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Fanconi anemia (FA) is a rare genetic disorder affecting multiple body systems. Genetic
testing, including prenatal testing, is a prerequisite for the diagnosis of many clinical condi-
tions. However, genetic testing is complicated for FA because there are often many genes
that are associated with its development, and large deletions, duplications, or sequence
variations are frequently found in some of these genes. This study describes successful ge-
netic testing for molecular diagnosis, and subsequent prenatal diagnosis, of FA in a patient
and his family in Korea. We analyzed all exons and flanking regions of the FANCA, FANCC,
and FANCG genes for mutation identification and subsequent prenatal diagnosis. Multiplex
ligation-dependent probe amplification analysis was performed to detect large deletions or
duplications in the FANCA gene. Molecular analysis revealed two mutations in the FANCA
gene: a frameshift mutation c.2546delC and a novel splice-site mutation ¢.3627-1G>A. The
FANCA mutations were separately inherited from each parent, c.2546delC was derived
from the father, whereas ¢.3627-1G> A originated from the mother. The amniotic fluid cells
were €.3627-1G > A heterozygotes, suggesting that the fetus was unaffected. This is the first
report of genetic testing that was successfully applied to molecular diagnosis of a patient
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and subsequent prenatal diagnosis of FA in a family in Korea.
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INTRODUCTION

Fanconi anemia (FA) is a rare genetic disorder characterized by
variable congenital anomalies, progressive bone marrow failure,
and high predisposition to acute leukemia and other malignan-
cies [1-4]. FA shows severe genetic heterogeneity, although the
proteins encoded by FA-related genes are considered to work
together in a common pathway that regulates cellular resistance
to DNA cross-linking agents [2]. At least 15 genes have been
identified that are responsible for FA complementation groups:
FANCA, FANCB, FANCC, BRCA2 (FANCD1), FANCD2, FANCE,
FANCF, FANCG (XRCC9), FANCI, BRIP1 (FANCJ or BACH1),
FANCL, FANCM, PALB2 (FANCN), RAD51C (FANCO), and SLX4
(FANCP)[5, 6]. Abnormalities of FA genes are inherited in an au-
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tosomal recessive manner, except for FANCB mutations, which
are inherited in an X-linked manner. Molecular diagnosis of FA
is quite complicated, not only because at least 15 genes are as-
sociated with its development, but also the mutation spectra of
most FA-associated genes are very diverse and some of these
genes frequently contain large deletions or duplications [7-9].

Mutational information is a prerequisite for genetic counseling
of family members, screening of potential bone marrow trans-
plantation donors who are phenotypically and hematologically
normal, and prediction of clinical prognosis on the basis of gen-
otype-phenotype correlations. We describe the successful appli-
cation of genetic testing to the molecular diagnosis of FA, and
subsequently to prenatal diagnosis of FA, in a patient and his
family in Korea.
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CASE REPORT

A 4-yr-old male presented at the hospital with a chief medical
complaint of recurrent abdominal pain and hematochezia. The
patient was the first child of unrelated healthy parents born after
41weeks of pregnancy. The patient had a history of recurrent
pneumonia, epistaxis, easy bruising, urinary urgency, and peri-
neal area pain. Physical examination of the patient revealed
short stature, clinodactyly with brachymesophalangia on bilat-
eral 5th fingers, multiple café-au-lait spots on the right knee, left
thigh, pelvis, and right buttock (Fig. 1). He had no eyeball ab-
normalities or ear problems. Urological examination was unre-

Fig. 1. Clinodactyly with brachymesophalangia on bilateral 5th fingers.
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markable. His initial complete blood cell count results were as
follows: white blood cell, 4.0x10%L; hemoglobin, 12.5 g/dL;
platelets, 78 x10%/L. Repeat complete blood cell counts indi-
cated persistent thrombocytopenia. No bone marrow examina-
tion was included in the initial study. No family members (both
parents and a younger sister) had experienced symptoms and
manifestations that were similar to those of the patient. At the
time of the initial examination, the patient’s mother was preg-
nant with her third child.

A standard chromosomal breakage test with diepoxybutane
(DEB) and mitomycin C (MMC) was performed, revealing chro-
mosomal hypersensitivity to clastogenic agents. The mean num-
ber of breaks per metaphase, the ratio of the mean number of
breaks per metaphase in patient/control, and the number of
chromosome breaks per aberrant mitosis were higher than the
normal range for non-FA cells [10] (Fig. 2). The patient’s clinical
and cytogenetic findings were compatible with FA.

