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To the editor:

Peripheral blood stem cells versus bone marrow in pediatric unrelated donor stem cell

transplantation

The relative benefits and risks of peripheral blood stem cells
(PBSCs) versus bone marrow (BM) for allogeneic hematopoietic
stem cell transplantation (SCT) are still a matter of highly
controversial debates.!" The first randomized study comparing the
2 stem cell sources in unrelated donor SCT recently documented
comparable overall and event-free survival, but indicated a higher
risk for chronic graft-versus-host disease (GVHD) with PBSCs.*
Only a few pediatric patients were included in this study even
though the long-term sequelae of chronic GVHD are of particular
concern in this patient group.

We retrospectively compared the long-term outcome of contem-
poraneous unrelated donor SCT in 220 children transplanted with
BM (n = 102) or PBSCs (n = 118) for hematologic malignancies
and reported to the German/Austrian pediatric registry for SCT. All
patients had received myeloablative conditioning followed by unmanipu-
lated SCT from HLA-matched unrelated donors. The PBSC and BM
groups were comparable with regard to patient and donor age, sex,
cytomegalovirus (CMV) serostatus, disease status at transplantation,
GVHD prophylaxis, growth factor use, and degree of HL A matching.
The groups differed with regard to disease category with slightly more
myelodysplastic syndrome patients (P = .02) and a higher CD34-cell
dose (P = .001) in the PBSC group.

Neutrophil and platelet engraftment were achieved significantly
faster after PBSC than BM transplantation (Figure 1A-B). In this
entirely pediatric cohort, the incidence of clinically relevant grade

II-IV acute GVHD (Figure 1C) did not differ. Most importantly, the
incidence of chronic GVHD (PBSCs vs BM: 35% vs 33%,
respectively; P = .9) and extensive chronic GVHD (Figure 1D)
proved low and was virtually identical in the 2 groups. With a
median follow-up time of 3 years, overall survival (PBSCs vs BM:
50% = 5% vs 46% =+ 6%, respectively; P = .63) and event-free
survival (PBSCs vs BM: 45% = 5% vs 44% =* 6%, respectively;
P = .59) were comparable (Figure 1E-F). In multivariable analy-
sis, taking into account all parameters with P < .2 in univariate
analysis, the only significant independent risk factor for treatment |
failure was advanced disease status at the time of transplantation
(relative risk = 2.4, 95% confidence interval, 1.5-3.8; P = .001).
In contrast, stem cell source (PBSCs vs BM) had no effect (relative
risk = 1.1, 95% confidence interval, 0.7-1.6; P = .8).

Our registry-based analysis provides evidence that in pediatric
recipients of HLA-matched unrelated-donor transplantation with
consistent antithymocyte globulin (ATG) use during conditioning,
transplantation with PBSCs and BM results in comparable clinical
outcomes without detectable differences in the risk of acute or,
more importantly, chronic GVHD. Consistent with a recent study
underscoring the role of ATG for the prevention of acute and
chronic GVHD,’ the use of ATG in 96% of our transplantation
procedures compared with only 27% in the above-mentioned
randomized study by Anasetti et al* might be one of the key factors
responsible for the overall low and comparable incidence of
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A Novel Mutation of Ribosomal Protein S10 Gene in a
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Summary: Diamond-Blackfan anemia (DBA) is an inherited bone
marrow disease. The condition is characterized by anemia that
usually presents during infancy or early childhood and congenital
malformation. Several reports show that DBA is associated with
mutations in the ribosomal protein (RP) genes, RPS/9, RPS24,
RPSI7, RPL35A4, RPL5, RPLI1, and RPS7. Recently, 5 and 12
patients with mutations in- RPS10 and RPS26, respectively, were
identified in a cohort of 117 DBA probands. Therefore, we
screened the DBA patients who were negative for mutations in
these DBA genes for mutations in RPS/0 and RPS26. The present
case report describes the identification of the first Japanese DBA
patient with a novel mutation in RPS/0.

Key Words: Diamond-Blackfan anemia, ribosomal protein genes,
mutation in RPS70

(J Pediatr Hematol Oncol 2012;34:293-295)

Diamond-Blackfan anemia (DBA) is an inherited bone
marrow disease. The condition is characterized by
anemia that usually presents during infancy or early
childhood, congenital malformation, and an increased in-
cidence of cancer.!™® In 1999, it was reported that DBA is
associated with mutations in the ribosomal protein (RP)
gene, RPS19.4 This mutation was identified in 25% of DBA
probands and prompted the search for other RP gene
mutations. Subsequently, DBA patients with mutations in
RPS24, RPS17, RPL35A, RPLS, RPLII, and RPS7 were
reported, suggesting that DBA is a disorder of ribosomal
biogenesis and/or function.>”7 Recently, Doherty et al® re-
ported 3 distinct mutations of the RPS0 in 5 patients from
a cohort of 117 DBA probands. Therefore, we screened the
Japanese DBA patients who were negative for mutations in
these RP genes for mutations in RPSI0 and RPS26. Here,
we report the first Japanese DBA patient with a novel
mutation in RPSI0.
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CASE REPORT

A 6-year-old boy was referred to our hospital with anemia
with no other significant cytopenia. He was an only child with no
family history of anemia. He has no congenital malformations
described in “classical DBA,” apart from bilateral lymphangioma
of the foot. His white blood cell count was 4.3 x 10°/L, the eryth-
rocyte count was 2540 x 10°/L, the hematocrit was 24.6%, hemo-
globin concentration was 8.3g/dL, the mean corpuscular volume
was 96.9fl, the mean corpuscular hemoglobin was 32.7pg, the
platelet count was 278 x 10°/L, and the reticulocyte count was
1.5%. The fetal hemoglobin was 1.4%. The serum iron was 93 pg/
dL, the serum unsaturated iron-binding capacity was 184 pg/dL,
and the serum ferritin was 9ng/mL. The serum vitamin B12 was
850 pg/mL and the serum folic acid was 6.8 ng/mL. The serum
aspartate aminotransferase was 17U/mL, the alanine amino-
transferase was 10U/ml, and the lactate dehydrogenase was
201 U/mL. The erythropoietin level was 1170mU/L. The serum
total bilirubin was 0.5mg/dL. The direct and indirect Coombs’
tests were negative. The anti-B19 parvovirus immunoglobulin M
and immunoglobulin G antibodies were negative. Bone marrow
aspiration showed that the cellularity was slightly hypoplastic
(78500/1L), with a paucity of erythroid cells (16.8%; macrocytic-
basophilic erythroblasts, 0.4%, noromocytic-basophilic eryth-
robalasts, 1.2%, noromocytic-polychromic erythroblasts, 10.4%,
normocytic-orthochromic erythroblasts, 4.8%), but the morphol-
ogy was normal. Tt showed that myeloid cells (34.4%) have no
abnormalities associated with myelodysplastic syndromes. Lym-
phoid cells (38%) and megakaryocytes were normal. Cytogenetic
analysis showed no chromosomal abnormality. On the basis of
these findings, DBA was diagnosed in this patient.! The patient
responded to oral steroids but not to cyclosporine. A small dose of
prednisolone (0.18 to 0.23mg/kg/d) were given to maintain an
erythrocyte count of 2500 x 10°/L, a hemoglobin concentration of
8.0 g/dL, and his daily activities. The most distressing complication
has been obesity. He has never received blood transfusion.

At 22 years of age, analysis of RP genes was performed. In-
formed consent was obtained according to the guidelines set out by
Hirosaki University Graduate School of Medicine. Initially, the
patient was screened for mutations in the 8 genes known to be
associated with DBA, RPSI9, RPS24, RPSI17, RPLS5, RPLII,
RPL35A, RPSI10, and RPS26, using high-resolution amplicon
melting analysis. He was also screened for RPS/4 mutations, which
are a causative gene for 5g-syndrome. The results showed a sepa-
rated signal derived from the heteroduplex polymerase chain re-
action product from the third exon of RPSI0. Direct sequencing
analysis of the polymerase chain reaction product and the cloned
amplicon identified a heterozygous mutation (283_306delinsTGCC)
(Fig. 1). This mutation resulted in a frameshift at codon 95 and a
“stop” at codon 100 (Fig. 2).

