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2Present address: Mariangela Sabatella, Princess Máxima Center for Pediatric Oncology, Heidelberglaan 25, 3584 CT Utrecht, the

Netherlands
3Lead Contact

*Correspondence: w.vermeulen@erasmusmc.nl (W.V.), w.lans@erasmusmc.nl (H.L.)

https://doi.org/10.1016/j.celrep.2020.108608
SUMMARY
Hereditary DNA repair defects affect tissues differently, suggesting that in vivo cells respond differently to
DNA damage. Knowledge of the DNA damage response, however, is largely based on in vitro and cell culture
studies, and it is currently unclear whether DNA repair changes depending on the cell type. Here, we use
in vivo imaging of the nucleotide excision repair (NER) endonuclease ERCC-1/XPF-1 in C. elegans to demon-
strate tissue-specific NER activity. In oocytes, XPF-1 functions as part of global genome NER (GG-NER) to
ensure extremely rapid removal of DNA-helix-distorting lesions throughout the genome. In contrast, in
post-mitotic neurons and muscles, XPF-1 participates in NER of transcribed genes only. Strikingly, muscle
cells appear more resistant to the effects of DNA damage than neurons. These results suggest a tissue-spe-
cific organization of the DNA damage response and may help to better understand pleiotropic and tissue-
specific consequences of accumulating DNA damage.
INTRODUCTION

Cells continuously acquire DNA damage from exposure to envi-

ronmental pollutants, radiation, and their own metabolism. DNA

lesions seriously threaten health, because they interfere with

genome function and lead to accumulation ofmutations, causing

cancer, aging, and genetic disease. The DNA damage response

(DDR) is an intricate network of DNAdamage repair and signaling

pathways that deals with these lesions depending on their type

and genomic location and the cell-cycle phase (Hoeijmakers,

2009). In addition, it is becoming increasingly clear that also

the cell type and its developmental and differentiation state

within an organism determine how lesions are dealt with (Lans

and Vermeulen, 2015). However, most knowledge of DDRmech-

anisms is based on in vitro experimentation and/or analysis of

single-cell organisms and cells in culture, and not much is known

on how the DDR is organized in vivo.

Hereditary DNA repair pathway mutations cause different dis-

eases characterized by cancer predisposition, developmental

defects, neurodegeneration, and progeria (Keijzers et al.,

2017). Typically, not all tissues are equally affected, suggesting

that the DDR acts differently according to the function of each

tissue (Niedernhofer, 2008). Even mutations in the same DNA

repair gene can give rise to different diseases in which tissues

are differently affected. A prime example is deficiency of the

structure-specific endonuclease ERCC1/XPF, which plays a

pivotal role in damaged-strand incision during nucleotide exci-

sion repair (NER), unhooking of interstrand crosslinks (ICLs) as
C
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part of the Fanconi anemia (FA) pathway, and removal of DNA

overhangs during double-strand break (DSB) repair (Ahmad

et al., 2008; Klein Douwel et al., 2014; Manandhar et al., 2015;

Sijbers et al., 1996; De Silva et al., 2000). Mutations that affect

ERCC1/XPF activity in NER give rise to a high incidence of skin

cancers and, in some cases, progressive neurodegeneration,

as observed in xeroderma pigmentosum (XP) patients (DiGio-

vanna and Kraemer, 2012), or to additional symptoms such as

dwarfism, sensorineural impairment, and early death, as

observed in Cockayne syndrome (CS) patients (Natale and Ra-

quer, 2017). Conversely, mutations that affect ERCC1/XPF activ-

ity in ICL repair mainly give rise to hematological abnormalities

and developmental failure, as observed in FA patients (Bogliolo

et al., 2013). It is currently not understood why defects in the

same gene, which impair different DDR pathways, cause symp-

toms in different tissues and whether this reflects a tissue-spe-

cific activity of the complex.

NER removes many diverse DNA-helix-distorting lesions,

including those induced by UV light, i.e., cyclobutane-pyrimidine

dimers (CPDs) and 6-4 pyrimidine-pyrimidone photoproducts

(Lans et al., 2019; Marteijn et al., 2014). NER consists of two sub-

pathways. Global genome NER (GG-NER) deals with damage

anywhere in the genome and is initiated when damage is de-

tected by the UV-DDB and XPC-RAD23B-CETN2 complexes,

whereas transcription-coupled NER (TC-NER) specifically deals

with damage that blocks transcription and is initiated by stalling

of RNA polymerase II and recruitment of the CSA, CSB, and

UVSSA proteins. Upon damage detection, the transcription
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Figure 1. XPF-1::GFP Expression in C. elegans

(A) Representative fluorescence image of a fixed animal (middle panel)

showing XPF-1::GFP expression in nuclei of multiple cell types of an xpf-1::gfp

knockin animal. Scale bars, 10 mm. Upper and lower panels depict zoomed-in

areas. Arrowheads indicate nuclei of indicated cell types.

(B) Representative pictures showing exclusive XPF-1::GFP expression in fixed

adult animals in nuclei (white arrowheads) of germ cells (mex-5::xpf-1), neu-

rons (unc-119::xpf-1), and muscles (myo-3::xpf-1). Scale bar, 20 mm.

(C) Germ cell and embryo survival assay after UVB irradiation of germ cells in

young adult wild-type animals, xpf-1 mutants, xpf-1mutants expressing XPF-

1::GFP in the germline (mex-5::xpf-1), and ercc-1; xpf-1 double mutants ex-

pressing XPF-1::GFP in germ cells (ercc-1; mex-5::xpf-1). Percentages of

hatched eggs (survival) are plotted against applied UVB doses as average of

eight independent experiments. Error bars represent SEM. ***p < 0.001 (one-

way ANOVA followed by post hoc analysis by Bonferroni’s test) indicates a

statistically significant difference compared to wild-type for each dose.

(D) Images of living worms, showing clear expression of XPF-1::GFP in meiotic

germ cells (indicated with arrowheads) of an adult animal with intact ercc-1

(top;mex-5::xpf-1) and strongly reduced expression of XPF-1::GFP in meiotic

cells (indicated with arrows) of an adult ercc-1 mutant (bottom; ercc-1; mex-

5::xpf-1). Scale bar, 20 mm.
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factor TFIIH and the DNA-binding proteins XPA and RPA are re-

cruited to unwind DNA, check for damage, and facilitate posi-

tioning of endonucleases ERCC1/XPF and XPG that excise 22–

30 nt of the damaged strand flanking the lesion. DNA synthesis

and ligation fill and seal the gap.
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Although GG-NER and TC-NER are both active in mammalian

cells in culture, their activity may not necessarily be similar in all

cell types in vivo. For instance, in vitro differentiation experiments

have suggested that upon terminal differentiation, cells retain the

ability to repair damage in transcribed genes but lose the ability

to repair lesions in non-transcribed genomic regions (Nouspikel

and Hanawalt, 2002; van der Wees et al., 2007). Accordingly,

pluripotent mouse embryonic stem cells (ESCs) were found to

rely more on GG-NER than on TC-NER for survival upon UV irra-

diation, but this was reversed in embryonic fibroblasts (deWaard

et al., 2008). These results suggest that there may be a cell-type-

specific organization of NER in vivo.

To better understand tissue-specific consequences of DNA

repair deficiency, it is necessary to determine how the DDR is

organized in vivo. The nematode C. elegans is an ideal model

organism to study in vivo cell-type-specific differences in DDR

organization (Lans and Vermeulen, 2015). The essential role of

many DDR mechanisms, including NER, is highly conserved in

C. elegans (Lans and Vermeulen, 2011; Rieckher et al., 2018),

particularly the function of ERCC-1/XPF-1 in NER and in ICL

and DSB repair (Lans et al., 2013; Pontier and Tijsterman,

2009; Saito et al., 2009; Ward et al., 2007). ercc-1 and xpf-1

mutant animals also show features reminiscent of ERCC1/XPF

deficiency in mammals, including growth arrest, developmental

failure, and reduced lifespan (Gurkar et al., 2018; Jaspers

et al., 2007; Lans et al., 2013; Niedernhofer et al., 2006). More-

over, previous UV survival experiments have suggested that

GG-NER is the main pathway that preserves genomic integrity

in germ cells and early embryos, whereas TC-NER only becomes

essential for cellular function in post-mitotic somatic cells (Lans

et al., 2010). However, it remains unclear to what extent these

differentiation-driven changes are due to altered activity of

NER itself or to differences in the way cells respond to DNA

damage. Here, we show that XPF-1 exhibits a tissue-specific

spatiotemporal response to UV damage suggestive of a differ-

ence between the activity of GG-NER and TC-NER in meiotic

germ cells, muscles, and neurons.

RESULTS

Tissue-Specific Expression of GFP-Tagged XPF-1
We first determined the tissue distribution of the ERCC-1/XPF-1

complex by generating a knockin C. elegans strain expressing

XPF-1 C-terminally tagged with GFP using CRISPR-Cas9-medi-

ated homology-directed repair. Knockin animals revealed that

XPF-1 is expressed ubiquitously in nuclei of different tissues,

including neurons, muscles, hypodermis, and intestine, as well

as germ cells and embryos (Figure 1A). To be able to study

XPF-1 function in specific cell types, we stably integrated gfp-

tagged xpf-1 as a single-copy transgene, using MosSCI technol-

ogy (Frøkjær-Jensen et al., 2008), under control of tissue-specific

promoters in xpf-1 null mutant (tm2842) animals (Lans et al.,

2013). We generated an xpf-1 strain expressing XPF-1::GFP

driven by the mex-5 promoter, i.e., specifically in proliferating

and meiotic cells of the germline, including oocytes, and early

embryo (these xpf-1; P(mex-5)::xpf-1::gfp animals are for

simplicity referred to as mex-5::xpf-1 animals). Also, we gener-

ated xpf-1 strains expressing XPF-1::GFP driven by the
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unc-119 promoter, i.e in non-proliferating neuronal cells (for

simplicity, referred to as unc-119::xpf-1 animals) or driven by

the myo-3 promoter, i.e., in muscle cells (referred to as myo-

3::xpf-1 animals) (Figure 1B). Importantly, expression levels of

XPF-1::GFP in oocytes, neurons, and muscles of these single-

copy transgenic strains closely matched that of GFP-tagged

endogenous XPF-1 (Figures S1A and S1B). The GFP tag did

not compromise XPF-1 functionality, as its germline expression

rescued embryonic lethality of xpf-1 mutants, due to a function

of xpf-1 in meiotic recombination (Saito et al., 2009), and UVB

sensitivity of xpf-1 mutant embryos, as shown by germ cell and

embryo survival assays (Figure 1C). Next, we crossed mex-

5::xpf-1 animals with an ercc-1 loss-of-function mutant strain.

ercc-1 deficiency strongly reduced expression levels of XPF-

1::GFP (Figure 1D) and abolished its ability to rescue embryonic

lethality and UV hypersensitivity of xpf-1 mutant animals (Fig-

ure 1C). This shows that XPF-1 stability and functionality is

dependent on its obligate complex partner, ERCC-1, as previ-

ously shown in human cells (Biggerstaff et al., 1993; Sabatella

et al., 2018; van Vuuren et al., 1993), and that GFP-tagged

XPF-1 is in complex with ERCC-1.

