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Fanconi anemia (FA) is a rare genomic instability disorder characterized by
progressive bone marrow failure and predisposition to cancer. FA gene productsare
involved in the repair of DNA interstrand cross-links. Fifteen FA genes have been
identified, but the genetic basis in some individuals still remains unresolved. Here
we used whole exome and Sanger sequencing on DNA of unclassified FA individuals
and discovered biallelic germline mutations in ERCCA4/XPF, a structure-specific
nuclease previously connected to xeroderma pigmentosum and segmental progeria
type XFE. Genetic reversion and wild-type ERCC4/XPF cDNA complemented the
phenotype of the FA cell lines, providing genetic evidence that mutations in
ERCC4/XPF cause this FA subtype. Further biochemical and functional analysis
demonstrate that the identified FA-causing ERCC4/XPF mutations strongly disrupt
the function of XPF in DNA interstrand crosslink repair without severely
compromising nucleotide excision repair. Our data show that depending on the type
of ERCC4/XPF mutation and the resulting balance between both DNA repair
activities, individuals present with one of the three clinically distinct disorders,
highlighting the multifunctional nature of the XPF endonuclease in genome stability

and human disease.

Fanconi anemia (FA) is characterized by bone marfailure (BMF), congenital
malformations, hypersensitivity to DNA interstrandross-linking (ICL) agents,
chromosome fragility and a high susceptibility sBmcer. Since the discovery of the first
FA gene twenty years agdifteen FA genes have been identifidgeANCA, FANCB,

FANCC, BRCA2/D1, FANCD2, FANCE, FANCF, ERCCY9/FANCG, FANCI,



BRIPL/FANCJ, PHF9/FANCL, FANCM, PALB2/N, RAD51C/FANCO and
SLX4/FANCPY A[MIM 227645; 227646; 227650; 300514; 600901; 6084605724;
609053; 609054; 610832; 613390; 613951; 6140820834 614087, respectively]).
Studies to unravel the genetic basis of this raigorder uncovered a genome
maintenance pathway that protects dividing cellairesd replication-blocking DNA
lesions. To identify additional FA genes, the SOMD4 platform was used for whole
exome sequencing on peripheral blood DNA from an&baFA individual (FA104) who
was previously excluded from all known FA completa¢ion groups. FA104 was born
from unrelated parents and diagnosed neonatally tdua malformative syndrome
suggestive of FA, including bilateral absent thumiyscrosomy, esophageal atresia,
ventrally translocated anus and dysplastic and detvears. She did not show any
dermatological abnormality such as skin hyperpigatgmm, photosensitivity, sunlight-
induced scarring or atrophy. FA104 developed BMEatage of two and died due to a
hemorrhagic shock after bone marrow transplantadioage 4. A positive chromosome
breakage test unambiguously confirmed the FA disighavith 92% of the cells showing
on average 4.4 diepoxybutane (DEB)-induced brdaksphoblasts from this individual
were hypersensitive to mitomycin-C (MMQGInd melphalan, but insensitive to the
topoisomerase | inhibitor camptothecin and the PARMbitor KU58948 (data not
shown), and showed normal FANCD2 monoubiquitinadad RAD51 focus formatidn
This suggests a defect downstream in the FA/BRClavy, which does not involve
homologous recombination. Based on a recessive wioidéeritance, exome sequencing
identified 17 candidate disease genes for FA104unental Table 1), of which

ERCC4/XPF (xeroderma pigmentosum group F [MIM 13352fmediately caught our



attention given the involvement of the XPF-ERCCrudure-specific nuclease in ICL
repaif. Both ERCC4/XPF mutations were predicted to be pathogenic: a 5 pase(bp)
deletion in exon 8 (c.1484_1488delCTCAA) leadingtivameshift and a premature stop
codon (p.(Thr495Asnfs*6)), and a missense mutationexon 11 (c.2065C>A; p.
(Arg689Ser); RefSeq: NG_011442.1 NM_005236.2 and 00B227.1) that changes a
highly conserved arginine within the nuclease a&csite of XPF. Sanger sequencing on
blood DNA confirmed these mutations (Fig. 1A) ahdit correct segregation (data not
shown). In a MMC-resistant FA104 lymphoblasts (FAR) obtained after long-term
exposure to low dose of MMC we detected a mutatiat restored th&RCC4/XPF
reading frame (Supplemental Fig. 1A), supportirgrbtion that MMC sensitivity is due
to ERCCA4/XPF mutations. Consistently, XPF protein levels weeduced in FA104
lymphoblasts but normalized in the reverted FA1O0¢Rphoblast (Supplemental Fig.
1B). Western blotting did not detect a truncated=X#otein, indicating that only the

