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Mutations in Ribosomal Protein S19 Gene and Diamond Blackfan Anemia:
Wide Variations in Phenotypic Expression

By Thiébaut-Noél Willig, Natalia Draptchinskaia, Irma Dianzani, Sarah Ball, Charlotte Niemeyer, Ugo Ramenghi,
Karen Orfali, Peter Gustavsson, Emanuela Garelli, Alfredo Brusco, Christian Tiemann, Jean Louis Pérignon,
Christiane Bouchier, Lawrence Cicchiello, Niklas Dahl, Narla Mohandas, and Gil Tchernia

Mutations of the ribosomal protein S19 (RPS19) gene were
recently identified in 10 patients with Diamond Blackfan
anemia (DBA). To determine the prevalence of mutations in
this gene in DBA and to begin to define the molecular basis
for the observed variable clinical phenotype of this disorder,
the genomic sequence of the 6 exons and the 5’ untranslated
region of the RPS19 gene was directly assessed in DBA index
cases from 172 new families. Mutations affecting the coding
sequence of RPS19 or splice sites were found in 34 cases
(19.7%), whereas mutations in noncoding regions were
found in 8 patients (4.6%). Mutations included nonsense,

motif W-[YFW]-[YF]-x-R-[AT]-A-[SA]-x-[AL]-R-[HRK]-[ILV]-Y.
No correlation between the nature of mutations and the
different patterns of clinical expression, including age at
presentation, presence of malformations, and therapeutic
outcome, could be documented. Moreover, RPS19 muta-
tions were also found in some first-degree relatives present-
ing only with isolated high erythrocyte adenosine deami-
nase activity and/or macrocytosis. The lack of a consistent
relationship between the nature of the mutations and the
clinical phenotype implies that yet unidentified factors modu-
late the phenotypic expression of the primary genetic defect

in families with RPS19 mutations.
© 1999 by The American Society of Hematology.

missense, splice sites, and frameshift mutations. A hot spot
for missense mutations was identified between codons 52
and 62 of the RPS19 gene in a new sequence consensus

IAMOND BLACKFAN anemia (DBA), or congenital associated with a wide range of physical abnormalities, predomi-

pure red blood cell aplasia, is a rare disorder affecting 4 tonantly craniofacial, but also including thumb, cardiac, and
7 children per million live births:# It typically presents in  urogenital malformationd#® Although the anemia is steroid-
infancy as a regenerative macrocytic anemia and is variablyesponsive in 70% of affected children, this response may not be
sustained and up to 40% of individuals become eventually
dependent on a long-term red blood cell transfusion program.
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diagnostic criteria for DBA agreed by the DBA Working Group 5'UTR and the 6 exons were amplified from 200 ng of genomic DNAin
of the European Society for Paediatric Haematology andbO HL reactions using Taq polymerase. The PCR priffieesid
Immunology (ESPHI}® We found heterozygosity for muta- additiona}l internal primers were usz_ad for'fluorescent automated DNA
tions affecting the RPS19 gene in 42 of 172 index patients€duencing, performed using Applied Biosystems 373 or 377 DNA
(24.4%), including many mutations that had not been preVi_sequencer and ABI Big Dye Terminator sequencing kits (Perkin Elmer,

- ) L oster City, CA¥° All sequence variations identified were verified on
ously Qescrlbed. We were unabl.e. to find a. ml_Jtatlon n RPS_]' he complementary strand using an independent PCR product. When a
gene in the other 76% of families, confirming the genetic

- . ; . =Y particular mutation was detected in a patient, its presence was deter-
heterogeneity of DBA. Mutations in RPS19 gene identified mined in DNA of all other available family members. To confirm that
included nonsense, missense, splice site, and frameshift mutge observed changes in nucleotide sequence found in DBA patients
tions, as well as complete loss of a presumed normal allelerepresented mutations rather than polymorphisms, DNA derived from
These different mutations were found scattered along the entirg0 healthy blood bank donors representing 100 unrelated chromosomes
span of the RPS19 gene. Interestingly, mutations in RPS19 geriéas also sequenced for thd &R and the first 5 exons.

were also found in some apparently unaffected individuals from

DBA families, presenting only with an isolated elevation of Comparative Analysis of RPS19 Sequence

eADA.® We also collected extensive clinical and biological  The amino acid sequence of human RPS19 was analyzed for various
features of 216 DBA patients (172 from the present report andsequence motifs using ScanProsite Protein against PROSITE (ExPASy;
the 44 previously reportéd?232j, RPS19 gene was mutated in HCU, Geneva, Switzerland). Analysis of secondary and tertiary struc-
56 of these 216 patients (26%). The presence or absence #fres of RPS19 was determined using Hierarchical Neural Network and
different types of physical anomalies or the various types ofSOR IV (IBCP, Lyon, France}?3! Alignment of RPS19 amino acid
long-term therapeutic responses could not be associated with sequence originating from 20 different species was performed using the

specific pattern of mutations. The lack of a consistent relationS0fWare package MultAlin: (Corpet F; INRA, Toulouse, France;

. . L ccession no. of sequences in Appendix 1). High consensus value was
ship between the nature of the mutations and the CIInICar;‘et at 90%, and the low consensus value was set at 50%. From the set of

phenotype implies that yet unidentified factors modulate theyq protein sequences used, a search for blocks was performed with
phenotypic expression of the primary genetic defect in familiespmarcH-BoX_server 1.2 (Molecular Biology, University of Namur,

with RPS19 mutations. Namur, Belgiumy2 Similarly, the search for motifs from the set of
sequences was performed using MEME version 2.2 from Baylor
MATERIALS AND METHODS College of Medicine (Houston, TX
Patients

i o _ Statistical Analysis
To define the frequency and type of mutations in RPS19 gene in