XPF-1Protects against UVB inOocytes andNeurons, but
Not in Muscles
To study how XPF-1::GFP expression impacts NER in different

tissues, we tested UV sensitivity of mex-5::xpf-1, unc-119::xpf-

1 or myo-3::xpf-1 animals using two different survival assays.

The first is the ‘‘germ cell and embryo survival assay’’ that mea-

sures UV survival of proliferating germ and early embryonic cells,

whichmostly depends onGG-NER, and found thatmex-5-driven

XPF-1::GFP rescues UV hypersensitivity of xpf-1 embryos (Fig-

ure 1C). The second is the ‘‘L1 larvae survival assay,’’ which

measures UV sensitivity of post-mitotic somatic cells (i.e.,

continuation of larval development), which mostly depends on

TC-NER (Lans and Vermeulen, 2011; Lans et al., 2010). xpf-1

mutant animals are strongly UV hypersensitive in both assays,

because XPF-1 is essential for GG-NER and TC-NER (Lans

et al., 2013; Sijbers et al., 1996). In the germ cell and embryo sur-

vival assay, both unc-119::xpf-1 and myo-3::xpf-1 were as hy-

persensitive to UV as xpf-1 mutant animals, in contrast to mex-

5::xpf-1 worms (Figures 1C and 2A), which was expected,

because in these animals, XPF-1::GFP is not expressed in

germ cells. In the L1 larvae survival assay, we surprisingly

observed that only XPF-1::GFP expression in neurons (i.e., in

unc119::xpf-1 animals) rescued UV hypersensitivity of xpf-1mu-

tants, but XPF-1::GFP expression in muscles (i.e., inmyo-3::xpf-

1) did not (Figure 2B). Both unc-119 and myo-3 promoters are

active in L1 larvae (at the time of irradiation; Figure S1C) (Ardizzi

and Epstein, 1987; Maduro and Pilgrim, 1995), ruling out that dif-

ferences in timing of expression underlie this neuron-specific

rescue. To verify this unexpected result, we transiently ex-

pressed XPF-1::GFP under control of alternative neuron (aex-3)

and muscle (hlh-1) promoters by introducing aex-3::xpf-1 and

hlh-1::xpf-1 constructs as extrachromosomal arrays in xpf-1mu-

tants. Both promoters are active in larval and adult stages

(Krause et al., 1990; Sassi et al., 2005), but only neuronal XPF-

1 expression rescued xpf-1UV hypersensitivity, whereas muscle

expression did not (Figure 2C). This rescue by aex-3 driven XPF-
1::GFP expression was partial likely because of the transient

(and thus mosaic) expression of the transgene.

To further explore this striking difference, we tested the impact

of cell-specific xpf-1 depletion and thus NER inactivation. We

fused an auxin-inducible degradation (AID) tag (Zhang et al.,

2015) to XPF-1 by inserting this tag between xpf-1 and gfp in

the xpf-1::gfp knockin animals (referred to as xpf-1::AG animals

for simplicity). Also, we generated animals expressing Arabidop-

sis TIR1 (fused to mRuby) (Zhang et al., 2015) specifically in

either neurons, under control of the unc-119 promoter (unc-

119::TIR1), or muscles, under control of the myo-3 promoter

(myo-3::TIR1), and crossed these animals with xpf-1::AG ani-

mals. Culturing animals on auxin, which activates a TIR1 E3 ubiq-

uitin ligase complex that ubiquitylates the AID tag, led to specific

degradation of XPF-1::AID::GFP in neurons (in xpf-1::AG; unc-

119::TIR1; Figure S1D) or muscles (in xpf-1::AG; myo-3::TIR1;

Figure S1E). Strikingly, only XPF-1 depletion in neurons led to

strong UV hypersensitivity of L1 larvae, whereas XPF-1 depletion

in muscles caused only mild UV hypersensitivity (Figure 2D). As

independent confirmation, we crossed xpf-1::AG animals with

other recently generated strains expressing TIR1 (fused to

mRuby) in either neurons, under control of the rgef-1 promoter

(rgef-1::TIR1), or muscles, under control of the unc-54 promoter

(unc-54::TIR1) (Ashley et al., 2020). Again, we observed that

depletion of XPF-1 in neurons impeded growth of UV-irradiated

larvae much stronger than depletion in muscles (Figures 2E,

S1D, and S1E).

Together, these data indicate that NER activity in the germline

and developing embryo suffices to rescue embryonic lethality of

UV-irradiated xpf-1-deficient animals. Remarkably, for L1 larvae,

expression of XPF-1 in neuronal cells, as opposed to expression

in muscle cells, is sufficient to almost completely protect against

UV hypersensitivity. These data suggest that in UV-irradiated an-

imals, neuronal NER activity and functionality is more important

than that of muscle cells.

In Oocytes, XPF-1 Quickly Repairs Damaged DNA in a
GG-NER-Dependent Manner
We next investigated the in vivo DNA binding kinetics of XPF-

1::GFP in different tissues and focused first on germ cells.

C. elegans germ cells are arranged in a spatiotemporal

gradient of differentiation in two gonad arms, which at their

proximal ends harbor diakinesis-stage oocytes that are readily

discernable by microscopy. In oocytes, DNA is highly

condensed and organized in six pairs of homologous chromo-

somes (called bivalents), which allows a straightforward visu-

alization of protein binding to DNA. To study binding of XPF-

1::GFP to UV-damaged DNA in these cells, we determined

its subnuclear localization in animals fixed with paraformalde-

hyde at different time points after UVB irradiation. We

observed clear localization of XPF-1::GFP to bivalents 5 and

15 min after UV irradiation (Figure 3A), indicating that XPF-

1::GFP is targeted to UV-damaged chromatin, which thus re-

flects active NER. Strikingly, XPF-1::GFP was redistributed

throughout the whole nucleus already 30 min after UV irradia-

tion. This fast redistribution is surprising, considering that in

mammalian cells in culture, ERCC1/XPF is only redistributed

from sites of UV damage after more than 4 h (Houtsmuller,
Cell Reports 34, 108608, January 12, 2021 3
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Figure 2. XPF-1 Protects against UV Irradiation in Oocytes and

Neurons, but Not in Muscles

(A) Germ cell and embryo survival assay after UVB irradiation of germ cells in

young adult wild-type, xpf-1, mex-5::xpf-1 (germline), myo-3::xpf-1 (muscles),

and unc-119::xpf-1 (neurons) animals. Percentages of hatched eggs (survival)

after UVB irradiation are plotted against applied UVB doses. Results are

plotted as average of eight independent experiments.

(B–E) L1 larvae survival assay after UVB irradiation of L1 wild-type, xpf-1, myo-

3::xpf-1 (muscles), and unc-119::xpf-1 (neurons) animals (B), L1 xpf-1 animals

4 Cell Reports 34, 108608, January 12, 2021

Article
ll

OPEN ACCESS
1999). Indeed, immunofluorescence analysis of the recruit-

ment of human XPF to sites of local UV damage (LUD) in

U2OS cells, generated by UVC irradiation through a micropo-

rous filter, revealed that XPF was still clearly bound to

damaged DNA 2 h after irradiation (Figure S2A) (Sabatella

et al., 2018). To confirm the rapid XPF-1::GFP re-localization

to and from UV-damaged bivalents in living oocytes, we

crossed mex-5::xpf-1 animals with worms expressing

mCherry-tagged histone H2B, driven by the germline-specific

pie-1 promoter, a live-cell chromatin marker. Deconvoluted

images of living oocytes closest to the uterus (�1 oocytes)

showed that XPF-1::GFP is distributed throughout the nucleo-

plasm in untreated animals (Figure 3B). However, a clear

accumulation of the protein to damaged bivalents was

observed 5 and 15 min after UVB irradiation, which disap-

peared between 25 and 45 min after UVB irradiation.

Previously, we showed that inC. elegans germ cells, GG-NER,

but not TC-NER, predominantly protects against UV damage

(Lans et al., 2010). To show that accumulation of XPF-1::GFP

on UV-damaged bivalents reflects repair by GG-NER, we

crossed mex-5::xpf-1 with xpc-1 and csb-1 mutants that lack

functional GG-NER or TC-NER, respectively. XPF-1::GFP clearly

accumulated on damaged DNA in oocytes of csb-1mutants, but

its accumulation was mostly absent in xpc-1 mutant oocytes

(Figure 3C), indicating that XPF-1::GFP binds to bivalents mainly

because of GG-NER activity. This, in combination with its rela-

tively rapid dissociation from bivalents, may therefore suggest

that GG-NER of UV photolesions in oocytes is completed within

�30 min. Such a fast repair is surprising and uncommon when

compared to NER rates in human cells (Mitchell et al., 1985) or

in C. elegans embryos, larvae, and adults (Hartman et al.,

1989; Meyer et al., 2007). To test whether indeed such fast repair

occurs, we measured clearance of CPDs by immunostaining of

nonirradiated and UVB-irradiated wild-type and xpf-1 oocytes

with anti-CPD antibody. In wild-type C. elegans, CPD staining

was clearly detectable on the bivalents 5 min after UV but,

remarkably, was not detectable after 30 min (Figures 3D and

3E). In contrast, in xpf-1 mutant oocytes, strong CPD staining

persisted up to 2 h after UV due to lack of repair. Furthermore,

CPD lesions were also still observed 2 h after UV in nuclei of

wild-type mitotic germ cells at the distal tip of the gonad arm

and in nuclei of early embryos (Figures S2B and S2C), indicating

that in these cells, repair is slower than in oocytes. Together,

these observations indicate that in irradiatedC. elegans oocytes,

XPF-1 engages in GG-NER to excise UV photolesions in an un-

precedented fast manner.
transiently expressing XPF-1::GFP under control of hlh-1 (muscles) or aex-3

