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ABSTRACT

DNA interstrand crosslinks (ICLs) are generated by
endogenous sources and chemotherapeutics, and
pose a threat to genome stability and cell survival.
Using Caenorhabditis elegans mutants, we identify
DNA repair factors that protect against the geno-
toxicity of ICLs generated by trioxsalen/ultraviolet
A (TMP/UVA) during development and aging. Mu-
tations in nucleotide excision repair (NER) com-
ponents (e.g. XPA-1 and XPF-1) imparted extreme
sensitivity to TMP/UVA relative to wild-type ani-
mals, manifested as developmental arrest, defects
in adult tissue morphology and functionality, and
shortened lifespan. Compensatory roles for global-
genome (XPC-1) and transcription-coupled (CSB-1)
NER in ICL sensing were exposed. The analysis
also revealed contributions of homologous recom-
bination (BRC-1/BRCA1), the MUS-81, EXO-1, SLX-1
and FAN-1 nucleases, and the DOG-1 (FANCJ) heli-
case in ICL resolution, influenced by the replicative-
status of the cell/tissue. No obvious or critical role in
ICL repair was seen for non-homologous end-joining
(cku-80) or base excision repair (nth-1, exo-3), the
Fanconi-related proteins BRC-2 (BRCA2/FANCD1)
and FCD-2 (FANCD2), the WRN-1 or HIM-6 (BLM)
helicases, or the GEN-1 or MRT-1 (SNM1) nucle-
ases. Our efforts uncover replication-dependent and
-independent ICL repair networks, and establish ne-
matodes as a model for investigating the repair and
consequences of DNA crosslinks in metazoan de-

velopment and in adult post-mitotic and proliferative
germ cells.

INTRODUCTION

Damage to genetic material can arise from spontaneous
hydrolysis or through reactions with chemical or physical
agents produced intracellularly or found within the envi-
ronment (1,2). Such damage includes a range of simple
and bulky (helix-distorting) base modifications, abasic sites,
phosphodiester strand breaks and interstrand crosslinks
(ICLs), to name a few. Persistent DNA modifications can
lead to mutagenic changes in the cell’s genetic blueprint or
cause arrest of the transcriptional or replicative machinery,
which can activate cell death responses. These outcomes un-
derlie disease development and likely contribute to the ag-
ing process (3).

ICLs covalently link the two-paired strands of DNA (4).
As such, they pose a major impediment to transcription
and replication, which require strand separation to be ef-
ficiently executed. Since ICLs are likely formed naturally
in cells through reactions with endogenous chemicals, such
as the lipid peroxidation product malondialdehyde (5), or
via reactions of the aldehyde group of a spontaneously-
formed or enzyme-derived abasic site in DNA with a nor-
mal base on the opposite strand (6,7), organisms have
evolved elaborate mechanisms to remove these deleterious
lesions from the genome. The most well characterized path-
ways are those linked to DNA replication, called into play
when the replication fork collides with an ICL (8,9). In sit-
uations of dual-fork (and most likely single-fork) conver-
gence, the stalled replicative CMG (MCM2–7) helicase is
displaced by a BRCA1/BARD1 complex, facilitating the
eventual activation of the Fanconi anemia (FA) pathway.
FA is a genetic disorder characterized by congenital ab-
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normalities, bone marrow failure, cancer predisposition and
profound sensitivity to crosslinking agents (10–13). Follow-
ing assembly of the repair machinery at the site of the ICL,
the crosslink is unhooked by incisions on the strand oppo-
site the approached replication fork via nucleases that re-
main controversial, yet likely include the multi-functional
ERCC1/XPF complex (14–16), leading to the formation of
a DNA double-strand break. The current model, which is
largely based on genetic studies, proposes that bypass syn-
thesis is then carried out across the crosslink remnant by
a translesion DNA polymerase to generate an intact du-
plex that is used as a template for resolving the double-
strand break via RAD51-mediated homologous recombi-
nation (HR), prior to the resumption of DNA synthesis
(17). Global genome nucleotide excision repair (GG-NER)
is presumed to remove the lingering remnant (4). Notably,
recent evidence indicates that in most situations when a
replication fork encounters an ICL, FANCM facilitates
replicative traverse via an unknown mechanism, leading to
the formation of a DNA intermediate that ultimately re-
quires the same processing steps as outlined above (18).

In addition to the replication-associated responses,
replication-independent mechanisms exist that involve ICL
identification by either GG-NER recognition proteins or
a transcription-coupled NER (TC-NER) process that is
called into action upon RNA polymerase arrest at the
site of the blocking lesion. In the former situation, the
GG-NER recognition complex comprised of XPC and
RAD23 initiates a classic NER response that involves inci-
sion events executed by ERCC1/XPF and potentially XPG
to mediate unhooking (19). Alternatively, the 5′-3′ exonu-
clease SNM1A, a PSO2 homolog, follows 5′ incision by
the ERCC1/XPF complex to guide unhooking by nuclease
degradation through the ICL (20). In either case, once un-
hooked, the generated DNA gap is filled by a translesion
DNA polymerase, which carries out synthesis across the
crosslink remnant, prior to sealing of the nick and a subse-
quent round of GG-NER. In situations where RNA poly-
merase II encounters the ICL, transcription likely arrests,
activating a transcription-associated response that aims to
resolve the lesion prior to the resumption of RNA synthesis
(21). In the classic TC-NER response, factors central to fa-
cilitating the repair process are CSA and CSB, proteins de-
fective in the premature aging disorder Cockayne syndrome
(CS). Following the initial recognition event, the steps of
ICL removal in the transcription-associated response would
presumably be similar to that of GG-NER, i.e. incision,
unhooking, gap-filling, ligation and another round of clas-
sic GG-NER. While evidence indicates that mismatch re-
pair (MMR) recognition complexes, such as MSH2/MSH3
(a.k.a. MutS�), can specifically bind to DNA ICLs (22–24),
the role of the pathway in either facilitating removal of these
lesions or activating cell death responses remains unclear
(25–29).

Psoralen is the parent compound in a family of natu-
ral products known as furanocoumarins (depicted in Fig-
ure 1A) (30). It is produced naturally in the seeds of the
plant, Psoralea corylifolia and is found in celery, parsley and
all citrus fruits. Psoralen is a photoactivatable agent, which
when combined with UV light, can be used to treat sev-
eral hyperproliferative skin conditions, including psoriasis,

eczema and vitiligo, as well as cutaneous T-cell lymphoma.
Evidence indicates that the clinical efficacy of psoralen is
related to its ability to intercalate into DNA and, upon ac-
tivation by UVA irradiation, generate lethal monoadducts
and ICLs. Trioxsalen, 4, 5′, 8-trimethylpsoralen (TMP),
is a psoralen derivative (Figure 1B). Its unique chem-
istry permits a very high degree of ICL formation rela-
tive to DNA monoadducts (estimated to be 10:1 in human
cells) upon UVA activation (18). Other DNA crosslinking
agents, such as cisplatin and mitomycin C, produce only a
small fraction of ICLs among the total number of DNA
adducts formed, in addition to inducing conditions of ox-
idative stress (4). Considering the intrinsic characteristics
of the various crosslinking agents, TMP is a powerful tool
to examine mechanisms specifically related to ICL repair,
with a limited concern for the ancillary issues related to
monoadduct formation.