XPF-R689S mutant protein is present in the FA10U4lice.

Sanger sequencing on 18 unclassified FA individfi@se Germany revealed biallelic
ERCC4/XPF mutations in another individual (1333). Individue33 was born in 2002
and was unambiguously diagnosed with FA at the aidge years due to multiple FA-
related features such as perinatal growth retamdatishort stature, pronounced
microcephaly, café-au-lait spots, ostium primumedgfbiliary atresia with fibrosis of the
liver, BMF and a positive chromosome fragility t€812, 6.7 and 9.4 breaks per cell at 0,
50 and 100 ng ril MMC, respectively). Individual 1333 was redheadhwpale skin

color but no spontaneous or UV light-induced skisions were reported at the age of 10.



Similar to FA104, lymphoblasts from individual 1338ere normal in FANCD2
monoubiquitination and RAD51 focus formation, séusito MMC and melphalan but
insensitive to the topoisomerase | inhibitor cartipgoin and to the PARP inhibitor
KU58948 (data not shown). Individual 1333 carrie2Babp duplication in exon 11 of the
maternal allele (c.2371_2398dup28; p.lle800Thrfs*Bdy. 1B), which is predicted to
result in a truncated XPF protein that lacks theld® helix-hairpin-helix (Hhi) domain
involved in heterodimerization with ERCC1 and DNAnding’. The paternal allele
contained a missense mutation that changed a higinlyerved amino acid residue within
the helicase-like domain (c.689T>C; p. (Leu230Pfay. 1B)). Western blot analysis
showed that a missense mutant and a truncated %8 XPF protein are present at
very low levels (Fig. 1C). As expected, the truedaXPF protein was undetectable with
an antibody against the C-terminal Hhttbmain of XPF (amino acids 866-916, data not
shown). Interestingly, the truncated XPF proteinswabsent in a MMC-resistant
lymphoblastoid cell line (1333R) generated by laegn exposure to MMC, and near
normal XPF levels were detected in this revertdtlice (Supplemental Fig. 1C). PCR
amplification and sequence analysis revealed tt@®8 bp duplication had disappeared
in 1333R (Supplemental Fig. 1D) restoring the wifde sequence. Both, the inherited
duplication and the somatic reversion may have Iveggered by an inverted 5 bp repeat

flanking the region.

Genetic complementation of MMC sensitivity in lyngitlasts from both FA individuals
was achieved by lentiviral transduction of wild é&pRCC4/XPF cDNA (Fig 1D,E). In

addition, we expressed wild type and mutant hulEBBEC4/XPF cDNAs in embryonic



fibroblasts (MEFs) fromErcc4/Xpf null mice and found that ERCC4/XPF mutants
L230P and R689S did not complement MMC sensitiufythese MEFs (Fig. 1F),
providing additional evidence that tBERCC4/XPF missense mutations found in both FA
individuals inactivate XPF. The genetic and funeéib data show that mutations in
ERCC4/XPF cause FA in two unrelated non-consanguineousvischails. Since
mutations iNERCC4/XPF cause an additional FA subtype (FA-Q), we propgeaBiCQ

as an alias foERCC4/XPF.