(neurons) promoters (C), L1 xpf-1::AG animals without TIR1 or stably ex-

pressing TIR1 in muscles (xpf-1::AG myo-3::TIR1) or neurons (xpf-1::AG unc-

119::TIR1) grown without or in the presence of auxin to deplete XPF-1::AG (D),

and L1 xpf-1::AG animals without TIR1 or stably expressing TIR1 in muscles

(xpf-1::AG unc-54::TIR1) or neurons (xpf-1::AG rgef-1::TIR1) grown without or

in the presence of auxin to deplete XPF-1::AG (E). Percentages of animals that

developed beyond the L2 stage (survival) after irradiation are plotted against

applied UVB doses. Results are plotted as average of at least eight indepen-

dent experiments. Error bars represent the SEM. ***p < 0.001 (one-way

ANOVA followed by post hoc analysis by Bonferroni’s test) indicates a sta-

tistically significant difference compared to wild-type for each dose.
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Figure 3. In Oocytes, XPF-1 Is Quickly Recruited to Damaged DNA in a GG-NER-Dependent Manner

(A) Representative pictures (with zoomed-in area) of UVB-damaged bivalent recruitment of XPF-1::GFP in oocytes of adultmex-5::xpf-1 (germline) animals fixed

without irradiation (no UVB) or fixed 5, 15, or 30 min after global irradiation with 300 J/m2 UVB. DAPI was used as DNA marker. Scale bar, 5 mm.

(B) Deconvoluted pictures of�1 oocytes of living adultmex-5::xpf-1 (germline) animals showing XPF-1::GFP distribution with noUVB or 5, 15, 25, and 45min after

global irradiation with 300 J/m2 UVB.mex-5::xpf-1 animals were crossed with animals expressing mCherry::H2B as chromatin marker. Scale bar, 5 mm. Dashed

white circle represents edge of the nucleus.

(C) Representative pictures of UVB-damaged bivalent recruitment of XPF-1::GFP in oocytes of adult xpc-1;mex-5::xpf-1 and mex-5::xpf-1;csb-1 (germline)

mutants with no UVB or 5 min after global irradiation with 300 J/m2 UVB. DAPI was used as DNA marker. Scale bar, 5 mm.

(D) Representative immunofluorescence pictures of�1 oocytes of adult wild-type and xpf-1mutants with no UVB or 5, 30, 60, and 120min after global irradiation

with 120 J/m2 UVB. Oocytes in dissected gonads were stained with CPD antibodies and DAPI as DNA marker. Scale bar, 5 mm. Dashed white circle represents

edge of the nucleus.

(E) Quantification of CPD staining on bivalents as determined by immunofluorescence experiments shown in (D). CPD staining intensity, corrected for nuclear

background staining, is plotted as average of at least 30 bivalents per condition from two independent experiments. RFI indicates relative fluorescence intensity.

Error bars represent the SEM. ***p < 0.001 (one-way ANOVA followed by post hoc analysis by Bonferroni’s test) indicates a statistically significant difference

compared to respective untreated sample.
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Figure 4. XPF-1 Quickly Localizes to Local UV Damage (LUD) in Oocytes, but Not in Neurons and Muscles

(A) Representative real-time imaging pictures of XPF-1::GFP recruitment to LUD in�1 oocytes ofmex-5::xpf-1 (germline) animals expressing also mCherry::H2B,

before and 160 s after 266-nmUVC laser microbeam irradiation. Scale bar, 5 mm. Arrowhead indicates the bivalent on which the laser was directed. Dashedwhite

circle represents edge of the nucleus. Shifted position of nuclei after UV is due to gonad contraction and pharyngeal pumping of the living animals. Low image

resolution is due to high magnification and poor optical performance of the quartz lens needed for transmission of the UVC laser.

(B) Quantification of XPF-1::GFP recruitment to local UVC-laser-induced DNA damage, as determined by real-time imaging shown in (A) and (E). GFP fluores-

cence intensity at local damage sites was measured for 150 s and normalized to pre-damage values. Results are plotted as average of at least five animals per

condition from at least three independent experiments. Damage was inflicted at t = 0. RFI indicates relative fluorescence intensity.

(C and D) Representative real-time imaging pictures of XPF-1::GFP recruitment to LUD in xpc-1; mex-5::xpf-1 (C) andmex-5::xpf-1; csb-1 (D) animals, each also

expressing mCherry::H2B, before and 160 s after 266-nm laser irradiation. Scale bar, 5 mm. Arrowheads indicate the bivalents on which the laser was directed.

Dashed white circle represents edge of the nucleus.

(E) Representative pictures of real-time imaging of XPF-1::GFP recruitment to LUD in body wall muscle cells ofmyo-3::xpf-1 (left panel) and ventral cord neurons

of unc-119::xpf-1 (right panel) animals before and 160 s after UV damage induction. LUD was induced using 266-nm UVC laser microbeam irradiation. Scale bar,

5 mm. Dashed white circle represents the edge of the nucleus.

(F) L1 larvae survival assay after UVB irradiation of L1 wild-type, xpf-1, csb-1 and unc-119::xpf-1 animals and unc-119::xpf-1; csb-1 and xpc-1; unc-119::xpf-1

double mutants. Percentages of animals that developed beyond L2 stage (survival) after irradiation are plotted against applied UVB doses. Results are plotted as

average of eight independent experiments, normalized to untreated conditions. Error bars represent SEM. ***p < 0.001 (one-way ANOVA followed by post hoc

analysis by Bonferroni’s test) indicates a statistically significant difference compared to wild-type for each dose.
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XPF-1 Quickly Localizes to LUD in Oocytes, but Not in
Neurons and Muscles
In nuclei of somatic cells, DNA is not organized into discernable

condensed structures, making it difficult to assess XPF-1 recruit-

ment to damaged DNA after global UV irradiation. Therefore, we

optimized the use of 266-nm UVC microbeam laser irradiation

(Dinant et al., 2007) to inflict subnuclear LUD in cells of adult,

living C. elegans, immobilized using polystyrene beads on

agarose pads and imaged by confocal microscopy. To validate

this system, we first directed the UVC laser specifically on only
6 Cell Reports 34, 108608, January 12, 2021
one bivalent in �1 oocytes of mex-5::xpf-1 animals. XPF-

1::GFP quickly localized to UVC-laser-induced LUD, showing

readily visible and quantifiable recruitment within seconds after

damage infliction (Figures 4A and 4B; Video S1). Again, we

observed that XPF-1::GFP recruitment mainly reflects functional

GG-NER and not TC-NER, as it was absent in xpc-1-deficient

but clearly observed in csb-1-deficient animals (Figures 4C

and 4D; Videos S2 and S3). Moreover, this rapid accumulation

suggests that GG-NER-mediated damage detection in

C. elegans oocytes occurs relatively fast. Similar UVC-laser-
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induced recruitment of human GFP-tagged XPF expressed in

XPF knockout U2OS cells (Sabatella et al., 2018) shows that in

human cells, XPF recruitment is initially slower and takes longer

to reach a steady-state level (Figure S2D).

Next, we investigated XPF-1 recruitment to UVC-laser-

induced LUD in nuclei of body wall muscle and ventral nerve

cord cells, in respectively myo-3::xpf-1 and unc-119::xpf-1 ani-

mals, but in neither cell type did we detect XPF-1::GFP recruit-

ment (Figures 4B and 4E). An explanation for this lack of visible

recruitment could be that in these non-cycling somatic cell

types, the UV response mostly relies on TC-NER. Since TC-

NER only takes place in transcribed genes (i.e., in only a minor

portion of the entire genome), this will require much less XPF-1

proteins at LUD than when GG-NER (i.e., in the entire genome)

also takes place. Typically, in UV-irradiated human cells in cul-

ture, only�10% of NER activity is due to TC-NER (Limsirichaikul

et al., 2009), and it is therefore very hard to visualize engagement

of repair proteins in this subpathway by measuring LUD recruit-

ment (Schwertman et al., 2012). Indeed, in U2OS cells with only

TC-NER activity, due to GG-NER inactivation by small interfering

RNA (siRNA)-mediated XPC depletion, recruitment of human

GFP-tagged XPF to LUD (induced through a microporous filter)

was hardly visible (Figures S2E and S2F). Thus, similar to these

siRNA-treated human cells, it is likely that the lack of visible

XPF-1::GFP LUD recruitment in differentiated C. elegans cells

is because GG-NER is not active. To verify that in neurons

XPF-1 mainly acts through TC-NER, we determined if the

rescued L1 larvae UV survival of unc-119::xpf-1 animals (Fig-

ure 2B) depends on TC-NER or GG-NER by crossing these

animals with csb-1 or xpc-1 mutants, respectively. Neuronal

XPF-1::GFP expression fully rescued UV sensitivity in xpc-1-

deficient animals, but not in csb-1-deficient animals (Figure 4F).

Hence, XPF-1 expression in neurons protects against UV dam-

age through its activity in TC-NER of transcribed genes.

UV-induced DNA damage inhibits transcription by physically

blocking RNA polymerase II elongation, but this also leads to in-

hibition of transcription initiation of other, undamaged genes

(Gyenis et al., 2014; Lans et al., 2019; Mayne and Lehmann,

1982; Rockx et al., 2000). TC-NER dependency therefore likely

implies that UV-irradiated L1 larvae arrest development due to

inhibition of transcription in neurons (Astin et al., 2008; Bianco

and Schumacher, 2018; Lans and Vermeulen, 2011). Hence, to

verify the importance of transcriptional integrity in neurons to

larval development more directly, we generated transgenic ani-

mals expressing AID and GFP fused to the essential XPB-1 sub-

unit of transcription initiation factor TFIIH (Schaeffer et al., 1993)

by knocking in both tags at the N terminus of the xpb-1 gene.

AID::GFP::xpb-1 animals (referred to as AG::xpb-1 animals)

were viable and without any overt phenotype, showing that the

AID::GFP tag did not interfere with the essential transcription

initiation function of TFIIH, and expressed fluorescent TFIIH

ubiquitously, including in neurons and muscle cells (Figure S3A).

