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Introduction
Safeguarding of the genome is essential for the suppression of 
oncogenesis and for stem cell maintenance in many organisms, 
and is warranted by DNA repair mechanisms. If they fail on a 
genetic basis, DNA repair disorders occur. Fanconi anemia (FA) 
is such a rare human genomic instability disease. While variabil-
ity occurs, recurrent features include developmental anomalies 
and malformations, most commonly growth retardation, cutane-
ous pigment displacement, and radial ray defects. Other frequent 
aspects of FA comprise early-onset bone marrow failure and can-
cer predisposition, specifically for acute myelogenous leukemia 
and head and neck squamous cell carcinoma (1–4). FA results 
from faults in the FA/BRCA pathway for DNA interstrand cross-
link (ICL) repair, in which proteins encoded by 21 FA genes report-
ed thus far — designated as or aliased with the prefix FANC- and 
serial letters of the alphabet, FANCA to FANCV — and associated 
proteins interact (5–9). Germline inactivation of any one of the FA 
genes causes classical FA or variant (FA-like) disease lacking sin-
gle clinical core features of FA. Common to all subtypes is cellular 
sensitivity to endogenously or exogenously produced ICLs, impli-
cating spontaneous and induced chromosomal breakage, reduced 
cell survival, and arrest in G2 phase of the cell cycle (2). The FA/
BRCA pathway orchestrates the action of other DNA repair pro-
teins such as nucleases, translesion polymerases, and effectors of 

homologous recombination (HR), and interfaces with other DNA 
repair networks with which it shares components. New elements 
of the FA/BRCA pathway continue to be identified in ways that 
keep our understanding of this pathway evolving (5, 8–10).

Many of the FA proteins undergo secondary modification. 
Ubiquitination has become an important issue of ICL repair, 
including ubiquitin donors and acceptors (7). Ubiquitin transfer is 
facilitated by the coordinate action of 3 different types of enzymes, 
E1 for activation, E2 for conjugation, and E3 for ligation (11). The 
monoubiquitination of FANCD2 and FANCI by the E3 ligase FAN-
CL and the E2 ligase UBE2T (also known as FANCT) are key steps 
of the FA/BRCA pathway (7). Compromised function of FANCD2, 
FANCI, FANCL, or FANCT due to defective ubiquitin transfer can 
abrogate the FA/BRCA pathway (9). In the opposite direction, the 
deubiquitinating enzyme complex USP1-UAF1 critically regulates 
ICL repair mediated by the FA/BRCA pathway through its deu-
biquitination activity toward FANCD2-Ub and FANCI-Ub. It has 
been recognized that the USP1-UAF1 complex also promotes HR 
(12). This occurs, at least in part, by UAF1-stimulated RAD51-asso-
ciated protein 1 (RAD51AP1) activity (13).

HR has emerged as the most important mechanism for the 
error-free repair of DNA double-strand lesions. Notably, certain 
proteins have been acknowledged as both late-acting components 
of the FA/BRCA pathway and actors in HR, including BRCA2, 
partner and localizer of BRCA2 (PALB2), RAD51C, RAD51, 
BRCA1, and XRCC2, also known as FANCD1, -N, -O, -R, -S, and 
-U, respectively. One of the major proteins early in HR, replication 
protein A (RPA), not a known component of the FA/BRCA path-
way, is polyubiquitinated by the RING-type E3 ubiquitin ligase 
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Whole exome sequencing identifies biallelic mutations of RFWD3. 
Assuming a yet unreported FA subgroup, whole exome sequenc-
ing (WES) was performed on fibroblast DNA. Statistical results 
of the data analysis are summarized in Supplemental Table 1. 
After exclusion of nonauthentic variants and formally inconsis-
tent mutations, data mining left only 2 meaningful heterozygous 
mutations in the gene RFWD3 (Supplemental Table 2) that had 
been reported to be involved in the DNA damage response medi-
ated by p53 and RPA2 (14, 17, 18). The 2 detected mutations, a 
2-bp duplication resulting in premature termination of transla-
tion (c.205_206dupCC; p.L69Pfs*12) and a missense mutation 
(c.1916T>A; p.I639K) at a highly conserved position (Figure 1A), 
were confirmed by Sanger sequencing. They are located on differ-
ent parental alleles and segregate in the family consistent with an 
autosomal recessive disorder (Figure 1B). Both variants are rare. 
They have not been reported in the 1000 Genomes Project (27,478 
samples, February 2017) or in the Exome Aggregation Consortium 
(ExAC) database (60,706 samples, February 2017). Both variants 
were classified as probably damaging by several in silico predic-
tion software tools. c.205_206dupCC (p.L69Pfs*12) is located 
in the N-terminal region of RFWD3, which is characterized by 
LQP-SSQ repeats of hitherto unknown function (18), whereas 
c.1916T>A (p.I639K) is situated in the WD40 domain, which is 
responsible for RPA2 binding.

Wild-type RFWD3 reverses genomic instability and deficient 
HR of 1143 cells. While there is little doubt that c.205_206dupCC 
represents a functional null allele, reasonable concern was raised 
about the pathogenic nature of the missense variant p.I639K. To 
address this question, 1143 and control cultured fibroblasts were 
transduced with wild-type RFWD3 (WT-RFWD3) and control 
vectors. Susceptibility of cultured 1143 cells to specified chemi-
cal agents allowed for sensitivity testing. On cell cycle studies, 
FA-typical G2-phase accumulation following exposure to mito-
mycin C (MMC) or diepoxybutane (DEB) was restored to normal 
control levels in 1143 cells ectopically expressing WT-RFWD3, 
but not in mock-transduced 1143 cells (Supplemental Figure 1, E 
and F). Chromosomal breakage analysis showed accumulation of 
metaphases with ≥10 breaks per nucleus including frequent radi-
al figures (which reflect misdirected break repair by error-prone 
homology-directed pathways when HR is compromised) follow-
ing exposure to MMC of nontransduced 1143 cells, or of those 
that were transduced with mock vector or vector containing the 
patient mutation, RFWD3-I639K cDNA (Figure 1C). In contrast, 
1143 fibroblasts ectopically expressing WT-RFWD3 showed very 
few metaphases with high breakage rates. Moreover, survival of 
1143 fibroblasts exposed to MMC was rescued after transduction 
with WT-RFWD3, whereas nontransduced 1143 cells, 1143 cells 
transduced with mock virus, or FA fibroblasts of subtype Q (FA-Q) 
showed significantly reduced survival in a dose-dependent man-
ner (Figure 1D). 1143 fibroblasts were also hypersensitive to cispla-
tin (CDDP) to an extent that is comparable to that of FA-B or FA-Q 
fibroblasts (Figure 1E).

Like FA-D1 (biallelic BRCA2-mutant) cells with impaired HR, 
1143 fibroblasts reveal sensitivity to the topoisomerase I inhibitor 
camptothecin. Decreased survival compared with non-FA control 
was rescued when 1143 cells were transduced with WT-RFWD3 
(Figure 1F). Lastly, 1143 fibroblasts and those transduced with 

RFWD3 on multiple lysine residues in response to DNA damage 
(14). Primarily described as an ATM and ATR phosphorylation 
substrate, RFWD3 accumulates at stalled replication forks as part 
of the DNA damage response (15). At these sites RFWD3 colocal-
izes with RPA and binds via its WD40 domain at the C-terminus 
to replication protein A2 (RPA2). RFWD3 functions in replication 
checkpoint signaling under replication stress and promotes rep-
lication fork restart after HR (14, 16–18). Recent work shows that 
RFWD3 ubiquitination of RPA is essential for productive HR (14). 
The departure of an RPA–single-stranded DNA complex and the 
recruitment of RAD51 alias FANCR, one of the most versatile fac-
tors in HR, advance the process (19, 20).

Here we report on a 12-year-old German individual with typi-
cal FA phenotype and compound heterozygous mutations in the 
E3 ubiquitin ligase RFWD3 (GenBank NM_018124.3). Based on 
our findings we conclude that biallelic germline mutations in 
RFWD3 result in FA.

