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Abstract: XPF endonuclease is one of the most important DNA repair proteins. Encoded by
XPF/ERCC4, XPF provides the enzymatic activity of XPF-ERCC1 heterodimer, an endonuclease that
incises at the 5’ side of various DNA lesions. XPF is essential for nucleotide excision repair (NER)
and interstrand crosslink repair (ICLR). XPF/ERCC4 mutations are associated with several human
diseases: Xeroderma Pigmentosum (XP), Segmental Progeria (XFE), Fanconi Anemia (FA),
Cockayne Syndrome (CS), and XP/CS combined disease (XPCSCD). Most affected individuals are
compound heterozygotes for XPF/ERCC4 mutations complicating the identification of
genotype/phenotype correlations. We report a detailed overview of NER and ICLR functional
studies in human XPF-KO (knock-out) isogenic cells expressing six disease-specific pathogenic XPF
amino acid substitution mutations. Ultraviolet (UV) sensitivity and unscheduled DNA synthesis
(UDS) assays provide the most reliable information to discern mutations associated with ICLR
impairment from mutations related to NER deficiency, whereas recovery of RNA synthesis (RRS)
assays results hint to a possible role of XPF in resolving R-loops. Our functional studies demonstrate
that a defined cellular phenotype cannot be easily correlated to each XPF mutation. Substituted
positions along XPF sequences are not predictive of cellular phenotype nor reflect a particular
disease. Therefore, in addition to mutation type, allelic interactions, protein stability and
intracellular distribution of mutant proteins may also contribute to alter DNA repair pathways
balance leading to clinically distinct disorders.

Keywords: XPF-KO; XPF/ERCC4 mutations; DNA repair; genotype-phenotype correlation

1. Introduction

The human XPF/ERCC4 gene is located in 16p13.1-p13.2 and encodes for the 916 amino acids
long XPF protein, [1] which forms a stable heterodimer with ERCC1 in order to constitute a structure-
specific endonuclease that incises the 5 side of several types of DNA lesions. XPF-ERCC1
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heterodimer is essential for normal development, since the complete inactivation of the XPF/ERCC4
or ERCC1 in humans and mice is incompatible with postnatal survival [2-5]. XPF is organized in
three different domains (Figure 1A): an N-terminal helicase domain (residues 15-647), a central
nuclease domain (residues 667-824) and a C-terminal helix-hairpin-helix (HhH) domain (residues
848-916) [6]. XPF specifically recognizes single strand DNA (ssDNA) through its N-terminal helicase
domain, while ERCC1 binds to double-strand DNA (dsDNA) through its hairpin region. This
different substrate specificity allows the heterodimer to bind to both single and double-strand DNA
and determines the incision position during DNA repair [7]. XPF/ERCC4 was originally identified as
the defective gene in xeroderma pigmentosum complementation group F (XP-F) [8] since wild type
XPF/ERCC4 cDNA complemented human XP-F cells as well as nucleotide-excision repair (NER)
deficient Ercc4 and Ercc11 rodent cells [9]. XPE-ERCC1 dimer is able to establish temporal interactions
with other proteins such as XPA, RPA and SLX4 to participate in several damage repair pathways
[10-13]. The XPE-ERCC1 heterodimer participates in NER [8], interstrand crosslinks repair (ICLR)
[14], microhomology-mediated end joining (MME]J) [15], single strand annealing (SSA), a branch of
double-strand breaks (DSB) repair, [15] and telomere maintenance [16]. Moreover, XPF-ERCC1 has
been found to have possible backup roles in repairing oxidative damage and DNA breaks with
damaged ends [17]. Additionally, it has emerged as a potential target for inhibitors to sensitize cancer
cells to DNA damage-based chemotherapy [18,19]. Considering its wide involvement in DNA repair
machinery, it is not surprising the range of human diseases associated with mutations in the
XPF/ERCC4 and ERCC1 genes.

Nucleotide-excision repair is one of the most versatile DNA damage repair pathways. It is
involved in the removal of lesions caused by ultraviolet (UV) radiation like cyclobutane-pyrimidine
dimers (CPDs) and 6—4 photoproducts (6—4 PPs), several natural and induced bulky chemical
adducts, intrastrand crosslinks and ROS-generated cyclopurines. Many of these lesions distort the
DNA double helix and must be removed to allow proper DNA replication and transcription [20].
NER is divided in two subpathways: global genome repair (GGR) and transcription-coupled repair
(TCR), which differ in the damage recognition process but share the same mechanism to incise at
both sides of the lesion, repair and ligate the DNA gap. In the GGR subpathway the entire genome is
probed by the protein sensor XPC to check for damage, while TCR is activated when UV-induced
lesions arrest the transcriptional machinery. When XPC recognizes the damage or RNA pol II stalls
at the damage site, the transcription initiation factor IIH (TFHII) is recruited and XPD and XPB open
the double helix. XPA verifies the damage and RPA occupies the non-damaged strand and help to
recruit XPF-ERCC1 heterodimer to incise at 5’ of the damage. XPG then incises the 3’ side of the lesion
producing a gap in the damaged strand of 22-30 nucleotides that is filled and sealed by DNA
polymerases and ligase activities [20].

Several genome instability syndromes may arise if NER is compromised. One of them is
xeroderma pigmentosum (XP; OMIM 278760), an autosomal recessive syndrome with 100%
penetrance characterized by extreme photosensitivity and a 10,000-fold increased risk of skin cancers
due to failure to repair DNA lesions produced by UV light [21]. Ocular abnormalities and increased
risk of cancers of the oral cavity are also very common among the patients [22]. Eight XP
complementation groups (XP-A to XP-G and XP-V) are described: proteins from XPA to XPG are
involved in the repair of the UV lesions while XPV (pol 1) is involved in bypassing DNA lesions by
translesion DNA synthesis above the damaged nucleotides. Most XP-F patients have mild XP
symptoms and a reduced level of nuclear XPF protein since most mutations promote XPF-ERCC1
mislocalization to the cytoplasm of cells and lead to insufficient levels of XPF-ERCC1 to complete
NER [23].

Similar to XPD, which mutations can cause up to six different clinical phenotypes [24],
XPF/ERCC4 mutations give raise to diseases other than XP. Mutation in XPF/ERCC4 can produce a
progeria-like phenotype (XFE) characterized by the failure of the mutant XPF protein to properly
translocate to the nucleus and to be recruited to sites of active DNA repair. The patients present severe
photosensitivity, neurological and musculoskeletal abnormalities and hematopoietic symptoms
[25,26]. XPF/ERCC4 mutations can produce Cockayne syndrome (CS), an autosomal recessive
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disorder associated with a defective TCR [27,28]. CS patients show neurological and developmental
abnormalities, growth and mental retardation, microcephaly, premature ageing and abnormal skin
photosensitivity but that does not lead to skin cancer [29]. Some other rare XPF/ERCC4 variants can
produce in the patients combined features of CS and XP. These cases present severe UV sensitivity
and cancer predisposition typical of XP and developmental abnormalities which are common in CS
patients [27,30].

