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Summary:

We analyzed all the exons and exon-intron junctions of the CYP2D6 gene from 286

Japanese individuals. We detected two novel single nucleotide polymorphisms (SNPs) 2556C > T in exon
5 (Thr261lle) and 3835A > C in exon 8 (Lys404Gln). Both these SNPs showed a frequency of 0.002.
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Introduction

CYP2D6 metabolizes more than 50 clinically im-
portant drugs including some tricyclic antidepressants,
neuroleptics, and S-adrenergic blockers.” The CYP2D6
gene locus is extremely polymorphic, with more than
80 allelic variants (http://www.imm.ki.se/CYPalleles/
cyp2d6.htm). The homozygous of defective CYP2D6
alleles, which result in the absence of CYP2D6 enzyme
activity, are classified as poor metabolizer (PM) pheno-
types. The frequency of PMs is 5%-10% in Caucasian
population and less than 1% in Asian population.'-®
Among the variant alleles reported to . date, three
alleles, CYP2D6*3, CYP2D6*4, and CYP2D6*5, have
been reported to account for approximately 95% of the
alleles of PMs in Caucasian population.>” However,
as yet, PMs associated with CYP2D6 function in the

On March 1, 2005, these SNPs were not found in dbSNP in the
National Center for Biotechnology Information (http://www.
ncbi.nim.nih.gov/SNP/), GeneSNPs at the Utah Genome Center
(http://www.genome.utah.edu/genesnps/), or the Human CYP
Allele Nomenclature Committee database (http://www.imm.ki.se/
CYPalleles/). CYP2D6*53 is consisted of two variants which have
already found in dbSNP in the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/SNP/). However, this
variant allele has not been registered found in the Human CYP Allele
Nomenclature Committee database  (http://www.imm.ki.se/
CYPalleles/). The two CYP2D6 haplotypes that possess each of
2556C>T (T2611) and 3835A>C (K404Q) were assigned as
CYP2D6*54 and CYP2D6"55, respectively, by the Human
CYP Allele Nomenclature Committee (http://www.imm.ki.se/
CYPalleles/).

Japanese population could not be accounted for by the
known variant alleles of CYP2D6.?

In the present study, we analyzed all the exons and
exon-intron junctions of the CYP2D6 gene from 286
Japanese individuals by using denaturing HPLC
(DHPLC). Additionally, we identified two novel SNPs
of the CYP2D6 gene in Japanese individuals.

Materials and Methods

Venous blood was obtained from 286 unrelated
healthy Japanese volunteers and patients admitted to
Tohoku University Hospital. Written informed consent
was obtained from all the blood donors, and the study
was approved by the Local Ethics Committee of
Tohoku University Hospital and Tohoku Pharmaceuti-
cal University. DNA was isolated from anticoagulated
(with K;EDTA) peripheral blood by using QIAamp
DNA Mini Kits (Qiagen, Hilden, Germany) accordance
with the manufacturer’s instructions.

Long PCR was performed in order to amplify the
entire CYP2D6 gene and to detect the CYP2D6*5 allele
using primer pairs (Table 1), as described by Johansson
et al.” Genomic DNA (10-50 ng) was amplified using
LA-Tag DNA polymerase (TaKaRa Co., Kyoto,
Japan). The amplification was performed on an iCycler
(Bio-Rad, Hercules, CA, USA). The resultant PCR
products were a 5-kb fragment contained the entire
CYP2D6 gene and a 6-kb fragment that indicated the
presence of the CYP2D6*5 allele. The thermal profile
consisted of denaturation at 95°C for 5 minutes,
followed by 30 cycles of denaturation at 95°C for
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Table 1. Primers used for the amplification of the entire CYP2D6 gene and identification of the CYP2D6*5 allele
5’ Primer 3’ Primer Annealing Temp. (°C)
entire CYP2D6 gene ccagaaggctttgéaggcttca actgagcectgggaggtaggta 65.0
CYP2D6*s allele geeactctegtgtegtcagettt ggcatgagctaaggeace : 61.2

Table 2. Amplification and DHPLC conditions for CYP2D6 SNP analysis of genomic DNA
Exon (St:;e) 5’ Primer 3’ Primer Tz;fgic(tsg) DHPI(,OCC;l'emp.

1 280 gtgggegtgccaggtgtgtccagaggagec ggtaggggagectcageacctetgeegeee 63.4 63.4, 66.0
2 272 agtctggggtgatcctggettgacaagagg cacccaccegggteccacggaaatctgtet 64.7 64.7, 67.0
3 253 gtggggctaatgecttcatggecacgegea gteeececgectteccagttecegettigtg ) 65.4 65.4

4 261 aaggcgggggacggggaaggegacecctta acctctegggagetegecetgeagagacte 65.4 64.4

5 277 ggtgaacgcagagcacaggagggattgaga gggacgctcaacccaccacccttgeeccce 63.2 62.2

6 242 atttgggggctacceegttctgteccgagt cctgtaccettecteceteggeecetgeac 63.6 62.6

7 287 geeggacceeectgggtgetgacecattgtg tatcaccaggtgetggtgetgagetggggt 63.6 62.6

8 242 ccagcatcctagagtccagteceeactcte - cctgcaagactccacggaaggggacaggga 63.4 63.4

9 277 ggggtatcacccaggagecaggctcactga

cattagagcctctggetagggageaggetg 63.0 63.0

1 minute, annealing for 1 minute, extension at 68°C for
5 minutes, and a final extension at 72°C for 7 minutes.
The annealing temperatures for long PCR summarized
in Table 1.

All the CYP2D6 specific products, diluted 1:10 in
water, were used as a DNA template for a second round
PCR of all the CYP2D6 exons. Table 2 lists the primer
pairs that were used to amplify CYP2D6 exons. These
primers were designed based on the genomic sequence
reported in GenBank (M33388). Amplicons were
generated with the AmpliTaq Gold PCR Master Mix
(Applied Biosystems, Foster City, CA, USA). The
thermal profile consisted of denaturation at 95°C for 10
minutes, followed by 30 cycles of denaturation at 95°C
for 30 seconds, annealing at 60°C for 30 seconds, exten-
sion at 72°C for 30 seconds, and a final extension at
72°C for 7 minutes. Heteroduplexes were generated by
thermal cycling as follows: 95°C for 1 minute, followed

by a reduction in temperature from 95°C by 45 incre-

ments of 1.5°C per minute.

The PCR products were analyzed using the DHPLC
system, WAVE® (Transgenomic Inc., Omaha, NE,
USA). Unpurified PCR samples (5 uL) were separated
on a heated C18 reverse phase column (DNASep®)
using 0.1 M triethylammonium acetate (TEAA) in water
and 0.1 M TEAA in 25% acetonitrile at a flow rate of
0.9 mL/min. The software provided with the instru-
ment selected the temperature for the heteroduplex
separation in the heterozygous CYP2D6 fragment.

Table 2 summarizes the DHPLC running conditions for
each amplicon. The linear acetonitrile gradient was
adjusted to the retention time of the DNA peak at 4-5
minutes. Homozygous nucleotide exchanges can
sometimes be distinguished due to a slight shift in the
elution time when compared with the reference. The
addition of an approximately equal amount of wild-type
DNA to the samples (1:1) prior to the denaturation step
enabled homozygous alterations to be detected reliably.
This was done routinely for all the samples in order to
identify homozygous sequence variations. Therefore, all
the samples were first analyzed without mixing with an
equal amount of wild-type DNA; subsequently, wild-
type DNA was mixed with each sample to detect
homozygous variants. The resultant chromatograms
were compared with the chromatograms of wild-type
DNA.