Results
Undefined subtype of a child with classical FA. The individual, 
referred to as 1143, offspring of unrelated parents of German 
descent, was born preterm (35 gestational weeks) and small for 
date (1,850 g). She presented with duodenal atresia, small midface 
and bilateral radial ray malformations including left radius hypo-
plasia, and absent thumb on both sides. Ultrasonography revealed 
enlarged lateral cerebral ventricles, a hypoplastic left kidney, and 
polysplenia. Growth retardation with length and weight below 
the third percentiles and microcephaly continued postnatally. 
Hypothalamic partial growth hormone deficiency gave cause for 
hormone replacement therapy starting as of 2 years, resulting in 
catch-up growth along the third percentiles for height and weight 
to date. MRI at age 2 years demonstrated rarefied periventricular 
white matter, a narrowed corpus callosum, downscaled anterior 
pituitary, ectopic position of the posterior pituitary in the hypo-
thalamic region, and Chiari malformation type 1. These changes 
did not cause neurological deficits or intellectual disability, such 
that she attends regular classes. This is consistent with the obser-
vation that minor brain malformations with little if any clinical 
manifestation are relatively frequent in FA patients (21). From age 
10 her bone marrow was cytopenic with reduced hematopoiesis 
and increased fatty tissue. There were mild dysplastic features 
including dysmyelopoiesis (hypogranularity) and dysmegakaryo-
poiesis (abnormal lobulation), while erythropoiesis was slightly 
megaloblastoid. Myelodysplastic syndrome (MDS) was excluded 
on several occasions. Cytopenia is restricted to bone marrow; up 
to 12 years, her age at the time of writing, peripheral blood counts 
remained stable at a normal level. The clinical diagnosis of FA 
based on the indicated findings was confirmed by cellular hyper-
sensitivity of cultured lymphocytes and fibroblasts to DNA-cross-
linking agents (Supplemental Figure 1, A and B; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI92069DS1). She was classified as belonging to a post-D2 FA 
subtype owing to intact cellular FANCD2 monoubiquitination 
(Supplemental Figure 1C). Proper RAD51 foci formation effective-
ly ruled out groups FA-D1, -N and -O, -R, -S, and -U (Supplemental 
Figure 1D). Sanger sequencing of the remaining reported down-
stream FA genes failed to detect any mutation.
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sensitivity, the latter results suggest the involvement of RFWD3 in 
HR in a BRCA2-dependent manner.

Consequences of RFWD3 deprivation. RFWD3 deficiency pro-
vides a means to infer normal protein functions from malfunction. 
The I-SceI–induced HR assay has become widely accepted as an 
indicator for a protein to influence the HR mechanism (23, 24). In 
this assay, inactivation by RNA interference of either BRCA2 or 

mock or I639K-mutant vector were sensitive to the poly-ADP 
ribose polymerase 1/2 (PARP1/2) inhibitor olaparib. This sensi-
tivity was distinct but not as pronounced as that of FA-D1 cells. 
Once again, this sensitivity was rescued by ectopic expression of 
WT-RFWD3 (Figure 1G). Poly-ADP ribose mediates the BRCA2-
dependent early DNA damage response (22). Since RFWD3 defi-
ciency impairs that mechanism, as indicated by cellular olaparib 

Figure 1. Identification and characterization of RFWD3 mutation. (A) WES data reveal 2 heterozygous sequence variants in the RFWD3 gene, highlighted 
in green. The gene is located on the minus strand; chromosomal and amino acid positions next to the mutations are depicted atop the sequence data. (B) 
Sanger sequencing confirms both mutations in individual 1143 and familial segregation. (C) Histograms reflecting proportions of cells with the indicated 
number of chromosomal breaks per metaphase, blue without, red after exposure to mitomycin C (MMC). Dashed lines delimit high rates (>7) of RFWD3-
mutated (1143) and unproductively transduced fibroblasts (1143+mock, 1143+I630K). Rates of 1143+WT are rescued. Fifty metaphases each were scored. 
The 1143 plot is reused in Supplemental Figure 1B. (D–G) Dose-response curves of the same cell lines used in C compared with non-FA and FA control 
(FA-Q, FA-B, or FA-D1) fibroblasts after exposure to the indicated agents and concentrations. The data represent mean ± SEM; N = 5. The 1143 and non-FA 
curves of D are reused in Figure 2E. The 1143 and non-FA curves of F are reused in Supplemental Figure 2G.
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Figure 2. Involvement of RFWD3 in HR and ICL repair. (A) Reduced HR in RFWD3-deficient human cells as signaled by the I-SceI–induced HR assay. 
Shown is the decrease of GFP-positive (HR-active) cells compared with controls. The left graph shows data from siRNA-transfected U2OS cells (luciferase 
[Luc; mock] vs. BRCA2 and RFWD3). The middle graph represents data from non-FA versus RFWD3-mutant 1143 and BRCA2/FANCD1-mutant fibroblasts, 
a disease-control FA-D1 line with the homozygous mutation c.469A>T (p.Lys157*). The right graph displays data from 1143 transduced with WT-RFWD3 
versus mock, I639K, and nontransduced 1143 fibroblasts. All results are corrected for transfection rate and size of S phase. (B) Western blot with RFWD3 
antibody including lysates from 1143, her family members, and non-FA fibroblasts exposed to MMC. Lanes were run on the same gel but were noncontigu-
ous. (C) Cell fractionation of protein lysates from non-FA and 1143 fibroblasts exposed to MMC. (D) Proportion of RPA1, RPA2, and RAD51 foci–positive 
cells in 1143, 1143+WT-RFWD3–transduced, and non-FA fibroblasts at different intervals after an initial 8-hour pulse of MMC exposure. (E) Dose-response 
curves of CRISPR clone CR21F5 versus parental U2OS cells, HAP1-RFWD3– versus HAP1 control cells, and 1143 versus non-FA fibroblasts exposed to MMC. 
The 1143 and non-FA curves are reused in Figure 1D. (F and G) Cell cycle analysis regarding G2-phase arrest of CRISPR clone CR21F5 versus parental U2OS 
cells and of HAP1-RFWD3– versus HAP1-RFWD3–+WT–complemented and HAP1 control cells without or with exposure to MMC. Increased G2 compartment 
size is highlighted in red; normal size is shown in gray. Data in A, D, and E represent mean ± SEM; N = 3 for siRNA experiments, otherwise N = 5. *P < 0.05; 
**P < 0.01; ***P < 0.001 by unpaired, 2-tailed Student’s t test.
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2C). ΔRFWD3 DT40 cells grew more slowly in culture than non-
targeted DT40 cells (Supplemental Figure 2D). The gene targeting 
frequency at the ovalbumin and KU70 loci in ΔRFWD3 DT40 cells 
was determined by disruption constructs as previously described 
(25). Targeting events were greatly reduced in 2 independently 
produced ΔRFWD3 versus parental DT40 cell lines (Figure 3A).

Defective HR in ΔRFWD3 DT40 cells was further examined 
by a modified I-SceI–induced HR assay. The recombination sub-
strate SCneo (2 tandem nonfunctional neo cassettes that can be 
repaired by HR) was integrated at the ovalbumin locus. In DT40 
cells, transient transfection of I-SceI expression vector resulted in 
an increase of more than 3 orders of magnitude of neo-resistant 
cells compared with cells transfected with control vector (Figure 
3B). ΔRFWD3 DT40 cells achieved HR events with approximate-
ly 1 order of magnitude less efficiency, which was not improved 
when they were transfected with chRFWD3-C267A. This muta-
tion disrupts the RING domain, inactivating the RFWD3 E3 ligase 
function as has been described for the human equivalent mutation 
C315A in U2OS cells (18). Expression of WT-chRFWD3 rescued 
the frequency to some extent, while transfection with chRFWD3-
I615K, the chicken counterpart of the human I639K mutation, did 
not. We also determined the ratios of short- and long-tract gene 
conversion (STGC and LTGC) events (Supplemental Figure 2E) 
in the HR repair product of SCneo by isolating neo-resistant colo-
nies following I-SceI transduction. STGC and LTGC occurred at 
indistinguishable rates in nontargeted and ΔRFWD3 DT40 cells, 
suggesting that loss of RFWD3 affects efficiency, but not the tract 
length, of HR induced by DNA double-strand breaks (Supplemen-
tal Figure 2F).

ΔRFWD3 DT40 cells proved hypersensitive to MMC or cis-
platin in terms of survival, compared with parental DT40 cells 
(Figure 3, C and D). Resistance of ΔRFWD3 DT40 cells to these 
agents was rescued by stable expression of WT-chRFWD3, but 
not of chRFWD3-C267A. Transfection with chRFWD3-I615K 
resulted in intermediate sensitivity consistent with this mutation 
being hypomorphic in humans. Chromosomal studies revealed 
increased breakage in the form of chromatid- and chromosome-
type lesions in ΔRFWD3 DT40 compared with parental DT40 
cells when exposed to MMC (Figure 3E), resembling ΔFANCD2 or 
ΔXRCC3 DT40 cells (26). Again, stable expression of WT-chRF-
WD3 restored the breakage rate to normal, whereas transfection 
with chRFWD3-C267A had virtually no effect and expression of 
chRFWD3-I615K resulted in intermediate rates. These results 
show that cells with the chI615K (equivalent to human I639K) 
mutant are impaired in HR, in the maintenance of challenged 
chromosomal integrity, and in MMC and cisplatin tolerance.