One of the most dangerous DNA lesions are interstrand crosslinks (ICLs), since they block DNA
strands separation thus inhibiting DNA replication, transcription and segregation [31]. ICLs can be
produced as a result of cellular metabolism or by chemotherapeutic drugs such as mitomycin C
(MMC), diepoxybutane (DEB), cisplatin, nitrogen mustard and psoralens [31]. The detection and
repair of these lesions require a strict organization of multiple DNA repair proteins organized in the
Fanconi anemia (FA)/Breast cancer (BRCA) DNA repair pathway [32]. Mutations in at least 22 genes
involved in the FA/BRCA pathway cause FA, a rare genetic disease with an incidence of 1-9 in
1,000,000 live births and an estimated carrier frequency of 1 in 250 in most populations. Its clinical
features include bone marrow failure, pancytopenia, hyperpigmentation, skeletal malformations,
small stature and urogenital abnormalities and predisposition to leukemias and solid tumors. FA
cellular phenotype is characterized by extreme sensitivity to DNA cross-linking agents and
chromosomal fragility [32,33].

FA proteins can be divided in three functional groups: the FANCore complex, the ID complex
and the downstream proteins [32]. The FANCore complex is formed by seven FA proteins and six
FA-associated proteins whose functions are to activate through monoubiquitination the heterodimer
formed by FANCD2 and FANCI proteins (ID complex) to enable its relocation to the DNA damage
site [34] where it allows the recruitment of SLX4-XPF-ERCCT1 to incise and unhook the ICLs. Despite
several other endonucleases being involved in ICLSs processing [12], the identification of FA patients
carrying XPF/ERCC4 mutations suggests that XPF-ERCC1 endonuclease has a major role in ICL
repair [35]. In accordance with these observations, in vitro models [6,36] and mice models [11,37]
confirm XPF as the main endonuclease involved in the physiological unhook of ICLs.

All XPF/ERCC4-mutated patients regardless their clinical phenotypes carry at least one allele
with a missense mutation that does not affect dramatically its catalytic domain [21,27,35]. Taken
together with the observation that mice homozygous for Ercc4 or Erccl null alleles are not viable,
these data suggest that XPF-ERCC1 activity is essential for life.

Geneticists have identified several missense mutations in XPF/ERCC4 associated with a distinct
clinical phenotype (Figure 1A). Variant c.458G>C, p.Argl53Pro, was found in homozygosity in an
XFE patient [25]. This amino acid change affects the helicase domain, a leucine-rich region involved
in the interaction with SLX4 and DNA binding [6]. The patient’s main feature was the accelerated
ageing phenotype and the disease was named as XFE progeroid syndrome [25]. Mutation c.689T>C,
p-Leu230Pro was found in the paternal allele of an FA patient carrying a truncated maternal allele
[35]. Mutation c.2065C>A, p.Arg689Ser was found in another FA patient along with another
truncated allele and it was proven to affect XPF excision activity [35]. Variant c.706T>C, p.Cys236Arg
was found in heterozygosity in two different patients: along with a frameshift mutation in the other
allele caused CS [27], while in heterozygosity with the missense mutation c¢.1765C>T, p.Arg589Trp
produced a CS/XP combined syndrome [27]. The c.1765C>T, p.Arg589Trp variant was previously
shown to be associated with different XP clinical phenotypes: combined with a deletion in exon 3 of
the second allele caused severe XP, while in heterozygosity with the missense mutation p.Arg799Trp
caused mild XP [23,28,38]. The ¢.2395C>T, p.Arg799Trp missense mutation was found in
homozygosis in a patient diagnosed with mild XP [39], but it was recently found along with a
truncated allele in a patient with progeria syndrome [26].

Concerning the wide range of diseases associated with changes in XPF protein due to its crucial
role in several DNA repair pathways, the objective of this study was to better understand the role of
XPF in DNA repair and human disease by analyzing the genotype-phenotype correlation of
XPF/ERCC4 pathogenic variants causing XP, FA, CS, XFE or CS/XP in a genetically homogeneous
background.
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2. Materials and Methods

2.1. Cell Culture

All the cell lines used in this study were cultured in DMEM (Dulbecco’s Modified Eagle
Medium, Biowest cat. no. L0104, Barcelona, Spain) complemented with 10% FBS (Fetal Bovine Serum,
Biowest cat. no. 5181B) and 0.1 pg/mL Plasmocin (IBIAN Technologies, Zaragoza, Spain). Cells were
cultured at a controlled temperature of 37 °C in 5% CO2 atmosphere.

2.2. Generation of XPF-KO CELL Line

XPF-KO cell line was generated by TALEN targeting ERCC4 exon 2 sequence: 5
TCGCCGTGTAACAAATGAAATCACAAGCAACAGTCGCTATGAAGTTTACACA3Z (Underlined
fragment represents TAL binding sites; central region represents Fokl endonuclease cutting site) in
HEK 293T (Human Embryonic Kidney 293T cells, ATCC CRL-11268). A reporter plasmid [40]
containing the same ERCC4 recognition sequence, a red fluorescent protein sequence and an out of
frame green fluorescent protein (GFP) that could be restored when the DSB produced by FokI was
repaired by nonhomologous end joining (NHE]) was also used. Then, 48 h post transfection double
fluorescent (red and green) cells were selected by flow cytometry using the FACSAria II (BD

Bioscience). Single cell cloning of these cells was performed by limit dilution in three 96-well plates.
After 2 to 3 weeks, three individual clones were picked to check the lack of XPF protein by Western
Blot (WB).

2.3. Western Blot Analysis

A total of 1 x 109 of cells were lysed in 50 pL of RIPA 1x lysis buffer (Millipore 20-188, Wien,
Austria) with Benzonase nuclease (10 U/mL final) (VWR International 7074-6-3, Llinars del Vallés,
Spain). Samples were incubated at 37 °C for 10 min and then centrifuged at 13,000 rpm. Total protein
concentration of the supernatant was determined by Bio-Rad Protein Assay (Biorad, Hercules, CA,
USA) according to manufacturer’s instructions and 50 pg of total proteins were denaturalized for 10
min at 96° C in Laemmli 1x (Sigma S3401-10VL, Saint Louis, MO, USA) and loaded in an 8% SDS-
PAGE. Proteins were transferred to nitrocellulose membrane with the iBLOT2 (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) apparatus following manufacturer’s guidelines. Membranes
were blocked in 5% of milk in TTBS for 1 h at RT, and immunodetection was performed by incubating
the membranes with diluted primary antibodies in blocking solution for 16 h at 4 °C. Primary
antibodies used were: anti-XPF (mouse monoclonal, Ab-1 219 Thermo Fisher Scientific) 1:200 and
anti-Actin (rabbit polyclonal, ab1801, Abcam, Cambridge, UK) 1:1000. The following day, membranes
were incubated in secondary antibodies conjugated to peroxidase during 1 h at RT and revealed with
Pierce ECL Western Blotting Substrate (Pierce). Digital images of the membranes were captured with
a GeneGnome apparatus (Syngene Bio imaging, Bangalore, India). GeneTools analysis software
(Syngene Bio imaging) was used to quantify the amount of protein per band.