While much work has gone into characterizing the re-
pair mechanisms for ICLs, there remain questions and con-
troversies regarding the players that are involved in ICL
recognition and resolution. We have employed the nema-
tode, Caenorhabditis elegans, as a genetically-tractable, mul-
ticellular model organism to determine the contribution
of specific DNA repair factors in the resistance to the
crosslinking agent TMP + UVA (TMP/UVA). Prior work
in C. elegans, which retain many of the basic DNA dam-
age response mechanisms (31,32), has revealed contribu-
tions of the MRT-1 (SNM1 homolog) and FAN-1 nucle-
ases (33,34), as well as a number of conserved FA gene ho-
mologs, such as FCD-2 (FANCD2), the DOG-1 helicase
(FANCJ/BRIP1/BACH1) and FNCM-1 (FANCM) (35–
37), in ICL repair. However, a broader, comparative assess-
ment of factors and associated repair pathways that may
contribute to the removal of toxic ICLs has not been ex-
plored in worms.

C. elegans shares many of the essential biological pro-
cesses that are central to human biology, including embryo-
genesis, morphogenesis, development, nerve function, be-
havior and aging. Moreover, the nematode allows the anal-
ysis of the consequences of DNA damage in distinct tissue
types during animal development and aging (see Supple-
mentary Figure S1 for life cycle). In particular, most somatic
cell divisions occur during early embryonic development,
while during larval development, differentiated cells mostly
grow in size. In adult worms, somatic tissues are terminally-
differentiated, whereas germ cells continue to undergo mi-
totic and meiotic cell divisions. C. elegans therefore provides
a powerful model for interrogating the roles of DNA repair
systems in proliferated germ cells, during meiotic recombi-
nation and in the maintenance of differentiated cell types.
Following the establishment of an effective treatment reg-
imen, we screened a series of DNA repair mutant strains
for sensitivity to TMP/UVA relative to treatment with the
vehicle plus UVA only (DMSO/UVA). Our studies provide
new insight into the genetic factors and associated molecu-
lar pathways needed for protection against the devastating
biological consequences of DNA ICLs.
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Figure 1. Effect of the different treatment paradigms on wild-type (WT) and xpf-1 mutant worms. Chemical structures of psoralen (A) and TMP (B).
(C) Visual images. Scenarios include untreated control, DMSO only (no UVA), TMP only (no UVA), DMSO plus UVA (DMSO/UVA) and TMP/UVA.
Photographs were taken at day 3 after the designated treatment paradigm (see Supplementary Figure S2 for representative experiment). Black bar = 1
mm. (D) Sensitivity plots. Shown are the averages and standard deviations from either five (xpf-1) or eight (WT) independent experimental data points.
The images and results depicted (percentage of L4/adult worms of total) were obtained after exposure of L1 worms to DMSO or TMP (30 �g/ml) for 60
min, and then UVA irradiated for 60 s (as indicated). P-value (TMP/UVA) = 0.00008. Pathophysiological consequences of TMP/UVA exposure on the
germline (E) and vulva (F) of WT worms. Differential interference contrast (DIC) images are shown of untreated (UNT), age-matched WT worms or WT
L1 worms that were subjected to the standard protocol of TMP/UVA (see above) and then photographed 3 days after treatment. In the UNT animals,
note the normal germline, oocyte and embryo organization (panel E) and the normal vulva and internal structure (panel F). The white arrow designates
the protruding vulva of the TMP/UVA treated worm. Black bar = 100 micron.

MATERIALS AND METHODS

Nematode strains and reagents

C. elegans were maintained according to standard protocols
(38). The strains and associated mutant alleles were as fol-
lows (see also Table 1): N2: wild-type (WT) Bristol isolate,
brc-1(tm1145) III., brc-2(tm1068) III/hT2 [bli-4(e937)
let-?(q782) qls48] (I;III), cku-80(ok861), csa-1(tm5232)
II., csb-1(ok2335) X., dog-1(gk10) I., ercc-1(tm2073) I.,
ercc-1(tm1981) I., exo-1(tm1842) III., exo-3(ok3539) I.,
fan-1(tm423) IV., fcd-2(tm1298) IV., gen-1(tm2940) III.,
him-6(e1104) IV., him-18(tm2181)/qC1 [dp7–19(e1259)
glp-1(q339) qls26] III., mrt-1(e1354) I.,msh-2(ok2486) I.,
mus-81(tm1937) I., nth-1(ok724) III., slx-1(tm2644) I.,
wrn-1(gk99) II., xpa-1(ok698) I., xpc-1(tm3886) IV., xpf-
1(tm2842) II., xpf-1(e1487) II., xpg-1(tm1670) I. The
Bristol N2 isolate is the standard WT reference strain used
in the community, and all mutant strains employed have
been derived from this isolate. Mutant alleles have been gen-
erated via previous mutagenesis screens relying on mono-
functional alkylating agent treatment (e.g. ethylmethanesul-
fonate), and deletion alleles have been produced by vari-
ous consortia typically using TMP/UV mutagenesis. The
mutant alleles have been backcrossed several times, and all
mutant strains are publicly available from the C. elegans
Genome Center (Wisconsin) or the National Biosource
(Japan), and more completely described at wormbase.org.
TMP (cat. no. T6137) was purchased from Sigma.

Treatment protocol

Animals were synchronized at L1 stage via standard
hypochlorite treatment (39). Stock TMP was prepared the
day of use in dimethyl sulfoxide (DMSO) at a final con-
centration of 2 mg/ml. Approximately 500–1000 L1 worms
were incubated in a final volume of 400 �l with freshly pre-
pared TMP at a final concentration of 30 �g/ml for 1 h
while rotating. After transfer to a 6-well plate, worms were
exposed to UVA (365 nm) for 60 s (∼480 J/m2; unless in-
dicated otherwise). Worms were collected and washed with
M9 medium, before being plated on NGM-OP50 plates to
monitor and record development and viability with a stere-
omicroscope. Worms were maintained at 20◦C in the dark
and monitored as needed. To study the DW104 (brc-2 mu-
tant) and CV98 (him-18 mutant) strains, we treated ∼2000
animals with TMP/UVA as above, and recorded develop-
ment and viability via fluorescent stereomicroscopy to dis-
tinguish the balanced heterozygous (GFP-positive) from
the homozygous mutant populations (GFP-negative). In
the case of synchronized young adults, ∼200 worms were
treated as above with TMP/UVA, with UVA exposure being
carried out for 4 min. Statistical comparisons, where appro-
priate, were conducted in Excel using the t-test: Two-Sample
Assuming Unequal Variances program.

