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Exome sequencing identifies GATAT
mutations resulting in
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Diamond-Blackfan anemia (DBA) is a hypoplastic anemia characterized by impaired production of red blood
cells, with approximately half of all cases attributed to ribosomal protein gene mutations. We performed
exome sequencing on two siblings who had no known pathogenic mutations for DBA and identified a muta-
tion in the gene encoding the hematopoietic transcription factor GATA1. This mutation, which occurred ata
splice site of the GATA1 gene, impaired production of the full-length form of the protein. We further identified
an additional patient carrying a distinct mutation at the same splice site of the GATAI gene. These findings
provide insight into the pathogenesis of DBA, showing that the reduction in erythropoiesis associated with
the disease can arise from causes other than defects in ribosomal protein genes. These results also illustrate
the multifactorial role of GATA1 in human hematopoiesis.

Introduction

Advances in genomic sequencing technology promise to provide a
more complete picture of the genetic basis of human disease and
to make new connections between molecular pathways involved
in disease pathophysiology. Diamond-Blackfan anemia (DBA;
OMIM 105650) is attributable to reduced proliferation and sur-
vival of erythroid progenitors leading to hypoproliferative anemia
(1, 2). The anemia in DBA is characterized by the production of
enlarged (macrocytic) erythrocytes and, unlike other anemias, by
therapeutic response to corticosteroids. Over the past decade, the
elucidation of mutations in the ribosomal protein gene RPS19 (3),
followed by the discovery of mutations in 9 other ribosomal pro-
tein genes, has led to the hypothesis that DBA is a disorder of ribo-
somal biogenesis (1, 2). However, approximately 50% of DBA cases
have as-yet-unidentified molecular mutations, despite systematic
sequencing of all ribosomal protein and other candidate genes
in these cases (1, 2, 4, 5). Recent work has highlighted the role of
deletions of ribosomal protein genes that may be responsible for
a subset of cases without previously identified mutations (6, 7).
However, it is clear that the molecular etiology of many DBA cases
remains to be uncovered. In light of this observation, we examined
cases without previously identified pathogenic mutations in an
attempt to identify new mutations that can cause DBA.

Results and Discussion
We focused on a family in which two male siblings were diagnosed
with DBA (Figure 1A). While DBA generally demonstrates auto-
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somal dominant inheritance (1), both parents in the family had
entirely normal hematological analyses; assuming that the disease
has full penetrance, this suggests X-linked or autosomal recessive
inheritance. The affected siblings (II-1 and II-3) remain alive and
most recently required chronic red blood cell transfusions for treat-
ment (Table 1). Both siblings showed robust clinical responses to
corticosteroid therapy for a period of 4 (II-1) and 6 (II-3) years, as
is typical for DBA (Table 1). The siblings have macrocytic anemia,
consistently low reticulocyte counts, and a modest elevation of fetal
hemoglobin levels — features characteristic of DBA (Table 1 and
Supplemental Table 1; supplemental material available online with
this article; doi:10.1172/JC163597DS1). Sibling II-1 did not have an
elevation of erythrocyte adenosine deaminase levels (Supplemental
Table 1), which is seen in some DBA patients (1). Interestingly, sib-
ling II-1 has also had a mildly low platelet count beginning at the
age of 17 years, and both siblings were noted to have had occasional
mild reductions in the neutrophil count, with those in sibling II-1
being consistently lower (Table 1). However, these siblings showed
neither clinical signs of abnormal bleeding nor an increased pro-
pensity for infections. To confirm the clinical diagnosis of DBA, we
reevaluated the original bone marrow aspirates and biopsies from
these patients. Independent evaluation by hematopathologists
agreed with the diagnosis of DBA. The bone marrow was noted
to have erythroid hypoplasia without abnormalities of the other
hematopoietic lineages (Figure 1, D-F).