ERCC4/XPF mutations have been linked to the skin photoseesiand nucleotide
excision repair (NER) deficient disorders xerodenpigmentosum (XP [MIM 278700;
610651; 278720; 278730; 278740; 278760; 278780720 or progeria (XFE [MIM
610965]) andtherefore we tried to understand why the identif#RCC4/XPF variants
specifically lead to FA. We hypothesized that thesgants cause an FA phenotype due
to a strong deficiency in ICL repair, but have sudint NER activity to prevent clinically
relevant skin photosensitivity and other NER-reddEatures. FA104 lymphoblasts, were
indeed not sensitive to UVC when compared to an ¥R{phoblast (Fig. 2A). Since UV
survival experiments are challenging in lympholdastcell lines, we studied skin
fibroblasts from individual 1333 (FA104 fibroblastgere not available) and found that
the UV sensitivity in FA individual 1333 was mildéran in XPF individual XP2YO (Fig
2B). In addition, the FA-specific XPF mutant proteiXPF-L230P and XPF-R689S
rescue 100% of the UVC sensitivity of XP2YO fibrasis (Supplemental Fig. 2A) and
approximately 80% of the UVC sensitivity &fcc4/Xpf null MEFs (Supplemental Fig.

2B), while both mutants were unable to complemeni®/ sensitivity (Fig. 1F).



Furthermore, XFE and 1333 fibroblasts respondedc#yly like FA cells on MMC-
induced survival (Fig. 2C), DEB-induced chromosobneakage (Fig. 2D) and MMC-
induced G2 phase arrest (Fig. 2E), while XPF cgilswed milder MMC sensitivity and
lacked DEB-induced chromosome fragility or MMC-irgdd cell cycle arrest (Fig. 2C-
E). Previous experiments in CHO cells also dematedr that the XFE-specific XPF
mutant protein R153P does not rescue MMC or UVisieitg®. Therefore we conclude
that XP, XFE and FA cells witBRCC4/XPF mutations clearly have a distinct response

on UV and MMC (Supplemental Table 2).

To further investigate the extent of NER deficiemaythe FA individuals, we measured
UV-induced unscheduled DNA synthesis (UDS) in pmynakin fibroblasts from
individual 1333 and from an XPF individual with ehiclinical UV sensitivity (XP42RO)
and found 24+4% and 21+3% residual UDS activitgpestively (Fig. 3A). We also
determined UDS irErcc4/Xpf null MEFs expressing the FA-specific XPF missense
mutant proteins, XPF-L230P or XPF-R689S. The lewéldDS activity were 39,7% and
48,4% for XPF-L230P or XPF-R689S, respectively (RB8), enough to complement
80% of UVC-sensitivity of these MEFs (Supplemerfitig). 2B). In XPF-deficient human
XP2YO fibroblasts, XPF-L230P and XPF-R689S rathdificiently corrected the
defective removal of 6-4 photoproducts at siteslaafal UV damage (Fig. 3C). In
contrast, XP2YO cells expressing tHRCC4/XPF mutant with the 28 bp duplication was
completely deficient in NER activity as predictedrh the disruption of the ERCC1 and
DNA-binding domain of this truncated protein. Theides presented in Fig. 2 and 3

demonstrate that FA cells witBRCC4/XPF mutations are fully deficient in ICL repair



but retain significant levels of NER activity.

Cell lines from XPF individuals show a charactécisailure of the mutant XPF protein
to properly translocate to the nucleus, throughreggfion of the protein in the
cytoplasni. This feature is evident for XP-causing mutati@ms accentuated in cells
from the individual with the XFE syndrome. HowevEA-causing XPF missense mutant
proteins can actually translocate to the nucleusravtthey are recruited to sites of active
NER (Supplemental Fig.3A,B) and can interact wittX8 and ERCC1 (Supplemental
Fig.3C, D). This result may be functionally impartaas a recent article reports that
SLX4 interaction with XPF is crucial for interstacrosslink repair and that SLX4 KO
mice phenocopy FA Using Xenopus extracts, J.C. Walter's group reggbthat the FA
upstream genes are required to regulate a nuctbasenakes DNA incisions near the
interstrand crosslinR Given that FA-specific mutant XPF proteins caactethe site of
damage, we then investigated their ability to cle®NA. For this aim, XPF-R689S
protein was purified as a heterodimer with ERCC1 msviously describéd
Subsequently, NER reactions were performed withptlngfied mutant protein, extracts
from XPF-deficient XP2YO cells and a plasmid conitaj an NER substrate (1,3-
cisplatin intrastrand cross-link) Consistent with the functional data above, pedif
ERCC1-XPF-R689S is proficient in the excision stégNER similar to wild type XPF,
as it restored the ability to cleave and removesiteespecific intrastrand cross-link from
the plasmid in XP2YO cell extracts (Fig. 4A). Nethedess, the excision reaction is not
perfect as the excised fragments are, on averageclg@otide longer than expected from