Visualization of genotoxic agent effects

Worms were mounted on 2% agarose pads and imaged us-
ing a Zeiss Axio Imager Z.2 equipped with differential in-
terference contrast (DIC) optics in 10× and 40× objectives.
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Table 1. Mutant strain summary

Gene name (human
equivalent) Biochemical function

Primary
pathway(s) Strain Allele

TMP/UVA sensitivity
(L1 treatment)

xpa-1 Damage recognition NER RB864 ok698 Severe (L2)
xpc-1 Damage recognition NER FX03886 tm3886 High
csa-1 Ubiquitin ligase complex TC-NER FX0532 tm5232 None
csb-1 SWI1/SNF2 ATPase TC-NER RB1801 ok2335 None
xpf-1 Endonuclease NER; ICLR TG1660, CB1487 tm2842, e1487 Severe (L1/L2)
ercc-1 XPF-1 partner NER; ICLR FX02073, TG163 tm2073, tm1981 Severe (L2/L3)
xpg-1 RAD2 endonuclease NER TG1565 tm1670 Severe (L1/L2)
nth-1 Glycosylase BER RB877 ok724 None
exo-3 (APE1) AP endonuclease, exonuclease BER RB2548 ok3539 None
msh-2 Mismatch recognition MMR RB1913 ok2486 None to moderate
cku-80 DSB end-binding factor NHEJ RB964 ok861 None
brc-1 (BRCA1) Scaffold HR DW102 tm1145 Moderate
brc-2 (BRCA2/FANCD1) Scaffold HR; ICLR DW104 tm1086 None
fcd-2 (FANCD2) Effector factor ICLR NB105 tm1298 None to moderate
dog-1 (FANCJ) Helicase ICLR VC13 gk10 High
him-6 (BLM) Helicase Replication fork CB1138 e1104 None
wrn-1 Helicase Replication fork VC174 gk99 None
exo-1 Nuclease MMR; HR SSM72 tm1842 Moderate
fan-1 Nuclease ICLR TG1568 tm423 Germline-specific
gen-1 Nuclease HR TG1540 tm2940 None
mrt-1 (SNM1) Nuclease ICLR YA1116 tm1354 None
mus-81 Nuclease ICLR TG1760 tm1937 High
slx-1 Nuclease ICLR TG1868 tm2644 Germline-specific
him-18 (SLX4) SLX-1 partner ICLR CV98 tm2181 None

Information regarding gene name in C. elegans, the human gene equivalent (where significantly different), the primary DNA repair pathway associated with the encoded protein
(in humans), and the worm strain and mutant allele (used herein) is provided. In addition, the degree of sensitivity to the standard TMP/UVA treatment relative to WT is listed,
as well as the latest stage of developmental arrest where relevant. AP = apurinic/apyrimidinic; DSB = double-strand break.

Assessment of pharyngeal pumping

Animals were hypochlorite-synchronized and grown to
young adult stage. Approximately 500 animals were ex-
posed to the DMSO or TMP treatment protocol, followed
by 120 s UVA exposure (∼960 J/m2). Subsequently, ani-
mals were plated and pharyngeal pumping of 15 individual
worms per strain and condition was assessed 48 and 72 h
post-treatment by counting grinder movements under the
stereomicroscope for 30 s per animal.

Measurement of adult survival

After hypochlorite-synchronization, animals were grown
to young adult stage and subjected to DMSO or TMP
treatments, followed by 120 s UVA exposure (∼960 J/m2).
Animals were subsequently plated on OP50-seeded plates.
Next, ∼150 animals per strain and condition were counted
and transferred to fresh OP50-seeded plates every second
day until day 8 of adulthood. From then on, animals were
transferred every fourth day and continuously counted ev-
ery second day until death. Dead animals were tested for
touch response by poking with a platinum wire and close
observation of residual pumping movements in the phar-
ynx. Dead animals were scored and removed from the plate.
We censored animals that died from internal hatching or es-
caped from the plate.

Measurement of embryonic lethality

Animals were hypochlorite-synchronized and grown for
72 h at 20◦C into day 1 adults, and then treated with
TMP/UVA at 0, 30, 60 and 120 (∼960 J/m2) s of irradia-
tion. Animals were allowed to recover for 3 or 24 h on OP50-
seeded plates. Subsequently, four animals of each treatment
were transferred in triplicate to fresh OP50 seeded 60 mm
plates and allowed to lay eggs for 2 h. After removal of the

adults, the number of eggs was counted, and 48 h later the
number of offspring was counted to quantify hatching effi-
ciency.

RESULTS

Development of a TMP/UVA screening strategy

Psoralen has previously been used to induce mutagenesis
in C. elegans (40). To verify that the combination of TMP
and UVA irradiation would elicit a measurable response, we
initially determined the relative sensitivities of Bristol N2
WT and xpf-1(tm2842) mutant L1 worms to TMP/UVA
treatment. XPF is a binding partner of ERCC1, and the het-
eroprotein complex has been reported to operate as an en-
donuclease in processes involved in bulky adduct removal
(i.e. NER) and ICL resolution (16). Moreover, studies in
yeast and mammalian cells indicate a clear role for the
nuclease complex in crosslinking agent resistance. To con-
firm a conserved function in C. elegans and to establish the
TMP/UVA assay, we employed mutant worms that carried
the deletion allele xpf-1(tm2842) (from here on xpf-1).

The treatment protocol is described in detail in the ‘Ma-
terials and Methods’ section. Briefly, arrested L1 larvae
were prepared, incubated in M9 medium with vehicle only
(DMSO) or TMP for the indicated time (typically 60 min),
exposed to UVA (365 nm) irradiation as designated (typ-
ically 60 s), washed and then plated to monitor develop-
ment and survival. Some general observations regarding the
L1 screening strategy include: (i) TMP exposure alone, i.e.
without UVA irradiation, had no obvious effect on worm
viability or function; (ii) incubation of worms with TMP
for 15 min was insufficient for an optimal TMP/UVA ef-
fect (likely due to poor up-take and/or distribution of the
chemical agent), whereas 60 min incubations resulted in a
detectable biological outcome; and (iii) at least a 20 s UVA
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exposure (∼160 J/m2) was required to activate the TMP
compound and produce an observable effect.