2.4. Characterization of the Selected XPF-KO Clone

Genomic DNA was extracted from 5 x 10¢ clonal XPF-KO cells using the DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions and DNA concentration was
measured by spectrophotometry using NanoDrop ND-1000 (NanoDrop Technologies). PCR to
identify mutations inserted by TALEN was performed using the following primers: For
(TGTAGACTGGTTGGCTGAAGT) and Rev (CGCCTATGTGCTTCCCAAGA). DNA was amplified
by denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, and elongation at 72 °C for 4 min for 35
cycles. Subsequently, the target DNA was elongated at 72 °C for 4 min. The product size was checked
into a 1.5% agarose gel, the DNA band was purified and subcloned by TOPO TA cloning (Thermo
Fisher Scientific), transformed in One Shot TOP10 Chemically Competent Escherichia coli cells (Life
Technologies, Carlsbad, CA, USA), amplified by performing Minipreps with NucleoSpin Plasmid
(Macherey-Nagel, Diiren, Germany) and sent to Sanger sequencing at Macrogen Inc. (Seoul, Korea).
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2.5. Generation of the XPF Mutant Variants

HA tagged ERCC4 cDNA [35] was subcloned into a 3rd generation lentiviral vector pULTRA (a
gift from Malcolm Moore (Addgene plasmid # 24129)) downstream of the EGFP-P2A site, to produce
a bi-cistronic expression of EGFP and XPF. The ligation product was then transformed using One
Shot Stbl3 Chemically competent E. coli (Thermo Fisher Scientific), amplified by standard Miniprep
and Maxiprep procedures and sent to Sanger sequencing of Macrogen.

Single nucleotide variants generated by site directed mutagenesis were: c.458G>C,
p-(Argl53Pro); c.689T>C, p.(Leu230Pro); c.706T>C, p.(Cys236Arg); c.1765C>T p.(Arg589Trp);
c.2065C>A, p.(Arg689Ser); and c.2395C>T, p.(Arg799Trp). The QuickChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies) was used following manufacturers’ instructions to design
mutagenic primers (https://www.genomics.agilent.com/primerDesignProgram.jsp) (Supplementary
Table S1) to introduce the variants in the wild type (wt) cDNA of XPF. After PCR amplification, Dpnl
restricition enzyme was added for 1 h at 37 °C and the PCR product was transformed by XL10-Gold
Ultracompetent Cells (Agilent Technologies), plated in LB Agar with Ampicilin (100 pug/mL). DNA
from single colony minipreps was controlled by Sanger sequencing (Macrogen).

2.6. Generation of the XPF Lentiviral Particles and Genetic Complementation of the XPF-KO Cells

Production of lentiviral particle was achieved as in [41]. A total of 180,000 XPF-KO cells were
seeded in a 12-well plate, then, 24 h later, cells were infected with 40 pL of each lentiviral particles
and 1.5 uL Polybrene (Sigma). Three days after the infection, green fluorescence was detectable and
cells that had integrated the virus with the XPF cDNA were selected by flow cytometry using the
FACSAria II (BD Bioscience).

2.7. Ultraviolet C Sensitivity Survival Assay

XPF-KO cells expressing the different XPF variants were seeded in 2 mL of complete medium
per duplicate in a 6-well plate. The, 24 h afterwards, medium was removed, cells were washed with
PBS and UVC irradiated (254 nm; 15 W UVC Lamp G15-T18 Philips) at the doses of 0, 2, 5, 10 and 15
J/m2. Complete medium was then added, and survival cells were counted after 72 h with a Beckman-
Coulter Cell Counter. At least three independent assays were performed, and results were expressed
as a percentage of irradiated viable cells versus (vs) viability of the untreated controls.

2.8. Unscheduled DNA Synthesis Assay

A mix of poly-L and poly-D Lysine (Sigma-Aldrich) was used to coat 96-well plastic plates to
improve cell attachment. A total of 8 x 10* cells of each transduced cell line were seeded in 100 puL of
complete medium, seeding 10 replicate wells per cell line, from which half of them were UVC
irradiated (254 nm) at 20 J/m?2 after 16 h, while the other half remained as non-treated controls. After
UV irradiation, cells were incubated in DMEM without FBS with 5-ethynyl-2'-deoxyuridine (EdU)
(Invitrogen). After 2 h of incubation at 37 °C, cells were fixed in 100 pL of Fixation Buffer (300 mM
Sucrose, 2% Formalin, 0.5% Triton X-100 and PBS) and incubated for 20 min on ice. EAU was detected
by adding 41 uL/well of EdAU Detection Solution (50 mM Tris-HCI pH 7.3, 4 mM CuSO4, 10 mM
Sodium Ascorbate, 10 uM Alexa 488-conjugated azide, 20 ng/mL DAPI and H20) for 1 h. Then, cells
were washed in PBS 0.05% Tween-20 for 40 min, fixed with 100 uL Formalin/PBS (1:10) for 20 min
and image acquisition and data processing achieved using a high content screening (HCS) system,
the ARRAY SCAN VTI (Thermo Fisher Scientific). Plates were scanned with a CCD camera-equipped
fluorescence microscope and the images were processed with the software Cellomics Scan (Thermo
Fisher Scientific). At least three independent UDS assays were performed and results are represented
as fluorescence intensity of treated and non-treated cells.

2.9. Recovery of RNA Synthesis Assay

Coating and seeding of the cells were performed as for the UDS assay. After 16 h, half of the cells
were UVC irradiated (20 J/m?) and incubated for 8 h at 37 °C in DMEM with 1% FBS serum (to allow



Genes 2019, 10, 60 6 of 14

recovery of RNA synthesis) before incubation during 2 h at 37 °C in 60 uL/well of serum-free DMEM
supplemented with 5-ethynyluridine (EU) (100 uM). Detection and image acquisition were done as
previously described. Detailed UDS and RRS methodologies can be found in [42].

2.10. Diepoxybutinate Sensitivity Survival Assay

A total of 2 x 105 cells of each transduced line were seeded in 2 mL of complete medium per
duplicate in a 6-well plate. Then, 24 h afterwards, DEB was added at a final concentration of 0, 0.025,
0.05, 0.1 and 0.2 ug/mL. Cells were grown during the time needed by the untreated to perform at
least three population doublings. Afterwards, cells were trypsinized and counted with a Beckman-
Coulter Cell Counter. At least three independent assays were performed, and results are expressed
as a percentage of treated viable cells vs the untreated controls.

2.11. Dieopxybutinate-Induced G2/M Cell Cycle Arrest

A total of 1 x 106 cells of each cell line were seeded in 3 x 25 cm? flasks (F25) in 5 mL of complete
medium. Then, 24 h afterwards, DEB was added at doses of 0, 0.005, 0.01, 0.025 and 0.05 pg/mL. Then,
48 h after the treatment, cells were trypsinized, PBS washed and resuspended in 200 pL of PBS. 2 mL
of ice-cold ethanol 70% was added and cells were placed for 30 min on ice. Ethanol was removed by
centrifugation and substituted with 2 mL of Staining solution (40 pug/mL Propidium lodide, PI,
Invitrogen, Carlsbad, CA, USA; Pure Link RNasa A 0.1 mg/mL, Invitrogen; PBS 1x). Cell cycle
population distribution depending on DNA amount was analyzed by flow cytometry with
FACSCalibur (BD Biosciences, Allschwil, Switzerland) as in [35]. A total of 15,000 events were
registered per sample and data was analyzed by Flow]Jo VX software.

