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The IVS4+ 4 Ato T mutation of the Fanconi anemia ge#eNCCis not
associated with a severe phenotype in Japanese patients

Makoto Futaki, Takayuki Yamashita, Hiroshi Yagasaki, Tatsushi Toda, Miharu Yabe, Shunichi Kato,

Shigetaka Asano, and Tatsutoshi Nakahata

Fanconi anemia (FA) is an autosomal
recessive disease characterized by con-
genital anomalies, aplastic anemia, and a
susceptibility to leukemia. There are at
least 8 complementation groups (A
through H). Extensive analyses of the FA

Ashkenazi Jewish ancestry. When we
screened 29 Japanese patients (20 unre-
lated patients and 4 families) using poly-
merase chain reaction-single strand con-
formation polymorphism, we found 8
unrelated patients homozygous for IVS4.

of Japanese patients indicate no signifi-
cant difference between IVS4 homozy-
gotes and other patients with regard to
severity of a clinical phenotype. Thus,
ethnic background may have a significant
effect on a clinical phenotype in FA

group C gene FANCC in Western coun-
tries revealed that 10% to 15% of FA
patients have mutations of this gene. The
most common mutationis IVS4  + 4AtoT
(IVS4), a splice mutation in intron 4,
which has been found only in patients of

This is apparently the first non—Ash-
kenazi-Jewish population for whom this
mutation has been detected. The Ash-
kenazi Jewish patients homozygous for
1VS4 have a severe phenotype, in compari-
son with other FA patients. Our analyses

patients carrying the same mutation.
(Blood. 2000;95:1493-1498)
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Introduction

Fanconi anemia (FA) is an autosomal recessive genomic instabiltghkenazi Jewish patients are assigned to grotfjfdi. the other hand,
syndrome characterized by progressive bone marrow failutle proportion of group C patients in non-Jewish populations is reported
congenital anomalies, and cancer susceptilifitCells derived to be about 8%° Group A patients are more prevalent in Germany and
from FA patients show hypersensitivity to DNA cross-linkingitaly,2-22whereas the majority of patients in the Netherlands belong to
agents, abnormal cell cycle progression, and reduced cell sgreup C2! FANCCmutation types differ among distinct ethnic groups.
vival.®5 FA patients constitute at least 8 different complementatiorhe IVS4 mutation is unique to Jewish patients, whereas 322delG is
groups (FA-A to FA-H), as defined by cell fusion analysfsThe often present in patients of Northern European anc¥stfenotype-
genes for group CRANCQ, group A FANCA), and group G phenotype analyses in FA patients revealed that Ashkenazi Jewish
(FANCGQ have been cloned by other investigatb#s While the  patients with the IVS4 mutation have the severe clinical phenotype, such
cellular functions of proteins encoded by these genes are unknows early onset of hematological diseases, multiple major malformations,
the proteins bind in a nuclear complex, suggesting that thewd poor survival, in comparison with other group C patients with
cooperate in a nuclear function, such as DNA rejaip. exon 1 mutations or non-C patierfs3.24

The coding sequence of tHRANCC gene is composed of 14 |jtile is known of the genetic basis of FA patients in Asian countries.
exons and encodes a protein of 558 amino acid residues witlinathe present work, we screenBANCC mutations in 29 Japanese
molecular mass of 63 kd. Extensive analyses of the gene in Westggfients and identified 8 patients homozygous for the IVS4 mutation.
countries revealed at least 9 mutations in this géri@Mutations  Our analyses show that these patients have a clinical phenotype similar
in most patients cluster in 3 regions of the gene: exon 1, intron ,that in other patients, unlike Ashkenazi Jewish patients with the same
and exon 14. The most common mutation is IV64 Ato T muytation?® The present findings provide important information for
(IVS4), a splice mutation in intron 4 resulting in deletion of exomopulation-based screening fGANCC carriers in Japan and

generating a premature stop codon, and Q13X in exon 1, and

R548X and L554P in exon 141819
The percentages of group A and group C patients in WeStelWateriaIS and methods
countries are estimated to be 60% to 65% and 10% to 15%,

