the “unhooking” of the two strands [27-29]. However, we have found that the
concentrations of crosslinking compound needed to compact nuclei in alkali (the starting
point of the unhooking assay) are extremely toxic. As a result, the analysis of unhooking
activity is, in effect, conducted in biochemically competent cells that are dead or dying.
Indeed, it has been suggested that apoptotic cells might confound interpretation of comet
assays [30]. More recently, an alkaline unwinding assay has been used to analyze ICL repair
dynamics [31]. In accord with our experience, these authors reported that the cells were able
to unhook many more ICLs than the level that reduced cell survival by 50%. Furthermore,
while the alkaline assays might be instructive, they cannot be used for /n situ assays.

The most productive approaches for studying the repair of ICLs have been based on
plasmids carrying defined ICLs introduced into live cells or cell free extracts [32-37]. This
strategy has been very powerful, and has received considerable attention, but cannot be
informative as to events at the level of genomic ICLs in live cells.
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2. Visualizing the location of genomic ICLs

To address questions about replication dependent and independent responses to ICLs, we
developed an approach for marking their location following formation in living cells. Our
experimental schemes exploit the properties of psoralen. Psoralens are intercalators that
require photoactivation, by long wave UV light (UVA), in order to react with DNA [38]. In
contrast to the other common crosslinking compounds, psoralens, such as the trimethyl
derivative (TMP), form a very high proportion of ICLs relative to monoadducts, in excess of
90% [39;40]. Additionally, they can be chemically modified without loss of crosslinking
activity, and so can be joined to moieties that afford easy detection. For example, psoralens
linked to biotin have been employed as labeling reagents and commercial versions are
available. The biotin conjugates would appear to offer an obvious tool for display of
psoralen adducts in cellular DNA. However, biotin is a cofactor for carboxylases, and we
found that most of the covalently bound biotin-psoralen after UVA was cytoplasmic/
mitochondrial [41], indicating that the localization of the compound was driven by biotin.
Ideally, the tag should be a passive element and not interfere with the interaction of psoralen
and DNA. We also prepared the digoxigenin conjugate of TMP (Dig-TMP) (Fig 1).
Digoxigenin is a plant sterol and is not found in mammalian cells. It has been used for many
years as an immunotag and there are commercial antibodies against it. This conjugate had
the same high ratio of genomic ICLs: monoadducts as the parent compound and gave a
largely nuclear signal in cells exposed to a UVA lamp [41;42]. The Dig marker was removed
over time in repair proficient cells, but not in repair deficient cells. This indicated that the tag
was inherently stable in the cellular environment, and that the persistence of the ICLs was a
function of the repair competence of the cell. We have made extensive use of this derivative
to address two issues: the events that follow collisions of replication forks with the powerful
block presented by an ICL, and; replication independent responses to ICLs.

3. The encounter of replication forks with blocks to the replisome

It is well established that passage of the replisome through the eukaryotic genome is not as
straightforward as depicted in the textbooks. Indeed, it has become a common theme of
publications on the topic to begin by noting the numerous impediments faced by the
replication machinery [43]. These include non-covalent blocks [44] such as alternate DNA
structures [45], DNA protein complexes [46], nucleotide depletion [47], encounters with
RNA polymerase [48], among others. Of course, there are the well-known perturbations to
the double helix: nicks and breaks in DNA [49], and the many covalent modifications
introduced by endogenous and exogenous DNA reactive agents [1]. Failure to successfully
negotiate these challenges has multiple consequences- genome rearrangement, mutagenesis,
quiescence, senescence, apoptosis, induction of inflammatory pathways, neoplasia, etc, [50]
[51;52]. ICLs, which block unwinding of DNA, are particularly challenging obstacles to the
replisome, with severe consequences for cells that fail to resolve them.

3.1. The encounter of replication forks with ICLs

The interpretation of many studies of cellular responses to genomic ICLs assumes a
replication fork encounter as the initiating event. This is the standard explanation for the
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appearance of phase foci of DDR proteins in cells treated with a crosslinking compound (but
see below). Another popular experimental approach involves replication tract analysis in
DNA fibers from cells exposed to a crosslinking agent. Typically, tract length declines, due,
it is argued, to replisome collisions with blocks [53]. Although widely used, tract length
measurements cannot distinguish the consequences of a “global” stress (that affects all
replication forks, regardless of an encounter with a DNA lesion) from a “local” response
(that reflects the collision of replisomes with an obstruction in the DNA). As a result, the
interpretation of many of these studies is necessarily conjectural as to an actual physical
interaction of the replisome with a lesion. Furthermore, while there has been considerable
attention to the structure and functional biochemistry of the replisome (see below) there have
been far fewer studies on the composition of the complex following encounters with blocks
in live cells.

