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Fanconi anemia (FA) is a rare bone mar-
row failure disorder with defective DNA
interstrand crosslink repair. Still, there
are FA patients without mutations in any
of the 15 genes individually underlying
the disease. A candidate protein for those
patients, FA nuclease 1 (FAN1), whose
gene is located at chromosome 15¢13.3,
is recruited to stalled replication forks by
binding to monoubiquitinated FANCD2
and is required for interstrand crosslink

repair, suggesting that mutation of FAN1
may cause FA. Here we studied clinical,
cellular, and genetic features in 4 patients
carrying a homozygous 15q13.3 micro-
deletion, including FANT and 6 additional
genes. Biallelic deletion of the entire FAN1
gene was confirmed by failure of 3'- and
5’-PCR amplification. Western blot analy-
sis failed to show FAN1 protein in the
patients’ cell lines. Chromosome fragility
was normal in all 4 FAN1-deficient pa-

tients, although their cells showed mild
sensitivity to mitomycin C in terms of
cell survival and G, phase arrest, dis-
similar in degree to FA cells. Clinically,
there were no symptoms pointing the
way to FA. Our results suggest that
FAN1 has a minor role in interstrand
crosslink repair compared with true FA
genes and exclude FAN1 as a novel FA
gene. (Blood. 2012;120(1):86-89)

Introduction

Fanconi anemia (FA) is characterized by chromosome breakage,
congenital malformations, pancytopenia, and cancer susceptibil-
ity.! FA is a rare disease with a carrier frequency of 1:65 to 1:209.23
FA cells are hypersensitive to DNA interstrand crosslinking (ICL)
drugs, such as mitomycin C (MMC) and diepoxybutane (DEB),
and the diagnostics relies on an excess chromosome fragility after
in vitro exposing patients’ cells to these agents. There are at least
15 independent FA subtypes, each resulting from mutation of a
distinct FA gene.*7 However, a minority of FA patients remain
unassigned, suggesting the existence of additional FA genes.
Recently, 4 groups reported that FA nuclease 1 (FAN1) is a good
candidate for a novel FA gene.®!! The reason is that FANT is recruited to
stalled replication forks by binding to monoubiquitinated FANCD2, and
its nuclease activity is required for ICL repair. Transient depletion of
FANI in human transformed fibroblasts led to increased MMC-induced
chromosome breakage rates. Consequently, all 4 groups suggested that
FANI mutations may cause FA 31!

FANI maps to 15q13.3. Heterozygous 15q13.3 microdeletion
has been associated with a variety of symptoms, including mental
retardation, epilepsy, psychiatric disease, autism spectrum disor-
ders, muscular hypotonia, and dysmorphic facial features. Pen-
etrance of the microdeletion disorder is variable and encompasses
severely affected patients to normal persons.!> Apart from FANI,
6 additional genes are located in 15q13.3 (ARHGAP11B, MTMRI10,
TRPM1, KLF13, OTUD7A, and CHRNA?7). Here we studied
4 patients with homozygous 15q13.3 microdeletion'>"3 to clarify
whether lack of FAN1 may lead to FA.

Methods

Clinical features and blood samples were obtained from 4 homozygous
15q13.3 microdeletion patients (MD1-MD4) all previously diagnosed by
array comparative genomic hybridization and quantitative PCR. Two of
these patients (MD1 and MD2) have been mentioned before.!2!3 Lack of
FAN1 was confirmed at the gene level by PCR and at the protein level by
Western blotting. The PCR primers used to amplify the 3" and 5’ flanking
regions of FAN1 were as follows: ex1 forward, 5’ AGGGTTGTCTCCTCGT-
TACAGGA3'; exl reverse, 5’GCTGAATCACTTTGGCCAGG3'; ex15
forward, 5’CTTCCTAAAACCTGCTGGAGG3'; and ex15 reverse, 5’ AAT-
GTACTGACCGTGTGCTCA3'. PCR, Western blot analysis, survival
assays, and chromosome breakage assays were performed as described
elsewhere.>!418 FAN1-monospecific antibody was kindly provided by
Dr John Rouse (Dundee, United Kingdom) and used at 1:500 dilution. A
total of 27 genetically unassigned FA cell lines had previously been
excluded from belonging to any of the reported 15 FA complementation
groups. This study was ethically approved by the Universitat Autonoma de
Barcelona Institutional Review Board. Informed consent was obtained from
all families in accordance with the Declaration of Helsinki.

