MP/LC ANALYSIS OF CBP GENE DELETIONS

say for delineating deletion breakpoints, as exemplified in the
analyses of Patients 1 and 4. Using a similar approach, we iden-
tified exonic deletions of CHD7 in patients with CHARGE syn-
drome {Aramaki et al 2006).

From a practical standpoint, it is important to note that the
MP/LC assay developed here is also capable of identifying pa-
tients with whole CREBBP gene deletions, the frequency of
which is reported to be approximately 10% among RTS patients
(Petrij ef al. 2000). Furthermore, the MP/LC assay uses the
same equipment as the DHPLC system, which aliows sensitive
and specific screening of point mutations, smal! deletions, or
small insertions (Udaka et al. 2003), Therefore, combining the
MP/LC assay with DHPLC creates 2 comprehensive screening
system for point mutations, small deletions/insertions, and large
deletions of the CREBBF gene, all on the same platform.

In the present study, 45% of the patients did not have aber-
rations such as point mutations, small insertions or deletions,
ar exonic deletions in the CREBBF gene. Seme of the RTS pa-
tients without detectable CREBBP mutations may have had mu-
tations in the EP300 gene, which was recently identified as a
rare cavsative pene for RTS (Roelfsema et al. 2005). Accord-
ing to a Drosophila mutant screen study, numerous proteins in-
teract with the Drosophila homolog of CREBBP. Thus, muta-
tions in the human homologs of these CREBBP-interacting
genes may also Jead to a RTS-like phenotype. The patients who
were negative for point mutations, small insertions/deletions,
or exonic deletions in CREBBP should be further screened for
mutations in CREBBP-interacting candidate genes.
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Screening for CHARGE Syndrome Mutations in the
CHD7 Gene Using Denaturing High-Performance
Liquid Chromatography

MICHIHIKO ARAMAKI® TORU UDAKA,'® CHIHARU TORI]L,' HAZUKI SAMENMA,! RIKA KOSAKI?
TAKAO TAKAHASHL! and KENJIRO KOSAKT!

ABSTRACT

Mutations in the CHD?7 (chromodomain helicase DNA binding protein 7) gene canse CHARGE syndrome. At
present, however, genetic testing of the CHD7 gene is not commonly applied in clinical settings becanse the
currently available assays are technically and financially demanding, mainly because of the size of the gene.
in the present study, we optimized the highly sensitive and specific mutation scanning method automated de-
ratering high-performance liquid chromatography (DHPLC) to analyze the entire coding region of CHD7,
The coding region was amplified by 39 primer pairs, all of which have the same cycling conditions, aliquoted
on a 96-well format polymerase chair reaction (PCR) piate. In this manuer, all of the exons were amplified
simultaneously using a single block in a thermal cycler. We then wrote 2 computer seript to analyze each seg-
ment of the CHAD7 gene by DHPLC in a serial manner using condifions that were optimized for each ampli-
con. The implementation of this screening method for CHD7 will help medical geneticisés confirm their clin-
ical impressions and provide aceurste genetic counseling to the patients with CHARGE syndrome and their

families.

INTRODUCTION

HARGE synpromE {(MIM 214800) represents a constella-

tion of nonrandomly associated malformations: C,
coloboma of the iris or retina; H, heart defecis; A, atresia of the
choanae; R, retardation of growth and/or development; G, gen-
ital anomalies; and E, ear abnormalities. Mutations in the chro-
madomain kelicase DNA-binding protein 7 gene (CHD7) on
chromosome 8q12.1 were identified as causative of this syn-
drome in 2004 (Vissers et al. 2004). Since then, two mutation
analyses have been published regarding this locus (Jongmans
et al, 2006; Sanlaville et al. 2006). At present, however, ge-
netic testing of CHD? is not commoniy applied in clinical set-
tings because the currently available assays are technically and
financially demanding, mainly because of the size of the CHD7
gene, which comprises a coding sequence of 5,901 bp (Vissers
et al. 2004).

Generally speaking, two approaches can be taken when per-
forming genetic testing in clinical seftings. Most intuitively, all
of the coding exons can be amplified by PCR and then sequenced
in parallel. This approach was used by Jongmans er al. (2006)
and Sanlaville ez @/, (2006) in their mutational analyses of CHD7.
Alternatively, screening procedures can be performed prior to the
sequencing mmalysis to identify exon(s) that may harbor muta-
tions. When the size of the gene (i.e., the number of exons) is
small, the first approach is more efficient. However, as the size
of the gene increases, the second approach becomes more effi-
cient from the standpoints of supply costs and labor.

Because the hwnan CHD7 gene is relatively large, consist-
ing of 38 exons (Vissers e al. 2004), clinical genetic testing of
CHD? is best accomplished by the second method. In the pres-
ent study, we took advantage of a highly sensitive and specific
automated denaturing high-performance liquid chromategraphy
(DHPLC) technique (O’Donovan et al. 1998; Wagner et al.

!Department of Pediatrics, Keio University School of Medicine, Tokyo, Japan,
Department of Clinical Genetics and Molecular Medicine, National Children’s Medical Center,

*These authors equally contributed to this work.



DHFLC ANALYSIS OF CHD7

1999; Udaka et al. 2005) to detect exon(s) that may harbor mu-
tations prior to sequencing.