respectively® However, it was reported that genetic abnormalitieg/e diagnosed 29 Japanese patients with 25 probands on the basis of the
for FA vary among different ethnic groups. About 80% ofresence of clinical manifestations of FA (hematological abnormalities
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and/or congenital anomalies typical of FA, as defined by Auerbaci)et atorresponding to exon 4 and flanking intronic regions showed

and on the basis of studies on the chromosomal breakage inducedaierrant bands. Representative data of 6 patients (P1 through P6)

diepoxybutane or mitomycin C in peripheral blood lymphocytes. are shown in Figure 1A. Similar aberrant bands were seen in 4510
Onset of hematological abnormalities is defined as the time at whigly||s known to be homozygous for the IVS44A to T mutation,

one of the following laboratory parameters was observed: platelet Co%ggesting that 8 of the 29 patients carry this mutation. A sample

below 100 10%/L, hemoglobin (Hb) below 10 g/dL, or absolute neutroy e natient, P21, showed both normal and aberrant bands, like

phil count below 1 10%/L.
Patients were scored for the presence of major congenital abnormalit%ssfample from FA239 cells known to be heterozygous for the IVS4

defined as structural alterations that occur during embryogenesis, wijjtation. In none of the 29 samples did we detect mobility shifts of

medical and social consequences. The spectrum of major congenﬂéﬁ‘er segments (data not shown), while we did detect mobility
malformations in FA patients included abnormalities of the kidney anghifts in control samples known to have 322delG and L554P

urinary tract, genitalia, heart, gastrointestinal system, and central nervdisitations (data not shown).

system and skeletal abnormalities, including defects of the radius and thumb.Direct sequencing of PCR products showing the mobility shift
To screen for theFANCC gene, we used polymerase chain reactiondentified the 1VS4 mutation in all of the samples from patients 1

(PCR)-single strand conformation polymorphism (SSCP). We obtainédrough 8. Figure 1B shows representative data from a normal

genomic DNA samples from the peripheral blood of our patients and frogbntrol and P1. A sample of P21 showed a normal sequence as well

normal healthy volunteers. All of the subjects gave informed consent. Eagh the mutation (not shown), suggesting that this patient may be a

coding exon of the;FANCCgene was amplified by the PCR with the use Ofcompound heterozygote, although the oth&NCCmutation was

gengmic DNA and primers flanking thg individua! exons and overlappin'qot detected.

the intron-exon boundaries, as described by Gibson & RCR-SSCP To confirm that the 8 patients (P1 through P8) are homozygous

analysis was performed according to the methods described by Orit¥et af . . S S
Briefly, a total of 10 pL of reaction mixture, containing 200 ng of genomi or the [VS4 mutation, we next carried out ASO hybridization

DNA, 0.4 pmol of each primer end-labeled with-}2P] ATP (Amersham), (Figure 2), as describéd. DNA samples from normal cells
100 pmol/L dNTPs, 10 mmol/L Tris-HCI(pH 8.3), 50 mmol/L KCI, 1.5
mmol/L MgCl,, 0.001% gelatin, and 0.2 U of Taq polymerase (Perkin- A
Elmer) was used for PCR amplification. PCR reactions were performed fo
1 step of denaturation (5 minutes at 94°C), followed by 35 cycles of
denaturation (30 seconds at 94°C), annealing (30 seconds at 60°C
extension (40 seconds at 72°C), and a final step of extension (7 minutes
72°C). Then, 5 pL of the PCR products was diluted in 45 pL of formamide
loading buffer (90% formamide, 10 mmol/L ethylenediaminetetraacetic
acid, 0.25% bromphenol blue, 0.25% xylene cyanol). The mixture was
heated to 80°C for 5 minutes to denature the DNA, then rapidly chilled on
ice. An aliquot of the sample (2 pL) was analyzed on a 6% nondenaturing —r— w L il s
polyacrylamide gel (49:1 acrylamide : bisacrylamide), with or without 10% . ‘
glycerol in 0.5X TBE buffer. Gels containing 10% glycerol were run at
room temperature at 10 W for 14 hours and gels without glycerol were rur
for 4 hours at 4°C at 40 W. The gels were then dried and autoradiographe