a normal reaction with wild-type XPF-ERCC1 dimerig(BA, lane 4). We also



performed in vitro nuclease activity assays with purified ERCC1-XFF88&S and
ERCC1-XPF-R689A on a stem-loop model DNA substralieike wild type XPF and
XPF mutants causing XP (R799W) or XFE progeria (8% XPF-R689S is unable to
cleave such substrate (Fig. 4B), indicating thatrihclease-type activity of XPF-R689S
is grossly abnormal. Unfortunately, we could natfgren these biochemical experiments
with the XPF-L230P mutant, as we were unable toresgp and purify ERCC1-XPF-
L230P due to its low stability and tendency to aggite. We finally checked whether the
FA-specific mutant XPF proteins ectopically expegssn Erccd/Xpf null MEFs can
perform the incision step of ICL repair. Both XPE3dOP and XPF-R689S completely
restored the incision defect &fccd/Xpf null MEFs as measured by the COMET assay
(data not shown), while the cells remained hypesisien to ICL (Fig 1F). Although
additional biochemical experiments are required, regults suggest that ICL-sensitivity
of FA104 and 1333 is not directly linked to absente&XPF nuclease activity. It seems
unlikely that the defect is a downstream step ahblogous recombination since FA104
and 1333 cells are not sensitive to PARP inhibitansl are normal in Rad51 focus
formation. Given that the nuclease activity of th&-specific XPF-R689S is grossly
abnormal, it is tempting to speculate that the I€ihooking step in these FA cells leaves

an intermediate aberrant substrate which is iregarby subsequent ICL repair factors.

Our genetic, biochemical and functional studiegngl with the characterization of
previous XPF and XFE alleles, provide a model fug thechanistic understanding of
how mutations iInERCC4/XPF lead to three distinct diseases (SupplementaleTahl

Most of the presently known XPF individuals suffiem a relatively mild form of XP.



Cells from these individuals have a reduced le¥eXBF protein in the nucleus as the
mutant XPF protein has the tendency to aggregatieeirtytoplasth This reduced level
of nuclear XPF is insufficient to mediate compl®&ER, while it still has enough ICL
repair-specific functions to prevent chromosomegifitg, cell cycle arrest and
subsequent FA clinical manifestations. A second sBtERCC4/XPF mutations,
characterized in this study, allow localizationtbé protein to the nucleus, where they
exert a certain level of NER activity but are futlgficient in ICL repair. XPF-R689S is a
stable and NER-proficient protein with an activée sstructure that prevents it from
properly processing ICL repair intermediates. XERBQP is more similar to previously
describedERCC4/XPF mutations in that it is less stable and might havendency to
aggregate in the cytoplasm. However, sufficient @am® of the protein are properly
folded and reach chromatin where it appears to Isavee activity in the removal of 6-
4PPs. Residual NER activity in the skin tissuengfividual 1333in vivo may explain
why this individual has no clinically relevant skphotosensitivity although we cannot
exclude that dermatological problems will ariseetain life. A final category of
ERCC4/XPF mutations is associated with the progeroid syn@oXFE, which is
characterized by very low levels of nuclear XPHaently insufficient to support either
NER or ICL repair. Importantly, the only XFE indiial described suffered from both
skin photosensitivity and anemia>, and shared some cellular features with XP (NER
defect, UV-sensitivity) and FA (extreme ICL-senstly, DEB-induced chromosome
fragility and MMC-induced cell cycle arrest) sugtieg that XFE is characterized by a
combination of XP and FA manifestations (Supplemkeritable 2). Exhaustion of

