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Abstract

DNA is constantly exposed to a wide array of genotoxic agents, generating a variety of forms of
DNA damage. DNA-protein crosslinks (DPCs) — the covalent linkage of proteins with a DNA
strand — are one of the most deleterious and understudied forms of DNA damage, posing as steric
blockades to transcription and replication. If not properly repaired, these lesions can lead to
mutations, genomic instability, and cell death. DPCs can be induced endogenously or through
environmental carcinogens and chemotherapeutic agents. Endogenously, DPCs are commonly
derived through reactions with aldehydes, as well as through trapping of various enzymatic
intermediates onto the DNA. Proteolytic cleavage of the protein moiety of a DPC is a general
strategy for removing the lesion. This can be accomplished through a DPC-specific protease and
and/or proteasome-mediated degradation. Nucleotide excision repair and homologous
recombination are each involved in repairing DPCs, with their respective roles likely dependent on
the nature and size of the adduct. The Fanconi anemia pathway may also have a role in processing
DPC repair intermediates. In this review, we discuss how these lesions are formed, strategies and
mechanisms for their removal, and diseases associated with defective DPC repair.
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Introduction

The integrity of cellular DNA is constantly challenged by a wide variety of genotoxic
agents, both environmentally and endogenously, leading to an array of mutational or
deleterious lesions in the genome. To maintain genomic stability, cells must continually
repair such damage in a timely manner [Lindahl, 1993]. Common forms of DNA damage
include oxidation and alkylation of DNA bases, ultraviolet light-induced pyrimidine dimers,
base mismatches, and single- and double-strand breaks. The structure and repair
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mechanisms for these forms of DNA damage have all been studied extensively. However,
one category of DNA lesions that remains poorly understood is DNA crosslinks, of which
there are two general types: DNA-DNA crosslinks and DNA-protein crosslinks. A DNA-
DNA crosslink lesion entails a covalent bond linking either the same strand of DNA (DNA
intrastrand crosslinks) or opposing strands of DNA (DNA interstrand crosslinks, ICLS).
DNA-protein crosslinks (DPCs) are formed when a nucleotide residue on DNA forms a
covalent bond with a protein (or a peptide, to form a DNA-peptide crosslink, DpC).
Crosslinks are particularly hazardous, as they can effectively block gene transcription and
DNA replication. Repair of crosslinks appears to involve complex repair mechanisms
encompassing a large number of protein factors. While the overall pathway(s) of DPC repair
have yet to be fully unraveled, several possible mechanisms have recently begun to emerge.
In this article, we summarize current progress and postulate potential mechanisms of DPC
repair.

|. Formation of DPCs

DPCs can form through a variety of different means, facilitated by naturally occurring and
synthetic compounds. Such compounds can broadly be categorized as environmentally-
induced, therapeutically-induced, and endogenously-induced (Figure 1).

a. Environmentally-Induced DPCs—Several different DPC-inducing agents exist in our
environments. DPCs can be induced upon exposure to ionizing radiation, ultraviolet light,
and various transition metal ions, including chromium and nickel [Swenberg et al., 2011]. A
number of other carcinogens are also known to induce DPCs, including bifunctional
alkylating agents such as 1,3-butadiene, diepoxybutane, acrolein, and crotonaldehyde [Costa
etal., 1997; Kurtz and Lloyd, 2003; Loeber et al., 2006; Minko et al., 2008].

b. Therapy-Induced DPCs—Ionizing radiation and chemical compounds that induce
interstrand crosslinking or DNA-protein crosslinking are routinely used in chemotherapy
regimens, either independently or in conjunction with other regimens [Huang and Li, 2013].
Each gray of ionizing radiation is thought to produce about 150 DPCs in the genome per cell
[Barker et al., 2005]. Several cancer drugs induce DPCs, including nitrogen mustards, 5-
aza-2’-deoxycitidine (5-azadC, also clinically known as decitabine), and platinum-based
agents such as cisplatin- and transplatin-derivatives [Santi et al., 1983; Barker et al., 2005;
Loeber et al., 2009; Ide et al., 2011; Stingele and Jentsch, 2015]. The chemotherapeutic
drugs camptothecin and etoposide are used clinically to induce a specialized class of DPCs,
as will be discussed later.

c. Endogenously-Induced DPCs—Endogenously-induced DPCs can be derived
through enzymatic and non-enzymatic means. Certain DNA-interacting enzymes that
otherwise form transient covalent complexes with DNA can become entrapped onto the
DNA, forming DPCs. There are also multitudes of endogenously-produced metabolites and
other species that lead to the formation of DPCs in cells through non-enzymatic means.
Reactive aldehydes are a well-known class of DPC-inducing agent occurring endogenously
in cells.
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i. Non-Enzymatic: Assortments of reactive aldehydes are present in cells [Swenberg et al.,
2011]. Reactive aldehydes are often generated as a result of various metabolic and regulatory
processes in cells, such as amino acid metabolism and oxidative demethylation [Swenberg et
al., 2011]. When the carbonyl carbon of an aldehyde is sufficiently electrophilic, it can react
with nucleophiles in the surrounding environment [Dellarco, 1988]. When such an aldehyde
is in the vicinity of chromatin, it can react with the primary amine of a DNA base, producing
a methylol adduct; following a dehydration reaction to form a Schiff base, this intermediate
adduct can then further react with a primary amine of another nearby DNA base (forming an
ICL or intrastrand crosslink) or, alternatively, form a stable amide bond with a lysine or
arginine residue of a nearby protein (forming a DPC). This mechanism of DPC formation
has been validated experimentally, as NEIL1 has been shown to form this Schiff base
intermediate with DNA [Bandaru et al., 2002].