DISCUSSION
Nine RP genes, RPS/9, RPS24, RPSI7, RPLS,
RPLII, RPL35A, RPSI4, RPSI0, and RPS26, were
screened in 64 Japanese probands with DBA. Screening
identified 8, 6, and 3 patients with mutations in RPSI9,
RPL5, and RPLII, respectively, and a single patient
each with a mutation in RPSI7, RPS10, and RPS26° and
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FIGURE 1. Sequence changes and frameshift in the RPS70. Direct sequencing showed a separated signal derived from the heteroduplex
polymerase chain reaction product from the third exon of RPS70. Sequencing of the cloned mutant allele identified a heterozygous

mutation (c.283_306delinsTGCC) and frameshift.

(unpublished data). In total, 20 (31.3%) of the Japanese
DBA patients had mutations in RP genes. This is a slightly
lower frequency than that reported in Western countries,
although the data from both populations are based on rel-
atively low numbers of patients, and data showing sig-
nificant differences between populations are lacking.

The RPSP10 gene is located on chromosome 6 and
contains 6 exons, with the start codon in exon 2. RPSI10
encodes a protein of 165 amino acids, which is a component
of the 408 ribosomal subunit. To our knowledge, this is the
first report of a Japanese DBA patient with a mutation in
RPSI0. The mutation (283_306delinsTGCC) results in a
frameshift at codon 95 and the premature termination of
codon 100. This novel mutation has not been reported in
the literature. Doherty et al® identified 3 heterozygous se-
quence changes in RPS/0 in 5/117 probands, with no evi-
dence of mutations in any of the known DBA genes. One
sequence change was a missense mutation 3G > A (Metl to
1le), which eliminates the start codon. The next downstream
start codon is located at nucleotide position 61 to 63 and is
predicted to start translation of a truncated protein. Another
mutation was ¢.260.261insC, which results in a frameshift

Deletion
283

at codon 87 and a “stop” at codon 97. Three other pro-
bands contained a common nonsense mutation, ¢.337C > T,
causing an Argl13 “stop.” In our case, the mutation seems
to be the result of both a deletion and an insertion. These
mutations are very rare in DBA. To understand the mech-
anism of mutagenesis, we examined RPSJ/0 psuedogenes
(PRSI0OPI to RPSIOP3T) to see if this mutation arose from
interlocus gene conversion. However, we could find no evi-
dence that the mutation arose due to gene conversion. The
authors estimated that RPS/0 mutations were present in
about 2.6% of the DBA population. Although more in-
formation is needed to estimate the incidence of RPSI0
mutations in Japaness DBA patients, the frequency of
RPS10 mutations in the Japanese population was similar to
that in Western countries. All the RPS70 mutations observed
in patients with DBA, including our case, are nonsense or
frameshift mutations. Nonsense and frameshift mutations
are likely to be pathogenic in the majority of cases; however,
determining the pathogenicity of a particular missense mu-
tation may be difficult.

The RPS19 protein plays an important role in 18S
rRNA maturation in both yeast and human cells.'®'3 Other

306

ACCCTACGCCGTAGCCGTCCAGAGACTGGCAGGCCTCGGCCT

AAA

T LR RSR PETGIRUPRPK

¥

ACCCTATGCCAGGCCTCGGCCTAA

Insertion

T LC QA S A

* (stop)

FIGURE 2. Deletion and insertion of this patient in RSP70. The ¢.283_306delinsTGCC mutation resulted in a frameshift at codon 95 and

a “stop” at codon 100.
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Mutated RPS10 Gene in DBA Patients

studies demonstrate alterations of pre-RNA processing and
small or large ribosomal subunit synthesis in human cells
with RPS24, RPS7, RPL35A, RPL5, and RPLII defi-
ciency.'*16 Increased apoptosis has been demonstrated in
hematopoietic cell lines and bone marrow cells deficient in
RPS19 and RPL35A 141718 Imbalances in p53 family pro-
teins have been suggested as a mechanism of abnormal em-
bryogenesis and anemia in zebrafish upon perturbation of
RPS19 expression.!® Also, the DBA phenotype in mice was
ameliorated by knockdown of p53.20 We hope to use hema-
topoietic progenitor cells to investigate why mutations in
RPSI0 affect erythropoiesis in DBA patients.

Patients with “classical DBA” fulfill all the major diag-
nostic criteria, including anemia presenting before the first
birthday.! However, a definitive diagnosis of DBA is often
difficult because of incomplete phenotypes and a wide variation
in clinical expression. This particular patient presented with
macrocytic anemia at 6 years of age, with no family history and
none of the congenital anomalies described for “classical
DBA.” The identification of pathogenic mutations in RPS/0
provides a definitive diagnosis of DBA in this patient.
Although the use of molecular diagnostic techniques is essential
to establish a definitive diagnosis and research the cause of
DBA, such a diagnosis in only obtained for 30% to 40% of
patients. Therefore, it is important to identify all genes that
cause DBA if we are to improve the efficiency of molecular
diagnostic techniques and understand the pathogenesis
of DBA.
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BICHEETHVAY —2 2 v 7 BEFEBL, RPS20
L RPL7 ($:fafk8q) L RPS24 (¥:fifk 10q22-q23) O+ —
7TV ABHRIT ot FORER, RPS20 & RPL7 XIEH
THoledy, RPSHE~ToBERYEDL. £I T, 210
% O DBA FE O %211\, X b 2R RPS24 1EIR
FERYRM Ui, RPS24BETEEOBEEIL, 14% T
Botz. Fi, Cmejla BIXGIDOY Ry —a 5 v 7 RIETF
RPSI7 DHEE% DBAEAI TR LY. SEE QT>Q)

DI EFER o — v (ATG) 2Mkbh, — D RPSI7
DEBENEDLNAERTH -T2

FRETOHREL, TN Ta=y " EERTBI A
V=2 ZVRIBEFTH-72M, &L, Ky 7=2=y
YHEETHIAY —22 Vv A BEFOERLAHIR
7o, Farrar 513, CCHE L ABRRERBHE~ vy €V I L~
42707 VA DBEBMTEERELT, PEfE3qDKR

K& D200 DBA BEOHYTA D, DBA ORRERHE

BFELTRY 722y bRERTEI A —2 237
BETF RPL3SA EE Lz, £ 2T, RPL3SA DERNEY
ZDBA THRRI > TWBNLELINEMAIDIL, 1484 D
DBAFMER A2 V—=v /L, 3ZE~T o EELRH
L™, &b, &\, Gazda 5i%, DBA DEFICHI DX
P2y bRERTHY R — A2 VR BEFOLER
PRELEY. by, Th¥ TR RPSII, RPS24 KX
U'RPL3SACEIZTFERDO L LI 1964 D DBA RiE
OEEEYRAWT, BETFERMEIEIh T 24 #D
RPEMET & 1 BIDZDOMED D - 7o RPSI7 BT OFEMN
BT ot FOFERE, RPLS & RPLIIE~T o FREZRHL
7z. RPL5 & RPL1I DEREDEE X, ThTh 6.6% & 4.8%
Thotz. Fi, TOMIKH RPS7, RPSI7, RPL36, RPSIS,
RPS27ACER B H L bichy, TOHEE R TRY 1% KM
Thote. 5= 20 DBA registry 11, 314 Q8FIK) ©
DBAFEGINEZ I T W5, T D¥—7z population I3
% RPLS % X ' RPLII DRETFEROHEEL, thth
214% £ 71% TH-7'9. BB 5 LT, RPSIOER L
IRBRIC, RPLSBERO B HEFICIIDE - nEH, £X
HOEBORIEORE I ¥ DERLHN, RPLU TR T
BioRBEERFAEHEECED b,

IHhETHEREIhLDBA OBREGTERE, TX_TY XK
V—br BRI BEFO~NToBTRTH-T2. i,
DBA DRV £ Y — 4 & v 23 7 O haploinsufficiency 1=
IoTHLB IRy —aOBEIETELTH D & w5 TRHE
LT3,

I &3FPITHIT 3 DBA DR

1. E¥RE

Zh ¥ TODBA DREBETFOWEIL, & THEATT
bhtcdbDTHD, AP TOREERBHORE L L,
ZOFHOWEIAELEBR O C0X 5 REROF
T, ER 21 EDEHEHEHREELRIIZEE (DBA
DERZEE OREL BT AT Kb ERD, &
FHEE, BETHEE, "M A~—»—DFR, HHEED
ER Y BB R ED .

