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BmE %)

WRES  NEOREMRERIEEN Th 5 S RIFFHRE DBA IHTHY . HIROLR L
7 BT — H R—ADHERBE Th B, NEMREAEBBEEE Y — KRB LT 5N
WSS X ML RSB BB T — & ~— % £ RS L DBA OREFIHESRIC 5500 7 £ 5. 2006 7> & 2009
EICBIET SN CRE SN 314 BIO R BEEERIN b, FHZE DBA SEF1IE 50 fl, £ECE
BT 11 FlORA L HEE S hrm, [ U, 7 Ui S OB R E R AR 50 B,
AMEE B M0 160 FlTH 0 | B XL DM RRBMESEE Shi, £/, KPR
PEOTEBNC L 0 DBA #/MR MEAHESRIC B8 4, BWO %, BT BEOHH 2% -
T T & CAE LIBTET DRI R S 2 TR,

A. TFEEH®

(E=%

PMROEFEFEFARHEMERERIC L 2EFR
A CGFRYIRI19884E0> 5 20054F) 121 1,41145] D/
IRYE M EERBABRE X, DBAEFIZISH (7%)
Thol-, DBAIIMVEBR TH Y . ZEESTEREE
BRBICIIEFET — 2 N—ADEBEBRMER, £
T, MR FSEBRGEEY KRELT S

NRHIREDEMEERBOT —F X— 2 EHEEL,

DBADJEFHRERIZER D 1=,
(Q=]:5)| ;
AEIRODBASEFIDEBEMZ L - CUUET 2 EFET
—FN—ZEEEEMIIC, MEMRFESREBREE
% (25E8R) 2—KAE L LIom2 8 emsE b
1R, 1 9 7 4 20058 48 - MD S2006#F 58) % 32if L 7=,
BHOBWT—H X—ARICLY, ZhzxiEReL
7-DBADZ WL - IBFIEHE L BT

B. BFRGE

A RB O R TIIBERNAZITORY, FEE
£t LTERT 5, MRMEFREE 236 sk
ERBIC LR (RERGTE) i3, fiFE2
WriE B % XT8R2 Web BRI TERB I . BX 2
N 1ERE LB CT T RAE (HARE 2005 4F
%8 - MDS2006 #F%) NEMm L7, BEINDT—
B AR— 2 NR I RIEDOE M FEE SR R L.
DBA FEFIZRREIT L2V,

(fmEREm~DAELRE)

WFFEETENE, REBRGERE, /NELEEFETE2005
BFEE - MDS20068F%E1Z L D #ERR S, Wb /R
MRFREBRFREELZBSOR P MBEARR L
B,

C. IEHER
2006, 2007, 2008, 2009 FZWrESIEFIE E RIZ
71 (R,

a. WEBRG (—RFAL) EH . SAEMEFEES
B 236 fiaR D 90%IFHY 5 213 MERR S8 L7z,
FERESEE M R B4R 1,200 205 1,300 5EHITH
0. M/MERRFENSES, EEEREITIERE 314
BT, D5 LHEREBARRILESF 50-56 fHil & 12X
—E LTSEBIE THh - 7=, R CEFH (2006, 2007 4)
@ MDS (RA, RCMD) fEFI%TE 12, 11 #i, AML 165,
162 f5l, ALL 443,490 i CTH o7z,

b. Diamond-Blackfan% Ifii : DBASEFlIX44ER] CT55
FIRE SN, Zid, URELTO/NEAN17294
FAPLRBEEZHET S L, URULT/NEADOL
FxLT0.32 (95%CL; 0.27-0.37) L#EIND,
SHL/PRDRFREBE~DOBWEER RSB RLF
ZWORRIZ L VIESIMHIY EZ S TV 5 A[REM
BdHb,
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1. XX
RN AT ORI BRI D SRR
2L

2. EERR
B AR ORI BER T DR R
L

H. St BEHE D HER - BEARDL

RE160%], RRMEBEREITHS0FIFIE K LT 1. H¥EvEs
DBAIZKNIBIOEE Th -T2, ZORICHD KRR 7L
Th2HH, APFEBOTEENIC X Y DBAZY/ N M 2. ERMHRZTE
EECRA SN, BWOFS &, B F2EOEH L
PESTZZ L THBLBIET DEFPRHIN DA
REMEDS S,
E. &