Once the treatment strategy was established, we com-
pared the TMP/UVA sensitivity of WT and xpf-1 L1
worms, evaluating varying doses of UVA (365 nm) irradi-
ation. Our experiments revealed a clear and dramatic UVA
dose-dependent hypersensitivity of the mutant worms to
the combination of TMP/UVA relative to the WT con-
trol animals. Indeed, after incubation with TMP (final con-
centration of 30 �g/ml) for 60 min, a complete absence
of fully-developed L4 larval stage or adult worms was ob-
served for the DNA repair mutant 3 days after UVA expo-
sures of 60 s (480 J/m2) or longer (Figure 1C and D; Sup-
plementary Figure S2). Based on visual inspection of the
xpf-1 mutants at 3, 6 and 10 days post-TMP/UVA60 or
TMP/UVA90 treatment, irreversible developmental arrest
occurred around L1/L2, although precise staging is com-
plicated by the overall poor condition of the surviving ani-
mals. In addition, no progeny (i.e. egg laying) was observed
in the xpf-1 TMP/UVA-treated samples during the 10 days
of monitoring, consistent with the limited development and
a dysfunctional germline. While the WT strain did experi-
ence a TMP/UVA dose-dependent sensitivity, L4 and adult
worms were observed even at the 90 s UVA (∼720 J/m2)
exposure (Supplementary Figure S2; ∼22% of total in rep-
resentative experiment shown), as were progeny, although
severe somatic and germline defects were evident in a large
portion of the survivors.

Pathophysiological consequences of TMP/UVA treatment

To gain insight into how TMP elicits its detrimental phys-
iological effects, we visualized WT worms via DIC mi-
croscopy 3 days after the standard TMP/UVA60 treat-
ment of L1 animals. Beyond lethality (i.e. the presence
of corpses), the obvious physical anatomical abnormali-
ties and impaired mobility, inspection of adult or near-
adult worms revealed three major classes: (i) normal worms
(ii) worms with a disrupted germline (Figure 1E); and
(iii) bags of worms resulting from internal hatching, as-
sociated with a protruding vulva and matricide (Figure
1F, see arrow). Indeed, class (iii) worms were quite com-
mon among the TMP/UVA60-treated survivors. Analy-
sis of the less developed, younger appearing WT worms
also revealed phenotypes of internal hatching, germline dis-
ruption, empty uterus, high numbers of sperm, a dumpy
physical appearance and the exploded phenotype (unpub-
lished observations). Thus, TMP/UVA treatment causes
both somatic (e.g. reduced growth and uterus muscle fail-
ure) and germline defects, which are apparently exacerbated
in a relevant DNA repair-deficient background, such as
xpf-1. The pathophysiological analysis demonstrates pre-
mature functional deterioration of multiple tissues con-
sistent with widespread homeostatic disturbance by ICL-
associated genotoxic stress.

Identification of TMP/UVA-sensitive DNA repair mutants

The observed dramatic difference in sensitivity to
TMP/UVA between the WT and xpf-1 mutant worms
encouraged us to apply this approach to identify genetic

factors in C. elegans that contribute to ICL repair. We
examined a set of mutants for conserved genes that span
the different DNA repair pathways (summarized in Table
1), evaluating development and survival of L1 worms
after the standard treatment protocol (TMP/UVA60): a
60 min incubation with 30 �g/ml TMP and a 60 s UVA
(480 J/m2) exposure. Our studies revealed a similar high
sensitivity of the xpf-1, ercc-1(tm2073), xpg-1(tm1670)
and xpa-1(ok698) mutant strains (Figure 2A, P-value <
0.00005). Specifically, in these four cases, arrest occurred
early in the developmental process (Table 1 and Supple-
mentary Figure S3), and no progeny were seen up to 10
days post-treatment, indicative of severe consequences of
the TMP/UVA60 exposure to both mitotic and meiotic
cell lineages. A pronounced and significant sensitivity was
also observed for xpc-1(tm3886) > dog-1(gk10) > mus-
81(tm1937) (P-value ≤ 0.005), although there were a few
surviving worms that developed to at least L4/adult and
offspring were present by day 10 (Table 1, Figure 2A and
Supplementary Figure S3). Although borderline significant
in terms of developmental arrest, a clear and reproducible
sensitivity was caused by the brc-1(tm1145) (P-value
= 0.055) and exo-1(tm1842) (P-value = 0.018) alleles.
While fcd-2(tm1298) (P-value = 0.97) and msh-2(ok2486)
(P-value = 0.26) showed no statistically significant defect
in terms of animal development following TMP/UVA ex-
posure (Figure 2A), the former exhibited an increase in the
frequency of exploding worms (Avid phenotype) and the
latter displayed what appeared to be reduced egg laying in
comparison to WT. The slx-1(tm2644) and fan-1(tm423)
mutants presented a composite phenotype, with worms
developing similarly to WT animals after the TMP/UVA60
treatment (P-value = 0.77 and 0.98, respectively; Figure
2A), yet showing severe, selective germline defects (see
below) that resulted in sterility. Consistent with the slx-1
findings, mutation of its binding partner him-18(tm2181)
(homolog of human SLX4), imparted no sensitivity to
TMP/UVA60 in terms of animal development; germline-
specific sensitivity could not be determined due to the
intrinsic embryonic lethality of the him-18 mutant strain
(41). No obvious effect in larval development or germline
integrity was seen with the csa-1(tm5232) (P-value = 0.61),
csb-1(ok2335) (P-value = 0.68), nth-1(ok724) (P-value =
0.89), exo-3(ok3539) (P-value = 0.067), cku-80(ok861)
(P-value = 0.63), brc-2(tm1086) (P-value = 0.52), gen-
1(tm2940) (P-value = 0.99), mrt-1(tm1354) (P-value =
0.72), wrn-1(gk99) (P-value = 0.83) and him-6(e1104)
(P-value = 0.83) single mutants when treated with the same
dose of TMP/UVA60 (Table 1, Figure 2A, Supplementary
Figure S3 and unpublished observations).

