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Summary

Diamond-Blackfan anaemia is a congenital bone marrow failure syndrome
that is characterized by red blood cell aplasia. The disease has been associ-
ated with mutations or large deletions in 11 ribosomal protein genes
including RPS7, RPS10, RPS17, RPS19, RPS24, RPS26, RPS29, RPLS5,
RPL11, RPL26 and RPL35A as well as GATAI in more than 50% of
patients. However, the molecular aetiology of many Diamond-Blackfan
anaemia cases remains to be uncovered. To identify new mutations respon-
sible for Diamond-Blackfan anaemia, we performed whole-exome sequenc-
ing analysis of 48 patients with no documented mutations/deletions
involving known Diamond-Blackfan anaemia genes except for RPS7,
RPL26, RPS29 and GATAI. Here, we identified a de novo splicing error
mutation in RPL27 and frameshift deletion in RPS27 in sporadic patients
with Diamond-Blackfan anaemia. In vitro knockdown of gene expression
disturbed pre-ribosomal RNA processing. Zebrafish models of rpl27 and
rps27 mutations showed impairments of erythrocyte production and tail
and/or brain development. Additional novel mutations were found in eight
patients, including RPL3L, RPL6, RPL7LIT, RPL8, RPL13, RPL14, RPLI8A
and RPL31. In conclusion, we identified novel germline mutations of two
ribosomal protein genes responsible for Diamond-Blackfan anaemia, fur-
ther confirming the concept that mutations in ribosomal protein genes lead
to Diamond-Blackfan anaemia.

Keywords: bone marrow failure, Diamond-Blackfan, genetic analysis, eryth-
ropoiesis, childhood.
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Diamond-Blackfan anaemia (DBA) is an inherited rare red
blood cell aplasia that is characterized by normochromic
macrocytic anaemia, reticulocytopenia and selective defects
in erythroid progenitor cells in normocellular bone marrow.
Patients usually present with anaemia in the first year of life,
although there is a non-classical mild phenotype diagnosed
later in life. Macrocytic anaemia is a prominent feature of
DBA but the disease is also characterized by growth retarda-
tion and congenital anomalies, including craniofacial, upper
limb/hand, cardiac and genitourinary malformations, that are
present in approximately half of the patients. In addition,
DBA patients have a predisposition to malignancies including
acute myeloid leukaemia, myelodysplastic syndrome, colon
carcinoma, osteogenic sarcoma and female genital cancer
(Lipton et al, 2006; Vlachos et al, 2008, 2012; Ito et al,
2010).

DBA is associated with single, monoallelic, inactivating
mutations in ribosomal protein (RP) genes. Except for rare
germline GATAI mutations reported in two X-linked DBA
families (Sankaran et al, 2012), all known causative muta-
tions have involved RP genes. Approximately 20% of DBA
patients are familial. However, most cases occur sporadically
and have de novo mutations. In DBA, mutations in RP genes
include RPS7, RPS10, RPSI17, RPS19, RPS24, RPS26 and
RPS29 (encoding RP for the small subunit) and RPLS5,
RPL11, RPL26 and RPL35A (encoding RP for the large sub-
unit). These mutations have been reported in up to 60% of
DBA patients (Draptchinskaia et al, 1999; Gazda et al, 2006,
2008, 2012; Cmejla et al, 2007; Farrar et al, 2008; Doherty

© 2014 John Wiley & Sons Ltd
British Journal of Haematology, 2015, 168, 854-864

et al, 2010; Konno et al, 2010; Gerrard er al, 2013; Mirabello
et al, 2014). To date, approximately 40% of patients have no
known pathogenic mutation. In this study, we carried out
whole-exome sequencing (WES) analysis of 48 patients with-
out known causative mutations or deletions and found loss-
of function mutations in the RPS27 and RPL27 genes.

Methods

Patient samples

Genomic DNA (gDNA) was extracted from peripheral blood
leucocytes with the QIAamp DNA Blood Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol.
The diagnosis of DBA was based on the criteria developed at
an international clinical consensus conference (Vlachos et al,
2008). All clinical samples were obtained with informed con-
sent from paediatric and/or haematology departments

throughout Japan. The Ethics Committee of Hirosaki Uni-

versity Graduate School of Medicine and the University of
Tokyo approved this study.

Whole-exome sequencing analysis

To identify the candidate disease variants including non-RP
genes, we performed WES analysis. gDNA from patients was
enriched for protein-coding sequences with a SureSelect
Human All Exon V3, V4 or V5 kit (Agilent Technologies,
Santa Clara, CA, USA). This was followed by massively
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parallel sequencing with the HiSeq 2000 platform with 100 bp
paired-end reads (Hllumina, San Diego, CA, USA). Candidate
germline variants were detected through our in-house pipeline
for WES analysis with minor modifications for the detection
of germline variants (Yoshida et al, 2011; Kunishima et al,
2013). The resultant sequences were aligned to the University
of California Santa Cruz (UCSC) Genome Browser hgl9 with
the Burrows-Wheeler Aligner (Li & Durbin, 2009). After
removal of duplicate artifacts caused by polymerase chain
reaction (PCR), the single nucleotide variants with an allele
frequency >0-25 and insertion-deletions with an allele fre-
quency >0-1 were called. With a mean depth of coverage of
116-3% (67% — 166x), more than 92% of the 50 Mb target
sequences were analysed by more than 10 independent reads.

Target deep sequencing analysis was performed for the RP
genes with a low depth of coverage of <10x. Amplification of
the genome was accomplished by long PCR reactions using
KOD-FX-Neo DNA polymerase (TOYOBO, Osaka, Japan)
using the primers described in Data S1. The PCR products
were used for library preparation after determination of their
quantity by the Qubit dsDNA HS Assay (Life Technologies, In-
vitrogen division, Darmstadt, Germany). Libraries were pre-
pared using the Nextera XT DNA Sample Preparation Kit
(llumina) according to the manufacturer’s recommendation.
Sequencing reactions were carried out using the MiSeq v2
(2 x 150 bp) chemistries (Illumina). The MiSeq re-sequenc-
ing protocol for amplicon was performed. The sequences were
mapped on the human GRCh37/hgl9 assembly and quality-
checked using the on-board software MiSeq Reporter, and
analysed by avapis NGs software (Agilent Technologies).

To validate RPL27 and RPS27 mutations of patients and
their families, we performed direct sequencing analysis using
the primers described in Data S1.

Cell lines and transient transfection with small
interfering RNA

The human erythroleukaemic cell line K562 was maintained
in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS) (Life Tech-
nologies, Carlsbad, CA, USA) at 37°C in a 5% CO, atmo-
sphere. To knock down the RPL27 and RPS27 genes, cells
were transfected by using Amaxa Nucleofector (Amaxa
Biosystems, Gaithersburg, MD, USA) (Nucleofector solution
V, Nucleofector program T-16) with 5 pl of 40 nmol/l siRNA
solutions per 2 x 10° cells. The siRNA purchased from
Thermo-Fisher Scientific-Dharmacon (Waltham, MA, USA)
were ON-TARGET plus SMART pool human RPSIY, RPL5,
RPS27, RPL27 and a non-targeting pool.

Northern blot analysis

Total RNA was extracted from cells using the RNeasy plus
kit (QIAGEN), and hybridized at high stringency. The probes
used in the present study are described in Data S1.
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Functional analysis using zebrafish

Morpholino antisense oligonucleotides (MOs) targeting ze-
brafish rpl27 and rps27, orthologs of human RPL27 and
RPS27 respectively, were obtained from Gene Tools, LLC
(Philomath, OR, USA). They were injected at a concentration
of 50 or 20 pg/pl into one-cell-stage embryos. The MO-
injected embryos (morphants) were grown at 28-5°C. Hae-
moglobin staining was performed at 48 h post-fertilization
(hpf) using o-dianisidine (Uechi et al, 2006; Torihara et al,
2011).