Up to 85% of FA cases are attributable to the 3 most common
FA genes: FANCA, FANCC, and FANCG. The patient underwent
genetic testing for these genes to identify causative mutations
and to prenatally diagnose the fetus at 16" gestational weeks. A
Puregene DNA isolation kit (Gentra Systems Inc., Minneapolis,
MN, USA) was used to extract genomic DNA from peripheral
blood leukocytes of the proband, his parents, and his sister, as
well as from cultured amniotic fluid cells, according to the man-
ufacturer’s protocol. PCR was performed to amplify the entire
coding and flanking regions of all 72 exons of the FANCA, FANCC,
and FANCG genes. The primers were designed using Primer3
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Fig. 2. Cytogenetic findings of a chromosome breakage test with (A) DEB (diepoxybutane) and (B) MMC (mitomycin C) in a peripheral
blood lymphocyte culture. Increased mean number of breaks per metaphase (DEB: 5.5, MMC: 11.2, FA cutoff >2.0), ratio of mean num-
ber of breaks per metaphase in patient/control (DEB: 275, MMC: 112, FA cutoff >10), and number of chromosome breaks per aberrant

mitosis (DEB: 6.05, MMC: 11.2, FA cutoff >5.5) are recorded.
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PLUS (http://www.bioinformatics.nl/cgi-din/primer3plus/primer-
3plus.cgi) and the reference sequences of FANCA (NC_000016.9,
NM_000135.2), FANCC (NC_000009.11, NM_000136.2), and
FANCG (NC_000009.11, NM_004629.1). Base pair number +1
was assigned to the A of the ATG translation initiation start site
for reference. Amplified products were sequenced bi-direction-
ally in an ABI PRISM 3730 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA, USA) using BigDye Terminator v3.1 Cycle
sequencing kits (Applied Biosystems), then analyzed using Se-
gscape software (Applied Biosystems).

Reverse transcription-PCR (RT-PCR) was performed to deter-
mine the mutational effects of a potential splice-site mutation.
The RT-PCR fragments were analyzed by 2% agarose gel elec-
trophoresis and capillary electrophoresis using the Labchip GX
Caliper (Caliper Life Sciences, Hopkinton, MA, USA). All RNA
products were directly sequenced using the ABI PRISM 3730
Genetic Analyzer. We determined the allele frequencies in 95
control subjects and performed in silico prediction to estimate
the significance of novel missense variants using 3 software pro-
grams: PolyPhen (http://genetics.bwh.harvard.edu/pph/), Align-
GVGD (http://agvgd.iarc.fr), and SIFT (http://sift.jcvi.org).

We also performed multiplex ligation-dependent probe ampli-
fication (MLPA) to detect large deletions or duplications within
the FANCA gene using a SALSA P031-A2/P032 kit (MRC-Holland
BV, Amsterdam, The Netherlands) [11]. PCR products were an-
alyzed in an ABI PRISM 3130 Genetic analyzer (Applied Biosys-
tems) and the data were analyzed using GeneMarkerver. 1.51
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(Softgenetics, State College, PA, USA). Peak heights were nor-
malized, and a deletion or duplication was suspected when the
normalized peak ratio was less than 0.75 or greater than 1.30.
Targeted mutational analysis was performed for the patient’s
family members to determine whether they also had the muta-
tions identified in the proband. To exclude the possibility of ma-
ternal cell contamination into fetal amniotic fluid cells, genotyp-
ing of samples from the mother and the amniotic fluid cells was
performed for 10 short tandem repeat (STR) loci using the Amp-
FISTR Profiler Plus PCR amplification kit (Applied Biosystems),
which co-amplifies the loci D3S1358, VWA, FGA, D8S1179,
D21S11, D18S51, D5S818, D13S317, D7S820, and amelogenin.
The molecular study revealed compound heterozygous muta-
tions in the FANCA gene of the proband. One mutation was a
previously reported frameshift mutation, c.2546delC (p.Sers849
Phefs*40), whereas the other was a novel splice-site mutation,
€.3627-1G>A, in intron 36 (Fig. 3). A subsequent RNA study
identified that this G-to-A substitution at the splicing acceptor
site in intron 36 results in aberrant splicing, which leads to skip-
ping of the first 16-bp of exon 37, and finally to a shift in the
reading frame (p.Asp1209Glufs*33) (Fig. 4). Additionally, 2 se-
quence variations in the FANCA gene, ¢.3031C>T (p.Argl011Cys)
and ¢.3472A>G (p.Lys1158Glu), were identified. These were
predicted to be benign using in silico approaches. Ten homozy-
gote polymorphisms in the FANCA gene, ¢.710-12A>G, c.796A >
G, c.1143G>T, ¢.1226-20A>G, ¢.1501G>A, ¢.1826+15T>C,
c.2151+8T>C, c.2426G>A, ¢.3935-16C>T, and c.154G>A
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Fig. 3. Sequencing results of the FANCA gene show compound heterozygous mutations of ¢.2546delC (denoted by an asterisk; A) and
¢.3627-1G>A (denoted by an asterisk; B) in the proband. The c.2546delC mutation was inherited paternally, whereas the ¢.3627-1G>A
mutation was transmitted maternally. The fetus was a heterozygous carrier of the ¢.3627-1G>A mutation.
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Fig. 4. Results of agarose gel electrophoresis of RT-PCR products (A), capillary electrophoresis of RT-PCR products (B), and sequence
analysis (C) for the novel potential splice-site mutation ¢.3627-1G>A. RT-PCR was conducted using following primers: F-5-TTGACCTCT-
GCTCTGGTGTG-3', R-5-AACCAATAGCTCCTCTCTCTCG-3'. In addition to the normal transcript (276-bp-sized band), an abnormal tran-
script (260-bp-sized band) was discernible on capillary electrophoresis. Sequence analysis demonstrated that this abnormal transcript re-
sulted from skipping of the first 16 bp (yellow) of exon 37 rather than all of exon 37 (blue).