Acetaldehyde, which is an intermediate in sugar metabolism as well as a key metabolite of
ethanol, has also been demonstrated to react with the primary amines of DNA bases,
yielding adducts of assorted chemical natures, including both DPCs and ICLs [Dellarco,
1988; Lorenti Garcia et al., 2009; Noguchi et al., 2017]. The nucleotide excision repair,
homologous recombination, and Fanconi anemia pathways have each been shown to be
important in the repair or prevention of DNA adducts formed by acetaldehyde, according to
genetic studies in fission yeast [Noguchi et al., 2017].

The best-studied DPC-inducing aldehyde is formaldehyde. DPCs are the principal DNA
lesion induced by formaldehyde in cells [Conaway et al., 1996; Quievryn and Zhitkovich,
2000]. For this reason, formaldehyde has commonly been used as a DPC-inducing agent in
many studies in the field thus far. However, it is important to recognize that formaldehyde
generates an assortment of other lesions in the DNA as well, including ICLs [Chaw et al.,
1980]. Such heterogeneity of lesions can complicate readouts of experiments, as it is
difficult to distinguish whether the readouts are a consequence of formaldehyde-induced
DPCs versus other lesions such as ICLs.

Formaldehyde is particularly genotoxic, given that it is released as a byproduct during
histone demethylation at nucleosomes [Walport et al., 2012]. Formaldehyde is also produced
as an intermediate during enzymatic removal of methyl groups from DNA [Trewick et al.,
2002]. To help mitigate the problem of having such a toxic and reactive chemical species
being produced at such close proximity to DNA, cells have evolved a class of enzymes
called aldehyde dehydrogenases. These enzymes metabolize various aldehydes such as
formaldehyde and acetaldehyde, effectively detoxifying them [Vasiliou et al., 2004].
Formaldehyde dehydrogenase converts formaldehyde to formic acid, thereby reducing
formaldehyde levels and likely diminishing the abundance of DPCs in the genome.
However, evidence suggests that the formaldehyde concentration in human blood typically
ranges between 2—-3 mg/L (66—100 micromolar) [Zhang et al., 2009], and so DPC lesions
still may be expected to arise on a regular basis. Whether other cellular and metabolic
sources also contribute to the steady state levels of circulatory formaldehyde is unclear.
Genes associated with DNA repair, DNA damage tolerance, and chromatin remodeling have
been identified as notable contributors to ameliorating formaldehyde sensitivity, according to
genetic evidence in budding yeast [de Graaf et al., 2009].
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Abasic sites, frequent endogenous DNA lesions arising from hydrolysis of nitrogenous
bases, are formed during base excision repair and upon spontaneous base loss. Abasic sites
harbor reactive aldehyde groups as well, which are capable of covalent reactions with nearby
proteins [Sczepanski et al., 2010]. Several /n vitro studies have demonstrated that various
metabolically-relevant peptides covalently bind with DNA, especially through aldehydic
adducts and abasic sites, forming DpCs [Kuykendall and Bogdanffy, 1994; Kurtz et al.,
2002; Kurtz and Lloyd, 2003; Minko et al., 2005]. For instance, DNA-glutathione crosslinks
form after treatment with chromate [Zhitkovich et al., 1995; Voitkun et al., 1998]. As DpCs
are smaller and often more efficiently repaired, they are predicted to be somewhat less
genotoxic to cells than are DPCs.

ii. Enzymatic: DPCs can arise from normal enzymatic transactions with DNA. Various
enzymes form transient complexes covalently linked to DNA as a reaction intermediate.
Sometimes these transient covalent complexes can become trapped onto the DNA, giving
rise to an enzymatically-derived DPC. The most frequent occurrence is with topoisomerases
upon inhibitor treatment [Pommier et al., 2006]. Abasic sites can misalign the DNA strands,
preventing DNA religation and trapping intermediate Topoisomerase 1 cleavage complexes
(Toplccs) onto the DNA [Pourquier et al., 1997]. These complexes are commonly formed in
cells while topoisomerases interact with DNA to relieve torsional stress, but they are
typically only transient intermediates rather than persisting structures. Several commonly
used chemotherapeutic agents, such as camptothecin and etoposide, specifically trap these
Toplccs or Topoisomerase 2 cleavage complexes (Top2ccs), respectively, onto the DNA by
inhibiting the religation reaction, thereby preventing replication and transcription [Mao et al
2001; Pommier et al., 2006].

DPCs can also form during base excision repair (BER). DNA bases are frequently subjected
to hydrolysis, oxidation, and alkylation [Lindahl, 1993]. When a DNA glycosylase cleaves
the damaged base, an abasic site is formed. If these abasic sites become oxidized by free
radicals or reactive oxygen species, they can form structurally distinct derivatives. One such
oxidized abasic site is 2-deoxyribonolactone. Repair by short-patch BER can induce
covalent DPCs with this lesion, whereas long-patch BER removes the lesion directly,
thereby avoiding DPC formation [Hashimoto et al., 2001; Sung et al., 2005]. The most
abundant DPC species involved in such oxidized abasic sites is DNA polymerase § (Polp),
according to a study using site-specific 2-deoxyribonolactone in a cell-free extract system
[Sung et al., 2005]. Polp has also been shown to form DPCs with Apel-processed 2-
deoxyribonolactone [DeMott et al., 2002]. Covalent crosslinks between 2-
deoxyribonolactone and bifunctional DNA glycosylase/lyase enzymes have also been
observed [Faure et al., 2005].

