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large deletion in ch19 spanning 824 kb (Figure 3D). However, there were no deletions
detected in ch19 in patient #24 (Figure 3D). Genes estimated to reside within a large
deletion are listed in Supplemental Table 1. Consistent with these s-q-PCR results, 6 of
7 large deletions were detected and confirmed as deleted regions, and these lérge
déletions contained RPL5, RPL35A4, RPS17, and RPSI9 (Table 4 and Supplemental
Table 1). Other large deletions in RP genes were not detected by this analysis. From
these results, we conclude that the synchronized multiple q-PCR amplification method

has a detection sensitivity comparable with that of SNP arrays.

Detailed examination of a patient with intragenic deletion in the RPS19 allele
(patient #24)

Interestingly, for patient #24, in whom we could not detect a large deletion by SNP
array at s-q-PCR gene copy number analysis, 2 primer sets for RPS/9 showed a 1-cycle
delay (RPS19-36 and -40), but 2 other primer pairs (RPS19-58 and -62) did not show
this delay (Figure 4A). We attempted to determine the deleted region in detail by testing
more primer sets on RPS719. We tested a total of 9 primer sets for RPS/9 (Figure 4B)
and examined the gene copy numbers. Surprisingly, 4 primer sets (S19-24, 36, 40, and
44) for intron 3 of RPSI9 indicated a l-cycle delay, but the other primers for RPS19
located on the 5°UTR, intron 3, or 3> UTR did not show this delay (S19-57, 58, 28, 62,
and 65) (Figure 4B and 4C). These results suggest that the intragenic deletion occurred
in the RPSI9 allele. To precisely confirm this deleted region, we performed genomic
PCR on RPS19, amplifying a region from the 5’UTR to intron 3 (Figure 4B). In patient
#24, we observed an abnormally-sized PCR product at a low molecular weight by

agarose gel electrophoresis (Figure 4D). We did not detect a wild type PCR product
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from the genomic PCR. This finding is probably because PCR tends to amplify smaller
molecules more easily. However, we did detect a PCR fragment at the correct size using
primers located in the supposedly deleted region. These bands were thought to be from
the products of a wild type allele. Sequencing of the mutant band revealed that
intragenic recombination occurred at a homologous region of 27 nucleotides, from
—1400 to —1374 in the 5’ region, to +5758 and +5784 in intron 3, which resulted in the
loss of 7157 base pairs in the RPS/9 gene (Figure 4E). The deleted region contains

exons 1, 2, and 3, and therefore the correct RPS79 mRNA could not be transcribed.

Genotype-phenotype analysis and DBA mutations in Japan

Patients with a large deletion in DBA genes had common phenotypes (Table 4).
Malformation with growth retardation (GR), including short stature or small-for-date
were observed in all 7 cases. In patients who had a mutation found by sequencing,
approximately half had GR (11/22) (status data of DBA patients with mutations found
by sequencing are not shown). GR may be a distinct phenotypic feature of large deletion
mutations in Japanese DBA patients. Familial mutations were analyzed for parents for 5
DBA patients with a large deletion (#3, #24, #60, #62, and #72) by s-q-PCR. There are
no large deletions in all 5 pairs of parents in DBA responsible genes. Four of the 7 cases
responded to steroid therapy. We have not observed significant phenotypic differences
between patients with extensive deletions and other patients with regard to blood counts,

responsiveness to treatment or other malformations.

Discussion

Many studies have reported RP genes responsible for DBA. However, mutations have
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not been determined for approximately half of all patients. There are two possibilities
for this finding. One possibility is that patients have other genes responsible for DBA,
and the other is that patients have a complicated set of mutations in RP genes that are
difficult to detect. In the current study, we focused on the latter possibility, since we
have found fewer Japanese DBA cases with RP gene mutations (32.4%) compared with
another cohort study with 117 DBA patients and 9 RP genes (~52.9%)*. With our newly
developed method, we identified 7 new mutations with a large deletion in RPLS,

RPL354, RPS17, and RPS19.

The frequency of a large deletion was approximately 25.9% (7/27) in a group of patients
who were not found to have mutations by genomic sequencing. Therefore, total RP gene
mutations were confirmed in 42.6% of Japanese patients (Table 5). Interestingly,
mutations in RPS17 have been observed at a high rate (5.9%) in Japan, relative to that in
other countries (1%) > '>'¢. Although the percentage of DBA mutations differs among

8, 17-19

different ethnic groups , a certain portion of large deletions in DBA responsible

genes are likely to be determined in other countries by new strategies.