Results and discussion

Study of FA candidate genes may enable the final classification of
unassigned FA patients. Four recent studies have proposed FAN! as
a putative FA gene.®!! Here we studied 4 patients (MD1-MD4)
with homozygous 15q13.3 microdeletion to clarity whether FAN1
deficiency leads to features consistent with FA. Two of these
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Figure 1. Absence of FAN1 and FA cellular phenotype in MD patients. (A) Fragments amplified by PCR corresponding to exons 1 and 15 of the FANT gene were observed
using DNA templates from a healthy person (WT) and a FANCA-deficient FA patient included as controls, whereas they were absent when templates from microdeletion
patients (MD1 to MD4) were used, confirming the biallelic deletion of FAN in the MD patients (top panel). Inmunoblotting against FAN1 protein revealed a FAN1-specific band
in WT and FA (FA1 and FA2) LCL that failed to be detected in MD1 and MD2. (bottom panel). (B) Dot plot of CFl showing individual values and average (solid line) of
DEB-induced chromosome breakage from non-FA (n = 56), FA (n = 90, excluding mosaics) and MD (n = 4) persons. The CFl values of all MD patients ranged within the
non-FA population. (C) Mild sensitivity of MD LCL to MMC on survival assay. The graph shows intermediate sensitivity to MMC of MD1 and MD2 compared with the highly
sensitive FA (FANCA) cell line. (D) Near-normal sensitivity of MD LCL to MMC on cell cycle analysis. The graph plots the percentage of cells in G2/M phase after exposure to
increasing concentrations of MMC for 72h. AWT and an FANCA cell lines were included as controls.

patients (MD1 and MD2) have previously been mentioned in
unrelated reports'>!3 and the other 2 are newly recognized siblings,
detected by array comparative genomic hybridization (supplemen-
tal Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article). Considering that
15q13.3 microdeletion may have 3 different extensions,'® we
aimed to corroborate homozygous absence of the FANI gene by
failure to PCR amplify its first (exon 1) and last (exon 15) exon
from genomic DNA. DNA of 2 additional lymphoblastoid cell lines
(LCLs), from a normal person and from a FANCA-deficient
patient, served as controls. As shown in Figure 1A top panel, FAN1
PCR products are absent in all MD patients, confirming that all
4 MD patients have biallelic deletion of the entire FANI gene.
Moreover, lack of FAN1 expression was confirmed by FANI1
immunoblotting. Clearly, the FAN1-specific band was missing
in the 2 available LCLs from MD patients (MD1 and MD2),
whereas FAN1 was readily detected in the control LCLs (Figure
1A bottom panel).

To check whether FANI1 deficiency leads to DEB-induced
chromosome fragility,?*?! we performed DEB tests on an LCL
from patient MD1 and on blood T cells from patients MD2 to MD4.
Chromosome breakage rates were quantified with the recently
described chromosome fragility index (CFI)!7 and the results

compared with our historical database.!” Clearly, the CFI of all
MD patients fell into the range of the non-FA group (Figure 1B).
Similar results were obtained with MMC (data not shown).

We next tested the survival of the 2 available MD LCLs in
response to MMC. MD1, MD2, a wild-type and a FANCA LCL
were challenged with 0 to 100 ng/mL of MMC. Based on LDs,
values, the MD cell lines showed mild sensitivity to MMC:
whereas FANCA-deficient cells were more than 30-fold more
sensitive to MMC than WT cells, MD1 and MD2 cells were, on
average, 5-fold more sensitive to MMC than WT cells (Figure 1C).
Silencing of the FANI gene by siRNA was previously shown to
impair ICL repair, leading to hypersensitivity of cells to ICL.
However, this hypersensitivity was also intermediate compared
with mRNA depletion of authentic FA genes, such as FANCA,
FANCD2, or FANCJ.#1° This set of data suggests that the cellular
response of FAN1-deficient cells to MMC is not fully functional
but not impaired as in FA.

To further study the FA pathway in the absence of FANI, cell
cycle distributions of FAN1-deficient cell lines were analyzed by
flow cytometry.??> Exposure to increasing concentrations of MMC
for 72 hours resulted in G, arrest at low MMC concentrations in
FA-A LCL, whereas G, arrest was very mild in the MD samples
(Figure 1D), compatible with the mild sensitivity to MMC shown
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Table 1. Patient characteristics
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Patient Chromosome Sensitivity to Go/M

no. Age,y Nationality Clinical features Hematology fragility MMC block Reference

MD1 11 United States Visual impairment, hypotonia, areflexia, absent Normal Negative Mild Mild 13
language, epilepsy, microsomy, and
microcephaly

MD2 6 France Hypotonia, severe developmental delay; Normal Negative Mild Mild 12
rod—cone dystrophy, epilepsy, and autistic
features

MD3 1 France Severe developmental delay, visual impairment, Normal Negative ND ND Present study
microsomy, and microcephaly

MD4 3 France Severe developmental delay, absent language, Normal Negative ND ND Present study
visual impairment, microsomy, and
microcephaly

MMC indicates mitomycin C; and MD, microdeletion.
before. These results are consistent with a recent report on
AFAN1-DT40 cells showing that FAN1 protects cells against ICL Acknowledgments

agents in a pathway, which is not epistatic with the FA pathway and
that FAN1 assumes in the processing of ICL only a secondary role
or functions independently of the FA pathway.”® We finally
analyzed FANI1 protein expression levels in 27 cell line from
unassigned FA patients by Western blotting. All of the unassigned
FA cell lines expressed FAN1 protein at control levels, suggesting
that none of these patients had major deficiency of this protein
(supplemental Figure 2).