Both strands of samples with variants detected using
DHPLC were analyzed using a CEQ8000® automated
DNA sequencer (Beckman-Coulter Inc., Fullerton, CA,
USA). We also sequenced all the samples with
chromatographic findings that differed from the wild-
type DNA in order to establish links between mutations
and specific profiles. We sequenced the PCR products
by the fluorescent dideoxy termination sequencing using
the DTCS DNA Sequencing Kit (Beckman-Coulter Inc )
accordance with the manufacturer’s instructions.

For the haplotype analysis of CYP2D6 variant alleles,
the PCR products of entire CYP2D6 genes were
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Fig. 1. DHPLC chromatograms of exon 5 (A) and exon 8 (B) of human CYP2D6 gene. The elution profiles of heterozygous sequence variants
are compared with a reference wild-type DNA chromatogram.

2556C>T
(Thr*®1le)

AGGATGACCTGGGAC AGGATGA%—CTGGGAC

3835A>C
(Lys**Gln)

GGTGCTGAAGGATGA GGTGCTG%AGGATGA

Fig. 2. The nucleotide seqﬁences of the CYP2D6 gene in exon S and exon 8. Although sequences are shown for sense strands, both strands were
sequenced. Arrows indicate the variant nucleotide positions.
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Structure of CYP2D6 alleles isolated from the Japanese individuals. The 9 exons of CYP2D6 are indicated by numbered boxes. The

positions of the various polymorphisms associated with each allele are indicated.

subcloned into a pCR®-XL-TOPO® vector (Invitrogen
Co., CA, USA). The clones inserted into the CYP2D6
fragments were sequenced using a CEQ8000® automat-
ed DNA sequencer.

Results and Discussion

We found two novel SNPs as follows:
1) SNP: 050301Hiratsuka04; GENE-NAME: CYP2D6;
ACCESSION NUMBER: M33388; LENGTH: 25 bases;
5'-AGCACAGGATGAC/TCTGGGACCCAGC-3’.
2) SNP: 050301 Hiratsuka05; GENE-NAME: CYP2DG6;
ACCESSION NUMBER: M33388; LENGTH: 25 bases;
5'-TCATCGGTGCTGA /CAGGATGAGGCCG-3".

The DHPLC chromatograms and the electrophoreto-
grams of the novel SNPs are shown in Figs. 1 and 2,
respectively. The first SNP was 2556C>T in exon §
resulting in an amino acid change of Thr261lle.
Haplotype analysis indicated that 100C>T, 1039C>T,
1661G > C, and 4180G > C existed in the same allele of
the CYP2D6 gene (Fig. 3). Of the 286 individuals, one
was heterozygous for the 2556C>T SNP, suggesting
that the allele frequency was 0.002 in the Japanese
population. The second SNP was 3835A > C in exon
8 resulting in an amino acid change of Lys404Gin.
Haplotype analysis indicated that 1661G>C,
2850C>T, and 4180G > C existed in the same allele of
the CYP2D6 gene (Fig. 3). Of the 286 individuals, one
was heterozygous for the 3835A>C SNP, suggesting
that the allele frequency was 0.002 in the Japanese
population. The sequences for each sample were
obtained from at least two different PCR amplifications.

These novel SNPs are located in the exons of the

CYP2D6 gene and result in amino acid substitutions.
The Thr261 and Lys404 in CYP2D6 are located in
G-helix and K”-helix, respectively.!>'? These amino
acid residues are not mapped in substrate recognition
sited, but are conserved in the CYP2D subfamily in
mammals.'® Thus, these amino acid substitutions,
Thr2611le and Lys404Gln, are expected to alter the
catalytic properties of the CYP2D6. Further studies are
required to elucidate the functional characteristics of
these novel variant alleles of the CYP2D6 gene.

In the present study, fourteen CYP2D6 alleles were
detected in all the 286 Japanese individuals. The most
frequent variant allele was CYP2D6*10, followed by *2,
*5, and *21, and their frequencies were observed to be
0.362, 0.112, 0.072, and 0.007, respectively. The most
frequent defective allele in the Japanese population is
CYPZD6*5, which is associated with the PM pheno-
type. To date, the non-functional alleles of CYP2D6
that have been observed in Japanese population are
CYP2D6%*4, *5, *14, *18, *21, and *44. However, none
of the 286 individuals analyzed at least by DHPLC
method in this' study showed the presence of
CYP2D6*14, *18, or *44. This discrepancy may be
caused by differences in sample sizes among these
studies. Soyama ef al.'® have recently reported the
detection of five novel alleles, CYP2D6*47, *48, *49,
*50, and *51. In the present study, CYP2D6*49 and *50
alleles were also found, with frequencies of 0.003 and
0.002, respectively. ]

The 23 different genotypes found in this study are list-
ed together with their respective frequencies in Table 3.
The most frequent genotypes were CYP2D6*1/*10, *1/
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Table 3. CYP2D6 genotypes among the Japanese individuals

No. of subjects Observed frequency (%)

Frequency (%) predicted

CYP2D6 genotype (n =286) (95%CI) by Hardy-Weinberg law
CYP2D6*1/*1 51 17.8 (13.4-22.3) _ 18.2
CYP2D6*1/%2 32 11.2 (7.5-14.8) 9.7
CYP2D6*1/* 1 0.3 (0-1.0) 0.1
CYP2D6*1/*s 18 6.3 (3.5-9.1) 6.1
CYP2D6*1/*10 85 29.7 (24.4-35.0) . 30.9
CYP2D6*1/*21 2 0.7 (-1.7) 0.6
CYP2D6*1/*27 1 0.3 (0-1.0) 0.1
CYP2D6*1/*36 1 0.3 (0-1.0) 0.1
CYP2D6*1/*49 1 0.3 (0-1.0) N 0.3
CYP2D6*1/*53 1 0.3 (0-1.0) 0.1
CYP2D6*2/*2 3 1.0 (0-2.2) 1.3
CYP2D6*2/*5 3 1.0 (0-2.2) 1.6
CYP2D6*2/*10 2 7.7 (4.6-10.8) 8.2
CYP2D6*2/*21 i 0.3 (0-1.0) 0.2
CYP2D6*2/*54 1 0.3 (0-1.0) 0.04
CYP2D6*5/*s 2 0.7 0-1.7) 0.5
CYP2D6*S5/*10 15 5.2 (2.7-1.8) 5.2
CYP2D6%5/*39 1 0.3 (0-1.0) 0.05
CYP2D6*10/*10 41 14.3 (10.3-18.4) ‘ 13.1
CYP2D6*10/*21 1 0.3 (0-1.0) 0.5
CYP2D6*10/*39 1 0.3 (0-1.0) 0.3
CYP2D6*10/*49 1 0.3 (0-1.0) 0.3
CYP2D6*50/*55 1 0.3 (0-1.0) 0.0006

*1, *10/*10 and *1/*2, which were present in 29.7%,
17.8%, 14.3%, and 11.2% of the Japanese individuals,

respectively. According to previous reports, the inci-

dence of the CYP2D6 PM in the Japanese population
has been estimated to be 0.87%.Y We estimated the
frequencies of CYP2D6%*4, *5, *14, *18, *21 and *44 to
be 0.52%, calculated from the sum of frequencies
obtained from six reports.®!*!® If the two novel SNPs
cause PM, by adding the frequencies of these SNPs to
the previous data, the PM frequency increased from
0.52% to 0.58%, which accounted for approximately
67% of PMs.