association with DBA, 172 patients enrolled by pediatricians or ~Descriptive statistics are presented as the percentages and méans
hematologists participating in the ESPHI DBA Working Group were SD. The significance of observed differences was tested using?the
studied. All applicable human experimentation committee approvalsstatistic and, when more appropriate for small samples, a two-tailed
were obtained from the participating institutions. The diagnosis of DBA Fisher’s exact test. Kruskal-Wallis H nonparametric test was used for
was established on the basis of the finding of aregenerative anemigomparison of age at diagnosis and prevalence of malformations,
under the age 2 years, with absence or severe reduction in the number Because variance within groups appeared to be different. Statistical
erythroblasts in bone marrow, according to diagnostic criteria agreed t@nalysis was performed using Epi-Info 6.04b (Center for Disease
by the ESPHI DBA Working Grou@? Patients more than 2 years of age Control, Atlanta, GA).
at onset of anemia were included only if there was a positive family
history of classical DBA or if typical physical anomalies were present. RESULTS
V\{g also coII_ected_cIlnlcal and biological characteristics from the :!'.72RP819 Gene Mutations in 172 DBA Index Cases

families described in the present report as well as the 44 families
included in earlier report3?2:23.25Phenotypic characterization of index Using direct sequencing of genomic DNA, we screened for
cases included clinical assessment for malformations, age at present®PS19 mutations in the index cases of 172 families. In 42 of the
tion, response to an initial course of steroids, current treatment, and, i, 72 families studied, 1 of the RPS19 alleles was found to harbor
transfusion-independent, curre_nt_ hemoglobin I_evel, mean corpusculag mutation, defined as a sequence variation not seen in 100
volume (MCV), and eADA activity. Hemoglobin, MCV, and eADA a1 chromosomes. Thirty-one of the mutations were in the
were measured in all ayallable flrst—de_xgree relatives, and families Wer%oding region of the gene, whereas 3 others were at splice sites,
questioned about any history of anemia. . . . T .

3 were in the first noncoding exon, and 7 were in intronic
Measurement of eADA Activity regions (2 patients each exhibiting 2 mutations). Nonsense

mutations generating a premature stop codon were detected in
method27 or spectrophotometricalB? To allow comparison of results 10 cases (Fig 1). Thege mutations were restrlc.ted _to exons .2 to
obtained in different laboratories, results were expressed in terms o?’ up to codon 94. Missense mutations resulting in an amino

standard deviations from the mean normal value obtained for the?Cid Substitution were noted in 12 cases (Fig 2). Insertions of 1
relevant laboratory. Results below mear2 standard deviations (SD) {0 3 nucleotides were found in 2 cases, resulting in a shift of the

eADA activity was determined in hemolysates by a radioisotopic

were considered normal. reading frame in 1 case, with the other presenting with a 3
nucleotides insertion resulting in the addition of a glutamine at
RPS19 Sequence Analysis codon 19 (Fig 3). Deletions of 1 or 2 nucleotides were found in

The genomic DNA sequence for the 6 exons and the 450-bp sequend@ cases, affecting t.he reading l_‘rame, Whe'_'eas a |a|'9_e" delgtion
upstream of the first exon (BTR) were determined for each DNA (31 bp) was found in 1 case (Fig 3). Mutations affecting splice
sample. Four polymerase chain reaction (PCR) fragments spanning thgites were observed in 3 cases.
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1 98//
Wild type MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWEYTRAASTARHLYLRGGAGVGSMTKIYGGRQRNGVMPSHFSRGSKS/ /
sequence
Consensus t!kDV i aa fLk gk Pew d vKtg kEl P # #W % RaAsiaR Y r pvG!g lrk YGg k rg P hf sg
Sequence

Patient Predicted protein

7 MPGVTVKDVN

Fl6 MPGVTVKDVNQ

F23 MPGVTVKDVNQ

F44 MPGVTVKDVNQQOEFVRALAAFLKKSGKLKVPE

F49 MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAP

16 MPGVTVKDVNQQEFVRALARFLKKSGKLKVPEWVDTVKLAKHKELAPYDEN

F69 MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWEYT

G7 MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWFYTRAASTARHLYLRGGAGVGSMTKIYGGRQRNGVMPSHESR
G27 MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWFYTRAASTARHLYLRGGAGVGSMTKIYGGRQRNGVMPSHEFSR
I8 MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWFYTRAASTARHLY LRGGAGVGSMTKIYGGRQRNGVMPSHESR

Fig 1. Predicted amino acid sequence resulting from nonsense mutations. Consensus sequence was determined according to results of
alignment of 20 different species of RPS19 performed with MultAlin (Corpet. F.,, 1988). ! stands for any of Isoleucine or Valine, % for any of
Phenylalanine or Tyrosine, and # for any of Aparagine or Aspartic acid or glutamine or glycine. Upper case letters indicate high consensus values
(>90%), and lower case letters indicate low consensus values (between 50% and 90%). Numbers indicate position along human amino acid
sequence. Bold letters in the human wild-type RPS19 sequence indicate the high consensus values.

Mutations in the first noncoding exon or in introns were index case of a dominant family (F5), but not in other affected
detected in 10 cases. The same 4-bp deletion in exon 1 waamily members. These mutations in the first exon or in introns
found in 3 independent DBA families, but in none of the control may still represent normal polymorphic differences, with their
chromosomes. In 1 family, this deletion was the only abnormal-absence in the controls being explained by disparate genetic
ity found, whereas in 2 other sporadic cases, the 4-bp deletiobackgrounds. Sequence analysis of a wider range of controls
coexisted with other abnormalities of the RPS19 gene, arshould resolve this question.
acceptor splice site defect, and a 31-bp deletion in exon 5,
respectively. The other recurrent abnormality found in 4 other, . .
independent families was a single nucleotide substitution inPonmorphlsms Affecting the RPS19 Gene
intron 1 (G—T at position—460 from the ATG), an abnormality The following variations from published sequence were
that was not identified in any of the control chromosomes. Nofound in the RPS19 gene of 50 normal individuals: exon 1, in
promoter site or transcription factor binding site could be position—550 from the ATG, C in 54% or T in 46% of normal
identified at either position. In 2 sporadic cases, a singlechromosomes; intron 2, starting at position 77 downstream of
nucleotide substitution was found, respectively, in intron 4 andthe end of exon 2, GGT CCC TGG CAG GCG AGG in 54% and
intron 1. A single base difference in intron 5 was seen in theGGT CCT GGC AGG GGA GG in 46%; exon 3, 164€T in 1