hematopoietic stem cells is also an attribute ofCER-XPF hypomorphic mice that
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mimic XFE (Laura Niedernhofer, personal communmati Microsomy, microcephaly
and liver fibrosis are likewise observed in FA widual 1333, inErccl- and Ercc4/Xpf-
deficient mice and in the uniqueRCC1-deficient individual, which all lack ICL repair

functiong* 18

In a broader sense, this study demonstrates tipendeng on the type dERCCA4/XPF
mutation and the balance between NER and ICL regativities, affected individuals
present with one of three clinically distinct diders. This resembles th&PD gene,
which is involved in XP subtype D, trichothiodygtitty (MIM 601675) or Cockayne
syndrome (MIM 216400) depending on the type of mioia’, and highlights the value
of characterizing rare genetic disorders to gasigint into the mechanisms of genome
maintenance and human disease. XPF/FANCQ has eakenie in preventing genome
instability, cancer, BMF, developmental abnormesitand premature ageing. Like other
breast and ovarian cancer susceptibility genes tediten FA® 2% the product of

ERCC4/XPF/FANCQ also acts downstream FANCD2 monoubiquitinationer€fore, it

is important to stud¥#ANCQ as a candidate gene in hereditary breast andaoveaincer.
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L egendsto figures

Figure 1:ERCCA4/XPF mutations and XPF-deficiency in Fanconi anemiaviddals. @)
Sequence analysis of blood DNA from FA104 reveaadissense mutation in exon 11
(c.2065C>A; p. (Arg689Ser)) (upper panel) and ap5dbletion in exon 8 leading to a
frameshift and premature termination of translatignl1484 1488delCTCAA; p.
(Thr495Asnfs*6)) (lower panel).B) Sequence analysis of blood DNA from 1333
revealed a missense mutation in exon 4 (c.689T>(230P; upper panel) and a 28 bp
duplication in exon 11 (lower panel) leading toranieshift and a premature stop codon
(c.2371_2398dup28; p.lle800Thrfs*24)C) Western blot analysis showing XPF
expression in lymphoblasts from 1333 and FA104. ploblasts from a healthy
individual (Con), the parents of 1333 (1333-F, 1:B8B8and an unrelate@RCC4/XPF
mutation carrier (Het) were used as controls. X&/els are expressed as ratio relative to
the loading control (Rad50)D§ Genetic complementation of MMC sensitivity in Fa¥L
lymphoblasts by wild type XPF but not by XPF mutR@&89S. Site-directed mutagenesis
was used to introduce point mutations in pFastBdeE-HA tagged plasmid using the
QuickChange method (Stratagene) as deschibedntiviral supernatants production and
transduction was done as previously descfibadd cells were grown for 10 days in
presence of MMC. Data represent a typical resultabfleast three independent
experiments.K) Genetic complementation of MMC sensitivity of B3ymphoblasts by
wild type XPF (experiments were performed as in ) MMC-induced growth
inhibition of Erccd/Xpf KO MEFs transduced with lentiviral particles caglifor GFP
(negative control vector), wild type XPF, XPF-R688f8d XPF-L230P. Data represent
means and SD of at least three independent expasme

Figure 2: UV and ICL sensitivities &RCC4/XPF mutants leading to Fanconi anemia.
(A) UVC-induced apoptosis in FA104 lymphoblasts. €ellere analyzed for UVC-
induced apoptosis 24h post irradiation using thenexm-V-FLUOS Staining Kit
(Roche). Data represent means and SD of at leest ithdependent experiment8) (
UVC-induced growth inhibition of humaBRCC4/XPF-deficient immortal fibroblast cell
lines from XP and FA individuals (XP2YO and 1338spectively) transduced with
lentiviral particles carrying a cDNA coding for XRFT. The results are expressed as
percentage of viable UVC treated cells relativethiat of untreated controls. Data
represent means and SD of two independent expasm@) MMC sensitivity of human
ERCC4/XPF-deficient primary fibroblasts from XP, FA and XHkfdividuals (XP42RO,
1333 and XP51RO0O, respectively). Data represent smead SD of two independent
experiments. ) DEB-induced chromosome fragility test in hum&mRCCA4/XPF-
deficient primary fibroblasts from XP, FA and XFadividuals (XP42RO, 1333 and
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XP51RO, respectively) ) MMC-induced G2/M cell cycle arrest in the saméscas in
(D). Experiments presented in D, E and F were pewéd as reported earlfér