Collectively, these 3 different cellular models, all lacking 
RFWD3 on a different genetic background, support the notion 
that RFWD3 functions in the FA pathway and in HR.

RFWD3-I639 is necessary for RFWD3 focus formation. In order 
to examine how the chicken I615K mutation (equivalent to human 
I639K) affects functions of the RFWD3 protein in cells, ΔRFWD3 
DT40 cells were transiently transfected with mock vector or 
vector containing GFP-tagged chRFWD3-C267A or the double 
mutant GFP-chRFWD3-C267A/I615K. The expression of GFP-
chRFWD3-C267A showed RFWD3 protein that was relocated to 
the nucleus and induced RFWD3 focus formation (Figure 3F). By 

RFWD3 resulted in a highly significant loss of HR function relative 
to mock siLuciferase (siLuc) transfection, confirming that RFWD3 
is involved in the HR pathway (Figure 2A, left panel). Similarly, HR 
activity of FA-D1 (biallelic BRCA2/FANCD1-mutant) fibroblasts 
and of 1143 cells was compared with that of human normal con-
trol fibroblasts. RFWD3 deficiency downregulated HR activity 
substantially, resembling BRCA2 deficiency (Figure 2A, middle 
panel). Untreated, mock-transduced, or RFWD3-I639K cDNA–
transduced 1134 fibroblasts were impaired in HR in contrast to 
1143 fibroblasts after WT-RFWD3 transduction, confirming in an 
isogenic system that the RFWD3-I639K mutation of 1143 cells is 
responsible for the loss of HR activity (Figure 2A, right panel).

Further experiments aimed at understanding in which way the 
1143 mutations exert their effects. Western blot analysis of 1143 
lymphoblasts showed that mutant RFWD3 of normal size was 
expressed whereas any truncated protein was undetectable (Figure 
2B). The full-length mutant protein may be slightly less stable in 
cytoplasm, as cellular fractionation studies suggested, but is strik-
ingly less relocated to the nucleus and to chromatin (Figure 2C). 
Paucity of mutant RFWD3-I639K in chromatin, let alone impaired 
function, resulted in a longer persistence of RPA and RAD51 nucle-
ar foci in 1143 fibroblasts. After an initial pulse of 8 hours of expo-
sure to MMC, the proportion of 1143 cells that scored positive for 
RPA foci was increased at early times (24 hours and 48 hours; Fig-
ure 2D, left and middle panels), and the proportion of RAD51 foci–
positive cells was elevated at later times (72 hours and 96 hours; 
Figure 2D, right panel). At other times (RPA foci–positive cells after 
48 hours and RAD51 foci–positive cells before 72 hours) there was 
no significant difference of foci-positive 1143 cells compared with 
1143+WT complemented and normal control fibroblasts. These 
data extend the idea that RFWD3 normally promotes HR induced 
by ICLs, and HR is delayed when RFWD3 is mutated.

Three different cellular model systems recapitulate RFWD3 muta-
tion. Using the CRISPR/Cas9 system, we generated an RFWD3-
mutant clone of U2OS cells, designated CR21F5, owning the 
homozygous 6-bp deletion c.1941_1947delCGGCAC. The deletion 
results in the in-frame loss of 2 amino acids, p.R648_H649del, 
located in the RPA2-binding WD40 domain. CR21F5 cells dis-
played increased sensitivity to MMC in survival and cell cycle stud-
ies (Figure 2, E and F) and to camptothecin (Supplemental Figure 
1G), mimicking 1143 fibroblasts, but contrasting with parental 
U2OS cells and 1143 WT-RFWD3–complemented fibroblasts.

A second RFWD3-deficient cellular model represents HAP1 
cells harboring a 13-bp deletion in RFWD3 exon 3, c.566_578del, 
predicted to result in the largely mutated and truncated protein 
RFWD3 p.P189Lfs*174. Consistently, these cells also displayed 
MMC sensitivity in survival and cell cycle studies (Figure 2, E and 
G). Unfortunately, HAP1 cells tend to duplicate chromosomes, 
which limits their use for chromosome breakage studies. RFWD3-
mutated HAP1 cells were complemented by transduction with 
WT-RFWD3, demonstrated by rescue from MMC sensitivity in 
terms of G2 arrest (Figure 2G).

Third, we generated ΔRFWD3 DT40 cells by targeted disrup-
tion of the chicken RFWD3 locus (Supplemental Figure 2, A and 
B). The cells were deduced to be functionally null for 2 reasons: 
the CxxC motif in the RING finger was deleted, and no RFWD3 
transcript was detected by real-time PCR (Supplemental Figure 
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Figure 3. Functional analyses of ΔRFWD3 DT40 cells. (A) Frequency of gene targeting at the ovalbumin (OVA) and KU70 loci of WT DT40 cells (blue) and 2 
independently generated ΔRFWD3 DT40 cell lines (#1, red; #2, green). Percentages of the targeting events relative to the number of examined clones are shown 
on top of each bar. (B) Frequency of neo-resistant DT40 colonies due to HR events in the SCneo recombination substrate integrated in the OVA locus. Cells with 
indicated genotypes were transiently transfected with empty vector (+Vector) or with vector containing I-SceI (+I-SceI) and selected in medium containing G418. 
After 10–14 days the number of colonies was counted. (C and D) Dose-response curves of WT DT40 cells versus ΔRFWD3 DT40 cells and ΔRFWD3 DT40 cells 
transfected with WT-RFWD3, RFWD3-I615K, or RFWD3-C267A. Cells were exposed to MMC or cisplatin. (E) Histograms reflecting proportions of cells with the 
indicated number of chromosomal lesions per metaphase in WT DT40 and mutant cells with the indicated genotypes and transfections without or with exposure 
to MMC. Fifty cells each were scored. (F) GFP immunofluorescence analysis of ΔRFWD3 DT40 fibroblasts transiently transfected with mock, GFP-chRFWD3-
C267A, or the double mutant GFP-chRFWD3-C267A/I615K after exposure to MMC. (G) Proportion of GFP-RFWD3–positive ΔRFWD3 DT40 cells (top panel) and 
GFP-RFWD3 foci–positive ΔRFWD3 DT40 cells (>5, middle panel) and number of GFP-RFWD3 foci in individual GFP-RFWD3 foci–positive ΔRFWD3 DT40 cells 
(bottom panel) after transfection with the indicated plasmids. Cells are those used in F. (H) Relocation of GFP-RFWD3 in ΔRFWD3 DT40 cells transfected with the 
indicated plasmids without and with exposure to MMC. Fractions were probed using anti-GFP and anti–histone 3 antibodies. Data in B–D and G represent mean ± 
SEM; N = 3. Significance in G determined by unpaired, 2-tailed Student’s t test. NS, not significant.
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contrast, expression of the GFP-chRFWD3-C267A/I615K double 
mutant prevented the translocation of RFWD3 to the nucleus and 
focus formation. In this experiment, the percentage of GFP-pos-
itive cells was comparable between cells expressing GFP-chRF-
WD3-C267A and GFP-chRFWD3-C267A/I615K (Figure 3G, top 
panel), indicating that expression levels were similar. However, 
GFP foci–positive cells were much decreased in the C267A/I615K 
double mutant relative to the C267A mutant (Figure 3G, middle 
panel). Even more strongly reduced was the number of foci in indi-
vidual GFP-RFWD3 foci–positive cells (Figure 3G, bottom panel). 
Immunoblotting confirmed that GFP-WT-chRFWD3 is able to 
access chromatin whereas the level of GFP-chRFWD3-I615K in 
chromatin was much less (Figure 3H), paralleling our findings in 
human RFWD3-mutant 1134 cells.