To assess the hematologic impact of FAN1 deficiency, we
obtained clinical data and hemograms of MD2, MD3, and MD4.
Normal hematology had earlier been reported for MD1.12 As
shown in Table 1, MD patients do not present with anemia, bone
marrow failure, skin pigmentation anomalies, or FA-typical malfor-
mations, such as skeletal abnormalities of the upper limbs. Three of
the MD patients (MD1, MD3, and MD4) showed microsomy and
microcephaly, which is often seen in FA patients but also in other
syndromes with defective processing of stalled replication forks,
such as Seckle and Bloom syndromes and can be regarded as
common symptoms of patients with DNA repair defects.>* Yet we
cannot conclude for certain that microcephaly and microsomy
found in MD patients are caused by FAN1 deficiency because
6 additional genes are included in the 15q13.3 region. However, it
is tempting to speculate that this is the case as FANI directly
interacts with FANCD2, and 90% of patients with FANCD2
mutations have microcephaly.

Even though LCLs with total FAN1 deficiency reveal mild
sensitivity to MMC on some assays, normal expression of FAN1 in
27 unassigned FA cell lines, the lack of DEB- or MMC-induced
chromosome fragility, and the absence of hematologic defects or
FA-archetypal malformations exclude FANT1 as being an FA gene.

References

The authors thank Dr B. C. Bittel (University of Missouri—Kansas
City School of Medicine, Kansas City, MO) for providing an LCL
from patient MD1 and Dr J. Rouse (University of Dundee, Dundee,
United Kingdom) for sharing his anti-FAN1 antibody.

The laboratory of J.S. was supported by the Generalitat de
Catalunya (SGR0489-2009), the Institut Catala de Recerca i
Estudis Avancats-Academia award, the Spanish Ministry of Sci-
ence and Innovation (projects CB06/07/0023, and SAF2009-
11936), and the European Regional Development Funds. Centre for
Biomedical Network Research on Rare Diseases is an initiative of
the Instituto de Salud Carlos III.

Authorship

Contribution: J.PT., L.B.M., R.P, M.B., and B.S. performed
experiments and helped write the manuscript; J.A. and M.H.
provided essential research materials and clinical data and per-
formed experiments; D.S. designed experiments and provided
essential research materials; and J.S. coordinated and supervised
the study, designed experiments, and wrote the paper with the
help of L.B.M.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Jordi Surrallés, Genome Instability and DNA
Repair Group, Department of Genetics and Microbiology, Univer-
sitat Autonoma de Barcelona, Campus de Bellaterra S/N, 08193,
Bellaterra, Barcelona, Spain; e-mail: jordi.surralles @uab.es.

1.

Kutler DI, Singh B, Satagopan J, et al. A 20-year
perspective on the International Fanconi Anemia
Registry (IFAR). Blood. 2003;101(4):1249-1256.

and BRCA proteins. Nat Rev Genet. 2007;8(10):
735-748.

. Meindl A, Hellebrand H, Wiek C, et al. Germline

mutations in breast and ovarian cancer pedigrees

FANCD2-associated nuclease KIAA1018/FAN1
sensitizes cells to interstrand crosslinking agents.
Cell. 2010;142(1):77-88.

Rosenberg PS, Tamary H, Alter BP. How high are 9. LiuT, Ghosal G, Yuan J, Chen J, Huang J. FAN1
carrier frequencies of rare recessive syndromes? establish RAD51C as a human cancer suscepti- acts with FANCI-FANCD2 to promote DNA inter-
Contemporary estimates for Fanconi anemia in bility gene. Nat Genet. 2010;42(5):410-414. strand cross-link repair. Science. 2010;
the United States and Israel. Am J Med Genet A. . Meetei AR, Medhurst AL, Ling C, et al. A human 329(5992):693-696. ’
2011;155A(8):1877-1883. ortholog of archaeal DNA repair protein Hef is

3. Callén E, Casado JA, Tischkowitz MD, et al. A defective in Fanconi anemia complementation 10. MacKay C, Declais AC, Lundin C, et al. Identifica-
common founder mutation in FANCA underlies group M. Nat Genet. 2005;37(9):958-963. tion of KIAA1018/FANT, a DNA repair nuclease
the world’s highest prevalence of Fanconi anemia . KimY, Lach FP, Desetty R, Hanenberg H, recruited to DNA damage by monoubiquitinated
in Gypsy families from Spain. Blood. 2005;105(5): Auerbach AD, Smogorzewska A. Mutations of the FANCD2. Cell. 2010;142(1):65-76.
1946-1949. SLX4 gene in Fanconi anemia. Nat Genet. 2011; 11. Smogorzewska A, Desetty R, Saito TT, et al.