2.12. Chromosome Fragility by the Flow Cytometric Micronucleus Test

Around 3 x 105 cells from each cell line were seeded in 6-well plates. Then, 24 h later, they were
untreated or treated with 0.01 pg/mL of DEB and kept in culture for enough time for at least one
population doubling. Cells were then sequentially stained; first with ethidium monoazyde bromide
(EMA) (0.025 mg/mL) and secondly with Sytox green (0.2 uM). EMA covalently binds to chromatin
of dying and dead cells after a photo-activation step achieved by keeping cells under a 60 W light
bulb (about 30 cm distance) for 20 min. Following this, cells were washed in cold PBS with 2% FBS.
After that, a lysis step with 250 pL of lysis solution 1 (0.584 mg/mL NaCl, 1 mg/mL sodium citrate,
0.3 pg/mL IGEPAL, 1 mg/mL RNase A and 0.2 uM Sytox green in deionized water) for 1 h at RT was
done. Later, a second lysis step was done by adding 250 uL of solution lysis 2 (85.6 mg/mL sucrose,
15 mg/mL citric acid and 0.2 uM Sytox green in deionized water) for 30 min at RT. After lysis, samples
were stored at 4° C until being processed by flow cytometry (up to two days). Data acquisition was
performed by flow cytometry with FACSCalibur; Sytox-associated fluorescence was detected by FL1
channel while EMA-associated fluorescence was detected by FL3 channel. Collected data was
analyzed by Flow Jo VX software. The data of micronuclei (MN) presented in this work represents
results from five independent experiments each one in duplicate.

3. Results and Discussion

TALEN technology was used to edit the genome of HEK 293T cells to generate an XPF/ERCC4"-
human cell line (XPF-KO). The system included an RFP expressing plasmid (Surrogate plasmid) [40]
with an out of frame GFP that could be restored when a DSB produced in the target recognition
sequence in the XPF/ERCC4 gene was repaired by NHE]. If TALEN proteins were functional, cells
showed red and green fluorescence (Supplementary Figure S1A). After cell sorting and single cell
cloning, clone number one was selected by Western blotting (WB) and sequence analysis
(Supplementary Figure S1, panels B and C). Genetic complementation of the cellular phenotype of
UV sensitivity with wild type XPF/ERCC4 cDNA definitely validated the XPF-KO clone
(Supplementary Figure S1B, D). Genomic DNA analysis revealed that the mutations introduced by
the TALEN in XPF/ERCC4 were two different deletions of 4 and 7 bp respectively: ¢.281_284del and
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c.280_286del (Supplementary Figure S1C). Sequencing of the whole XPF/ERCC4 confirmed that the
rest of the sequence remained unaltered.

All the cDNAs of the different XPF/ERCC4 variants were transduced in the same conditions in
XPF-KO, and all the XPF variant proteins were detectable by WB (Figure 1B). XPF-R799W showed
levels of expression similar to wild type XPF (XPF-WT). XPF-R153P, XPF-L230P and XPF-R689S
showed increased levels of protein production compared to XPF-WT. This was in contrast to the
reduced levels observed in patients [25,26,35,39] but at the same time these levels of expression
ensured that the cellular phenotype-genotype correlation depends only on the mutation and not on
protein’s quantity. However, XPF-C236R and XPF-R589W showed decreased levels in vitro, similar
to the levels observed in the patients [27,43], indicating that these XPF variants are inherently unstable
independently of expression conditions and genetic backgrounds.

A
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XP FA XP
XFE CS
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Figure 1. (A) Schematic view of the XPF domains with the selected mutations and the diseases found
in patients. The patient XPCSCD had an allele with C236R and the other with R589W. R799W
mutation found in homozygosis in XP was also found in a cohort of patients with XFE sharing CS
features. This figure was created with a protein designing software from [44]. XP: Xeroderma
Pigmentosum; CS: Cockayne Syndrome; XPCSCD: Xeroderma Pigmentosum Cockayne Syndrome
combined disease; XFE: Segmental Progeria. (B) Western Blot (WB) levels of each single XPF mutant
transduced cell line. The two WB are split by spatial reasons. Levels of XPF proteins are normalized
to GAPDH expression levels and expressed as a percentage relative to the exogenous XPF-Wt.
GAPDH is used as a loading control.

Cell lines expressing the different XPF variants were tested for sensitivity to UVC irradiation.
For a better understanding, data were split into two different graphs: Figure 2A includes controls,
XPF-R153P (XFE), XPE-L230P (FA) and XPF-R689S (FA) while the second graph (Figure 2B) shows
controls, XPF-C236R (CS), XPF-R589W (CS/XP) and XPF-R799W (XP and XFE/CS). All the variants
showed increased UVC sensitivity and cells expressing XPF-R153P and XPF-R589W were the most
sensitive to UV, similar to XPF-KO (Figure 2A, B). These results are in concordance with the
phenotype of the patients where these mutations were identified: XFE progeria patient showed skin
photosensitivity and patient’s primary fibroblasts were 10 times more sensitive to UVC [25]. XPE-
R589W was found in XP patients and in an XP/CS patient XPCS1CD together with XPF-C236R variant
[21,28]. Interestingly, another patient (CSTUSAU) with XPF-C236R together with a XPF null allele
p-Tyr577* had only the CS phenotype [27]. This could indicate that expression of XPF-R589W is
actively causing the XP phenotype in patient XPCS1CD. In line with this hypothesis is the observation
that, in our model and in [28], cells uniquely expressing XPF-C236R have mild UVC sensitivity
(Figure 2B). A study performed by Popp and colleagues classifies for the first time XPF-R589W as an
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FA mutation [43]. The patient from which it was identified was presented as an FA clinical
phenotype, however, bone marrow failure, one of the crucial features to be classified as FA, was
absent. Despite the atypical FA clinical phenotype, it was the first FA patient to develop skin
photosensitivity. The second allele of XPF presented a novel splice site mutation (c.793-2A>G) which
produced a premature termination of translation (p.Thr265Valfs*13), hence originating a null allele
as happened with the previously reported FA XPF variants [35]. Contrary to Hashimoto group, who
found the XPF-R589W mutation was abruptly affecting XPF structure and its SLX4 binding [45]. Popp
and colleagues detected a residual proportion of XPF-R589W escaping from protein misfolding, able
to reach the chromatin [43] as happened with the reported FA XPF variants. The two FA XPF variants,
XPE-L230P and XPF-R689S, showed a marked resistance to UVC when compared to XPF-KO (Figure
2A). These results confirmed previous studies which proved that these two mutations do not severely
impair XPF to participate in NER of UVC-induced DNA lesions [35]. Interestingly, XPF-R589W
mutant studied by [43] had reduced UVC irradiation resistance, and showed higher UVC irradiation
resistance levels than XPF-L230P [43]. This combination of findings supports the conceptual premise
that there is a link between ICL and NER pathways and endorse the theory that mutations found in
specific locations of the sequence should not be associated with discrete DNA repair pathways
impairment.

XPF-R799W showed a mild sensitivity to UVC (Figure 2B). XPF-R799W was initially found in
homozygosis in an XP patient with a mild phenotype (XP42RO) [39] but it was recently identified in
heterozygosis with an early truncated XPF allele in a patient (CALIF1010) with CS and XFE features
[26] and in heterozygosis with XPF-R589W in a patient (XP24BR) with XP and CS features [38].
Interestingly, XPF-R799W sensitivity to UVC is very similar to the sensitivity of the CS associated
XPF-C236R variant (Figure 2B). This result provides an explanation to the XP phenotype of patient
XP24BR [38] double mutant XPF-R589W/XPF-R799W: similar to patient XPCS1CD (see above), in
patient XP24BR XPF-R799W allele would be responsible for the patient’s CS features while the XPE-
R589W allele would be responsible for the XP phenotype. These data also suggest a gene dosage
dependent behavior for XPF-R799W: in homozygosis is associated to mild XP [39] while in
heterozygosis with an allele with a deeply affected NER function it would be associated to atypical
XFE and/or CS [26,38]. These data highlight the importance of mutated XPF alleles interactions to
explain the variations of patients’ phenotypes.

