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INTRODUCTION
Identification of genes involved in different diseases has increased our knowledge of

molecular pathology, the development of diseases and the normal function of genes

and their products – proteins. In addition, the characterization of disease genes has

introduced genetic analysis as a diagnostic tool. The OMIM (Online Mendelian

Inheritance in Man) database shows that more than 1,000 genes contain variants

associated with a specific phenotype (1,2). Different research groups have estimated

the total number of genes in the 3,000 million base pairs of DNA in the human geno-

me to be between 34,000 to 140,000 (3).

This review is based on the work presented in the thesis “Diamond-Blackfan ane-

mia. Mapping and Identification of the Disease Gene” and it will focus on three

important strategies that were used in cloning the disease gene (4);

1) Cytogenetic analysis in a key patient carrying a balanced translocation which

lead to the chromosomal localization of the disease gene,

2) Genetic analysis in familial cases showing statistically significant linkage

between the inherited form of the disorder and the genetic region identified by

cytogenetic analysis,

3) Bioinformatics used in sequence assembly after large scale sequencing of the

candidate region, candidate gene identification and determination of gene struc-

tures before mutation analysis.

In the research group of Clinical Molecular Genetics, Department of Genetics and

Pathology, methods and approaches briefly presented in this review are applied on

different projects aiming to identify disease genes. Several ongoing studies were ini-

tiated after identification of key patients carrying cytogenetic abnormalities associa-

ted with phenotypes such as mental retardation, urogenital malformations, autism

and extreme obesity.
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GENERAL BACKGROUND

1) Cytogenetic analysis

Chromosomal abnormalities are present in an estimated 0.6% of live births (5).

Chromosomal abnormalities can be divided into numerical or structural abnormalities

(5). Numerical abnormalities include monosomies, trisomies, triploidy and mosaic-

ism of chromosomes. Structural aberrations consist of duplications, insertions, chro-

mosomal translocations, inversions and large deletions.

The approach of using chromosomal rearrangements in key patients may be an

important first step towards the identification of a disease gene since a chromosomal

rearrangement may pinpoint the localization of a disease gene (6). In a balanced rec-

iprocal translocation, breaks occur in two chromosomes and the segments are

exchanged and no genetic material is lost or gained (Figure 1). A balanced transloca-

tion is present in about 1 in 500 newborns (5). Although certain individuals manifest

a phenotype related to disruption of a gene at the site of one of the breakpoints, a

carrier of a balanced reciprocal translocation may be asymptomatic (6).

In order to characterize and map chromosomal rearrangements, classical cytoge-

netic analysis with chromosomal banding is often used. Due to the low resolution

after chromosome banding, fluorescent in situ hybridization (FISH) was developed

where fluorescent labeled nucleotides are incorporated in probes and physically

mapped by hybridization to metaphase chromosomes (Figure 2, ref 7,8).

2) Genetic analysis in families 

Without prior knowledge of the function or location of a disease gene, linkage analy-

sis in families can be performed in order to identify a chromosomal region that

segregates with a phenotype (9). However, linkage analysis may be time consuming

and not always successful in mapping a disease gene. There are several factors that

limit the efficiency of a linkage analysis such as small family materials and low

Figure 1. A partial karyotype of G banded chromosomes representing a chromosomal translocation between chro-
mosomes X and 19 (left). A corresponding schematic picture illustrating a balanced translocation with exchange of
chromosomal material is shown (right).

The X;19 translocation (left), identified in a girl presenting with Diamond-Blackfan anemia, resulted in two chro-
mosome derivatives; derX (Xpter-p21:19q13-pter) and der19 (Xqter-p21:19q13-qter).
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penetrance of the disease. Also, well-defined patient materials are important since

specific criteria for a specific disease allow one to avoid overlapping phenotypes in

the patient material (9). 

Linkage analysis is carried out by analyzing segregation of marker loci spanning

the complete genome or a candidate gene region in DNA from familial cases (Figure

3, ref 9). If two loci are located near each other on a chromosome, they are likely to

be inherited together. The statistical evaluation of this relationship can be performed

by a LOD (logarithm of the odds ratio) score analysis (9).

Figure 2. Fluorescent in situ hybridization (FISH) to metaphase chromosomes. Red color represents a DNA probe
specific against a 40 kb DNA region on chromosome 19q13.