These results in DT40 cells were supported and extended by 
studies of human cells. Reduced amounts of FLAG-RFWD3-I639K 
in chromatin compared with FLAG-WT-RFWD3 were observed 
on immunoblots when U2OS cells were transiently transfected 
with corresponding vectors and exposed to MMC (Figure 4A). 
This notion was underscored by the reduction of RFWD3 foci–
positive cells, but not RPA2 foci–positive cells, when the I639K 
mutant was transfected (Figure 4B). Quantification confirmed 
that there was a highly significant difference in the number of 
FLAG-RFWD3 foci in individual FLAG-RFWD3 foci–positive cells 
(Figure 4C, top panel), but there was no difference in the propor-
tion of RPA foci–positive U2OS cells after exposure to MMC (Fig-
ure 4C, bottom panel). Coimmunoprecipitation of human FLAG-
RFWD3-I639K with RPA2 displayed a largely decreased physical 
interaction in U2OS cells after exposure to MMC, which was in 
contrast to the transfection with FLAG-WT-RFWD3 (Figure 4D). 
Pull-down studies between GFP-RFWD3 containing the RING 
mutation C315A, or the RING mutation plus the patient’s WD40 
mutation (I639K), and human his-RFWD3-C315A showed that 
neither mutation affects RFWD3-RFWD3 dimerization (Figure 
4E). However, the RING mutation C315A abrogated RFWD3 auto-
ubiquitination whereas the WD40 mutation I639K did not when 
U2OS cells were transiently transfected with FLAG-RFWD3-WT, 
FLAG-RFWD3-I639K, or FLAG-RFWD3-C315A and exposed to 
the proteasome inhibitor MG132 (Figure 4F).

Thus we conclude that RFWD3-I639 or its chicken equivalent 
chRFWD3-I615 is an absolute requirement for chromatin trans-
location, physical interaction with RPA, and ICL repair/HR func-
tions of RFWD3.

In U2OS cells FLAG-RFWD3 and FANCD2 foci occur in over-
lapping or immediate adjacent positions in a majority of cells 
after exposure to MMC, suggesting temporary cooperation of the 
proteins in HR (Figure 4G and Supplemental Figure 2G). This is 
similar to observations that, following DNA damage induction, a 
majority of GFP-FANCD2 and RAD51 foci colocalized although 
RAD51 and FANCD2 foci formation are independent events (27), 
and that monoubiquitinated FANCD2 and BRCA2/FANCD1 colo-
calize in DNA damage–inducible foci (28). Together these data 
indicate that FANCD2 and RFWD3, RAD51, and BRCA2/FANCD1 
converge and accumulate at the same DNA damage sites.

We depleted FANCD2 in HAP1 RFWD3-mutant cells, con-
firmed this by immunoblotting (Supplemental Figure 2, H and I), 
and exposed siLuc- and siFANCD2-treated RFWD3-mutant HAP1 

cells to MMC. Although the ΔRFWD3-HAP1+siD2 dose-response 
curve runs below the ΔRFWD3-HAP1+siLuc curve for all concen-
trations assayed, the differences are small (Figure 4H). FANCD2 
knockdown appears to have a small additive effect to RFWD3 defi-
ciency, and FANCD2 and RFWD3 may be partially nonepistatic in 
terms of ICL repair, but a potential nonepistatic effect is border-
line and significant only at 10 ng/ml MMC. A similar observation 
has been made in DT40 cells that were double-mutant for FANCC 
whole gene deletion and BRCA2 C-terminal deletion. Such Fancc/
Brca2ΔCTD double-mutant cells showed a more severe level of 
sensitivity to cisplatin and MMC compared with either of the sin-
gle mutants (27). The additive sensitivity indicates that FANCD2 
and RFWD3, or FANCC and BRCA2, may have some nonoverlap-
ping functions in ICL repair.

An Rfwd3–/– mouse model resembles other FA mouse models. 
Rfwd3 conditional knockout mice were generated by flanking 
of exon 3 with loxP sites via gene targeting in Bruce4 C57BL/6 
embryonic stem (ES) cells (29). Gene-targeted ES cell clones were 
identified and cells then injected into goGermline blastocysts (30). 
Male goGermline mice were bred to C57BL/6 females to establish 
heterozygous germline offspring on C57BL/6 background. Cre-
mediated deletion of exon 3 introduced a translational frame-
shift (Supplemental Figure 3A). Southern blot analysis was used 
to genotype the offspring (Supplemental Figure 3B). Real-time 
PCR analysis of normalized relative Rfwd3 mRNA expression in 
Rfwd3–/– and Rfwd3+/+ mice confirmed marked differences. Virtu-
ally no amplification of an Rfwd3 mRNA region bridging exons 3–5 
was observed in Rfwd3–/– mice compared with Rfwd3+/+ controls 
(Supplemental Figure 3C). This confirmed the deletion of exon 3 
at the mRNA level. Further results demonstrated that some Rfwd3 
mRNA survives despite the removal of exon 3. Transcript lev-
els upon amplification of an Rfwd3 mRNA region bridging exons 
6–8 were approximately 10-fold less in Rfwd3–/– compared with 
Rfwd3+/+ samples (Supplemental Figure 3D). However, the loss 
of exon 3 set downstream exons out of the Rfwd3 reading frame 
and rendered them nonfunctional. An initial characterization of 
Rfwd3–/– mice demonstrated that they are viable and do not show 
overt phenotypic abnormalities. Heterozygous and homozygous 
offspring were born at approximately 1:1 sex ratio (Figure 5A). 
Rfwd3+/– heterozygous mating revealed a deficit of Rfwd3–/– pups 
(18.7% observed vs. 25% expected). This tendency may be due 
to embryonic lethality, but the difference was not statistically 
significant because of small mouse numbers. Subfertility was an 
additional finding. Three types of test mating including Rfwd3–/– 
mice were attempted. Attempts were made to mate 3 KO males to 
3 KO females, 3 WT males to 3 KO females, and 3 KO males to 3 
WT females. Ample time allowed, none of these efforts produced 
pups, a rate that is incompatible with spontaneous mating failure 
among Rfwd3+/+ or Rfwd3+/– C57BL/6 mice. By these studies, 6 KO 
females (23.1% of a total of 26 KO mice) and 3 KO males (11.5% 
of a total of 26 KO mice) proved infertile, as mating of 3 KO males 
to KO and WT females was attempted. Although more, if not all, 
Rfwd3–/– mice may be infertile, we refer to our observation for now 
as subfertility, since some Rfwd3–/– mice were not mated but were 
used for other studies. Histological examination of Rfwd3–/– mice 
detected testicular and ovarian atrophy. In males, seminiferous 
tubules were largely retained. There was a patchy change where 
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with the missense substitution p.I639K. This is located in the pre-
dicted WD40 domain (18). We showed it to be pathogenic in dif-
ferent systems, as it prevents RFWD3 relocation to chromatin and 
impairs several of its functions.

Elia et al. (14) recently reported, in a context independent of 
FA, that RFWD3 ubiquitinates RPA. Our work shows disrupted 
physical interaction of mutant RFWD3 and RPA. This RFWD3-
RPA malfunction provides a mechanistic insight primarily from 
an observation in humans and brings another missing piece of 
the jigsaw regarding the pathogenesis of FA to fall into place. 
Only one side of the coin is that the RFWD3-I639K mutation 
abrogates the E3 ligase function toward RPA2, since the RPA2 
interaction domain is located at the C-terminus of the RFWD3 
protein (31) that includes the I639 residue. Further studies will 
elucidate the exact mechanisms. Moreover, it remains to be seen 
whether other interactors or processes are implicated. Since RPA 
is involved in HR, our studies were aimed at the demonstration 
that this holds also for RFWD3. Two experimental results sup-
ported this view. The results of the I-SceI–induced HR assay in 
human and chicken cells globally indicated impaired homolo-
gy-directed recombination upon RFWD3 mutation. Prolonged 
retention of RPA1 and RPA2 foci in cells with the I639K substi-
tution suggested delayed HR. The finding that RAD51 foci also 
persisted longer as in controls may indicate an indirect effect on, 
or a direct implication of, RAD51.