SERIOEBEFHAEICLY,. BLEEALETE
M1BIE E OFRZWEFSBBELTVDEZEBT
mxhi,
F. EfabRiFR

BT

()
Diagnosis / Year 2006 2007 2008 2009
Hospitals (registered/member) 184/223 | 204/231 | 212/235 | 213/236
(%) 83% 88% 90% 90%
Idiopathic AA 58 57 59 51
Hepatitis AA 5 8 11 6
AA/PNH 2 1 1 0
Fanconi Anemia 5 4 4 1
Diamond-Blackfan 11 14 12 13
Svere Cong. Neutropenia 2 1 2 0
Cyclic Neutropenia 1 3 2 3
Schwachman-Diamond 0 1 0 1
Dyskeratosis congenita 1 0 0 1

As of June 2010
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RPS19% &) R — L EABKEFEMHITL, R
MERT 5 ) 2T 7 3 F—E (eADA) OFE & Hf
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FEFRRL LSRR L EhICmEZRS
TAREZT., AEEXIEL UTo

C. HE&ER

Yk K OB ERR TSR L 7-DBA11#IZ oW\ T
Bt Lz, By 8 thotz, BTHI2E4HEE
FRATITEEEITP CTH BN, BERPSII 261 (%
B4) . RPL5X RPL1I (TFhb&R) O~F ik
BERRE SNz, TN OBE HG-bandinglZ THE
BRI T2, e ADATEPERBIE U 7651555103

LERLTWE, LHALRPSI9 EROKIBIZ, 1.32
UigHbk EREBIZH Y, FIRRICHKRFRBLZLHE
MR HER U772k B 2 F532.000/gHb & ER LT
W, ZOBMBANITEMR%e ADATEMENSIER & 720 |
RPS19 BRI h > 7=, RPL5X RPL11 ERHIL
eADATEMZHE L, S LI EED S, RPSI9
EROBRIAMLSMNIEREFLAERE, KR
ZieiE, BRELASDZE L, WTFhicb nERIT
i, RPLS ERHNCITOIIR. /NE, 0&ER,
BRES I L OFHRENBE Ch -7, RPLI1I
ZFROBRIZILEPRRELY E LHFFERITEET
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WZDWTC, RPS19 BRBW L RPL11 BRI RAF
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L. BETlEREENELED D, EROMITH
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BT 57129, MiEprohepcidin Z HIE LA RIS
BERE L, HAEROIMELS, A%Z1IPAETIZ
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DBADRZWEDRRE (v— 1 —8&K)

WMESHRE &R

o (ESCRMENFRERT MK - BT HR)

MESRE HRELE RKRERERKY RERBREISE #HER)
MEGAE B K (ESURPEFRRT MK - MRS FRR)

AT 22 LBRFREIZR T, Bxld,

MEES : £ RMEHRHFHRS (Diamond blackfan anemia (DBA)) ®FKE{=TF & LT RPS19
REDIVRY —LEF U RIERMLND, ITHE DBA @ 50%DEBE TN DB TFELENH
Mo TR ED B, DBA DBEFERDRIESL DBA OO~ —h—n1->& LTH|
ZIE CRIT FIENR LT FD
BEFORT VARKERE - HECRHET2RE0BE L. BAAIKEDBA 7'/ AV 7 2V
BRzRATz, ZORE, BLFERKRMO 31 4% 74T DBA DRERBEETFOH T LARE
ZHRHLE, ZoZ b, DBA BEOHERERZW O HIZ DBA RR#ETOY /7 Az —
DT (A7 LAVRKRORE) 3FRZBK~— b —L72bZ LR ENT,

ETHo7 DBA

A. BIREEB

Fe KR FEKE (Diamond blackfan anemia
(DBA)) DFERERET & L T4 RPSI9® RPLS,
RPL11, RPL35A, RPS7, RPS10, RPS17, RPS24,
RPS267: KDY R — AR Eha— KT 5
GEFPEELHALMNTR -7, DBAIX1005 K4 H
T DRANDEHE LIEEITHRTH Y, FEEZW D REE
RFEBD1DTH D, DBADZK~—H—%2 ROIT5
Z tit. DBAOZK % ERED ORFEIZITH Z ENT
&, BEOZOHRDOIBFIEBRIRIZE MRS LE
2bhd, EFE. LEORERBLTOEREZFND
Z LItk o T, BRETIZDBADHIS0% FE TRAEG
FORENHED ETITR-TND, ZDIZ &,
DBADRRBEFOERFENDBADREEZ K O
TeHDOBEER—T—D12L LTHBRE LB
TEEBHERLTWS,