Next, we crossed these animals with unc-119::TIR1 and myo-

3::TIR1 animals to inhibit transcription in a tissue-specific

manner. Similar to the L1 larvae survival assay after UV, we as-

sessed larval development, but now in the absence or presence

of auxin, causing degradation of AID::GFP::XPB-1 and thus tran-

scription impairment in neurons (in AG::xpb-1; unc-119::TIR1) or
muscles (in AG::xpb-1; myo-3::TIR1; Figure S3A). Strikingly,

depletion of XPB-1 specifically in neurons, but not in muscles,

of L1 larvae led to a complete growth arrest (Figure S3B), which

confirms that indeed transcription cessation in neurons, either by

UV irradiation in NER-deficient animals or by transcription initia-

tion interference, leads to larval arrest.

XPF-1 Shows Tissue-Specific Mobility
To better understand the apparent difference in XPF-1 activity in

oocytes, neurons, andmuscle cells, we investigated XPF-1::GFP

mobility, i.e., its ability to move through the nucleus, in unper-

turbed and UV-irradiated cells using fluorescence recovery after

photobleaching (FRAP). Previous FRAP analyses have shown

that human ERCC1/XPF freely diffuses through the nucleus of

mammalian cells in culture but becomes partially immobilized

upon UV irradiation, reflecting its incorporation into the NER

pre-incision complex and binding to damaged DNA and thus

its engagement in NER (Houtsmuller, 1999; Sabatella et al.,

2018). Surprisingly, in unperturbed C. elegans cells in vivo, we

observed only partial recovery of fluorescence in the photo-

bleached area, suggesting that a significant fraction of XPF-1

was immobilized. Importantly, we noted mobility differences be-

tween different tissues, indicating that the fraction of proteins

that (freely) diffuse through the nucleus depends on the tissue

type (Figures 5A–5D). In particular, XPF-1::GFP showed the

highest mobility in neurons (Figure 5D), slightly less mobility in

oocytes (Figure 5A), and hardly any mobility in muscle cells (Fig-

ure 5C). As fluorescence intensity of XPF-1::GFP in muscles is

comparable to that in neurons (Figures S1A and S1B), these dif-

ferences are likely not caused by XPF-1 expression changes. In

oocytes, XPF-1::GFP showed a clear additional UV-dependent

immobilization directly after UV, indicative of its involvement in

NER (Figure 5A) (Vermeulen, 2011). However, already within 10

to 20 min after UV, the XPF-1::GFP mobility returned to a level

comparable to that in unperturbed cells (Figure 5B). This tran-

sient UV-induced immobilization is in line with our results sug-

gestive of a fast repair reaction in oocytes, as lesion removal

will coincide with dissociation of XPF-1::GFP from damaged

DNA. In muscle cells, the already low XPF-1 mobility did not

change after UV (Figure 5C), suggesting that NER might only

be minimally active in this tissue. In neurons, we consistently

observed a very slightly increased immobilization of XPF-

1::GFP after UV irradiation (Figure 5D). This small immobilized

fraction is likely derived from its engagement in repair of tran-

scribed genes only, since NER in the entire genome does not

seem to be active in these cells. Similarly, minor UV-induced

immobilization in FRAP is observed in human cells for TC-NER

factors (Anindya et al., 2010; van den Boom et al., 2004), but

not for GG-NER factors (Hoogstraten et al., 2008). Taken

together, our results suggest that ERCC1/XPF-1 displays a tis-

sue-specific repair activity in vivo.

UV-Induced Transcription Block Predominantly Impairs
Neuron, but Not Muscle, Integrity
To functionally validate that cells differently deal with and

respond to UV-induced DNA damage, we studied the impact

of UV damage and transcription blockage on neuron and mus-

cle integrity. Previously, we have shown that germ cell
Cell Reports 34, 108608, January 12, 2021 7
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Figure 5. XPF-1 Exhibits Tissue-Specific

Mobility and Damaged DNA Binding

(A–D) FRAP analysis showing XPF-1::GFP mobility

in unperturbed (no UV) and UVB-irradiated (300 J/

m2) animals. FRAP was measured in a small square

(explained in methods; photobleaching in the small

square was optimized such that reduction in the

overall nuclear fluorescence signal was minimized;

Figure S4C) in nuclei of oocytes of mex-5::xpf-1 (A

and B), body wall muscle cells of myo-3::xpf-1 (C),

and ventral cord neurons of unc-119::xpf-1 animals

(D) 0–10 min or 10–20 min after irradiation, as indi-

cated. Each curve represents average of 4–10 ani-

mals per condition from at least two independent

experiments. RFI indicates relative fluorescence

intensity.
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integrity (i.e., meiotic maturation) is severely compromised by

UV irradiation in the absence of NER (Lans et al., 2010). Here,

we investigated neuron integrity by incubating nonirradiated

and UV-irradiated young adult animals with the fluorescent

dye DiI, which is, in unperturbed conditions, taken up by intact

chemosensory amphid and phasmid neurons that contact the

environment via ciliated dendrites (Hedgecock et al., 1985).

Nonirradiated wild-type, xpf-1, unc-119::xpf-1, and myo-

3::xpf-1 animals showed clear and similar dye filling of these

neurons, indicative of intact and functional cilia and dendrites

(Figure 6A). Strikingly, UV irradiation strongly impaired dye

filling in xpf-1 animals, which was rescued by XPF-1::GFP re-

introduction in neurons (i.e., in unc-119::xpf-1 animals), but

not in muscles. These results indicate that NER protects the

integrity of neuronal cells exposed to UV irradiation. To test

if this dye-filling defect is due to UV-induced transcription

block in neurons, we additionally performed dye-filling exper-

iments in AG::xpb-1 animals expressing TIR1 in either neurons

or muscles in the presence of auxin. This showed that also in-

hibition of transcription initiation in neurons, but not in mus-

cles, by auxin-induced depletion of AID::GFP::XPB-1, impairs

dye filling (Figure S3C). These results are consistent with the

idea that UV damage functionally impairs neurons by inter-

fering with transcription and that neuronal integrity therefore

depends on TC-NER, involving XPF-1.

We investigated muscle integrity by visualizing actin filaments

in sarcomeres of body wall muscle cells of nonirradiated and UV-

irradiated young adult animals by staining with fluorescently

labeled phalloidin (Ono and Pruyne, 2012). We did not observe

striking differences in actin filament organization or muscle

morphology in wild-type animals upon UV irradiation (Figure 6B).

Some xpf-1 animals showed disorganized actin filaments, but

this was not systematically exacerbated by UV-induced DNA

damage and unchanged by re-expression of xpf-1 in muscles

or neurons. Muscle cells appeared shortened in UV-irradiated

xpf-1 animals. However, because the whole body of these ani-

mals was shorter after UV irradiation, and because this was

rescued by neuronal rather than muscle re-expression of
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XPF::GFP, this shortening is likely not due

to DNA damage or NER deficiency in mus-

cle cells. Next, we tested whether tran-
scription initiation blockage by auxin-induced depletion of

AID::GFP::XPB-1 led to any changes in muscle integrity or

morphology, but we did not observe this (Figure S3D). Also,

when unc-119::xpf-1 L1 larvae (i.e., animals that lack functional

NER in muscle cells) were UV irradiated and grown into adults,

muscle cell nuclei were still readily visible by DAPI staining (Fig-

ure S4A). These results suggest that compared to neurons, mus-

cle cells are less sensitive to the effects of UV-induced DNA

damage and transcription blockage.

Finally, we investigated C. elegans motility, as this is depen-

dent on properly functioning nervous and muscle systems

(Gjorgjieva et al., 2014). To this end, we measured the thrashing

rate (i.e., the number of lateral bodymovements per time unit) af-

ter UV irradiation. Whereas induction of UV damage did not

affect thrashing rate of wild-type animals, xpf-1 animals became

strongly paralyzed in time after UV (Figure 6C). Strikingly, motility

was almost fully rescued when XPF-1 was reexpressed in neu-

rons but only partially when reexpressed in muscle cells. These

results confirm that the deleterious consequence of unrepaired

transcription-blocking UV lesions, and thus also the impact of

NER deficiency, is more severe in neuronal than in muscle cell

types.

C. elegans Muscle Cells Exhibit TC-NER
Finally, we studied whether TC-NER exists in muscle cells,

because these cells appear largely unaffected by UV irradiation

and did not show TC-NER activity by survival assays or imag-

ing of XPF-1. It was not possible to test this by CPD immuno-

staining, because the fraction of CPDs removed by TC-NER is

too small to be measurable. Also, standard TC-NER assays

used in mammalian cell biology, such as strand-specific repair

(Bohr et al., 1985) or recovery of RNA synthesis (RRS) (Mayne

and Lehmann, 1982; Nakazawa et al., 2010), did not yield

consistent results in our hands in C. elegans. Therefore, we

devised an approach in which we measured recovery of protein

synthesis (RPS) as readout of TC-NER. This assay is based on

the same principle as the RRS assay (Mayne and Lehmann,

1982; Nakazawa et al., 2010), which is that blocked
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Figure 6. XPF-1 Protects Neurons against

UV-Induced DNA Damage Impairment

(A) DiI dye filling (red) of wild-type, xpf-1, unc-

119::xpf-1 andmyo-3::xpf-1 adult animals, without

treatment or 72 h after 40 J/m2 UVB irradiation.

Scale bar, 50 mm

(B) Phalloidin staining (red) of body wall muscles of

wild-type, xpf-1, unc-119::xpf-1, andmyo-3::xpf-1

adult animals, without treatment or 72 h after 40 J/

m2 UVB irradiation. DNA is stained with DAPI

(blue). Scale bar, 20 mm.