1 3//11 24//51 69//86 132//
Wild type MPG//QQEFVRALAAFLKK/ /NWEYTRAASTARHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGL.KMVEKDQDGGRKLTPQGQRDLD / /
Sequence

Consensus i aa fLk #W % RaAsiaR Y r p g P hf sg i RalQ LE g vek p GR t Gr dlD
Sequence

Patient

G20 MPG//QQEFFRALAAFLKK/ /NWEFYMRAASTARHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQODGGRKLT PQGQRDLD
F32 MPG//QQEFVRALAAFLKK/ /NWFYTQAASTARHLY LRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDODGGRKLT PQGQRDLD
F7 MPG//QQEFVRALAAFLKK//NWEFYTQAASTARHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGGRKLT PQGQRDLD
F28 MPG//QQEFVRALAAFLKK/ /NWFYTQAASTARHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGGRKLT PQGQRDLD
E28 MPG//QQEFVRALAAFLKK/ /NWFYTRAASTSRHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDODGGRKLT PQGQRDLD
F18 MPG//QQEFVRALAAFLKK/ /NWEYTRAASTAWHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGGRKLTPQGQRDLD
I53 MPG//QQEFVRALAAFLKK/ /NWEYTRAASTAWHLYLRGG/ /GVMPSHFSRGSKSVARRVLOALEGLKMVEKDQDGGRKLTPQGORDLD
F12 MPG//QQEFVRALAAFLKK/ /NWFYTRAASTAWHLYLRGG/ /GVMPSHFSRGSKSVARRVLOALEGLKMVEKDQDGGRKLT PQGQRDLD
Gz24 MPG//QQEFVRALAAFLKK/ /NWFYTRAASTAWHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGGRKLT PQGQRDLD
I11 MPG//QQEFVRALAAFLKK/ /NWEFYTRAASTARHLYLRGG/ /GVMPSHFSRGSKSVAHRVLQALEGLKMVEKDQDGGRKLT PQGQRDLD
F70 MPG//QQEFVRALAAFLKK/ /NWEFYTRAASTARHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGSRKLT PQGQRDLD
F42 MPG//QQEFVRALAAFLKK//NWEFYTRAASTARHLYLRGG/ /GVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGGRKLT PQEQRDLD

Fig 2. Predicted amino acid sequence resulting from missense mutation. Consensus sequence was determined according to results of
alignment of 20 different species of RPS19 performed with MultAlin (Corpet. F.,, 1988). ! stands for any of Isoleucine or Valine, % for any of
Phenylalanine or Tyrosine, and # for any of Aparagine or Aspartic acid or glutamine or glycine. Upper case letters indicate high consensus values
(>90%), and lower case letters indicate low consensus values (between 50% and 90%). Numbers indicate the position along human amino acid
sequence. Bold letters in the human wild-type RPS19 sequence indicate the high consensus values, whereas bold letters indicate the missense
mutations.
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1 63//77 89//133 145
Wild type MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWEYTRAASTARH/ / KIYGGRORNGVMP/ / RIAGQVARANKKH
sequence
Consensus t1kDV iaa fLk gk Pew d vKtg kE1l P # #W % RaAsiaR //k YGg k rg P//riA
sequence
Insertions
I4 MPGVTVKDVNQQEFVRALAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWEFYTRAASTARH/ /KIYGGTSEKRRHA/ /OQNRRTGGSCQQEALEQTMLG
15 MPGVTVKDVNQQEFVRALEAAFLKKSGKLKVPEWVDTVKLAKHKELAPYDENWFYTRAASTAR/ /TKIYGGRQRNGVM/ /DRIAGQVARANKKH
1 3//70 145
Wild type MPG//AGVGSMTKIYGGRORNGVMPSHFSRGSKSVARRVLOALEGLKMVEKDQDGGRKLT POGORDLDRIAGQVAAANKKH
Segquence
Consensus // G!g 1lrk YGg k rg P hf sg 1 R alQ LE g vek p GR t Gr dlDriA
sequence
Deletions
F19 MPG//AGVGS
F25 MPG//SHGSSKPWRG
G22 MPG/ /AGVGSMTKIYGGRORNGVMPSHF SRGSGPPGPPSPGGAENGGKGPRWRPQTDT SGTKRSGONRRTGGSCQRQEALEQTMLG
F64 MPG//AGVGSMTKIYGGRORNGVMPSHFSRGSKSVARRVLQALEGLKMVEKDQDGGRKLT POGORDGONRRTGGSCOQEALEQTMLG
I2 MPG/ /AGVGSMTKIYGGRQRNGVMPSHFSRGSKSVARRVLQALEGLKMVEKDRTKMAAAN
E10 MPG/ /AGVGSMTKIYGGRQRNGVMPSHFSRGSKSVARRVLOALEGLKMVEKDQDGGRKLT PQGORSGONRRTGGSCQQEALEQTMLG
E13 MPG/ /AGVGSMTKIYGGROKRRHAQPLOPRLOECGPPGPPSPGGAENGCGKGPRWRPQTDTSGTKRSGONRRTGGSCQQEALEQTMLG

Fig 3. Predicted amino acid sequence resulting from small deletions and insertions. Consensus sequence was determined according to
results of alignment of 20 different species of RPS19 performed with MultAlin (Corpet. F,, 1988). ! stands for any of Isoleucine or Valine, % for any
of Phenylalanine or Tyrosine, and # for any of Aparagine or Aspartic acid or glutamine or glycine. Upper case letters indicate high consensus
values (>90%), and lower case letters indicate low consensus values (between 50% and 90%). Numbers indicate the position along human amino
acid sequence. Bold letters in the human wild-type RPS19 sequence indicate the high consensus values, whereas bold letters indicate the new
amino acid sequence resulting from the frameshift.