Full-length rpl27 was amplified by PCR and cloned into a
pCS2+ vector for in vitro transcription. Capped mRNAs were
synthesized from the linearized template using an mMessage
mMachine SP6 kit (Life Technologies) and injected at
250 ng/pl into one-cell-stage embryos.

Total RNA was isolated from wild-types and the mor-
phants. Reverse transcription (RT)-PCR was used to distin-
guish normal or cryptic sizes of the rpl27 and rps27.1
transcripts. This was performed by using primer pairs
designed at exons 1 and 5 and exons 1 and 4, respectively.
The MO and primer sequences are described in Data S1.

Results

Whole exome-sequencing analysis

A total of 98 Japanese DBA patients were registered and
blood genomic DNA samples were collected. All samples
were first screened for mutations in eight of 10 known DBA
genes (RPL5, RPLI11, RPL35A, RPS10, RPS17, RPS19, RPS24
and RPS26) as well as RPSI4, which had been implicated in
the 5q- myelodysplastic syndrome, a subtype of myelodys-
plastic syndrome characterized by a defect in erythroid differ-
entiation (Ebert et al, 2008). Screening was achieved by
direct sequence analysis accompanied by high-resolution melt
analysis (HRM) (Konno et al, 2010). Among these patients,
38% (38/100) had identifiable DBA mutations (Table SI).
Some of the patients were described in our previous reports
(Konno et al, 2010; Kuramitsu et al, 2012). Then, we
screened for large gene deletions in the remaining 60 patients
using synchronized-quantitative-PCR DBA gene copy num-
ber assay and/or genome wide single nucleotide polymor-
phism array analysis (Kuramitsu et al, 2012). We found that
20% (12 of 60) of samples had large deletions in previously
identified DBA genes (Table S1).

WES was performed on the remaining 48 patients who
lacked documented mutations or large deletions involving
known DBA genes by screening. We found gene alterations
in RPS7, RPS27, RPL3L, RPL6, RPL7L1, RPL8, RPLI3,
RPL14, RPL18A, RPL27, RPL31 and RPL35A in 12 patients,
whose WES data have been deposited in the European Gen-
ome-phenome Archive (EGA) under accession number
EGAS00001000875. WES failed to identify a single GATAI
mutation (Table I). The substitution mutations observed in

© 2014 John Wiley & Sons Ltd
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Table 1. Characteristics of patients investigated by whole-exome sequencing.

Age at
Patient (UPN) diagnosis Gender Inheritance Abnormalities Mutation
5 1 year F Sporadic None RPL18A c.481C>T p.Argl61Cys
1 month M Sporadic SGA, craniofacial ND
abnormalities,
skin pigmentation
13 3 months F Sporadic None ND
21 1 year F Familial Nomne RPS7 ¢.75+1G>A Splicing error,
RPL13 ¢.547C>T p.R183C
26 Birth F Sporadic Spastic quadriplegia, ND
congenital hip dislocation,
severe myopia, optic
nerve hypoplasia, growth
retardation
35 18 months M Familial None RPL6 ¢.253_255del p.Lys85del
36 (35 cousin) Birth M Familial Hypospadias, cryptorchidism ND (No RPL6 mutation was detected.)
37 4 years M Sporadic Hypospadias, cryptorchidism, SGA ND
42 2 months F Sporadic None RPS27 c.89delC, p.Tyr31Thrfs*5
48 NA NA Sporadic Fetal hydrops RPL3L ¢.76C>G p.Arg26Gly
49 2 months M Sporadic SGA, growth retardation ND
50 2 months F Familial Neutropenia ND
52 (50 sister) 6 months F Familial Neutropenia ND
51 7 months F Sporadic None ND
53 8 months F Sporadic SGA ND
54 8 years F Sporadic None ND
61 9 months M Sporadic None ND
67 3 years M Sporadic None ND
68 16 months M Sporadic None RPL14 c.446CTG(9), c.446CTG(15)
69 1 year M Sporadic Flat thenar ND
75 Birth F Familial Acetabular dysplasia, ND
total anomalous
pulmonary venous connection
76 Birth M Sporadic 1gG subclass 2 and 4 deficiency RPL35A ¢.125A>G:p.Tyr42Cys
RPL7LI ¢.G544A:p. V1821
(His unaffected parents
did not possess the
mutation in RPL35A.)
77 Birth M Familial None ND
83 9 months M Sporadic None RPL31 ¢.122G>A p.Argd1His
88 Birth M Familial Cryptorchidism, hypospadias, ND
learning disabilities
89 (88 father) NA M Familial Skeletal malformation of ND
fingers, growth retardation
90 10 months M Sporadic None ND
91 Birth F Sporadic None RPL8 c413C>T p.Ser138Phe
93 11 months M Sporadic Leucoderma, syndactyly ND
95 Birth F Sporadic Atrial septal defect, RPL27 c.-2-1G>A Splicing error
pulmonary stenosis
96 28 months F Sporadic None ND
97 4 years F Sporadic Growth retardation ND
105 Birth M Sporadic Growth retardation ND
109 9 months F Sporadic None ND

© 2014 John Wiley & Sons Ltd
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Table 1. (Continued

)

Age at
Patient (UPN) diagnosis Gender Inheritance Abnormalities Mutation
112 4 months E Sporadic Pulmonary atresia, tricuspid ND
atresia, ventricular septal defect,
hypoplasia of right ventricle,
polydactyly of thumb, cerebellar
hypoplasia, low-set ear,
mandibular retraction,
growth retardation
116 4 months M Sporadic Flat thenar ND
117 NA F Sporadic NA ND
121 2 months F Sporadic Growth retardation ND
135 1 year M Sporadic Xanthogranuloma ND
136 Birth M Sporadic None ND
140 Birth F Sporadic SGA ND
144 2 months F Sporadic Neutropenia RPL35A ¢.125A>G p.Tyr42Cys
(Her unaffected parents did
not possess the mutation in RPL35A.)
151 9 months M Unknown None RPL35A ¢.113A>G p.Glu38Gly
(His unaffected father was also
heterozygous for the allele.)
152 NA NA Sporadic None ND
153 17 months M Sporadic None ND
154 NA NA NA NA ND
158 3 months M Sporadic Patent ductus arteriosus ND
159 & months M Sporadic None ND

UPN, unique patient number; NA, not available; M, male; F, female; ND, not detected; SGA, small for gestational age.

RPL35A (Patients 76, 144 and 151) had escaped detection by
the HRM analysis in the first step screening but were found
by WES analysis. The mutations were confirmed by direct
sequencing analysis. We speculated that the sensitivity of the
HRM screening was insufficient for detection of these partic-
ular mutations because the size of the PCR amplicon con-
taining the mutations was too large for the screening. A
single missense mutation (c.125A>G: p.Tyr42Cys) observed
in two of the sporadic DBA cases, Patients 76 and 144, was
predicted to be causative because the unaffected parents of
the two patients did not possess the mutation, suggesting
that the mutations were de novo (Table I). Furthermore,
tyrosine at position 42 is highly conserved among species.
On the other hand, the pathological significance of the
RPL35A mutation (c.113A>G p.Glu38Gly) observed in
Patient 151 remains unknown because glutamic acid at posi-
tion 38 is not well-conserved and the patient’s unaffected
father was also heterozygous for the allele (Table I).