Mutations were characterized by direct sequencing of PCR products
When shifted bands were obvious on the SSCP gel, these bands were
excised and eluted from the gel and then used as a template for PCR. Cyc
sequencing reactions were performed with the use of Taq Dye Terminatc l'
Cycle Sequencing Kits (Perkin-Elmer). Sequencing was done with ar
automated sequencer (ABI model 310; Perkin-Elmer). GGTTTGCTTAAAAATGTGAGTATTTARARA

Allele-specific oligonucleotide (ASO) hybridization was performed as 150 160 170
follows: Genomic DNA was used as template for PCR, with the following ﬂ n
primers flanking exon 45GTAGGCATTGTACATAAAAG-3' (forward Normal
reaction) and 5TGGCACATTCAGCATTAAAC-3 (reverse reaction).
The PCR product was dot-blotted onto nylon filters (Hybond N, Amersham)
and hybridized with end-labeled oligonucleotides withfP] ATP corre-
sponding to the wild-type or mutant sequence at intron’ AASAATGT-
GAGTATTT-3' or 5-AAAATGTGTGTATTT-3’, respectively. Hybridiza-

P
P9

P2

P10
P3
P11-1
P16-1
P19-1
P23-1
P12
P13
P14
P15
P17
P18
Ps
P20
P21
P22
P6
P24
4510C
FA239

tions were performed at 30°C for 3 hours, followed by washing for 10 "

minutes in 2<X SSPE, 0.1% sodium dodecyl sulfate (SDS) at room

temperature, then by a 10-minute wash at 32°C in02SPE, 0.1% SDS. GG T TTGCTTAAAA r;;(\'rc: TG TG TA ':i:omAA.:
150 1

For the statistical analysis, we used StatView 4.5 software. Unpairec
Studentt test was used to compare the age at onset of hematologice
abnormalities and the anomaly number between patients with [VSZ P1
mutation and other patients.

Ui

Figure 1. Detection of IVS4 mutation by PCR-SSCP and subsequent direct
sequencing. (A) Representative PCR-SSCP analyses using the primer set for exon
Results 4 boundaries. 4510C cells are homozygous for the IVS4 mutation; FA239 cells are
heterozygous (1VS4/wt) for this segment; and N indicates normal control. The patient
First, we amplified 14 segments Covering each exoAfICC numbers correspond to those in Table 1. Arrowheads indicate mobility shifts of the
. . . PCR products from the genomic DNA from the patients, P1, P2, P3, P4, P5, and P6.
from genomic DNA isolated from 29 FA patlents and analyzed b()é) Representative sequencing results. Direct sequencing of aberrant bands from P1
SSCP. In samples from 8 patients (P1 through P8), PCR produiatstified an Ato T transition of the fourth base in intron 4 (indicated by arrows).
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Figure 2. Allele-specific oligonucleotide hybridization for IVS4. Hybridization of
the wild-type or mutant oligonucleotide to DNAs from the FA patients with the IVS4
mutation (P1, P3, P4, P5, P6, and P7) and control cells. 4510C cells are homozygous
for the IVS4 mutation; FA239 cells are heterozygous (IVS4/wt) for this segment; and
N indicates normal control.

hybridized to the wild-type ASO but not to the mutant ASOnumber of major congenital anomalies (1.3 in group | versus 1.1in
whereas a sample from 4510 cells homozygous for the IvV$#oup Il) (Table 2) or the distribution of patients with each number
mutation only hybridized to the mutant ASO. A sample from FA239f major anomalies (Figure 3). Taken together, these results suggest
heterozygous cells hybridized to both probes. DNA samples frotiat the severity of a clinical phenotype is similar between IVS4
P1, P3, P4, P5, P6, and P7 hybridized with the mutant oligonuclemmozygotes and other FA patients. Table 2 also shows the results
tide but not with the normal oligonucleotide (Figure 2). DNAof a previous studd indicating that Ashkenazi Jewish 1VS4
samples from P2 and P8 gave similar results (data not showpatients have an earlier onset of hematological abnormalities and a

Table 1. Characteristics of 29 FA patients in Japan
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These results indicate that both alleles of the 8 patients have
IVS4 mutation.