(C) Body bends per 30 s of wild-type, xpf-1, unc-

119::xpf-1, and myo-3::xpf-1 adult animals,

without treatment or 72 h after 40 J/m2 UVB-irra-

diation. Shown is a scatter dot blot with mean and

SEM of three independent experiments. ***p <

0.001 (one-way ANOVA followed by post hoc

analysis by Bonferroni’s test) indicates a statisti-

cally significant difference compared to UV-irra-

diated xpf-1 animals.
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transcription, and thus protein expression, is only efficiently

resumed after UV irradiation if TC-NER is functional. To mea-

sure RPS, we made use of a C. elegans strain co-expressing

AID-tagged GFP and TIR1 (fused to mRuby) in body muscle

cells using the eft-3 promoter (Zhang et al., 2015). First, we

depleted GFP::AID by exposing animals to auxin, after which

animals were immediately UV irradiated and allowed to recover

protein synthesis. As control, animals were not exposed to

auxin and/or not irradiated. Forty-eight hours after depletion,

we noticed that nonirradiated NER-proficient animals had fully

recovered GFP fluorescence (Figures 7A and 7B). Strikingly,

while the average RPS level did not decrease after UV irradia-

tion, with increasing UV dose, we observed a wider spread in

RPS levels in individual cells. Some cells even exhibited higher

GFP expression levels after UV irradiation, which could reflect a

compensatory response boosting transcription after its
Ce
blockage, which has been noted before

(Mayne and Lehmann, 1982). Alterna-

tively, this could be because the eft-3

promoter is positively regulated by UV

light, as the eft-3/eef-1A.1 gene has pre-

viously been observed to be upregulated

after UV irradiation (Boyd et al., 2010). In

other cells, however, UV irradiation

caused a clear decrease in GFP protein

levels, evidencing that UV-induced DNA

damage inhibited the transcription of

the GFP gene. Next, we crossed these

animals with xpf-1 mutants to measure

if RPS after UV depends on NER.

Indeed, in xpf-1 mutants we observed

a wider spread in individual RPS levels

and a significant decrease in the average

RPS level after UV (Figures 7A and 7C).

These results show that while muscle

cells show only very limited XPF-1

mobility and appear largely refractory
to the hazardous effects of UV damage and/or transcription in-

hibition, still they display TC-NER activity that is essential to

overcome UV-induced transcription blockage.

DISCUSSION

C. elegans germ cells constitute an immortal and totipotent cell

lineage in which the entire genome needs to be protected from

DNA damage to ensure faithful transmission of genetic informa-

tion to the next generation (Lans and Vermeulen, 2015). Using

in vivo imaging, we show that in oocytes, the DNA repair activity

of ERCC-1/XPF-1 fully depends on GG-NER. This is in line with

previous observations by us and others that specifically GG-

NER, but not TC-NER, protects against DNA-damage-induced

germ cell proliferation and meiotic maturation defects and em-

bryonic lethality (Lans and Vermeulen, 2011; Lans et al., 2010;
ll Reports 34, 108608, January 12, 2021 9
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Figure 7. TC-NER Activity in Muscles

(A) Images of RPS assay in living wild-type and

xpf-1 animals expressing AID::GFP (and TIR1::m-

Ruby, not depicted) under control of eft-3 pro-

moter in body wall muscles, shown here in the

head of C. elegans. AID::GFP was depleted by 2-h

exposure to 100 mM auxin (‘‘auxin’’). Immediately

following depletion, animals were mock treated

(no UV) or irradiated with 40 or 120 J/m2 UVB, and

48 h later, GFP fluorescence was imaged. Animals

not exposed to auxin were imaged as control (‘‘no

auxin’’). Scale bar, 20 mm

(B and C) Quantification of head muscle GFP

fluorescence levels in wild-type (B) or xpf-1 (C)

animals. Each dot represents average fluores-

cence level of one individual cell. Shown are

scatter dot blots with mean and SEM of two in-

dependent experiments using at least 18 animals.

***p < 0.001 (one-way ANOVA followed by post

hoc analysis by Bonferroni’s test) indicates a sta-

tistically significant difference compared to the

‘‘no UV’’ condition.
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Mueller et al., 2014). Importantly, we observed that in oocytes,

XPF-1::GFP very quickly binds to damaged DNA, which was,

surprisingly, not observed anymore 30 min after irradiation.

This rapid disappearance of DNA-bound XPF coincides with

the unprecedented short time it took to completely remove all

UV-induced CPDs in wild-type animals, which was xpf-1 and

thus NER dependent. It should be stressed that a direct compar-

ison of repair kinetics between different species is difficult

because of the difference in genome size, the amount of lesions

induced, and the type of UV light used and because of differ-

ences in the abundance of XPF and other NER proteins in cells.

Still, such high repair speed contrasts to the much slower global

genome CPD repair observed in yeast and human cells in culture

(Mitchell et al., 1985; Sabatella et al., 2018; Teng et al., 1997) and

other C. elegans cell types (Figures S2B and S2C) (Hartman

et al., 1989; Meyer et al., 2007), which may therefore be oocyte

specific. Mammalian oocytes do exhibit UV-induced unsched-

uled DNA repair synthesis indicative of NER (Masui and Peder-

sen, 1975) and are likely well able to efficiently repair many

different types of DNA damage (Stringer et al., 2018), but it is un-

known how fast NER operates in mammalian oocytes. Studies

using UV-irradiated DNA plasmids in Xenopus laevis oocytes

or oocyte extracts, however, which show rapid removal of CPD

lesions within 1–2 h, support the idea that NER proceeds with

high efficiency and speed in these types of germ cells (Adair

et al., 2005; Hays et al., 1990).

It is currently unclear which mechanisms drive this unprece-

dented fast NER in vivo. Possibly, differences in chromatin

conformation and/or remodeling, which impact and regulate for-

mation and repair of UV lesions (Lans et al., 2012; Mao et al.,

2017; Marteijn et al., 2014), play a role. Alternatively, the activity

of GG-NER-specific NER factors such as XPCmay be enhanced

by oocyte-specific post-translational modifications, known to

stimulate its damage detection efficiency (Marteijn et al., 2014).

In C. elegans oocytes, 30 min is about the length of time that

the proximal �1 oocyte, in which we measured XPF-1 and

CPD repair kinetics, needs to mature and ovulate (McCarter
10 Cell Reports 34, 108608, January 12, 2021
et al., 1999), at which time the nuclear envelope breaks down

to allow bivalents to complete diakinesis of the first meiotic pro-

phase upon fertilization. Therefore, oocytes probably need to

quickly repair damage to allow swift release of DNA-bound pro-

teins, which may interfere with the subsequent meiotic and em-

bryonic cell divisions, and ensure faithful transmission of undam-

aged genetic information. Shortly after fertilization and

completion of meiosis I and II, the first embryonic cell divisions

occur for which proper timing is more important than faithful

genome maintenance. During this early phase of embryogen-

esis, the DNA damage checkpoint is suppressed and DNA dam-

age is bypassed by translesion polymerases rather than repaired

by NER (Holway et al., 2006; Roerink et al., 2012). Although this

translesion synthesis allows replication to continue in the pres-

ence of DNA lesions, this process is error prone and increases

the risk of mutation accumulation. Therefore, it is imperative for

oocytes to be able to efficiently repair lesions and preserve

genomic integrity. The higher expression of NER genes in germ

cells as compared to somatic cells (Boyd et al., 2010) is a likely

requisite to allow the efficient and rapidmaintenance of the entire

genome by GG-NER.

Contrarily to oocytes, XPF-1 expression in neurons protected

L1 animals against UV irradiation in a TC-NER-dependent, but

not GG-NER-dependent, manner, in line with our previous ob-

servations (Lans et al., 2010). These results suggest that somatic

cells mainly focus on preserving genetic information contained in

genes that are actively transcribed and needed for proper cell

functionality. It was previously observed that as animals develop,

the amount of UV lesions repaired in time declines and that the

repair rate is highest in more actively transcribed genomic re-

gions (Hartman et al., 1989; Meyer et al., 2007). These develop-

mental-stage-specific changing repair activities might be ex-

plained by this differentiation-driven switch from GG-NER to

TC-NER. This switch is also observed in mammalian cells, which

lose their global genome repair capacity but retain repair in

active genes, upon in vitro differentiation (Nouspikel and Hana-

walt, 2002; van der Wees et al., 2007) and was suggested to
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be regulated by changes in phosphorylation of the ubiquitin-acti-

vating enzyme E1 (Nouspikel and Hanawalt, 2006). Importantly,

in vivo imaging of the spatiotemporal properties of C. elegans

XPF-1 shows that in neurons XPF-1 behaves similarly to TC-

NER factors inmammalian cells in culture; XPF-1 is not visibly re-

cruited at LUD and only slightly immobilized upon UV irradiation

in FRAP. These data exemplify the importance of TC-NER rather

than GG-NER for maintaining transcriptional integrity and cell

functionality in post-mitotic neurons, which likely correlates to

the fact that neurodegeneration is a typical feature of human pa-

tients carrying mutations in TC-NER factors (Hoeijmakers, 2009;

Karikkineth et al., 2017; Lans et al., 2019).

Our results suggest that L1 larvae arrest development upon

UV irradiation due to transcription arrest, which was previously

reported to involve ERK1/2 mitogen-activated protein kinase

(MAPK) signaling (Astin et al., 2008; Bianco and Schumacher,

2018; Lans and Vermeulen, 2011). Considering the importance

of TC-NER in somatic cells, it is striking to note that loss of

csb-1 in a wild-type or unc-119::xpf-1 background does not

completely impair UV survival of L1 larvae (Figure 4F). Appar-

ently, XPF-1 expressed in neurons can still partially rescue UV

survival in the absence of TC-NER. This can be explained by pre-

vious UV survivals showing that in somatic cells, GG-NER fac-

tors become crucial to recover UV-blocked transcription and

promote L1 larvae survival when TC-NER is deficient (Babu

et al., 2014; Lans et al., 2010). Thus, GG-NER is active in somatic

cells but probably mainly to support the maintenance of tran-

scribed genes. Such transcription-specific GG-NER activity

has been previously described for in-vitro-differentiated human

cell types, including neurons, and has been dubbed ‘‘transcrip-

tion domain-associated repair’’ (Nouspikel et al., 2006; van der

Wees et al., 2007). Considering that in C. elegans neurons,

XPF-1::GFP recruitment to UVC-laser-induced UV damage is

not visible, it is therefore likely that XPF-1 functions only to main-

tain transcribed genes, which in wild-type cells is mostly medi-

ated by TC-NER but may also be mediated by GG-NER, as a

backup system or in the absence of TC-NER.