Mutation snalysis by DHPLC involves subjecting PCR prod-
ucts 1o ion-pair reversed-phase liquid chromatography in a col-
umn containing alkylated nonporous particles. At the proper
temperature, the heteroduplexes that formn in PCR samples with
internal sequence variations have a lower column retention time
relative to their homoduplex counterparts. For analysis of au-
tosomal recessive and X-linked recessive disorders, genomic
DNA from normal individuals is added to each well so that a
heteroduplex is formed if the patients are homozygous or hem-
izypous for the mutant allele. The major advantages of this
method include rapid anabysis (<5 min per PCR amplicon) and
automated instrumentation. The greatest disadvantage of
DHPLC is probably the high cost of the instrument. However,
the user-friendliness of the software casily allows the develop-
ment of programming that facilitates semiautomated operation.
When semiantomated analysis of multiple exons (Kosaki et al.
2003) can be accomplished, as cxemplified in this article, the
system requires minimal human intervention, with a consequent
significant reduction of the Iabor cost. This article presents in
detail the methods we have developed for finding mutations in
the CHD7 gene that cause the majority of cases of CHARGE
syndrome. Many of the mutations we have discovered using
this methodology have been published previously together with
a clinical description of the patients phenotype (Aramaki et al.
2006).

MATERIALS AND METHODS

Patients and DNA preparation

Thirty eight Japanese patients who fulfilled Blake’s criteria
for the diagnosis of CHARGE syndrome (Blake et af. 1998)
were included in the study. The phenotypic spectrum of 24 of
the 38 patients has been reported clsewhere (Aramaki ef al
2006). All of the patients were unrelated and simplex (ie., a
single occurrence in a family). Each patient and their family
members were enrolled in the study after receiving their writ-
ten mformed consent, according to a protocol approved by an
institutional review board. Genomic DNA was isolated using
the QIAamp system (Qiagen Inc. Valencia, CA).

PCR amplification of the genomic DNA

The entire CHD7 coding region (exons 2-38; GenBank se-
quence accession number NM_017780) was screened for mu-
tations. We carefully selected the primer pairs to insure that all
of the primers could use the same cycling conditions. The
primer pairs were designed to amplify the exons, exon—intron
boundaries, and at least 20 base pairs (bp) of the flanking in-
tron sequences. The optimized primer sequences are listed in
Table 1. PCR was perfonned in a volume of 20 pl containing
30 ng of genomic DNA, 10 pmol each of the forward and re-
verse primers, 0.2 mA of each dNTP, 2 maAf MgSO,, 0.5 unils
of Platinum Tag DNA polymerase High Fidelity (Invitrogen,
Tokyo, Japan), and the buffer supplied by the manufacturer.
Thermal cycling was done using a touchdown PCR protocol
{Don et al. 1991); the annealing temperature was decreased by
0.5°C every second cycle beginning at 63°C and decreasing to

a ‘touchdown’ annealing temperature of 58°C, which was then
used for 30 cycles.

Muration analysis

PCR amplicons from human genomic DNA were analyzed
by DHPLC according to the method developed by Oefher and
Underhill (O’Donovan ef 4/, 1998; Wagner ef gl 1999; Udaka
et al. 2005) using an analysis system purchased from Transge-
nomi¢ (Omaha, NE). To generate heteroduplexes, the PCR
products were denatured at 95°C for 5 min and reannealed by
cooling to 25°C with a temperature change of —1.5°C/min, Af-
ter heteroduplex formation, the PCR amplicons were applied to
a preheated reversed-phase column. An clution gradient was
generated by mixing buffer A (0.1 M triethylammonium ac-
etate) and buffer B (0.1 A triethylammonium acetate contain-
ing 25% [vol/vol] acetonitrile) in a linear gradient from start to
a final %B over a period of 4.5 min, as described in Table 1.
Standard operating procedures for the instrument’s operation
and maintenance and for mutation detection by DHPLC
(http://cmgs.org/bpg/Guidelines/2002/dhple.him) have been de-
scribed (Schollen er af. 2005).

All DEPLC conditions, including the melting temperatures
and buffer gradients specific to each PCR amplicon, were
determined using melting temperature prediction software
(Transgenomic WAVEMAKER). Multiple column tempera-
tures were used when the software predicted that the fragment
being analyzed consisted of two or three different melting tem-
perature domains. In that case, two or three analysis tempera-
tures were needed to scan the entire exon sequence. Two or
three temperature conditions were used for each amplicon, ex-
cept for exons 3, 6, 7, 25, 30, 32, and 36, which were subjected
to onty a single condition. The optimized DHPLC conditions
for each amplicon are listed in Table 1.

When the chromatographic analyses of all the amplicons
were completed, the DHPLC profiles were visually compared
with the profiles of normal controls. PCR producis come-
sponding to all variant elution profiles of the DHPLC were pu-
rified using a desalting column and were sequenced bidi-
rectionally using the dideoxy sequencing method (BigDye
Dideoxy sequencing kit; Applied BioSystems, Foster City, CA)
and an automated sequencer (ABI3100; Applied Biosystems).
The sequence-verification primers were the same as the PCR
primers,

RESULTS

Optimization of the PCR conditions

The coding region was amplified in 39 amplicons. The op-
timized sets of PCR primers are shown in Table 1. The 39
primer pairs, all with the same cycling conditions, were
aliquoted on a 96-well format PCR plate. In this manner, all
the exons were amplified simultaneously using a single block
of a thermal cycler. The PCR plate will be referred to as
the Condition-Oriented-PCR primer-Embedded-Reactor plate
(COPPER plate) (Kosaki et al. 2005). All the exons were
successfully amplified under a single condition without producing
any artifacts from mispriming or primer—dimer formation
{Fig. 1).
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TasLe 1. PCR PrivEr SEQUENCES AND DHPLC Anapysts CONDITIONS
(TeMPERATURE AND Grapient) For CHD7 Muration SCREENING