The clinical characteristics of the 29 patients, 8 patients
homozygous for the 1VS4 mutation (group I) and the other 21
patients (group 1), are summarized in Table 1. There is no
consanguinity or geographical isolation of the patients with 1VS4.
Previous studies showed that patients homozygous for IVS4 have a
severe phenotype, as manifested by early onset of hematological
disease and multiple major congenital anomaiféd24Therefore,
we compared the age at onset of the hematological disease and the
number of major congenital malformations between groups | and
Il. The median age at onset of hematological disease was 6.21 years
(95% confidence interval [Cl], 2.88 to 9.54 years) in group | and
5.79 years (95% Cl, 4.14 to 6.44 years) in group Il (Table 2),
suggesting no significant difference between the 2 groups. There
was also no significant difference between the 2 groups in the mean
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A;ie Hemato_log|ca|_ Treatment and
Data at Diagnosis . . .
Onset Congenital Malformations Clinical Course
Patient of HA WBC Hb Plt Status Birthplace
No. Sex (yr) (X10%L) (g/dL) (x10%L) SP T/R S C KU G MC MP E Gl Growth MDS/AML BMT (Age)* Genotype  (Prefecture) Consanguinity

P1 F 4 3.1 10.1 25 N MDS + living (7) IVS4/IlVS4  Nagasaki -
P2 M 9 3 8.6 86 + + R + living (15)  IVS4/IVS4  Niigata -
P3 M 4 3 8.3 4+ o+ + R + died (6) IVS4/IVS4  Nagasaki -
P4 M 4 5 6.7 33 + + o+ R + living (11)  IVS4/IVS4  Tokyo -
P5 M 15 1.9 5.4 47+ o+ N  MDS + living (11)  IVS4/IVS4  Kyoto -
P6 M 10 15 7.4 22 + N + living (21) IVS4/IVS4  Kanagawa -
P7 M 3 +  + + + N + living (23) IVS4/IVS4  Yamaguchi -
P8 M 0.7 12.6 8.8 + + R + living (17)  IVS4/IVS4  Mie -
P9 F 8 + R AML(23y) + living (26) — -
P10 F 4 3.4 5.7 16 + + R living (8) -
P11-1t F 7 4.5 9.3 45 R living (16) Kagoshima -
P11-2t M 7 2.3 10.8 23 R MDS living (21) Kagoshima -
P12 M 2 2.2 6.9 15 + + N MDS? + died (9) — ?
P13 F 9 2.6 6.4 45 + N living (11) Hiroshima +
P14 M 3 35 4.2 41 + + + R AML(10y) died (?) Osaka -
P15 F 7 3 10.3 57 + + R AML(23y) + died (24) Hiroshima -
P16-1t F 11 2.1 4.8 18 + + N living (14) Ibaraki -
P16-2t F 4 3.7 5.7 29 + + N living (9) Ibaraki -
P17 F 5 + R living (6) — +
P18 M 3 5.5 10.6 61 + N living (18) Shimane -
P19-1t 6 3.4 8 27 + + + N MDS living (14) — -
P19-2t F 6 44 113 79+ R living (7) — -
P19-3t F 9.1 11.9 455 + R living (2) — -
P20 F 4 6 9.3 26 + + + R + living (20) Kanagawa -
P21 F 7 2.6 4.8 19 + + N living (9) IVS4/unknown Gunma -
P22 F 4.3 9.4 49 + R living (13) Hiroshima -
P23-1t F 0.8 2.7 4.8 14 + + N + died (2) — -
P23-2t F 6.2 13.8 57 + + R living (15) — -
P24 M 2 2.9 11 60 N living (8) Shimane -

HAindicates hematological abnormality; N, normal; R, retarded; SP, skin pigmentation; T/R, thumb/radius; S, skeletal; C, cardiac; KU, kidney and urinary tract; G, genitalia;
MC, microcephaly; MP, microphthalmia; E, ear; Gl, gastrointestinal; BMT, bone marrow transplantation; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; IVS4,

IVS4 + 4 Ato T mutation.
*Age is either age at death or age when reported as living.