In conclusion, we found two novel nonsynonymous
SNPs of CYP2D6 in Japanese individuals. Further
studies are being conducted in our laboratory to
establish whether the newly identified SNPs (Thr2611le
and Lys404Gln) affect the CYP2D6 function.
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Methylenetetrahydrofolate Reductase Gene in Japanese Individuals
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Summary: The genetic polymorphisms of methylenetetrahydrofolate reductase (MTHFR) have been
associated with increased toxicity of methotrexate (MTX), a folic acid antagonist that is widely used to
treat cancer and immunosuppressive disorders such as rheumatoid arthritis. In this study, we analyzed
all the exons and exon/intron junctions of the MTHFR gene from 200 Japanese individuals. We detected
a novel single nucleotide polymorphism (SNP) 148C> T (Argd6Trp) in exon 1. The allele frequency of
this polymorphism in the Japanese population appears to be extremely low (0.25%).

Key words: methylenetetrahydrofolate reductase; MTHFR; genetic polymorphism; pharmacogenetics;

Japanese

Introduction

Methylenetetrahydrofolate reductase (MTHFR) is
involved in maintaining folate and homocysteine
homeostasis, and deficiencies of MTHFR are implicated
in neurological and vascular diseases. To date, many
severe mutations and polymorphisms have been
identified in MTHFR gene.'"'» Severe MTHFR deficien-
cy results in. marked hyperhomocysteinemia and homo-
cystinuria. Milder deficiencies of MTHFR are more
common in the general population. Two common
genetic polymorphisms in MTHFR, 677C>T
(Ala222Val) and 1298A >C (Glu429Ala), are non-
synonymous amino acid changes that have been
associated with a decreased activity of MTHFR and
increased levels of homocysteine.*®!'¥ The MTHFR
677C>T variant allele has also been associated with
increased toxicity of methotrexate (MTX),'"*!” a folic
acid antagonist that is widely used to treat cancer and
immunosuppressive disorders such as rheumatoid
arthritis. Individuals with homozygous 677TT or the
heterozygous 677CT genotype present increased risk of

On June 11, 2005, these SNPs were not found in dbSNP in the Nation-
al Center for Biotechnology Information (http://www.ncbi.nim.
nih.gov/SNP/) or GeneSNPs at the Utah Genome Center (http://
www.genome.utah.edu/genesnps/).

side effects following MTX therapy as compared with
those having the wild type 677CC genotype.!s!#2
Studies on genetic variations in MTHFR would be
useful to reduce the trial-and-error dosing and the risk
of adverse drug reaction.

In the present study, we analyzed all the exons and
exon/intron junctions of the MTHFR gene from 200
Japanese individuals by using denaturing HPLC
(DHPLC). Additionally, we identified a novel non-
synonymous SNP of the MTHFR gene located in
exon 1.

Materials and Methods

Venous blood was obtained from 200 unrelated
healthy Japanese volunteers and patients admitted to
Tohoku University Hospital. Written informed consent
was obtained from all the blood donors, and the study
was approved by the Local Ethics Committee of
Tohoku University Hospital and Tohoku Pharmaceuti-
cal University. DNA was isolated from K,EDTA-
anticoagulated peripheéral blood by using QIAamp
DNA Mini Kits (Qiagen, Hilden, Germany) in accor-
dance with the manufacturer’s instructions.

Table 1 lists the primer pairs that were used to
amplify all exons and exon/intron boundaries of the
MTHFR. These primers were designed based on the
genomic sequence reported in GenBank (AY338232).
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Table 1. Amplification and DHPLC conditions for MTHFR SNP analysis of genomic DNA
Exon l‘::gltphlif(%g) Forward primer (5’ to 3°) Reverse primer (5’ to 3') TEH%I')](‘OCC)
1 350 GTGGCTGCCTGCCCCCTGATGCTCC AGTTTGCTCCCCAGGCACCACCACT 61.5
2 353 CAGTGACGGATGGTATTTCTCCTGG TACCAAGTGGCCTCCGGGAAAGCCAG 62.7
3 230 AGAAAGGGTCTCTGGAGGTTGGGTG" TCTGGGCATCTCAGCCTCCCTAGCT 62.2
4 310 TCGCCTTGAACAGGTGGAGGCCAGC GTGCGAGGACGGTGCGGTGAGAGTG 62.3
5 360 AGGGTGGGAGACGGGCTGGCCAGCA CAGCCGGGGCTGCTCTTGGACCCTC 63.4
6 250 GCTTCCGGCTCCCTCTAGCCAATCC CCCTCCCGCTCCCAAGAACAAAGAT 61.6
7 316 TGGCACTGCCCTCTGTCAGGAGTGT ACAGCCCCGCAGCCTGGCCTGCAGCT 61.8
8 290 ACTCAGGGTGCCAAACCTGATGGTC GAACCCACGGGTGCCGGTCAAGAGA 64.7
9 278 GGCTGCCAGTAGTCCTGATACCTTAG CTTGCACAATGCCTAGCCCAGGCTAG 62.4
10 231 AGTGGGACTCCAGTTGTTCTTGGCC TCCCTCCCCACGGTTTTCCAGGTGG 62.7
11 330 TTGCCTCTGTGTGTGTGTGCATGTG TGTGGAGGAGGAAGGCGGGACAGGA 62.0

Amplicons were generated with the AmpliTaq Gold
PCR Master Mix (Applied Biosystems, Foster City, CA,
USA). The thermal profile consisted of denaturation at
95°C for 10 min, followed by 35-40 cycles of denatura-
tion at 95°C for 30s, annealing at 60°C for 30s,
extension at 72°C for 30 s, and a final extension at 72°C
for 7 min. Heteroduplexes. were then generated by
means of a thermal cycler as follows: 95°C for 1 min;
95°C, reducing at 1.5°C per 1 min, for 47 cycles.

The PCR products were denatured using the DHPLC
system, WAVE® (Transgenomic Inc., Omaha, NE,
USA). Unpurified PCR samples (5 uL) were separated
on a heated C18 reverse phase column (DNASep®)
using 0.1 M triethylammonium acetate (TEAA) in water
and 0.1 M TEAA in 25% acetonitrile at a flow rate of
0.9 mL /min. The software provided with the instru-
ment selected the temperature for the heteroduplex
separation in the heterozygous MTHFR fragment.
Table 1 summarizes the DHPLC running conditions for
each amplicon. The linear acetonitrile gradient was
adjusted so that the retention time of the DNA peaks
was 4-5 minutes.

Both the strands of samples with variants that were
detected using DHPLC were analyzed with a CEQ8000®
automated DNA sequencer (Beckman-Coulter Inc.,
Fullerton, CA, USA). We sequenced the PCR products
by the fluorescent dideoxy termination sequencing using
the DTCS DNA Sequencing Kit (Beckman-Coulter Inc.)
in accordance with the manufacturer’s instructions.