To further discern among XPF variants, functional analysis of GG-NER and TC-NER were
performed with the whole set of variants. Figure 2C shows UDS assay data representing the DNA
repair ability by measuring DNA synthesis in the G1 phase of the cell cycle after DNA damage
induced by UVC. This assay allowed a clear distinction from the XPF mutations that conferred UV
sensitivity and the FA mutations. Despite this, all the variants showed a certain grade of impairment
in UDS, the two FA associated variants, XPF-L230P and XPF-R689S, retained around 30% to 40% of
their UDS activities when compared to the XPF-WT cells (Figure 2C). XPF-R153P showed the lowest
UDS value and the CS and the XP associated variants, XPF-C236R, XPF-R589W and XPF-R799W,
showed UDS levels similar to the XPF-KO. These observations are in line with the UDS levels of the
patients-derived cells bearing these mutations [21,23,26,27]. These results demonstrate that XFE, XP
or CS associated mutations impair NER much more then FA related mutations, and that expression
of XPF-C236R, XPF-R589W, and XPF-R799W can be more impairing for UDS than the complete
absence of XPF. These results are also indicative that UDS levels as UVC sensitivity could be used to
distinguish FA associated XPF mutations from NER impairing XPF variants.

TC-NER capacity of our XPF mutants was evaluated by an RRS assay after UV induced damage:
Figure 2D represents the ability of each cell line to synthetize RNA 8 h after UV damage in
comparison with XPF-KO cells. All variants show a clear impairment of TC-NER including the FA
associated XPF variants XPF-L230P and XPF-R689S. It has been observed that FA proteins, such as
BRCA1, FANCD1, FANCD2, FANCA, and FANCM, are involved in resolving RNA-DNA hybrids
known as R-loops. R-loops are structures formed when a nascent RNA hybridizes with the DNA
template, leaving the non-template DNA single-stranded. R-loops are physiologically formed during
transcription, but if they are not removed they can have deleterious effects on transcription,
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replication and genome integrity [46,47]. These loops are produced when a replication fork collides
with a transcriptional nascent mRNA. Furthermore R-loops are present in telomeres and contribute
to telomere maintenance [46,47]. XPF plays a role in telomere maintenance as it is known to be
involved in the excision of T-loops [16] and it is responsible for telomeres loss when TREF2 is
overexpressed [48]. According to the low RRS levels showed, a hypothesis to explain the low RRS
sustained by the FA-associated variant is that XPF could be another FA protein involved in R-loops
removal and expression of these pathogenic variants could result in RRS impairment. This would be
strongly in concordance with the study of Sollier and colleagues [49], who provided evidence that
XPF would be involved in resolving R-loops when knocking down some RNA processing factors
such as AQR [49]. The R-loops are known to block replication forks and Fanconi proteins such as
FANCD?2 or FANCA are important to avoid their accumulations during S-Phase [46,47], and XPF as
a component of the FA/BRCA DNA repair pathway could have an active role in this process. These
observations also question RRS assay as a useful tool to discern between XPF mutations associated
to different syndromes. It has been recently put up for debate if RRS levels should be used as a
determinant feature for CS classification of the patients which has driven to an enlargement of
diagnosis criteria focusing more in their clinical features [50].
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Figure 2. (A,B) Percentage of surviving cells after increasing doses of ultraviolet (UV) irradiation.
Mean of at least two independent experiments of two replicates and the standard deviation is
represented in the two graphs. (C) Unscheduled DNA synthesis (UDS) assay. Fluorescence intensity
is represented relative to fluorescence intensity of Human Embryonic Kidney (HEK) XPF-KO. The
graph represents the mean of at least three independent experiments with SD. (D) RRS assay.
Fluorescence intensity is represented relative to fluorescence intensity of HEK XPF-KO. The graph
represents the mean of at least three independent experiments with SD.

The repair of ICLs that covalently bind the two strands of DNA is crucial for the survival of cells.
The role of XPF as the main endonuclease involved in the excision of the damage caused by these
crosslinks is well supported [6,11,35-37]. To test our XPF variants in the repair of DNA crosslinks, a
DEB survival test was performed and all the XPF variants expressing cells showed a marked ICL
sensitivity, resembling the one of cells lacking XPF (Figure 3A). XFE Progeria associated variant XPF-
R153P and XPF-R799W showed a strong sensitivity to DEB as already reported [25,26] such as the
two FA associated mutants XPF-L230P and XPF-R689S [35] and the CS associated variant XPF-C236R,
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[6]. It has been shown that a replication-independent repair (RIR) of DNA interstrand crosslinks exists
and that it works outside the S-phase. This system depends on both branches of NER and translesion
synthesis polymerases [51] and defects in this mechanism are additive with the defects in ICLs repair
during the S-phase [52]. One hypothesis to explain DEB sensitivity even of the XPF variants that are
not causing FA, could be their inability to participate in RIR.

The accumulation of chromosome alterations caused by exposure to ICL agents is associated
with a delay of the cell cycle to enter into mitotic phase. A DEB-induced G2/M cell cycle arrest assay
was performed to test the different XPF variants. Again, for a better understanding of results, data
have been plotted in two different graphs sharing the same controls (Figure 3B, C). All the XPF
variants showed a higher percentage of G2/M arrested cells than the XPF-WT. The two FA associated
mutations, XPF-L230P and XPF-R689S in concordance with previous studies [2,35] showed a marked
G2/M block upon DEB treatment. Cells expressing progeria and CS associated mutation (XPF-R153P
and XPF-C236R respectively) had very high levels of G2/M block, indicating that G2/M block after
ICL treatment could be a useful additional tool for CS and XFE diagnosis. Regarding the remaining
variants, XPF-R589W and XPF-R799W behaved as XPF-WT at the lowest DEB doses: XPF-R589W as
expected from an XP associated variant would produce a more severe NER impairment than ICLR
while XPF-R799W variant, associated to XP and XFE/CS features depending on the second allele,
could have a minor impact on ICLR pathway when it is the only variant expressed in the cells. This
will be in concordance with the observation, mentioned above, that when XPF-R799W is found in
homozygosis patients suffer mild XP and not CS or FA. It would be interesting to generate cells
expressing two different XPF mutated alleles to further our comprehension of genotype-phenotype
interactions.
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Figure 3. (A) Percentage of surviving cells under increasing doses of diepoxybutane (DEB). The graph
represents the mean of at least two independent experiments with two replicates and the SEM. (B,C)
Percentage of cells stalled in G2/M phase after DEB exposition. Half of the XPF variants are
represented in each graph with the positive and negative controls. Each graph represents the mean of
at least two independent experiments with the SEM. (D) Micronuclei (MN) test after DEB (0.01
pg/mL) exposure. Data is represented in fold changed vs. untreated cells. Graph represents the mean
of at least three independent experiments with SD.
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If left unrepaired, ICLs produce chromosome breaks that can result in MN detectable in
daughter cells [53]. The flow cytometric MN test [54] provides useful information about the levels of
chromosome breaks in a cell after ICL treatment by counting the number of MN in cycling cells
(Figure 3D) by flow cytometry. The XPF-L230P expressing cell line showed the highest number of
MN after DEB treatment, in concordance with the chromosome fragility phenotype of the FA patient
in which it was identified [35]. The other FA associated mutation, XPF-R689S showed levels of MN
similar to the XPF-KO (Figure 3D). XPF-R589W (XP) and XPF-R799W (XP, XFE/CS) variants also
showed fragility levels resembling the ones of the XPF-KO cell line. Interestingly, R589W and R799W
mutations showed high levels of MN, even if the percentages of G2/M arrested cells at this DEB dose
were moderate (Figure 3C), indicating that the cells reach mitosis despite a heavy burden of
chromosomal breaks thus implying a defect in the G2/M checkpoint. XPF-C236R, (CS), did not show
chromosome fragility under DEB exposure, meaning that DNA damage is successfully resolved
during the prolonged G2/M block (Figure 3C). The statistical error of XPF-R153P data was too large
to reach any definitive conclusion.