In this study, we analyzed patient data to determine genotype-phenotype relations. To
date, large deletions have been reported with RPS19 and RPL35A in DBA patients 3613
RPS19 large deletions/translocations have been reported in 12 cases, and RPL354 large
deletions have been reported in 2 cases'”. GR in patients with a large deletion have been
observed previously with RPSI9 translocations > '*2', but it was not found in 2 cases
with RPL35A4 deletion®. Interestingly all of our patients with a large deletion had a

phenotype of GR including short stature and small-for-gestational age, which suggests

12

-97 -



From bloodjournal.hematologylibrary.org at Hirosaki University on February 5, 2012. For personal use only.

that this is a characteristic of DBA with a large gene deletion in Japan. Our study results
suggest the possibility of GR being associated with extensive deletion in Japanese
patients. Although further case studies will be needed to confirm this possibility,
screening of DBA samples using our newly developed method will help understanding
of the broader implications of mutations and the correlation of the DBA

genotype-phenotype.

Copy number variation analysis of DBA has been performed by linkage analysis, where
the RPS19 gene was first identified as a DBA susceptibility gene. Comparative genomic
hybridization array technology has also been used to detect DBA mutations in RPL35A4,
and multiplex ligation-dependent probe amplification has been used for RPS/9 gene
deletion analysis™ % '>*2. However, these analyzing systems have problems in mutation
screening. Linkage analysis is not convenient to screen for multiple genetic mutations,
such as those in DBA, since it requires a high level of proficiency. Although
comparative genomic hybridization technology is a powerful tool to analyze copy
number comprehensively, this method requires highly specialized equipment and
analyzing software, which limits accessibility for researchers. While gq-PCR-based
methods for copy number variation analysis are commercially available (TagMan), they
require a standard curve for each primer set, which limits the number of genes that can
be loaded on a PCR plate. To address this issue, a new method of analysis is expected.
By stringent selection of PCR primers, the s-q-PCR method enables analysis of many
DBA genes in 1 PCR plate and the ability to immediately distinguish a large deletion
using the q-PCR amplification curve. In our study, 6/7 large deletions in the RP gene

detected by s-q-PCR were confirmed by SNP arrays (Figure 3). Interestingly, we

13

-98 .



From bloodjournal.hematologylibrary.org at Hirosaki University on February 5, 2012. For personal use only.

detected 1 large intragenic deletion in RPS19, which was not detected by the SNP array.
This agreement between detection results suggests that the s-q-PCR copy number assay

could be useful for detecting large RP gene deletions.

As shown in the current study, 7 DBA patients carried a large deletion in RP genes. This
type of mutation could be underrepresented by sequencing analysis, although in the
future, genome sequencing might provide a universal platform for mutation and deletion
detection. We propose that gene copy number analysis for known DBA genes in
addition to direct sequencing should be performed for searching for a novel responsible
gene for DBA. Although it may be difficult to observe copy numbers on all 80
ribosomal protein genes in one s-q-PCR assay at present, our method allows execution
of gene copy number assays for several target genes in 1 plate. Since our method is
quick, easy and low cost it could become a conventional tool for detecting DBA

mutations.
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Table 1. Primers used for synchronized genomic g-PCR of ribosomal large subunit proteins .

Primer Primer Size
Sene Seguence Sequence {bps)

nEme name

L5-05F AGCCCTCCAACCTAGGTGACA 1505R GAATTGGGATGGGLAAGAALT

RPLS i
L5-19F ATIGTGCAAACTCRATCACTAGLY 15-19R  GIGTCTGAGGCTAACACATTICCATY 103

15-28F TCCACTITAGGTAGGLGAAATL {5-Z8R TCAGATTTGGLATGTACCTTTCA 102

RPLI1  131-20F GAGCCCCCTTTCTCAGATGATA 113-208 CATGAACTTGGGCTCTEAATIC 109

GGAATGCAGGLAAGTTACTCTRTT

TGGUCTCTCATAAAGGAAATCTICT

RPLID

GGTTAGTTGAAGLAGGAGCCTTT L18-18R TGUTAGGGAGALAGAAGCACATC 102

L26-03F TCCAAAGAGUTGAGACAGAAGTACA 126-03R TCCATCAAGACAACGAGAACRAGT 102

RPL2E
126-18F ATGTTTTAATAAGCCLTCCAGTIGA

GAGAACAGCAAGTTGAAAGGTTCA 102

L35A-0LF TGTGGUTTCTATITTOUGTCATY

135A-17F GLCCATAACCTCCAGAGAATC L35A-17R GGATCACTTGAGGCLAGGAAT 104

138-02F COGCTCYACAAGTGAAGAAATICTG L36-02R CTLCCTCTGCCYGTGAAATGA 02

RPLIE

1R TTGGALACCAGGCACARACTT 114
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Table 2. Primers used for synchronized genomic ¢-PCR of ribosomal small subunit proteins,

Gene Primer Sequence Primer Sequence Size
name 4 name 4 {bps}

RPS7 S$7-12F AUTGGCAGTTCTGTGATGCTAAGT STAZR - ACTCTTGCTCATUTCCAAAACCA 102

S10-17R
514058
RPS14 !