1tP11-1 and P11-2 are siblings; P16-1, P16-2, and P16-3 are siblings; P19-1, P19-2, and P19-3 are siblings; and P23-1 and P23-2 are siblings.
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Table 2. Genotype-phenotype associations

Present Study Previous Study (Gillio et al?3)
Group | Group Il IVS4 Exon 1 Non-C*
(N=8,n=28) (N=21,n=17) PValue (N = 26) (N =17) (N = 338)
Median age (y) at onset of hematological disease (95% CI) 6.21 (2.88-9.54) 5.79 (4.14-6.44) .508 2.72 (2.32-3.12) 7.60 (5.85-9.35) 6.6 (6.17-7.03)
Mean number of congenital malformations 1.3 1.1 496 3.7 0.6 —

N indicates number of affected individuals; n, number of families; Cl, confidence interval.
*Blank cell indicates a category that was not described in the study.

greater number of major congenital anomalies in comparison witanconi Anemia Registry confirmed that this mutation is respon-
other patients. sible for most cases of FAin Jewish patients; all of the families with
Gillio et al also found that survival time of Ashkenazi Jewisthis mutation have a Jewish heritage, and 16 of 20 Jewish FA
patients with 1VS4 is short in comparison with patients with théamilies tested have this mutatidhOn the other hand, FA patients
322delG mutation oFANCCand non-C patients, partly because obf non-Jewish ancestry did not have this mutation. Thus, the IVS4
the early development of leukentialn the present study, 2 of the 8 mutation is referred to as the Ashkenazi Jewish mut&fidn.the
patients (25%) in group | developed myelodysplastic syndromeyrrent study, we found 8 homozygotes and 1 heterozygote with the
and 6 of 21 patients (28%) in group Il had myelodysplastip/S4 mutation among 29 Japanese patients. This is apparently the
syndrome or acute myeloid leukemia (Table 1). Thus, there is figst report that the IVS4 mutation was identified in a population of
significant difference with regard to disease progression. We canpgh—Ashkenazi-Jewish origin.
compare survival time of the 2 groups, partly because follow-up |n the current study, the IVS4 mutation was the only mutation
time was short. Another reason is the difference of treatment for th&,nd in our Japanese FA patients, although our screening method
2 groups; all the patients with IVS4 were treated with allogeneiscr.sscp detects 70% to 80% of mutatirend may have

bone marrow transplantation, whereas only 5 of the other patieptsssed less commoRFANCC mutations. Two groups recently
underwent this treatment. reported that most of Japanese FA patients have various types of

FANCAmutations?82°suggesting that many of our non-C patients
belong to group A. Possibly, the group A and group C patients in
Japan have different ethnic backgrounds. However, it is difficult to
In the first report describing IVS4 4A to T, the mutation was address this question, because there is no obvious marker to
found in 5 Ashkenazi Jewish families and not found in aniglentify ancestry in most of the Japanese. Modern Japanese

non-Jewish familie$’ Analysis of patients in the International POpulations have resulted from an intermingling of aboriginal
people and immigrants from Korea or mainland China that started

more than 2000 years agdExtensive screening in Asian countries

Discussion

B8 V'S4 homozygotes using a rapid and readily facilitated assay to detect the specific
_ mutation, such as the amplification refractory mutation system,
Other patients may aid in identifying the origin of the mutation in Mongoloids.