The functional studies performed in isogenic human cell lines of several XPF/ERCC4 missense
variants enabled us to analyze if phenotypes are correlated with specific nucleotides changes or are
influenced also by other factors. At first glance, it is remarkable how the position of the substitution
along XPF/ERCC4 sequence does not reflect the disease: as illustrated in Figure 1A, four variants
were confined in the helicase-like domain and two in the nuclease domain, but the patients’
phenotypes were not determined by these positions. Regarding the analysis of XPF activity in the
NER pathway, UV sensitivity and UDS assays provided the most reliable information to discern
mutations more associated to ICLR impairment such as L230P and R689S (Figure 2A-C). The RRS
assay, did not contribute significantly to discern among the XPF phenotypes (Figure 2D) however,
the unexpected low RRS levels of FA associated XPF variants could imply XPF is another FA protein
involved in the resolving R-loops. Further studies are needed to confirm this hypothesis.

Concerning ICLR analysis, there is a marked sensitivity of all variants and this combination of
findings provides support for the conceptual premise that complete repair of ICLs requires S-phase
dependent and S-phase independent DNA repair. Similar studies as the one performed in [52] with
cells expressing the single XPF variants could be useful to find out if specific XPF mutations could be
associated with one ICL DNA repair pathway or the other.

The message that stands out from our studies is that, despite the cellular functional analyses
sometimes provide promising suggestions to understand the genotype/phenotype interactions
(Supplementary Figure S2), a defined cellular phenotype cannot be correlated to each XPF mutation;
functional analysis might help, but definitive statements about the contribution of XPF variants to
the phenotype must take in account other factors such as XPF levels of expression, cellular
localization, allelic interactions and the different genetic background of each patient.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/S1, Supplementary Figure
1: Generation and validation of the HEK XPF-KO clone, Supplementary Figure 2: Summary table of the whole
set of XPF variants and their cellular phenotypes, Supplementary Table 1: Primers sequences used to introduce
the exact single nucleotide variant of XPF by site directed mutagenesis

Author Contributions: Conceptualization, M.B. and ].S.; Funding Acquisition, ]J.S.; Investigation, M.M., M.].R,,
M.A.C, N.J.; Methodology, M.M., M.B,, ].S.; Resources, T.O.; Supervision, M.B. and ].S.; Writing —Original Draft
Preparation, M.M., M.B.; Writing—Review & Editing, M.M., M.B,, ].S.; All authors read and approved the
manuscript.

Funding: Surrallés laboratory is supported by the ICREA-Academia program, the Spanish Ministry of Health
(projects FANCOSTEM and FANCOLEN), the Spanish Ministry of Economy and Competiveness (projects
CB06/07/0023 and SAF2015-64152-R), the European Commission (EUROFANCOLEN project HEALTH-F5-2012-
305421 and P-SPHERE COFUND project), the Fanconi Anemia Research Fund Inc, and the “Fondo Europeo de
Desarrollo Regional, una manera de hacer Europa” (FEDER). CIBERER is an initiative of the Instituto de Salud
Carlos III, Spain. M.M. was supported by an FPU predoctoral fellowship (FPU2013/00754). M.A.C. was
supported by a Juan de la Cierva postdoctoral fellowship (JCI-2011-10660).



Genes 2019, 10, 60 12 of 14

Conflicts of Interest: J. Surrallés obtained financial support for research from Rocket Pharmaceuticals (New
York, USA). The rest of the authors declare no competing financial interests.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.

Brookman, K.W.; Lamerdin, ].E.; Thelen, M.P.; Hwang, M.; Reardon, J.T.; Sancar, A.; Zhou, Z.Q.; Walter,
C.A,; Parris, C.N.; Thompshon, L.H.. ERCC4 (XPF) encodes a human nucleotide excision repair protein
with eukaryotic recombination homologs. Mol. Cell. Biol. 1996, 16, 6553-6562.

Osorio, A.; Bogliolo, M.; Fernandez, V.; Barroso, A.; de la Hoya, M.; Caldés, T.; Lasa, A.; Ramoén y Cajal, T.;
Santamarifia, M.; Vega, A.; et al. Evaluation of rare variants in the new fanconi anemia gene ERCC4
(FANCQ) as familial breast/ovarian cancer susceptibility alleles. Hum. Mutat. 2013, 34, 1615-1618.

Tian, M.; Shinkura, R.; Shinkura, N.; Alt, EW.. Growth retardation, early death, and DNA repair defects in
mice deficient for the nucleotide excision repair enzyme XPF. Mol. Cell. Biol. 2004, 24, 1200-1205.

Jaspers, N.G.; Raams, A.; Silengo, M.C.; Wijgers, N.; Niedernhofer, L.J.; Robinson, A.R.; Giglia-Mari, G.;
Hoogstraten, D.; Kleijer, W.].; Hoeijmakers, ].H.; et al. First reported patient with human ERCC1 deficiency
has cerebro-oculo-facio-skeletal syndrome with a mild defect in nucleotide excision repair and severe
developmental failure. Am. J. Hum. Genet. 2007, 80, 457-466.

Weeda, G.; Donker, I; de Wilt, J.; Morreau, H.; Janssens, R.; Vissers, C.J.; Nigg, A.;van Steeg, H.; Bootsma,
D.; Hoeijmakers, ].H.. Disruption of mouse ERCC1 results in a novel repair syndrome with growth failure,
nuclear abnormalities and senescence. Curr. Biol. 1997, 7, 427-439.

Klein Douwel, D.; Hoogenboom, W.S.; Boonen, R.A.; Knipscheer, P. Recruitment and positioning
determine the specific role of the XPF-ERCC1 endonuclease in interstrand crosslink repair. EMBO J. 2017,
36, 2034-2046.

Das, D.; Faridounnia, M.; Kovacic, L.; Kaptein, R.; Boelens, R.; Folkers, G.E. Single-stranded DNA Binding
by the Helix-Hairpin-Helix Domain of XPF Protein Contributes to the Substrate Specificity of the ERCC1-
XPF Protein Complex. J. Biol. Chem. 2017, 292, 2842-2853.

Sijbers, A.M.; de Laat, W.L.; Ariza, R.R.; Biggerstaff, M.; Wei, Y.F.; Moggs, ].G.; Carter, K.C.; Shell, B.K,;
Evans, E.; de Jong, M.C; et al. Xeroderma pigmentosum group F caused by a defect in a structure-specific
DNA repair endonuclease. Cell 1996, 86, 811-822.