DHPLC
N DHPLC Gradient©
Exon® Forward/freverse® Primer sequence (5'-3') temp (L} (%B/4.5 min} 4
2a F gittggaggapceptatet 57.5 5968
R afcigetgeatptgotgapy 62.8 5463
65.8 51-60
2b F accagatacgagccccctac 59.6 59-68
R gactgiciggcteogagaac 62.1 5766
65.9 53-62
2¢c F cagattcteccegaatecte 56.7 5867
R ggatggggcatatitggata 58.0 37-66
59.6 56-65
2d R ctectectecacaagteagy 60.2 58-67
R catgtigaatticacactgcan 61.2 57-66
62.2 56-65
3 F catcagecactaacittcagtic 57.8 5968
R tcteaatgttttpcagtigtitt
4 F aaagtpaacactaagegatoca 57.5 51-60
R ataaccaaggetcgggaatc 58.7 48-57
5 F cteggecacatiittotttt 57.7 54-63
R getgaaagicecaatgettee 60.3 51-60
6 F gtegtagcaaagggaantps 58.1 30-59
R casagccaacaatcetgtaaga
7 F gtgaaggtectiigetgete 54.9 5663
R ccaggecatgatgactaaa
8 F tgttgctecageagecttaat 554 54-63
R atgcaagtigacagcaccaa 56.5 52-61
9 F aactttititittcectitggly 57.4 51-60
R tccaaggetetgaccaagac 59.6 4857
10& 11 F tgtatptgpteanatpaatecaa 54.0 59-68
R ttcaatanctanagganaggancinca 56.8 57-66
59.2 54-63
12 F agccttigggtatgoatity 56.0 57-66
R cettcecangtcaccaagac 58.6 5463
13 F gagatciccasagggataaatacy 56.2 33-62
R geatcaaattctpagcaacy 59.4 50-59
14 F ggtgtciagtgagaggctcigg 56.8 54-63
R tgccaittcatgggetaate 60.1 48-57
15 F cactgggeftizaaaaatgaa 56.3 5766
R caccatgasatceccagtot 582 55-64
16 F cagittgcaatgggtttiza 58.1 53-62
R gaccoctggpaapgtaattt 60.5 51-60
17 F ctatgegteaggectectt 59.0 53-62
R tgggtctgacigptactetetgt 60.8 50-59
18 F titggtgeppagacagaaac 56.7 54-63
R tgaggtcpansaaataatcaapgg 577 52-61
19 F tgcageatitgtitagictge 55.8 5665
R ticecantgeatctigtaage 58.0 54-63



TasLe 1. PCR Prover SEQUENCES anp DHPLC Anavysis CoNmimions
(TeMPERATURE AND GRADIENT) For CHD7 MutaTtion Screerane (Cont'p)

DHPLC
DHPLC Gradient*
Exom® Forward/reverse® Primer sequence (5'-3') temp (1)) (%eB/4.5 min)
20 & 21 F gaaagpcetctcaaagtaatge 56.4 59-68
R gegptgicacacaaaticaa 58.6 5766
59.5 54-63
22 F cacccagigtgaattgitge 59.3 5665
R angttceiggiggetitgle 60.5 3463
23 F gectegtgeattaagetete 58.0 55-64
R cetecazatctgegagtict 59.8 5362
63.0 4958
24 F atgatgpatgaascapcapgea 60.6 52-61
R gtittccggctacecagatt 61.4 50-59
25 F cccaccatgeteagatgitt 57.8 53-62
R tggtagacgccaagagtoct
26 F gltgtggcagtpctateat 59.6 54-63
R gaaccectgecaalagatgtga 62.7 5160
27 & 28 F cceectecttettitget 54.4 57-66
R ccacgtgaacaatgactget 56.7 53-62
29 F ccettteccacactgteatt 60.0 5564
R gagectictitggtegica 61.5 5302
30 F ccacccccaaataactacea 579 54-63
R tttactiggggagaaticangg
3la F cecttgaatictococcangt 58.7 3867
R cttcggetigticeagiace 62.1 54-63
31b F actggcagitggatttgtce 59.0 58-67
R cagaasgeaacgcaicteac 60.5 5766
32 F titccetgatactgtepitate 59.3 51-60
R cectaatectitigatcape
33 F cictittgeatettpatgpaty 57.1 57-66
R fitetangeaappccagigan 58.8 55-64
60.8 53-62
34 F ttggctcactgeaactetgt 579 5867
R agclgtoracacgtycaate 60.1 5665
35 F tigtcagaggcictetotiog, 577 55-64
R cctpeaagattecttccaac 59.5 53-62
36 F tetgacagticietitpgeatt 57.3 506-59
R cettclgpgetaapaantep
37 F aacaganrggggaggganga 57.4 52-61
R ctgaataattaatggecaacagaa 59.7 46-55
38a F gticaccacagaggcteaca 59.83 5867
R gaagtgctgictteoggttc 62.4 5665
634 55-64
38b F tgteagetpetactggaaaca 55.5 61-70
R tttaaacactigaactggaactgp 588 55-68
61.5 5665

*Some exons are amplified in multiple PCRs, designated a, b, efc., and some PCRs contain more than one exon.

YForward, upstreamn primer; reverse, downstream primer,

°Buffer A is 0.1 A triethylammonium acetate; Buffer B is 0.1 M triethylammonium acetate containing 25% (vol/vol) acetoni-
trile. “54—63" indicates that the gradient consisis of 54% B: 46% A through to 63% B: 37% A.



FIG. 1. PCR amplification for all coding exons of CHD7 us-
ing the same amplification conditions. Here, 1% agarose gel
electrophoresis of all 3% amplicons covering the entire coding
region of CHD7 is shown. The leftmost lane (MW) in each gel
contains I-kb ladder markers corresponding to 100-, 200-,
300-, 400-, 500-, 650-, 850-, and 1,000-bp fragments; the other
lanes were Ioaded with 3 gl of PCR products. Please note that
this figure was presented for illustrative purposes. We do not
usually subject each plate to agarose gel electrophoresis prior
to DHPLC analysis.