HR is a hierarchical process with master players such as the 
BRCA1-PALB2-BRCA2 complex and RAD51, and it is also a linear 
pathway that proceeds sequentially step by step. Impaired HR can 
result in an FA phenotype as has been demonstrated by mutations 
of genes contributing to HR that are also FA genes (32). Includ-
ing RFWD3, the number of reported FA genes involved in HR 
amounts to a remarkable total of 7, which act at different stages 
of HR. While the BRCA1, PALB2, and BRCA2 proteins function 
at the level of orchestration, RFWD3 works at middle-phase HR 
after single-stranded DNA marking, before late-HR factors come 
into play including RAD51, RAD51C, and XRCC2 that have been 
associated with strand invasion, D-loop formation, and Holliday 
junction resolution (33). This leads us to conclude that the FA/
BRCA pathway converges on HR. Notably, it is not the frequently 
mutated FA genes whose products are among those that form the 
FA core complex that have most contributed to recognition of the 
association of FA and HR for genomic stability in humans, includ-
ing cancer prevention and longevity. This has rather been achieved 
by the more recent observation of inactivation of newly identified 
downstream or late FA genes with immediate involvement in the 
excision of ICLs, in translesion synthesis or eminently in HR. 
These less frequently affected FA genes have all been reported 
initially with few or single patients and hypomorphic mutations, 
because other constellations may be nonviable. Nevertheless, this 
way we have learned more of the FA/BRCA pathway than was dis-
covered over a long period with the upstream or early FA genes.

The proposed patient demonstrates that RFWD3 deficiency 
does not necessarily result in early tumorigenesis, partly per-
haps because the p.I639K mutation is not fully penetrant. On 
the other hand, 1143 patient cells do clearly show impaired HR 
activity, which evidently does not drive forth early-onset embryo-
nal tumors or acute myeloid leukemia. Pronounced early cancer 

a few showed only small amounts of spermatogenesis, but most 
appeared empty with little evidence of any active cell divisions 
(Figure 5B). Female Rfwd3–/– mice displayed small ovaries with 
predominance of luteal cells and inactive epithelium on the sur-
face. No follicular differentiation or development was detected 
(Figure 5C). As a preliminary observation, some Rfwd3–/– offspring 
lived a shortened lifespan for yet unknown reasons.

Rfwd3–/– mouse embryonic fibroblasts (MEFs) proved hyper-
sensitive to DNA cross-linking agents. When exposed to MMC 
they showed increased G2-phase accumulation compared with 
Rfwd3+/+ MEFs (Figure 5D). Chromosomal breakage analysis 
of Rfwd3–/– MEFs revealed increased numbers of lesions with 
a distribution typical for FA, in contrast to Rfwd3+/+ mice, which 
showed unremarkable rates and distribution (Figure 5E). Breaks 
were mostly of the chromatid type and included characteristic 
radial figures (Figure 5F). Rfwd3–/– MEFs also showed reduced 
dose-dependent survival when exposed to MMC compared with 
Rfwd3+/+ MEFs, and they were rescued by prior transduction with 
human WT-RFWD3 (Figure 5G).

Discussion
This study presents a new FA subtype resulting from biallelic 
mutations in the E3 ubiquitin ligase gene RFWD3. Two com-
pound heterozygous mutations have been identified using WES. 
The paternally derived allele shows a duplication of the cytosine 
residues at positions c.205_206 leading to premature termination 
of translation. Because we did not detect truncated RFWD3 pro-
tein and the mutation is N-terminally located, it is safe to assume 
that the transcript is subject to nonsense-mediated RNA decay. 
The maternal allele produced a relatively stable RFWD3 protein 

Figure 4. Interaction studies of human RFWD3. (A) Cell fractionation 
shows impaired chromatin relocation of RFWD3 with the mutation in the 
WD40 domain when U2OS cells were transiently transfected with FLAG-
WT-RFWD3 or FLAG-RFWD3-I639K and exposed to MMC as indicated. 
(B) FLAG-RFWD3 immunofluorescence analysis of the same cells used 
in A exposed to MMC. Anti-FLAG detected RFWD3, anti-RPA2 detected 
endogenous RPA, and DAPI counterstains the nucleus. (C) Number of 
FLAG-RFWD3 (top graph) and RPA2 (bottom graph) foci per nucleus 
without or with exposure to MMC. Cells are those used in A. More than 50 
cells were counted for each sample. The experiment was repeated 4 times. 
Data represent mean ± SD. P values of WT versus I639K were calculated 
using the unpaired, 2-tailed Student’s t test. NS, not significant. (D) 
Coimmunoprecipitation of FLAG-WT-RFWD3 or FLAG-RFWD3-I639K with 
RPA2 in transiently transfected U2OS cells without or with exposure to 
MMC. (E) Pull-down study of GFP-RFWD3 and his-RFWD3 dimerization 
in U2OS cells transiently transfected with GFP, GFP-RFWD3-C315A (RING 
mutation), or GFP-RFWD3-C315A/I639K (double mutation). Detection was 
by anti-his and anti-GFP antibodies. (F) Auto-ubiquitination of FLAG-WT-
RFWD3, FLAG-RFWD3-I639K, or FLAG-RFWD3-C315A in transiently trans-
fected U2OS cells without or with exposure to the proteasome inhibitor 
MG132. siLuc and siRFWD3 served as negative controls. Detection was by 
anti-RFWD3. (G) Colocalization of FLAG-RFWD3 and FANCD2. U2OS cells 
were transiently transfected with FLAG-RFWD3 and exposed to MMC (100 
ng/ml for 24 hours). (H) Survival curves of WT HAP1 and RFWD3-mutated 
HAP1 cells transfected with siRNAs to luciferase (Luc) or FANCD2 (D2) and 
exposed to MMC. Means ± SD of 3 independent experiments are shown. 
Depletion of FANCD2 and BRCA2 (control) was analyzed by immunoblot-
ting and is shown in Supplemental Figure 4, H and I. The P value (*P < 
0.05) of ΔRFWD3+siLuc versus ΔRFWD3+siD2 was calculated using the 
Tukey’s range test.
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not been associated with FA-R (RAD51/FANCR-mutant) or FA-S 
(BRCA1/FANCS-mutant) patients (19, 20, 38), whose affected 
genes/proteins likewise are involved in HR. We suggest that 
BRCA2-specific rather than FA/BRCA pathway functions facili-
tate the extreme early proneness to malignancies in FA patients of 
groups FA-D1 and FA-N, which is much greater than and different 
from the tumor disposition inherent to other FA subtypes (1, 4).

proneness has been reported only for FA due to biallelic mutations 
of BRCA2 (FA-D1) (34) and of the direct BRCA2 interactor PALB2 
(FA-N) (35). Our study of RFWD3 deficiency extends observations 
in patients with FA subtypes FA-O (RAD51C/FANCO-mutant) and 
FA-U (XRCC2/FANCU-mutant), whose cells are deficient in HR, 
too, but patients have not been described with early embryonal 
tumors (32, 36, 37). Moreover, distinct early tumorigenesis has 

Figure 5. Characterization of an Rfwd3–/– mouse model. (A) Numbers and proportions of female (red) and male (blue) Rfwd3+/–, Rfwd3–/–, and Rfwd3+/+ 
mouse offspring of heterozygous mating. Rfwd3–/– pups were born at a sub-Mendelian rate. (B) Left panel displays atrophic Rfwd3–/– mouse testis. 
Remaining seminiferous tubules have little active spermatogenesis and few spermatozoa. Right panel shows Rfwd3+/+ testis with normal spermatogen-
esis for control. The original micrographs were taken at ×40. (C) Left panel displays atrophic Rfwd3–/– mouse ovary. There are clusters of luteal cells within 
a delicate stroma, but there is no follicular development. Right panel shows Rfwd3+/+ ovary with normal follicular development for control. The original 
micrographs were taken at ×40. (D) Cell cycle analysis examining G2-phase arrest in Rfwd3–/– versus Rfwd3+/+ MEFs without or with exposure to MMC. 
Increased G2 compartment size is highlighted in red, normal size shown in gray. (E) Histograms reflecting proportions of cells with the indicated number 
of chromosomal breaks per metaphase, blue without, red after exposure to MMC, in Rfwd3–/– and Rfwd3+/+ MEFs. Fifty cells each were scored. Sensitivity 
is indicated by the high rate of metaphases with more than 7 breaks (dashed line). Fifty metaphases each were scored. (F) Micrographs of Rfwd3–/– MEF 
metaphase preparations. Unaffected cell without prior exposure to MMC (top left), increased chromosomal breakage after exposure to MMC (bottom 
left), and predominance of chromatid-type lesions and radial reunion figures (arrows, right) after exposure to MMC. The original micrographs were taken 
at ×100. (G) Dose-response curves of Rfwd3–/– MEFs, Rfwd3+/+ MEFs, and Rfwd3–/– MEFs transduced with human WT-RFWD3 exposed to MMC. The data 
represent mean ± SEM; N = 3.
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Mutation validation, segregation analysis, and screens for off-target 
events were performed by Sanger sequencing using Bio-X-Act DNA 
short polymerase (Bioline) according to the manufacturer’s proto-
col on an Applied Biosystems 3130xl sequencer. Primer sequenc-
es for genomic sequencing are listed in Supplemental Table 4. 
Primer design and mutation nomenclature are based on transcript 
ENST00000361070.8. Touchdown PCR was performed with lid 
heating at 98°C, sample preheating at 95°C for 3 minutes, 10 cycles 
with annealing temperatures from 65°C to 55°C followed by 25 cycles 
with denaturation at 95°C, annealing at 55°C and elongation at 72°C, 
and a final elongation step at 72°C for 5 minutes.