Other DNA repair enzymes have also been found to form DPCs. O%-methylguanine-DNA
methyltransferase (MGMT), an enzyme responsible for removing alkyl adducts from DNA,
readily forms DPCs when cells are treated with nitrogen mustard or the carcinogen 1,2,3,4-
diepoxybutane [Loeber et al., 2006; Loeber et al., 2008; Cheng et al., 2016]. Poly(ADP-
ribose) polymerase-1 (PARP-1), which is implicated in several DNA repair, DNA damage
detection, and chromatin remodeling processes, has been shown to covalently bond with
abasic sites derived during BER, forming a DPC [Prasad et al., 2014].
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The chemotherapeutic drug 5-azadC specifically induces DPCs, covalently trapping various
DNA methyltransferases (DNMTSs) onto the DNA [Santi et al., 1983]. 5-azadC is a
nucleoside analog that is metabolized by cells, then phosphorylated to 5-azadCTP, and
subsequently incorporated into the DNA, partially substituting for cytosine bases. When
DNMTs attempt to methylate this nucleotide analog, they become covalently entrapped on
the DNA, forming a DPC. Therefore, 5-azadC is also a potent inhibitor of DNA methylation
[Juttermann et al., 1994; Christman, 2002; Palii et al., 2008].

Il. Cytotoxicity of DPCs

ICLs and DPCs are highly deleterious to living cells, constituting steric blockades to the
DNA replication and DNA transcription machineries, as well as interfering with
accessibility of DNA repair and chromatin remodeling factors [Barker et al., 2005]. If not
repaired in a timely manner, these lesions can lead to deleterious mutations and cell death
[Barker et al., 2005; Fu et al., 2011; Nakano et al., 2012; Nakano et al., 2013]. DNA and
RNA polymerases are unable to extend past DPCs and some DpCs /in vitro [Chvalova et al.,
2007; Yeo et al., 2014]. DPCs also prevent strand separation during replication and repair. In
E. coli, a 16 kDa DPC prevented UvrD (DNA helicase I1) from separating DNA strands
[Kumari et al., 2010]. DPCs less than 14.1 kDa could be cleared by several helicases
[Nakano et al., 2013]. Replication fork stalling by DPCs is readily observed in E. coli [Kuo
et al., 2007]. Treatment with 5-azadC or its nucleoside analog 5-azacytidine (5-azaC) leads
to -y-H2AX and 53BP1 foci, indicating the presence of DNA damage and double-strand
breaks [Palii et al., 2008; Orta et al., 2013].

Failure to repair DPCs leads to a variety of genotoxic consequences, such as chromatid
breaks, chromosomal aberrations, and mutations [Stingele and Jentsch, 2015]. It has been
observed several decades ago that acetaldehyde exposure increases the incidence of
mutations, sister chromatid exchanges, micronuclei, and aneuploidy in mammalian cells
[Dellarco, 1988]. Replication fork collapse is known to occur from acetaldehyde treatment
in fission yeast [Noguchi et al., 2017]. 5-azadC also leads to replication fork collapse in
mammalian cells [Orta et al., 2013]. Much like mitomycin C, DPC-inducing reactive
aldehydes also cause chromosomal aberrations [Speit et al., 2000; Mechilli et al., 2008;
Lorenti Garcia et al., 2009]. It has also been observed that DPCs do not induce sister
chromatid exchanges to the same extent as mitomycin C-induced DNA ICLs [Lorenti Garcia
et al., 2009]. This observation suggests that chromosomal aberrations observed upon DPC
induction may be the result of a DPC repair mechanism less favorable for homologous
recombination [Lorenti Garcia et al., 2009]. Even the generally less deleterious DpC adducts
have demonstrated mutagenicity. For instance, glutathione DNA-peptide crosslinks and a 10-
mer Myc peptide incur mutagenic consequences in human fibroblasts and HEK 293T cells,
respectively, particularly generating single base substitutions [Voitkun et al., 1998; Pande et
al., 2017]. Translesion synthesis polymerases are important in bypassing smaller DpC
lesions, thereby alleviating the replication block [Duxin et al., 2014; Yeo et al., 2014;
Wickramaratne et al., 2016; Pande et al., 2017]. It is likely that proteolytic processing of
larger DPCs and DpCs enables bypass by translesion synthesis polymerases as well.
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lll. Mechanistic Framework of Processing DPC Lesions

The protein moiety of a DPC poses a major steric hindrance to DNA repair factors, which
require direct access to the affected bases. As a result, the general strategy for removing
DPCs involves proteolytic size reduction of the protein adduct (Figure 2). This can be
accomplished in one of two ways. Proteolytic cleavage by metalloproteases — including
Wssl (in S. cerevisiag), Dvc-1 (in C. elegans), and SPRTN (in metazoans) — degrades DPCs.
Some evidence also suggests that proteasome-mediated degradation can achieve proteolytic
size reduction of DPCs [Quievryn and Zhitkovich, 2000; Reardon and Sancar, 2006;
Reardon et al., 2006; Baker et al., 2007; de Graaf et al., 2009] (Figure 2). Proteolytic size
reduction is expected to produce a peptide remnant covalently linked to the DNA strand,
allowing repair factors to access the damaged base to complete repair and restore the DNA
to its original state. Alternatively, the small peptide remnant may allow lesion bypass
polymerases to synthesize over the adducted base, alleviating replication fork blockage.

a. Proteolytic Digestion of DPCs—Proteolytic cleavage of DPCs seems to be a highly
conserved strategy to begin repair of these lesions, with DPC-specific proteases discovered
in budding yeast, Xenopus, C. elegans, and mammalian systems. Processing of DPCs into
smaller DpCs likely serves as an initial intermediate during the repair process [Quievryn and
Zhitkovich, 2000].