Figure 3: NER analysis &RCC4/XPF mutantsn vivo. (A) Unscheduled DNA synthesis
(UDS) in primary fibroblasts representing global RiERctivity was measured using 5-
ethynyl-deoxyuridine, grossly as previously desedf. Cells (arrows) were compared to
mixed-in normal fibroblasts preloaded with polystye microbeads (no arrows), used as
an internal control. UDS signal was quantified fr@®40 random G1/G2 nuclei and
expressed as a percentage of control wt c8)sUDS signals inErcc4/Xpf-/- MEFs
measured as in (A), expressed as a percentagenobat MEFs. Ercc4/Xpf-/- cells
were stably expressing an empty vector or one abwa ERCC4/XPF cDNAs (wild
type, L230P and R689S)C] Repair kinetics of UV-induced DNA damage by FA-
specificERCC4/XPF mutants irERCC4/XPF- and NER-deficient human cells (XP2YO).
Cells expressing wild type XPF, XPF-R689S, XPF-LR36r XPF-28 bp duplication
were locally UV-irradiated, cultured for the indied times, fixed and stained for (6-
4)PPs and HA-tag of XPF using specific antibodi2ata represent the percentage of
cells with (6-4)PP spots at various time pointsangeand SD of at least two independent
experiments are shown. For each experiment 108 welte counted.

Figure 4: Nuclease activity of XPF mutant8) (NER activity of wild type and mutant
ERCC1-XPF dimer. A plasmid containing a site-specif,3-intrastrand cis-Pt DNA
cross-link was incubated with whole cell extraetsn HelLa cells or XPF-deficient cells
(XP2YO) complemented with recombinant ERCC1-XPHfpd from Sf9 insect cells as
reported. The excised DNA fragments of 24-32 nucleotidessirown. The position of a
25mer is indicated B) Incision of a stem-loop substrate with wild tyged mutant XPF.
The 3 Cyb5-labeled substrate was incubated withomdsinant ERCC1-XPF in the
presence of 2 mM Mgglr 0.4 mM MnC} and the products analyzed by denaturing
PAGE. The incision reaction was performed esséptial described earlier
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Figure 2
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Figure 3
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Supplemental data

Mutations of the DNA repair endonuclease ERCC4/XPF
cause Fanconi anemia
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Supplemental figure 1
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Legend: Genetic analysis of back mutationsBRCC4/XPF in reverted MMC-resistant
FA cell lines. A) Sequence analysis of individual exon 8 allelesetl from the FA104R
cell line. Exons 8 was amplified from FA104R DNAdathe PCR products were cloned
with the Topo TA Cloning kit (Invitrogen) and trdasted into Library Efficiency
DH5alpha Competent Cells (Invitrogen). The plasmiasn single bacterial colonies
were prepared with the NucleoSpin® Plasmid QuickPuit (Macherey-Nagel).
Sequencing of single bacterial clones revealegthsence of a 12 bp deletion in exon 8
encompassing the pathogenic 5 bp deletion and riegtohe reading frame of the
ERCC4/XPF gene. B) Quantification of XPF expression by Western Dbliot
lymphoblasts from FA104, FA104R, HSC536 (FA-C), HFSB6R (HSC536 reverted to
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wt) and FA139 (wt). XPF levels are expressed agia of the loading control (vinculin).
Further details on antibodies used can be obtammgon request. The histogram
represents XPF levels in the different cell linesnmalized to the levels of the loading
control. Means and SEM of at least three indepenéeperiments are shownC)
Western blot analysis showing low levels of two XptBteins in 1333 and a normal size
XPF protein in the reverted cell line 1333M®) (Absence of the 28 bp duplication in
ERCCA4/XPF exon 11 in 1333R eliminating the londeRCC4/XPF mutant allele with the
28 bp duplication (upper panel) and restoring theeguence in exon 11 (lower panel).
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Supplemental figure 2
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Legend: XPF mutants leading to FA restore UVC resistanic®lER deficient human
and mouse fibroblast.A) UVC-induced growth inhibition of human XPF-deé&ai