Using DIC microscopy, we imaged individual adults of
the strains that showed high or modest sensitivity (i.e. dog-
1, mus-81, brc-1, exo-1, msh-2, fan-1 and slx-1) 3 days
post-genotoxic treatment. Some of the general observations
were as follows: (i) each strain exhibited phenotypes sim-
ilar to those observed in WT worms, such as disrupted
germline, egg retention and protruding vulva (see previous
section), with these outcomes typically more pronounced in
the repair-deficient strains; (ii) msh-2 mutant animals exhib-
ited a near WT appearance, but showed increased propen-
sity for a protruding vulva and possibly egg retention (con-
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Figure 2. Response of various DNA repair-defective strains to TMP/UVA. (A) Relative L4/adult development. Shown are the averages and standard
deviations of the relative development (mutant L4/adult percentage relative to WT) of at least three independent experimental data points. The P-values
from the ‘two-tail test’ using the ‘t-test: Two-Sample Assuming Unequal Variances’ program in Excel are provided in the text. (B) Representative DIC
images of slx-1 and fan-1 mutant worms. Images were taken 3 days after standard TMP/UVA treatment of L1 worms.

sistent with reduced egg laying; see previous section); (iii)
dog-1 and exo-1 mutant animals displayed increased sus-
ceptibility for rupture in comparison to WT and the other
strains, suggesting a weakening of the cuticle; and (iv) fan-
1 and slx-1 mutant animals had WT-like mitotic features,
yet possessed no or a disorganized, non-functional germline
(resulting in sterility), with little polarity or directionality, a
phenotype that was more severe than for the other mutant
strains (fan-1 was slightly worse than slx-1); fan-1 animals
also displayed an increased likelihood of a protruding vulva
(Figure 2B). Finally, we note that a more detailed analysis
into the large number of male worms consistently present
in the xpf-1 population revealed that this strain exhibits
a high-incidence-of-males (HIM) phenotype, presumably
stemming from a DNA repair defect and intrinsic genome
instability (41).

Roles for both GG- and TC-NER in TMP/UVA resistance

Our prior work with the human CSB protein, which oper-
ates as a key mediator of TC-NER and is defective in CS,
revealed a role for the SWI2/SNF2 ATPase family mem-
ber in ICL repair, particularly in non-cycling cells (42).
We therefore explored further the possible contribution of
CSB to TMP/UVA resistance in worms. XPC is a ma-
jor recognition factor for the GG-NER response, and our
screening assay revealed a significant role for this protein

in protecting L1 worms from the developmental toxicity of
TMP/UVA (see previous section), although to a lesser ex-
tent than other NER factors, such as XPA, which partici-
pates in both GG-NER and TC-NER (43). We did not see
an obvious role for CSB in protection against the genotoxic
consequences of the DNA crosslinking paradigm (see previ-
ous section), possibly implying a back-up role for TC-NER
in the removal of ICLs. To examine this possibility, we deter-
mined the sensitivity of WT, xpc-1 and csb-1 single mutant,
and xpc-1(tm3886);csb-1(ok2335) double mutant worms
to TMP/UVA60 using our standard L1 protocol (Figure
3). These experiments uncovered a more severe sensitivity
of the double mutant strain to TMP/UVA60 in compari-
son to the WT, csb-1 or xpc-1 strains, with developmental
arrest occurring at or before the L2 stage (similar to the xpa-
1 strain; see previous section). Thus, our genetic data indi-
cate that while GG-NER plays a more prominent role in
ICL repair responses during animal development, the two
sub-pathways of NER can play compensatory roles in ICL
removal.

Effect of TMP/UVA treatment on adult pharyngeal pumping
and egg laying

We next extended our analysis to young adults, which are,
except for the germline, post-mitotic. We initially evalu-
ated the effects of DNA crosslink induction on pharyn-
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Figure 3. Increased TMP/UVA sensitivity of the xpc-1;csb-1 double mutant strain in comparison to WT or either single mutant strain alone. (A) Visual
images. L1 worms were treated with either DMSO or TMP (30 �g/ml) for 60 min, and then UVA irradiated for 60 s. Photographs were taken at day 3
after the designated treatment paradigm. Black bar = 1 mm. (B) Sensitivity plots. Plotted is the percentage of L4/adult worms per total for each treatment
group from a representative experimental run (number of L4/adult worms per total indicated above).

geal pumping, a phenomenon that (i) engages the phar-
ynx, a neuromuscular tissue that facilitates food intake, (ii)
declines as animals age and (iii) is commonly used to as-
sess the functional maintenance of somatic tissue and the
health status of the worm. After establishing effective treat-
ment conditions for adult worms, i.e. 30 �g/ml of TMP
and 120 s of UVA (TMP/UVA120; ∼960 J/m2), we deter-
mined the relative sensitivities of a select set of mutant ani-
mals. Our studies revealed that adult WT worms exhibited a
slight, yet statistically insignificant, reduction in pharyngeal
pumping behavior at 48 and 72 h post-TMP/UVA120 treat-
ment (Figure 4), whereas a significant defect was seen with
the xpa-1, xpf-1, ercc-1 and csb-1;xpc-1 mutant strains. No-
tably, in contrast to what was observed with the L1 animals
(see earlier), we found that adult worms deficient only for
CSB-1 displayed a robust drop in pharyngeal pumping at
72 h post-treatment, whereas the xpc-1 mutants did not; the
dog-1 mutant worms appeared like WT as well (Figure 4).
These results emphasize a prominent, context-specific role
for components of GG-NER and TC-NER in TMP/UVA
resistance, and imply that in adults, the latter may take on
greater importance due to the post-mitotic nature of the an-
imal.

To determine the contribution of the same set of repair
factors in protecting the germline from the adverse effects
of DNA ICLs, we treated adult animals with 30 �g/ml of
TMP and varying doses of UVA (0, 30, 60 and 120 s), and

subsequently measured egg-laying and hatching rates to cal-
culate embryonic survival. We found that embryonic sur-
vival in WT animals was increasingly impaired in a UVA
dose-dependent manner (Figure 5). Moreover, xpa-1, xpf-1,
ercc-1, xpc-1, csb-1;xpc-1 and dog-1 mutant strains showed
a sharp, dose-dependent reduction in the number of viable
embryos, with a slightly less pronounced effect seen in csb-1
animals, at both 3 h and 24 h post-treatment. These results
further highlight cell type-specific roles for GG-NER and
TC-NER in the response to TMP/UVA-induced genotoxic
stress, and reveal that loss of dog-1, the ICL-repair factor
homolog of FANCJ, uniquely protects the germline from
crosslink damage.

Effect of TMP/UVA on longevity

Prior studies have suggested the involvement of naturally
occurring DNA ICLs in promoting premature aging fea-
tures. In particular, a patient harboring a pathogenic XPF
mutation showed dramatic progeroid symptoms, which
were very similar in nature to the phenotypes observed in an
ERCC1-defective mouse model and cells isolated from the
patient displayed profound crosslinking agent sensitivity in
culture (44). To further explore the role that DNA damage
might play in the aging process, we determined the lifes-
pan of a set of genetically defined adult worms following a
mild TMP/UVA treatment. In brief, WT, xpf-1, xpa-1 and
dog-1 young adult worms were treated with TMP/UVA120,
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Figure 4. TMP/UVA treatment decreases pumping rates in DNA repair-defective strains. Animals were treated as young adults and pumping rates of
individual worms (n = 15) were measured for 30 s. (A) Pumping rates 48 h after treatment and (B) 72 h after treatment of the same population. Significance
test was performed in comparison to WT TMP/UVA-treated with **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired, non-parametric Mann–Whitney
test). Error bars show SEM.