For the haplotype analysis of MTHFR variant alleles,
the PCR products including fragments from exon 1 to
exon 4 of the MTHFR genes were subcloned into a
pCR®XL-TOPO® vector (Invitrogen Co., CA, USA).
The clones inserted into the MTHFR fragments were

sequenced using a CEQ8000® automated DNA sequen-
cer.

Results and Discussion

We found the following novel SNP:

SNP: 05061 1Hiratsuka06; GENE NAME: MTHFR;
ACCESSION NUMBER: AY338232; LENGTH: 25
bases; 5'-CATGAGAGACTCC/TGGGAGAAGAT-
GA-3'.

The DHPLC analysis of the MTHFR gene (11 exons)
in the 200 DNA samples from Japanese individuals
revealed chromatographic profiles that were distinct
from the wild type in exon 1. We tested the specificity of
DHPLC in detecting the variant allele in the exon by
comparing the results with those of direct sequencing.
The DHPLC chromatograms and the electrophoreto-
grams of the novel SNPs are shown in Figs. 1 and 2,
respectively. The SNP in exon 1 was 148C> T resulting
in an amino acid change of Arg46Trp. Haplotype analy-
sis indicated that other SNPs did not exist in the same
allele of the MTHFR gene (data not shown). Among the
200 individuals, one was heterozygous for the 148C>T
SNP, suggesting that the allele frequency was 0.0025 in
the Japanese population. The sequences for each sample
were obtained from at least two different PCR amplifi-
cations.

The novel SNP 148C> T is located in exon 1 of the
MTHFR gene and results in amino acid substitution.
The N-terminal domain of MTHFR contains the flavin
binding site and residues necessary to bind a folate
substrate and catalyze its reduction. Furthermore,
Arg46 is conserved in the MTHFR gene in humans,
Escherichia coli, and Salmonella typhimurium.” Thus,
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Fig. 1. DHPLC chromatograms of exon 1 of human MTHFR gene.
The elution profiles of heterozygous sequence variants are compared
with a reference wild-type DNA chromatogram.
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Fig. 2. The nucleotide sequences of the MTHFR gene in exon 1.
Although sequences are shown for sense strands, both strands were
sequenced. Arrows indicate the variant nucleotide positions.
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the amino acid substitution is expected to alter the
catalytic properties of the MTHFR gene. To date, many
severe mutations and polymorphisms have been
identified in the MTHFR gene.'"'? Although we could
not determine whether the SNP (148C > T) found in this
study caused a severe mutation leading to hyperhomo-
cysteinemia or a polymorphism which in turn resulted in
mild enzyme activity, further studies are being conduct-
ed in our laboratory to establish whether the newly
identified SNP (148C>T, Argd6Trp) affect the MTHFR
function.

In conclusion, we found a novel nonsynonymous
SNP (148C>T) located in exon 1 of MTHFR gene in
Japanese individuals. In this mutation, a substitution of
Arg to Trp occurs at position 46 in the catalytic domain
of MTHFR. The frequency of this mutation in the
Japanese population appears to be extremely low
(0.25%).
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Germline mutations in
HRAS proto-oncogene cause
Costello syndrome

Yoko Aoki!, Tetsuya Niihori!, Hiroshi Kawame?, Kenji Kurosawa®,

Hirofumi Ohashi?, Yukichi Tanaka®, Mirella Filocamo®,

Kumi Kato!, Yoichi Suzuki!, Shigeo Kure! & Yoichi Matsubaral”

Costello syndrome is a multiple congenital anomaly and mental
retardation syndrome characterized by coarse face, loose skin,
cardiomyopathy and predisposition to tumors. We identified
four heterozygous de novo mutations of HRAS in 12 of 13
affected individuals, all of which were previously reported as
somatic and oncogenic mutations in various tumors. Our
observations suggest that germline mutations in HRAS perturb
human development and increase susceptibility to tumors.

Costello syndrome (OMIM 218040) is characterized by mental
retardation, high birth weight, neonatal feeding problems, curly hair,
coarse face, nasal papillomata and loose integuments of the back of
the hands (Fig. 1a,b)"2. This syndrome phenotypically overlaps with
Noonan syndrome (OMIM 163950). Missense mutations in PTPN1] ,
encoding tyrosine phosphatase SHP-2, were identified in 50% of
affected individuals with Noonan syndrome’ but not in those
with Costello syndrome*3, Mutant SHP-2 proteins identified in
Noonan syndrome were gain-of-function mutants with enhanced
phosphatase activity, which resulted in aétivation of a RAS-MAPK
(mitogen activated protein kinase) cascade in a cell-specific manner®”’,

e hypothesized that genes mutated in Costello syndrome and
PTPN11-negative Noonan syndrome encode molecules that function
upstream or downstream of SHP-2 in signal pathways (Fig. 1c).
Among these molecules, we sequenced the entire coding regions of
the four RAS genes®, KRAS, HRAS, NRAS and the recently identified
ERAS, in genomic DNA from 13 individuals with Costello syndrome
and 28 individuals with PTPNIl-negative Noonan syndrome
(Supplementary Methods online).

We identified four heterozygous mutations in HRAS in 12 indivi-
duals with Costello syndrome: 38G—A (G13D) in two individuals
(COS30 and COS44), 34G— A (G12S) in seven individuals (COS35,
COS38, COS64-COS66, COS68 and COS70), 35G = C (G12A) in two
individuals (COS62 and 69) and 35GC—TT (G12V) in individual
COS37 (Table 1). Individual COS37 died of severe cardiomyopathy
(Supplementary Fig. 1 online). These mutations have been identified

somatically in various tumors® (Fig. 1d,e). Mutation analysis of
genomic DNA from two different tissues in three affected individuals
and genomic DNA from parents in four families indicated that these
‘oncogenic’ and germline mutations occurred de novo (Supplemen-
tary Fig. 2 online). None of the above mutations were observed in 100
control chromosomes (data not shown). We observed no mutations in
KRAS, NRAS, HRAS or ERAS in 28 individuals with Noonan
syndrome or in one individual with Costello syndrome.

RAS genes encode 21-kDa proteins that are members of the super-
family of small GTP-binding proteins. Mutations at codons 12 and 13
are in constitutively active GTP-bound conformation and activate
downstream effectors such as MAPK, PI-3 kinase and RalGDS’.
Individuals with Costello syndrome often show hyperkeratosis of
the skin, hypertrophic cardiomyopathy or relative macrocephaly,
suggesting that the disorder is associated with altered cell growth,
proliferation or cell death. Five of the seven affected individuals whom
we examined had hypertrophic cardiomyopathy (Supplementary
Table 1 and Supplementary Fig. 1 online). Cell proliferation studies
showed that fibroblasts from four affected individuals had increased
uptake of 5-bromodeoxyuridine compared with three independent
controls when treated with 1 or 10 ng ml~! epidermal growth factor or
10% fetal calf serum (Fig. 1f). These results are indicative of increased
growth factor-dependent proliferation, which might partially explain
the mechanism of organ hypertrophy in Costello syndrome.