Whole exome sequencing. Target enrichment was performed with 
the Agilent SureSelect Human All Exon 50Mb Kit and followed by next-
generation sequencing (NGS) on a HighSeq2000 instrument (Illumi-
na). Processing of WES data using NextGENe software v2.18 (Softge-
netics) and in silico analysis were performed as described before (45).

Exome sequencing data. The NGS sequencing data were depos-
ited in the European Genome-Phenome Archive (EGA) (study num-
ber EGAS00001002440; data set ID: EGAB00000001219) in a 
MINISEQE-compliant format. The EGA allows exploration of data 
sets from genomic studies. Access to data sets must be approved by 
the specified Data Access Committee through the European Molecu-
lar Biology Laboratory–European Bioinformatics Institute (EMBL-
EBI). The terms of use reflect EMBL-EBI’s commitment to open sci-
ence through its mission to provide freely available online services, 
databases, and software relating to data contributed from life science 
experiments to the largest possible community.

Plasmid transfection. For adherent cells, Lipofectamine 3000 
(Invitrogen) was used according to the manufacturer’s instructions. 
For DT40 cells, electroporation by Neon (Invitrogen) at 1,500 V, 20 
ms, 1 pulse, was used.

Transduction. Generation of stable lentiviral producer lines and 
transduction of adherent cells were performed following the instruc-
tions in the Lenti-X Lentiviral Expression System User Manual (Taka-
ra Clontech). Because of inappropriate restriction sites, we modified 
the multiple cloning site using a double-stranded, sequence-verified 
genomic block (gBlocks Genomic Fragments, Integrated DNA Tech-
nologies). Its sequence is shown in Supplemental Table 5. The con-
trol vector pLVX-EF1α, expressing an IRES-puro cassette, and the 
RFWD3 vector pLVX-EF1α+WT-RFWD3, additionally expressing 
human WT-RFWD3 cDNA, were constructed using classical clon-
ing methods (primer sequences for cloning are listed in Supplemen-
tal Table 5). The missense mutation c.1916T>A encoding the I639K 
substitution was introduced using the Q5 Site-Directed Mutagenesis 
Kit (New England Biolabs) according to the manufacturer’s instruc-
tions. Transduced cells were selected in puromycin (InvivoGen) for 
7–14 days and challenged with MMC. We analyzed transduced fibro-
blasts and other cells by cell cycle analysis, did survival assays, or 
used other readout systems.

DT40 gene targeting. DT40 cells were cultured and ΔRFWD3 
DT40 cells were generated by gene targeting as previously described 
(46). Briefly, a targeting vector with a histidinol or puromycin resis-
tance cassette was used to substitute an approximately 1.2-kb genomic 
segment between chRFWD3 exons 2 and 3, similarly as reported else-
where (25). The strategy is shown in Supplemental Figure 2A. Gene 
targeting replaced an approximately 9.3-kb WT genomic with an 
approximately 4.5-kb targeted SacI fragment on Southern blots. chRF-

This is dissimilar to synthetic lethality that affects all cells with 
deficient HR. Synthetic lethality occurs when there is a potent and 
lethal synergy between 2 otherwise nonlethal events: in this con-
text, 1 element is camptothecin, a highly specific DNA topoisom-
erase I inhibitor that acts to maintain single-strand breaks gen-
erated by topoisomerases during replication (39), or olaparib, a 
PARP inhibitor that also blocks repair of DNA single-strand breaks 
(40). Unrepaired single-strand breaks are converted to double-
strand breaks upon replication. The other component of synthetic 
lethality in our study is RFWD3 deficiency that leads to loss of HR 
function necessary to repair lesions such as double-strand breaks 
correctly. As they cannot be properly repaired, HR-deficient cells 
prove to be selectively and exceptionally sensitive to compounds 
that exploit their Achilles’ heel, which results in unsalvageable 
DNA damage and consequent cell lethality. Both topoisomerase 
I and PARP inhibitors also form protein-DNA complexes that are 
highly toxic to cells because they block DNA replication. Apart 
from RFWD3 deficiency, increased sensitivity to this type of 
chemicals is shared by cells with biallelic mutations of the other 6 
FA genes acting on HR.

We generated an Rfwd3–/– mouse model that serves as direct 
support of the pathogenicity of mutant RFWD3 in the human dis-
ease FA. The Rfwd3–/– mouse model may also serve as a future basis 
for a better understanding of patient-independent in vivo functions 
of RFWD3. The fact that Rfwd3–/– mice fail to show a recogniz-
able pattern of phenotypical anomalies that resemble those in FA 
patients (41–43) is compatible with this view, as it is mirrored in oth-
er FA KO mouse models (43). Nonetheless, subfertility and embry-
onic lethality are features frequently seen in other FA mouse models 
(41). No matter whether Rfwd3–/– mice are completely sterile or not, 
it is a trait in which they resemble either recently reported Fancp–/– 
mice or other FA mouse models (41, 43). Rfwd3–/– mice, or their cells, 
may serve for studies of attrition of hematopoietic stem cells in FA, 
for transplantation studies, for sensitivity testing of aldehydes and 
oxygen, and for drug screens. Long-term survival observations are 
necessary for Rfwd3–/– mice to settle a susceptibility to malignancies.

In conclusion, we identified biallelic mutations of RFWD3 
in an individual presenting with classical FA. As an E3 ubiquitin 
ligase that promotes HR via ubiquitination of RPA, RFWD3 finds 
its position late in the FA/BRCA pathway, downstream of BRCA2/
FANCD1. Since HR is hampered and delayed when RFWD3 is 
mutated, RFWD3 must be regarded as a critical component prob-
ably in the regulation of that complex process. In recognition of 
its function as an FA gene we propose to assign RFWD3 the alias 
FANCW. Further clinical studies will reveal whether it is also a sus-
ceptibility gene for familial cancer such as hereditary breast and 
ovarian cancer (HBOC) disease when mutated on only 1 allele, as 
holds true for many downstream FA genes (44).

Methods
Cell lines. All cells except DT40 were cultured in complete DMEM sup-
plemented with 15% FBS at 37°C in incubators with 5% CO2. Cell immor-
talization and DT40 maintenance were according to standard protocols. 
All cell lines used in this study are summarized in Supplemental Table 3.

DNA sample preparation, PCR, and Sanger sequencing. Genomic 
DNA was isolated using the GeneJet Genomic DNA Purification Kit 
(Fermentas) or the Quick-gDNA MiniPrep Kit (Zymo Research). 
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cellular Protein Fractionation Kit (Thermo Fisher Scientific) for cul-
tured cells according to the manufacturer’s instructions.

To isolate the chromatin fraction, DT40 cells were lysed in buffer 
A (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% 
glycerol, 0.1% Triton X-100 containing 1 mM DTT, 1 mM Na3VO4, 
and protease inhibitor cocktail [Roche]). After incubation on ice for 
30 minutes, samples were centrifuged at 1,700 g for 5 minutes. The 
pellets were washed with buffer A once. They were lysed in buffer B (3 
mM EDTA, 0.3 mM EGTA, containing 1 mM DTT, 1 mM Na3VO4, and 
protease inhibitor cocktail) and incubated on ice for 30 minutes. After 
centrifugation at 5,000 g for 5 minutes, pellets contained the chroma-
tin fraction. Proteins were separated by SDS-PAGE and detected by 
immunoblotting using, as indicated, anti-GFP (MBL International), 
anti–histone H3 (Active Motif) with the ECL prime kit, or Ponceau S 
staining (Ponceau S Solution, AppliChem).