Remarkably, we find that the activity of XPF-1, and thus that of

NER, is not similar in every differentiated somatic cell type. XPF-

1::GFP expression in muscles did not protect against UV irradi-

ation as it did in neurons. Apparently, in the L1 larvae UV survival

assay, which actually measures arrested development of the

whole animal, the contribution of muscle cells to survival is not

as important as that of neurons. Pan-neural promoters were

used to drive or deplete XPF-1::GFP expression in all neurons,

which in the L1 larvae make up over one-third of the animal’s

cells (Sulston and Horvitz, 1977). In contrast, muscle cells

make up less than one-fifth of the animal’s cells. Still, it is unex-

pected that expression of XPF-1 in only part of the animal (i.e., in

neurons) is sufficient for UV survival. We also observed partial

rescue of UV sensitivity when XPF-1::GFP was extrachromoso-

mally expressed by the lin-26 promoter, which drives specific

expression in glial and hypodermal cells that make up less

than one-fourth of the total amount of cells in L1 larvae (Fig-

ure S4B) (Labouesse et al., 1996). DNA damage in C. elegans

leads to upregulation of adaptive stress and survival responses

(Arczewska et al., 2013; Edifizi et al., 2017; Lans et al., 2013)

and in germ cells triggers a non-cell-autonomous systemic
response that promotes stress resistance of somatic cells (Er-

molaeva et al., 2013). Also, persistent DNA damage in somatic

cells leads to activation of the FOXO transcription factor DAF-

16 that together with GATA transcription factor EGL-27 regulates

and promotes development and growth (Mueller et al., 2014). It is

thus conceivable that similar systemic responses to control

developmental growth act in neurons (and hypodermal cells),

but not in muscles.

Strikingly, in unperturbed conditions, XPF-1::GFP is less mo-

bile in muscle cells than in oocytes or neurons or compared to

mammalian cells in culture (Houtsmuller, 1999; Sabatella et al.,

2018). Also, after UV irradiation, there was no measurable differ-

ence in XPF-1 mobility, in contrast to oocytes, neurons, and

mammalian cells in culture. The low muscle mobility of XPF-1

is reminiscent of a similar lowmobility observed for TFIIH in orga-

notypic cultures of mouse differentiated cell types (Giglia-Mari

et al., 2009) and is therefore suggestive of a tissue-specific differ-

ential organization of NER in vivo. This is in line with multiple

studies that have addressed repair capacity in differentiated ro-

dent muscle cell types showing a decrease in repair capacity

upon differentiation (Ho and Hanawalt, 1991; Lampidis and

Schaiberger, 1975). We observed that UV irradiation, even in

the absence of NER, does not strongly affect muscle integrity

or function in C. elegans, in stark contrast to its effect on neu-

rons. Thus, our observations could indicate that genomemainte-

nance is less important in muscles, even though our RPS assay

suggests that TC-NER exists in these cells. This possibly corre-

lates to the fact that in humans, TC-NER deficiency has a less

negative impact on the muscle system than on the nervous sys-

tem and that even CS symptoms displayed in the musculoskel-

etal system derive from denervation myopathy and disuse atro-

phy rather than from a direct dysfunction of muscle tissue itself

(Karikkineth et al., 2017).

In summary, we conclude that NER displays tissue-specific

activity, which may explain the differential impact of DNA lesions

on different tissues. It will be interesting to determine if similar

tissue-specific repair activities are also present in tissues of

higher organisms in vivo and whether these can explain part of

the tissue-specific symptoms associated with hereditary NER

deficiency.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-CPD monoclonal antibody

TDM-2

Cosmo Bio CAC-NM-DND-001, RRID:AB_1962813

mouse anti-XPF monoclonal antibody, 3F2/

3

Santa Cruz sc-136153, RRID:AB_2098034

rabbit anti-XPC polyclonal antibody Wim Vermeulen, this paper N/A

rabbit anti-GFP polyclonal antibody Abcam ab290, RRID:AB_303395

goat anti-mouse IgG Alexa-555 antibody Molecular probes A21424, RRID:AB_141780

goat anti-rabbit IgG Alexa-633 antibody Invitrogen A-21072, RRID:AB_2535733

goat anti-rabbit IgG Alexa-555 antibody Invitrogen A-21429, RRID:AB_141761

goat anti-mouse IgG Alexa 488 antibody Invitrogen A11001, RRID:AB_2534069

Bacterial and Virus Strains

Escherichia coli, OP50 Caenorhabditis Genetics Center WormBase ID: OP50

Escherichia coli, HT115 Caenorhabditis Genetics Center WormBase ID: HT115(DE3)

Chemicals, Peptides, and Recombinant Proteins

Poly-L-lysine hydrobromide Sigma P1524

Vectashield with DAPI Vector laboratories H-1200

Polystyrene beads Polyscience Inc 00876-15

3-indoleacetic acid Sigma I3750

phalloidin-Atto565 Sigma 94072

NaN3 Sigma S2002

DiI Molecular Probes D282

Experimental Models: Cell Lines

U2OS XPF KO XPF-GFP Sabatella et al., 2018 N/A

Experimental Models: Organisms/Strains

C. elegans strains are listed in Table S1 N/A

Oligonucleotides

xpf-1 crRNA ATTTCGGAAGAAAATAACAC this paper N/A

xpb-1 crRNA TCTTTCGTCGCCATTTCTTT this paper N/A

control siRNA Dharmacon D-001210-05

XPC siRNA

CUGGAGUUUGAGACAUAUCUU

this paper N/A

Recombinant DNA

pJA252 Zeiser et al., 2011 RRID:Addgene #21512

pJA256 Zeiser et al., 2011 RRID:ddgene #21509

pCM5.37 Geraldine Seydoux RRID:Addgene #17253

pLZ31 Zhang et al., 2015 RRID:Addgene #71720

pCFJ201 Zeiser et al., 2011 N/A

Software and Algorithms

LAS AF Leica https://www.leica-microsystems.com/

products/microscope-software/p/

leica-las-x-ls/ RRID:SCR_013673

ImageJ ImageJ https://imagej.nih.gov/ij/,

RRID:SCR_003070

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Graphpad Prism GraphPad Software, Inc https://www.graphpad.com:443/,

RRID:SCR_002798

Huygens software https://svi.nl/Huygens-Software,

RRID:SCR_014237
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hannes

Lans (w.lans@erasmusmc.nl).

Materials Availability
All strains and plasmids generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All C. elegans strains were cultured according to standard methods (Brenner, 1974) on nematode growth media (NGM) agar plates

seededwith Escherichia coliOP50. The wild-type strain was Bristol N2. Strains used are listed in Table S1. Developmental stages are

indicated for each experiment and in the legends. Human XPF knockout osteosarcoma U2OS cells complemented with GFP-tagged

XPF were previously described (Sabatella et al., 2018) and cultured in DMEM/F10 supplemented with 10% fetal calf serum (FCS) and

1% penicillin-streptomycin (PS) at 37�C and 5% CO2. U2OS cells are of female origin.

METHOD DETAILS

C. elegans strains
C. eleganswas cultured according to standardmethods (Brenner, 1974). The wild-type strain was Bristol N2.Mutant strains and alleles

aresummarized inTableS1.Allmutantswerebackcrossed three tofive timesagainstwild-typeandgenotypedbyPCRandsequencing.

To generate xpf-1::gfp knockin animals, a 542 bp left and 482 bp right homology armwere amplified fromwild-type genomic DNA and

cloned into plasmid pDD282 (a gift fromBobGoldstein; Dickinson et al., 2015), flanking gfp, after which the ‘self-excising cassette’ was

removed. To generate aid::gfp::xpb-1 knockin animals, a gene fragment (Integrated DNA technologies) consisting of 176 bp left and

200bp right homologyarmsflanking aid::gfp sequenceswascloned intopCRII-TOPO. Theplasmidswere injected togetherwith trcRNA

andcrRNA (targetingATTTCGGAAGAAAATAACAC for xpf-1 andTCTTTCGTCGCCATTTCTTT for xpb-1; IntegratedDNA technologies)

in theCas9dPiRNA expressing strainHCL67 (a kindgift fromHeng-Chi Lee; Zhanget al., 2018). Knockin animalswere verifiedbygenotyp-

ing PCR and sequencing, after which the Cas9 was removed by backcrossing against wild-type.

To generate strains stably expressing XPF-1::GFP or TIR1::mRuby under control of tissue-specific promoters mex-5, unc-119,

myo-3 and lin26, the MosSCI technology (Frøkjær-Jensen et al., 2008) was used. For transient XPF-1::GFP expression under control

of the aex-3 and hlh-1 promoters, transgenes were expressed as extrachromosomal arrays (Evans, 2006). Promoter fragments of

unc-119 and aex-3 (to drive expression in neurons; Iwasaki et al., 1997; Maduro and Pilgrim, 1995),myo-3 and hlh-1 (to drive expres-

sion in muscles; Ardizzi and Epstein, 1987; Krause et al., 1994), lin-26 (to drive expression in hypodermis; Labouesse et al., 1996)

were PCR amplified from wild-type genomic DNA (myo-3: 2499 bp upstream of ATG, unc-119: 2194 bp upstream of ATG, hlh-1:

3116 bp upstream of ATG, aex-3: 1343 bp upstream of ATG and lin-26: 3740 bp upstream of ATG) and recombined into

pDONRP4-P1R using BP clonase (Invitrogen). For the mex-5 promoter (driving expression in germ cells) and gfp::ttb-2 sequence

and 30UTR, entry vectors pJA252 and pJA256 were used, respectively (gifts from Julie Ahringer) (Zeiser et al., 2011). For unc-54

30UTR sequences pCM5.37 was used (a gift from Geraldine Seydoux). xpf-1 cDNA was generated by PCR amplification of wild-

type cDNA and TIR1::mRuby was amplified from vector pLZ31 (a gift from Abby Dernburg) (Zhang et al., 2015) and both were cloned

into pDONR221. To generate expression vectors, promoter entry vectors, xpf-1 or TIR1::mRuby vectors and gfp::ttb-2 or unc-54 vec-

tors were recombined with plasmid pCFJ201(Zeiser et al., 2011) using LR clonase II (Invitrogen). Resulting vectors were verified by

sequencing. For transient expression, constructs were injected into xpf-1(tm2842)II animals together with either myo-2::mCherry or

myo-3::mCherry and elt-2::mCherry, tomaintain transgenic animals by selection for red fluorescence. For stable expression, the con-

structs were injected in the MosSCI strain EG6250 to generate transgenic worms which were selected after heat shock based on

rescue of the unc-119 phenotype and genotyping. All strains were backcrossed against xpf-1(tm2842)II or wild-type animals.
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DNA repair survival assays
Germ cell and embryo survival assays were performed as previously described (Lans et al., 2010). Briefly, staged young adults were

washed and irradiated on empty agar plates at the indicated UVB dose (Philips TL-12 tubes, 40W). Following a 24 h recovery period

on OP50 bacteria, three to five adults were allowed to lay eggs for 3 h on 6 cm plates seeded with HT115 bacteria, in quadruple for

each UVB dose. 24 h later, the amount of hatched and unhatched (dead) eggs was counted and survival percentage calculated. Re-

sults are plotted as average of at least eight independent experiments. Statistical difference was calculated using a one-way ANOVA

followed by post hoc analysis by Bonferroni’s test. L1 larvae survival assays were performed as previously described (Lans et al.,

2010). Briefly, eggs collected from adult animals after hypochlorite treatment were plated onto agar plates seeded with HT115 bac-

teria, and, when indicated containing 1 mM auxin (3-indoleacetic acid, Sigma), in quadruple for each UV dose. 16 h later, L1 larvae

were irradiated at the indicated doses of UVB (Philips TL-12 tubes, 40W) and allowed to recover for 48 h. Animals arrested at the L1/

L2 stages and surviving animals that developed beyond the L2 stage were counted to determine the survival percentage. During all

assays, animals were kept at 20�C. Results are plotted as average of at least eight independent experiments. Statistical difference

was calculated using a one-way ANOVA followed by post hoc analysis by Bonferroni’s test.