The first proteolysis-based mechanism for DPC repair was characterized in budding yeast
[Stingele et al., 2014]. In this system, the metalloprotease Wss1 promotes genome stability
by specifically targeting DPC substrates, cleaving them into smaller adducts and enabling
replication past the lesion [Stingele et al., 2014]. Yeast cells deficient in Wss1 are
hypersensitive to formaldehyde-induced DPCs as well as drugs inducing Toplccs on the
DNA,; these cells have elevated DPC levels and increased incidence of gross chromosomal
rearrangements [Stingele et al., 2014].

Given that the size range of potential DPCs encompasses quite a wide spectrum, any
protease that cleaves these lesions must exhibit broad substrate specificity. One way to
achieve this broad specificity is to preferentially target Wss1 to sites of DNA damage,
possibly via post-translational modification signaling. Because Wss1 bears two SUMO-
interacting motifs, it is conceivable that DNA damage-associated SUMOylation might direct
Wssl to the appropriate sites [Stingele et al., 2014]. Supporting this conjecture, it has been
observed that Toplccs are SUMOylated, as are a number of proteins involved in the DNA
damage response [Mao et al., 2000; Psakhye and Jentsch, 2012]. It will be interesting to
investigate whether other DPCs are also targeted for SUMOylation, as well as whether this
would indeed affect Wss1 recruitment to the lesion.

A study utilizing site-specific DPC-containing substrates processed in cell-free Xenopus egg
extracts capable of DNA repair demonstrated further understanding of a replication-coupled
DPC proteolysis mechanism [Duxin et al., 2014]. In this study, the eukaryotic replicative
CMG helicase stalls upon encountering a DPC on the leading strand, effectively preventing
further unwinding of the DNA duplex and arresting the replisome. The DPC is subsequently
cleaved, and CMG navigates around the residual adduct. The leading strand then bypasses
the cleaved DPC in a DNA Polymerase ¢ (PolC)-dependent manner. By comparison, DPCs
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on the lagging strand do not appear to cause major blockage to replication — lagging strand
DPC adducts would only block extension of a single Okazaki fragment, which is
approximately 150 nucleotides in length [Duxin et al., 2014]. In support of this difference,
CMG was found to efficiently bypass streptavidin adducts situated only on the lagging
strand [Fu et al., 2011].

Until recently, the identity of this replication-dependent protease in metazoans has remained
elusive. Several studies have identified the metalloprotease SPRTN as a DPC-cleaving
protease [Lopez-Mosqueda et al., 2016; Stingele et al., 2016; Vaz et al., 2016]. SPRTN is
evolutionarily related to Wss1 in budding yeast, and they share similar domains in the C-
terminus and other structural features. While Wss1 possesses a small ubiquitin-like modifier
(SUMO)-binding domain, SPRTN harbors a ubiquitin-binding domain. Unlike Wss1, which
binds chromatin directly [Stingele et al., 2014], SPRTN contains a PCNA-interacting peptide
box that enables its recruitment to chromatin upon DNA damage [Centore et al., 2012]. Both
Wssl and SPRTN possess SHP-box domains that associate with the AAA ATPase VCP/p97/
Cdc48, a ubiquitin- and SUMO-dependent segregase that plays several key roles in
regulating the DNA damage response [Davis et al., 2012; Mosbech et al., 2012; Stingele et
al., 2014; Balakirev et al., 2015]. Indeed, binding to this ATPase is required for in vivo
function of Wss1 [Stingele et al., 2014]. It is conceivable that VCP/p97/Cdc48 might assist
the proteolysis of DPC intermediates.

Prior to these studies, SPRTN was best known for its role in facilitating translesion synthesis
[Centore et al., 2012; Davis et al., 2012; Ghosal et al., 2012; Juhasz et al., 2012; Machida et
al., 2012; Mosbech et al., 2012]. Shortly thereafter, it was discovered that flies, mice, and
human cells developed severe phenotypes that could not be explained by SPRTN’s role in
translesion synthesis, indicating an additional function for SPRTN in maintaining genomic
stability [Lessel et al., 2014; Maskey et al., 2014].

In mammalian cells, knockdown of SPRTN with siRNA resulted in hypersensitivity toward
formaldehyde and the persistence of DPCs on DNA [Lopez-Mosqueda et al., 2016; Stingele
etal., 2016; Vaz et al., 2016]. Consistently, replication-arrested worm larvae depleted of
Dvc-1 exhibited severe sensitivity toward formaldehyde exposure [Stingele et al., 2016].
These results suggest that SPRTN is involved in DPC repair. SPRTN has several regulatory
mechanisms to prevent rampant, uncontrolled proteolysis of proteins not involved in DPC
lesions. The catalytic center of the protein is exposed to the solvent, making these regulatory
mechanisms especially crucial to avoid excessive proteolysis on non-target proteins
[Stingele et al., 2016]. The first of these mechanisms to be triggered involves a ubiquitin
switch to control SPRTN activity. SPRTN in its monoubiquitinated state does not bind to
chromatin; only when a DPC is detected does SPRTN become deubiquitinated, enabling the
protein to bind to damaged chromatin sites. Therefore, the amount of SPRTN bound to
chromatin is expected to be directly proportional to the abundance of DPC lesions [Stingele
etal., 2016].