PR 21 £ E, 2EODRBEMEEER (520 KR
FIONRMBRESTHRE (15048) R, 20004 1
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Table 1 Summary of sequence changes in 8 RP genes in DBA probands

American et al Czech Italia Japan
No of probands 272 28 128 76
RPS19 25% 21% 28% 10.5%
RPL5 6.6% 21% 9.3% 7.9%
RPS10 6.4% ND ND 1.3%
RPLI11 4.8% 7% 9.3% 53%
RPS35A 3.5% ND 0 0%
RPS26 2.6% ND ND 1.3%
RPS24 2% ND 1.6% 0%
RPS17 1% 3.6% ND 1.3%
Total 52.9% 52.6% 48.2% 27.6%
Table 2 Characteristics of Japanese DBA patients with mutations in RPS/9
Patient Malformation status i-i;stp;gfgiitmerapy Present therapy
1 proband growth retardation response CR
1 daughter None response CR
25 proband thmub anomaly, growth retardation etc. ND ND
28 proband thmub anomaly, CHD etc. response Steroid dependent
30 proband thumb anomaly, growth retardation response Steroid dependent
30 father growth retardation NA CR
43 proband thumb anomaly response Steroid dependet
44 proband SFD response CR
59 proband None response Steroid dependet
70 proband thumb anomaly ND ) Transfusion dependent

ND; not done, NA; not available, CR; complete remission

BB HE I N EFIC YW T —REERAE LT - 1o
F DR, 13260 DBAESIOBRERH - . FH23F
B, BARTA¥ LM KREOREEZRESOERTNED
h, RFEELRGL, BET TR 67O KARENE
RBH - 7.

i, SFR2AFEEL Y, RFREMRHES BANRMKE
&£DDBA BE VAT AL, BHEEVHEHBLL v
SAVIRIHBHENUETHHD, V74 Vv BERHNTE
WAL, FAX KX A2EHFIZOMH07%. FREBENL,
KM EHEHEAY AV (A HEAY - BRINEER
BT, BETFEMIANARE, ELRENERTT-
Jo. V¥ = —BRE»L 31, AFTS00 IRV Ea—3h
Fo. V¥ o —HERIT AA 23246 6, MDS 2853 61l (SERMEE
BEREAEBRE (CBFS) 4612 &L), IMML 7456, CBFS
2456, BB 23 41, £ oft 137 61TH - =. CBFS
45 floh e DBA 45 11 fl& E Tz, DBA &2Hidh
T B2 W CHBART R /D BB B R F T MR S
h, 4Gl TCRPEEFOEERIERINT,

2. Bimo BRBETORBN
DBA TEEFEERNREILTV5 8 BIETF RPSIY,

RPS24, RPSI7, RPSI10, PS26, RPLS5, RPLI1I, RPL35a) &
Sq-IERBEORRELGT & L TRERE S Ll RPSI4 &
L7, E#w, High resolution melt analysis (HRM) #
THEFEROEEY R 7 V—=v 7L, TEBEMH L HE
RN BEE LA LI N e v— 2 TV AETEN L. &
hEcr, 765% B30 ML, ¥E RPSIEET
EENI106] BFKR) THRHEIAK, T0sHLD2DIXHL
WEREFERETH-7. RPLSERIL 66, RPLIIERIL4
I, RPSI7, RPSI0 ¥ X OXRPS26 BRI THTH 1 T
Hah, £THFROERTH 7. RPSI9, RPL5 & RPLII
DRETEROHEE L, ThFEN 105%, 7.9% K L 185.3%
TH-ot (Table ).

b, A3t 5 DBA DR 76 Gl 21 # (27.6%)
K RPEEFOERXEDL.

3. BENOBLFERECERAD

RPSIOBEEZY LD 10 flF 8l HEREILRDLIL
(Table 2). D5 HD 5 FIIMHEDRE 4> Tk, —
H, BRED D OHE T RPSI BRCHH ST a1k
40% BE T, BIEOTHNE L OBEL EH o 7. RPLS
BROEFL, 6BlF S HAlcHBERD, Ib, £05
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Table 3 Characteristics of Japanese DBA patients with mutations in RPLS

Response at

Patient Malformation status first steroid therapy Present therapy

10 proband cleft palate, thumb anomaly, MR, poor Transfusion
rib defect, micrognathia, CHD

41 proband cleft palate, craniofacial abnormalities, ND Transfusion dependent
CHD (GA, DORYV, CoA, LSVC)

55 proband thmub anomaly, polydactyly response Steroid dependet

65 proband growth retardation response Steroid

73 proband SFD response Steroid dependet

74 proband None None Transfusion dependent

HLO2PIIEELSHETB L EH L Tl (Table3). BT
NREZ LR, OBEWY 2FREDL. BELDDORET
b, RPLSERDENIERAMOEHIEL, BreoE
W NBAPEHTHIENSI ENRIRTWERS,
SEIOEITNI T ERBMNTHERTH - 159,

A5 n 4 Fi}, DBA DERBOBRETH 525, FHETEER
FEF 6L FID 5D, AF vA FRATHHWEKIGIL 73% &
Rbohiz. LdL, BETFERCIZZIRDbh,-
7.

4. DBA DEELTF AV —-HENTERICL B RPEEFD

KFPLILORS%

Bk L TABe T2 RPEETFOERHE IE
<, #70% DEFATCIFEEBETFHITRETHS - LHAHD
Dot L, R7 VA OREBRRRND HHE,
BEDOY—7 = v AEFTIE, BokEEDT vADEE

‘Gene copy number of

BFIOZEFHATLE > DB ETREELXRETE .
% ZC, Kuramitsu D, B OHRHE 7 DBA O#F
{&F 2 ©—EITEE (DBA FIARY g-PCREE) #BIFEL, K
7 VADREDRERRAALY. CoKETIE, T, &
BF EOEBERTICE—&4 CTHIBERENTE 5 PCR 7
SAv—HFEETSH. b, KERRENFEL N DREE
o ThhE, EEDOINCEXDNABNES TH BT
», 2N LR UBIELE 5 D PCR O RIGEIE A 1 [H% <
DECABZEEFMALT, K7 VvADREXRET S
(Figure 1). Bzi¥, FEGI3 Tuk, RPLS DHMNEBICH,
194 7 AT TNBZ &b, PRLSDFT v ADREN
WHEIh% DBA TEHECERBEODHEETEL
T, RPL5, L1I, L354, 87, S10, 8517, 819, 8§24, S26 D9
BEF, i, DBADFERE L TCOEEEIRETHTH
ERRARELSECRE - (ERABEO D - BET,
RPLY, LI19, L26, L28, L36, SI15, S274 O 7#EEF1ow
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Figure 3 SNP Array

T, BEFIC-—HRBUEADGPCR 7 F 4 v —%EEL  RPSI9XKS% 24, RPLSR%& (141), RPL35A/R4% (16))
7o, BARTRBI BTy —7 v AT OFEE, BREMHE  Th-i