Yagi, T.; Matsumura, Y.; Sato, M.; Nishigori, C.; Mori, T.; Sijbers, A.M.; Takebe, H. Complete restoration of
normal DNA repair characteristics in group F xeroderma pigmentosum cells by over-expression of
transfected XPF cDNA. Carcinogenesis 1998, 19, 55-60.

Su, Y.; Orelli, B.; Madireddy, A.; Niedernhofer, L.J.; Schérer, O.D.. Multiple DNA binding domains mediate
the function of the ERCC1-XPF protein in nucleotide excision repair. J. Biol. Chem. 2012, 287, 21846—21855.
Hodskinson, M.R ; Silhan, J.; Crossan, G.P.; Garaycoechea, ].I.; Mukherjee, S.; Johnson, C.M.; Schéerer, O.D.
Patel, K.J. Mouse SLX4 Is a Tumor Suppressor that Stimulates the Activity of the Nuclease XPF-ERCC1 in
DNA Crosslink Repair. Mol. Cell 2014, 54, 472-484.

Dehé, P.-M.; Gaillard, P.-H.L. Control of structure-specific endonucleases to maintain genome stability.
Nat. Rev. Mol. Cell Biol. 2017, 18, 315.

Abdullah, U.B.; McGouran, J.F.; Brolih, S.; Ptchelkine, D.; El-Sagheer, A.H.; Brown, T.; McHugh P.J. RPA
activates the XPF-ERCC1 endonuclease to initiate processing of DNA interstrand crosslinks. EMBO ]. 2017,
36, 2047-2060.

Damia, G.; Imperatori, L.; Stefanini, M.; D’Incalci, M. Sensitivity of CHO mutant cell lines with specific
defects in nucleotide excision repair to different anti-cancer agents. Int. J. Cancer 1996, 66, 779-783.
Ahmad, A.; Robinson, A.R.; Duensing, A.; van Drunen, E.; Beverloo, H.B.; Weisberg, D.B.; Hasty, P.;
Hoeijmakers, J.H.; Niedernhofer, L.J. ERCCI-XPF endonuclease facilitates DNA double-strand break
repair. Mol. Cell. Biol. 2008, 28, 5082-5092.

Zhu, X.D.; Niedernhofer, L.; Kuster, B.; Mann, M.; Hoeijmakers, ].H.; de Lange, T.. ERCC1/XPF removes
the 3’ overhang from uncapped telomeres and represses formation of telomeric DNA-containing double
minute chromosomes. Mol. Cell 2003, 12, 1489-1498.

Scharer, O.D. ERCC1-XPF endonuclease-positioned to cut. EMBO ]. 2017, 36, 1993-1995.

Arora, S.; Heyza, J.; Zhang, H.; Kalman-Maltese, V.; Tillison, K.; Floyd, A.M.; Chalfin, EIM.; Bepler, G.;
Patrick, S.M. Identification of small molecule inhibitors of ERCCI1-XPF that inhibit DNA repair and
potentiate cisplatin efficacy in cancer cells. Oncotarget 2016, 7, 75104-75117.



Genes 2019, 10, 60 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

Heyza, J.R.; Zhang, H.; Conner, K.L.; Lei, W.; Floyd, A.M.; Deshmukh, R.R.; Sarver, J.; Trabbic, C.J.; Erhardt,
P.; Chan, T.H.; et al. Targeting the DNA Repair Endonuclease ERCC1-XPF with Green Tea Polyphenol
Epigallocatechin-3-Gallate (EGCG) and Its Prodrug to Enhance Cisplatin Efficacy in Human Cancer Cells.
Nutrients 2018, 10, 1644.

Marteijn, J.A.; Lans, H.; Vermeulen, W.; Hoeijmakers, J.H.. Understanding nucleotide excision repair and
its roles in cancer and ageing. Nat. Rev. Mol. Cell Biol. 2014, 15, 465-481.

Gregg, S.Q.; Robinson, A.R.; Niedernhofer, L.J. Physiological consequences of defects in ERCC1-XPF DNA
repair endonuclease. DNA Repair 2011, 10, 781-791.

Lehmann, A.R.; McGibbon, D.; Stefanini, M. Xeroderma pigmentosum. Orphanet |. Rare Dis. 2011, 6, 70.
Ahmad, A.; Enzlin, ].H.; Bhagwat, N.R.; Wijgers, N.; Raams, A.; Appledoorn, E.; Theil, A.F.; Hoeijmakers,
J.H.; Vermeulen, W.; ] Jaspers, N.G.; et al. Mislocalization of XPF-ERCC1 nuclease contributes to reduced
DNA repair in XP-F patients. PLoS Genet. 2010, 6, e1000871.

Kraemer, K.H.; Patronas, N.J.; Schiffmann, R.; Brooks, B.P.; Tamura, D.; DiGiovanna, J.J. Xeroderma
pigmentosum, trichothiodystrophy and Cockayne syndrome: A complex genotype-phenotype
relationship. Neuroscience 2007, 145, 1388-1396.

Niedernhofer, L].; Garinis, G.A.; Raams, A.; Lalai, A.S.; Robinson, A.R.; Appeldoorn, E.; Odijk, H,;
Oostendorp, R,; Ahmad, A. van Leeuwen, W.; et al. A new progeroid syndrome reveals that genotoxic
stress suppresses the somatotroph axis. Nature 2006, 444, 1038-1043.

Mori, T.; Yousefzadeh, M.].; Faridounnia, M.; Chong, J.X.; Hisama, F.M.; Hudgins, L.; Mercado, G.; Wade,
E.A.; Barghouthy, A.S; Lee, L.; et al. ERCC4 variants identified in a cohort of patients with segmental
progeroid syndromes. Hum. Mutat. 2018, 39, 255-265.

Kashiyama, K.; Nakazawa, Y.; Pilz, D.T.; Guo, C.; Shimada, M.; Sasaki, K.; Fawcett, H.; Wing, J.F.; Lewin,
S.0.; Carr, L., et al. Malfunction of nuclease ERCCI1-XPF results in diverse clinical manifestations and
causes Cockayne syndrome, xeroderma pigmentosum, and Fanconi anemia. Am. J. Hum. Genet. 2013, 92,
807-819.

Sabatella, M.; Theil, A.F.; Ribeiro-Silva, C.; Slyskova, J.; Thijssen, K.; Voskamp, C.; Lans, H.; Vermeulen, W.
Repair protein persistence at DNA lesions characterizes XPF defect with Cockayne syndrome features.
Nucleic Acids Res. 2018, 46, 9563-9577.

Kleijer, W.J.; Laugel, V.; Berneburg, M.; Nardo, T.; Fawcett, H.; Gratchev, A.; Jaspers, N.G.; Sarasin, A.;
Stefanini, M.; Lehmann, A.R. Incidence of DNA repair deficiency disorders in western Europe: Xeroderma
pigmentosum, Cockayne syndrome and trichothiodystrophy. DNA Repair 2008, 7, 744-750.

Natale, V.; Raquer, H. Xeroderma pigmentosum-Cockayne syndrome complex. Orphanet ]. Rare Dis. 2017,
12, 65.