HARIZBWTH T TICBEFESIAEITIC L 2DBA
FEREETORENDBARZE EOEREERERD—D
LTHEEINTWS, BARIZBITADBABED I —
v AT COEROMEERITHE0% L Bk~
BETHHP, BxlZIE THIZ LO#EDZWN
Whole Allele LossZ2 (A7 VARKER) #5—
Ty heTH5ZLT, BERRIERDO EABIPFFTE
5 EE%, E»ORELRDBAOELLT = v — MR
#75% (DBA gene copy number assay) Z 3. b _Eif7z,

a3 E ICBRSE L = AETEE VT, SLRTK

R (FEERIAEEE) CTED bhi- BARDDBA
BEY ) L7 EFA L TCDBAOREERZH O
DODBAFREEFORKERORIE AR T,

B. WfgFE
- BEB LUV ADNA
BAATRZE/NERHC TEA{L SN /-DBABE DR
Mk vt EN7=% ) LDNAZ #EMEAICRIE L
FRATICAWZ, AW RIEE 5i13#1, #1m, #3, #5,
#14, #15, #21, #24, #26, #33, #36, #45, #50, #59,
#60, #61, #62, #63, #68, #69, #70, #71, #72, #76,
#717, #83, #89, #90, #91, #92, ¥ L UHI3D31K{E,

- DBA Gene Copy Number assay

EFNENDYV R —LEZ R FREFIIRT S
TIA<—ty " Er#¥HEL, hOBETSTA~—
v MZX 2QPCROBEIEHMROCHE & DEN1Y
A TN D EHIZTTA~v—FEy FEBEL
72o QPCRIZ. AT D&M TIT o7, Genomic DNA
(gDNA) 1 ng/ul DW%95°C 5 min®#, EHHITK
ETamL, BERS T, BRI EgDNAKK2
nl, 2x SYBR Premix Ex Tagq II kit 10 pl, ROX dye
II 0.4 pl, 10 pmol/ul Forward primer 0.8 nl, 10
pmol/ul Reverse primer 0.8 nl%iEA L. total 20 nl



IZRD L5 ICDWEMA T, PCRY A 7 VT T DX
AT -T2, 95°C30R D%, 95CHH—60C3457 %
3541 7 /L, Applied Biosystems 750012 T{T o7z,

+ Genomic PCR
PCRE:EE B L ORIGHRIZKOD FX (Toyobo) % H
W, B OFAEORT v T F 7 PCROT 1 b=
WZHE>TPCR%EYT - 7=, PCREMIL, 0.8%7T
—ABRKECHRA L=, PCRT T A = —iZKH
(Fig2 A, C) 1277,

« L0 v R RHT

Genomic PCRE % GenElute PCR&Gel Clean
Up* > b (sigma) #Z AWV THRE L., BigDye
Terminator ver3.1 cycle sequencing kit (BD) @
Za hagZEo Ty —7 = APCREIT o 12,
BigDye Xterminator kit T ¥ 8 # . Applied
Biosystems 3130x¥ = X7 4 v 77T 74 ¥ —T
fRAT L 7=,

(REE~DEE)

BERMEMDNADE Y OV TIE, ES2EY
EMEFGEEES. RRERERREREFER
BIXULRIAEHRBEESORFOR/- ETRED
REZB-HEICRY BREZHRICTER L

C. AR

BEFERRMDBABRE O T o U —HAT

DBACEHEICERBEDHHEBIETFL LT,
RPL5, L11, L35A, 87, 810, S17, §19, 524, 526 M9
BfEF. £7-DBAOKKEE L TOEEEIIRIEAH
THHVRILRLFEECBWTERGEOH -2
=+, RPLY, L19, L26, L28, L36, S15, 5274 DTi&
BEFICOVWTEETF 2 E—HRAERDOQPCRT 7 A
v —EFRE Lz, JARTRZBICRBN T —F o R fFT
ORR, BEREIFESN ook E AVWT R
DBEGEFIZHOVWTQPCRTEEFaI—RERAEL
Tzo TR, 31HIPTH THREDIREFIIHTS
TS5 A w—ty MTRTBMOBETF OHEFERD
CtENH 1Y A 7 DN ERL: (Fig. 1) » 2%
D Zhb 1Y A 7 VBN EEFIL. TOMOBEET