The two known DBA genes, RPS7 and RPL26, were not
included in the first screening. Consequently, WES identi-
fied a RPS7 mutation in Patient 21 and confirmed the
mutation by direct sequencing. The mutation was pre-
dicted to be causative because it seemed to induce a splic-
ing error in the gene. Mutations identified in the eight
patients, including RPLI8A in Patient 5, RPL13 in Patient
21, RPL6 in Patient 35, RPL3L in Patient 48, RPLI4 in
Patient 68, RPL7LIT in Patient 76, RPL31 in Patient 83
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and RPL8 in Patient 91, were missense mutations or
in-frame deletions. Almost all of the causative variants of
RP genes observed in DBA are loss-of function mutations
(Gazda et al, 2012). Whereas analyses by SIFT, PolyPhen-2,
Mutation Taster and CONDEL predicted that some of
these mutations would probably damage the structure and
function of ribosomal proteins, the pathological effects of
the above-mentioned mutations were uncertain (Table S$2).
The substitution mutation of RPLI3 observed in Patient
21 seemed to be non-pathological because the RPS7 splic-
ing error mutation was also identified in this patient. The
missense mutation in RPL7LIT found in Patient 76 also
seemed to be non-pathological, because the de novo
RPL35A mutation was identified in this patient. The in-
frame deletion of RPL6 observed in Patient 35 with
familial DBA also might be non-causative, because the
mutation was not identified in his cousin, Patient 36
(Table I).

De novo mutation in RPL27 and RPS27

Next, we focused on novel loss-of function mutations in
RPL27 and RPS27, found in the screening. Almost all RP
genes were sequenced with enough coverage for detecting
germline mutations except for several RP genes (Table S3).
Target deep sequencing analysis was performed for the RP
genes with a low depth of coverage of <10x (Table S4 and

© 2014 John Wiley & Sons Ltd
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S5), and we confirmed that the mutations in RPL27 and
RPS27 were the only ones found in these patients.

In Patient 95, we identified the substitution of c.-2-1G>A
in the RPL27 gene, a putative splicing error mutation
(Fig 1A). To confirm the effect of the mutation, we per-
formed RT-PCR analysis by using primers located on the
first and third exons and total RNA derived from the
patient’s leucocytes. We found two transcripts in Patient 95:
the full-length transcript and a shorter transcript lacking
exon 2 by alternative splicing, a variant skipping exon 2, in
which the translation initiation codon is located (Fig 1B,C).
We performed a quantitative assessment of the levels of the
full-length transcripts and the short transcripts, using the Ex-
perion automated electrophoresis system (Bio-Rad, Hercules,
CA, USA). The calculated concentration of each product was
48-31 nmol/pl (7-49 ng/pl) and 31-69 nmol/pl (3-19 ng/pl),
respectively. The results indicated that the extent of aberrant
splicing accounted for about 40% of total RPL27 transcripts
in this patient. Patient 95 was a 2-year-old girl with no fam-
ily history of anaemia, diagnosed with DBA at birth. She had
an atrial septal defect and pulmonary stenosis. She responded
to corticosteroid treatment and has been in remission for
2 years. Her clinical characteristics are presented in Table II.
As she was thought to be sporadic type DBA, we examined
the genotype of her parents. The direct sequencing analysis
showed that the parents were homozygous for wild-type
RPL27 (Fig 1A). These results suggested the mutation
observed in the patient was de novo and a probable patho-
genic mutation of DBA.

In Patient 42, we found a single nucleotide deletion
(c.90delC, p.Tyr31Thrfs*5) in the RPS27 gene generating a
premature stop codon by frameshift (Fig 1D). The patient
was a 4-year-old girl with no family history of anaemia, diag-
nosed with DBA at 2 months of age. This patient had no
abnormalities except for skin pigmentation, and responded
to steroid treatment. Her clinical characteristics are presented
in Table II. Her unaffected parents did not have the gene
alteration observed in the patients (Fig 1D), indicating the
mutation was de novo.

Defective pre-ribosomal RNA processing due to repression
of RPL27 or RPS27

A single pre-ribosomal RNA (pre-rRNA), called 45S is pro-
cessed into mature 28S, 185 and 5.8S rRNAs (Hadjiolova
et al, 1993; Rouquette et al, 2005). Among the mature
rRNAs, the 28S and 5.85 rRNAs associate with the large
ribosomal subunit (60S) and the 185 rRNA associates with
the small subunits (40S) of the ribosome. It has been
reported that the mutations in RP genes observed in DBA
cause defects in pre-TRNA processing. For example, the loss-
of-function of the small subunit of RP affects maturation of
18S rRNA (Gazda er al, 2006, 2012; Choesmel et al, 2007;
Flygare et al, 2007; Idol et al, 2007; Doherty et al, 2010). To
validate the effects of the knockdown of RPS27 or RPL27 on

© 2014 John Wiley & Sons Ltd
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Fig 1. De novo mutations in RPL27 and RPS27. (A) Family tree of
Patient 95. Electropherograms indicate the gDNA sequence including
the boundary between IVS-1 and the first exon of the RPL27 gene.
The red arrow indicates the position of the nucleotide substitution
—2-1G>A observed in Patient 95. (B) RT-PCR analysis using the pri-
mer set located on the first and third exons of the RPL27 gene.
Arrowhead and arrow indicate PCR products for the full-length vari-
ant and the alternative splicing lacking the second exon, respectively.
Molecular marker (lane 1), Patient 95 (lane 2), her father (F, lane 3)
and mother (M, lane 4) are shown. (C) Sequence analysis of the
short PCR product of Patient 95 showing the alternative splicing
variants lacking the second exon. (D) Family tree of Patient 42.
Electropherograms indicate gDNA sequence including a portion of
the second exon of the RPS27 gene. Blue arrow indicates the frame-
shift signals caused by single nucleotide deletion of ¢.90delC.

erythroid lineage cells, we introduced siRNA into the human
erythroid cell line K562 cells and analysed pre-rRNA process-
ing by Northern blotting analysis.

Consistent with previous reports, decreased expression of
RPS19 was associated with a defect in rRNA processing char-
acterized by a decrease in 18S-E rRNA with accumulation of
a 21S rRNA precursor, and decreased expression of RPS26
resulted in accumulation of a 26S rRNA precursor. Reduc-
tion of RPS27 led to the accumulation of 30S rRNA and a
decrease in the 21S rRNA and 18S-E rRNA (Fig 2). These
findings suggest that RPS27 is also essential for 18S rRNA
processing, although RPS27 involves rRINA processing associ-
ated with the small subunit at different stages from RPS19
and RPS26. In contrast, knockdown of RPL27 caused accu-
mulation of 328 rRNA, which is very similar to the effects by
RPL5 siRNA, suggesting that RPL27 is important for the
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Table II. Clinical characteristics of DBA patients with RPS27 or

RPL27 mutation.
UPN 42 95
Mutated gene RPS27 RPL27
Age (years) 4 2
Gender Female Fernale
Family history No No
of anaemia
Onset 2 months of age At birth
Malformation Skin pigmentation Atrial septal defect

Clinical data at onset
RBC (x10'/1)
Hb (g/D
MCV (fl)
Reticulocytes (%)
WBC (x10°/1)
Platelets (x10%/1)
Bone marrow

Response to first
steroid therapy
Present therapy

138

49

105

0-17

11-68

373

Hyper cellularity,
erythroid 1%

Yes

NA

pulmonary stenosis

2:17

71

923

0-1

55

446

Normo-cellularity,
erythroid 7-4%

Yes

NA

UPN, unique patient number; RBC, red blood cell count; WBC,
white blood cell count; NA, not available.

maturation of 28S and 5.85 rRNAs (Fig 2). These findings
showed that decreased expression of RPS27 and RPL27
perturbed pre-rRNA processing associated with the small and
large subunits, respectively.

To accurately model the degree of ribosomal haploinsuffi-
ciency, we titrated the dose of the siRNA to obtain approxi-
mately 50% of the expression compared with wild-type cells
(Figure S1A). For this experiment, we used 50% RPSI9,
RPS26 and RPL5 knocked-down cells as positive controls.
However, the rRNA processing defects were not clearly
observed under these conditions even in the positive controls
(Figure S1B). These results suggested that a more accurate
functional assay was necessary to investigate the pathological
significance of these mutations. For that reason, we turned to
the zebrafish model.