We performed whole-exome sequencing on the 2 siblings with
DBA, obtaining at least 10-fold coverage for more than 93% of the
target bases (Supplemental Table 2 and refs. 8, 9). We reasoned
that pathogenic mutations leading to DBA were likely to be rare in
unaffected populations and therefore filtered out all variants iden-
tified from the latest draft of the 1000 Genomes Project, dbSNP
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Table 1
Hematologic parameters for index DBA cases

Age whe Hgh  HCT Platelets  Abs. retic. mcv MCH MCHC RDW  MPV  ANC
(x10%11)  (g/dl) (%) (x1091) (x1091) (f1) (po) (g/d1) (%) )y  (x1091)
Individual 11-1
Birth? 27.4 9 27 572 5 106.2 35.4 33.4 23 3.01
2yr,11.8 mo 4.6 8 23.9 751 33 94.9 317 335 2.3
3yr, 4.7 mo® 4.3 6.7 19.3 987 29 92.4 32.1 347
3yr, 5.6 mo 8.6 7.7 23.6 1,122 127 98.9 32.2 32.6
3yr, 6.3mo 5.3 9.9 30.8 916 110 103.6 333 32.2 4.08
6yr, 3.6 mo 75 7.1 22 545 30 94.8 30.6 32.2
7yr, 3.3 mo¢ 2.1 5.4 15.8 233 68
14 yr, 0.8 moP 25 6.9 19.9 116 5 0.46
16 yr, 11.3 moP 25 7.9 22.2 79 0.51
19 yr, 3.5 moP 2.8 75 20.9 102 24 79.1 28.4 35.8 16.3 10 0.67
21 yr, 4.2 moP 17 8.6 243 67 24 0.45
22 yr,11.9 mo® 3.1 8.4 23.7 77 27 79.5 28 35.3 14.3 8.8 0.56
23 yr, 11.9 mo® 3.1 8.4 233 71 21 79 285 36.1 15.2 8.1 0.83
Individual I1-3
1.6 mo 7.7 105  30.3 803 54
3yr, 10.8 mo 4.4 112 331 403 73 90.3 30.5 337 16.9 7 18
10 yr, 4 mo 3.6 8.7 25.9 291 37 16
11 yr, 5.6 mo® 2.6 5.8 17.4 300 15 0.67
11yr, 5.8 mo 4 6.8 19.8 622 103 94.4 18
11yr, 7.3mo 2.6 9 26.3 409 147 100.6 345 343 21 6.5 18
15yr,2.2mo 2.4 8.8 26.3 218 62 93.3 31 33.2 18.8 7.7 072
15yr, 10.2 mo 2.3 9.9 29 220 78 1.2
17yr,5.2mo 2.1 7.1 22 177 44 14
17 yr, 5.7 mo¢ 3.7 7.2 22.2 209 43 0.79
19 yr, 0.6 moP 45 8.3 24 .4 201 68 100 34.1 34.1 20.2 7.7 2.1

AComplete blood count from birth. Cord blood hemoglobin (Hgb) was 7.5 g/dlI.

BStarted on prednisone. CFirst transfusion. PBlood count was determined

before transfusion. Abs. retic., absolute reticulocyte count; ANC, absolute neutrophil count; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean
corpuscular Hgb; MCHC, mean corpuscular Hgb concentration; MPV, mean platelet volume; RDW, red cell distribution width.

build 132, and 95 exomes sequenced for the National Institute of
Environmental Health Sciences Environmental Genome Project
(Supplemental Table 2, Methods, and ref. 9). After filtering, a total
of 74 variants were identified as being shared by the 2 affected sib-
lings. We genotyped these mutations in the other family members
(Figure 1A). Of the 74 mutations, 31 (42%) were found in the 2
affected siblings but not in an unaffected sibling (Supplemental
Table 3). No variants were identified that would fit an autosomal
recessive model of inheritance. Only a single variant on the X chro-
mosome, within the GATAI gene, showed appropriate segregation
for an X-linked disorder with full penetrance (Figure 1, A and B,
and Supplemental Table 3).