chromosome; intron 4, 14 nucleotides downstream of the end ofional motif. However, the search for amino acid motifs from
exon 4, Ain 50% or G in 50%. the alignment of different RPS19 protein sequences showed 3
o ) significant sequence motifs. Motif 1 started at codon 52 in
Association Between Mutations and Conserved human RPS19, with the multilevel consensus sequenge W
Sequence Motifs [YFWI-[YF]-[VTILK]-R-[AT]-A-[SAJ-[IVLT]-[AL]-R-[HRK]-
Distribution of all 42 different mutations along the RPS19 [ILV]-Y 45 Most of the missense mutations (11/16) affected this
gene reported in the present study as well as the 10 mutation®otif, which was only found in the different RPS19e proteins
identified in the earlier repditis summarized in Fig 4. The using various databases. Interestingly, mutations affecting the
majority (11/16) of the missense mutations was observecighly conserved Arg56 and Arg62 residues were seen in 3 and
between codons 52 and 62, although this region of the predicte@ cases, respectively. Motif 2 started at codon 31 of human
protein did not correspond to any previously identified func- RPS19 with the following sequence;REGDQ]-[WY]-[VAIS]-

ATG

1 24 25 57 58 119 120 137 138 145  Amino acid seq.
Exons 774{ 1 2 }» K S 4 — s — | 6
T T 12 73 ass 357 4t 412 435  Nucleotide seq.
ﬁ A
Missense A A A AA AMA
mutations A :
Fig4. Location of point muta- A
tions in RPS19 gene. The posi- A
tion of single nucleotide substitu- A
tions or small deletions or  Stopcodons A A A :
insertions in RPS19 gene found A A
in DBA patients is indicated along
the structure of the gene. Nucle-
otide and amino acid numbers A
are shown at start of exons and  !nsertions-Deletions : AA A AMMA  AdAA
at the end of exons. Nucleotide
numbers start frqm the ATG of Splice sites defects A A A A
the gene. Data include results A
from the present study, as well
as mutations described in an ear: Intronic mutations A A A

lier report.?> Larger deletions or
translocations are not shown in
this figure.

dddd
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D-[IFTLV]-[VIT]-K-[TLM]-[GAS]-[VAIKMRST]-[HSDFGN]- many of the latter group of families often comprises no more
[KNR]-E-[LMR]-[APRS]-P,47. No mutation was identified in than 4 individuals. It remains unclear whether the DBA
this motif. Motif 3 started at codon 120 of human RPS19 with phenotype thus segregates with markers on 19q13.2 by chance
the following sequence: fgrR-[RVKLI]-[ILV]-[TS]-[PKEQS]- or more complex rearrangements of the chromosome 19q13.2
[QEKNS]-G-[RQ]-[RKS]-[DF]-L-D-[RK]-[IV]-A 135 Two ofthe  region are occurring in these DBA patients.

missense mutations identified were found within motif 3. Familial high eADA individuals. RPS19 mutations were
_ ] found in 11 of 25 index cases with 1 or more first-degree
Phenotype of Patients Studied relatives showing isolated high eADA activity (familial high

A total of 216 families were available for phenotype- €ADA) or other hematological abnormalities. In 5 families, the
genotype correlations analysis, 76 families from France, 5nutation detected in the proband was found in all family
from Italy, 37 from the United Kingdon®9 from Germany, and members with high eADA or macrocytosis. In 4 of these 5
18 from Sweden. The cohort of index cases (sex ratio: M/Ffamilies (F4, E10, F66, and G24), either a mutation in the
1/1.04) exhibited the expected range of DBA phenotypescoding sequence or a mutation affecting a splice site cosegre-
(Table 1). Their median age at presentation was 2.0 monthgated with either classical DBA or other hematological abnor-
(range, 0 to 240 months) and 41.5% had associated physicanalities (Fig 5Aand B). All of these individuals with an RPS19
anomalies. Sixty-two percent had initially responded to ste-mutation had an increase of eADA activity greater the®1SD
roids. At the time of the genetic study, the mean age wast151 0f the normal values. In the fifth family (111), the same missense
134 months, 45.1% of the patients were transfusion-dependenfjutation was detected in a pair of monozygotic twins with
31.4% were steroid-dependent, and 19% were transfusiorclassical DBA and their father, who had persistent macrocytosis
independent with no other treatment, whereas 5 patients halut @ normal eADA. Conversely, in 6 other families in which a

received bone marrow transplantation (BMT; 2.5%) and 4 (2%)mutation in RPS19 gene was found, there was only partial
were dead. cosegregation of the mutation with isolated hematological or

In 33 patients, a family history of at least 2 classical DBA in biochemical abnormalities. Amissense mutation in 1 transfusion-
different generations was consistent with an autosomal domidependent DBA patient (F7) was not found in any of the 3
nant pattern of inheritance and they were classified as dominanbrothers who presented with a mild increase in eADA. In family
although some of these families also included individuals withF1, the 4-bp deletion in exon 1 was present in the DBA affected
more equivocal hematological abnormalities. One hundreddroband as well in 2 individuals presenting with the isolated
fifty-four index cases were classified as sporadic, with neithehigh eADA phenotype (Fig 6A). However, this deletion was
history of unexplained anemia in first-degree relatives noralso found in another family member despite both normal red
abnormal hematological results such as increased MCV oblood cell indices and normal eADA activity. A splice site
eADA activity. Twenty-one DBA patients, despite the absencedefect found in the 2 DBA cases of the dominant family E3 was
of family history of DBA, had a first-degree relative with a not found in the brother of the proband, whose eADA activity
history of either unexplained anemia and/or elevated MCVvWwas between-2 and+3 SD above the normal mean (Fig 6B).
and/or eADA activity greater than meah2 SD. This group
included a pair of monozygotic twins whose otherwise healthyPhenotype-Genotype Correlations
father had an elevated MCV, but with normal eADA activity. In No constant clinical features or therapeutic outcome could be
the remaining cases (= 8), family data were unavailable or found within patients from different families displaying identi-
incomplete. cal mutations in RPS19 gene. Similarly, the clinical expression
or therapeutic response was different in various family members
in dominant families, although displaying the same mutations in

Sporadic cases.No mutation was found in any of the RPS19 gene. This was also illustrated by the discrepancy
healthy and hematologically normal family members of the 38between the pair of monozygotic twins from family 111 with
sporadic cases in whom a mutation had been detected (of a toteéspect to physical anomalies (Fig 7). Despite their apparent
of 154 sporadic index cases studied). genotypic identity, only 1 showed duplication of the thumb. The