@2N) oavr—#o¥sy (N) THHILzRLT

BY, A7 LVADORENREZ TWDZ EBRRINT,
THIDOWRIL. BRPS17 X% (3%1) . RPS19 X% (2
%) . RPL5 R% (1f) ., RPL35A X% (1fl) T
BHoT,

RPS19 #&inT O# T AAE N 2 REORM

K7 VIVREER UIZRIEON, #24 (RPSI9 ©

REZDWTIL, BERDS19D 7T A = —%& v M,
EHROBLGF A —EER LIz, £ZCTRPSI9 X
+T5QPCR7 74 v—%, BaT2EEH N —T5
X 5129 v FRE L #24R D RPS19 DRIZTF =
3 E RIS, EOREE, BRPS19 D5 UTR
fEI% (S19-57, -58) I X intron 3NEA> 53 UTRH
BICRE L7 T4 <— (519-28, -62, -65) TiL=
P—EBAEFEE R LI-DIZ% LT, intron 3OS
S ERICERESNZ T T4 ~— (S19-36,-24, -40,
-44) TRAETUVAOXRKER LR (Fig.2B) . 20
Z B RPSI9 BIEFDH DT LV Ointron 378
BAHE G/ RERBD ZENBL DN, £
=T, RPS19 »5UTR tintron I 7 T A v — % §%
7 Lgenomic PCRZITWWREMEIZDORIEZ R &
A HURETITEE A L IXRZ VTR O X
EPBEESNEAY FRERIKE ETRD L

(Fig. 2C) . Genomic PCREM % > — 7 > A fifHi L
7-4£ 8. 5UTR & intron 3iZ 3 5 234 E et O FHRIEZ S|

(CGGTGGCTCACACCTGTAATCCCAGCA,
nt:-1400—-13748 X Unt: +5758—+5784) DT
SFPMERRERZPEL, BRELULTTISTHEEORK
EREE T EBALMIR -T2 (Fig. 2D) , K&
LfEsiciz 7 e e— % —B K Uexon 1, 2, 3BEE
NBHZ LN, ZOT VIVIIIEERRPSI9F 37
Bra—RFLARWEEZ b,

D. #%
FEDBATY RY —bhZ o RXIBBBETFICER
NEHEE SN, B TROEECRETFERNH
L ENA LYo, T ENL, INE
TDBADOZWHIEICERE D bW S TR,
BEFERBITC L > TRRBETFERETDZE
BHEZWO1O>OBH~—I—LR2 0 22H5, L
NUZRG BARATRHENEBLFERZDORERITN
30% THad I ENOERREERORM EAMFINT,
DBABGF DR 7 VVREITEE TR E ORI S°



CGH7 VA f#r7e LI2 XV, ThETHRICHELH
STeb DD, T O FEZ, BfEEPLa X
HIZBWTEREZLETIIZIIRMETHE LE
bbb, ZOEHZNETDBATRHT LAXREKRD
F Lo RIS N TR DT,

Fex DR LA T LARERHEFEIL, IEIOE
BPCRTCEKDBEIEFIZHONT O 2 ¥ —EfRHT A3 H
KBFETHDZ b, BIEROME - RiEE%L
R L2720 T < TEICE WV T HQ-PCROFE
REEHRT LT TREFRERERBETE 72D,
FEMT DR T > THIEFITBE L I > T BFIHEBH
b, EREICELIX, AXf vy hREZT 4 —THE
WZTFORT VVRREZRETHZ LR TET,

Fex BREE LR ODBAORRELEFOR T L
WREKE, TOELININE TITHED2WVWHL DT
Hot= (RPL5(14), RPS17(341)) . £71-4EIDfE
BTk, RPSI7 DBEFRENFFERIN, Zh
FCRRCK TITAEIR & Sz, BRENZ LICH
ATIIL LABHE CRPSIZTIZERNRHD Z &N
B BT,

E. 5

AEINA vy hRZT 4 — & LTMNBEOREEK
Ta v —¥RT 2 1To /=R, DBATIIEMEE (81
Bl 7)) CREEEGETFOR T LAORERRD bl
HIEBHLNIRoZ, ZDZ LML, DBADZ
BrTid, ZHETIThTEREZ Y — 7 2 ZEHTITM
ZTCav—ET21TH LV o -—HEOBLFER
RTFIEZ BT Z L12 X > T, DBAOREEZW DFE
EROMENAIETHD Z LRI, 5%IT.
DBADHEEZW O — TR+ 2 U — KT 21T
22 ETEVELS DDBABREDERBIETFDOMEE
EITHZENAETH D EEEx b D, EBET
EREEENER T2 LICL>THEADDBAD
BioFE LB - HREOREM L OMHEN L V¥
LT T DN TEDIIICRDZ LB
M R F—0DBEDENIEND Z ENEZ b, DBA
BEOWRKETHLY —BOHEOM ERHFTES
LEZLND,