In this picture, the chromosome 19 translocation breakpoint is identified in the DBA patient with the X;19 translo-
cation. FISH analysis shows that the probe hybridizes to both translocation derivatives (derX and der19) as well as
to the normal chromosome 19.

Figure 3. Haplotype analysis in famili-
al cases using polymorphic genetic
markers. A candidate gene region on a
chromosome (left) is studied in a family
presenting with a dominant inherited
disorder (right). Filled symbols indicate
affected individuals. 

The corresponding chromosome
haplotypes are indicated below the
symbols. Segregation of the four mar-
ker alleles is compatible with linkage
since affected relatives have inherited
identical haplotypes indicated as a squ-
ared symbol.



Genes and transcribed sequences in established contigs can be identified by differ-

ent bioinformatical tools, such as homology searches in different databases (16). In

parallel, different gene prediction programs are used since homology searches rely

on previously known genes or transcripts submitted to the database (17). 

When candidate genes have been identified, mutation detection is performed in

patient samples and normal controls (Figure 5). Sequencing of genomic DNA is a

robust technique that results in few false negative results (18).
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When a chromosomal translocation indicates the localization of a putative disease

gene, linkage analysis can be used as a statistic tool to show that inherited forms of

the disease also is linked to the gene region identified in the patient(s) carrying the

chromosomal translocation. Studies in a family material will not only provide a sta-

tistical estimation of linkage but also indicate genetic heterogeneity i.e. identical

clinical symptoms caused by mutations in other genes. In addition, if genetic hetero-

geneity is present, identification of linked families is important for following analy-

ses including mutation detection. 

3) Bioinformatics

Linkage analysis and/or chromosomal mapping of a rearrangement can be followed

by a positional cloning approach to identify the disease gene (10). This involves the

construction of a physical map of the chromosomal region and identification of can-

didate genes. 

The identification of genes or transcripts can be performed by several methods

(11,12). Due to the efficacy of sequencing and sequence assembly, large scale

sequencing is at present the best approach to generate a map of a candidate gene

region (Figure 4, ref 13). Different computer programs are used to assemble

sequence data into continuous and longer DNA segments i.e. contigs (14,15). 

Figure 4. Identification of candidate
disease genes based on the identifica-
tion of a chromosomal rearrangement
associated with a disorder. Important
steps include i) the identification of a
candidate clone, ii) large-scale sequen-
cing (if the corresponding sequence is
not available), iii) assembly of sequen-
ces into contigs and iv) bioinformatic
analyses in order to identify or predict
candidate genes.
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Following identification of mutations, bioinformatic analyses can be used to

understand and explain the mechanisms behind the effects of mutations in relation to

the disease and to examine the function of the geneproduct. These studies include

prediction of protein structure, phylogenetic analysis and comparative genomics.

Comparative studies are important since homology searches against databases con-

taining findings from other species may result in understanding of the function of a

gene (19).

SPECIFIC BACKGROUND AND THESIS

The overall aim of the work presented in the thesis “Diamond-Blackfan anemia.

Mapping and Identification of the Disease Gene” was to investigate the genetic basis

of Diamond-Blackfan anemia. Various methods were used, including fluorescent in

situ hybridization (FISH) to metaphase chromosomes, linkage analysis in families

with DBA, large-scale sequencing, bioinformatic analyses, expression studies and

mutation detection.

Diamond-Blackfan anemia (DBA) is characterized by a congenital defect in the

production of red blood cells with an absence or decreased amounts of erythroblasts

in the bone marrow (20-22). The disease is rare, with an estimated incidence of 0.5-1

per 100,000 births in Europe (22). 

At least 10% of DBA cases follow an autosomal dominant or recessive inheritance

pattern (22). Approximately 50% of DBA patients have congenital abnormalities,

including craniofacial anomalies and malformations of the thumb and the heart

(20,22). Growth failure and psychomotoric retardation is also present in a proportion

of patients with DBA (21). 

Treatment of DBA is limited to corticosteroid therapy, red blood cell transfusions

or bone marrow transplantation (22). The first line of treatment for DBA consists of

corticisteroids, to which more than 60 % of patients respond (22). Transfusions are

required for the remaining patients with risk of transfusion hemosiderosis. A propor-

tion of DBA patients may go into spontaneous remission (20). 