immortal cell lines from XP and FA individuals (XIP@ and 1333, respectively)
transduced with lentiviral particles carrying cDNA&eding for XPF-WT, XPF-R689S
and XPF-L230P. Data represent means and SD ofrtde&pendent experiment&)(UV-

induced growth inhibition oErccd/Xpf KO MEFs transduced with lentiviral particles
expressing GFP (negative control vector), wild tyffeF, XPF-R689S and XPF-L230P.
Data represent means and SD of at least four imdlegpe experiments. Lentivirus

mediated cDNA transduction and survival analysisemgerformed as shown in Fig. 1
and 2 (main text).
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Supplemental figure 3
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Legend: XPF relocation to DNA damage and protein-proteiteriactions. A) Western
blot analysis of XPF protein in cytoplasmic (CE)cteoplasmic (NE) and chromatin
(CR) fractions from wild type, 1333 and FA104 lyngbihast cell lines. FA104 and
FA104 show an abundance and a distribution of XBtwéen the cytoplasmic, nuclear
and chromatin compartments comparable to a normafra, whereas 1333 reveals
reduced abundance and two species of that protéinsizes predicted by its mutations
but, of note, XPF is still detected in the nuclansl on chromatin with grossly unaffected
ratios to the cytoplasmic fraction. Specificity tiie separation of extracts from
lymphoblasts is confirmed by the compartment-specifarker proteins tubulin, p300
and histone H3. Subcellular Protein Fractionatiah flom Pierce (Thermo Scientific)
following the manufacturer’'s instructions. Furthdetails on antibodies used and
subfractioning conditions can be optained upon estj@) Graphical representation of
the percent co-localization of XPF with (6-4)PP X®2YO cells expressing various
forms of XPF. XP2YO cells were transduced with Hfgged wild type XPF, XPF-
R689S, XPF-L230P, or XPF-28bp dup, irradiated WithC (120 J nif) through a
polycarbonate filter with 5um pores, incubated for 0.5 h, fixed and stainech wit
antibodies to (6-4)PP and antibodies to HA. Dafaragent the average of at least 3
independent experiments + the SD. For each expatih@0 cells were countedC)
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Normal SLX4 interactions in XPF-deficient FA indiuals. SLX4 was
immunoprecipitated with a polyclonal antibody raisgainst the first 300 amino acids of
SLX4 (SLX4 N-terminus; gift from J. Rouse, Dunde®recipitated proteins were
visualized by Western blotting with antibodies X8 N-terminus, XPF, ERCC1 and
MUSS81. Reduced XPF and ERCC1 protein expression faasd in lymphoblasts of
individual 1333. In these cells, full-length andurtcated XPF and MUS81 were
coprecipitated with SLX4, whereas ERCCL1 is baredyedtable. In lymphoblasts of
individual FA104, the interaction between SLX4 atalbinding partners XPF-ERCC1
and MUS81 is normal. Wild type lymphoblasts (HSC@8) lymphoblasts of FA-P
individuals (EUFA1354-L and 457/3) were used asts. O) Normal ERCC1-XPF
interactions in FA104 and 1333 lymphoblast celé§nERCC1 was immunoprecipitated
with a polyclonal antibody against ERCC1 and thecymitated proteins were visualized
by Western bloting with antibodies against XPF &8B as internal control. Further
technical details on co-immunoprecipitation cormis and antibodies used can be
obtained upon request.
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Supplemental Table 1. List of candidate genes with biallelic mutations after