To distinguish global from local effects of replication fork encounters with DNA adducts, we
treated cells with Dig -TMP/UVA. Then they were pulsed with nucleoside analogues, which
were incorporated into DNA during S phase, and displayed on fibers by
immunofluorescence. he Dig tag was detected with an immunequantum dot. These have
received extensive use for single molecule analyses [54]. In our experiments less than 10%
of tracts had an encounter with ICLs [42]. However, comparison of the lengths of tracts from
cells treated with only UVA with those exposed to Dig-TMP/UVA revealed that tracts
without an ICL encounter (from cells treated with Dig-TMP/UVA) were shorter on average
than tracts from cells exposed to only UVA. Those with an encounter were shorter still. This
argued that a global stress response reduced progression of all the forks, not just, as
anticipated, those that made physical contact with the adduct. How global stress slows fork
progression has yet to be determined.

The replication tract analysis also revealed an unexpected result. Based on traditional models
and more recent work from the Walter laboratory we expected to find evidence for single
and double fork (two forks from either side colliding at the ICL) events [55;56]. These forks
would be either from replisomes moving at the time of treatment, or from dormant origins
activated by the replication stress. While both single and double fork collisions were
observed, there was another pattern, one that we termed fork traverse. It was consistent with
the restart of replication on the side of the ICL distal to the initial encounter (Fig. 2A, B)
[42], and was the most frequent result. This was surprising, since ever since their discovery
ICLs have been regarded as insurmountable blocks to replication [57]. Restart required only
a few minutes and was promoted by the translocase activity of FANCM protein, a member
of the Fanconi Anemia family of proteins.

3.2. The challenge posed by replisome structure

The concept of a replication traverse of an ICL would appear to be challenged by the
structure of the replisome. The core of the apparatus is a heterohexameric offset open ring
formed by the MCM (M) proteins [58;59]. The MCM complex is loaded on duplex DNA
only in G1 phase cells and activated to a functional helicase in S phase by the binding of
additional proteins, including CDC45 (C) and the GINS (G) complex [60-62]. The assembly
of the active MG complex is accompanied by melting of DNA and the encirclement of the
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template for leading strand synthesis by the MCM ring, which is locked by GINS, CDC45,
and associated proteins. he collision of the locked ring with an ICL would seem to validate
the longstanding view of ICLs as impassable by the replisome [63]. So, how might
replication restart past this block?

There are several candidate explanations. We found that adducts introduced by Dig-
angelicin/UVA (which can only form monoadducts) did not impede replication. Thus,
conversion of an ICL to a monoadduct, via unhooking by repair activities, would relieve the
block. However, the restart patterns were observed in repair deficient cells. Additionally, in a
contemporary version of the Meselson Stahl experiment, we demonstrated that both parental
template strands were associated with replication tracts that encountered an ICL. Replication
past an unhooked ICL would produce a replication tract associated with only one of the
template strands, as shown in the experiment with Dig-angelicin [42].

Another possibility- that a CMG might assemble de novo on the distal side of the ICL-
seems unlikely since origin licensing is confined to G1 phase. A previously loaded
replisome at a “dormant origin” might be activated downstream of the ICL. However, the
traverse pattern frequency was unaffected by incubation of cells with inhibitors of dormant
origin activation. Additionally, knockdown of MCM proteins to levels that precluded
dormant origin activation also failed to influence traverse frequency [42]. RNA in R loops
can serve as a primer and can rescue stalled forks [64]. However, we find that incubation
with different RNA polymerase inhibitors, which suppress R loop formation, has no effect
on the encounter patterns (Huang, et al., unpublished). Furthermore, R loops rise in FANCM
deficient cells [65], but traverse frequencies declined in these cells. The restart patterns were
unaffected by repair competence of the cells or by the absence of homologous
recombination functions. In the absence of compelling alternate proposals, we have turned
our attention to the possibility that the explanation for the restart lies in the CMG complex.

Some insight into this problem comes from the Costanzo laboratory. They followed
replication on chromatin in a cell free extract from Xenopus eggs. They added S1 nuclease
to the mixture on the anticipation that single strand DNA at replication forks would be
cleaved, generating a double strand break and collapsing the fork. They found that this was
accompanied by a loss of the GINS complex from the CMG, which would inactivate the
replisome [66]. Reloading of the GINS proteins, reconstruction of the CMG, and restart of
the forks was dependent on RAD51 and the nuclease activity of MRE11. These results
indicate that collapse of the fork triggers a modulation of the protein composition of the
CMG, marked by release of the GINS proteins (and perhaps others). One of the most
important findings was that the process was reversible-following reconstruction of the fork
the GINS proteins could re-associate, reactivating the replisome.