Upon chromatin association, SPRTN is subjected to another regulatory mechanism, wherein
the protein will only be capable of substrate proteolysis when bound to a region of single-
stranded DNA. When bound to double-stranded DNA, SPRTN is only capable of catalyzing
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its own autocleavage. SPRTN’s ability to facilitate autocleavage represents a third means of
controlling undesirable proteolysis [Stingele et al., 2016]. Because SPRTN must be bound to
single-stranded DNA in order to exert its proteolysis activity, a single-stranded DNA
intermediate must exist in close vicinity to a DPC during the repair process. This is
consistent with the study in Xenopus egg extracts demonstrating that DPC proteolysis occurs
on both the leading and lagging strand templates during DNA replication [Duxin et al.,
2014].

SPRTN has only a low protein specificity when processing DPC substrates, which enables it
to target a wide spectrum of DPCs for proteolysis. At the same time, SPRTN has low affinity
to non-crosslinked proteins, ensuring that protein cleavage only occurs upon proper
induction of the protease activity, a feature that minimizes rampant proteolysis [Stingele et
al., 2016]. These seem to be evolutionarily advantageous features for such an enzyme, as it
must perform proteolysis of proteins in an extremely precise setting.

Besides its role in replication-dependent DPC proteolysis, SPRTN is also believed to have a
replication-independent function. In flies, SPRTN is apparently recruited to chromatin
outside of S phase, independent of the replisome [Delabaere et al., 2014]. This suggests that
DPCs might be proteolytically processed outside the replication context, which would prove
especially useful for quiescent, non-dividing cells, and perhaps transcription-blocking DPCs.

b. Proteasome-Mediated Degradation of DPCs—Proteasome-mediated degradation
may serve as either an alternative or complementary means of conferring DPC size
reduction, thereby enabling nucleotide excision repair to remove the residual peptide adduct
[Quievryn and Zhitkovich, 2000; Reardon and Sancar, 2006; Reardon et al., 2006; Baker et
al., 2007; de Graaf et al., 2009]. However, the role of the proteasome in facilitating DPC
repair must be better understood.

The protein portions of various enzymatic DPCs are suggested to be targets for degradation
by the proteasome. For example, Toplccs and Top2ccs are targeted for proteasomal
degradation [Desai et al., 1997; Mao et al., 2001]. Following proteasome-mediated
degradation, a covalently-bound DNA-peptide adduct remains. This peptide adduct is then
processed by the enzyme tyrosyl-DNA-phosphodiesterase 1 or 2 (Tdp1, Tdp2), which
hydrolyzes the covalent bond between the DNA and cleaves the topoisomerase [Pouliot et
al., 1999; Pommier et al., 2006]. Moreover, Polp DPCs are ubiquitinated and processed by
the proteasome, as reflected by the observation that MG132 treatment causes nuclear
accumulation of these ubiquitinated lesions [Quinones et al., 2015]. Proteasome activity also
reduces sensitivity to 5-azadC treatment in mammalian cells, though interestingly FANCG-
deficient cells are not further sensitized when MG132 is administered. This indicates that the
proteasome and Fanconi anemia proteins function in the same pathway when coping with 5-
azadC-induced damage [Orta et al., 2013].

Consistently, several reports showed that proteasome inhibition incurs sensitivity to and
hinders the repair of assorted non-enzymatic DPCs. In mammalian cells, formaldehyde-
induced DPCs were less efficiently repaired following proteasome inhibition [Quievryn and
Zhitkovich, 2000; Baker et al., 2007]. Chromium(V1)-mediated DPC repair seemed to
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require proteasome function [Zecevic et al., 2010]. Proteasome inhibition increased
sensitivity of human lung cells toward formaldehyde, suggesting a possible role for the
proteasome in repairing formaldehyde-mediated DNA adducts [Ortega-Atienza et al., 2015].
Besides improving survival, proteasome activity was also important for replication recovery
and cell cycle restoration after exposure to formaldehyde [Ortega-Atienza et al., 2015]. It is
conceivable that the protein portion of certain DPCs can be degraded by the proteasome.

A number of other studies reported that proteasome inhibition does not significantly affect
non-enzymatic DPC repair efficiency [Nakano et al., 2009; Duxin et al., 2014]. For instance,
two different proteasome inhibitors added to Xenogpus egg extracts did not affect DPC repair
in vitro. However, the investigators did observe that depletion of ubiquitin blocked effective
DPC repair, indicating that ubiquitination per se, but not proteasome-dependent degradation,
is critical for DPC repair [Duxin et al., 2014]. Ubiquitin depletion affects a host of cellular
processes; whether the coinciding inhibition of DPC repair is a direct or indirect
consequence is not clear. The precise roles of ubiquitination in DPC repair have yet to be
elucidated. Whether certain DPCs are in fact ubiquitinated prior to their cleavage by SPRTN
remains to be fully demonstrated. Moreover, it is important to determine whether specific
forms of lysine linkages (e.g., K48 versus K63) are associated with polyubiquitinated DPCs.
The role of the proteasome in DPC repair necessitates combined genetic and biochemical
studies.

c. Nucleotide Excision Repair and DPCs—Many studies suggested that nucleotide
excision repair (NER) is an important pathway in the repair of DPCs. In general, the
evidence actually suggests that the NER dependence of DPC and DpC removal may be
influenced strongly by the model organism and experimental approaches used.

Reconstituted /n7 vitro systems have been used to test the hypothesis that NER directly
repairs DPCs and DpCs [Minko et al., 2002; Minko et al., 2005; Reardon and Sancar, 2006].
UvrABC, the bacterial NER complex, excised a site-specific 16 kDa protein covalently
attached to DNA; however, this incision was observed at diminished kinetics relative to
incision of smaller adducted proteins [Minko et al., 2002; Minko et al., 2005]. The UvrABC
complex was able to excise a model DNA-peptide crosslink in a more efficient manner
[Minko et al., 2005]. Similarly, £. coli NER proteins are equally efficient at incising other
peptides covalently bound to abasic sites [Minko et al., 2005].