Figure 5. TMP/UVA treatment affects embryonic survival in certain DNA repair-defective strains. Animals were treated as young adults with varying
UVA doses and egg laying/hatching rates were measured (A) 3 h post-treatment and (B) 24 h post-treatment. Error bars show standard deviation.
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and then monitored for their structural and physiological
fitness. Strikingly, though the xpf-1 strain did show mor-
phological changes following DMSO/UVA or TMP/UVA
treatment at adult day 8 (i.e. reduced size and some tissue
decline relative to the unirradiated DMSO control), long-
term survival of the mutant worms was not affected by the
TMP/UVA120 treatment; a similar overall pattern was ob-
served with the dog-1 mutant strain, but without the mor-
phological aberrations (Figure 6 and Table 2). Conversely,
the combined TMP/UVA120 treatment of the xpa-1 mu-
tant strain resulted in a significantly reduced lifespan, as
well as tissue- and functional-declines that resemble a pre-
mature aging phenotype (i.e. reduced mobility, destruction
of muscle, intestine and germline tissue, etc.), in compar-
ison to the DMSO and DMSO/UVA controls. These re-
sults indicate that genotoxic damage can have profound
consequences on the longevity and healthspan of animals
in context-specific manners.

DISCUSSION

Using a simple metazoan species (C. elegans) and a series
of genetically defined mutant animals, we aimed to iden-
tify major pathways involved in ICL repair by examin-
ing sensitivity to the DNA crosslinking paradigm of TMP
plus UVA. Our work specifically determined the effect of
TMP/UVA on embryonic survival, larval development, tis-
sue functionality and lifespan in adult animals. Our stud-
ies indicate a prominent role for components of the NER
pathway, such as XPA and XPF, in resolving toxic DNA
crosslink damage. We also uncovered distinct and compen-
satory roles for the GG-NER and TC-NER sub-pathways
in removing ICLs, as revealed by the sensitivity profiles of
the xpc-1;csb-1 double mutant strain in comparison to ei-
ther single mutant alone. Beyond the various NER-related
factors, the recombination protein BRC-1 (BRCA1) played
a measurable role in TMP/UVA resistance, consistent with
HR operating as a prominent pathway in ICL resolution.
Conversely, our studies suggest at best a minor role for the
MMR system, and no obvious contribution of base exci-
sion repair (BER) or non-homologous end-joining (NHEJ),
to ICL processing. The role of the FA pathway in ICL
removal, at least in somatic cells during larval develop-
ment, appears to be minor as well (and thus perhaps not
well-conserved), since TMP/UVA treatment of the brc-2
(BRCA2/FANCD1) and fcd-2 (FANCD2) L1 worms had
minimal, if any, effect. Of the three helicases examined, only
DOG-1 (FANCJ/BRIP1/BACH1), and not the WRN or
BLM homologs, was found to participate in the clearance
of toxic crosslinks from the genome of developing animals;
DOG-1 also functioned in protecting the germline, but not
somatic tissues, such as the pharynx, when TMP/UVA
was administered at the young adult stage. Of the nucle-
ases outside of classic NER, only MUS-81 and to a lesser
extent EXO-1, showed clear roles in coping up with the
TMP/UVA-induced DNA damage in the whole organism.
Loss of fan-1 or slx-1 resulted in germline-restricted sen-
sitivity, revealing context-dependent contributions of these
two nucleases in our experimental paradigm; no obvious
role was observed for the GEN-1 or MRT-1 (SNM1) nu-
cleases in DNA ICL repair.

Our studies involving the treatment of L1 worms indi-
cate prominent roles for the C. elegans homologs of XPF,
ERCC1, XPA and XPG in the protection against the dev-
astating effects of DNA ICLs. A function for the XPF-
ERCC1 structure-specific endonuclease in ICL repair has
long been recognized, where the enzyme complex is presum-
ably responsible for cleaving 5′ to the crosslink to initiate
the unhooking process (45). Defects in this protein com-
plex have been associated with profound cellular sensitiv-
ity to DNA crosslinking agents, as well as the genetic disor-
ders xeroderma pigmentosum, XFE progeria syndrome, FA
and CS, which are characterized by developmental short-
comings, cancer predisposition and/or premature aging fea-
tures (16). Although under-appreciated and often incor-
rectly presented in the literature (discussed in (19)), there
are multiple lines of evidence indicating roles for other NER
factors, e.g. XPA, XPB, XPD and XPG, in ICL repair.
XPA is a non-enzymatic DNA binding protein that partic-
ipates in both GG-NER and TC-NER, enabling damage-
verification and assembly of the NER incision complexes
after recognition by either XPC or the TC-NER (CSB) ma-
chinery; XPA has also been shown to directly interact with
the XPF-ERCC1 nuclease (46). XPG, a separate structure-
specific endonuclease in classic NER, has been suggested
to enable the initial unhooking process by cleaving 3′ to
the ICL, at least in one repair scenario (47). While the
prominence of the NER pathways in ICL resistance ap-
pears to be maintained in lower eukaryotes, namely the bud-
ding yeast Saccharomyces cerevisiae (48), the NER systems
have seemingly reorganized their overall contributions in
humans, with perhaps a movement toward the more com-
plex FA/HR-associated processes, particularly in actively
dividing cells (discussed further below). Nevertheless, the
sensitivity findings presented here strongly support the ex-
istence of replication/recombination-independent mecha-
nisms that engage core NER factors to carry out recogni-
tion and excision of DNA ICLs (26,49) (Figure 7, left).

Treatment of either L1 or young adult worms with
TMP/UVA provided a distinct picture of the relative con-
tributions of the NER proteins/pathways to ICL repair. In
C. elegans, most somatic cell divisions occur during early
embryogenesis, when 558 of the total 959 somatic cells
are born. In the ensuing larval development phase (L1–
L4; Supplementary Figure S1), the differentiated cells grow
mostly in size, with limited overall cell division. In adult
animals, the somatic tissues are entirely terminally differ-
entiated (i.e. non-replicating and post-mitotic), with only
germ cells participating in active proliferation. These fea-
tures of the nematode’s biology allow assessment of the dis-
tinct involvement of DNA repair pathways in proliferat-
ing embryonic or germ cells or mostly post-mitotic somatic
cells. In our analysis, the xpf-1, ercc-1, xpa-1 and csb-1;xpc-
1 mutant strains were found to exhibit robust hypersensi-
tivity to TMP/UVA independent of the treatment stage,
while the protective role of XPC and CSB was dependent
on the timing of genotoxin administration. Specifically, the
xpc-1 mutant strain was only hypersensitive (in compari-
son to WT worms) when treated at the L1 stage, and not in
early adulthood, whereas the csb-1 mutant strain showed
the reverse phenotype. Thus, our data indicate that GG-
NER is a major repair route for ICL removal during de-
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Figure 6. Effect of TMP/UVA treatment on lifespan of select DNA repair-defective strains. Animals were treated as young adults (day 0) with either
DMSO-only (black), DMSO/UVA (2 min; blue), or DMSO/UVA (2 min) and TMP (black), and lifespan was measured until death of the population
(compare Table 2).