Abbreviation: RT-PCR, reverse transcription PCR.

Amniotic
fluid

203 2.3 151 16.2 17.1 Fig. 5. Results of STR marker analysis that was

performed to determine maternal cell contami-
nation into amniotic fluid. For the FGA marker,
maternal blood has allele 20.3 and allele 24.3,
Matemal  \hile the amniotic fluid has only allele 20.3 (A).
blood  For the D3S1358 marker, amniotic fluid has
A__H .. | allele 15.1, which is not shared with maternal
blood, as well as allele 16.2 (B).
FGA Q D351358 9 Abbreviation: STR, short tandem repeat.
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were also identified. No large deletions or duplications were
identified within the FANCA gene. No other specific mutations
were found in the FANCC or FANCG genes. Only 3 homozygote
polymorphisms in the FANCG gene were found: c.-490G>T, c.
-453_-452insT, and c.-392A>G.

The father of the patient had a heterozygous c.2546delC mu-
tation, whereas the patient’s mother carried a heterozygous
€.3627-1G>A mutation (Fig. 3). No mutation was identified in
the patient’s younger sister. Only the heterozygous ¢.3627-1G>A
mutation was identified in the DNA extracted from amniotic fluid
cells. STR analysis revealed the presence of the Y chromosome
in amniotic fluid cells and distinct genotypes among maternal
blood cells and amniotic fluid cells in loci D3S1358, D5S818,
VWA, and FGA (Fig. 5).

DISCUSSION

This is the first FA case to be genetically confirmed in Korea.
Additionally, this is the first report of genetic testing that was
successfully applied for subsequent prenatal diagnosis of FA in
a patient’s family in Korea. A few previous cases of FA are re-
ported to have been diagnosed using only the chromosome
breakage test [12].

The characteristic cellular phenotype of FA includes chromo-
somal instability and hypersensitivity to DNA cross-linking agents
[13, 14]. The diagnosis of FA is usually based on clinical suspi-
cion and chromosomal hypersensitivity to DNA cross-linking
agents [15]. However, the chromosome breakage test can some-
times generate false-negative results, similar to that observed in
cases of somatic mosaicism [16]. Furthermore, prenatal chro-
mosome breakage studies may be inconclusive and inaccurate
because of the variable growth status of amniotic cells and the
poor yield of cells in metaphase [17]. Although genetic testing is
the method of choice for prenatal diagnosis, genetic testing is
not widely used in the diagnosis and management of FA. This is
partly due to the severe genetic heterogeneity of FA and the
technical difficulties associated with identifying diverse muta-
tions in FA genes. Therefore, technical advances in DNA analy-
sis, such as next-generation sequencing technology, can facili-
tate the performance of simple and easy genetic tests for FA.
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