Patient material

A girl, diagnosed with DBA, was identified carrying a chromosomal rearrangement

associated with the disease. Karyotype analysis of Giemsa stained banded chromo-

Figure 5. Identification of a DNA mutation after sequence ana-
lysis. Sequence chromatograms are shown for a control (top) as
well as for an individual with Diamond-Blackfan anemia
(below). The mutation corresponds to a C to T transition resul-
ting in a premature stop codon of the RPS19 gene.
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somes revealed what appeared to be a balanced translocation, involving chromosome

Xp and 19q (Figure 1). Previous studies had shown that DBA presented in families

with an autosomal dominant inheritance. Therefore, FISH was performed to metap-

hase chromosomes derived from the girl with the chromosome X;19 translocation in

order to further map the chromosome 19q translocation breakpoint.

In order to study the segregation pattern of chromosome 19q markers in families

with DBA, we collected blood or DNA samples from approximately 150 DBA

patients from 10 countries. The local ethical committee at Uppsala University

approved the work in the thesis. The European studies were approved by the Euro-

pean Society of Pediatric Hematology.

Results and Discussion

The thesis resulted in mapping and identification of the gene encoding ribosomal

protein S19 that in a mutated form causes Diamond-Blackfan anemia. The RPS19

protein has previously been found to be located on the external surface of the 40S

ribosomal subunit using a specific antibody (23). Seventy-nine different proteins are

involved in the ribosomal organelle that constitute the protein translation machinery

in our cells (24). The RPS19 protein is the first ribosomal protein found to be associ-

ated with a disease.

Fluorescent in situ hybridization (FISH) to metaphase chromosomes was found to

be a key tool in the identification of the DBA disease gene. LOD score analysis in

the candidate gene region, pinpointed by the chromosomal translocation breakpoint,

was also important. In the positional cloning of the DBA gene, the RPS19 gene was

identified by computer and web based programs after FISH analysis and large-scale

sequencing. Sequence analysis of patient genomic DNA revealed RPS19 gene muta-

tions in 10 out of 40 DBA cases. 

Other findings that support the involvement of the RPS19 gene in the development

of DBA include the fact that mutations in the RPS19 gene segregate with familial

cases and are not present in healthy control individuals. In addition, different types

of mutations were identified, including the chromosomal translocation breakpoint

that resulted in a disrupted RPS19 gene, microdeletions spanning the entire gene,

and missense and frame shift mutations. 

There are two main explanations to correlate a disease to a mutated ribosomal pro-

tein (24, 25); 1) A ribosomal protein insufficiency may result in a reduced amount of

intact and functional ribosomes at one or more critical stages of development. A

reduced translational capacity, caused by the defect ribosomal protein, would result

in a specific phenotype. 2) An extraribosomal function in a disrupted or alternated

form during development that causes a pathological condition.

Future studies

Once a gene has been identified, the work still remains to understand the function of

the gene and its gene product (26). In order to study the molecular mechanism of the
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RPS19 gene product in relation to erythropoiesis we have initiated functional studies

of RPS19. We are studying protein interactions by yeast two-hybrid systems where

the RPS19 gene product is used as a bait to pull out an interacting molecule (27).

The two-hybrid system has been shown to be a successful approach in Saccharomy-

ces cerevisiae where more than 2500 protein-protein interactions are described (28).

We are currently making a mouse model for the disease by homologous recombi-

nation of the corresponding mouse gene. Mice have been the most useful organism

in biomedical research, both in providing animal models of disease and in the stud-

ies of mammalian gene function (29, 30). The DBA mouse model will give opportu-

nities to study the physiology and biology behind the disease as well as the normal

erythroid differentiation. 

In collaboration with a research group at Lund Hospital University, we will per-

form retroviral transfer of an intact RPS19 gene to the defective hematopoietic cells

in bone marrow cultures from DBA patients. It would then be possible to see

whether the effects of the mutant gene, representing low amounts of proerythroblasts

and reduced production of red blood cells, could be reconstituted or not (31, 32).

This would not only show that the RPS19 gene is involved in the development of

DBA, but it would also be a first step towards the treatment of patients with Dia-

mond-Blackfan anemia.
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