4. Wang W. Emergence of a DNA-damage re- 43(2):142-146. A genetic screen identifies FAN1, a Fanconi

sponse network consisting of Fanconi anaemia

. Kratz K, Schopf B, Kaden S, et al. Deficiency of

anemia-associated nuclease necessary for DNA

20z aunr 1. uo 3senb Aq Jpd 9800002 | L208UZ/Z6.LYSE 1/98/1/0Z | 4pd-Blo1e/poo|q/au’suonelqndyse//:dny wouy papeojumoq



BLOOD, 5 JULY 2012 - VOLUME 120, NUMBER 1

12.

18.

14.

15.

interstrand crosslink repair. Mol Cell. 2010;39(1):
36-47.

Masurel-Paulet A, Andrieux J, Callier P, et al. De-
lineation of 15q13.3 microdeletions. Clin Genet.
2010;78(2):149-161.

Lepichon JB, Bittel DC, Graf WD, Yu S. A 15q13.3
homozygous microdeletion associated with a se-
vere neurodevelopmental disorder suggests pu-
tative functions of the TRPM1, CHRNA?7, and
other homozygously deleted genes. Am J Med
Genet A. 2010;152A(5):1300-1304.

Bogliolo M, Lyakhovich A, Callen E, et al. Histone
H2AX and Fanconi anemia FANCD2 function in
the same pathway to maintain chromosome sta-
bility. EMBO J. 2007;26(5):1340-1351.

Kalb R, Neveling K, Hoehn H, et al. Hypomorphic
mutations in the gene encoding a key Fanconi
anemia protein, FANCD2, sustain a significant
group of FA-D2 patients with severe phenotype.
Am J Hum Genet. 2007;80(5):895-910.

20.

. RayaA, Rodriguez-Piza I, Guenechea G, et al.

Disease-corrected haematopoietic progenitors
from Fanconi anaemia induced pluripotent stem
cells. Nature. 2009;460(7251):53-59.

. Castella M, Pujol R, Callen E, et al. Chromosome

fragility in patients with Fanconi anaemia: diag-
nostic implications and clinical impact. J Med
Genet. 2011;48(4):242-250.

. Castella M, Pujol R, Callen E, et al. Origin, func-

tional role, and clinical impact of Fanconi anemia
FANCA mutations. Blood. 2011;117(14):3759-
3769.

. Liao J, DeWard SJ, Madan-Khetarpal S, Surti U,

Hu J. A small homozygous microdeletion of
15q13.3 including the CHRNA? gene in a girl with
a spectrum of severe neurodevelopmental fea-
tures. Am J Med Genet A. 2011;155A(11):2795-
2800.

Antonio Casado J, Callen E, Jacome A, etal. A
comprehensive strategy for the subtyping of pa-

THE ROLE OF FAN1 IN FANCONIANEMIA 89

21.

22.

23.

24.

tients with Fanconi anaemia: conclusions from
the Spanish Fanconi Anemia Research Network.
J Med Genet. 2007;44(4):241-249.

Auerbach AD. Diagnosis of Fanconi anemia by
diepoxybutane analysis. Curr Protoc Hum Genet.
2003;Chapter 8:Unit 8.7.

Ceccaldi R, Briot D, Larghero J, et al. Spontane-
ous abrogation of the GDNA damage checkpoint
has clinical benefits but promotes leukemogen-
esis in Fanconi anemia patients. J Clin Invest.
2011;121(1):184-194.

Yoshikiyo K, Kratz K, Hirota K, et al. KIAA1018/
FAN1 nuclease protects cells against genomic
instability induced by interstrand cross-linking
agents. Proc Natl Acad Sci U S A. 2010;107(50):
21553-21557.

O’Driscoll M, Jeggo PA. The role of the DNA dam-
age response pathways in brain development
and microcephaly: insight from human disorders.
DNA Repair (Amst). 2008;7(7):1039-1050.

20z aunr 1. uo 3senb Aq Jpd 9800002 | L208UZ/Z6.LYSE 1/98/1/0Z | 4pd-Blo1e/poo|q/au’suonelqndyse//:dny wouy papeojumoq