CPD immunofluorescence and imaging of fixed animals
To image XPF-1::GFP in fixed animals, unperturbed or irradiated (using two Philips TL-12 tubes, 40 W, emitting UVB) adults were

fixed on Poly-L-lysine hydrobromide (Sigma) slides with 4% paraformaldehyde in PBS and slides were mounted using Vectashield

with DAPI (Vector laboratories). To visualize CPDs lesions, adult animals were dissected by cutting heads and tails, exposing gonads

and embryos which were freeze cracked and incubated in cold methanol. Upon fixation in 4% formaldehyde in PBS, gonads were

blocked with PBS containing 0.5% BSA and 0.1% Tween and incubated with 0.07 M NaOH to denature DNA. Next, gonads were

incubated with CPD antibody (TDM-2; Cosmobio) overnight and with Alexa555-conjugated secondary antibody (Invitrogen) for 2

h.DAPI Vectashield (Vector Laboratories) was used to mount coverslips. Animals and oocytes were imaged using a Zeiss

LSM700 confocal microscope equipped with a 40x Plan-apochromat 1.3 NA oil immersion lens (Carl Zeiss). Fluorescence intensity

of the CPD staining was quantified in at least 30 bivalents/condition in two independent experiments using ImageJ software. Statis-

tical difference was calculated using a one-way ANOVA followed by post hoc analysis by Bonferroni’s test.

Real-time imaging and FRAP in C. elegans

To generate images of XPF-1::GFP or GFP in living animals, animals were mounted on 2% agar pads in M9 containing 10 mM NaN3

(Sigma) and imaged on a Zeiss LSM700 or Leica SP8 confocal microscope. For measurements on XPF-1::GFP in living animals, adults

were immobilized in a mix of M9 buffer and polystyrene beads (Polyscience Inc.) on 6% agarose pads on microscope slides. When

indicated, adults were irradiated with 300 J/m2 UVB (Philips TL-12 tubes, 40 W) on coverslips. After mounting of coverslips on micro-

scope slides, animals were imaged using a Leica TCS SP5 (Leica Microsystems) or a Zeiss LSM700 confocal microscope. To perform

FRAP, nuclei of oocytes, neurons andmuscleswere imaged at 700Hz every 37ms using a 488 nm laser at low power until steady-state

levels were reached. Next, GFP-derived fluorescence in a small square (0.83 0.8 mmon a bivalent in oocytes; 0.33 0.3 mm for neurons

and muscles, zoom 9) was photobleached using high (80%–100%) laser power. Photobleaching in the small square was optimized

such that reduction in the overall nuclear fluorescence signal was minimized. Recovery of the fluorescence signal was measured at

low laser power every 37 ms until steady-state levels were reached. In oocytes, the bivalent position was tracked by simultaneous im-

aging ofmCherry::H2B using a 561 nm laser. Fluorescent signals were normalized to the average fluorescence intensity before bleach-

ing and bleach depth and plotted as average of at least 12 animals per condition, except for oocytes between 10 and 20min after UV for

which 5 animals were averaged. For real-time imaging of XPF-1::GFP LUD recruitment, nuclei in immobilized animals were imaged us-

ing a 100x quartz objective coupled to a Leica TCS SP5 confocal microscope. Local DNA damage was inflicted using a UVC laser

(266 nm, RappOptoElectronic, HamburgGmbH) as previously described (Aydin et al., 2014). In oocytes, the UVC laser was specifically

directed on one of the bivalents. Fluorescence intensities at sites of local damage were normalized to average fluorescence intensities

before irradiation and plotted as average of at least 5 animals per condition from two independent experiments. All real-time imaging

was performed at room temperature. LASAF software (Leica) was used for imaging and ImageJ software to compensate formovement

of cells and for quantification. Deconvoluted images of �1 oocytes in living animals were generated using The Huygens software.

Recovery of protein synthesis
To measure recovery of protein synthesis after UV, as readout for TC-NER, we first depleted AID::GFP (which is co-expressed with

TIR1 in muscle cells by the same eft-3 promoter), in staged L4 animals, by culturing animals for 2 h on NGMplates containing 100 mM

auxin (3-indoleacetic acid, Sigma). The level of depletion was determined bymeasuring GFP fluorescence in bodywall muscle cells in

the head of living animals on a Leica SP8 confocal microscope. Directly after auxin exposure, animals were UV-irradiated with 40 or

120 J/m2 and, together with control animals not exposed to auxin or not irradiated, cultured on NGM plates. After 48 h, the level of

protein synthesis (recovery) for each condition was determined by imaging GFP fluorescence in head muscle cells of living animals.

Dye filling
For dye filling (Hedgecock et al., 1985), staged first day adult animals weremock treated or UV-irradiated (40 J/m2UVB) and grown for

72 h (Figure 6A) or grown 7 days in the absence or presence of 1 mM auxin (3-indoleacetic acid, Sigma; Figure S3C), as indicated.
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Animals were washed and incubated for 30min in 10 mg/ml DiI (Molecular probes) dissolved inM9 buffer. Next, animals were allowed

to recover for at least 1 h on culture plates. Animals were imaged using a Leica TCS SP5 confocal microscope.

Phalloidin staining
For phalloidin staining, staged first day adult animals were mock treated or UV-irradiated (40 J/m2 UVB) and grown for 72 h before

fixation (Figure 6B) or grown for 72 h or 9 days in the absence or presence of 1 mM auxin (3-indoleacetic acid, Sigma) before fixation

(Figure S3D), as indicated. To visualize actin filament organization (Ono and Pruyne, 2012), animals were fixed in 4% formaldehyde

dissolved in CSK-buffer (10 mM PIPES, pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA) containing 0.32 M sucrose and permeabi-

lized for 5 min in acetone at�20�C. Animals were stained for 30min with 0.2 mg/ml phalloidin-Atto565 (Sigma), washed andmounted

using DAPI Vectashield (Vector Laboratories). Animals were imaged using a Zeiss LSM700 confocal microscope.

Body bends measurement
To determine thrashing rate, staged first day adult animals were mock treated or UV-irradiated (40 J/m2 UVB) and grown for 72 h

(Figure 6C), after which animals were placed in 5 ml M9 buffer and allowed to acclimatize for 30 s before number of body bends

was counted for 30 s.

Human cell culture and siRNA
Human XPF knockout osteosarcoma U2OS cells complemented with GFP-tagged XPF were previously described (Sabatella et al.,

2018) and cultured in DMEM/F10 supplemented with 10% fetal calf serum (FCS) and 1%penicillin-streptomycin (PS) at 37�C and 5%

CO2. For siRNA treatment, cells were transfected using RNAiMax (Invitrogen) with control siRNA (Dharmacon, D-001210-05) or

siRNA targeting XPC (custom, CUGGAGUUUGAGACAUAUCUU), 48 h before UVC treatment.

Real-time imaging in human cells
To measure XPF-GFP recruitment to laser induced LUD in human cells, XPF-GFP expressing cells were seeded on coverslips and

imaged using a 100x quartz objective coupled to a Leica TCS SP5 confocal microscope. Local DNA damage was inflicted using a

UVC laser (266 nm, Rapp OptoElectronic, Hamburg GmbH) as previously described (Aydin et al., 2014). Fluorescence intensity at

sites of local damage was normalized to the average fluorescence intensity before irradiation. Results are plotted as average of at

least 10 cells from two independent experiments. During imaging, cells were kept in culture medium at 37�C and 5% CO2. LAS

AF software (Leica) was used for imaging and ImageJ software for quantification.

Immunofluorescence in human cells
For immunofluorescence, human cells were seeded on coverslips and irradiated with 60 J/m2 (254 nm UVC lamp, Philips) through an

8 mm microporous filter (Millipore) to create LUD. Cells were fixed at the indicated times after irradiation with 2% paraformaldehyde

and 0.1%Triton X-100 in PBS, and permeabilized for 20min with 0.1%Triton X-100 in PBS. DNAwas denatured with 0.07MNaOH in

PBS for 5 min. PBS containing 0.15% glycine and 0.5% BSA was used to wash cells prior to 2 h incubation with primary antibodies

and 1 h incubation with secondary antibodies conjugated to Alexa Fluor 488, 555 and 633 (Invitrogen). DAPI Vectashield (Vector Lab-

oratories) was used to mount the coverslips that were subsequently imaged using a Zeiss LSM700 microscope equipped with a 40x