TCCCOYGGLTATTAAATGARALC

$12-15F AGAAGTTITAGTGAGGUAGAAATGAGA

aps1s o S15LIF CTCAGCTAATAAAGGLGCACATG $15-11R CCTCACAUCACGAACCTBAAG 108
R GATGACCTGTICTICTGGCCTTA
apsgy L SYT12F CTATGTGTAGGAGGTCCCAGGATAG $17-12R CCACCTGGTACTGAGCACATGT 102
$17-18F TGGCTGAATCTGLCTGCTT 517-18R GCCTTGTATGTACCTGGAAATGG 103
CGCCGTAGCTGGTACTCATS
$19-36F CTCTTGAGGGTGGTCTGRAART $19-36R GTCTTTGCGGGTTCTICCICTAC 102
RPSIO  $19-84F CTGAGGTTGAGTGTCCCATTICT GCACCGGRECTCTGTTATC 104
$19-65F ACATTTCCCAGAGCTGACATGA $19-65R TCGGGACACCTAGACCTTGCT 102
RPS24  524-20F ACAAGTAAGCATCATCACCTCGAA $20.20R TTTCCCTCACAGCTATCGTATGG 105

$26-03R AAGTTGGGCGAAGGLTTTAAG

S274-09F GCTOGAGTOCATICELTTGY $27A-09R CACGCCTGTAATCCICACTAA 102

RPSZTA

527A-18F GGGTITTICCTIGTTTGGTATITGA S27A-18R ARAGGLCAGCTTIGLAAGTG
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Table 3. Summary of mutations and the mutation
rate observed in Japanese DBA patients.

RPS19 10
RPL11 3
RPS10 1
RPL35A 0
RPS14 0

Mutations 22 (32.4%)
Total analyzed 68
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Table 5. Total mutations in Japanese DBA
patients, including large gene deletions.

RPL35A

RPS14 o
Mutations 29 (42.6%)
Total analyzed 68
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Figure legends
Figure 1. Synchronized q-PCR can determine a large gene deletion in DBA. (A)

Concept of the DBA s-g-PCR assay. The difference in gene copy number between a
healthy sample and that with a large deletion is 2-fold (i). When all genomic g-PCR for
genes of interest synchronously amplify DNA fragments, a 2-fold difference in the gene
copy number is detected by a l-cycle difference of the Ct scores of the q-PCR
amplification curves (ii). Dot plot of the Ct scores (iii). (B) Results of the amplification
curves of s-g-PCR performed with a healthy person (i) and a DBA patient (#03) (ii).
Upper panel: result of PCR cycles. Lower panel: extended graph of the PCR cycles at
logarithmic amplification. (C) The graph shows Ct scores of s-q-PCR. If all specific
primer sets for DBA genes show a 1-cycle delay relative to each other, this indicates a
large deletion in the gene. Gene primer sets with a large deletion are underlined in the

graph. **: P<0.00.1

Figure 2. Detection of 7 mutations with a large deletion in DBA patients. Genomic
DNA of 27 Japanese DBA patients with unknown mutations were subjected to the DBA
gene copy number assay. (A) Amplification curve of s-q-PCR of a mutation with a large
deletion. The deleted gene can be easily distinguished. (B) Ct score (cycles) of
representative q-PCR with DBA genomic g-PCR primers. Results of the 2 gene specific
primer pairs indicated in the graph are representative of at least 2 sets for each gene

specific primer (carried out in the same run). **: P<0.001, *: P<0.01

Figure 3. Results of single nucleotide polymorphism genomic microarray

(SNP-chip) analysis. Genomic DNA of 27 Japanese DBA patients with unknown
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mutations was examined using a SNP array. Six patients had large deletions in their
chromosome (ch), which included one DBA responsible gene. (A) Patient #03 has a
large deletion in chl, (B) Patient #71 has a deletion in ch3, (C) Patients #14, #60, and

#62 have deletions in ch15, and (D) Patient #72 has a deletion in ch19.

Figure 4. Result of s-q-PCR gene copy number assay for patient #24. (A) Result of
s-q-PCR gene copy number assay for RPS/9 with 4 primer sets. (B) (i) The RPS19 gene
copy number was analyzed with 9 specific primer sets for RPS19 that span from the 5’
UTR to the 3’UTR. (ii) Primer positions of genomic PCR for RPS/9. (iii) Region
determined to be an intragenic deletion in RPS79. (C) Results of gene copy number
assay for RPSI9 show a healthy person (i, iii) and a patient (ii, iv), and Ct results are
shown (iii, iv). Patient #24 showed a “1-cycle delay” with primers located in the intron
3 region, but other primer sets were normal. (D) Results of genomic PCR amplification
visualized by agarose gel electrophoresis to determine the region of deletion. N1, N2:
healthy sample. *: nonspecific band. (E) Results from the genomic sequence of the 3-kb
DNA band from patient #24 genomic PCR show an intragenic recombination from

—1400 to 5784 (7157 nt) in RPSI9. **: P<0.001
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Figure 3
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