IR o kBB OWT, LEDEETOEEGTF a3 ¥ —

BERE L. TOoKE, 27FF 716 CTHRED 1 BEFIK 5. SNPPLAICEBRT7UVILREDREN
HTBTTAv—ty F ETHMOBEF OBEEMED LREOERYHERT BB, SNP 7 U A (Affymetrx
Ct{END 194 7 vDBh%ERL (Figure2). 2% D, Gene Chip) & CNAG 7 u 7' 5 A CEEFa v —HL AT
Zhb 1y A7 VEREEBEFX TOMOEEZT QN) Liz. ZOER, 27616 FITRPEETDOF T VAKRIE
Dav—FO¥LF N) THHIELERLTED, A7 Vv PEER E 7 (Figure 3, Table4). Zhbil, q-PCR DOk
N DREDRENI. THORFIL, RPSI7RE GH), BL—FH LT 72y, ¢ PCRETHRHE X iz RPSIOBRET
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syt El Ei 1i3 B E|5 *i“ _ 3UTR
.
nesis b
l LA 2 ] L2 @< ‘Q" B e Db
Primer  §19-57 §19-36 $19-40 51928 §19-62
Position 519-58 s19-24 51944 $19-65
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Figure 4 Large deletion in the RPS79 gene

DKRE #H24) IBRHINheh o7z (Figure 3). * 2 T,
RPSI9¥%3 % q-PCR 7 5 A = — %1 L, RPSI9 DRI
F o v KM (Figure 4A). T OFERE, RPSI9
@ 5°UTR $E1K (S19-57, -58) ¥ X Wintron 3 NS4 5 3°UTR
FEHHRE L7 T 1 = — (81928, -62, -65) Tita ¥ —
BHEFELXRLIORK LT, intron3 DA X H L
CEREEI N7 54 w— (519-36,-24, -40, -44) TIIH 7
VADRSERR LT (Figure 4B). DI &b, RPSI9E
EFDORFDT VA D intron 3 FEIRA AT C/NERE IR KBS
BDHIEBREL LR FZT, RPSI9D 5UTR & intron
375 4 <= —%E&E L genomic PCR 1T\, RAFHEHKD
BEx AL FOFEE, R4BRE TR TkEEFOKRE
BEEIRDL A Y PRBERKKBLETRD b (Figure
4C). v—¥ v AR OER, SUTR & intron3 125 % 2338
#Ex OHEREFI (CGGTGGCTCACACCTGTAATCCCAGCA,
nt: —1400 A5 —1374 38 X ¥ nt: +5758 5 +5784) DFETH
FHRERSERZVET, BRELTTIS7TEEORENF
EXhi (Figure 4A). RELLFEHEIE, 7ot —5—F8
X exonl, 2, 3BWEITRBIENLD, TOT VAREE
mRPSI9 X v Ry Bha—FLhWEELbRL Ei,
SNP 7 U A DFERM, ¢-PCR DFER L —F L 7ed o D,
SNP 7 u — I IREFRICFE LI 12D TH - T

UEDFERI Y, s-gPCR HH WA 7 LV A REDBHTE
12, Bhi-HETHH I LRI

6. AR%ELERR

Fz ARIE LA 760 DBA ODRREGTFOR 7 VAR
&1L, FOELPIRETRBEDO LD TH -1
(RPLs (1), RPSI7 3H1)). %i, SEIDMEN T,
RPSI7 DBEGEFRENIFARR I, 3 THKRTIIE
DTHEINTWRD, BREWC ERBERTILLAR
BETCRPSITEEREND D Z ERHLL k. ATV
NRERFT HEGNL, EBORFEEEL, THEER,
FENRTEECESR L EORFTEEYF LTV
(Table 5). R&EZRR LI 6Bk (43, #24, #60, #62, #71
#72) IOWT, FABORE SRR DBA F#f g-PCREET
T, TOER, £ TOME TDBA RRERZEFORSE
BEBDLRIEh ot DED, FT VALDOREDHEIIR
BT, MREDER X A 7 Th 5 WEEMEIRE X
hic.

7. REOBETFOBRE

LR OB T - T RRBEFHTHERBEREECD
W, kitfy—7 vy —Bvikexr v VEBRRT
VW, FHERERFORE RS L. BEAO SNP k%
Licth, RENBEESCESE 2 v b o—2 GERERRS
WH) DT sy vF—2 L BB TAILRID, &
BEROBERH LT HBETFER VAL, BOAEMER
FOBRL, v A —v—7 TV AERBWCHERYT
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Table 4 Genes that were found to be deleted using SNP arrays

Large Large

?Iiﬁem deletion deletion gile:éon Mutation Genes deleted
: (QPCR)  (SNParay) "8
#3 RPLS RPLS 858 kb whole allele loss EVI5, RPLS, FAM694, MTF2, TMEDS, CCDC18, DRI
#14 RPS17 RPSI7 270 kb whole allele loss RPSI7, CPEBI, AP3B2, FSD2, WHMM, HOMER2, FAM10341,
Cl5orf40, BTBD1, TM65F1, HDGFR3, BNCI, SH3GL3,
ADAMTSL3, ZSCAN2, SAND2, WDR73, NMB
#24 RPSI19 ND 7157 bp Ex 1-3 deletion RPSI9
#60 RPS17 RPSI7 230 kb whole allele loss RPSI7, CPEBI, AP3B2, FSD2, WHMM, HOMERZ, FAMI0341,
Cl50rf40, BTBD1, TM65F1, HDGFR3, BNC1, SH3GL3,
ADAMTSL3, ZSCAN2, SAND2, WDR73, NMB
#62 RPS17 RPSI7 330 kb whole allele loss RPS17, CPEBI, AP3B2, FSD2, WHMM, HOMER2, FAMI10341,
Cl150rf40, BTBD1, TM65F1, HDGFR3, BNCI,
SH3GL3,ADAMISL3, ZSCAN2, SAND2, WDR73, NMB,
SEC114, ZNF592, ALPK3, SLC2841, PDESA
#71 RPL354 RPL354 786 kb whole allele loss BDH, FYTTDI, LRCH3, IQCG, RPL354, LMLN, FAMI574
#72 RPS19 RPS19 824 kb whole allele loss CEACAMS, CEACAMS, CEACAMS3, LYPD4, DMRTC2, RPS19,
CD794, ARHGFF1, RABACI1, ATPIA3, GRIKS, ZNF574,
POUZF2, DEDD2, ZNF526, GSK34, ERF, CIC, PAFAHIBS3,
PRR19, TMEM145, MEGF8, CNFN, LIPE
Table 5 Characteristics of DBA patients with large deletions
. . Age at : :
Patients (Gender) Inheritance diagnosis Physical anamalies
RPSI9 24 proband (F) Sporadic Short stature, SGA
72 proband (M) Sporadic Thumb anomaly, Flat thenar, testicular hypopl:isia,
Fetal dydrops
RPS17 14 proband (M) sporadic Short stature, white spots
60 proband (F) sporadic 2M SGA
62 proband (F) sporadic Small ASD, SGA, short stature
RPLS 3 proband (M) Sporadic Short stature, thumb anomalies
RPL35a 71 proband (M) Sporadic Thumb anomalies, synostosis of radius and ulna;

Cohelia Lange-like face, cleft plate, underdescended
testis, short stature, cerebellar hypoplasia, fetal dydrops

5, ThETHEIRTW5 DBA DEEBGFILTRT
VRY — ABEAERTFTHood, &7V vEBRixT-
TBEOFE, WEEFETAIARY —2x vy
BETCERDINLDBNEHSZ ORI, ZOEEND,
VARV —a xR 7BETEHS D DBA EREETFIVEE
T5 LD AREI N HRPCEREEFYRET
Bledie, ¥7T, RENCEROBEELND HEMNEFL
EREREDLFETH 5.