Costello syndrome is often associated with benign tumors, includ-
ing papillomata, and cancers, including rhabdomyosarcoma, gang-
lioneuroblastoma and bladder carcinoma®!®, The ganglioneuro-
blastoma of individual COS62 was surgically removed when she was

two years and six months of age (Supplementary Fig. 1 online). We . -
sequenced genomic DNA extracted from the tumor tissue and

detected heterozygosity with respect to the wild-type (G) and mutated
(C) alleles, excluding the possibility of loss of heterozygosity in this
region (Fig. 1g). Sequencing of cDNA transcribed from ganglioneuro-
blastoma mRNA showed monoallelic expression of the mutated allele
(C). In contrast, we observed biallelic expression in cDNA from her
fibroblasts. This monoallelic expression in tumor, the mechanism of
which remains to be elucidated, might be responsible for the patho-
genesis of cancer development in Costello syndrome.

Since an oncogenic HRAS mutation was first identified in T24/E]
bladder carcinoma'!, mutations of KRAS, HRAS and NRAS have been
found in ~30% of human cancers®. To the best of our knowledge,
Costello syndrome is the first disorder associated with germline
mutations in the RAS family of GTPases. Germline mutations in
Costello syndrome were detected only in HRAS, and not in other RAS
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Figure 1 HRAS mutations in Costello syndrome. (a) Typical facial appearance and (b} loose skin and increased creases of the hands in individual COS35.

{c) Signal transduction pathway including SHP-2 and RAS-MAPK. (d) Domain organization and genomic structure of HRAS. (e) The spectrum and relative fre-
quency of amino acid substitutions at codons 12 and-13 of HRAS found in somatic tumors, according to the Sanger Institute Catalogue of Somatic Mutations
in Cancer website. Parenthesis showed the number of tumors reported. (f) Increased 5-bromodeoxyuridine, uptake in fibroblasts derived from affected individu-
als (black bars) when treated with 1 or 10 ng mi-1 epidermal growth factor (EGF) or 10% fetal calf serum (FCS). 5-bromodeoxyuridine uptake was assayed by
immunostaining with antibody to 5-bromodeoxyuridine-POD. Absorbance was read at dual wavelengths of 370 and 492 nm. *P < 0.05. Results are expres- .

sed as the means = s.d. from each cell line. TIG118-120, control fibroblasts. (g) Monoalielic RNA expression in ganglioneuroblastoma from individual COS62.

family genes, suggesting that HRAS has a distinct role from other RAS
molecules in human development. This is in accordance with recent
studies reporting embryonic lethality in Kras-knockout mice but not
in HrasI- or Nras-knockout mice®. It is not known whether SHP-2
ransmits its activating signals only to HRAS or to all RAS homologs.
The overlapping phenotype between Noonan syndrome and Costello
syndrome suggests that the activation of signals is transmitted from
SHP-2 at least to HRAS. Increased activation of downstream pathways
from HRAS may be a common pathogenic mechanism in Noonan

syndrome and Costello syndrome.

mutations identified in cancer.

Table 1 Mutations in HRAS in individuals with Costello syndrome

The G12V mutant of HRAS had the lowest GTPase activity among
various amino acid substitutions at codon 12 (ref. 12). Biological
assays by focus formation in NIH3T3 cells or soft agar growth show
that the substitution by valine at codon 12 has the highest transfor-
mation potential (G12V>G12S, G12A>G13D)!3", 'Individual -
COS37 with the G12V mutation died of severe cardiomyopathy at
the age of 18 months. The most potent mutation, G12V, is predomi-
nant in human cancers (Fig. le). The germline mutations found in
Costello syndrome seem to be less potent in general than- the

Individual Origin Material used for genotyping Nucleotide substitution Amino acid change Genotype of father/mother
C0S30 Japanese i Leukocytes 38G-A G13D NA/NA
C0S35 Japanese - Leukocytes 34G->A G12s NA/NA
c0os38 - Japanese Leukocytes, buccal cells 34G-A G128 WTMWT
Cos62 Japanese Lymphobiasts, fibroblasts 35G-C G12A WT/WT
C0s37 Japanese Leukocytes 35GC-TT Glav WTWT
€0S44 Japanese Leukocytes 38G—~A G13D NA/NA
C0S64 Japanese Leukocytes, buccal cells 34G—-A G12s WT/WT
COse5 Italian Fibroblasts 34G-A G12s NA/NA
COs66 Italian Fibrobiasts 34G-A G128 NA/NA
C0S68 Italian Fibroblasts 34G-A G128 NA/NA
C0s69 Italian Lymphoblasts 356-C G12A NA/NA
C0S70 ltalian Lymphobilasts 34G-A G12s NA/NA

NA, rot available; WT, wild-type..
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A tumor screening protocol for those with Costello syndrome
has been proposed'®. HRAS mutations alone are not sufficient to
transform human cells'®, and oncogenic RAS mutations seem to be
one of the genetic events during multistep carcinogenesis. We hope
our findings will provide a reliable means of diagnosing Costello
syndrome and help to elucidate the precise clinical representations,
including cancer development, response to therapy and overall natural
history of affected individuals.

URL. The Sanger Institute Catalogue of Somatic Mutations in Cancer website is
http://www.sanger.ac.uk/cosmic/.

Accession codes. GenBank: KRAS coding region, NC_000012; HRAS coding region,
NC_000011; NRAS coding region, NC_000001; ERAS coding region, NC_000023;
HRAS ¢DNA, NM_005343.

Note: Suppl ilable on the Nature Genetics website.
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Abstract Noonan syndrome (NS) is characterized by
short stature, characteristic facial features, and heart
defects. Recently, missense mutations of PTPNI1, the
gene encoding protein tyrosine phosphatase (PTP) SHP-
2, were identified in patients with NS. Further, somatic
mutations in PTPNII were detected in childhood leu-
kemia. Recent studies showed that the phosphatase
activities of five mutations identified in NS and juvenile
myelomonocytic leukemia (JMML) were increased.
However, the functional properties of the other muta-
tions remain unidentified. In this study, in order to
clarify the differences between the mutations identified

in NS and leukemia, we examined the phosphatase
activity of 14 mutants of SHP-2. We identified nine
mutations, including a novel F711 mutation, in 16 of 41
NS patients and two mutations, including a novel
G503V mutation, in three of 29 patients with leukemia.
Immune complex phosphatase assays of individual mu-
tants transfected in COS7 cells showed that ten mutants
identified in NS and four mutants in leukemia showed
1.4-fold to 12.7-fold increased activation compared with
wild-type SHP-2. These results suggest that the patho-
genesis of NS and leukemia is associated with enhanced
phosphatase activity of mutant SHP-2. A comparison of
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the phosphatase activity in each mutant and a review of
previously reported cases showed that high phosphatase
activity observed in mutations at codons 61, 71, 72, and
76 was significantly associated with leukemogenesis.