Compared to reconstituted bacterial NER, reconstituted mammalian NER proteins excised
these same crosslinks with a greater disparity in efficiency, wherein DpCs were removed
with high efficiency but repair of a 16 kDa protein adduct seemed unattainable [Reardon and
Sancar, 2006]. Further /n vitro experiments demonstrate that mammalian NER is capable of
removing small DPCs wherein the protein size is below 8 kDa [Nakano et al., 2009].
Proteins above this approximate threshold were not effectively removed [Nakano et al.,
2009]. These studies suggest that adduct size plays a critical role in determining the
efficiency with which NER will be able to excise a DPC or DpC /n vitro.

Generally, core and linker histone DPCs are likely the most abundant species of DPCs in
cells [Solomon and Varshavsky, 1985], given their direct vicinity to DNA. Considering that
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histones are above 8 kDa in size, it is unlikely that the NER mechanism is capable of
independently removing DPCs in the absence of prior size reduction by proteolytic
activities.

Using defined DPC substrates, the bacterial NER system was capable of repairing DPCs
below 12-14 kDa [Nakano et al., 2007; Ide et al., 2011]. NER mutants were also
hypersensitive to formaldehyde treatment, but not 5-azaC treatment [Nakano et al., 2007]. 5-
azaC, like its nucleoside analog 5-azadC, specifically induces DPCs instead of a mix of
different lesions when incorporated into the DNA [Christman, 2002]. Because 5-azaC traps
DNMTs onto DNA [Santi et al., 1983], the adducted protein moiety — 53 kDa, in the case of
Dcm methylase in E. coli - is substantially larger than the range with which bacteria can
excise DPCs by NER /n vivo. Thus, it stands to reason that these DPCs may be repaired in
E. colithrough other mechanisms, such as homologous recombination [Nakano et al., 2007].
Intriguingly, 5-azadC incurs sensitivity to BER-deficient mammalian cells. Specifically, loss
of XRCC1 results in an accumulation of single- and double-strand breaks, as well as
persistence of DNMT DPCs, indicating that BER may play a role in removing these types of
DPC lesions [Orta et al., 2014].

NER-deficient mammalian cells have yielded conflicting results with regards to the NER
pathway’s involvement in DPC repair [Fornace and Seres, 1982; Quievryn and Zhitkovich,
2000; Speit et al., 2000; Nakano et al., 2009]. While NER-deficient human cells were shown
to be capable of removing formaldehyde-induced DPCs [Quievryn and Zhitkovich, 2000;
Speit et al., 2000; Zecevic et al., 2010], NER-deficient fibroblasts were defective in repairing
crosslinks induced by another DPC-inducing compound, transplatin, suggesting a role for
NER in repairing specific forms of DPC lesions [Fornace and Seres, 1982]. Cells deficient in
NER exhibited a higher level of chromosomal aberrations and micronuclei following
formaldehyde treatment [Speit et al., 2000]. Furthermore, mammalian NER was unable to
excise even small formaldehyde-induced DPCs of 7.4 or 8.0 kDa /n vivo, conflicting with
the /n vitro experiments using mammalian NER, and also in contrast with the DPC sizes
excised in bacterial /7 vivo experiments [Nakano et al., 2007; Nakano et al., 2009].

Given that DPCs exhibit a high degree of structural diversity, it is conceivable that the NER
pathway can remove a subset of DPCs with certain structural characteristics. Indeed, a study
in Chinese hamster ovary (CHO) cells demonstrated that the transcription-coupled
repair/NER pathways are involved in repairing formaldehyde-induced DPCs, but not to the
same degree with acetaldehyde-induced DPCs [Lorenti Garcia et al., 2009].

Taken together, the steric hindrance of protein adducts necessitates that proteolytic cleavage
provide a means to achieve the necessary size reduction to process the lesion into
intermediates that can be effective NER substrates. Thus, a combined proteasome/protease-
NER mechanism is a viable mechanism for the removal of DPCs.

d. Homologous Recombination and DPCs—Several studies suggested homologous
recombination (HR) as a critical pathway for the repair of DPCs. In E. coli, HR can be
utilized when the DPC is too large for direct NER processing [Nakano et al., 2007]. In
bacteria, DPCs above 12-14 kDa depends on RecBCD-mediated HR, as such DPCs appear
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too large to be efficiently excised by the NER complex [Nakano et al., 2007; Ide et al.,
2011]. HR in bacteria is able to participate in the repair of DPCs independent of adduct size
[Nakano et al., 2007]. In mammalian cells, HR appears to play a key role in tolerance of all
formaldehyde-mediated DPCs, even those as small as 7.4 kDa [Nakano et al., 2009]. It has
been reported that HR-deficient cells also exhibit sensitivity toward acetaldehyde, suggesting
that recombination is involved in the repair of various aldehyde-induced DPCs [Mechilli et
al., 2008]. DNMT DPCs induced by 5-azadC yielded increased RAD51 foci and sister
chromatid exchanges, indicating that HR is critical to repair this form of damage [Orta et al.,
2013].