In recent work we examined the composition of CMG complexes in cells exposed to
psoralen/UVA. The bulk of the replisomes showed no change in GINS association. However,
as noted above, less than 10% of replisomes have a collision with an ICL under the
conditions of the experiment. When the analysis was extended to those replisomes that had
an ICL encounter we found that the GINS proteins were lost from the CMG complexes
(Huang et al, unpublished). These results were in accord with those from the Costanzo
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group. Because the challenge to the replication machinery was quite different in the two
systems, it seems likely that multiple forms of replication stress can modulate the
composition of the replisome. Furthermore, since the GINS complex is involved in closing
the MCM ring, the loss of these proteins would be consistent with opening of the ring. This
would be an essential intermediate in a scheme in which the open ring (“CM”) structure
could move past the ICL , prior to reconstruction, ring closure, and the restart of replication.

Although the notion of replication restart past an intact ICL was unexpected, the observation
supports what might be termed the “replication imperative”. Since the ICLs were intact at
the time of the restart, the results imply an evolutionary advantage to completing S phase,
leaving adduct removal for a later time. Restart of replication downstream of single strand
blocks, such as UV photoproducts, is a well- established mechanism through which cells
finish DNA synthesis, reserving repair of the block to a post replication period [67-69].
Biology appears to have extended this principle to ICLs as well.

4. Replication independent responses to ICLs

Although replication dependent responses to ICLs have dominated research in recent years,
it should be noted that most cells in the body are not in active cycle, and a substantial
fraction of cells in many tumors are dormant [70]. Given the prominence of ICL forming
drugs in cancer chemotherapy, it is important to understand how cells respond to ICLs
outside the context of a replication fork. To address these questions, we took advantage of
the UVA dependent reactivity of psoralen. We employed a confocal microscope equipped
with a 365 nm laser to direct ICL formation to defined regions of interest (ROI) in nuclei in
living cells [71]. This method raised the question of how the frequency and distribution on
genomic DNA of laser localized ICLs compared to those from psoralen activated by a
conventional UVA lamp (used in our replication tract experiments). To make this
comparison we took advantage of the DNA fiber technique described above. We measured
inter-adduct distances on fibers prepared from cells exposed to Dig-TMP and a UVA lamp.
This measurement revealed inter-ICL distances ranging from less than 5 kb to more than 180
kb. In order to make the same determination in DNA from cells exposed to the Dig-TMP/
laser combination, we introduced the localized ICLs into a cluster of cells in the immediate
vicinity of a mark on the center of the culture plate. Those cells were harvested, fibers
prepared, and the Dig tag displayed with an immunoquantum dot, as before. This analysis
revealed a striking similarity of ICL spacing and distribution on the fibers from cells
exposed to the two light sources [72]. This result was important because it indicated that the
laser localized ICLs were well separated, rather than clustered close to one another.
Consequently, results of experiments that monitored protein recruitment and L repair could
be interpreted as reflecting events at individual ICLs.

The laser localization approach allows for control of the time of crosslink formation, such
that the kinetics of protein recruitment to the ICL stripe can be determined with a defined
start time. The decline of the intensity of the Dig tag as a function of time after ICL
formation serves as a measure of the efficiency of ICL repair, which is influenced by the
activity (or lack thereof) of relevant proteins (Fig 3A). Our results demonstrate ICL repair
throughout the cell cycle, including in G1 phase cells [71]. Furthermore, the psoralen ICLs
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induce a conventional DDR, in which the Fanconi Anemia (FA) proteins, and associated
factors participate [73-75].

We find that the induction of the DDR by the psoralen ICLs is pan cell cycle (Paramasivam
et al. unpublished). It is dependent on ATR, not ATM or DNAPK, arguing against DSBs as
the inducing lesion. ATR activation is generally associated with stalled replication forks and
stretches of single strand DNA coated by RPA [76]. ssDNA appears in cells at sites of DNA
repair [77], after the restart of DNA synthesis downstream of polymerase blocking adducts
[68;78], and in cells in which nucleotide pools are depleted [79]. The prevailing
experimental model of replication stress involves treatment of cells with hydroxyurea, which
inhibits ribonucleotide reductase, thus depriving the replisome of dNTPs. Unwinding by the
CMG helicase is not immediately inhibited, with the result that stretches of sSDNA, coated
by RPA, appear. This experimental model has been very influential such that ATR activation
is often associated with replication stress due to inhibitors of DNA synthesis. Furthermore,
the activation of ATR by RPA coated single strand DNA is so well established that it is often
assumed that the inverse is true-that ATR activation implies the presence of ssDNA.
However, ATR can be activated by DNA structures that are independent of replication and
RPA. These include bulky DNA adducts, mediated in part by Topoisomerase 11-Binding
Protein (TOPBP1) [80-82]. Recent work also implicates mechanical stress [83]. These
inducers are effective throughout the cell cycle, and so ATR can be activated without the
involvement of the replication fork [84].