Table 2. Consequences of TMP/UVA genomic damage on lifespan

Genotype Death events Censored events Median lifespan Max. lifespan P-value

WT (DMSO) 147/97 14/14 18.0 ± 0.0 26.0 ± 0.0
WT (DMSO/UVA) 134/97 14/22 17.0 ± 1.0 26.0 ± 0.0 P > 0.5
WT (TMP/UVA) 142/108 3/12 16.0 ± 0.0 26.0 ± 0.0 P > 0.5
xpf-1 (DMSO) 120/129 32/23 14.0 ± 0.0 26.0 ± 0.0
xpf-1 (DMSO/UVA) 130/136 26/20 13.0 ± 1.0 25.0 ± 1.0 P > 0.5
xpf-1 (TMP/UVA) 146/149 5/2 13.0 ± 1.0 25.0 ± 1.0 P > 0.5
xpa-1 (DMSO) 133/103 18/14 18.0 ± 0.0 26.0 ± 0.0
xpa-1 (DMSO/UVA) 132/84 11/39 20.0 ± 0.0 26.5 ± 0.5 P < 0.001
xpa-1 (TMP/UVA) 140/142 10/8 12.0 ± 0.0 22.0 ± 0.0 P < 0.0001
dog-1 (DMSO) 144/108 12/12 20.0 ± 0.0 30.0 ± 0.0
dog-1 (DMSO/UVA) 136/90 8/8 22.0 ± 0.0 29.0 ± 1.0 P > 0.5
dog-1 (TMP/UVA) 137/94 15/14 22.0 ± 0.0 30.0 ± 0.0 P > 0.5

Shown are the raw results of two independent lifespan experiments (separated by a dash). Young adult worms of the indicated genotype were treated as
designated and monitored for survival. Both death and censored events are reported, as are the median and maximal lifespan. The P-values are calculated
based on comparison of DMSO/UVA120 or TMP/UVA120 to the DMSO-only control using Kaplan–Meier survival analysis.

velopment. TC-NER becomes more critical for resolution
of ICLs when the animal is fully developed and all cells are
terminally-differentiated. This picture is broadly consistent
with the egg-laying and hatching experiments, where GG-
NER was found to have a more significant role in protect-
ing the germline from crosslink damage. Notably, the role
of GG-NER in the removal of UV-induced cyclobutane-

pyrimidine dimers and 6–4 photoproducts is more restricted
to the rapid cell division cycles during early embryogen-
esis and in proliferating germ cells, while somatic tissues
rely mostly on TC-NER during early larval development
(50,51).

Another notable observation is that only the xpa-1 mu-
tant strain, and not the xpf-1 or dog-1 mutant strains,
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Figure 7. Replication-independent and -dependent mechanisms of ICL repair. (Left) Global genome (GG) and transcription-coupled (TC) repair re-
sponses. GG-repair is initiated upon XPC damage recognition. TC-repair is called into action upon RNA polymerase II stalling at a transcription block-
ing lesion, followed by assembly of the repair machinery that involves proteins such as CSA and CSB. From this point, both pathways proceed, in all
likelihood, via the same mechanism, which includes incisions to unhook the crosslink by ERCC1/XPF and XPG; or via 5′ to 3′ exonuclease degradation
across the ICL. Following translesion synthesis (TLS) across the crosslink remnant and nick ligation, a round of classic NER is thought to be conducted
to restore the genome back to its original state. (Right) Recombination-mediated ICL resolution. Upon replication fork collision with a DNA ICL, and
independent of traverse, dual incisions are carried out by nucleases (listed) in a substrate-specific or cell type-specific manner to unhook the crosslink.
Following TLS and ligation, classic NER generates an undamaged and intact chromosome duplex, which is used as the homologous template to carry-out
classic recombination repair involving BRCA1 and RAD51. Helicases, namely DOG-1 (FANCJ), also appear to be involved at some point in the process.

showed a shortened lifespan following TMP/UVA treat-
ment when challenged as a young adult. Though the dog-
1 observation likely stems from its primary role being in
replication-associated ICL repair, the lack of an effect of
TMP/UVA on xpf-1 longevity is more difficult to explain.
One possibility is that xpf-1 mutant animals, which al-
ready exhibit a shortened life expectancy in comparison to
WT, are minimally impacted (in terms of longevity, but not
pumping) by the additional burden of ICLs introduced by
TMP/UVA treatment. Alternatively, there may exist other
mechanisms to carry out unhooking in post-mitotic cells
that don’t require the 5′ incision event of the XPF/ERCC1
nuclease complex, something that can be evaluated through
epistasis analysis. The finding that xpa-1 mutant animals
display a wide range of pathologies and a reduced life ex-
pectancy following TMP/UVA treatment highlights that (i)
this general NER factor plays a critical role in crosslink re-
pair in all cell types and (ii) persistent DNA damage severely
disturbs tissue homeostasis and imparts a prematurely-aged
physical appearance in C. elegans (52).

Recombination pathways, namely HR, have been well
documented for their involvement in resolving DNA struc-
tures that are formed upon replication fork collapse at a
DNA ICL (53). Our data certainly point to HR, and not
NHEJ, in contributing to TMP/UVA resistance, as gleaned
from the sensitivity profiles of the brc-1 (increased) and
cku-80 (no effect) mutant strains, respectively. The some-
what mild hypersensitivity of the brc-1 mutant may in-
dicate that RAD51-mediated HR is still operational, al-
though functioning at reduced efficiency, in the absence
of the BRCA1 protein. Alternatively, due to their intrin-
sic biology as discussed above, worms may rely more on
the NER-directed pathways for ICL resolution than the

recombination-dependent mechanisms (Figure 7). Indeed,
such a feature would indicate that worms employ ICL re-
moval strategies more in-line with those favored by bacteria
and yeast (48). Going forward, it will be worthwhile to more
extensively investigate how distinct mammalian tissues, par-
ticularly post-mitotic cell types, utilize NER for ICL repair.