Optimization of the DHPLC conditions

The predicted optimal column temperatures and elution gra-
dient for the DHPLC analysis of each PCR amplicon were ver-
ified by confirming that the elution profile of each of the PCR
amplicons generated from wild-type genomic DNA (Kosaki et
al. 2005; Udaka et al. 2005) had a sharp and solitary peak, The
optimized column temperatures and elution gradienis for the

DHPLC analysis of each PCR amplicon are shown in Table 1.
> Figure 2 shows DHPLC profiles for the mutations discovered

in our patient population, including several mutations that were
reported previously (Aramaki ef al. 2006).

Several specific factors are known to affect the sensitivity of
the DHPLC assay. First, the use of impure oligonucieotide
primers for PCR amplification can yield false-positive results
(Kosaki er af. 2005). Second, poor quality of the DNA poly-
merase can alse yield false-positive results (Kosaki ef al. 2005).
Third, the fragment size can affect the sensitivity of the assay;
the optimal fragment size ranges from 150 bp to 700 bp (Xiao
and Oefner 2001). Fourth, a high G-C content may affect the
performance of the DHPLC (Escary ef al. 2000). We have taken
all of these factors into account in the design of the assay.

The DHPLC analysis system used in the present study
(Transgenomic) allowed us to write a computer script o ana-
lyze all the PCR. amplicons generated from various portions of
the CHD?7 gene in a serial manner at optimized conditions de-
termined individually for cach amplicon. This script enabled

ARAMAKI ET AL.

us to analyze the entire gene overnight in an automated man-
ner. The complete script is available on ouwr Web site at
http:/fwww.dhple.jp, both in text and binary format. The binary
format script can be directly loaded onte the controlling units
of Transgenomic DHPLC systems.

Mutation analysis of patients with CHARGE syndrome

The mutations identified in the present sfudy are summarized

in Table 2. Including mutations previously reported (Aramaki €

et al. 2006), we identified heterozygous CHD7 mutations in 26
(68%) of the 38 patients enrolled in the study, including 8
frameshift mutations, ]2 nonsense mutations, 5 splice-site mu-
tations, and 1 missense mutation. All identified mutations were
private, except for a R1494X nonsense mutation of exonl?
(4480C — T), which was detected in 2 unrelated patients, and
a 1VS25.7G — A splicing mutation previously reported by
others (Vissers ef al. 2004). Known single-nucleotide poly-
morphisms (SNPs) in the CHD7 gene that are published in
the dbSNP database (http/wwwmncbinlm,nih.gov/prejects/
SNP/) were detected, including rs16926453, rs2272727, and
153763592,

Nonsense mutations, as well as deletions and insertions lead-
ing to frameshifts, can vnambiguously be identified as disease-
causing mutations. The G —» T mutations that occurred at the
invariant (G base of the splice-donor sites flanking exons 18 and
26 and the A — G mutations that occurred at the invariant A
base of the splice-acceptor site flanking exon 22, are most likely
pathogenic as well. Two intronic sequence variants present in
the proximity of exon—intron boundaries {IVS25-7G — A and
I¥3830+5G — C) are also likely to be pathogenic in that these
mutations occurred de #ove and were not found in 100 ethni-
cally matched controls. One heterozypgous missense substitu-
tion, S699N, was identified in exon 3. This missense substitu-
tion is likely to be pathogenic in that this substitution occurred
de novo and was not found in 100 ethnically matched controls.
The 5699 residue was conserved in the chimpanzee, but not in
the rat.

We further attempted to quantify the pathogenicity of
these sequence variants by using the NNSplice program
(http://www.fruitfly.org/seq_tools/splice.hitm]) (Reese et al
1997). The NNSplice program calculates the probability of
splicing at a specific splicing site. The IVS30+5G — C muta-
tion reduces the probability score from .98 to 0.15. We were
not able to assess the effect of IVS25-7G — A. Because the
base substitution 2096G ~ A leading to S699N occurred at the
3"-most base within exon 3, the substitution might have affected
the splicing. According to the NNSplice program, the 2096G —
A mutation reduces the probability score from 0.96 to 0.40.
These data support the notion that the IVS30+5G — C muta-
tion and the 2096G — A mutation may affect normal splicing.

DISCUSSION

In the present study, we developed a DHPLC-based method
allowing the entire coding region of the CHD7 gene to be
screened for point mutations and small deletions and insertions.
Mutations were identified in more than two thirds (26 out of
38) of the patients who had been clinically diagnosed as hav-
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FIG, 2. DHPLC clution profiles of CHD7 mutations detected in the present study and in our previous study {Aramaki e of.
2006). The column temperatures were 65.9°C, 60.2° C, 57.8°C, 55.4°C, §9.2°C, 58.6°C, 56.2°C, 60.8°C, 57.7°C, 58.0°C, 60.5°C,
57.8°C, 62.7°C, 60.0°C, 57.9°C, 62.1°C, 60.8°C, 57.9°C, and 57.3°C for exons 2b, 24, 3, 8, 11, 12, 13, 17, 18, 19, 22, 25, 26,
29, 30, 31a, 33, 34, and 36, respectively. Only the chromatogram with the best resolution of the heteroduplex peak is shown for

each mutation.

inp the CHARGE syrdrome. No predominant mutations or mu-
tation clusters were observed within the CHD? gene. The ma-
jority of the mutations were predicted to lead to a premature
transtation stop. The phenotypic spectrum of mutation-positive
patients has already been discussed elsewhere (Aramaki ef al
2006) and will not be further discussed herein. OQur mutation

detection rate of 68% (26/38) was comparable to that reported
by Jongmans ef ai, {2006} (64%, 69/107), but lower than that
reported by Sanlaville ef al. (2006) (100%, 10/10). The differ-
ence in the mutation detection rate may have arisen from dif-
ferences in the inclusion criterfa, in that the present study and
Jongmans et al. study dealt with postnatal cases, whereas that