Impairment of erythroid development in 1pl27 and
rps27-deficient zebrafish

To investigate the effects of RPL27 mutations in DBA, we
knocked down the zebrafish ortholog (rpl27) using MOs and
analysed the morphology and erythropoietic status during
embryonic development. The coding region of rpl27 shares
84% nucleotide and 96% amino acid identities with its
human ortholog. Although gene duplication is common in
zebrafish, available information from public databases sug-
gests that rpl27 exists as a single copy in the genome. We
inhibited expression of this gene using an MO designed to
target the 3'-splice site of the first intron that corresponded
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Fig 2. Perturbation of pre-rRNA processing by knockdown of the
RPL27 or RPS27 gene. Northern blot analysis using K562 cells
knocked down by siRNAs. The 5 extremities of the internal tran-
scribed spacer 1 (ITS-1) and internal transcribed spacer 2 (ITS-2)
were used as probes to detect the precursors to the 185 rRNA associ-
ated with the small subunit and 285 rRNA and 5.85 rRNA associated
with the large subunit of the ribosome, respectively. RPS19, RPS26
and RPL5 knocked-down cells were used as positive controls for the
detection of defects in rRNA processing. ITS-1 and ITS-2 probes
revealed the accumulation of 305 pre-rRNA in RPS27 knocked-down
cells and 328 pre-rRNA in RPL27 knocked-down cells, respectively.
Decrease of 185-E pre-rRNA was also detected by the ITS-1 probe in
RPS27 knockdown cells. The mature 18S and 285 rRNAs were
detected with specific probes.

to the position at which the mutation was identified in the
patient (Fig 3A). Injection of this MO into the one-cell stage
embryos perturbed the splicing and resulted in exclusion of
exon 2 as observed in the patient (Fig 3B). When injected
with 5 pg/pul MO targeted against rpl27, the expression level
of a smaller transcript lacking exon 2 was comparable to that
seen in Patient 1 (Figs 1B and 3B). Therefore, all of the
following experiments were performed using 5 pg/ul MO.

We compared the morphological features of the
morphants with wild-type embryos and found that the
morphants showed abnormal phenotypes, such as a thin yolk
sac extension and a bent tail at 25 hpf (Fig 3C). We also per-
formed haemoglobin staining at 48 hpf and found a marked
reduction of erythrocyte production in the cardial vein of the
morphants (Fig 3D). All these abnormalities were rescued by
the simultaneous injection of rpl27 mRNA into the embryos,
indicating that the morphological defects and decreased eryth-
ropoiesis observed in the morphants were caused by the aber-
rant splicing of rpl27 in zebrafish (Fig 3B,D). These results
suggested that the splice site mutation identified in human
RPL27 could be responsible for the pathogenesis of DBA.

We next investigated the effects of RPS27 mutations in
DBA. Public databases suggest that there are three copies of
the zebrafish rps27 gene, rps27.1, rps27.2 and rps27.3, whereas

© 2014 John Wiley & Sons Ltd
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Fig 3. Morphological defects and decreased erythropoiesis in rpl27 morphants. (A) The gene structures of human RPL27 and zebrafish rpl27. The
sequences of intron 1/exon 2 boundary regions are indicated. Uppercase and lowercase letters show the exon and intron sequences, respectively.
The MO target site is underlined and the translation initiation codons (ATG) are shaded. The arrow indicates the position of the mutated nucleo-
tide in the patient. Arrowheads show the primer positions for the RT-PCR. (B) The results of RT-PCR of rpl27 and actb (control) in wild type
and MO injected embryos. A smaller transcript without exon 2 was observed in the morphants as seen in the patient at a comparable level, when
5 pg/pl MO was injected into the one-cell-stage embryos. Injection with higher concentrations of MO (20 pg/pul) also produced a truncated exon
3. (C) Morphological features of wild-type and MO-injected embryos. A thin yolk sac extension and a bent tail are prominent in the morphants
injected with 5 pg/pl MO (arrows), whereas these features are rescued in the embryos injected with rpl27 mRNA. Scale bars: 250 pm. (D) The
haemoglobin staining of cardial veins at 48 hpf. Compared to wild-type embryos, rpl27 morphants injected with 5 pg/pl MO showed a drastic

reduction in the number of haemoglobin-stained blood cells. Morphants co-injected with rpl27 mRNA show recovery of the stained cells.

the human genome contains two copies, RPS27 and RPS27L.
We inhibited expression of the zebrafish rps27.1, which shares
96% amino acid identity with the human RPS27, using an MO
designed to target the 5'-splice site of the second intron
(Fig 4A). Injection of this MO into the embryos perturbed the
splicing and resulted in exclusion of exon 2 (Fig 4B) that con-
sequently introduced a stop codon in exon 3. The morphants
showed abnormal phenotypes, such as a thin yolk sac exten-
sion, a bent tail and a malformed brain region at 26 hpf
(Fig 4C). We also observed reduced erythrocyte production in
about 60% of the morphants (Fig 4D). These results suggested
that the frameshift mutation identified in human RPS27 is a
strong candidate for a causative mutation for DBA.

Discussion

WES analysis identified loss-of-function mutations in two RP
genes. Each of the patients carrying one of these mutations
was a sporadic case, and the mutations were de novo. Knock-
down of RPL27 and RPS27 disturbed pre-rRNA processing
for the large and small subunits, respectively. Although the
zebrafish models cannot reproduce the exact features of
DBA, such as macrocytic anaemia appearing after birth and
skeletal abnormalities, the models of RPL27 and RPS27
mutations showed impairment of erythrocyte production.
These results suggested that RPL27 and RPS27 play

© 2014 John Wiley & Sons Ltd
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important roles in erythropoiesis, and that haploinsufficiency
of either RP could lead to pure red cell aplasia. However,
these findings only represent a single patient in relation to
each gene. The identification of new DBA cases in the future
with mutations in these genes will be important to confi-
dently label RPS27 and RPL27 as DBA disease genes.

Interestingly, RPS27 binds to MDM2 through its N-termi-
nal region, and overexpression of RPS27 stabilizes TP53 by
inhibiting MDM2-induced TP53 ubiquitination (Xiong et al,
2011). Although the exact mechanism by which ribosome
disruptions leads to DBA is unclear, a widely accepted
hypothesis is that imbalances in expression of individual RPs
trigger a TP53-mediated checkpoint, leading to cell cycle
arrest and apoptosis of erythroid precursors (Narla & Ebert,
2010). Several animal models have demonstrated the role of
TP53 in the pathophysiology of DBA (McGowan & Mason,
2011). In support of this conclusion, it was observed that
certain RPs, such as RPL5, RPL11, RP123, RPL26 and RPS7,
bind to and inhibit the TP53 regulator MDM?2, thereby
inhibiting its ability to promote TP53 degradation (Zhang &
Lu, 2009). Notably, like RPL27, many of the RP genes,
including RPL5, RPL1I, RPL26 and RPS7, are mutated in
DBA.