Yeast mutants in HR were particularly sensitive toward low-dose, chronic formaldehyde
exposure [de Graaf et al., 2009]. Yeast NER mutants, on the other hand, displayed mild
sensitivity when presented with a similar formaldehyde exposure regime; however, acute
treatment with a high dose of formaldehyde required NER proteins to a much higher extent
than HR proteins. In support of this data, acute formaldehyde treatment involves NER-
dependent single-strand breaks in yeast, without formation of double-strand breaks, even
when HR genes are deleted [de Graaf et al., 2009]. A report in hamster cells confirms the
finding that formaldehyde treatment does not induce detectable double-strand breaks [Speit
et al., 2000]. Moreover, double-strand break formation is not observed during the
replication-dependent repair of DPCs in Xenopus egg extracts [Duxin et al., 2014]. This is in
stark contrast with studies in £. coliand chicken cells demonstrating the need for double-
strand break intermediates in processing DPCs [Nakano et al., 2007; Ridpath et al., 2007].
RADS52 and Wss1 contribute to the repair of formaldehyde-induced DPCs in a non-epistatic
manner in yeast, indicating that HR and proteolysis may be separate strategies for enabling
DPC processing [Stingele et al., 2014]. Peculiarly, yeast strains that were depleted of HR
proteins Mrell and RAD52 were less sensitive to the cytotoxic effects of acute, high-dosage
formaldehyde treatment than were wild-type strains. This suggests that HR in some contexts
can be detrimental in response to formaldehyde-induced DPCs, possibly disrupting
preferable repair processes such as NER [de Graaf et al., 2009]. Thus, the involvement of
HR and NER in DPC repair may depict a pathway choice governed by several different
factors, such as protein adduct size, levels of DPC damage, context of exposure to DPC-
inducing agents, and the replication status of the cell.

e. Fanconi Anemia Pathway and DPC Repair—Fanconi anemia (FA) proteins are
involved in the DNA damage response upon recognition of ICLs [Kottemann and
Smogorzewska, 2013]. While the precise roles of FA proteins in recognizing and facilitating
the repair of ICLs has been heavily pursued, it remains unclear whether these proteins have a
direct role in repairing DPC lesions [Duxin and Walter, 2015].

Several studies implicate various FA proteins in the repair of DPCs [Ridpath et al., 2007;
Langevin et al., 2011; Rosado et al., 2011]. FA-deficient chicken and mammalian cell lines
exhibited hypersensitivity toward formaldehyde and 5-azadC, respectively [Ridpath et al.,
2007; Rosado et al., 2011; Orta et al., 2013]. CHO cells depleted in FANCG were unable to
engage in HR to repair DNMT DPCs incurred by 5-azadC, resulting in increased chromatid
breaks and radial fusions [Orta et al., 2013]. This same FANCG-depleted CHO cell line
exhibited high sensitivity toward acetaldehyde [Mechilli et al., 2008], though formaldehyde
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treatment did not incur the same level of sensitivity [Lorenti Garcia et al., 2009]. FANCD2-
depleted cells, however, did exhibit sensitivity toward formaldehyde [Karanja et al., 2014;
Vaz et al., 2016]. Intake of acetaldehyde in human cells resulted in FANCD2
monoubiquitination [Marietta et al., 2009; Abraham et al., 2011]. Upon acetaldehyde
exposure, cells depleted of FANCQ/XPF and FANCG also had an elevated incidence of
chromosomal aberrations [Mechilli et al., 2008; Lorenti Garcia et al., 2009]. Collectively,
these studies suggest roles for FA proteins in repairing lesions incurred by reactive
aldehydes and 5-azadC.

Other studies have found that FA proteins are not required for repairing DPC lesions.
Immunodepletion of FANCI-FANCD2 from Xenopus egg extracts only inhibited ICL repair,
but not DPC repair/bypass [Duxin et al., 2014]. FANCD?2 depletion in C. elegans larvae did
not affect formaldehyde sensitivity, even in the absence of Dvc-1 [Stingele et al., 2016].
Consistently, mouse embryonic fibroblasts deficient in FANCD2 were not defective in
formaldehyde-induced DPC repair [Stingele et al., 2016]. FANCD?2 depletion also had no
effect on DPC accumulation as measured by DPC detection from chromatin [Vaz et al.,
2016]. While FANCD2-depleted cells did exhibit sensitivity toward formaldehyde in HelLa
cells, camptothecin treatment had no such effect [Vaz et al., 2016], suggesting that
sensitivity toward formaldehyde in these cells might be due primarily to the ratio of ICL
lesions formaldehyde is known to induce [Chaw et al., 1980]. However, it is important to
note that these results do not preclude the possibility that the FA pathway plays a role in
DPC repair, given that Tdpl can process the Toplccs induced by camptothecin.

So far, results from different groups remain conflicting with regards to the precise role of the
FA pathway in DPC repair. It is possible that DPCs encountered during replication are
processed by the FA pathway, rendering its function as indirect. Perhaps some DPC
structures require FA-mediated nucleolytic incisions. Given that the established FA pathway
function is to repair ICLs, further studies are needed to improve the understanding of FA
mechanisms in DPC repair by using agents that specifically induce DPCs and/or defined
DPC lesions.

IV. Diseases Associated with DPC Repair Defects

Deficiencies in DPC repair mechanisms are related to various diseases, including Ruijs-
Aalfa syndrome and perhaps Fanconi anemia.

Formaldehyde has been shown to be tumorigenic in rodent models [Monticello et al., 1996].
Exposure to formaldehyde significantly increases risks of nasopharyngeal cancer, squamous
cell carcinomas, and leukemia in mammals [Schwilk et al., 2010; Swenberg et al., 2011].
However, it is unclear whether it is formaldehyde-induced DPCs that cause this increased
susceptibility to leukemia, as rats inhaling formaldehyde did not develop detectable
formaldehyde-DNA adducts in their bone marrow [Lu et al., 2010].