Deans, A.J.; West, S.C. DNA interstrand crosslink repair and cancer. Nat. Rev. Cancer 2011, 11, 467.
Bogliolo, M.; Surralles, J. Fanconi anemia: A model disease for studies on human genetics and advanced
therapeutics. Curr. Opin. Genet. Dev. 2015, 33, 32-40.

Nalepa, G.; Clapp, D.W. Fanconi anaemia and cancer: An intricate relationship. Nat. Rev. Cancer 2018, 18,
168.

Crossan, G.P.; Patel, K.J. The Fanconi anaemia pathway orchestrates incisions at sites of crosslinked DNA.
J. Pathol. 2012, 226, 326-337.

Bogliolo, M.; Schuster, B.; Stoepker, C.; Derkunt, B.; Su, Y.; Raams, A.; Trujillo, J.P.; Minguillon, J.; Ramirez,
M.J.; Pujol, R., et al. Mutations in ERCC4, encoding the DNA-repair endonuclease XPF, cause Fanconi
anemia. Am. |. Hum. Genet. 2013, 92, 800-806.

Klein Douwel, D.; Boonen, R.A; Long, D.T.; Szypowska, A.A.; Raschle, M.; Walter, J.C.; Knipscheer, P.
XPF-ERCC1 acts in Unhooking DNA interstrand crosslinks in cooperation with FANCD2 and
FANCP/SLX4. Mol. Cell 2014, 54, 460-471.

Crossan, G.P.; van der Weyden, L.; Rosado, I.V.; Langevin, F.; Gaillard, P.H.; McIntyre, R.E.; Sanger Mouse
Genetics, P.; Gallagher, F.; Kettunen, M.I; Lewis, D.Y., et al. Disruption of mouse SIx4, a regulator of
structure-specific nucleases, phenocopies Fanconi anemia. Nat. Genet. 2011, 43, 147-152.

Fassihi, H.; Sethi, M.; Fawcett, H.; Wing, J.; Chandler, N.; Mohammed, S.; Craythorne, E.; Morley, A.M.;
Lim, R.; Turner, S., et al. Deep phenotyping of 89 xeroderma pigmentosum patients reveals unexpected
heterogeneity dependent on the precise molecular defect. Proc. Natl. Acad. Sci. USA 2016, 113, E1236-E1245.



Genes 2019, 10, 60 14 of 14

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Sijbers, A.M.; van Voorst Vader, P.C.; Snoek, ] W.; Raams, A.; Jaspers, N.G.; Kleijer, W.]. Homozygous
R788W point mutation in the XPF gene of a patient with xeroderma pigmentosum and late-onset
neurologic disease. J. Investig. Dermatol. 1998, 110, 832-836.

Ramakrishna, S.; Cho, S.W.; Kim, S.; Song, M.; Gopalappa, R.; Kim, J.-S.; Kim, H. Surrogate reporter-based
enrichment of cells containing RNA-guided Cas9 nuclease-induced mutations. Nat. Commun. 2014, 5, 3378.
Bogliolo, M.; Bluteau, D.; Lespinasse, J.; Pujol, R.; Vasquez, N.; d'Enghien, C.D.; Stoppa-Lyonnet, D.;
Leblanc, T.; Soulier, J.; Surrallés, J. Biallelic truncating FANCM mutations cause early-onset cancer but not
Fanconi anemia. Genet. Med. 2017, 20, 458.

Jia, N.; Nakazawa, Y.; Guo, C.; Shimada, M.; Sethi, M.; Takahashi, Y.; Ueda, H.; Nagayama, Y.; Ogi, T. A
rapid, comprehensive system for assaying DNA repair activity and cytotoxic effects of DNA-damaging
reagents. Nat. Protoc. 2015, 10, 12-24.

Popp, L; Punekar, M.; Telford, N.; Stivaros, S.; Chandler, K.; Minnis, M.; Castleton, A.; Higham, C.;
Hopewell, L.; Gareth Evans, D., et al. Fanconi anemia with sun-sensitivity caused by a Xeroderma
pigmentosum-associated missense mutation in XPF. BMC Med. Genet. 2018, 19, 7.

Liu, W.; Xie, Y.; Ma, J.; Luo, X,; Nie, P.; Zuo, Z.; Lahrmann, U.; Zhao, Q.; Zheng, Y.; Zhao, Y., et al. IBS: An
illustrator for the presentation and visualization of biological sequences. Bioinformatics 2015, 31, 3359-3361.
Hashimoto, K.; Wada, K.; Matsumoto, K.; Moriya, M. Physical interaction between SLX4 (FANCP) and XPF
(FANCQ) proteins and biological consequences of interaction-defective missense mutations. DNA Repair
2015, 35, 48-54.

Garcia-Rubio, M.L.; Perez-Calero, C.; Barroso, S.I; Tumini, E.; Herrera-Moyano, E.; Rosado, L.V.; Aguilera,
A. The Fanconi Anemia Pathway Protects Genome Integrity from R-loops. PLoS Genet. 2015, 11, e1005674.
Lafuente-Barquero, J.; Luke-Glaser, S.; Graf, M.; Silva, S.; Gomez-Gonzalez, B.; Lockhart, A.; Lisby, M.;
Aguilera, A.; Luke, B. The Smc5/6 complex regulates the yeast Mphl helicase at RNA-DNA hybrid-
mediated DNA damage. PLoS Genet. 2017, 13, 1007136.

Munoz, P.; Blanco, R.; Flores, ]. M.; Blasco, M.A. XPF nuclease-dependent telomere loss and increased DNA
damage in mice overexpressing TRF2 result in premature aging and cancer. Nat. Genet. 2005, 37, 1063-1071.
Sollier, J.; Stork, C.T.; Garcia-Rubio, M.L.; Paulsen, R.D.; Aguilera, A.; Cimprich, K.A. Transcription-
coupled nucleotide excision repair factors promote R-loop-induced genome instability. Mol. Cell 2014, 56,
777-785.

Wilson, B.T.; Stark, Z.; Sutton, R.E.; Danda, S.; Ekbote, A.V.; Elsayed, S.M.; Gibson, L.; Goodship, J.A.;
Jackson, A.P.; Keng, W.T., et al. The Cockayne Syndrome Natural History (CoSyNH) study: Clinical
findings in 102 individuals and recommendations for care. Genet. Med. 2016, 18, 483-493.

Roy, U.; Scharer, O.D. Involvement of translesion synthesis DNA polymerases in DNA interstrand
crosslink repair. DNA Repair 2016, 44, 33-41.

Enoiu, M,; Jiricny, J.; Scharer, O.D. Repair of cisplatin-induced DNA interstrand crosslinks by a replication-
independent pathway involving transcription-coupled repair and translesion synthesis. Nucleic Acids Res.
2012, 40, 8953-8964.

Fenech, M,; Kirsch-Volders, M.; Natarajan, A.T.; Surralles, J.; Crott, ]JW.; Parry, J.; Norppa, H.; Eastmond,
D.A.; Tucker, ].D.; Thomas, P. Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear
bud formation in mammalian and human cells. Mutagenesis 2011, 26, 125-132.

Avlasevich, S.L.; Bryce, S.M.; Cairns, S.E.; Dertinger, S.D. In vitro micronucleus scoring by flow cytometry:
Differential staining of micronuclei versus apoptotic and necrotic chromatin enhances assay reliability.
Environ. Mol. Mutagen. 2006, 47, 56—66.

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