GATAI encodes a transcription factor necessary for erythroid dif-
ferentiation (10), and therefore it is biologically plausible that this
gene is involved in DBA. The mutation in the GATAI geneisa G—>C
transversion at position 48,649,736 on the X chromosome (hgl19
coordinates) (Figure 1B) and results in the substitution of leucine
for valine at amino acid 74 of the GATA1 protein. The mutation
occurs at the last nucleotide of the exon 2 donor splice site and
therefore would also be predicted to affect splicing of GATAIL.

RT-PCR on peripheral blood-derived RNA samples from control
individuals confirmed prior findings (11) that there are normally
2 splice variants of GATAI produced: a full-length form involving
splicing of exons 1, 2, and 3 with subsequent exons and a shorter
GATAIs form involving splicing of exons 1 to 3 directly, with skip-
ping of exon 2 (Figure 1C). By contrast, RT-PCR analysis of samples
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from the patients showed that the GATA1 mutation greatly favors
the production of GATAIs mRNA, which lacks exon 2 (Figure 1C).
Quantitative RT-PCR analysis of GATAI exon 2 demonstrated that
individuals II-1 and II-3 had only trace amounts of mRNA contain-
ing this exon (3%-5% of control levels), while their mother (I-2),
who carries the GATAI mutation, had a level at 53% of controls
(Figure 2). This suggests that trace amounts of properly spliced
full-length GATAI mRNA may possibly be produced with this
mutation. A lack of exon 2 would only allow translation to initiate
at codon 84, resulting in the formation of the GATA1s protein that
lacks the first 83 amino acids, which contain the transactivation
domain of this transcription factor (Figure 3 and refs. 12, 13).

We then sought to identify additional DBA patients carrying
mutations in GATAI by screening 62 additional male DBA patients
without known pathogenic mutations. We identified one patient
with a deletion of one of 2 adjacent G nucleotides (X chromosome
positions 48,649,736-48,649,737) at the same genomic position as
the GATAI mutation found in the 2 brothers above (Figure 1G). This
mutation would also be predicted to favor production of GATAIs,
as a result of impaired splicing and frameshift of the full-length
GATAL1 open reading frame (Figure 1G). This patient has anemia
that has responded to treatment with corticosteroids and has not
had other hematologic abnormalities (Supplemental Table 4).

Interestingly, a mutation identical to the G—C transversion in
exon 2 has been reported to result in dyserythropoietic anemia
in humans, and other GATAI germline mutations are associated
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Identification of GATAT mutations in DBA. (A) Pedigree of a family with DBA in 2 male children and normal hematological findings in the parents.
(B) Sanger sequencing chromatograms from the 3’ end of exon 2 and 5’ end of intron 2 on GATA1 in the mother (I-2) and 3 children from the
family shown in A. (C) RT-PCR analysis of GATA7 exons 1 and 3 from peripheral blood RNA samples from the patients (II-1 and 1I-3); their mother
(I-2), who carries the GATAT mutation; and a normal control. FL, full-length. (D and E) Bone marrow core sections from II-1 and II-3 shown at
x100 magnification demonstrate erythroid hypoplasia. (F) Rare erythroblasts with normal morphology were noted on bone marrow aspirates (from
1I-1; shown at x100 magnification). (G) Sanger sequencing chromatograms show a GATA7 G nucleotide deletion (at the exon 2—intron 2 junction)

in an independent male patient with DBA.