8. NA1AI—Hh—DRR

DBA DREEZWIITY AV — A X v X7 BEFERD
BMENEAKEY, EREETFISESL L, BIETER
DREIEI N DEEFINERT 40~50% THD T LK E R
HThDH AFHAL A v—H—E LT, ROKT T
vV FT 3F—¥ (eADA) DEAIAMLRTWED, &
K, MIEFHFTR TDBANE b HEMD 10~
20% TiL eADA DNEEMBHNTH Y, IV EREKDBA %Y
SHHEZFEAS A w—7 —NRELE X bh T
SE, BHOLIFRORAOSTTF X A DBA BETERLE

ETCHDHILERAL, eADA LHHBETAZ LT, BREL
72 9 TR 11 Fld DBA BE % 100% 2H LB (RES).
DI EDD, XiEDBA B BT BHHNAA 4 < —
N—&ELT, BODTEREELDRL.

vV # &

HADDBA BECRERBEFOR 7 VARKEN Y
T 1of5R, DBA TIEHE Q78+ 74) CREBETF
DET7 VALDORERED LRI, ZOFEEND, DBA OFE
EZWOTe»dITIY, ThETTbhTE iy —r v AR
Einz T, 2 v—EBHRET5 ENBEETHD Z LR
Shic. ¥k, BRFERREENERT I L
T, BADDBA OREFHLENR - FHEORBE LD
HEY IR T ERTER I 5D LB
na.

DBA KX T 2 EEIEIBREAT v 1 FRE—FRT
BBN, AT oA FRECHMEKFREGANEEOH 40%
FETs #rflcasnBaEBEMThbhThs 5
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FRBTREENCRERE L A—OBFETREY S » T 9)
THAMDO I CBEANFET 2 L HMbBA TS, K
EREHEBRY S LT VI Ehb, BnRagEo
N> —%RRT 5 L CREGFOZHIEERRC > T
5. LoL, BEEFS &5 DBA OZMEEOERILEE
ATLREDMEE > ) THY, BRETYVHRTE )
L5 BHEERTFELR. SEDAM Fv—H—D
FR, BHBEF I -0FERXTHECHERCERERE
BErE2 T NMBHERbRA.
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Abstract Sideroblastic anemia is characterized by anemia
with the emergence of ring sideroblasts in the bone marrow.
There are two forms of sideroblastic anemia, i.e., congenital
sideroblastic anemia (CSA) and acquired sideroblastic ane-
mia. In order to clarify the pathophysiology of sideroblastic
anemia, a nationwide survey consisting of clinical and mo-
lecular genetic analysis was performed in Japan. As of
January 31, 2012, data of 137 cases of sideroblastic anemia,
including 72 cases of myelodysplastic syndrome (MDS)-
refractory cytopenia with multilineage dysplasia (RCMD),
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47 cases of MDS-refractory anemia with ring sideroblasts
(RARS), and 18 cases of CSA, have been collected. Hemo-
globin and MCV level in CSA are significantly lower than
those of MDS, whereas serum iron level in CSA is signif-
icantly higher than those of MDS. Of 14 CSA for which
DNA was available for genetic analysis, 10 cases were
diagnosed as X-linked sideroblastic anemia due to ALAS2
gene mutation. The mutation of SF3B/ gene, which was
frequently mutated in MDS-RS, was not detected in CSA
patients. Together with the difference of clinical data, it is
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suggested that genetic background, which is responsible for
the development of CSA, is different from that of MDS-RS.

Keywords Congenital sideroblastic anemia -
Myelodysplastic syndrome - ALAS2

Introduction

Sideroblastic anemia is characterized by anemia with the
emergence of ring sideroblasts in the bone marrow. Ring
sideroblasts are formed by the irregular accumulation of
iron in mitochondria. There are two forms of sideroblas-
tic anemia i.e., congenital sideroblastic anemia (CSA)
and acquired sideroblastic anemia. Most of acquired
sideroblastic anemia cases were included in myelodys-
plastic syndrome (MDS). To date, mutations of genes
involved in heme biosynthesis, Fe-S cluster biogenesis,
or the biology of mitochondria have been reported in
CSA [1-5]. Impaired function of these genes is specu-
lated to result in disutilization of iron, leading to accu-
mulation of iron in mitochondria. Acquired sideroblastic
anemia in MDS is categorized either as refractory cyto-
penia with multilineage dysplasia (RCMD) or refractory
anemia with ring sideroblasts (RARS) depending on the
level of dysplasia. In contrast CSA, mechanism of form-
ing ring sideroblasts in MDS is not clarified, although it
was recently suggested that the mutations of splicing
pathway are involved in the pathogenesis of MDS [6].
It is possible that there is a common mechanism between
CSA and MDS; however, mutations in genes, which are
responsible for development of the CSA, have not been
identified in MDS.

The most common form of CSA is X-linked sideroblastic
anemia (XLSA), which is caused by mutation of erythroid-
specific 5-aminolevulinate synthase (4LAS2), the first en-
zyme of heme synthesis in erythroid cells [7—10]. More than
half of the patients with XLSA respond to the administration
of pyridoxine [vitamin B6 (Vit.B6)], or pyridoxal 5-
phosphate (PLP), which is the coenzyme of ALAS2 [11].
In XLSA, adult onset cases have been reported [12, 13];
therefore, it is possible that some cases of CSA may be
misdiagnosed as MDS, especially RARS. However, the
clinical and pathological features of congenital and acquired
sideroblastic anemia have not been fully clarified because
there have been no comprehensive studies, including clini-
cal and genetic analyses, focusing on sideroblastic anemia.

Here, we performed a nationwide survey of sideroblastic
anemia in Japan to investigate the epidemiology and patho-
genesis of this disease. The difference of clinical data and
results of genetic analysis suggest that genetic background,
which is responsible for the development of CSA, is distinct
from that of MDS-RS.
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Materials and methods
Data acquisition

This study consisted of three investigations. First, patients
with sideroblastic anemia were searched by questionnaire
sent to hospitals with hematology department (493 hospi-
tals) and pediatric hematology department (593 hospitals)
asking for information about patients diagnosed as sidero-
blastic anemia (first investigation) over the past 10 years.
Next, detailed clinical data of sideroblastic anemia patients
were collected from the hospital based on responses to the
first investigation (second investigation). Survey items were
age of onset, gender, family history, hematological and
biochemical findings, treatment, and cause of death. Then,
genetic analysis of patients, who were diagnosed as CSA
and MDS without chromosomal anomaly, was performed in
cases for which genome sample was available (third
investigation).

This study was approved by the ethics committee of
Tohoku University Graduate School of Medicine, the center
responsible for clinical and genetic analysis. Informed con-
sent for the genetic analysis was obtained in all cases.

Diagnostic procedure

Ring sideroblasts were defined following the 2001 World
Health Organization (WHO) classification. Sideroblastic
anemia patients were diagnosed in the respective institu-
tions. In all cases, bone marrow smears were investigated,
and at least 15 % ring sideroblasts were confirmed by iron
staining. Furthermore, diagnosis for RARS was made when
dysplasia restricted to erythroid lineage in bone marrow was
recognized. Diagnosis for RCMD was made when there is
multilineage dysplasia. Thereafter, in the present study,
RCMD correspond to refractory cytopenia with multiline-
age dysplasia and ringed sideroblasts (RCMD-RS) of the
2001 WHO classification. Diagnosis for CSA was made
when the patient had a family history or the disease onset
during infancy, or fulfilled the characteristic features of
XLSA, such as onset at a young age, microcytic anemia,
and responsiveness to Vit.B6.