Here, we report the results of RP gene mutations
observed in 98 Japanese DBA patients. The frequency of the
patients harbouring probable causative mutations/large
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Fig 4. Morphological defects and decreased erythropoiesis in rps27 morphants. (A) The gene structures of human RPS27 and zebrafish rps27.1.
The sequences of exon 2/intron 2 boundary regions are indicated. Uppercase and lowercase letters show the exon and intron sequences, respec-
tively. The MO target site is underlined. The arrow indicates the position of the mutated nucleotide in the patient. Arrowheads show the primer
positions for RT-PCR. (B) The results of RT-PCR of rps27.1 and actb (control) in wild-type and MO-injected embryos. A smaller transcript with-
out exon 2 was observed in the morphants. (C) Morphological features of wild-type and MO-injected embryos at 26 hpf. A thin yolk sac exten-
sion and a bent tail are prominent in the morphants (arrows). An abnormal development in the brain region was also observed. Scale bars:

250 um. (D) Haemoglobin staining of cardial veins at 48 hpf.

deletions in RP genes was 55% (56/98), including RPSI19
16% (16), RPL5 12% (12), RPL11 5% (5), RPS17 7% (7),
RPL35A 7% (7), RPS26 4% (4), RPSI0 1% (1), RPS7 1%
(1), RPL27 1% (1) and RPS27 1% (1). No mutation of
RPS24, RPS29 or RPL26 was identified in this study. In
addition to above mutations, we found a missense mutation
of RPL35A in a sporadic case (Patient 151). Mutations in
RP genes are characterized by a wide variability of pheno-
typic expression. Even family members with the same muta-
tion in the RP gene can present with clinical differences
(Willig er al, 1999). For example, RPSI9 mutations are
found in some first-degree relatives presenting only with iso-
lated high erythrocyte adenosine deaminase activity and/or
macrocytosis. Therefore, there is still the possibility that this
RPL35A mutation is disease-causing, although the patients’
father had the same heterozygous mutation without anae-
mia. To confirm the pathological effect of the substitution, a
functional analysis is necessary. The zebrafish model might
be very useful for this assay.

Recently, Gerrard ef al (2013) found inactivating muta-
tions in 15/17 patients by targeted sequencing of 80 RP
genes. All mutations were in genes previously found to be
DBA genes. The differences between these results and those
in our study might be due to differences between human
populations. In our cohort, all patients were Asian, whereas
80% were Caucasian in the cohort reported by Gerrard et al
(2013). The frequency of RP gene mutaitons may vary
between ethnic groups. However, the data from both cohorts
are based on a relatively low number of patients and values
showing significant differences between cohorts are missing.
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Interestingly, Gazda et al (2012) reported large-scale sequenc-
ing of 79 RP genes in a cohort of 96 DBA probands, none of
whom had previously been found to have a pathogenic
mutation. The study showed c¢. 53-9% of DBA patients had
mutations in one of 10 known DBA-associated RP genes,
including a novel causative RPL26 gene. The results were
very similar to ours, although their data did not contain
large deletions of RP genes, which would escape regular
sequencing analysis.

An additional five missense single nucleotide variants
affecting single cases were identified in six patients, including
RPL3L, RPL7L1, RPL8, RPL13, RPL18A and RPL3I together
with two in-frame deletions of RPL6 and RPLI4 in two
patients, which cause deletion of a single amino-acid
(Table I). However, the pathological significance in these
seven cases is uncertain. In the remaining 36 patients, no
mutations were detected in RP genes. In conclusion, we iden-
tified novel germline mutations of two RP genes that could
be responsible for DBA, further confirming the concept that
RP genes are common targets of germline mutations in DBA
patients and also suggesting the presence of non-RP gene tar-
gets for DBA. To identify the candidate disease variants in
non-RP genes, we are now pursuing WES of their parents
and planning to perform functional assays of these variants.
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First-line treatment for severe aplastic anemia in children:
bone marrow transplantation from a matched family donor

versus immunosuppressive therapy

Nao Yoshida,* Ryoji Kobayashi,? Hiromasa Yabe,® Yoshiyuki Kosaka,* Hiroshi Yagasaki,® Ken-ichiro Watanabe,® Kazuko
Kudo,” Akira Morimoto,® Shouichi Ohga,® Hideki Muramatsu, Yoshiyuki Takahashi,* Koji Kato,* Ritsuro Suzuki,** Akira

Chara,” and Seiji Kojima®

‘Department of Hematology and Oncology, Children’s Medical Center, Japanese Red Cross Nagoya First Hospital, Nagoya;
2Department of Pediatrics, Sapporo Hokuyu Hospital; *Department of Cell Transplantation and Regenerative Medicine, Tokai
University School of Medicine, Isehara; “Department of Pediatrics, Hyogo Children’s Hospital, Kobe; *Department of Pediatrics,
Nihon University School of Medicine, Tokyo; ®Division of Hematology and Oncology, Shizuoka Children's Hospital; "Department of
Pediatrics, Fujita Health University School of Medicine, Toyoake; *Department of Pediatrics, Jichi Medical University School of
Medicine, Shimotsuke; *Department of Perinatal and Pediatric Medicine, Kyushu University Graduate School of Medical Sciences,
Fukuoka; **Department of Pediatrics, Nagoya University Graduate School of Medicine; **Department of HSCT Data Management &
Biostatistics, Nagoya University Graduate School of Medicine; and **Department of Pediatrics, Toho University School of Medicine,

Tokyo, Japan

The current treatment approach for severe aplastic anemia in children is based on studies performed in the 1980s,
and updated evidence is required. We retrospectively compared the outcomes of children with acquired severe
aplastic anemia who received immunosuppressive therapy within prospective trials conducted by the Japanese
Childhood Aplastic Anemia Study Group or who underwent bone marrow transplantation from an HLA-matched
family donor registered in the Japanese Society for Hematopoietic Cell Transplintation Registry. Between 1992
and 2009, 599 children (younger than 17 years) with severe aplastic anemia received a bone marrow transplant
from an HLA-matched family donor (n=213) or immunosuppressive therapy (n=386) as first-line treatment. While
the overall survival did not differ between patients treated with immunosuppressive therapy or bone marrow
transplantation [88% (95% confidence interval: 86-90) versus 92% (90-94)], faiﬁire-free survival was significantly
inferior in patients receiving immunosuppressive therapy than in those undergoing bone marrow transplantation
[56% (54-59) versus 87 % (85-90); P<0.0001]. There was no significant improvement in outcomes over the two time
periods (1992-1999 versus 2000-2009). In multivariate analysis, age <10 years was identified as a favorable factor
for overall survival (P=0.007), and choice of first-line immunosuppressive therapy was the only unfavorable factor
for failure-free survival (P<0.0001). These support the current algorithm for treatment decisions, which recom-
mends bone marrow transplantation when an HLA-matched family donor is available in pediatric severe aplastic

anemia.

Introduction

Aplastic anemia is defined as peripheral blood pancytopenia
caused by bone marrow failure; the pathogenesis of this dis-
ease is thought to involve autoimmune processes.” The prin-
cipal interventions responsible for improved survival in aplas-
tic anemia are bone marrow transplantation (BMT) and
immunosuppressive therapy (IST). In children, BMT from an
HLA-matched family donor (MED) is the treatment of choice
for severe aplastic anemia (SAA).**® For children lacking an
MED, IST with a combination of antithymocyte globulin and
cyclosporine has been used as a therapeutic option.®'
However, this treatment approach is based on the results of
comparative studies between these therapies that were con-
ducted mainly in the 1980s, and there have been few recent
studies that compare the outcome of BMT recipients with
comparable patients receiving IST.

The largest pediatric series in previous studies was reported

by the European Group for Blood and Marrow
Transplantation (EBMT) and included 304 children treated
from 1970 to 1988; that study indicated survival was better
following first-line BMT than after first-line IST (63% versus
48%; P=0.002) but did not compare failure-free survival after
the two therapies.® Our previous analysis showed a significant
advantage for patients receiving BMT from an MFD as first-
line treatment in a study of 100 children with SAA who were
treated between 1984 and 1998." In patients who received
first-line IST, 10-year overall and failure-free survival rates
were 55% and 40%, respectively, both of which were
markedly inferior to the rates in patients who initially under-
went BMT, which was associated with 10-year overall sur-
vival and failure-free survival rates greater than 90%. Since the
1980s, the outcomes of both BMT and IST have improved,
likely due to better supportive care and advanced treatment
and transplantation protocols. A recently published Cochrane
review regarding BMT from an MFD and IST as first-line treat-
ment also pointed out that all studies included in the analysis
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had a high risk of bias due to their study design and were
conducted more than 10 years ago and may not be appli-
cable to the standard of care of today." Updated evidence
to aid treatment decisions in pediatric SAA is, therefore,
required.