Dominant cases. Cosegregation between the observedtwins were identical for the following markers: D19S197,
RPS19 mutation and the DBA phenotype was consistentlyp19S408 at the DBA locus on 19913.2; STR at the PAH locus
found in the 8 dominant families in which mutations affecting on chromosome 12q; (GGAA)n, repeat microsatellite located
coding regions or splice sites had been identified in the index-548 bp upstream from the ATG start codon of the R-EPO
case. A patient from 1 additional dominant family (F5) showedlocus on 19s13.2; and D5S658 and RPS on 5¢. The twins were
a mutation in the noncoding region of RPS19 gene, and thighus considered to be monozygotic. When grouping individuals
mutation could be documented in only 1 of 3 affected individu- with mutations in the coding sequence or affecting splice site of
als in this family. A mutation occurring in intron 1 in another RPS19 gene according to the location of the mutation, we were
dominant case (F58) still remains to be explored in other familyunable to correlate the clinical phenotype with the length of
members, when DNA becomes available. Of the 23 dominantonservation of the native protein or with the conservation of
families in which no mutations had been detected, 3 hadany of the 3 motifs described above. Specifically, mutations
previously been shown not to be linked with 19913 and 3 hadinvolving motif 1 were not associated with a specific phenotype
shown equivocal linkage, whereas cosegregation analysis in ther outcome.
remaining families would have been consistent with 19913 We then looked at the clinical phenotype of patients with
linkage (data not shown). However, it should be noted thatsporadic DBA to determine whether individuals with RPS19

RPS19 Mutations in First-Degree Relatives
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Table 1. Clinical Characteristics and Outcome, According to the Type of Mutation of RPS19 Gene in DBA Patients
Age at Response Status Mutation
Diagnosis at First at Last Expected in Other
Patient of DBA Malformative Steroid Follow- Genomic Protein Family
(sex) (mo) Status Course Up DNA Mutation Alteration Inheritance Members*
Nonsense mutations
F23 (F) 1 Kidney hypoplasia/ NR Dead 34C—T GInl12Stop s 0
aplasia, low hair
line, short stature
F49 (F) 2 Triphalangeal thumb, NR TD 144C— A Tyr48Stop S 0
low implantation of
thumbs
F44 (M) 2 Hydrocephaly, NR TD 9G—~C Trp33Stop s 0
unique median
cerebral ventricule,
atrioventricular
septal defect, mod-
eling defect of long
bones
F16 (M) 2 None CR SD 34C—T GIn12Stop s 0
F69 (F) 22 Short stature CR SD 166 C— G Arg56Stop S 0
G7 (F) 2 Short stature CR SD 280C—T Arg94Stop se e:2/3
16 (M) 3 None CR SD 155G — A Trp52Stop s 0
17 (M) 0 None NR D 31C—T GInliStop s 0
18 (F) 2 None NR D 280C—T Arg94Stop d d:1/1
19 (F) 0 Congenital bilateral CR TD 280C—T Arg94Stop d d: 2/2
glaucoma
G27 (M) NA NA NA NA 280C—T Arg94Stop s 0
Missense mutations
F42 (F) 1 Short stature NR TD 380G — A Gly127GIn s 0
F18 (F) 2 Triphalangeal thumb, NR TD 184C—T Arg62Trp s 0
anogenital fistula,
interventricular
septal defect
F32 (F) 1 None PR TD 167G — A Arg56GIn s 0
F28 (M) 1 None PR TD 167G — A Arg56GIn S 0
F7 (M) 3 None NR TD 167G — A Arg56GIn se e: 0/3
G20 (F) 2 None CR SD 43G—T Vall5Phe s 0
F70 (F) 2 None NR TD 358G —C Gly120Ser s 0
F12 (M) 0 None CR CRem 184C—T Arg62Trp d d: 2/2
F9 (M) 0 None CR NA 1A—G MetlVal d d: 2/2
G24 (M) 2 None NR BMT 184C—T Arg62Trp se e:1/1
110 (M) 2 Short stature NR Dead 184C—T Arg62Trp s 0
111 (F) 4 Duplication of thumb CR CRem 302G — A Arg101His s h:1/1
153 (M) 0 Micrognathia, NR TD 184C—T Arg62Trp s 0
proximal implanted
thumbs, short
stature
S1 NA NA NA NA 154T—C Trp52Arg s 0
E28 (F) 2 None NA CRem 182C— A Ala6lSer se e:0/1h:1/1
S2 (F) <12 None NR TD 184C—T Arg62Trp d d: 1/1
Insertions and deletions
F31 (M) 2 None NR TD ins A between nt  Frameshift at codon 5 s 0
14 and 15 stop at codon 50
F4 (F) 1 Hypertelorism, epi- NR CRem del 295 bp 356 Deletion of exon 5 de d:l/le: /1
canthus, low ear (+281-+576)
set, antimongoloid
eye line
F19 (M) 2 Epicanthus, low hair- CR SD del 1 bp nt 222 Frameshift at codon s 0
line, short stature 74 stop at codon 75
F26 (M) 2 Dysplasia of mitral NR TD ins A between nt  Frameshift at codon s 0

valve, short stature

104 and 105

35 stop at codon 50
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Table 1. Clinical Characteristics and Outcome, According to the Type of Mutation of RPS19 Gene in DBA Patients (Cont’d)