Genetic analysis of patients with sideroblastic anemia

In the genetic analysis, mutations in ALA4S2, SLC25438,
GLRXS5, ABCB7, PUSI, and SLCI1942, which are known
to be responsible for CSA, were examined in 14 cases of
CSA and 10 cases of MDS. In addition, SF3B1, which was
very recently reported to be mutated in sideroblastic anemia
in MDS at a high incidence, were analyzed as well. Muta-
tion analysis for the AL4S2 gene was performed first in all
candidates, and then the analysis proceeded to the other
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genes if no mutations in 4LA4S2 were detected. For mutation
analysis of 4LA4S2, genomic DNA was extracted from the
proband’s peripheral blood using QIAamp DNA blood midi
kit (QIAGEN, Valencia, CA, USA). The proximal promoter
region [14], erythroid enhancer in intron 8 [15], and all
exons and exon—intron boundaries of the ALA4S2 gene were
amplified using ExTaq DNA polymerase (Takara Bio,
Shiga, Japan) [16]. Amplified products were purified using
a QIAquick gel extraction kit (QIAGEN) after agarose gel
electrophoresis. They were then subjected to direct sequenc-
ing analysis using BigDye Terminator Cycle sequencing kit
v1.1 with an ABI3100 genetic analyzer (Life Technologies
Corp., Carlsbad, CA, USA). Mutation of the gene was
confirmed by repeated polymerase chain reaction (PCR)
followed by direct sequencing analysis. Genes other than
ALAS2 were sequenced by Hiseq2000® [6]. Briefly, ge-
nomic DNA was amplified using REPLI-g mini kit® (QIA-
GEN Science). After adjusting the concentration of
amplified DNA, DNA from consecutive 12 samples was
combined into one DNA pool, and the entire coding sequen-
ces were amplified by primers to which Norl linker was
attached. The products were digested with Moz, and ligated
with T4 ligase. Then, DNA was sonicated into ~200-bp
fragments, and sequencing libraries were generated. Librar-
ies were subjected to deep sequencing on Hiseq2000®.
Sequencing data was analyzes as described previously.
Detected mutations were validated by direct sequence.

Analysis of enzymatic activity of recombinant ALAS2
protein

For preparing recombinant ALAS?2 proteins, complementary
DNA (cDNA) encoding mature human ALAS?2 protein was
amplified using a following primer set (5-GGTGGTCATAT-
GATCCACCTTAAGGCAACAAAGG-3'and 5'-GGCA-
TAGGTGGTGACATACTG-3"). The amplified cDNA was
then treated with Ndel restriction enzyme and was cloned
between Ndel and blunt-ended Sapl site of pTXB1 plasmid
(New England Biolabs, Ipswich, MA, USA), resulting in
pTXB-AEm. From this plasmid, mature ALAS?2 protein was
expressed as an inducible fusion protein with Intein and
chitin-binding domain in £. coli. To obtain the mutant protein,
the identified mutation was introduced into pTXB-AEm using
PrimeStar Max site-directed mutagenesis kit (Takara Bio,
Shiga, Japan). For expression and purification of wild-type
and mutant ALAS? proteins, E. coli BL21 (DE3) was trans-
formed with each plasmid. The induction and purification of
the recombinant proteins were performed using Impact system
(New England Biolabs) according to manufacturer’s instruc-
tion. Briefly, each recombinant protein was induced in E. coli
with 0.1 mM IPTG at 25 °C for overnight. Then, cells were
resuspended with lysis buffer (20 mM Tris—HCI pH&.5,
500 mM NaCl, 1 mM EDTA, 0.1 % Triton X-100, 1 mM

PMSF, 1 pg/ml of antipain, pepstatin, and leupeptin). After
the sonication and centrifugation, cleared cell lysates were
incubated with chitin beads for 1 h at 4 °C, then washed with
wash buffer (20 mM Tris—HCI pH8.5, 500 mM NaCl, 1 mM
EDTA, and 0.1 % Triton X-100). Tag-free recombinant ma-
ture ALAS2 protein was obtained by on-column cleavage
with 50 mM DTT in wash buffer at room temperature for
16 h. After the elution from the column, protein concentration
was determined using Bio-Rad Protein assay reagent (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). The ALAS
activity of each recombinant protein was measured in vitro,
as described previously [8].

Statistical analysis

Results are presented as means+SD with the exception
of the age of onset, which is expressed as the median.
Statistical analysis was performed using Student’s ¢ test,
and P<0.05 was taken to indicate statistical significance.

Results
Epidemiology of sideroblastic anemia -

As of 31 January 2012, detailed data for 148 sideroblastic
anemia, including MDS and secondary sideroblastic anemia,
patients have been collected. Excluding 10 cases of refractory
anemia with excess blasts (RAEB) and one case of sidero-
blastic anemia due to alcohol, the remaining 137 cases were
classified as 18 cases of CSA, 47 cases of RARS, and 72
cases of RCMD. Of 18 CSA cases, 7 were already confirmed
to be XLSA due to mutation of 4LAS2 before registration in
this study, and the others were diagnosed as CSA based on
family history or clinical findings, including responsiveness to
Vit.B6 treatment. Clinical findings and family history, which
suggest the porphyria, were not observed in any CSA patients.

Analysis of the pathology of congenital sideroblastic anemia

Laboratory data of CSA, RARS, and RCMD are shown in
Tables 1 and 2. Median age at onset of CSA was younger
than those of RARS and RCMD (19, 72.5, and 71 years old,
respectively). Hemoglobin and mean corpuscular volume
(MCV) values of CSA were significantly lower than those
of RARS and RCMD cases (7.1 g/dl and 69.0 fl, 8.7 g/dl
and 106.8 fl; and 8.3 g/dl and 106.5 fl, respectively). Serum
iron level in CSA was significantly higher than that in
RARS or RCMD (210.7, 162.8, and 171.1 pg/dl, respec-
tively). These data have possibilities of reflecting the states
of the iron over-loaded of CSA; however, as serum iron
concentration is very instable and depends from different
factors, this finding should be carefully evaluated.
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Table 1 Clinical data of CSA, RARS, and RCMD (1)

CSA (n=18) RARS (n=47) RCMD (n=72) p-value (between p-value (between
. CSA and RARS) CSA and RCMD)
Gender
Male 17 33 44
Female 1 14 28
Median age at onset (year) 19.0 (£20.2) 72.5 (x10.4) 71.0 (£13.0) <0.01 <0.01
White blood cells (/) 5547 (£2022) 4741 (£2561) 4105 (£1847) 0.24 <0.01
Red blood cells (x10%/ul) 383.4 (£100.0) 245.6 (£45.6) 239.4 (+£56.4) <0.01 <0.01
Hemoglobin (g/dl) 7.1 (£2.21) 8.7 x1.7) 8.3 (+1.8) <0.0] 0.02
Mean corpuscular volume (fl) 69.0 (£11.6) 106.8 (£9.0) 106.5 (£9.2) <0.01 <0.01
Platelet (x10%/pl) 28.5 (£12.62) 25.9 (£15.5) 23.9 (£24.1) 0.53 0.44
Reticulocyte (%o) 12.1 (£10.9) 17.7 (£10.8) 21.5 (£20.1) 0.07 0.05

When iron-related laboratory data were examined in
transfusion independent cases (CSA, 13; RARS, 26;
RCMD, 34), Serum iron level in CSA was tended to be
higher than that in RARS or RCMD (210.6, 180.3, and
166.6 ng/dl, respectively), although the difference was not
significant (p=0.07, data not shown). Serum ferritin level in
CSA, RARS and RCMD were elevated in these transfusion
independent cases (1,087.9, 898.1, and 732.2 ng/ml, respec-
tively), suggesting that most of sideroblastic anemia patients
were iron-overloaded before transfusion. There were no
significant differences in other biochemical data among the
three groups.