CRISPR/Cas9 gene targeting. U2OS cells seeded in 6-well plates 
with 70%–80% confluence were transfected with pSPCas9(BB)-
2A-Puro (PX459, Addgene) using Lipofectamine 3000 (Life Technol-
ogies) according to the manufacturer’s manual. Each transfection con-
tained 3 different single guide RNAs (sgRNAs), generated using http://
crispr.mit.edu:8079/ (51). sgRNAs for targeting the RFWD3 gene were 
as follows: CR1, GGCACTGTCTTGTGACCTACAG; CR2, GCACT-
GTCTTGTGACCTACA; CR3, GGGGGCTGCATAGACTTTCA. All 
3 sgRNAs are directed to exon 11; one of them even covers position 
c.1916 of the missense mutation. The same experiment was per-
formed by cotransfection of U2OS cells with 1 of the sgRNAs and a 
template vector [pBlueScript II SK(+), Addgene] containing RFWD3 
cDNA with c.1916T>A. This vector was generated by classical clon-
ing via the restriction sites SacI-HF and EcoRI-HF. Seventy-two hours 
after transfection, the medium was changed and selection with puro-
mycin was launched for 4 days. Single cells were seeded in 96-well 
plates and expanded until sufficient cells were available for DNA iso-
lation. Clones were analyzed by Sanger sequencing.

Immunofluorescence. Cells were grown on glass slides. Subconflu-
ent cultures were exposed to 40 ng/ml of MMC and analyzed after 
indicated intervals as described previously (36). For U2OS experi-
ments, cells were fixed with PBS containing 3% paraformaldehyde, 
2% sucrose, and 0.5% Triton X-100 on ice for 30 minutes, and were 
then permeabilized with 0.5% Triton X-100/PBS for 5 minutes. After 
blocking with 2% BSA/PBS, samples were stained with antibodies 
diluted in 2% BSA/PBS for 1 hour at room temperature. The second-
ary antibodies used were Alexa Fluor 488–conjugated anti-mouse IgG 
or Alexa Fluor 594–conjugated anti-rabbit IgG (Molecular Probes). 
For DT40 experiments, cells were exposed to 500 ng/ml MMC for 8 
hours. DT40 cells were immobilized on glass slides using a Cytospin 
(Thermo Fisher Scientific) centrifuge, and were fixed with 4% para-
formaldehyde for 30 minutes. DT40 cells were permeabilized with 
PBS containing 0.5% Triton X for 5 minutes and incubated with anti-
GFP monoclonal antibody (MBL International) or other antibodies 
at 37°C for 30 minutes. Nuclei were counterstained with DAPI, and 
slides were analyzed on a BIOREVO BZ-9000 microscope (Keyence).

RNA interference. Cells were transfected with siRNA using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufacturer’s 
instructions. Briefly, a dilution containing siRNA (10 nM) and Lipo-
fectamine was premade using Opti-MEM I 1′ (GIBCO) and then 
added to the cells. Four hours later the medium was replaced with 
fresh medium. Cells were allowed to grow for 24 hours before siRNA 

WD3 cDNA was reverse transcribed from DT40 total RNA, cloned into 
pENTR plasmids, and transferred to expression plasmids using the 
Gateway system (Thermo Fisher Scientific). Generation of chRFW3 
mutants was performed by QuikChange Site-Directed Mutagenesis 
Kit (Agilent Technologies) according to the manufacturer’s instruc-
tions. To obtain stably expressing clones, chRFWD3-IRES-GFP– or 
GFP-chRFWD3–expressing plasmids were transfected into ΔRFWD3 
DT40 cells. Clones were selected by measurement of GFP expression 
levels on a FACSCalibur (Becton Dickinson) flow cytometer (25, 47).

Cell cycle, cell survival, and chromosomal studies. Flow cytometric 
cell cycle analysis was deployed as described after exposure of fibro-
blasts to 30 nM (10 ng/ml) MMC (Sigma-Aldrich) or to 116 nM (10 ng/
ml) DEB (Acros Organics) for 48 hours (48, 49). For cell survival assays 
we adopted protocols reported by Kim et al. (50). Human fibroblasts 
were exposed to 20–100 nM MMC or 0.1–16 μM cisplatin (Hexal) for 
8 days. In knockdown studies, HAP1 cells were treated with FANCD2 
siRNA and exposed to the indicated concentrations of MMC for 16 
hours. After 8 hours of recovery, cells were plated with serial dilution, 
and colonies were counted after 7 days. To study MMC sensitivity 
of DT40 cells, they were serially diluted, exposed to an MMC pulse 
for 1 hour, and plated into medium containing 1.5% methylcellulose. 
Colonies were counted after incubation for 1–2 weeks. Cell numbers 
were determined using a Nucleo Counter NC-250 (ChemoMetec). 
Assays were performed according to the manufacturer’s protocols. To 
assess cisplatin sensitivity, DT40 cells were treated with the indicated 
concentration for 48 hours, and cell viability was assessed in solution 
using a FACSCalibur instrument after propidium iodide staining (46). 
For cell survival assays the commercially available DNA–topoisom-
erase I inhibitor camptothecin (Selleckchem) and the PARP inhibitor 
olaparib (Selleckchem) were used.

Human chromosome preparations were made by the air-drying 
method. Solid-stained metaphases were examined for chromatid- and 
chromosome-type damage. Whole-blood cultures were stimulated by 
phytohemagglutinin. They were exposed to MMC at final concentra-
tions of 0, 50, or 100 ng/ml for 72 hours. Mitotic cells were arrested in 
metaphase using colcemid for 45 minutes. 0.075 M KCl was used as 
hypotonic treatment. Metaphase spreads were stained with 5% Giem-
sa solution. Slides were analyzed on an Axioskop Imager A1 (Zeiss) 
and scored for chromosomal instability. Cultured fibroblasts were pro-
cessed similarly, but exposure to MMC was for 48 hours and exposure 
to colcemid for 2.5 hours, and 0.8 M sodium citrate dihydrate was used 
as hypotonic treatment. Analysis of chromosome aberrations in DT40 
cells was performed as previously described (25).

Immunoblotting and protein fractionation. Whole protein lysates 
of lymphoblasts or fibroblasts were obtained using Pierce IP Lysis 
Buffer (Thermo Fisher Scientific). Aliquots equaling 40 μg of protein 
were prepared in 4× LDS Sample Buffer (Invitrogen), and 10× Sample 
Reducing Agent (Invitrogen) was added. Samples were heated to 70°C 
for 10 minutes and separated on 7%, 4%–12%, or 3%–8% Bis-Tris gels 
by SDS-PAGE (Invitrogen). Proteins were transferred to a nitrocellu-
lose membrane using the iBlot2 system (Invitrogen). After blocking 
of unspecific binding sites by 5% skim milk in PBS containing 0.1% 
Tween-20 (T) for 1 hour, antibodies listed in Supplemental Table 6 
were applied. After 4 rounds of washing with PBS-T for 15 minutes, 
membranes were overlaid with Immobilon Western Chemilumines-
cent HRP Substrate (Millipore) and analyzed using the MicroChemi 
System (Berthold). Protein fractionation was achieved using the Sub-
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ligate them into the Surf2 vector backbone (Ozgene). The first frag-
ment encompassed the 4.8-kb 5′-homology arm. The second fragment 
comprised the 0.7-kb region of exon 3 and was amplified using a sense 
primer (1589_42) that contained the 5′-loxP site. The third fragment 
encompassed the 3.6-kb 3′-homology arm. All of the fragments were 
amplified from BACs RP23-55G21 and RP23-297L3. For sequence 
information of the primers see Supplemental Table 7. The final target-
ing vector 1589_pTV contained the 5′-homology arm, exon 3 of Rfwd3, 
a neo cassette, and the 3′-homology arm (Supplemental Figure 3A). A 
PshAI and a ScaI site to be used for screening were inserted immedi-
ately 5′ of the 5′-loxP site and immediately 3′ of the 3′-loxP site, respec-
tively. The FRT sites for conditional KO were not used. 1589_pTV was 
linearized by digestion with PmeI before electroporation into C57BL/6 
Bruce4 ES cells (29). Neo-resistant ES cell clones were screened by 
Southern hybridization to identify potentially targeted clones, using a 
probe downstream of the 3′-homology arm (P3). The WT allele showed 
a 6.5-kb band and the correctly targeted allele a 4.1-kb band when 
genomic DNA was digested with ScaI. Correct 5′-integration was con-
firmed using a probe upstream of the 5′-homology arm (5Pi). The WT 
allele showed an 11.8-kb band and the correctly targeted allele a 5.3-kb 
band when genomic DNA was digested with PshAI. The possibility of 
additional random targeting events was precluded by use of a probe to 
the neo cassette (NeoP). Correctly targeted alleles showed a band size 
of 8.3 kb when genomic DNA was digested with PshAI. The KO allele 
was distinguished by Southern hybridization using probe P3. The WT 
allele showed a band size of 11.8 kb, the targeted allele of 8.3 kb, and 
the KO allele of 5.9 kb when genomic DNA was digested with PshAI.