Our results indicate that psoralen ICLs are sufficiently distorting to trigger an ATR driven
DDR. that begins within seconds of formation. However, the kinetics of replication fork
encounters are different. It is unlikely that an ICL will be introduced in the immediate path
of the replisome. We find that replication fork collisions accumulate over a much longer
period, reaching a plateau after about an hour [42]. Consequently, the replisome will
encounter an ICL in the context of an already active DDR cascade. The models invoking
activation of the DDR by fork stalling are so dominant that little attention has been given to
the influence on replisomes of entry into a chromatin region already marked by the DDR.
On the other hand, some lesions, such as ICLs formed by mitomycin C [85], are relatively
non-distorting, and unlikely to trigger a DDR, except as they block replication or
transcription. In these circumstances the conventional models would apply. Most studies of
ICL inducing compounds ignore these distinctions.

5. Theinteraction of tagged ICLs and DDR proteins

The limit of resolution of confocal fluorescence microscopy is 200 nm. As noted above, this
introduces substantial ambiguity in the interpretation of immunofluorescent foci in terms of
the spatial relationship between an inducing lesion and repair and DDR proteins. he PLA
between a tagged lesion (a DSB in the example from Galbiati et al [14]) and a protein of
interest would appear to offer an improvement. We have employed the PLA between the tag
on the ICL and DDR proteins as a means of distinguishing those that are in close proximity
to the lesion from those that are not (see Fig. 3B). We found that while some DDR proteins
were proximal to the ICLs, others were not. The assay is quantitative and can be used to
determine the genetic requirements for lesion proximal recruitment of proteins of interest.
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Although the limit of resolution of the PLA is 30-40 nm, this is imposed by the size of the
primary and secondary antibodies that are the basis of the assay. This limit will be reduced
as smaller detection reagents, such as camelid nanobodies or aptamers become available
[86-88].

In this article we have discussed the utility of a tagged DNA reactive compound for
addressing a questions about the response to genomic adducts in living mammalian cells.
Although our experience is limited to the psoralens, this is a generalizable approach that
should be applicable to a variety of different lesions, particularly in the realm of genotoxic
chemotherapy drugs, and their numerous derivatives. The use of a tag, for which commercial
antibodies are available, eliminates the need to generate and characterize antibodies de novo
for each adduct of interest. Furthermore, the progress in super resolution microscopy offers
the promise of continued refinements in our analysis of cellular responses to genomic
lesions.
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Abbreviation

DDR DNA Damage Response

Dig digoxigenin

ICL interstrand crosslink

NER Nucleotide Excision Repair

IF Immunofluorescence

DSB Double Strand Break

PLA Proximity Ligation Assay
BER Base xcision Repair

8-0x0G 8-Ox0-2’ deoxyguanosine
MCM Minichromosome Maintenance
GINS Go-Ichi-Ni-San

FA Fanconi Anemia

DNA-PK DNA dependent protein kinase
ATM ataxia telangiectasia mutated
ATR ataxia telangiectasia-mutated and rad3-related
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RPA replication protein A
ROI regions of interest
UVA long wave ultraviolet light (315-400 nm)
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The structure of Digoxigenin tagged psoralen
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Fig. 2. Interpretation of patterns of tracts with encounters with an ICL.
A. Experimental scheme and representative images of the patterns observed. The replication

restart pattern is termed fork traverse.

B. Scheme summarizing the possible outcomes observed when the replication fork
encounters a Dig-TMP/UVA induced ICL. The pie chart shows the relative frequency of the
major patterns in wt cells. FT, replication fork traverse, SF, single fork, DF, double fork.
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Fig. 3. Strategies designed to study replication independent ICL repair employing laser localized

tagged ICLs.

A. Laser-localized ICLs combined with immunofluorescence to study DDR activation by,
and repair of, laser localized ICLs. y-H2AX and the FAN1 nuclease appear in ICL stripes.
Monitoring the Dig tag reveals repair of the ICL and the greater persistence of y-H2AX.
B. Laser-localized ICL induction and proximity ligation assay (PLA) to distinguish DDR
proteins that are proximal or distal to the tagged ICL.
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