Chromosomal abnormalities of MDS

Data regarding cytogenetic abnormalities were available for
all RARS patients and for 68 of 72 RCMD patients. Figure 1
shows the cytogenetic findings of RARS and RCMD. In
RARS cases, chromosomal abnormalities were found in 17
patients (36.2 %). Abnormalities consisted of abnormality
mncluding +8 (3 cases), complex abnormality with deletion 5
(2 cases), and complex abnormality with 20g— (3 cases).
Chromosomal abnormalities in RCMD were found in bone
marrow samples from 27 RCMD patients (39.7 %).

Table 2 Clinical data of CSA, RARS, and RCMD (2)

Abnormality including +8 was detected in nine cases
(33.3 %) and abnormality of idic (X) (q13), associated with
the ABCB7 gene [17], was found in one case. In addition,
-7, which was not identified in RARS, was identified in
four RCMD patients (14.8 %).

Treatment and outcome

Analysis of the available data regarding treatment indicated
that 17 of 47 RARS cases and 26 of 72 RCMD cases were
administered Vit.B6 (data not shown). The effectiveness
was judged according to the criteria of IWG [18], and one
RARS patient obtained a major response, and three RARS
patients and one RCMD patient obtained minor responses.
Thus, 4 of 17 RARS patients and 1 of 26 RCMD patients
responded to Vit.B6 treatment. However, improvement of
Hb was not sustained in two RARS patients; Hb level
gradually returned to or dropped below the pretreatment
level. Therefore, Vit.B6 treatment may not be effective for
MDS, or the effect if any may be very limited. The clinical
outcomes of patients are shown in Supplemental Table 1.
The median follow-up from the time of diagnosis in CSA
patients was 30.5 months, and two patients died due to
sepsis (one case) and cardiac failure (one case). One patient

CSA (n=18) RARS (n=47) RCMD (n=72) p-value (between p-value (between
CSA and RARS) CSA and RCMD)
Total bilirubin (mg/dl) 1.1 (0.8) 1.3 (0.9) 1.1 (20.7) 0.47 0.78
AST (GOT) (IU/) 33.0 (£24.3) 24.9 (x11.7) 27.9 (320.8) 0.08 0.38
LDH (1UN) 218.3 (£98.9) 263.5 (£119.2) 246.1 (£97.7) 0.16 0.28
CRP (mg/dl) 0.13 (£0.15) 0.40 (x1.16) 1.17 (33.81) 0.37 0.30
Serum iron (mg/dl) 210.7 (x77.6) 162.8 (£73.6) 171.1 (£66.2) 0.03 0.04
UIBC (mg/dl) 80.4 (x113.6) 102.4 (£82.7) 79.9 (£60.7) 0.48 0.93
Ferritin (ng/ml) 1239.8 (x1306.8) 743.4 (+815.3) 804.3 (£990.2) 0.08 0.13

@ Springer
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Fig. 1 Chromosomal
abnormalities in RARS and
RCMD. Data of chromosomal
analysis in RARS and RCMD
are shown. +8 was most
common both in RARS and
RCMD. -7 was only seen in
RCMD

RARS

17 cases

who died due to cardiac failure was heavily iron overloaded
as defined by serum ferritin level, suggesting that cardiac
complications may be caused by hemochromatosis. The
median follow-up from the time of diagnosis in RARS
patients was 23 months, and 6 patients (12.8 %) died due
to pneumonia (two cases), evolution to leukemia (one case),
and others (three cases). The median follow-up from the
time of diagnosis in RCMD patients was 19.5 months, and
20 patients (27.8 %) died due to pneumonia (7 cases),
cardiac failure (3 cases), evolution to leukemia (2 cases),
sepsis (1 case), and others (7 cases). These results suggest
that the prognosis of RCMD is worse than that of RARS.

Gene analysis of congenital sideroblastic anemia

Eighteen CSA patients were candidates for gene analysis;
however, mutation analysis for genes responsible for CSA
was not performed in four patients. One patient was diag-
nosed as having PMPS based on clinical findings, and DNA
samples were not available for the remaining three patients.
Therefore, gene analysis was performed in 14 of 18 CSA
patients. Ten of these 14 patients were diagnosed as XLSA
due to ALAS2 mutation. Table 3 summarizes the results of
gene analysis in XLSA. Case 2 (R411C), case 4 (D190V),
case 6 (M567]), and case 7 (V562A) were reported previ-
ously [19-21]. Since amino acid substitution at Argl70,
411, and 452 were observed in plural patients, there are
hot spots of mutation of 4LA4S52 gene.

Patient with D190V (case 4), R170L (Case 10) and two
patients with R452C (cases 3 and 5) did not respond to Vit.B6
treatment, whereas six patients responded to Vit.B6 treatment,
although the increment of hemoglobin varied from 1.7 to
8.1 g. Interestingly, case 8 responded to Vit.B6 treatment,
whereas case 10 did not, although both of them harbor the
same mutation, R170L. Therefore, the activity of R170L

Including +8
7.6%)

RCMD

idicX (q13)
(3.7%)

Others

Inciuding +8
(26.9%) 9+

(25.9%)

27 cases

Including -7 and 5qg-
(3.7%)

Including 20g- and -7
(3.7%)

7 (7.4%)
mutant proteins was examined to determine the property,
especially the Vit.B6 responsiveness. The enzymatic activities
of wild type and R170L mutant protein were 7,193+138 nmol
ALA/mg protein/h and 2,240+145 nmol ALA/mg protein/h,
respectively, in the absence of PLP (Fig. 2). With an excess
amount of PLP (100 M) in the assay mixture, higher enzy-
matic activities were obtained with wild-type and mutant
proteins (12,662£311 nmol ALA/mg protein/h and 7,700+
49 nmol ALA/mg protein/h, respectively) (Fig. 2). In addition,
the enzymatic activity of R170C, which is another substitution
at Arg170 found in this study, was also examined. As shown
in Fig. 2, The enzymatic activity of mutant protein was sig-
nificantly lower than wild-type protein without PLP (4,612+
87 nmol ALA/mg protein/h vs 7,193£138 nmol ALA/mg
protein/h), and the activity was restored by addition of excess
amount of PLP (100 pM) in the assay mixture. These in vitro
data suggest that amino acid substitution at Arg 170, at least
R170L and R170C, results in the decrease in enzymatic ac-
tivity, but the decrease can be recovered by excess amount of
PLP. The enzymatic activity of mutant proteins, which were
identified in this study, is summarized in Table 3. The enzy-
matic activities of R411C, D190V, M5671, and V562A were
referred from previous reports [19-217. The levels of activity
and PLP responsiveness in vitro were not correlated with
clinical responsiveness to PLP in some cases. It is possible
that the variety of mechanisms, such as the decrease in enzy-
matic activity of mutant ALAS2 protein, the changes of
amount of ALAS2 transcript, and physiological and environ-
mental status of the patients, are responsible for the develop-
ment of the disease. )
Data for CSA patients other than XLSA are summarized
in Table 4. Case 15 was diagnosed as PMPS. Gene analysis
was not performed for cases 16 and 17; however, XLLSA was
strongly suspected because these patients were male and had
microcytic anemia that was responsive to Vit.B6 treatment.