Generation and analysis of Rfwd3–/– mice. Rfwd3–/– ES cells were 
injected into goGermline blastocysts (30). Male chimeric mice were 
obtained and crossed to a ubiquitous Cre mouse line to remove the 
loxP-flanked exon 3. Eight- to ten-week-old Rfwd3–/– mice were gen-
erated from heterozygous breeding. All strains were backcrossed on 
a C57BL/6 background for more than 3 generations. Mouse embry-
onic fibroblasts (MEFs) were obtained from embryos of Rfwd3–/– 
male mice crossed with Rfwd3+/– females. Genotyping of the pups 
confirmed their Rfwd3 status (Supplemental Figure 3B). Phenotypi-
cal analyses of homozygous Rfwd3–/– mice were performed at Ozgene 
by a veterinarian and according to ethical guidelines of Australia. 
Blood analyses were done by cutting of the tail vein. All experiments 
in mice were performed in accordance with protocols approved by 
the Ozgene Animal Ethics Committee under the proposal 150602_
PHEN, project 1589_Cajun.

Examination of MEFs. MEFs were cultured in DMEM (Sigma-
Aldrich) with 10% FBS (Sigma-Aldrich), 0.2% β-mercaptoethanol 
(Life Technologies), and 2 mM GlutaMax (Gibco). Survival assays, 
chromosomal breakage, and flow cytometric cell cycle analyses were 
performed similarly to experiments with other cell types. The types of 
mice used in this study are included in Supplemental Table 3.

Real-time PCR analysis of Rfwd3 mRNA expression. Liver samples 
were harvested, snap-frozen in liquid nitrogen, and stored at –80°C. 
mRNA was extracted from frozen tissue using the PureLink RNA Mini 
Kit (Thermo Fisher Scientific) per supplied protocol. DNase digestion 
on column was included. Extracted mRNA was reverse transcribed 
using the High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific) per supplied protocol. Two quantitative PCR (qPCR) 
assays were designed to detect the regions of exons 3–5 and of exons 
6–8. Real-time PCR was performed using the CFX Connect Real-Time 

transfection was repeated. The following siRNAs were used: lucifer-
ase (5′-CGUACGCGGAAUACUUCGA-3′), BRCA2 (5′-GGAUUAUA-
CAUAUUUCGCA-3′), RFWD3 (5′-GGACCUACUUGCAAACUAU-3′/ 
5′-AUAGUUUGCAAGUAGGUCC-3′), and FANCD2 (5′-UAGAGA-
GUGAAGCAAACUCUG-3′). siLuciferase (siLuc) was used as a nega-
tive control in the RNA interference assays.

I-SceI–induced HR assay. Immortalized patient fibroblasts (cell 
line 1143) were stably transfected with a plasmid containing a WT 
copy of RFWD3 full-length cDNA (1143+WT), an empty vector 
(1143+mock), or a plasmid containing RFWD3 with the patient muta-
tion (1143+I639K). The HR assay was performed in these cell lines 
by transient transfection of the pDR-GFP plasmid. Two days later, 
the cells were cotransfected with an I-SceI endonuclease expression 
vector (pCBASce), with an empty vector (pCAGGS), or with a plas-
mid constitutively expressing GFP (pNZE-GFP). In U2OS cells, the 
HR assay was performed as previously described (22). Briefly, U2OS 
cells were stably transfected with a vector containing a single copy 
of the DR-GFP construct and were transduced with specific siRNAs 
against luciferase, BRCA2, or RFWD3. Two days later, the cells were 
transfected with pCBASce, pCAGGS, or pNZE-GFP. In all cases, 2 μg 
of plasmid was added in 6-well plates. Forty-eight hours after trans-
fection, cells were trypsinized and resuspended in a buffer containing 
sodium citrate (3.4 mM), Triton (0.1%), RNase (200 μg/ml), and FBS 
(20%). The number of green fluorescent cells was counted in a flow 
cytometer. Cells were finally stained with propidium iodide (50 μg/
ml), and the cell cycle distribution was determined by flow cytometry. 
The level of HR was quantified as the proportion of green fluorescent 
cells corrected by transfection rate and size of S phase. Plasmids for 
the I-SceI–induced HR assay were provided by Maria Jasin, Memorial 
Sloan Kettering Cancer Center, New York, New York, USA.

The same assay was performed in DT40 cells as previously 
described (25). We generated WT DT40, ΔRFWD3 DT40, and chRF-
WD3-complemented ΔRFWD3 DT40 cell lines in which the SCneo 
construct with an I-SceI recognition site was targeted into the ovalbu-
min locus. To determine the nature of repair events, G418-selected col-
onies from WT and ΔRFWD3 cells were expanded, and genomic DNA 
was analyzed by long-range PCR as shown in Supplemental Figure 2E.

Coimmunoprecipitation. Cells were washed once with PBS, lysed 
in NETN buffer (150 mM NaCl, 0.5 mM EDTA, 20 mM Tris-HCl pH 
8.0, 0.5% NP-40) supplemented with protease inhibitor cocktail, 25 
U/ml benzonase (Millipore), and 1 mM Na3VO4 on ice for 30 minutes, 
and centrifuged at approximately 16,000 g for 10 minutes. The pel-
let was discarded. Dynabeads Protein G (Invitrogen) was incubated 
with an appropriate primary antibody before it was added to the 
supernatant, following the manufacturer’s instructions. To capture 
his-tagged or FLAG-tagged proteins, Complete His-Tag Purification 
Resin (Roche) or anti-FLAG M2 Agarose Affinity Gel (Sigma-Aldrich) 
was used, respectively. Captured proteins were washed and analyzed 
by immunoblotting. Samples were separated by SDS-PAGE and trans-
ferred to a PVDF membrane (Millipore). Proteins were detected as 
described previously (52).

Vector construction and targeting of mouse ES cells. A replacement 
vector for targeting of Rfwd3 exon 3 was generated by assembly of 3 
fragments using sequential cloning. The final recipient vector con-
tained the FRT-flanked neomycin selection (neo) cassette and the 
3′-loxP site. PCR primers used to amplify the fragments included all 
the restriction enzyme sites required to join them together and to 
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PCR Detection System (Bio-Rad). Each duplex PCR reaction consist-
ed of 0.5 μl 40′ β-actin qPCR assay, 1 μl 20′ Rfwd3 qPCR assay, 1 μl 
cDNA, 7.5 μl H2O, and 10 μl 2′ PrimeTime Gene Expression Master 
Mix (Integrated DNA Technologies, IDT) in a 20-μl reaction per IDT 
assay protocols. This resulted in a final 1× concentration of 250 nM 
for each of the probes, and of 500 nM for each primer set. Sequence 
information of the Rfwd3 primers and probes used in these assays is 
shown in Supplemental Table 7. Amplification conditions were 95°C 
for 3 minutes followed by 40 cycles of 15 seconds denaturation at 
95°C and 1 minute annealing at 62°C. All qPCR reactions on cDNA 
were carried out in triplicate with “no template” and “no reverse tran-
scriptase” control samples. Data were analyzed using CFX Manager 
Software, version 3.1 (Bio-Rad). Relative expression of Rfwd3 mRNA 
in Rfwd3–/– and Rfwd3+/+ samples was calculated by the ΔΔCT method.

Statistics. For the siRNA or other transfection assays in U2OS 
or DT40 cells and immunofluorescence analysis of 1143, 1143 WT-
RFWD3–complemented, and non-FA cells, 3 independent experi-
ments each were done, and the 2-tailed Student’s t test was used to 
compare the results. With patient-derived fibroblasts, 5 independent 
experiments were done, and the 2-tailed Student’s t test or the Mann-
Whitney test was performed depending on whether the data were nor-
mally distributed. For the epistasis study (Figure 4H), 3 independent 
experiments each were done, and the Tukey’s range test was used to 
compare the results (53). Statistical analyses were performed using 
SPSS software. A P value less than 0.05 was considered significant;  
*P < 0.05, **P < 0.01, ***P < 0.001.

Study approval. The parents of the patient gave their informed 
consent to patient-related studies. Genetic work on FA was approved 
by the Institutional Review Board of the Faculty of Medicine at the 
University of Wurzburg.
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