with variable types of anemias and thrombocytopenias (11, 14, 15).
These latter cases are due to missense mutations in the zinc fin-
gers of GATAL and are distinct from the mutations affecting the
production of different isoforms (Figure 3). The variability among
phenotypes seen in the different mutations favoring GATAIs pro-
duction may be attributable to differences in the levels of GATAI
expressed. This phenomenon has been seen with mouse hypo-
morphic mutations, where even slight differences in Gatal levels
can lead to variable phenotypes involving survival defects, unre-
strained proliferation, or impaired differentiation of erythroid
progenitors (16, 17). We speculate that alterations in GATAI
expression may also underlie the phenotypic variability seen over
time in the DBA patients. In addition, similar mutations that lead
to the production of GATA1s alone are acquired somatically in all
cases of Down syndrome-associated acute megakaryoblastic leu-
kemia and transient myeloproliferative disease (12, 13). Mice with
a mutation resulting in expression of only GATA1s have appar-
ently normal erythropoiesis (18), which emphasizes the species-
divergent functions of GATAL. Specifically, these findings demon-
strate that the full-length form of GATA1 is required for normal
erythropoiesis in humans, but not in mice.

Systematic sequencing of GATAI mutations in other cases of DBA
will likely unveil similar mutations and reveal the extent to which
such mutations contribute to this disease. All 3 of the patients with
GATAI mutations meet all of the current clinical diagnostic criteria
for DBA and many of the supportive criteria, with the exception
of elevations in erythrocyte adenosine deaminase levels (19). How-
ever, discovery and further phenotypic analysis of DBA patients
with GATAI mutations may uncover unique differences between
this set of patients and cases due to ribosome protein gene muta-
tions, which may lead to revision of the current diagnostic criteria
for DBA (19). While the majority of studies on DBA pathogenesis
have been focused on the role of ribosomal biogenesis, the find-
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ing of GATAI mutations in DBA opens new avenues for studying
the underlying basis of this disorder. These findings may provide
insight into the erythroid specificity of this disease, which remains
an enigma. Additionally, these DBA cases, coupled with the phe-
notypes described for other human GATAI mutations (11, 14, 15),
increase our understanding of how this transcription factor plays a
role in specifying human erythropoiesis.

Methods

Exome sequencing and analysis. The DBA patient cohort has been described
previously (4, 5). All patients were selected based on the diagnosis of DBA,
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Figure 2

GATAT exon 2 mutation results in trace amounts of GATAT mRNA con-
taining exon 2. Quantitative RT-PCR was performed on peripheral blood
RNA samples from individuals I-2, lI-1, and 1I-3, as well as a normal
control individual. Data are shown as the mean + SD. Trace amounts of
exon 2 are present in the male carriers of the GATAT exon 2 mutation
(3% and 5%, respectively), and a female carrier (I-2) with this mutation
has half the level of mMRNA compared with controls (53%).
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using criteria outlined previously (1). Exome sequencing was performed at
the Broad Institute (8, 9). Briefly, oligonucleotides with 170 bp of target
sequence flanked by 15 bp of universal primer sequence were synthesized
in parallel on an Agilent microarray and subsequently cleaved. The oligo-
nucleotides were PCR amplified and transcribed in vitro with biotinyl-
ated UTP to generate single-stranded RNA “bait.” The genomic DNA was
sheared, ligated to sequencing adapters, and selected for lengths between
200 and 350 bp. This “pond” of DNA was hybridized with an excess of
bait in solution. The captured material was pulled down by magnetic beads
coated with streptavidin and subsequently eluted. Afterward, each sample
was pooled, and sufficient sequencing was performed so that each sample
had an average coverage equivalent to one lane of sequencing with 76-bp
paired-end reads using an Illumina HiSeq 2000 sequencer.

All sequencing data were processed through an automated analysis
pipeline built around the Picard suite (http://picard.sourceforge.net/),
and BAM files were exported from this process (using the hg19 human
genome draft). These BAM files were then run through a variant caller
pipeline utilizing the Genome Analysis Toolkit (GATK) (20). This pipe-
line implements best-practice approaches for SNP and indel calling, and
variants for each individual sample were compiled into a single variant
call format (VCF) file.