In children, the choice of an appropriate treatment is par-
ticularly influenced by the long-term sequelae of the dis-
ease and its therapy. Thus, failure-free survival is much
more important than survival alone when analyzing the
long-term outcomes of children with aplastic anemia. Lack
of response, relapse, and clonal evolution are problematic
in the IST setting, whereas graft failure, acute and chronic
graft-versys-host disease (GVHD), and infectious complica-
tions limit the success of BMT. In the present study, we
compared the outcomes of children with SAA who
received IST or BMT from an MED as first-line treatment
using data from nationwide IST and BMT registries.

Methods

Patients

Between 1992 and 2009, a total of 599 consecutive children
(younger than 17 years) with acquired SAA underwent BMT from
an MFD or received IST as first-line treatment in Japan; 213
patients with an MFD underwent BMT and were registered in the
Transplant Registry Unified Management Program (TRUMP) con-
ducted by the Japanese Society for Hematopoietic Cell
Transplantation, and 386 patients without an MFD were enrolled
in two consecutive prospective multicenter trials (AA-92/97) con-
ducted by the Japanese Childhood Aplastic Anemia Study Group
and were initially treated with IST (Table 1). The disease severities
were defined as previously reported.” Underlying inherited mar-
row failure disorders were excluded clinically and by chromo-
some fragility testing. Marrow cytogenetic studies were per-
formed for all patients, and patients with clonal cytogenetic
abnormalities were excluded from this study. Patients with parox-
ysmal nocturnal hemoglobinuria with clinical symptoms and pos-
itive findings on the Ham test/sucrose test were also excluded

Table 1. Patients’ characteristics

Age at diagnosis, year, median (range)

_Eirstline therapy for pediatric SAA: BMT Vs' ST

from this analysis. All treatments were performed after obtaining
written informed consent from patients or their parents in accor-
dance with the Declaration of Helsinki.

Immunosuppressive therapy and bone marrow
transplantation procedures

The characteristics of the treatment procedures are detailed in
Table 2. Three hundred and eighty-six patients were enrolled in
the AA-92 (n=84) and AA-97 (n=302) trials, and all the patients
were initially treated with a combination of antithymocyte glob-
ulin and cyclosporine A. Response to IST and disease relapse were
evaluated as previously reported.” Transplantation data were col-
lected with the use of standardized forms provided by the
TRUMP. A total of 213 patients underwent BMT from an MFD as
first-line treatment following the local protocols for conditioning
regimens and GVHD prophylaxis. Patients who did not reach
neutrophil counts >0.5x10%/L for 3 consecutive days after trans-
plantation were considered to have had primary graft failure.
Patients with initial engraftment in whom absolute neutrophil
counts subsequently declined to <0.5x10%L were considered to
have had secondary graft failure. Acute and chronic GVHD were
evaluated according to standard criteria."*** More details on meth-
ods are provided in the Online Supplementary Methods section.

Statistical analyses

The date of analysis was July 30, 2012. Survival probabilities
were estimated by the Kaplan-Meier method and compared
between different groups of patients using the log-rank test. The
influence of potential risk factors on overall survival and failure-
free survival was assessed according to first-line treatment (BMT
or IST), time period of treatment (1992-1999 or 2000-2009), age
and other variables related to each treatment. Overall survival was
defined as the time from diagnosis to death or last follow-up.
Failure-free survival was defined as survival with treatment
response. Death, primary or secondary graft failure, and second-
ary malignancy in the BMT group, and death, relapse, disease pro-
gression requiring stem cell transplantation (SCT) from an altera-
tive donor or second IST, clonal evolution and evolution to parox-
ysmal nocturnal hemoglobinuria in the IST group were consid-

NS

10 (0-16)

9 (0-16)

Gender
Male / female

119/94 217/169 NS

Severity, n. of patients (%)
Very severe aplastic anemia
S lastic anemi

Time periods of treatment, n. of patients (%)
1992-1999
2000-2009

227 (59)
159 (41)

121 (57) 0.0001

92 (43)

155 (40)
231 (60)

BMT: bone marrow transplantation; IST: immunosuppressive therapy; NS: not significant.

530




N Yoshidaectal

ered treatment failures. For multivariate analyses, the Cox propor-
tional hazard regression model was used. P values less than 0.05
were considered statistically significant. This study was approved
by the institutional ethics committee of the Japanese Red Cross
Nagoya First Hospital.

Results

Patients’ characteristics

The characteristics of the 599 children are detailed in
Table 1. The groups treated first-line with BMT (n=213) or
IST (n=386) were similar with regards to age at diagnosis,
age at treatment and male/female ratio. The majority of
patients in both groups had a diagnosis of idiopathic dis-
ease, although the proportion of patients with non-idio-
pathic disease was higher in the IST group. Seven patients
(8%) in the BMT group and 67 patients (17 %) in the IST
group suffered from hepatitis-associated disease. Nine
patients had drug-induced or virus-associated disease.
Information on the proportion of very severe disease was
not available for 141 patients who underwent BMT because
the severity of the SAA was not a required item for the reg-
istry. The clinical features of these patients were similar to
those of the remaining patients. In the IST group, details
regarding the severity of disease were provided for all
patients: 227 (59%) had very severe disease and 159 (41%)
suffered from severe disease. As expected, the time to treat-
ment was significantly longer in the BMT group; the medi-
an interval between diagnosis and treatment was 15 days
(range, 1-180 days) and 84 days (range, 14-4605 days) for
those treated with IST and BMT, respectively. In accor-
dance with decisions taken by the patients and the parents,

Table 2. Treatment characteristics.

Conditioning regimen, n.

High-dose CY (200 mg/kg) -based 158
CY + low-dose irradiation 86
CY + ATG = low-dose irradiation 72

Myeloablative 11
CY + TBI (10-12 Gy) 7
BU +CY 4

IST trial, n.
AA-92 84
AAOT 302

CY: cyclophosphamide; > antithymocyte globulin;  fludarabine; TBI: total body
irradiation; BU: busulfan; CyA: cyclosporine; MTX: methotrexate; G-CSF: granulocyte
colony-stimulating factor.

ten patients underwent BMT more than 5 years after diag-
nosis. None of the patients who received IST before BMT
from an MFD were included in the BMT group.

Immunosuppressive therapy

Response to IST at 6 months was not evaluable in 11
patients for the following reasons: early death (n=7) or
BMT from an alternative donor within 6 months of IST
(n=4). The causes of the early deaths were sepsis (n=3),
interstitial pneumonia (n=2), hemolysis of unknown cause
(n=1) and accidental ingestion (n=1). Of the patients who
underwent BMT from an alternative donor within 6
months, two patients died of graft failure or cardiac toxici-
ty related to the preconditioning regimen. Overall, 238 of
the 375 evaluable patients (63%) improved with first-line
IST and achieved a partial response (n=151) or complete
response (n=87) at 6 months. All of these patients achieved
transfusion independence.