Keywords Tyrosine phosphatase - SHP-2 - SHP2 -
PTPNI11 - Noonan syndrome - Leukemia

Introduction

Noonan syndrome (NS; MIM#163950) is an autosomal
dominant developmental disorder characterized by fa-
cial dysmorphism including hypertelorism, low-set ears
and ptosis, short stature, skeletal abnormalities, and
heart defects (Mendez and Opitz 1985; Allanson 1987).
Frequently observed features in NS patients are pul-
monary stenosis, hypertrophic cardiomyopathy, chest
deformities, webbed and short neck, mental retarda-
tion, and genitourinary defects including cryptorchi-
dism in males, and bleeding diathesis due to factor XI
deficiency (Mendez and Opitz 1985). The incidence of
this syndrome is estimated to be 1:1,000 to 1:2,500 live
births (Allanson 1987). Tartaglia et al. (2001) have
identified missense mutations in PTPNI1I, a gene
encoding tyrosine phosphatase SHP-2, in 45% of clin-
ically diagnosed NS patients. Patients with NS have
been known to be associated with juvenile myelomon-
ocytic leukemia (JMML), a myeloproliferative disorder
characterized by excessive production of myelomono-
cytic cells (Tartaglia et al. 2003). Interestingly, somatic
mutations in PTPNI] were identified in 34% of JIMML
cells and in a small percentage of patients with
myelodysplastic syndrome (MDS), acute myeloid leu-
kemia (AML), and acute lymphoid leukemia (ALL)
from non-NS-leukemic patients (Tartaglia et al. 2003;
Loh et al. 2004; Tartaglia et al. 2004).

SHP-2, a widely expressed cytoplasmic tyrosine
phosphatase, has been implicated in signal transduction
pathways elicited by growth factors, cytokines, hor-
mones, and extracellular matrix (Servidei et al. 1998;
Feng 1999; Neel et al. 2003). One of the well-known
pathways is the activation of the RAS/MAPK (mito-
gen-activated protein kinase) cascade induced by
epidermal, fibroblast, and hepatocyte growth factors
(Feng 1999; Neel et al. 2003). SHP-2 contains a tandem
array of two SH2 domains at its N terminus, a catalytic
domain in the middle, and a C-terminal domain that
contains tyrosine phosphorylation sites. A crystallo-
graphic analysis indicates that intramolecular confor-
mational change controls its catalytic activity (Hof
et al. 1998). In the inactive state, the N-SH2 domain
directly binds the PTP domain and blocks its catalytic
activity. Once the N-SH2 domain binds phosphotyro-
sine peptide, conformational change results in the
active state. Previously identified mutations in NS and
leukemic patients were primarily restricted in or around
the interacting face of the N-SH2 and PTP domains
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(Kosaki et al. 2002; Musante et al. 2003; Sarkozy et al.
2003; Zenker et al. 2004), suggesting that they are gain-
of-function mutations with enhanced phosphatase
activity. Mutations identified in leukemia and NS oc-
curred at the same amino acid residues, but the type of
substitutions rarely overlapped.

Recent studies have shown that the phosphatase
activities of five mutations were elevated and that the
phosphatase activities of two mutations (D61Y and
E76K) identified in JIMML cells were higher than that of
the N308D mutation identified in NS (Tartaglia et al.
2003; Fragale et al. 2004). In this study, we performed
phosphatase assays for 14 mutants identified in NS and
leukemia to examine the presence of any functional
differences between the mutations. Finally, we examined
the functional consequences of the mutations in cultured
cells.

Materials and methods
Patients

Forty-one patients with NS were recruited. The diag-
nosis of NS was evaluated by clinical geneticists based
on the cardinal criteria delineated by Allanson (1987);
characteristic faces including hypertelorism, down-
slanting palpebral fissures and ptosis, webbed or short
neck, chest deformity, cubitus vulgas, short stature,
congenital heart defects, developmental delay, and
cryptorchidism. Thirty-eight patients were sporadic
cases, and three were familial cases. Bone marrow cells,
peripheral blood, or cell lines were obtained from 29
leukemia cases without NS (seven ALL, 18 AML, one
CML, two MDS, and one JIMML). Eighteen AML pa-
tients were classified according to French-American-
British classification (FAB); two with M0, one with M1,
five with M2, three with M4, three with M5, one with
M7, and three with unknown classification. This study
was approved by the Ethics Committee of the Tohoku
University School of Medicine.

Mutation analysis

After obtaining written informed consent, genomic
DNA was isolated from the patients’ peripheral leuko-
cytes, Epstein-Barr virus-transformed lymphoblastoid
cells, or leukemia cells. Fifteen coding exons of PTPNI1
from 41 NS patients and exons 3 and 13 from leukemia
patients were sequenced. Each PTPNI] exon with
flanking intronic sequences was amplified with primers
based on GeneBank sequences (GeneBank accession no.
NT 009775). The M13 reverse or forward sequence was
added to the 5" end of the polymerase chain reaction
(PCR) primers for use as a sequencing primer. The PCR
was performed in 30 pl of a solution containing 10 mM
Tris-HCl (pH 8.3), SO0mM KCI, 1.5mM MgCl,,
0.2 mM dNTP, 10% (v/v) DMSO, 0.4 pmol of each
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primer, 100 ng genomic DNA, and 2.5 U of Taqg DNA
polymerase. The reaction condition consisted of 35 cy-
cles of denaturation at 94°C for 15 s, annealing at 57°C

for 15 s, and extension at 72°C for 30 s. The products.

were gel-purified and sequenced on an ABI PRISM
310 automated DNA sequencer (Applied Biosystems,
Fostercity, CA, USA).

Construction of the plasmids

The human SHP-2 cDNA was PCR amplified by using
the following primers: the 5’ primer included sequences
encoding an EcoRI site followed by the FLAG M5
epitope (MDYKDDDDK) (Aoki et al. 2000). In addi-
tion, the 3’ primer had an EcoRI site. The amplified
fragment was digested with EcoRI and subcloned into
an EcoRI site of pBluescript KSII + (Stratagene). Mu-
tant constructs were generated using a Quickchange site-
directed mutagenesis kit (Stratagene). All mutant and
normal constructs were verified by sequencing. The full-
length SHP-2 ¢cDNA and mutants were digested with
EcoRl and subcloned into an EcoRI site of the
pCAGGS expression vector, a mammalian expression
vector that has a cytomegalovirus enhancer, and a
chicken f-actin promoter (Niwa et al. 1991).

Immune complex tyrosine phosphatase assay

The COS7 cells were purchased from the American
Tissue Culture Collection (ATCC). The COS7 cells were
maintained in DMEM containing 10% FCS, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cells were see-
ded at 6x10° cells/6-cm dish, and 24 h later, 2.0 pg of
pCAGGS vectors encoding one of the wild-type (WT) or
mutant SHP-2 cDNAs were transfected using 8 pl of
Lipofect AMINE reagent and 12 pl of PLUS reagent
(Invitrogen, Carlsbad, CA, USA). The E76A mutant
identified somatically in leukemia cells (Tartaglia et al.
2003) was used as the positive control in each assay
because this mutant was proved to have an increased
phosphatase activity in a Xenopus experiment (O’Reilly
et al. 2000). Cells were serum starved for 24 h, scraped,
and collected by centrifugation after two washes with
phosphate buffered saline (PBS). Lysates were prepared
in 1 ml ice-cold RIPA buffer (50 mM Tris—=HCI pH 7.5,
150 mM NaCl, 1 mM EDTA, 1:100 protease inhibitor,
and 1% Triton X) and incubated on ice for 15 min. The
lysates were centrifuged at 14,000 g for 15 min at 4°C,
and 1 mg of protein was used for immunoprecipitation.
The FLAG-tagged WT SHP-2, and mutants were
immunoprecipitated with anti-FLAG MS$5 antibody
(Sigma, St Louis, Mosby, USA) for 2 h at 4°C. Immune
complexes were collected by adding 50 pl of 50% pro-
tein G-Sepharose beads slurry (Amersham Biosciences
Corp., Piscataway, NJ, USA) for 1 h at 4°C, washed
twice with RIPA buffer, and then washed twice with
phosphatase assay buffer (20 mM Hepes pH 7.5,
250 mM NaCl, 1 mM EDTA, 1 mM DTT).