Age at Response Status Mutation
Diagnosis at First at Last Expected in Other
Patient of DBA Malformative Steroid Follow- Genomic Protein Family
(sex) (mo) Status Course Up DNA Mutation Alteration Inheritance Members*
F25 (F) 1 Short stature CR SD del 31bp Deletion of 31 nt of s 0
(274-314) exon 4, frameshift
at codon 92 stop at
codon 100
F64 (F) 11 Microcephaly, short CR CRem del 2 bp (390-391) Frameshift at codon s 0
stature 130 stop at codon
151
G22 (F) 3 None NA NA del 2 bp (293-294) Frameshift at codon s 0
98 stop at codon
152
11 (M) 2 Short stature NR CRem deletion of acom- S 0
plete allele
12 (M) 1 None NR TD del A 341 Frameshift at codon s 0
115 stop at codon
123
14 (M) 1 None CR CRem Ins G betweennt  Frameshift at codon S 0
238 and 239 80 stop at codon
153
15 (F) 0 Bilateral congenital NR TD Ins AGA between Insertion E at codon s 0
glaucoma, short nt 53 and 54 19 no frameshift
stature, left eyelid
ptosis, atrial septal
defect
E10 (M) 3 None CR SD del 2 bp (383-384) Frameshift at codon se e: 2/2
128 stop at codon
153
E13 (M) 3 High arch palate, CR SD del 2 bp (250-251) Frameshift at codon s 0
facial asymetry 84 stop at codon
153
S10 (F) 1 Left kidney aplasia/ PR TD t(X;19) S
hypoplasia, short
stature
S11 (M) 2 Macrocephaly, PR TD deletion of a com- s 0
mental retardation, plete allele
short broad bones,
extra ribs, malfor-
mations of the
spine, short stature
124 (F) 2 Mental retardation, CR TD 46, XX, t(8; s 0
short stature 19)(935;913)
Splice sites defects
F21 (M) 2 Short stature NR TD 173 (-2) Acceptor splice site s 0
agCTT — tgCTT IVSA
F66 (F) 2 None CR SD del4bp 71 Donor splice site de d:2/2e:1/
(+3-+6) Aagt- defect IISD lte:1/1
gagtttgg —
Agtttggg
F77 (M) 2 None NR BMT 356 (+2)T— A Donor splice site s 0
ATGGgt — defect IVSD
ATGGga
13 (M) 0 None NR TD del G 173(—1) Acceptor splice site s 0
agCTT — aCTT defect IVSA
E3 (M) 13 None NR CRem 1(-1) Acceptor splice site de d:1/1e:0/1
agATG — atATG  defect ISA
Exon 1 (non-coding)
F21 (M) 2 Short stature NR TD del 4 bp s 0

(—629--625)
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Table 1. Clinical Characteristics and Outcome, According to the Type of Mutation of RPS19 Gene in DBA Patients (Cont’d)

Age at Response Status Mutation
Diagnosis at First at Last Expected in Other
Patient of DBA Malformative Steroid Follow- Genomic Protein Family
(sex) (mo) Status Course Up DNA Mutation Alteration Inheritance Members*
F25 (F) 1 Short stature CR SD del 4 bp s 0
(—629-—-625)
F1 (M) 0 None NR TD del 4 bp se e:2/3
(—629-—-625) h: 1/15
Mutations in intronic regions
F11 (M) 3 None NR TD intron 1 —460 se e: 0/2
G—T h: 1/2
F5 (M) 2 None NR TD intron 5 6 pp d d: 0/3

downstream of
exon5G —C

F53 (F) 0 None NR TD intron 1 —460 s 0
G—T

F74 (F) 2 None CR SD intron 4 18 s 0
bpdownstream
of exon 4
G—C

F15 (M) NA None NR TD intron 1 —460 s 0
G—T

G28 (M) NA None CR SD intron 1 —460 s 0
G—T

F58 (M) 4 None CR SD —-836G —C d NA

Nucleotide number is based on the cDNA sequence data of RPS19 gene (Kondoh et al®’), starting from the ATG. Mutations occurring upstream of
ATG are numbered according to the genomic sequence, starting from the ATG (Draptchinskaia et al?5). Amino acids are numbered from the first
Methionine.

Abbreviations: TD, transfusion dependent; SD, steroid dependent; CRem, complete remission (free of treatment); BMT, treated with bone
marrow transplantation; NA, not available; NR, no response; PR, partial response; CR, complete response; h, healthy; s, sporadic; d, dominant; e,
occurrence of isolated high eADA phenotype in the family; te, transient erythroblastopenia; nt, nucleotide number; del, deletion; ins, insertion.

*For each group of individuals is indicated the number sharing the same mutation than the DBA patient.

mutations could be distinguished from those without. Probandslterations in RPS19 gene can be documented in up to 26% of
with dominant or familial high eADA families were not DBA patients.
included in this part of the analysis because of the intrafamilial We have demonstrated that a wide range of clinical presenta-
variation. Among the 154 sporadic cases, mutations either in théons may be associated with mutations affecting the RPS19
coding region or in other regions of the gene were notgene, even for an identical mutation within the same family.
associated with a specific age at presentation, clinical phenoFhus, a mutation affecting the RPS19 gene in a single family
type, or outcome of the disease. Surprisingly, RPS19 genenay be either clinically silent or associated with an overt DBA
mutations were found to be less prevalent among initiallyphenotype, including transfusion dependence and/or multiple
steroid responders (19.7%) as compared with initially steroid-physical anomalies. The clinical expression of a given mutation
resistant patients (409 = .006). However, mutation fre- must therefore be modified by other factors. These findings
quency was found to be comparable in transfusion-dependeriiave immediate implications for genetic counseling, including
individuals (33.3%), in long term steroid-dependent patientsantenatal diagnosis and presymptomatic diagnosis. A mutation
(23%), or in patients independent of any treatment on long-termn RPS19 gene in a fetus or a sibling of a DBA patient will not
follow-up (P = .20). These findings remained unchanged whenhelp to predict between an overt DBA phenotype and a silent
only mutations affecting coding regions of RPS19 gene wereexpression without any physical or hematological abnormality.
considered for analysis (data not shown). On the other hand, the assessment of a family of a DBA patient
considered as eligible for a BMT should include the full clinical
and bhiological characterization of the family, including eADA
A major advance in the genetics of DBA was recently assessment, and rule out donors sharing with the DBA proband
achieved with the description of a series of mutations affectinga mutation in RPS19 gene.
the RPS19 gene in 10 unrelated DBA patiefits) the present These results also show that mutations affecting the RPS19
study involving a large international collaborative effort, we gene could not be detected in 74% of patients with DBA. In
report the detailed characterization of mutations in RPS19 genaddition, in some families with an RPS19 mutation, the
in 194 patients from 172 new families with DBA and attempt to mutation was not detected in every family member with
establish the potential relationship between molecular defecticreased eADA activity. It is unlikely that mutations were
and phenotype. Our results significantly extend the initialmissed in all of these cases, although direct sequencing of PCR
findings based on a small group of patients and show thaproducts will not detect complete allelic loss. In a previous