TabLE 2. CHD7 MutaTions IDENTIFIED IN THIS STUDY

Amino acid

Fxon Type Mutation substitution De nove
3 Missense 2096G — A S699N Yes
13 Nonsense 3205C - T R1069X ND
18 Frumeshift 4226-4227deiTG V1409EfsX1420 Yes
22 Splice site IVS21-2A - G NA ND
25 Nonsense 5355G - A W1785X ND
30 Splice site IVS830+5G —» C NA Yes
33 Nonsense 7021C - T Q2343X ND
34 Nonsense 7400T — A L2467X ND
36 Nonsense 7879C » T R2627X ND

Abbreviations: ND, not determined; NA, not applicable.
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by Salanville et al. used aborted fetuses. The follow-up study
(Jongamans ef al. 2006} of the postnatal cohort reported by Vis-
sers el al. (2004) revealed a high rate of mutation detection
{95%, 18/19). The difference in mutation detection between our
study and Vissers ef al. (2004) may be explained by differences
in the patient ascertainment; we recruited patients from pedi-
atric clinics, whereas Vissers ef al. recruited patients from oto-
laryngology clinics.

In 12 of the 38 patients we did not find a micromutation us-
ing DHPLC. Several factors may be responsible for a detection
rate of less than 100%. First, some patients may have large dele-
tions spanning one or several exons or even the entire CHD7
locus that would be undetectable using our methodology. Large
deletions can be detected on a DHPLC platform using a re-
cently developed method called muitiplex PCR/iquid chro-
matography assay {(Dehainault et @l 2004). A muiltiplex PCR
with unlabeled primers enables simultaneous amplification of
multiple exons under semiquantitative conditions and the PCR
products separated by DHPLC are quantitated by fluorescence
detection. Indeed, ! patient in our cobort was found to have a
deletion spanning several exons (Udaka er al, 2006). Second,
these patients may have mutations deep within introns or in
other parts of the CHD? gene that were not studied, such as the
promoter. Third, there may be mutations in other genes, in-
cluding SEMA3E, which has recently been identified as a rare
causative gene for the CHARGE syndrome (Lalani ef al. 2004).
Fourth, some patients enrolled in the present study may have a
different condition that resembles CHARGE syndrome. Alter-
natively, the sensitivity of our DHPLC assay may be less than
100%. Without performing comparative analysis of the same
set of samples by direct sequencing, we were not able to de-
termine the sensitivity of the DHPLC assay. However, previ-
ous work on another gene (PTPN11) indicates that the sensi-
tivity figures for DHPLC and sequencing may be comparable
(Kosaki er al. 2005).

The computer program installed in the DHPLC system does
niot automatically call mutations, i.e., a human eye still needs
to look over the traces and call the mutations. However, in-
spection of a chromatogram from 1 patient tekes only a few
secontds and thus the process does not represent a bottleneck in
the mutation analysis process. The ease of inspection of a DH-
PLC chromatogram contrasts with the difficulty of inspection
of a sequencing chromatogram. Indeed, the Dutch group (Vis-
sers et al, 2004), which reported a detection rate of 68% (10/17)
by direct sequencing in an initial study, later found that re-
analysis of the same set of 17 patients by direct sequencing
identified 6 additional patients with mutations (Jongmans et ai.
2006). Hence, direct sequencing failed to detect a mutation in
a significant proportion of patients (6/17) in the iniiial study.
This observation illustrates the potential difficulty in mutation
calls in direct sequencing.

The use of the COPPER plate (Kosaki et al. 2005) enables
all of the exons to be simultanecusly amplified on a 96-well
format PCR plate under the same cycling conditions, whereas
the use of the computer script enables a completely automated
DHPLC analysis of all the exons. These two features minimize
the labor required by laboratory workers. The implementation
of the screening method for CHD7 described herein will help
medical geneticists confirm their clinical impressions and pro-
vide accurate genetic counseling to the patients and their fam-

ARAMAKI ET AL.

ilies with CHARGE syndrome. Precise documentation of
CHD?7 mutations has clinical ramifications in the genetic coun-
seling of CHARGE syndrome patients, in that gonadal mo-
saicism has been documented in this syndrome {Jongmans er
al. 2006). Lack of the mutant allele in the parents’ peripheral
blood or father’s sperm will be informative for the parents in
terms of a low recurrence risk. The possibility of prenatal di-
agnosis in subsequent pregnancies could further reassure the
parents.
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A trial of central diagnosis of childhood acute lymphoblastic lenkemia
with 4-color digital flow cytometer

Yusuke Shiozawa M.D., Ph.D.”*?, Noriko Kitamura Ph.D."¥, Hisami Takenouchi Ph.D.*?,
Tomoko Taguchi M.D., Ph.D." Hajime Okita M.D., Ph.D.", Yasuhide Hayashi M.D., Ph.D.*?,
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Junichiro Fujimoto M.D., Ph.D."¥, Nobutaka Kiyokawa M.D., Ph.D."?
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¥ Central Diagnosis Center, Tokyo Children’s Cancer Study Group
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Aim. We are in charge of the central diagnosis and cell preservation as a part of childhooed acute lym-
pheblastic leukemia treatment study in Tokyo Children’s Cancer Study Group. It is necessary to diagnose
with a minimal quantity of specimen, to preserve leukemic celis effectively as possible. Therefore a diagnosis
of childhood acute lymphoblastic leukemia by four-color analysis with digital flow cytometer has been exam-
ined.

Methods. We examined cell markers of childhood acute lymphoblastic leukemia cells by four-color analysis
using digital flow cytometers. We selected the monoclonal antibodies for the diagnosis based on the recom-
mendation of Japan Pediatric Lymphoma Study Group and made out a panel of antibodies which enabie us to
confirm aberrant antigen-expressions on the leukemic cells.