Immune complex phosphatase assay was performed
at 30°C for 30 min in 25 pul phosphatase assay buffer
supplemented with 500 pM  Src phosphopeptide
(pTSTEPQpYQPGENL). The reaction was linear at the
range of 0-1,000 uM Src. After brief centrifugation,
supernatants were collected, added to 100 ul Malachite
Green solution (Upstate Biotechnology), and incubated
for 15 min at room temperature. The absorbance at
620 nm was measured, and the increase in the phos-
phatase activity was calculated by subtracting the
background blank values (negative Src). Values for
phosphate release were then obtained by comparing with
the standard curve (linear at 0-2,000 pmol of phos-
phate). In order to measure the level of immunoprecip-
itated proteins, 50 pl 2x SDS sample buffer was added to
the beads and boiled for 3 min. Twenty pl was used for
SDS-PAGE followed by immunoblotting with anti-
FLAG M5 antibody.

ERK (extracellular signal-regulated kinase)
phosphorylation

Human embryonic kidney (HEK) 293 cells (ATCC)
were maintained in DMEM containing 10% FCS,
100 U/ml penicillin, and 100 pg/ml of streptomycin.
Cells were seeded at 6x10° cells/6-cm dish, and 24 h
later, 3.6 ug of pCAGGS vectors encoding one of the
WT or mutant SHP-2 ¢cDNAs and 0.9 pg of pcDNA3
containing HA-tagged extracellular signal-regulated
kinase (ERK)2 cDNA were cotransfected using 8 pl of
LipofectAMINE reagent and 12 pul of PLUS reagent.
Two major mutants in NS, D61N and E76D, were
used for this study. Three hours later, the medium was
changed to DMEM containing 10% FCS. At 48 h
after transfection, cells were unstimulated or stimu-
lated with 20 ng/ml of epidermal growth factor (EGF)
for 5, 30, 60, 90, and 120 min.

Immunoprecipitation of HA-ERK2 was performed,
as described previously (Takeda et al. 1999). The 293
cells were washed twice with PBS, and immediately
frozen in liquid nitrogen. The cells were lysed on ice in
0.3 ml of ice-cold RIPA buffer [20 mM Tris-HCI
(pH 7.5), 140 mM NaCl, 2.6 mM CaCl,, 1 mM MgCl,,
1% (v/v) NP-40 containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 3 ul phosphatase inhibitor (Sig-
ma)]. The lysates were centrifuged at 14,000 g for 15 min
at 4°C. For immunoprecipitation, the resultant super-
natants were incubated with anti-HA antibody (clo-
nel2CAS, gifted by Dr. Matozaki) for 2 h at 4°C and
then incubated with 30 pl of protein G-Sepharose beads
(Amersham) for 1 h on a shaker. The beads were washed
twice with 800 W wash buffer [20 mM Tris-HCI
(pH 7.5), 140 mM NaCl, 0.1% (v/v) Triton X-100] and
boiled for 5 min in 2x SDS sample buffer. Immunopre-
cipitants were subjected to SDS-polyacrylamide gel
electrophoresis (10% gel), transferred to nitrocellulose
membrane, and probed with the indicated antisera. All
the membranes were visualized using enhanced chemi-



luminescence (ECL) Western blotting Detection System
Kit (Amersham Pharmacia Biotech, Chalfont, UK).

Reporter assay

One day before the transfection, the 293 cells were plated
in 6-well plates with a density of 5x10° cells per well.
Cells were transiently transfected using LipofectAMINE
plus reagent with 1 ug pSREluc, 0.1 pg of pRLTKluc,
and 1 yug of SHP-2 wild or mutant expression constructs.
Four mutants in the N-SH2 domain from NS patients
were introduced in 293 cells. Eighteen hours after
transfection, the cells were serum-starved in DMEM for
24 h. For EGF stimulation, cells were unstimulated or
stimulated with 20 ng/ml of EGF for 5 h. Cells were
harvested in passive lysis buffer, and luciferase activity
was assayed using a dual luciferase assay kit (Promega,
Madison, WI, USA). Renilla luciferase expressed from
pRLTKIuc was used to normalize the transfection effi-
ciency. The experiments were performed in triplicate.
Data are shown as mean + SEM. Statistical analysis
was performed with the Statview 4.0 package (AVACUS
Corporation, Berkeley, CA, USA).

Results
Mutation analysis in patients with NS

Sequencing analysis in 41 affected individuals with NS
revealed nine different missense mutations in 16 patients
(15 sporadic cases and one index case of familial origin)
(Table 1). Ten patients had mutations in the N-SH2
domain (Y63C in three patients; D6IN, Q79R, and T731
in two patients each; and F711 in one patient). The novel
F711 mutation identified in patient 6 was inherited from
his father, who exhibited only ptosis. The F711 mutation
was not detected in 83 controls (data not shown), sug-
gesting the mutation was not likely to be a polymor-
phism. Although the D61N, Y63C, and Q79R mutations
were detected in more than two patients, their clinical
findings, including facial anomalies and heart defects,
varied significantly. Patient 8, who had the T731 muta-
tion, exhibited JMML at 2 months of age. Her leuko-
cytosis persisted for 20 years after remission. Four
mutations in the PTP domains were detected in six pa-
tients. Interestingly, patient 15 with the S502T mutation
had an episode of transient abnormal myelopoiesis at
3 months of age and was associated with neuroblastoma
at 6 months, suggesting the extending characteristics of
the mutation (Kondoh et al. 2003). The analysis of her
parents’ DNA indicated the de novo mutation.

Phosphatase activities of mutants identified in NS

Structural analysis suggested that mutant proteins have
an altered phosphatase activity. We transfected ten
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SHP-2 mutants, including nine mutants identified in NS
patients in this study, and the E76A mutant as the po-
sitive control. Remarkable activation (six-fold to 12-fold
compared with the activity of WT) was observed in the
immune complexes derived from cells expressing the
constructs carrying the D6IN, F711, or T731 mutation
located in the N-SH2 domain (Fig.1). The activities of
the D61N and F711 mutants were higher than that of the
E76A mutant. Mild activation (two-fold to 3.9-fold) was
observed in the immune complexes derived from cells
transfected with constructs harboring the Y63C or
Q79R mutation in the N-SH2 domain and constructs
with the 1282V, N308D, S502T, or M504V mutation in
the PTP domain. Interestingly, all nine mutations had
activated phosphatase activity.

PTPNII! mutation detection and phosphatase assay
in childhood leukemia

In order to screen PTPNI1 mutation in leukemia cells,
we sequenced exons 3 and 13 in the PTPNII gene from
genomic DNA extracted from 29 leukemic children.
Two mutations were detected in three cases (Fig.2). The
A72V mutation was identified in bone marrow from one
case with AML (MO according to FAB classification)
and in bone marrow from one patient with MDS
(refractory anemia with excess blasts) (Monosomy 7).
The novel G503V (1508G > T) mutation was detected in
a bone-marrow-derived cell line from a JMML patient.
The phosphatase activity in an immune complex pre-
cipitated from cells overexpressing the A72V mutant
showed a 5.2-fold increase and that from cells over
expressing the G503V mutant showed a 1.4-fold increase
compared with the WT cDNA (Fig.2b).