DISCUSSION
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eADA: -0.4
MCV: 89.5
Normal
sequence

¢ADA: -0.6 eADA: +7.9 eADA:-1.4 eADA:-1.3 eADA:-0.8 eADA: +0.6 eADA: +0.25 eADA: -0.64 eADA: -0.4
MCV: 91.7 MCV: 97.9 MCV:91.6 MCV:947 MCV:943 MCV: 937 MCV:883 MCV:932 MCV:959
Normal Donor splice Normal Normal Normal Normal Normal Normal Normal
sequence site defect sequence sequence sequence sequence sequence sequence sequence

eADA: +8.4 eADA:+7.4 e¢ADA: +17.6 ¢ADA: +10.1

MCV:89.1 MCV:NA MCV:1056 MCV: 91
Donor splice Donor splice  Donor splice  Donor splice
site defect site defect site defect site defect
) 1 ' [ 1 ' . v 1 '
5 10
|
¢ADA: NA eADA: +13.4
MCV: NA MCV: 98
del 2 bp (383-384)
I
eADA: +3.6 eADA: +0.83
MCV: 139 MCV: 99.5
del 2 bp (383-384) Normat

sequence Fig 5. Cosegregation of mutation in RPS19 gene
in 2 families sharing both DBA phenotype and iso-
lated high eADA phenotype. (A) Cosegregation of a
l_ donor splice site defect of exon 2 in individuals from
family F66 with various clinical presentation: DBA
phenotype (individuals I1I-1, 11I-2, 11I-3), silent pheno-
type restricted to an isolated elevation of eADA
activity (individual 11-2), and transient erythroblasto-
penia in individual I1l-3, with a persistent high eADA
eADA: +0.33 cADA: +11.5 activity. The mutation was not found in any of the
MCV: NA MCV: NA other family members explored. eADA values are
Normal del 2 bp (383-384) expressed as SD from the mean. Fetal hemoglobin is
sequence expressed as a percentage. NA, not available. (B)
Cosegregation of a 2-bp deletion in exon 5 in family
E10. DBA proband llI-4 is transfusion-independent
under steroid therapy, whereas individuals 1I-2 and
I-3 never received any treatment, although they were
'1 '2 '3 '4 anemic during early childhood. eADA values are

expressed as SD from the mean. NA, not available.
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eADA ; -042 eADA : +9.9 eADA :-002 eADA:-0.5 eADA:-14
MCV: 90.6 MCV: 89.1 MCV:86.6 MCV:NA MCV:NA
normal dei 4bp del 4bp normal normal
sequence (-629;,-625)  (-629;-625) sequence sequence
v
eADA : +0.42 transfusion
MCV: 754  dependent
normal del 4bp
sequence (-629;-625)
1 ' ' ' ' 1 ' ' .
L1} 5

. e

eADA: NA cADA: NA
MCV: NA MCV: NA
I
eADA: NA eADA: +2.65 eADA: +0.15
MCV: NA MCV: 106.5 MCV: 864
Acceptor splice Normal
site defect sequence
I
eADA: +7.24 eADA: +2.6
MCV: 97.7 MCV: 74.9
Acceptor splice Normal
site defect sequence
| | | 1 | 1
0 1 2 3 4 5

SA
¢ADA : +0.36 eADA : +4.38
MCV: NA MCV: NA
normal normal
sequence sequence

eADA: -0.14 eADA: +0.19 eADA: +0.19 eADA : +0.61
MCV: 80.5 MCV:833 MCV:8  MCV:NA
normal normal normal DNA: NA
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Fig 6. (A) Transmission of a deletion in exon 1 of
RPS19 gene in a family with DBA phenotype and
isolated high eADA phenotype. The 4-bp deletion
found in the first, noncoding exon of RPS19 gene in
the DBA proband V-3 from family F1 was also found
in the mother (I1I-3) and the grandmother (lI-5) who
presented only with a high eADA phenotype. Other
factors are probably involved in this family, because
individual 1ll-4 carries the same deletion, but with a
strictly normal phenotype, whereas the deletion
could not be found in individual 1I-11, despite an
isolated high eADA phenotype. eADA values are
expressed as SD from the mean. NA, not available.
(B) Partial segregation of a mutation in a DBA family.
The acceptor splice site defect of exon 4 was found in
the DBA proband Ill-4, as well as in his father (1I-3)
presenting with macrocytic anemia. Erythrocyte ADA
value measured in the healthy brother IlI-5 is be-
tween +2 and +3 SD, although he does not carry this
mutation. eADA values are expressed as SD from the
mean. NA, not available.
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consistent with the observed pattern of dominant transmission
in most of familial DBA. This further implies that haploinsuffi-
ciency of the RPS19 may underlie the pathogenesis of DBA.
Interestingly, we were unable to identify any mutations in

eADA: -1.2 eADA: +2.5 RPS19 gene in 7 DBA patients born to consanguine patients.
No matformation No malformation This finding suggests that another yet to be identified gene may
302 G->A Normal sequence

be responsible for the potentially recessive forms of DBA.

In our study, we did not find any direct correlation between
phenotype (age at presentation, clinical phenotype, and long-
term outcome) and genotype (presence or absence of RPS19
l gene mutation or the nature of the mutation identified). Interest-
ingly, we did notice that RPS19 gene mutations were more
prevalent in initially steroid resistant patients (4@949.7% in
initially steroid responders). However, this finding cannot be

cADA: NA cADA: -1.44 cADA: -0.93 used _as a prognostic factor, because the difference was not

No malformation Duplication of thumb No malformation sustained on long-term follow-up.