@ Springer
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Table 3 Congenital sideroblastic anemia (XLSA)

Case Age at Gender Position of SF3B]  Hbatonset MCVat Incrementof Hbby  In vitro enzymatic
number diagnosis ALAS2 mutation (g/dl) onset (fl) Vit.B6 treatment (g/dl) activity of mutant
(v.0.) mutation protein®

Without PLP  With PLP
1 0 M R170C N/D 4.8 52.5 R W 64.1 % 72.5 %°
2 20 M R411C N/D 4.8 52.5 52 119 % 25.1 % [19]
3 68 M R452C - 6.0 67.3 No effect 99.9 % 94.0 % [21]
4 17 M D190V N/D 8.9 66.9 No effect 98.6 % 98.5 % [20]
5 36 M R452C - 7.4 70.0 No effect 99.9 % 94.0 % [21]
6 36 M M5671 N/D 6.5 64.4 34 38.1 % 25.2 % [21]
7 14 M V562A - 8.1 61.2 4.7 150.6 %  116.9 % [21]
8 31 M R170L - 4.1 50.8 8.1 311 % 60.8 %°
9 3 M R411C - 54 54.4 2.9 11.9 % 25.1 % [19]
10 62 M R170L N/D 8.0 73.9 No effect 311 % 60.8 %P
% of WT

® Present study

ALAS?2 mutations were not identified in cases 11, 12, 13, and
14. Therefore, mutations of SLC25438, GLRX5, ABCB7,
PUSI, SLC19A42, and SF3BI were examined in these cases;
however, no mutations were identified in these cases. In
contrast to other cases, case 18 was female and showed
normocytic anemia. She was diagnosed with CSA due to
family history; however, gene mutation analysis was not
performed because DNA samples were not available.
SF3BI gene mutation was examined in nine cases including
five XLSA, however, no mutation was identified (Tables 3
and 4). On the other hand, SF3BI gene mutation was fre-
quently detected in MDS-RS (Table 5).

Discussion
Because of its rarity, there have been few clinical and patho-

logical investigations focusing on sideroblastic anemia. This
study was performed to investigate the epidemiological and

pathological characteristics of sideroblastic anemia. Based on
the data of 137 patients, it was revealed that hemoglobin level
in CSA was significantly lower than those seen in MDS, and
serum iron level was higher in CSA compared to MDS. These
results revealed that anemia in CSA is more severe than that in
MDS at onset, although significant cases improved by Vit.B6
treatment. Reflecting the high incidence of XLSA in CSA,
MCYV level was significantly lower in CSA than MDS. These
findings suggest that CSA should be strongly suspected rather
than MDS, at least in Japan, in male patients exhibiting
microcytic anemia and an elevated serum iron level.
MDS-RCMD is the most common form of acquired side-
roblastic anemia. Chromosomal abnormalities were ob-
served in 39.7 % of RCMD cases and 36.2 % of RARS
cases. The types of chromosomal abnormality frequently
observed in RCMD and RARS did not differ from those
reported previously, such as +8, =7, 20q— and —5. Among
them, +8 was observed in nine cases of RCMD (33.3 %). As
the frequency of +8 in MDS was reported to be 6.5-16.7 %,

[IPLP(-) B PLP(+)

Fig. 2 Enzymatic activity of 14000
mutant ALAS2 proteins. wo

Enzymatic activity of wild-type E 12000
and mutant ALAS2 proteins <

was measured as described in < _. 10000
Materials and Methods. Both E é 8000
of R170L and R170C ALAS2 EE

mutant proteins showed z % 6000
decreased enzymatic activity; 2B
however, the activity was g 4000
partially restored by the 2

addition of PLP P 2000

ot
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Table 4 Congenital sideroblastic anemia (other than XLSA)

Case number Age at Gender Family Gene mutation Hb (g/dl) MCV (fl) Response

diag (y.0.) history to Vit.B6
ALAS2 SLC25438 GLRXS5 ABCB7 SLC1942 PUSI SF3BI

11 19 M - - - - - - - - 7.8 73.9 -

12 4 M - - - - - - - - 6.6 73.6 -

13 0 M + - - - - - - - 39 65.0 -

14 20 M + - - - - - - - 7.6 82.0 +

15 0 M - N/D N/D N/D N/D N/D ND ND 68 88.1 N/D?

16 32 M - N/D N/D N/D N/D N/D ND ND 112 69 +

17 36 M - ND N/D N/D N/D N/D ND ND 108 67.3 +

18 18 F + N/D ND N/D N/D N/D ND ND 93 96.2 +

N/D not done

*Vit.B6 was not administered due to PMPS

+8 appeared to be more common in RCMD. In addition, —7
was identified in four patients with RCMD (14.8 %), where-
as it was not identified in RARS. This difference may be
related to the poor prognosis of RCMD.

Regarding the responsiveness to pyridoxine treatment
among XLSA, 6 of 10 cases responded to Vit.B6 treatment
in this study, although the magnitude of response varied
among individuals. Thus, as the benefit of treatment of
Vit.B6 for XLSA is obvious, a precise diagnosis of XLSA
is important. As late-onset XLSA cases have been reported
and two patients over 60 years old were found in this study,
genetic analysis in sideroblastic anemia patients with micro-
cytic anemia is essential regardless of age.

Focusing on ALAS2 mutation in XLSA, two patients with
the same mutation (c.509G>T), which results in R170L,
showed distinct responses to Vit.B6. Edgar et al. [22]
reported a Vit.B6 responsive pedigree with XLSA carrying
the p.R170L mutation of ALAS2 gene. Furthermore, the
crystal structure analysis of ALAS from Rhodobacter cap-
sulatus [23] suggests that a missense mutation at Argl70
destabilizes PLP binding, which might be partially restored

with excess amounts of PLP. Together with the findings of
biochemical analysis in this study, it is strongly suggested
that R170L mutation causes pyridoxine-responsive XLSA.
However, in consistent with the data of in vitro analysis and
clinical course of other R170L patients, case 10 was unre-
sponsive to Vit.B6 treatment. Thus, onset and severity of the
disease may be defined by not only the type of mutation but
also the environmental and physiological status of the
patients. This speculation may be supported by the results
that there is a discrepancy between in vitro and in vivo
response to Vit.B6 in some cases (Table 3).

The high incidence of XLSA among CSA in the present
study was consistent with a previous report in the USA.
Bergmann et al. [24] reported genetic analysis of CSA in the
USA. In this study, mutations of ALAS2, SLC25438, mito-
chondria DNA, and PUSI, were identified in 37, 15, 2.5,
and 2.5 % of CSA cases, respectively. The most significant
difference from our study was that mutations of the
SLC25438 gene were frequently found in the USA. Since
SLC25A38 is thought to be a transporter of glycine, which is
a substrate for ALAS?2 in the first step of heme synthesis, the

Table 5 Mutation of SF3B/

gene in MDS-RS Case number ~ Diagnosis ~ Age at diagnosis ~ Gender ~ Chromosome position of SF3B1
(y.0.) anomaly mutation
1 RARS 82 M - E622D
2 RARS 57 M - N626S
3 RARS 60 M Complex karyotype,  K700E
including +8
4 RARS 60 M - K700E
5 RARS 73 F - No mutation
6 RARS 74 F - H662Q
7 RARS 76 M - K700E
8 RARS 67 F - K700E
9 RARS 66 M - K666E
10 RCMD 50 F - No mutation
{—) normal karyotype
@ Springer
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pathology of CSA due to mutation of this gene is similar to
that of XLSA. Therefore, CSA patients with microcytic
anemia, in whom mutations of 4LAS2 gene were not iden-
tified, were expected to harbor SLC25438 mutation; how-
ever, it was not detectable in this study. To date, it has not
been reported in Asia, although mutation of the SLC25438
gene has been widely reported in the USA, Canada, and
Europe. Together with the results of the present study, it is
suggested that the causative genes of CSA differ among
races and regions.

Recently, mutations of genes involved in splicing ma-
chinery were reported in MDS [6]. Among them, SF3B1,
which is a component of the U2-small nuclear ribonucleo-
protein (U2-snRNP) complex [25], was found to be highly
mutated in MDS with ring sideroblasts [6]. In this study,
SF3B1 mutation was examined in nine cases of CSA; how-
ever, its mutation was not detectable in CSA. These findings
suggest that the mechanism for sideroblasts formation may
be different between CSA and MDS.

In conclusion, our data showed that XLSA is the most
frequent type of CSA; however, onset and severity of the
disease may be affected by the environmental and physio-
logical status of the patients. The data, including clinical and
genetic analysis, further suggest that genetic background is
different between CSA and MDS.
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