Results. Four colors that we used in this study were fluorescein ;sothyocyanate phycoerythrin, phycoery-
thrin-cyanin 8.1, and phycoerythrin-cyanin 7. The most of childhood acute lymphoblastic ieukemia cases
could be diagnosed without CD456-gating. List mode compensation was useful to re-investigate specimens

which was difficult to re-examine, because there were

very few.
VEIREEF LS -HIEH RE - MRS Discussion. Four-color analysis using digital flow
: TCCSG (_ﬁﬁfbbﬁﬂ%ﬁ%f?}‘aﬁ’)v—‘/) FRB L S — cytometer is useful to save precious specimen of
VIERERFESH ARE childhood acute lymphoblastic leukemia. We are

I TCCSG (RAmANEMARIE Y L — )

YRR ETNRER Y S —

O FHAEEFEARMAR Bl

T HERINRER LY — i - MR

Y RmET o YRR Keyword: Flow cytometry; Multi-color analysis;
2198 : FRISHCASE TMO : TARISESH228 Childhood acute lymphoblastic leukemia.

intending to perform five-color analysis with CD45-
gating as a next step.
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Objective. Insulin-like growth factor ({GF)-binding proteins (IGFBPs) are a family of proteins
thoughi to mednlate IGT fanction. By emiploying an in vitro culture system of human hema-
topoietic stem cells cocultured with murine bone marrow stromal cells, we examined the
effects of IGF-E and IGFBPs on early B-cell development.

Materials and Methods. Human CD34"* bone marrow cells were cocultured with murine stro-
mal MS-5 cells for 4 weeks, and pro-B-cell number was analyzed by flow cytomeiry. After
administration of reagents that are supposed to modulate IGF-I or IGFBP function to the
culture, the effect on pro-B-cell development was examined,

Results. After cultivation for 4 weeks, effective induction of pro-B-cell proliferation was
observed. Experiments using several distinet factors, all of which neutralize IGF-1 function,
revealed that impairment of IGF-I function results in a significant reduction in pro-B-cell de-
velopment from CD34" cells. In addition, when the effect of recombinant proteins of IGFBPs
and antibodies against IGFBPs were tested, IGFBP-3 was found to inhibit pro-B-cell devel-
opment, while IGFBP-6 was required for pro—B-cell development.

Conclusions. 1GF-1 is essential for development of bone marrow CD34" cells into pro-B cells.
Moreover, IGFBPs are likely involved in regulationm of pro—B-cell development. © 2066

International Society for Experimental Hematology., Published by Elsevier Inc.

Insulin-like growth factor-I (IGF-1) is an anabolic hormone
and, like growth hormone and insulin, regulates whote body
growth, metabolism, tissue repair, and cell survival [1]. In
addition to its main preduction by the liver, IGF-1 is also
produced by bone marrow (BM) stromal cells, myeloid
cells, and peripheral lymphocytes. In plasma and most bio-
logical fluids, IGF-I binds to members of a family of six
specific soluble proteins, known as IGF-binding proteins
(IGFBPs) 1-6, all of which have structures that are unre-
lated to those of IGF receptors (IGFRs) {2]. Although
IGFBPs were originally described as passive circulating
transport proteins, they are now recognized as playing a va-
riety of roles in circulation, the extracellular environment,
and inside the cell [3,4].

Offprint requests to: Tomoko Taguchi, M.D., Ph.D., Department of
Developmental Biology, National Research Instimte for Child Health
and Development, 2-10-1, Okura, Setagaya-ku, Tokye 154-8535, Japan;
E-mail: ttaguchi@nch.go.jp

Of the six IGFBPs, IGFRP-3 is the most abundant
IGFBP in plasma. In vitro experiments examining the ef-
fects of 1GFBP-3 on various cell cultures have provided
conflicting data, with both enhancement and inhibition of
IGF-I actions, depending upon the cell type and culture
conditions used [3,4]. In contrast, IGFBP-6 was purified
from human cerebrospinal fluid and from transformed hu-
man fibroblast cell culture [3]. IGFBP-6 has been shown
to inhibit IGF actions, including proliferation, differentia-
tion, cell adhesion, and colony formation of osteoblasts
and myoblasts [4]. Although the IGFBPs differ in their
structure and binding specificity, functional differences
among the various IGFBPs are still not clear [4].

In view of its multiple effects, IGF-1 is thought to play an
integral role in hematopoiesis [1]. IGF-I stimulates growth
of bones and seems to control the volume of BM, thereby
regulating production of hematopoietic cells [3]. Moreover,
IGF-1 has been suggested to have direct effects on develop-
ment of a variety of hematopoietic cells. In the case of

0301-472X/06 $—see front matter. Copyright ® 2006 International Suciety for Experimental Hematology. Published by Elsevier Inc.
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B-cell development in mice, for example, previous reports
have indicated that IGF-I stimulates maturation of pro-B
cells into pre-B cells {6] and acts as a B-cell proliferation
cofactor to synergize with the activity of interleukin (IL)-
7 [7}. Indeed, administration of IGF-] increased the number
of pre-B cells in BM and splenic B cells in normal mice and
after BM transplantation [8]. However, the effect of IGF-I
on B-cell development, especially in humans, is still largely
unknown. In addition, although murine BM stromal cells
secrete IGFBPs, the functional role of them in hematopoi-
esis remains unclear.

In an attempt to clanfy the effect of IGF-I and IGFBPs on
early B-cell development, we employed an in vitro culture
system of human hematopoietic stem cells (HPSCs) cocul-
tured with murine BM stromat cells that induce pro-B cells.
In this article, we expand upon results of previous reports by
other authors [6-8] and show that IGF-I is essential for pro—
B-cell induction from HPSCs. In addition, we also report
that IGFBP-3 inhibits pro—-B-cell development, whereas
IGFBP-6 is required for pro-B-cell development. The possi-
ble role of IGFBPs in early B-cell development is discussed.