F. fREfaRIER
Bl L

G. BFERE

1. WmXHER
2L
2. FRER
1) ‘A novel method to analyze genomic copy
Diamond Blackfan
Madoka
Tomohiro Morio, Masatoshi Takagi, Michio
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Abstract Diamond-Blackfan anemia (DBA) is a congen-
ital anemia and a broad spectrum of developmental abnor-
malities that presents soon after birth. The anemia is due to a
failure of erythropoiesis with normal platelet and myeloid
lineages. Approximately 10-20% of DBA cases are inher-
ited. Genetic studies have identified heterozygous mutations
in at least one of eight ribosomal protein genes in up to 50%
of cases. Mutations in RPL5 and RPL11 are at a high risk for
developing malformation. Especially, mutations in RPL5 are
associated with multiple physical abnormalities, including
cleft lip/plate and thumb and heart anomalies. Recently, the
5q— syndrome, a subtype of myelodysplastic syndrome
characterized by a defect in erythroid differentiation, is
caused by a somatically acquired deletion of chromosome
5q, which results in haploinsufficiency of RPS14. These data
indicate that abnormalities in ribosome function are broadly
implicated in both congenital and acquired bone marrow
failure syndrome in humans.

Keywords Ribosomal protein - Diamond-Blackfan
anemia - 5q— syndrome - Congenital bone marrow failure
syndrome

1 Introduction

Diamond-Blackfan anemia (DBA) is a rare congenital,
inherited bone marrow failure syndrome (IBMFS) charac-
terized by normochromic macrocytic anemia, reticulocy-
topenia and absence or insufficiency of erythroid precursors

E. Ito (X)) - Y. Konno - T. Toki - K. Terui

Department of Pediatrics, Hirosaki University Graduate School
of Medicine, 5 Zaifucho, Hirosaki, Aomori 036-8562, Japan
e-mail: eturou@cc.hirosaki-u.ac.jp

in normocellular bone marrow [1]. DBA was first reported
by Josephs in 1936 and refined as a distinct clinical entity by
Diamond and Blackfan in 1938 [2, 3]. Approximately, 90%
of affected individuals typically present in infancy or early
childhood, although a “non-classical” mild phenotype may
not be diagnosed until later in life [4, 5].

Although macrocytic anemia is a prominent feature of
DBA, 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 [4-6].
In addition, DBA patients have a predisposition to the
development of malignancies [e.g., acute myeloid leuke-
mia (AML), myelodysplastic syndrome (MDS) and osteo-
genic sarcoma] [4]. Diagnosis of DBA is often difficult due
to incomplete phenotypes and a wide variability of clinical
expression [4-7]. The central hematopoietic defect is
characterized by an enhanced sensitivity of hematopoietic
progenitors to apoptosis along with evidence of stress
erythropoiesis, which includes elevations in fetal hemo-
globin and mean red cell volume (MCV) [8]. The majority
of patients also exhibit an increase in erythrocyte adenosine
deaminase activity [9]. Corticosteroids remain the mainstay
of treatment. Approximately 80% of patients respond to an
initial course of steroids [4]. Bone marrow transplantation
is the only curative treatment, but requires an HLA-mat-
ched sibling and is primarily reserved for patients with
severe complications.

Recently, a number of mutations in ribosomal protein
genes have been identified in DBA patients [4, 10, 11]. In
addition, gene products mutated in the other IBMFS
including dyskeratosis congenita (DKC) and Schwachman—
Diamond syndrome are also predicted to be involved
in ribosome biogenesis [12]. In this review article, we
summarize the recent progress in understanding of the
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Table 1 Mutations in
ribosomal protein genes in DBA

Gazda et al. [17, 19, 21]

Cmejla et al. [22] Quarello et al. [23] Konno et al. [24]

patients (%) (American and European) (Czech) (Italian) (Japan)

RPS19 25 214 28 11.1
RPLS 6.6 214 9.3 8.9
RPS10 6.4 ND ND ND
RPL11 4.8 Tal 9.3 44
RPS35A 35 ND 0 0
RPS26 2.6 ND ND ND
RPS24 2 ND 1.6 0
RPS17 <1 3.6 ND 2.2
Total 529 52.6 48.2 26.6

ND not done

molecular pathogenesis of DBA and new insight into the
mechanism of a defect in erythropoiesis.