Normal sequence 302 G->A 302 G->A DBA thus represents the first known human disease in which
a defect in a ribosomal protein is involved in the pathophysiol-
ogy of the disease. Two potential mechanisms might apply:
(1) function of ribosomal proteins in protein synthesis and

i I i | (2) extraribosomal function for the RPS19 protein. On the one

0 1 2 3 hand, haploinsufficiency, with variable reduction in the rate of

protein synthesis, could contribute to modulate the expression

Fig 7. Cosegregation of a missense mutation of RPS19 gene in a of the disease. Such a mechanism is strongly suggested by the
family with various clinical phenotypes in monozygotic twins. A . . . ;
single nucleotide substitution (302 G—A) resulting in an amino acid DI’OSOphI|a mo_delsv for Wh|Ch_ the _VaI‘IOUS m”’_]Ute phenotype;
change of a consensus residue (Arg101His) was found in monozy- have been assigned to mutations in several ribosomal proteins
gotic twins (-2 and 11-3) from family I11, with only 1 of them  gnd attributed to haploinsufficiency during embryonic develop-
presenting with a duplication of the thumb. The same mutation was ment. Modeling of the influence of probabilistic factors in the
also found in the healthy father (I-1), who only exhibited a macrocyto- T . .
sis. eADA values are expressed as SD from the mean. NA, not expression of genes recently suggested that increased delays in
available. gene initiation or interruption of gene expression might account

for part of the variable phenotypic expression of haploinsuffi-
study, only 2 of 50 patients with sporadic DBA were found to ciency syndrome# However, at our current state of knowl-
have deletions affecting the 19q13.2 loé&doreover, there  edge, it is difficult to explain such a specific effect on both
was no cosegregation of DBA with 19q13.2 markers in aembryogenesis and postnatal erythropoiesis. Alternatively, some
proportion of dominant familie&?*It is noteworthy that the  rihosomal proteins have been shown to have extraribosomal
clinical phenotype of patients with and without RPS19 muta-fynctions, such as rat arbrosophila melanogastetibosomal
tions is effectively indistinguishable, including the occurrence protein S3 that appears to be also a DNA-repair endonuctéase.
of mild hematological abnormalities or isolated raised €ADA g gch activity has been reported so far for RPS19, although
activity in family members. In 5 families, we found that the |, ..o RPS19 dimers have been shown to be chemotactic

S"e'?F phenotype descr'lbed as elevated eADA a_Ct'V'ty (4factors for monocyte¥ However, it is unlikely that monocytes
families) or macrocytosis (1 case) cosegregated with RPSl?)Iay a direct role in the pathogenesis of DBA. It is now

gene mutations identified in the proband. Conversely, in 6 othe ) )
families, the RPS19 gene mutations identified in the probano\mportant to define the role of the RPS19 product in normal and

was not found in all family members exhibiting the silent abnormal erythropoiesis and to identify interacting factors,

phenotype. The likely explanations for this discrepancy includeWhICh may both elucidate the pathophysiology of the erythroid

the threshold used to define the high eADA phenotype, or otheFailure in DBA aqd suggest_alterngtive candidate gent_es, which
factors modifying the expression of ADA or the expression of may be mutated in DBA patients without RPS19 mutations.
RPS19 gene.

Although the identified mutations were scattered throughout ACKNOWLEDGMENT
the RPS19 gene, we did find 1 hot spot of missense mutations

between codons 52 and 62. The reglorgz\[\YFW]-[YF].- Society for Paediatric Haematology and Immunology (ESPHI) and of
NTILK]'R'[AT]'A'[SA]'[IVLT]'[AL.]'R‘[HR}.(]'[ILV]'Y 65 1S the Sociee d’Hématologie et d’'Immunologie Riatrique (SHIP) and
hlghly conserved among.all species, ranging from Arc|f_“30b"=“:tefhe Associazione Italiana di Ematologia e Oncologia Pediatrica (AIEOP).
ria, C elegans Drosophila Melanogaster, to mamalian, for e are grateful to Dr Philippe Gascard (LBNL) and Dr Sylvain Choquet
which RPS19 sequence is currently available. This observatiofr their helpful suggestions. We gratefully acknowledge Dr Jamie Cope
does suggest that this region of RPS19 is likely to have a critica{university of California, Berkeley, CA) for his help in alignment of
role in its function, which is yet to be defined. protein sequences and Michael Patterson for his help in the sequencing
Our finding that mutations affect only a single allele is work.
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APPENDIX 1

Sequences used were retrieved from NCBI Entrez Protein query

from mammalian speciehumanHUMS19RP (337733)at RS19RAT
(133857)pig RS_19PIG (2500494); froMya arenariaRS19_MYAAR
(2500495); fromDrosophila melanogasteRS19 DROME (730639);
from fungi: Schizosaccharomyces pontBeBC649 (3136024Emeri-
cella nidulans RS19 _EMENI (133844),Saccharomyces cerevisiae
S19A (133864)Saccharomyces cerevisiaé9eB (2119095%accharo-
myces pastorianuS16A (4369); from Archaea bacteriyrococcus
horikoshii (3257748), Methanobacterium thermoautotrophicum
R19E_METTH (3122650)Methanococcus jannaschit19E_METJA
(1591407) Archeoglobus fulgidugps19E (2648466); frorEntamoeba
histolytica RS19_ENTHI (3122799); from nematode&scaris suum
RS19 ASCSU (730457)Ascaris suumeliminated protein n°l
R19G_ASCSU (133843RAscaris lumbricoide$84483),Caenorhabdi-
tis elegang3924845); from plantgice RS19_ORYSA (730456).

APPENDIX 2

Participating clinical investigators from ItalyA. Lippi (Firenze), G.
Forni (Genova), F. Locatelli (Pavia), P.G. Mori (Genova), M. Mair
(Brunico), S. Varotto (Padova), M. D'Avanzo (Napoli), B. Nobili

(Napoli), G. Andria (Napoli), F. Massolo (Modena), G. Russo (Catania),
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gium), Nancy Olivieri (Toronto, Ontario, Canada), Elizabeth Smibert
(Melbourne, Australia), Silvia Brandalise (Campinas, Brasil).

" Participating laboratories: J.P. Cartron (Paris), L. Croisille (Le
Kremlin-Bic&re), L. Coulombel (Villejuif), P. Gane (Paris), J.L.
Paignon (Paris), P.H. Rohuwe(Créeil).
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