SPRTN-knockout mice are embryonically lethal, demonstrating the critical importance of
this protein. However, hypomorphic mice exhibit genomic instability and premature aging
[Maskey et al., 2014], similar to phenotypes observed in human patients with SPRTN
mutations. Three patients have been identified with germline mutations in SPRTN that lead
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to Ruijs-Aalfa syndrome, a disease associated with genomic instability, accelerated aging,
and early-onset hepatocellular carcinoma [Ruijs et al., 2003; Lessel et al., 2014; Maskey et
al., 2014]. Indeed, the DPC repair defect of SPRTN mutants in these patients likely causes
this disease [Lopez-Mosqueda et al., 2016; Stingele et al., 2016; Vaz et al., 2016]. This
might explain why Ruijs-Aalfa syndrome is associated with early-onset hepatocellular
carcinoma, as reactive aldehydes are produced extensively as a byproduct of detoxification
of metabolites and alcohol. Therefore, it stands to reason that DPCs may be substantially
more abundant in the liver than other tissues. However, because most liver cells exist in a
non-replicative state, DPCs may need to be processed by SPRTN in a replication-
independent manner, as described earlier.

DPCs may also contribute to the Fanconi anemia phenotype. Fanconi anemia is a rare,
recessive hereditary disease characterized by chromosomal instability and hypersensitivity to
DNA ICLs. Patients with Fanconi anemia eventually develop bone marrow failure and have
a substantially heightened risk of acute myeloid leukemia and solid tumors [Kottemann and
Smogorzewska, 2013]. Studies in mice have shown synthetic phenotypes between FA gene
knockouts and aldehyde dehydrogenases such that these mice develop anemia and leukemia
in response to ethanol exposure [Langevin et al., 2011; Rosado et al., 2011; Garaycoechea et
al., 2012]. Aldehyde dehydrogenases act as aldehyde-detoxifying enzymes, metabolizing
reactive aldehydes into more benign chemical species [Vasiliou et al., 2004]. Thus,
deficiency in aldehyde dehydrogenases allows for the accumulation of reactive aldehydes
that may in turn form deleterious DNA crosslinks, including, and perhaps predominantly,
DPCs. Given that the mice also share phenotypic manifestations of Fanconi anemia, it is
plausible that endogenous aldehydes cause or exacerbate the phenotype of this disease.
Thus, the FA pathway may have roles in repairing DPC lesions that are yet to be fully
defined.

Concluding Remarks

DNA-protein crosslinks present a major risk to genomic stability, as they constitute potent
blocks to essential DNA functions, including transcription and replication. The challenge in
removing DPCs may come from their excessive bulkiness, which hinders accessibility of
canonical DNA repair factors. DPCs arise from numerous sources, with a wide spectrum of
protein moieties, allowing an extremely diverse array of structures. Recent studies describe
the proteolytic processing by DPC-specific proteases Wss1 and SPRTN. While progress has
been made in detailing the mechanisms of regulating SPRTN activity, many questions still
remain. For instance, little is known about its recruitment to DPC lesions. What is the nature
of the ubiquitination critical for replication-coupled DPC proteolysis? Does its p97-
interacting motif, which is thought to play a role in SPRTN’s involvement in regulating
translesion synthesis, also have a role in modulating its proteolytic activity? SPRTN is an
essential gene in mammals, and so its absence would disable a crucial means of removing
DPCs. In this light, the hurdles posed to cells by these lesions may be even more profound
than initially thought. Precisely how abundant DPCs are and how often they arise in the
genome remains unclear. Finally, what is the role of the Fanconi anemia pathway, NER
pathway, and homologous recombination in resolving DPCs? An enhanced understanding of
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these cellular processes will almost certainly provide insightful and exciting avenues for
improving chemotherapy and disease treatment.
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Figure 1. A variety of sourcesinduce DPCsin cells
DPCs can be formed through a variety of different means, including from environmental,

therapeutic, and endogenously-generated agents. DPCs arrest transcription and replication,
resulting in mutagenesis or cell death.
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Figure 2. Proteolytic strategies for DPC removal
In replication-dependent proteolytic size reduction, a leading-strand DPC prevents helicase-

catalyzed strand separation. The DPC is cleaved by the protease SPRTN. The ubiquitin- and
SUMO-dependent segregase VCP/p97/Cdc48 might assist DPC proteolysis. Following
cleavage, the lesion remnant is bypassed by a translesion synthesis polymerase, possibly
inducing a single base substitution. Nucleotide excision repair might excise the remaining
lesion after replication has completed. In a possible replication-independent proteolytic size
reduction, the proteasome directly degrades the protein portion of a DPC. Any remaining
peptide remnant might be excised by the nucleotide excision repair pathway, restoring the
damaged DNA to its original state.

Sci China Life Sci. Author manuscript; available in PMC 2018 January 17.



	Abstract
	Introduction
	I. Formation of DPCs
	a. Environmentally-Induced DPCs
	b. Therapy-Induced DPCs
	c. Endogenously-Induced DPCs
	i. Non-Enzymatic
	ii. Enzymatic


	II. Cytotoxicity of DPCs
	III. Mechanistic Framework of Processing DPC Lesions
	a. Proteolytic Digestion of DPCs
	b. Proteasome-Mediated Degradation of DPCs
	c. Nucleotide Excision Repair and DPCs
	d. Homologous Recombination and DPCs
	e. Fanconi Anemia Pathway and DPC Repair

	IV. Diseases Associated with DPC Repair Defects

	Concluding Remarks
	References
	Figure 1
	Figure 2