2 Inheritance and genetics

Diamond-Blackfan anemia is a rare disease with a fre-
quency of 27 per million live births and has no ethnic or
gender predilection [1]. DBA occurs in both familial and
sporadic forms. Most cases of DBA are sporadic with equal
sex ratio, but at least 10% of patients have positive family
history for the disorder. In Japan, the annual incidence is
4.02 cases per million births, and 3 out of 56 cases have a
family history [13]. Autosomal dominant inheritance is the
most frequently observed pattern of inheritance. The basic
molecular defects behind DBA were unknown until the
discovery of the first DBA gene RPS19 [11].

Proteins are universally synthesized in ribosomes, which
consist of two subunits: one small (40S) and one large
(60S). The mammalian ribosome comprises 4 ribosomal
RNAs (rRNA) and 80 ribosomal proteins [14]. RPS19
encodes a protein belonging to the small subunit of the
ribosome. Following the observation that a DBA patient
had an X;19 chromosomal translocation, a major DBA
locus was mapped to chromosome 19q13, and the break-
point was identified in the RPSI19 gene [10, 11, 15]. Sub-
sequent large scale studies established that RPSI9 is
mutated in approximately 25% of DBA patients [16].

Since the initial description in 1999, mutations in a
number of genes that encode 40S ribosomal proteins have
been identified in DBA patients. Mutations in RPS24 on
chromosome 10q22—q23 account for about 2% of DBA
patients, while RPSI7 variants on chromosome 15q25.2
have been found in 2 patients [17, 18]. Doherty et al. [19]
reported that variants of RPS10 and RPS26 were observed
in 6.4 and 2.6% of cases, respectively. Mutations in genes
encoding proteins of the large ribosomal subunit have
also been found in DBA patients. RPL35a on chromosome
3q29 was detected in about 3.3% of patients with DBA;

@ Springer

mutations in RPL5 and RPLI1 on chromosome 1p22.1 and
1p36.12 were found in 6.6-21.4 and 4.8-9.3% of DBA
patients, rtespectively [20-23]. Approximately 50% of
DBA patients in Western countries have a single hetero-
zygous mutation in a gene encoding a ribosomal protein’
(Table 1). In Japan, mutations in RPS19, RPL5, RPL11 and
RPS17 were identified in 5 (11%), 4 (9%), 2 (4%) and 1
(2%) of 45 probands, respectively. In total, 12 (27%) of
Japanese DBA patients had mutations in RP genes [24].
However, most of the studies did not include methods that
are capable of detecting large deletions. Therefore, cases of
DBA resulting from large chromosomal deletions or rear-
rangements are probably under diagnosed.

3 Genotype and phenotype correlation

Clinical data from European and American DBA patients
show that the frequency of malformations is 31% in patients
with RPS19 mutations, which is not significantly different
from that of the entire DBA population [25]. RPSI9 muta-
tions are characterized by a wide variability of phenotypic
expression. Even family members with the same mutation in
RPS19 can present with clinical differences [16]. RPSI9
mutations are found in some first degree relatives presenting
only with isolated high erythrocyte adenosine deaminase
activity and/or macrocytosis. However, large deletions at the
19q locus are always associated with mental retardation,
which points to a contiguous gene syndrome [7].

Recent studies suggest that the patients with an RPL5
and RPLII mutation are more likely to have craniofacial,
thumb and heart anomalies [21-23]. Remarkably, patients
with PRL5 mutations tend to have cleft lip and/or plate or
cleft soft palate, isolated or in combination with other
physical abnormalities. Consistent with these reports, 3 of
4 Japanese patients with RPL5 mutations also had physical
malformations and 2 had cleft palate, whereas only 1 of 45
patients without an RPL5 mutation presented with cleft
palate [24].
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4 Clinical features and diagnosis

Patients with DBA are usually seen in early childhood with
profound macrocytic or normocytic anemia, reticulocyto-
penia and a reduction or absence of erythroid precursors in
their bone marrow. More than 90% of DBA diagnoses are
made before the age of 1 year [26].