Once all variants were obtained, annotated, and assessed from the exome
sequencing process, variant filtration was performed. We gathered data for
all variants from the June 2011 data release of the 1000 Genomes Project
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Figure 3

A model of how GATAT mutations in DBA favor production of
GATA1s alone. (A) Normal splicing pattern of GATA7 in humans
and the resulting mRNA and protein products. (B) Aberrant
splicing of exons 2 and 3 (highlighted by red star at mutation
sites) leads to production of GATA1s alone. For the protein prod-
ucts, the transactivation domain (TD), N-terminal zinc finger
(NF), and C-terminal zinc finger (CF) are shown.

(21) (htep://www.1000genomes.org/), dbSNP build 132 (htep://
www.ncbi.nlm.nih.gov/projects/SNP/), and 95 exomes available
from the National Institute of Environmental Health Sciences
Environmental Genome Project (http://evs.gs.washington.edu/
niehsExome/). We filtered variants in the patient samples using
all of these datasets with the GATK Variant Filtration and Select
Variants packages (20). Metrics from this process are shown in Sup-
plemental Table 2. We developed custom Perl scripts to assess the
number of variants in various functional classes following variant
fileration. We also developed a custom Perl script to assess common
variants that were identified in both siblings affected with DBA.

Sanger sequencing—based genotyping of variants. A custom Perl script
was written to design primer pairs for all variants identified from
the analysis described above to genotype all affected and unaffected
family members (5 total individuals). We used the script to get the
genomic sequence surrounding the variant and then used the Prim-
er3 program (http://frodo.wi.mit.edu/primer3/) to design primers
to amplify a fragment of 200-300 bp centered around each variant.
The same set of primers was used for both PCR amplification from
genomic DNA samples and for Sanger sequencing. Results from
the sequencing-based genotyping were curated using automated
and manual approaches. The results of the genotyping for all 5
family members are listed in Supplemental Table 3. Sixty-two addi-
tional male patients with DBA were screened for GATAI mutations.
All 6 exons of GATAI were screened for mutations using standard
PCR-based Sanger sequencing.

RT-PCR analysis. Total RNA was isolated from peripheral blood using
a Paxgene Blood RNA kit (QIAGEN/BD) and treated with DNase (QIA-
GEN). RT-PCR was performed using a One-Step RT-PCR kit (QIAGEN).
RT-PCR primers were designed in exon 1 (forward, 5'-ACACTGAGCTT-
GCCACATC-3') and in exon 3 (reverse, S'-CACAGTTGAGGCAGGG-
TAGAG-3') of GATAI. RT-PCR was performed for 30 cycles with an
annealing temperature of 57°C, and the products were analyzed by
agarose gel electrophoresis.

Quantitative RT-PCR. To detect expression of GATAI exon 2, RNA was
isolated from peripheral blood as above. cDNA was prepared using the
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen).
Real-time PCR for GATAI exon 2 was performed using the SYBR Green
PCR Master Mix (Applied Biosystems) and Applied Biosystems Real-Time
PCR 7300 System. GAPDH was used as the control to normalize GATAI
exon 2 expression levels. GATAI expression quantification was performed
using the AACt method (22). The following primers were used for quantita-
tive RT-PCR: GATAI exon 2, forward 5'-CCCCAGTTTGTGGATCCTG-3',
reverse 5'-ACCCCTGATTCTGGTGTGG-3'; GAPDH, 5'-TGCACCAC-
CAACTGCTTAGC-3/, reverse 5'-GGCATGGACTGTGGTCATGAG-3'.

Statistics. All pairwise comparisons were assessed using unpaired
2-tailed Student ¢ test. Results were considered significant if the P value
was less than 0.0S.

Study approval. All patients or their families had provided written
informed consent to participate in this study. The institutional review
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boards at the Massachusetts Institute of Technology/Broad Institute and
the Children’s Hospital Boston approved the study protocols.
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