For all 386 patients who received IST initially, the 10-
year overall survival rate was 88% [95% confidence inter-
val (CI): 86-90], as shown in Figure 1A, and the median fol-
low-up time for living patients was 106 months (range, 22-
224 months). In contrast to the high rate of overall survival,
the result regarding survival with response was unsatisfac-
tory, the 10-year failure-free survival rate being 56% (95%

A
1 ’ \Q“Qé‘—
0.8 IST
£06 -
98
8
204 4
D_ B
0.2 4
04 P=NS
0 5 10 15 20
B Year from diagnosis
17 BMT
0.8 1
£0.6 1ST
=
804 4
D— -
0.2 4
0 P<0.0001
0 5 10 15 20

Year from diagnosis

Figure 4. Survival of 599 children with severe aplastic anemia
according to first-line treatments with immunosuppressive therapy
(IST) (n=386) or bone marrow transplantation (BMT) (n=213). (A)
Overall survival. The 10-year overall survival was 88% (95% Cl: 86-
90) in the IST group and 92% (95% Ci: 20-94) in MFD BMT recipients
(P=NS). (B) Failure-free survival. The 10-year failure-free survival was
56% (95% Cl: 54-59) in the IST group and 87% (95% Cl: 85-90) in the
BMT group (P<0.0001).
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CI: 54-59) (Figure 1B). The cause of treatment failure
included death in 12 patients [due to intracranial hemor-
thage (n=2), pneumonia (n=1), traffic accident (n=1) and
sudden death (n=1) in addition to the seven early deaths],
relapse in 23 patients, disease progression requiring sec-
ond-line treatment in 109 patients, evolution to myelodys-
plastic syndrome in 15 patients, and appearance of parox-
ysmal nocturnal hemoglobinuria in two patients. After
failed IST, a total of 118 patients underwent SCT from an
alternative donor as second- or third-line treatment. The
10-year overall survival of these patients who received a
transplant after failed IST was 79% (95% CI: 75-83) with a
median of 435 days from diagnosis and SCT. We then ana-
lyzed the influence of potential risk factors for survival in
the IST group. The prognostic significance of the clinical
parameters is shown in Table 8. In the univariate analysis,
age younger than 10 years at diagnosis was associated with
a favorable overall survival rate [93% (95% CI: 91-95) ver-
sus 82% (95% CI: 78-86); P=0.012], and this was confirmed
in a multivariate model. However, the rate of failure-free
survival did not differ between patients in the two age
groups. No other variables were significantly associated
with survival after IST in either univariate or multivariate
analyses.

Bone marrow transplantation

In the BMT group, 209 patients (98%) achieved primary
engraftment at a median of 16 days after transplantation.
As shown in Figure 1A and 1B, the 10-year overall survival
and failure-free survival rates for all 213 patients who were

treated initially with BMT from an MFD were 92% (95%
CI: 90-94) and 87% (95% CI: 85-90), respectively. When
the analysis was applied to the patients who underwent
BMT within 180 days from diagnosis, similar results were
observed; the 10-year overall survival and failure-free sur-
vival rates were 94% (95% CI: 92-96) and 89% (95% CI:
86-92), respectively. The median follow-up time for living
patients was 101 months (range, 18-213 months). The
cause of treatment failure included primary graft failure in
two patients, secondary graft failure in ten patients, second
malignancy in one patient, and death due to other compli-
cations in 12 patients. Although both patients without pri-
mary engraftment died, nine of the ten patients with sec-
ondary graft failure remain alive; eight were saved by a sec-
ond transplant, and one recovered spontaneously. Twenty-
five of 209 patients (12%) who had achieved primary
engraftment developed grade II to IV acute GVHD, and
extensive chronic GVHD was observed in 13 of 209
patients (6%) alive 100 days after BMT.

The prognostic significance of the clinical parameters,
including variables related to transplantation, was then
assessed. We found no association between age, gender,
etiology, interval between diagnosis and BMT, or time
period of treatment and treatment outcome (Table 3). Of
particular interest with regards to conditioning regimens is
the fact that the addition of antithymocyte globulin pro-
duced an improvement of overall survival [96% (95% CL:
92-99) versus 87 % (95% Cl: 84-91); P=0.021], whereas the
rate of failure-free survival was comparable. A fludarabine-
based regimen did not affect outcome after BMT from an

Table 3. Univariate analysis of 10-year overall survival (0S) and failure-free survival (FFS), according to first-line treatment.

Age at diagnosis
Younger than 10 years 219 93 (91-95) 0.012 57 (54-61)
10 years or older 167 82 (78-86) 55 (51-59)

0.754 89 95 (93-98)
124 90 (87-93)

0163 92 (89-95)

84 (81-88)

0.200

Etiology
Idiopathic 312 88 (86-91) 0.661 54 (51-57)
Other 74 87 (83-92) 66 (60-71)

0.185 204 92 (90-95)
9 88 (76-99)

0568 87 (85-90)

88 (76-99)

0.934

Interval diagnosis-treatment
Less than median days 187
Median days or more 199

91 (83-93) 0537

86 (83-89)

60 (57-64)
53 (49-56)

0.170 105 95 (92-97)
108 90 (87-94)

0322 91(88-%4)  0.362

85 (82-89)

Conditioning regimen
With ATG
Without ATG

ATG: antithymocyte globulin; CyA, cyclosporine; MTX, methotrexate.

87 96 (92-99)
126 37 (84-91)

0.021 86 (83-90)

85 (82-89)

0.648
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MED, although the number of patients treated with such
regimens was too small to draw any conclusions.
Multivariate analysis showed that none of the variables
significantly influenced survival.

Survival and prognostic factors

The overall outcomes of the 599 children with SAA,
stratified according to their first-line treatment, are shown
in Figure 1A and 1B. Our data clearly showed a significant
advantage for children receiving BMT from an MFD as
first-line treatment; the failure-free survival was signifi-
cantly superior in patients treated with BMT than in those
in whom IST was used (P<0.0001), whereas the overall sur-
vival of patients in these two treatment groups did not dif-
fer. Figure 2A and 2B show survival curves in all patients
treated in the two sequential time periods, 1992-1999 and
2000-2009: results were comparable over time [10-year
overall survival: 88% (95% CI: 86-90) versus 93% (95% Cl:
91-95); 10-year failure-free survival: 67% (95% CI: 65-70)
versus 68% (95% CL: 66-71)], indicating no significant
improvement in the last two decades. When age groups
were considered, overall survival at 10 years in the younger
group (<10 years old) was significantly better than that in
the other age groups [98% (95% CI: 92-95) versus 85%
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0 5 10 15 20
Year from diagnosis
B
1 -
0.8 - 2000-2009
.
£ 06 -
§ _ 1992-1999
& 04 4
0.2 |
0] P=NS
0 5 10 15 20
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Figure 2. Survival of patients according to time periods of treatment:
1992-1999 (n=276) or 2000-2009 (n=323). (A) Overall survival. The
10-year overall survival was 88% (95% Cl: 86-90) in 1992-1999 vs.
93% (95% Cl: 91-95) in 2000-2009. (B) Failure-free survival. The 10-
year failure-free survival was 67% (95% Cl: 65-70) in 1992-1999 vs.
68% (95% CI: 66-74) in 2000-2009.

(95% CI: 83-88); P=0.007], although no difference in fail-
ure-free survival was observed (Figure 8A and 3B). The
favorable overall survival in the younger group may be
mostly due to that observed in the first-line IST group. In
multivariate analysis, age younger than 10 years at diagno-
sis was identified as a favorable factor for overall survival
(P=0.007), and choice of first-line BMT from an MFD was
confirmed as an independent favorable factor for failure-
free survival (P<0.0001), as shown in Table 4.