Plan-apochromat 1.3 NA oil immersion lens (Carl Zeiss). Primary antibodies usedwere anti-XPF (3F2/3, Santa Cruz), anti-XPC (home-

made fraction 5), anti-GFP (ab290, Abcam), anti-CPD (TDM-2; Cosmobio). Accumulation of XPF at sites of damage wasmeasured in

at least 100 cells per condition in two independent experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of samples and biological replicates analyzed for each experiment are indicated in the legends. Statistical differences

were calculated inGraphPad Prism software using a one-way ANOVA followed by post hoc analysis by Bonferroni’s test, as indicated

in the legends for each experiment.
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Figure S1.  XPF-1 fluorescence intensities and cell-specific depletion. Related to Figures 1 and 2. (A) 
Representative images of XPF-1::GFP fluorescence intensities in oocytes, head neurons and body wall muscle 
cells in xpf-1::gfp knock-in (ki) and in mex-5::xpf-1, unc-119::xpf-1 and myo-3::xpf-1 animals. Scale bar: 5 μm. 
(B) Quantification of XPF-1::GFP fluorescence intensities in cells as depicted in (A). Shown is the average (+/- 
SEM) of at least 13 cells in at least four animals. (C) Representative images showing expression of XPF-
1::GFP in nuclei (examples indicated with arrowheads) of muscles (myo-3::xpf-1) and head neurons (unc-
119::xpf-1) in L1 larvae. Scale bar: 10 μm. (D) Representative images showing AID::GFP-tagged XPF-1 
fluorescence in head neurons (indicated by arrowheads) in animals expressing also TIR1 (fused to mRuby, 
not depicted) under control of the neuronal rgef1 (upper and middle panel) or unc-119 promoter (bottom panel), 
in the absence or presence of auxin. Animals expressing TIR1 under control of the rgef-1 promoter also 
express blue fluorescent AID-tagged TagBFP2 (shown with ‘BFP::AID’), which like XPF-1 is also depleted from 
neuronal cells in the presence of auxin. Scale bar: 20 μm. (E) Representative images showing AID::GFP-
tagged XPF-1 fluorescence in body wall muscle nuclei (indicated by arrowheads) of L4 xpf-1::AG animals 
grown on auxin (upper panel) and depletion of XPF-1 in these cells in animals expressing also TIR1 (fused to 
mRuby, not depicted) in muscles under control of either the myo-3 (middle panel) or unc-54 promoter (bottom 
panel). Scale bar: 20 μm.  
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Figure S2.  XPF recruitment to DNA damage and CPD repair. Related to Figures 3 and 4. (A) 
Representative immunofluorescence pictures of human XPF recruitment to local UV damage in U2OS cells 
30 min, 1 and 2 h after irradiation with 60 J/m2 UVC through an 8 μm microporous filter. Cells were stained 
with antibodies against XPF and XPC, as damage marker. Scale bar: 5 μm. (B) Representative 
immunofluorescence pictures of mitotic germ cells in the distal tip of dissected gonads of adult wild type 
animals without treatment (no UVB) or 120 min after global irradiation with 120 J/m2 UVB. Dissected gonads 
were stained with antibodies against CPD photolesions and DAPI, as DNA marker. Scale bar: 5 μm. (C) 
Representative immunofluorescence pictures of wild type embryos without treatment (no UVB) or 30 and 120 
min after global irradiation with 120 J/m2 UVB. Embryos were stained with antibodies against CPD photolesions 
and DAPI, as DNA marker Scale bar: 5 μm. (D) Local UVC-laser-induced DNA damage recruitment of XPF-
1::GFP in oocytes of mex-5::xpf-1 (germ line) animals (depicted also in Figure 5B) is shown in comparison to 
recruitment of GFP-tagged human wild type XPF (hXPF) expressed in XPF knockout U2OS cells. GFP 
fluorescence intensities at sites of local damage were measured in real-time for 250 sec and normalized to 
pre-damage values. Results are plotted as average of at least 5 animals and 20 cells from at least two 
independent experiments. Damage was inflicted at t=0. (E) Representative immunofluorescence pictures of 
the UV damage recruitment of human XPF-GFP expressed in XPF knockout U2OS cells (hXPF) treated with 
non-targeting (sictrl) and XPC (siXPC) siRNAs, 1 h after irradiation with 60 J/m2 UVC through an 8 μm 
microporous filter. Cells were stained with antibodies against XPC and CPD, as damage marker. Scale bar: 5 
μm. (F) Percentage of cells showing clear co-localization of XPF-GFP and CPD in cells treated with non-
targeting (sicntrl) and XPC (siXPC) siRNAs, as determined by immunofluorescence experiments shown in (E). 
Results are plotted as average of at least 190 cells from two independent experiments. RFI indicates relative 
fluorescence intensity. Error bars represent the SEM. 
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Figure S3.  Neuron-specific transcription inhibition by XPB-1 depletion impairs neuron integrity and larval 
development. Related to Figures 2 and 6. (A) AID::GFP::XPB-1 fluorescence in wild type xpb-1 knock-in 
animals (AG::xpb-1) or knock-in animals expressing TIR1 specifically in muscles (AG::xpb-1; myo-3::TIR1) or 
neurons (AG::xpb-1; unc-119::TIR1) grown for 72 h on plates containing 1 mM auxin. Muscle cell nuclei are 
indicated by arrow heads, neuron nuclei are indicated by arrows. Scale bar: 20 μm (B) L1 larvae survival assay 
of AG::xpb-1, AG::xpb-1; myo-3::TIR1 and AG::xpb-1; unc-119::TIR1 animals grown for 48 h on plates with no 
auxin or with 1 mM auxin added. The percentages of animals that developed beyond the L2 stage (survival) 
are plotted, as average of three replicate experiments. Error bars represent the SEM. (C) DiI dye filling of 
AG::xpb-1, AG::xpb-1; myo-3::TIR1 and AG::xpb-1; unc-119::TIR1 adult animals grown for 7 days on plates 
containing 1 mM auxin. The merge of the bright field and DiI (red) channel is shown. Scale bar: 50 µm  (D) 
Phalloidin staining (red) of body wall muscles of AG::xpb-1, AG::xpb-1; myo-3::TIR1 and AG::xpb-1; unc-
119::TIR1 adult animals grown for 72 h or 9 days in the absence or presence of 1 mM auxin. DNA is stained 
with DAPI (blue). Scale bar: 20 µm  
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Figure S4. Intact muscle cells after UV and XPF-1 partially protects against UV in hypodermis. Related to 
Figures 5 and 6. (A) Representative images of body wall muscle cells (indicated by arrow heads) in adult wild 
type and unc-119::xpf-1 animals, 72 h after UV irradiation (40 J/m2) of L1 larvae. Shown are confocal bright 
field images overlaid with images of DAPI-colored nuclei (in white). Scale  bar: 10 µm. (B) L1 larvae survival 
assay after UVB irradiation of wild type and xpf-1 L1 larvae and L1 larvae transiently expressing XPF-1::GFP 
under the control of the lin-26 (hypodermis) promoter. The percentages of animals that developed beyond the 
L2 stage (survival) after irradiation are plotted against the applied UVB doses. Results are plotted as average 
of eight independent experiments, normalized to untreated conditions. (C) Reduction in overall XPF::GFP 
fluorescence signal after photobleaching in a small square during FRAP experiments shown in Fig 6 in nuclei 
of oocytes of mex-5::xpf-1, of body wall muscle cells of myo-3::xpf-1 and of ventral cord neurons of unc-
119::xpf-1 animals. Error bars represent the SEM. ***P<0.001 (one-way ANOVA followed by post-hoc analysis 
by Bonferroni’s test) indicates statistically significant difference compared to wild type for each dose. 
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Table S1: C. elegans strains used in this study, as described in the STAR methods. 

 

 

 

 

 

Strain Genotype 

CA1202 ieSi57 [P(eft-3)::TIR1::mRuby] II; ieSi58 [P(eft-3)::AID::GFP] IV 

EG6250 unc-119(ed3) III; cxTi10882 IV 

GJ1564 xpf-1(tm2842) II 

GJ1519 csb-1(ok2335) X 

GJ1553 xpc-1(tm3886) IV 

HAL20 xpf-1(tm2842) II; emcSi7[P(mex-5)::xpf-1::GFP] IV 

HAL21 ercc-1(tm 2073) I; xpf-1(tm2842) II; emcSi7[P(mex-5)::xpf-1::GFP] IV 

HAL42 xpf-1(tm2842) II; xpc-1(tm3886) emcSi7[P(mex-5)::xpf-1::GFP] IV; itIs37[P(pie-1)::mCherry::H2B] 

HAL43 xpf-1(tm2842) II; emcSi7[P(mex-5)::xpf-1::GFP] IV; itIs37[P(pie-1):: mCherry::H2B]; csb-1(ok2335) X 

HAL44 xpf-1(tm2842) II; emcSi7[P(mex-5)::xpf-1::GFP] IV; itIs37[P(pie-1):: mCherry::H2B] 

HAL62 xpf-1(tm2842) II; emcSi24[P(myo-3)::xpf-1::GFP] IV 

HAL63 xpf-1(tm2842) II; emcSi27[P(unc-119)::xpf-1::GFP] IV 

HAL69 xpf-1(tm2842) II; emcEx42[P(aex-3)::xpf-1::GFP P(myo-3)::mCherry] 

HAL75 xpf-1(tm2842) II; emcEx48[P(lin-26)::xpf-1::GFP P(myo-2)::mCherry P(elt-2)::mCherry] 

HAL77 xpf-1(tm2842) II; emcEx50[P(hlh-1)::xpf-1::GFP P(myo-2)::mCherry P(elt-2)::mCherry] 

HAL100 emcSi57[xpf-1::GFP] II 

HAL128 xpf-1(tm2842) II; emcSi27[P(unc-119)::xpf-1::GFP ]IV; csb-1(ok2335) X 

HAL130 xpf-1(tm2842) II; xpc-1(tm3886) emcSi27[P(unc-119)::xpf-1::GFP] IV 

HAL204  emcSi58[AID::GFP::xpb-1] III  

HAL228 emcSi58[AID::GFP::xpb-1] III; emcSi70[P(unc-119)::TIR1::mRuby] IV 

HAL233 emcSi58[AID::GFP::xpb-1] III; emcSi71[P(myo-3)::TIR1::mRuby] IV 

HAL246 emcSi77[xpf-1::AID::GFP] II 

HAL247 emcSi77[xpf-1::AID::GFP] II; emcSi70[P(unc-119)::TIR::mRuby] IV 

HAL248 emcSi77[xpf-1::AID::GFP] II; emcSi71[P(myo-3)::TIR::mRuby] IV 

HAL250 reSi3 [P(unc-54)::TIR1::F2A::mTagBFP2::NLS::AID I; emcSi77[xpf-1::AID::GFP] II 

HAL252 reSi7 [P(rgef-1)::TIR1::F2A::mTagBFP2::NLS::AID] I; emcSi77[xpf-1::AID::GFP] II 

HAL253 xpf-1(tm2842) ieSi57[P([eft-3)::TIR1::mRuby] II; ieSi58 [P(eft-3)::AID::GFP] IV 

HCL67 uocIs1[P(eft-3)::Cas9 dpiRNA] II; unc-119(ed3) III 
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