Materials and metheds

Reagents
Recombinant human and mouse IGF-}, IGFBPs, and the IGF-IR
kinase inhibitor I-OMe-AG538 were obtained from PeproTech
EC Lid. (London, UK), G-T Research Products (Minneapolis,
MN, USA), and Calbiochem-Novabiochem Co. (San Diego, CA,
USA), respectively. All reagents are solved in phosphate-buffered
saline, except 1-Ome-AG538, which is solved in dimethyl sulfox-
ide, and diluted to the indicated concentration by culture medium.
The following mouse monoclonal antibodies (mAbs) against
human antigens were used: anti-IGF-IR from G-T; purified ant-
CDI19, fluorescein isothiecyanate (FITC)-conjugated anti-p heavy
chain, and phycoerythrin (PE)-conjugated anti-x and anti-A light
chains and anti-CD25 from Becton Dickinson Biosciences {San
Diego, CA, USA); FITC-conjugated anti-CD24, CD43, and
CD45, PE-conjugated anti-CD10, CD20, CD33, and CD179a,
and PE-cyanine (PC)-5—conjugated anti-CD19 from Beckman/
Coulter Inc. (Westbrook, MA, USA). The CD179a molecule,
also known as VpreB, is a component of surrogate light chain
and is specifically expressed in B-cell precursers, including pro-
B and pre-B cells, but not in mature B cells [9}. Hamster mAb
against mouse IGF-1 and goat polyclonal anti-mouse IGF.1, and
IGFBPs Abs were obtained from G-T. Rabbit polyclonal Abs
against human IGF-IR and phosphospecific IGF-IR were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
Goat polyclonal anti—f-actin Ab was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Secondary Abs
were obtained from Molecular Probes, Inc. (Eugene, OR, USA),
and Dako Cytomation, Co. (Glostrup, Denmark), respectively.
All other chemical reagents were obtained from Wako Pure Chem-
ical Industries, Ltd. (Osaka, Japan), unless otherwise indicated.

Cells and cultures

Human BM CD34™* cells purchased from Cambrex Bio Science
Walkersville, Inc. (Walkersville, MD, USA) were used. These

cells had been isolated from human tissue after obtaining informed
consent. A cloned murine BM stromal cell line, MS-5, was Kindly
provided by Dr. A. Manabe (St. Luke’s International Hospital, To-
kyo, Japan) and Dr. K. J. Mori (Nigata University, Nigata, Japan).
Human B-precursor acute lymphoblastic levkemia cell line
NALM-16 was kindly provided by Dr. Y. Matsuo {Grand Saule
Immuno research Laboratory, Nara, Japan) and was maintained
in RPMI-1640 supplemented with 10% (v/v) fetal calf serum
(FCS; Sigma-Aldrich Fine Chemical Co., St, Louis, MO, USA)
at 37°C in a humidified 5% CO, atmosphere.

For induction of pro-B cells, MS-5 cells were plated at a con-
centration of 1 X 10° cells on a 12-well tissue plate (Asahi Techno
Glass Co., Chiba, Japan). The next day, 4 X 10° cells/well/2 mL
CD34% cells were plated onto the MS-5 cells in culture medinm
supplemented with 10% FCS and various combinations of re-
agents, as indicated in the figures. Because our preliminary exper-
iments revealed that cultures in an RPMI-1640 medium produced
a higher yield of B cells compared with cultures in o-minimum
essential medium {(data not shown), we used RPMI-1640 medinm
for the following experiments. After cultivation for the indicated
periods, cells were harvested using 0.25% trypsin plus 0.02% eth-
ylenediamine tetraacetic acid (IBL Co. Lid., Gunma, Japan}, and
the number of cells per well was determined, All experiments
were performed in triplicate, and means * standard deviations
(5D} of cell numbers are shown in Figures 1C, 3, 4, 5C, and 5D.
For the histology studies, cells were cultured on type-I collagen-
coated cover slips (Asahi Techno Glass} and were examined by
May-Griinwald-Giemsa staining or immunohistochemical staining.

Immunofluorescence study

A multicolor immunofluorescence study was performed using
a combination of FITC, PE, and PC-5. Cells were stained with
fluorescence-labeled mAbs and analyzed by flow cytometry
(EPICS-XL., Beckman/Coulter), as described previously [10].
Staining of the cytoplasmic antigens was performed using Cyto-
fix/Cytoperm Kits (Becton Dickinson), according t0 manufac-
wrer's protocol. To detect surface immunoglobulin (Ig)* mature
B celis and cytoplasmic p* pre-B cells simultaneously, cells
were first stained with a mixture of PC-5-conjugated anti-CDI19
Ab and PE-conjugated Abs against /A light chains and then
treated with cell permeabilization reagents followed by staining
of cytoplasmic antigens. It was confirmed by preliminary experi-
ments that permeabilization treatment does not affect the signals
of surface antigens stained beforehand. For cell sorting, human
BM CD34% cells cocultured with MS-5 for 4 weeks were har-
vested and stained with PC-5—conjugated anti-CD19 mAb.
CDI19" cells were sorted in an EPICS-ALTRA cell sorter
{Beckman/Coulter). For CD19 immunostaining, cover slips were
fixed with ice-cold acetone for 15 minutes and stained with anti-
CD19 mAb and examined by confoca) laser scanning microscope
(FV500; Olympus, Tokyo, Japan) as described previously {11].

RT-PCR, immunoblotting, and detection of IGF-I

Total RNA was extracted from cultured cells, and reverse tran-
scriptase polymerase chain reaction (RT-PCR) was performed as
described previously [12]. The sets of primers used in this study
are listed in Table 1. Cell lysates were prepared by solubilizing
the cells in lysis buffer and immunoblotting was performed as
described previousty [13]. The concentration of mouse IGF-1 in
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culture supernatants of MS-5 cells was determined by sandwich
enzyme-linked immunosorbent assay (ELISA), using Mouse
IGF-1 Quantikine ELISA Kit (R&D Systems, Wiesbaden, Ger-
many), according to manufacturer's instruction. Experiments
were performed in triplicate, and mean = SDs of cell numbers
are shown in Figure 2C.