Discussion

For children with SAA, BMT and IST have been accepted
as standard treatments during the past three decades. The
current guideline recommends BMT from an MFD as the
treatment of choice for pediatric SAAY? based on the
results of comparative studies performed in the
1980s.1%%%% On the other hand, recent prospective studies
with intensified IST for pediatric SAA have resulted in dra-
matic improvements in survival.®” For example, a study
from the EBMT showed a 100% overall survival rate at 6
years after first-line IST in 81 SAA patients younger than
20 years treated from 2002 to 2008.” These excellent over-
all survival results after IST have led to discussion about
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§ 0.4 4
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Figure 3. Survival of patients according to age at diagnosis: <10
years (n=308) or 210 years (n=291). (A) Overall survival. The 10-year
overall survival in the younger group (<10 years) was significantly
better than that in the other group [93% (25% Cl: 92-95) vs. 85%
(95% CI: 83-88); P=0.007]. (B) Failure-free survival. No difference in
failure-free survival at 10 years was observed [67% (95% Cl: 65-70)
vs. 3% (95% Cl: 59-67)].
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the first-line treatment in children with SAA. To obtain
solid evidence on which to base treatment decisions, ideal-
ly, a randomized controlled trial is required. However,
because of the rarity of the disease, no randomized con-
trolled trials comparing IST with BMT from an MFD as
first-line treatment for SAA exist, and only retrospective
studies using data from registries or relatively small cohorts
of patients are available. Following the previous report of
304 children treated from 1970 to 1988,° the EBMT SAA
Working Party (SAAWP) reported a consecutive study of
911 children younger than 16 years initially treated with
IST (n=304) or BMT (n=607) between 1991 and 2002,
which indicated that first-line IST gave an overall survival
rate comparable to that of first-line BMT (81% versus
79%)." Unfortunately, the analyses had several limitations,
because the drugs used for IST varied (e.g., antithymocyte
globulin only, cyclosporine A only, or a combination of
antithymocyte globulin and cyclosporine A) and the donor
types used for BMT were not consistent (15% of the
donors were mismatched family donors or matched/mis-
matched unrelated donors, although the majority of those
were MFD). In addition, neither EBMT study provided
results on failure-free survival,*® which seems to be much
more important than survival alone. Recent advances in
supportive care and salvage therapies have effectively res-
cued non-responders to IST* On the other hand, relapse,
clonal evolution in the IST group and secondary graft fail-
ure and late malignancy in the BMT group are serious
problems in long-term survivors. That is the reason why
overall survival is no longer the only endpoint to determine
optimal first-line treatment in children with SAA. In Japan,
we have conducted consecutive prospective trials with a
unified IST regimen consisting of antithymocyte globulin
and cyclosporine A since 1992, enrolling 386 SAA patients
younger than 17 years. During the same period, 213 SAA
patients younger than 17 years underwent BMT from an
MED and were registered into the TRUME, which provid-
ed a unique opportunity to investigate updated evidence
for treatment decisions in pediatric SAA, although this
study also had limitations due to its retrospective nature.
This study confirmed the excellent outcomes obtained in
Japanese children with SAA treated with BMT from an
MEFD or IST. Consistent with the EBMT studies,"** the sur-
vival of children with SAA initially treated with IST has
improved markedly since the 1980s, when first-line IST
gave greatly inferior survival (with overall survival rates of
around 40-50%) when compared with first-line BMT*#*%;
in the current analyses, the probability of overall survival at
10 years in the patients treated Hrst-line with IST reached
88%, which was comparable to that of the group treated
first-line with BMT. Recent significant advances in second-
line SCT, especially with a matched unrelated donor, may
contribute to this marked improvement in survival after
first-line IST*% In our series, a certain number of patients
underwent SCT from an alternative donor after failed IST
as a second- or third-line treatment. When patients were
* subdivided into three groups (first-line BMT from an MFD,
IST only, and SCT after failed IST groups), the 10-year
overall survival rates in these groups were 91%, 93% and
79%, respectively (P<0.0001), confirming that, in the case
of failure of IST, SCT from an alternative donor is a very
good salvage option, whereas MFD BMT and IST are
excellent first-line treatments for children with SAA.
Regarding survival with response after first-line treat-
ment, we found that the failure-free survival rate in

__ Firstline therapy for pediatric SAA: BMT vs. IST

Table 4. Multivariate analysis of favorable factors for survival in all 599
patients with SAA.

Oy
First-line treatment: BMT

Age: <10 years 1.240-3.927

First-line treatment: BMT

0.007

1113

BMT: bone marrow transplantation; NS: not significant.

Age: <10 years 0.833-1.488 NS

patients treated with IST plateaued over the past two
decades after having slightly improved since the 1980s
(from 40% in the 1980s to 56% currently).! Thus, unlike
the overall survival results, failure-free survival in the IST
group was significantly inferior to that in the MFD BMT
group. Consistent with our observations, the EBMT group
also demonstrated no significant improvement in out-
comes in response to IST since the 1990s.® This may sug-
gest that the IST regimen has not improved over time.
Over the past decade, with the hypothesis that more
intense IST might produce better outcomes, the addition of
newer immunosuppressive agents, such as mycophenolate
mofetil and sirolimus to antithymocyte globulin and
cyclosporine A, has been tested, but has failed to improve
responses.” The combination of antithymocyte globulin
and cyclosporine A is, therefore, still regarded as the stan-
dard IST regimen. Another possibility is that we have
reached a ceiling in the percentage of patients with the
capacity to respond to IST.*® In patients refractory to IST,
the pathophysiology of the disease may be different from
that in patients responsive to IST, which is thought to
involve autoimmune processes, although there are no good
markers to routinely or reliably distinguish non-responders
from responders.*** Further studies are needed to identify
patients refractory to IST, because these patients might
benefit from prompt alternative donor SCT.

Importantly, all patients in the current analyses were
treated  with  horse  antithymocyte  globulin
(Lymphoglobulin), which has recently been withdrawn
from Asian and European markets and replaced by rabbit
antithymocyte globulin. To date, there are only limited
studies using rabbit antithymocyte globulin as first-line IST
for pediatric aplastic anemia, and thus, the effectiveness of
this form of antithymocyte globulin for pediatrtic patients
remains controversial.®*® The change of product might
result in different outcomes in response to IST for children
with SAA.

Survival after BMT from an MFD in children with SAA
has exceeded 90% for the past two decades, and this has
remained unchanged when compared with our previous
observation in the 1980s. In this study, the major causes of
treatment failure were primary and secondary graft failure,
but notably, most patients with secondary graft failure
were rescued by second transplantation or careful observa-
tion. In addition to short-term complications, long-term
sequelae, such as chronic GVHD and late malignancy,
should be taken into consideration to make optimal treat-
ment decisions, especially in children. Our results showed
that acute and chronic GVHD were relatively uncommon
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in the setting of BMT from an MFD for pediatric SAA,
which is consistent with recently reported results from the
EBMT SAAWE, with 11% of grade I to IV acute GVHD
and 4% of extensive chronic GVHD after BMT from an
MED for SAA in all age groups.” Regarding late malignan-
cy, Kikuchi ez al. recently published data from 329 Japanese
children with SAA from the nationwide registry, confirm-
ing a low incidence of late malignancy after BMT from an
MED; the cumulative incidence of late malignancy was
0.8% at 10 years and 2.5% at 20 years, respectively, which
was much lower than the cumulative incidences in reports
from western countries.” In the present series, only one
patient developed a late malignancy (myelodysplastic syn-
drome), and was saved by second BMT. These observa-
tions suggest that this approach has been already estab-
lished as first-line treatment for children with SAA.

In conclusion, our updated data clearly demonstrate that
children receiving BMT from an MFD as first-line treat-
ment have a significant advantage over children managed
with first-line IST, given the dramatically better failure-free
survival and the lower incidence of associated long-term
sequelae in the BMT group, which supports the current

algorithm for treatment decisions that recommends BMT
for pediatric SAA when an MFD is available. On the other
hand, IST using the combination of antithymocyte globu-
lin and cyclosporine A is the treatment of choice for chil-
dren with SAA without an MFD considering the compara-
ble overall survival with BMT from an MFD, which could
possibly be ascribed to recent improvements in outcomes
after SCT from an alternative donor. In other words,
patients have an excellent chance of survival, even after
failed first-line IST, when they undergo second-line SCT
from an alternative donor.
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