The contribution of the FA pathway to ICL resolu-
tion appears to be complex in C. elegans. Mutations in
the BRCA genes in humans have been linked to breast
and ovarian cancer predisposition, as well as to FA, a ge-
netic disorder diagnosed by crosslinking agent hypersensi-
tivity (54). While our studies uncovered an important role
for BRC-1 (BRCA1) in TMP/UVA resistance, we did not
see a similar contribution for the related factors, BRC-2
(BRCA2/FANCD1) or FCD-2 (FANCD2). Our work fur-
thermore supports a role for the DOG-1 helicase, which
is homologous to FANCJ/BRIP1/BACH1 in humans, in
the ICL response, an observation that is consistent with
a prior study (36). As mentioned above, the finding that
the dog-1 mutant strain exhibits measurable sensitivity to
TMP/UVA when treated at the L1 stage, or as a young
adult, but only in the germline, is consistent with a selective
role for the protein in the replication-associated responses
(Figure 7, right). Thus, in total, our studies suggest that
BRC-1 and DOG-1 possess functions outside of the classic
FA response and/or that the FA pathway plays a quanti-
tatively lesser role relative to the NER-related mechanisms
in ICL resolution in worms. It will therefore be interest-
ing in the future to expand our germline sensitivity analysis
to include all FA components, as its seems reasonable to
predict that the major functions for the FA/HR-associated
processes in ICL repair will be most prominent in cycling
cells where replication-dependent events predominant. De-
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spite the studies that indicate a role in ICL resolution for the
WRN and BLM helicases, which are defective in the genetic
disorders Werner and Bloom, respectively, we observed no
detectable contribution of the homologs in worms (note:
WRN-1 lacks the exonuclease domain found in the human
protein) to TMP/UVA resistance, implying that their intrin-
sic activities are irrelevant to the major eukaryotic ICL re-
sponses or have evolved to be more specialized, possibly in
some back-up capacity, in mammalian ICL repair (55).

Besides the nucleases involved in NER (see above), we
examined (using the L1 treatment strategy) the protective
role of a range of other conserved processing enzymes, some
of which have been reported to be involved in ICL repair
(56). We did not observe any obvious role for the Holliday-
junction endonuclease, GEN-1, in TMP/UVA resistance,
consistent with the major function of this enzyme being
in the resolution of HR DNA crossover intermediates that
arise because of failed replication events (57). We also did
not see a clear contribution of MRT-1 in protecting against
TMP/UVA genotoxicity, a finding that seemingly conflicts
with prior reports describing a function for the SNM1 pro-
teins in ICL repair (33,58,59). This apparent discrepancy
may stem from the fact that mammals harbor three SNM1
(PSO2) paralogs (SNM1A, SNM1B/Apollo and Artemis),
each potentially having acquired a specialized function in
DNA metabolism, such as SNM1A in ICL repair. MUS-81,
a structure-specific endonuclease, was found to play a clear
and reproducible role in TMP/UVA resistance, though not
to the same extent as XPF-ERCC1. This observation is os-
tensibly in-line with prior work suggesting that the MUS81-
EME1 nuclease complex acts only on a subset of DNA in-
termediates generated after a replication fork collides with
an ICL (56). Our results are some of the first to implicate a
function for EXO-1 in DNA ICL repair (60), albeit a rela-
tively minor one. As a 5′-3′ exonuclease and 5′-flap endonu-
clease (61), the enzyme may operate in a manner similar to
MUS81, in that EXO1 may participate in the resolution of
a particular subset of DNA structures formed during the
ICL repair response. Finally, our studies indicate a critical
role for the structure-specific nucleases FAN-1 and SLX-1
in specifically protecting the meiotic germline, whereas no
obvious defects were seen in the mitotic tissue of the corre-
sponding mutant worms in comparison to WT. This find-
ing implies non-redundant, essential roles for these two nu-
cleases in specific replication-dependent ICL repair events,
perhaps explaining some of the apparent anomalies regard-
ing the molecular participation of FAN1 and SLX1 in ICL
resolution and the varying clinical phenotypes associated
with genetic defects in the different nuclease factors (56).

The contribution of MMR to ICL repair is presently un-
certain (29,62). In particular, published work has indicated
recognition of ICLs by the initiating complexes of MMR
(e.g. MSH2-MSH3), yet defects in the core MMR proteins
have been found to inconsistently affect cellular sensitivity
to agents that induce ICLs, and often lead to increased re-
sistance. Our studies reveal a subtle, albeit reproducible, ad-
verse effect of MSH-2 deficiency on TMP/UVA sensitivity.
This sensitivity appeared primarily as reduced egg laying, a
phenotype that could result from either a mitotic (reduced
egg release) or meiotic (reduced egg production or hatch-
ing) defect. In addition, there is emerging evidence suggest-

ing that BER may affect ICL processing events (63). How-
ever, our results do not support BER playing a major role in
protecting against TMP/UVA-induced ICLs. Nevertheless,
it is important to emphasize that the BER system present
in C. elegans is quite distinct from mammals, in that it lacks
classic BER proteins such as the 8-oxoguanine DNA glyco-
sylase (OGG1), the endonuclease eight (NEIL) homologs,
the scaffold protein X-ray cross-complementing 1 (XRCC1)
and a DNA polymerase � homolog; thus, the participation
of the BER process in ICL responses would seemingly be
best characterized in mammalian model systems.

In closing, the work presented herein has established a
platform to use C. elegans as a model system to define
pathways relevant to DNA crosslink repair during develop-
ment and aging, particularly their roles in mitotically and
meiotically proliferating and terminally differentiated cell
and tissue types. Our studies have revealed prominent roles
for the two sub-pathways of NER, i.e. GG-NER and TC-
NER, with their relative contributions depending on the
time of ICL induction (e.g. during development or adult-
hood). We have also corroborated a significant role for HR
(BRC-1/BRCA1) in ICL repair, yet observed little or no
role for MMR, NHEJ and BER in TMP/UVA resistance.
Our findings documented a distinct response for the var-
ious FA-related components to crosslink induction, sug-
gestive of a possible organism- or cell type-specific func-
tion for the FA pathway in ICL resolution. Last, we un-
covered significant, albeit restricted, contributions of the
DOG-1/FANCJ helicase and the MUS-81, EXO-1, FAN-1
and SLX-1 nucleases, but no obvious role for the C. ele-
gans homologs of BRCA2/FANCD1, WRN, BLM, SNM1
and GEN1, in ICL processing. Going forward, this system
will permit more exhaustive analysis into the contribution
of other proteins to ICL repair, as well as the epistatic na-
ture of the repair components and mechanisms uncovered.
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