Resulis

Differentiation of

pro-B cells from human BM CD34™ cells by

coculturing with murine stromal MS-5 cells

Mourine stromal cell line MS-5 has been reported to possess
the capability to support differentiation of B-lineage cells
from human cord blood (CB) CD34 7% cells {14-17]. Coin-
cident with these previous reports, we observed that human
BM CD34% cells generated a high number of CD19% B
cells after cocultivation with MS-5 cells (Fig. 1A and B).
Starting with 4 X 10* CD34™ cells, approximately 0.4 to
1.3 X 10° mononuclear cells, 30.1% to 68.2% of which
were CD19™ cells, were obtained after 4 weeks of cultiva-
tion. As shown in Figure 1C, approximately half of the he-
matopoietic cells were floating, while the remainder were
adhered to the MS-5 cells and the CD197% cells were
more abundant in adherent cell fraction.

As shown in Figure 1B, most of the CD19™" B cells ob-
tained after 9 weeks of cultivation expressed cytoplasmic
CD179a. The CD179%a is reported to be already expressed
in pro-B cells, remains expressed on B-cell precursors,
and disappears upoen differentiation from pre-B cells to ma-
ture B cells [9). In contrast, a few percent of CD19V cells
were positive for surface and/or cytoplasmic p heavy chain
and a portion of them expressed either the k or A light
chains (Fig. 1B), We also observed that CD10, CD24,
CD43, and CD45 were expressed but CD20 and CD25
were not in the CD19* cells (Fig. 1D). No difference in im-
munophenotypic characteristics was observed between the
CDI9* cells in adherent cell fraction and that in floating
cell fraction (data not shown). Based on the above data,
we concluded that human BM CD34™ cells can differenti-
ate into pro-B cells, but not into pre-B cells, after cocultur-

ing with the murine stromal cell line MS-5 in the present
culture system. CD19™ cells cultured for 4 weeks were
also examined, and similar immunophenotypic characteris-
tics were noted (data not shown).

Next, we examined the time course of the expression of
CD19 in human BM CD34™ cells in our culture system.
CD19% cells were already detected after 1 week of culture
{data not shown), and the number of CD197 cells increased
throughout the course of the cell culture thereafter. After 4
to 9 weeks of culture, both the fluorescent intensity of
CD19 on each cell and the percentage of CD197 cells
out of the total number of cells continued to increase
(Fig. 1E), but the total number of CD197 cells did not
change significantly (data not shown). When expression
of transcription factors related to early B-cell differentia-
tion was analyzed by RT-PCR, expression profiles of these
factors were well correlated with proliferation of CD19%
cells as described (data not shown). Therefore, pro-B-cell
development after 4 weeks of culture in the present system
was analyzed in the following experiments.

Effect of IGF-I on

in vitro human pro-B-cell development

Because expression of IGFRs in cultured CD34% BM cells
was detected (Fig. 2A), we first tested the effect of adding
exogenous recombinant human IGF-I to the coculture of
CD34* BM cells and MS-5 cells to evaluate the contribu-
tion of IGF-I to human pro-B-cell development; no signif-
icant change in pro-B-cell development was observed (data
not shown).

However, RT-PCR analysis revealed expression of IGF-1
in MS-5 cells (Fig. 2B). Results of ELISA further demon-
strated that mouse IGF-I was indeed secreted in the culture
supernatant of MS-5 cells {(Fig. 2C). As presented in
Figure 2D, mouse IGF-I is active in human hematopoietic
cells and can induce tyrosine-phosphorylation of human
IGF-IR expressed on NALM-16 cells derived from human
B-precursor acute lymphoblastic leukemia. When we tested
simitarly, MS-5 culture supemnatant could stimulate IGF-IR
on NAIM-16 cells, whereas freshly prepared medium
containing 10% FCS could not, indicating that mouse
IGF-1 secreted from MS-5 cells is sufficient to stimulate

Figure 1. Characierization of human bone marrow (BM) CD347 cells cocultured with murine stromal cells. {A) Human BM CD34 % cells were cacultared
for 4 weeks with murine stromal MS-5 cells on cover slips. At the end of the culture period, the cells were examined with either May-Griinwald-Giemsa
staining (a) or CD19 immunostaining (green) with nuclear counter staining by 4',6-diamidino-2-phenylindole (blue) (b). Original magnification X400,
(B} Human BM CD34™ cells cocultured for 9 weeks with MS-5 cells were harvested, The expression of cell surface CD19, k/fi light chains and cytoplasmic
CD179a and p heavy chain was simultaneously assessed by flow cytometry with cell-permeabilization technique as described in Materials and Methods. In
cultered BM cells (a), CD19% cells were gated (b}, and expression of CD179a {(c), p heavy chain, and «/2 light chains (d) was examined. As a negative
cantrol, same sample specimen stained with isotype-matched control mouse IgG was also presented. As a positive control, mononuclear cells prepared
from tonsil were similarly weated as in {d) and presented (e). FITC = fluorescein isothiocyanate; FS = forward light scatter; SS = side light scatter.
(C) Human BM CD34¥ cells were coculwred with MS-5 cells for 4 weeks and the adherent cell fraction and floating cell fraction were collected separately,
Total cell number and expression of CD19 were examined as above. (D) Human BM CD34™ cells were cocultured with MS-S cells as in (B), and multicolor
immunoflucrescence study was performed as above. CD197 cells were gated, and expression of surface B-cell differentiation markers, as indicated, was

examined using flow cytometry. (E) Human BM CD34 ™% cells were cocultured with MS-5 cells for 3, 4, and 6 weeks, and expression of CD19 was examined
using flow cytometry.