50

It is likely that the IVS4 mutation derived from a founder and
has expanded by a genetic drift in a small isolated population.
However, there is no definite evidence for a founder effect in the
Ashkenazi Jewish patients. In an attempt to search for a founder
haplotype, we analyzed 4 microsatellite markers (D9S280,
D9S1816, D9S1851, and D9S287) that are mapped within 1.8 cM
around theFANCCgené-32put found no founder haplotype (data
not shown). The Japanese IVS4 mutation is likely to have arisen
independently of the Ashkenazi Jewish mutation. IVS4 carriers are
detected in the Ashkenazi Jewish population but not in the Iraqi
Jewish population, suggesting that the mutation in the Ashkenazi
population arose after it separated from other Jewish populations as
recently as 500 years agbThus, this mutation site appears to be a
relative hot spot.

FAis characterized by a wide variety of clinical phenotyfss.
clinical phenotype is associated, at least in part, with specific
FANCC mutations within group-C FA patient&23 Patients with
the IVS4 mutation or mutations in exon 14 (R548X or L554P) have
a severe clinical phenotype, early onset of hematological abnormali-
ties, multiple congenital anomalies, and short survival time, in
comparison with patients with 322delG or non-C FA patiéhts.

Patient (%)

0 1 2 3 On the other hand, our findings in the Japanese patients strongly
suggest that the IVS4 mutation is not associated with a severe
Anomaly Number phenotype. The frequencies of congenital anomalies we noted

Figure 3. Comparison of anomaly number between IVS4 homozygotes and We're Compare_d _Wlth results described by Verlander ét al
other patients. (Figure 4). This figure clearly shows that frequencies of most
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A Present study
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environmental factors protect against a severe phenotype in
Japanese patients with 1IVS4. Conversely, a severe phenotype of
Ashkenazi Jewish patients with 1IVS4 could be, at least in part,
attributed to the ethnic background. Since patients with this
mutation were confined to Ashkenazi Jews and the other patients in
the previous studies were non-Ashkenazi JEWE2it is difficult

to determine whether a severe phenotype is due to the mutation, the
ethnic background, or both.

There are many instances of identical mutations associated with
phenotypic variatiod* This phenomenon was observed among
unrelated individuals, within a family, and even in monozygotic
twins. However, little has been documented regarding the pheno-
typic variation of genetic diseases among different ethnic groups. A
similar event can be seen in case of Gaucher disease. Earlier reports
demonstrated that a homozygous mutation resulting in an L444P
transition in the glucocerebrosidase gene is closely associated with
a neuronopathic form of Gaucher disease in the United States and a

V84 homozygotes

Other group C patients

N=19

N=19

Skin pigmentation v,
i
W/////-

Thumb, radius
Other skeletal
Ear, deafness

Eye
Microcephaly
Kidney
Genital
L]
Cardiac v,

Gastrointestinal

2
2022

0 2 4 6 8 1012 14 16 18

Number of patients

Figure 4. Frequencies of major anomalies in IVS4 homozygotes and other
patients. This compares (A) the present study and (B) a previous study.'8 Part B was
based on data shown in Table 3 in Verlander et al.18 However, patients with D195V

0 2 4 B8 8 1012 14 18 18

small population in Swedeft:3¢By contrast, homozygotes for this
mutation are frequent in the nonneuronopathic form of patients in
Japar?’ This discrepancy may be attributed to differences in ethnic
backgrounds of the patients.

Several mechanisms may be involved in phenotypic variation
among patients with an identical genotype: additional intragenic
sequence alteration; modifier genes at other loci; genetic back-
ground in general, epigenetic mechanisms such as methylation and

‘ genomic imprinting; stochastic effects; influences of environment;
and so fort®* However, no specific molecular basis has been

identified. To study cellular or molecular mechanisms for pheno-

and L554P were excluded because the pathogenic significance of D195V remains to

be established® and L554P was later shown to be associated with the severe clinical

phenotype.23

major anomalies are much higher in Ashkenazi Jewish patiel:ﬁ

typic variation of FA between the Ashkenazi Jewish population and
the Japanese may elucidate the pathophysiologic basis of the
clinical phenotype of FA.
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