whole exome sequencing

Chrom Pos Ref Alt Ensembl AA change GN NRR | SNVQ | GTQ
pred
1 169489751 A w SS F5 42 171 171
1 169525877 T Y SS F5 52 36 36
2 73675227 CTC NFC SISP ALMS1 16 N/A N/A
2 73678183 G R NSC G1509D ALMS1 156 120 120
3 49094490 G S NSC N381K QRICH1 122 228 228
3 49095011 C S NSC G208R QRICH1 109 43 43
4 126238305 C M NSC P247T FAT4 52 178 178
4 126355484 C M NSC A2368E FAT4 56 190 190
5 156479444 TG - NFC TSIS HAVCR1 61 N/A N/A
5 156479568 GTT NFC 7T HAVCR1 106 N/A N/A
6 31238942 G W NSC A176V HLA-C 23 61 39
6 31239577 A C NSC S48A HLA-C 21 90 90
6 32709309 A R SS HLA-DQA2 29 84 84
6 32713044 C Y NSC T64M HLA-DQA2 192 228 228
6 32713188 C Y SS HLA-DQA2 126 228 228
6 38840915 A R NSC 12479V DNAH8 72 216 216
6 38879340 A T NSC E3267D DNAHS8 12 34 34
7 100686777 C Y NSC T4027M MUC17 323 228 228
7 100687107 G R SS MUC17 66 79 79
8 30700598 T Y NSC N1979S TEX15 33 97 97
8 30701995 A M NSC D1513E TEX15 141 228 228
10 69682773 T Y NSC D920G HERC4 64 69 69
10 69785435 A SS HERC4 9 N/A N/A
16 14029271 | AACTC - FC ERCC4 22 N/A N/A
16 14041518 C M NSC R689S ERCC4 121 228 228
16 72137553 C S NSC Q564E DHX38 56 85 85
16 72142141 A R NSC S994G DHX38 52 106 106
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17 74272839 C Y NSC V1593M QRICH2 54 33 33

17 74277009 T Y NSC Q1264R QRICH2 23 81 81
18 14105016 C M NSC R508| ZNF519 136 228 228
18 14105853 C M NSC R2291 ZNF519 23 51 51
19 51918360 A R NSC S445P SIGLEC12 43 39 39
19 52004795 G CT FC - SIGLEC12 19 N/A N/A
X 53561632 A w NSC F42261 HUWE1 42 53 53
X 53642759 C M NSC E665D HUWE1 16 33 33

Chrom: chromosome number; Pos: genomic position (GRCh37/hgl9);Ref: reference allele; Alt: sample
allele; Ensembl pred: consequence prediction of variants on transcript according to Ensembl v59. This
column contains one of the following values: SS=splice site, NSC=non-synonymous coding, FC=frameshift
coding, NFC=non-frameshift coding; AA change: amino acid change in the affected protein; GN: Gene
name; NRR: Number of non-redundant reads; SNV Q: the phred-scaled likelihood that the genotype is
identical to the reference; GT Q: Phred-scaled likelihood that the genotype is wrong.
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Supplemental Table 2: Comparative summary of clinical and cellular/molecular
features of XP, XFE and FA individuals with mutationsin ERCC4/XPF.

Clinical/celular XPF XFE FA
features
Skin phosensitivity mild severe no
Atrophic epidermis variable yes no
Neurologic features rare yes no
Hematology normal anemi anemia, BMF
Growth retardatioh no yes yes
Premature death no 16yo 4yo (FA104). 1333 alive
at age 10
UV sensitivity mild severé none (FA104) mild
(1333)
UDS defect mild severé mild (1333), ND in
(FA104¥
MMC sensitivity mild severe severe
DEB-test negative positive positive
MMC induced G2/M negative positive positive
arrest
Nuclease activity on yes yes no

stem loop susbtrates

4t is not known whether anemia evolved to BMF ie tKFE individual (Laura Niedernhofer, perso
communication)"Include microsomy in 1333, FA104 and XFE and miemwaly in XFE and 1333.
‘Reported in Niedernhofer et al., 2008IDS assay was not done in FA104 due to the lackkof
fibroblasts but FA104 lymphoblasts were resistantUlv. *Reported in Ahmad et al., 2010 for X
mutation R799W and XFE mutation R153P. Typically Afd FA features are marked in yellow 3

green, respectively.
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