In order to compare the phosphatase activity of
mutations found in NS and leukemia at the same resi-
due, we examined the phosphatase activity of two mu-
tants occurring at D61 and E76. The activity of D6IN
(NS) was equivalent to that of D61Y (leukemia)
(Fig.2c). In contrast, the activity of E76A (leukemia)
was 4.1-fold that of E76D (NS) (Fig.2d).

Effects of mutants on MAPK pathway

Since SHP-2 has been known essentially as a positive
regulator of the RAS/MAPK pathway (Feng 1999), we
examined whether mutants activated ERK, a kind of
MAPK, in the presence of EGF. In the absence and
presence of EGF, the ERK activation was examined
using an anti-phospho-ERK antibody that detected
phosphorylated ERK. In cells expressing WT SHP-2
and ERK plasmids, the phosphorylation of ERK2 was
maximum at 5 min after EGF treatment, and sustained
activation persisted for 120 min (Fig.2a). In cells
expressing the D61N or the E76D mutant, the maximum
activation of ERK2 at 5 min was almost the same as in
WT-transfected cells, but the activation decreased more
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Fig. 1 Immune complex phosphatase assay of wild-type (WT)
cDNA and mutants identified in Noonan syndrome (NS). The
E76A mutant was used as a positive control in each assay. Results
are expressed as mean + SD obtained from three independent
experiments. Asterisks indicate statistically significant differences
(p < 0.01) in activity compared with that of WT. Fold activation
was expressed as 1 for WT cDNA at each assay (upper panel).
Immunoblot analysis of SHP-2 showed the comparative efficiency
of immunoprecipitation (lower panel). HC heavy chain

rapidly. These results suggest that these two mutants do
not promote the activation of the MAPK pathway in
EGF-treated 293 cells. .

In order to examine the downstream signaling path-’

way of ERK, we examined the activation of the serum- .

responsive element (SRE) within c-fos or other imme-
diate early genes in EGF-treated 293 cells. As a key
target of MAPK, ELKI transcription factors phos-
phorylated by ERK bind to the SRE to initiate tran-
scription (Bennett et al. 1996; Hakak and Martin 1999).
Cells expressing the SRE-luciferase reporter gene and a
catalytically inactive SHP-2 (C4598S) showed a decreased
induction of the luciferase gene in the presence of EGF
(Fig.2b). Cotransfection of plasmids harboring mutants
detected in NS had neither enhanced SRE activity in the
unstimulated state nor enhanced fold induction in the
presence of EGF. These results suggest that the SHP-2
mutants did not promote the MAPK pathway in the
EGF-treated 293 cells whereas they showed enhanced
phosphatase activity in vitro.

Discussion

In this study, we identified nine mutations, including a
novel F711 mutation, in 16 of 41 Japanese patients with
NS and two mutations, including a novel G503V
mutation, in three of 29 patients with childhood leuke-
mia. Immune complex phosphatase assays showed that
the phosphatase activity in ten SHP-2 mutants detected
in NS and four SHP-2 mutants detected in leukemia was
elevated to various degrees. Mutations in the PTPNI11
gene were detected in 39% of the patients clinically
diagnosed with NS. This result is comparable to that of

previous studies (Tartaglia et al. 2002; Musante et al.
2003). Previous genotype—phenotype correlation studies
have shown that pulmonary stenosis was associated with
PTPNI11 mutations whereas cardiomyopathy was more
common in patients without PTPN/] mutation (Tarta-
glia et al. 2002; Zenker et al. 2004). In our study, how-
ever, no significant difference was observed (data not
shown). Although other abnormalities than exonic
mutations in PTPNI] have not been excluded, further

- studies to identify the gene(s) associated with NS will

pose a formidable challenge in establishing the clinical
entity of NS. )

The role of PTPN!! mutations in the pathogenesis of
hematologic malignancy remains to be elucidated. In the
previous and the present studies, 87% of the mutations
found in leukemia cells were identified in the N-SH2
domain, and these were primarily restricted to residues
D61, A72, and E76 (Tartaglia et al. 2003; Loh et al.
2004; Tartaglia et al. 2004). To examine whether the
degrees of phosphatase activity in mutations at specific
residues are associated with leukemia, we compared the
phosphatase activity at each affected residue examined
in this study, as well as the published phenotype (Ta-
ble 2a). Variation of each assay was normalized as rel-
ative phosphatase activity; activity of WT cDNA was
taken as one-fold, and that of E76A was taken as ten-
fold. Mutations at codons 61, 71, 72, and 76, in which
highest activity at each codon was ten or more, were
frequently identified in patients with leukemia, including
those with JMML, MDS, AML, and ALL (Table 2a).
In NS patients, activities of the most common mutations
at N308 and Y63 were two-fold to three-fold. The
phosphatase activity of the T731 mutation, which is
frequently detected in NS patients associated with
JMML, showed an intermediate value of 6.0. Mutations
at residues in which activities were below six were rarely
detected in leukemia cells. These results suggest that
mutations at codons 61, 71, 72, and 76, in which highest
activity at each codon was ten or more, were associated
with leukemia (Table 2b; y?=97.0, p < 0.001).

Tartaglia et -al. (2003) recently showed that the
phosphatase activities of two mutants (D61Y and E76K)
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Fig. 2 Phosphatase activity of A
mutants detected in childhood
leukemia. a Localization of
SHP-2 mutations analyzed in
this study. Italic, mutations
identified in this study. :
Parenthesis, number of patients
identified. b Immune complex
phosphatase assay using SHP-2
mutants identified in leukemia.
Results are expressed as mean
+ SD obtained from the three
independent experiments.
Asterisks indicate statistically
significant differences in activity
compared with that of wild type
(WT) (* p < 001, ** p < 0.05).
¢, d Comparison of phosphatase
activity in mutants derived from
either NS or leukemia at amino
acid positions 61 and 76.
Results are expressed as mean
+ SD obtained from the three
independent experiments
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identified in IMML patients were higher than that of the
N308D mutation identified in NS. They put forth a
hypothesis explaining the manner in which the two dif-
ferent phenotypes were determined: somatic mutations
identified in leukemia have stronger molecular defects
and could cause embryonic lethality if they occur in the
germline. In contrast, the defects in mutations found in
NS patients were milder and insufficient for the devel-
opment of leukemia. In our experiments, the relative
phosphatase activities of D6IN (12.1) and F71I (11.8)
associated with NS were higher than those of E76A (10)
and G503V (2.7) found in leukemia. A comparison of
the different substitutions at the same residues showed

that the phosphatase activity of D61N (NS) was equiv-
alent to that of D61Y (leukemia). Although Src might
not be the physiological substrate of SHP-2 at the
developmental stage and leukemogenesis, our results
suggest that high phosphatase activity in mutants may
not necessarily be associated with embryonic lethality.
Further biological studies will be required to explore the
mechanisms involved in the development of NS or leu-
kemia. _

The F711 mutation in a typical NS patient was
inherited from the father, who exhibited only ptosis. The
F711 mutation was not detected in 83 controls, and a
further functional analysis showed an elevated