Diagnosis of DBA is often difficult due to incomplete
phenotypes and the wide variability of clinical expression
[4-6]. The International Clinical Consensus Conference
reported diagnostic and supporting criteria for the diagno-
sis of DBA [4]. Only the identification of pathogenic
mutations in one of the DBA genes definitively establishes
a diagnosis of DBA. Furthermore, molecular diagnosis
enables the detection of carriers, and the avoidance of
hematopoietic stem cell transplantation from sibling donors
with the mutations. However, determining the effects of
missense mutations may be difficult, whereas nonsense and
frameshift mutations will probably be pathogenic in the
majority of cases [26].

5 Impaired ribosomal biogenesis in DBA

The human ribosome is composed of 4 ribosomal RNAs
and a minimum of 80 different ribosomal proteins. The
catalytic component translating information encoded in
RNA into polypeptides is RNA, not protein [27]. Ribo-
somal proteins have been added to the catalytic RNA
backbone during evolution to improve ribosomal function.
The 40S subunit contains 18S rRNA and the 60S subunit
contains 28S, 5.8S and 5S rRNA. These mature rRNAs
are transcribed as a single precursor (45S), which is sub-
sequently processed into mature species by a complex
series of cleavage and modification reactions (Fig. 1)
[28, 29].

In eukaryotes, ribosomal biogenesis takes place in the
nucleolus, a special compartment within the nucleus.
RPS19 is one of the 33 ribosomal proteins that constitute
the 40S ribosomal subunit in conjunction with 18S rRNA.
Therefore, the highest concentration of RPS19 is within the
nucleolus. Some patients with missense mutations in N- or
C-terminal nucleolar localization signals (NOS) fail to
localize RPS19 to the nucleolus. There is also a dramatic
decrease in the expression of mutant DBA proteins in these
patients [30].

The RPS19 protein plays an important role in 19S rRNA
maturation and 40S synthesis in human cells [31, 32].
Knockdown of RPS19 expression by siRNA impairs 18S
rRNA synthesis and formation of the 40S subunit. Cleav-
age site E is the major site affected in human cells depleted
of RPS19 during pre-rRNA processing (Fig. 1). Thus,
RPS19-deficient cells suffer from a relative deficiency of
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Fig. 1 Pre-rRNA processing in human cells. The major rRNA-
processing pathways in human cells as initially derived from
Hadjiolova et al. and modified by Rouquette et al. [28, 29]. The
18S, 5.8S and 28S rRNA is transcribed as a single precursor (45S),
which is subsequently processed into mature species by a complex
series of cleavage and modification reactions. The 458 precursor
contains two external transcribed spacers at its 5" and 3’ ends (5'-ETS
and 3’-ETS) and two internal transcribed spacers (ITS1 and ITS2).
From 458’ pre-TRNA, there are two alternative pathways that differ in
the order of cleavages 1 (pathway A) and 2 (pathway B). For
simplicity, only the pathway A is shown below the 45S pre-rRNA.
Cleavage site E is the major site affected in human cells depleted of
RPS19 during pre-TRNA processing. Numbers 01, 02, 1, 2, 3,4 and 3
indicate cleavage sites. In the right position of the figure, pre-rRNA
precursors containing 18S rRNA (458, 458, 418, 21S and 18SE) are
shown

the 40S rRNA and have a reduced capacity for translation
initiation. Deficiency of RPS19 leads to increased apop-
tosis in hematopoietic cell lines and bone marrow cells.
Suppression of RPS19 inhibits cell proliferation and
early erythroid differentiation, but not late erythroid mat-
uration in RPS19-deficient DBA cell lines [33]. Haploin-
sufficiency of RPS19 has been demonstrated in a subset of
patients and appears to be sufficient for the development of
DBA [34].

The RPS24 and RPS7 proteins also play an important
role in 18S rRNA maturation and small ribosomal sub-
unit synthesis [17, 35]. However, in contrast to RPS19
involvement in the maturation of the internal transcribed
spacer 1 (ITS1), RPS24 and RPS7 are required for pro-
cessing of the 5" external transcribed spacer. In addition,
RPL53a, RPL5 and RPL11 play essential roles in 28S
and 5.8S rRNA maturation and formation of the 60S
subunit [20, 21]. Connections between mutations in these
genes and the occurrence of DBA support the hypothesis
that DBA is directly related to a defect in ribosome
biogenesis.
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