
Self-reverting mutations partially correct the blood
phenotype in a Diamond Blackfan anemia patient 

Diamond Blackfan Anemia (DBA) is a rare blood disor-
der characterized by red cell aplasia and is often accom-
panied by a variety of congenital abnormalities. It typical-
ly presents in infancy with macrocytic anemia and is
associated with an increased risk of myelodysplastic syn-
drome (MDS), leukemia, and solid tumors.1 The overall
actuarial survival at 40 years is 75%. Current modes of
therapy include corticosteroid treatment or red cell trans-
fusions. Treatment-related complications like iron over-
load (treated by chelation therapy), infections, and bone
marrow (BM) transplant related complications are lead-
ing causes of death in most DBA patients rather than
severe aplastic anemia and malignancy. Although the
mechanisms remain unclear, approximately 20% of DBA
patients enter spontaneous remission, wherein physio-
logically stable hemoglobin (Hb) levels are maintained in
the absence of steroid therapy or transfusions.2 

Alongside other inherited marrow failure disorders
with overlapping clinical features caused by ribosomal
gene defects like Shwachman-Diamond syndrome (SDS)
and dyskeratosis congenita (DC), DBA is classified as a
ribosomopathy. Most cases of DBA are due to mutations
in ribosomal proteins (RP) usually resulting in haploinsuf-
ficiency. Autosomal dominant inheritance of mutations
in components of the 60S subunit (RPL5, RPL11, RPL15,
RPL26, RPL35A) and 40S subunit (RPS7, RPS10, RPS17,
RPS19, RPS24, RPS26) cause DBA, while SDS follows

autosomal recessive inheritance.3,4 Interestingly, despite
the ubiquitous requirement for ribosomes, germline
mutations in RP cause tissue-specific defects, the mecha-
nisms of which are unknown. We have used whole
genome sequencing (WGS) and high density single
nucleotide polymorphism (SNP) arrays to solve a com-
plex case of DBA.

The proband ((II.3) Figure 1A), an 9-year-old boy (as of
Aug 2017), is the third child of a Caucasian couple. He
presented with anemia at 5 weeks (Hb 47g/L) which was
treated with red cell transfusion. He required monthly
transfusions for recurrent anemia and profound reticulo-
cytopenia for the following year. BM biopsy revealed sig-
nificantly reduced erythropoiesis with occasional imma-
ture erythroid cells and normal myelopoiesis and lym-
phopoiesis, which was consistent with a clinical diagno-
sis of DBA. He had mild bilateral ptosis and mild hyper-
telorism. No hepatosplenomegaly, renal abnormalities or
bone abnormalities were seen on clinical examination.
The siblings and parents had normal hematological find-
ings. Clinical history is described in Figure 1B and hema-
tological parameters at various time-points have been
compiled in Online Supplementary Table S1. Along with
anemia, he has intermittent neutropenia, monocytopenia
and lymphopenia with normal lymphocyte subsets and
immunoglobulin levels. He has significant growth delay,
crossing height and weight centiles, and now tracking
below the 1st centile. Endocrine and gastroenterological
assessment is normal. He has some delays in neurocogni-
tive development. 

WGS analysis of the trio (proband, parents) was carried
out to identify the causal mutation in the proband, an 8-
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Figure 1. Pedigree and disease progression of the proband with Diamond Blackfan Anemia (DBA). (A) Pedigree describing genetic lesions in the proband with
DBA and his parents and siblings who display normal hematological findings. (B) Timeline depicting progress of disease and treatment strategies for the
proband. Karyotype was found to be normal when tested (corresponds to red arrows).
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year-old boy with DBA. Of 54 candidate variants, 25
were established as benign from the literature and 28
were variants of unknown significance. A maternally
inherited splice donor site variant in the Shwachman-
Bodian-Diamond-Syndrome (SBDS) gene was identified;
c.258+1G>C (Online Supplementary Figure S1A, Online
Supplementary Table S2). This mutation is predicted to
cause a frameshift (p.C84Yfs*3).5 The trio was also
screened with the TruSight Cancer Panel and the mater-
nal SBDS variant was confirmed in the proband. Sanger
sequencing on samples from all family members con-
firmed the variant in the mother (I-2) and proband (II-3)
as well as a sibling (II-2) who was born with a cleft palate
(Online Supplementary Figure S1B). RT-PCR and western
blot analysis revealed lower expression of SBDS in lym-
phoblastoid cell lines (LCL) established from peripheral
blood (PB) in the family members with the variant com-
pared to normal controls (Online Supplementary Figure

S1C, S1D). However, we were unable to identify
defects/imbalances pertaining to the paternal allele of
SBDS using targeted next generation sequencing (NGS)
on PB, BM and hair in the affected and hence continued
to search for other causal mutated genes. 

High density SNP microarrays on PB (at age 6) identi-
fied a 184 kb deletion on chromosome 12q in the
proband that was not present in either of the parents
(Figure 2A). This was verified by a single read from WGS
spanning the breakpoints of the 184 kb deletion. This
deletion was also detected in the proband’s hair sample,
indicating a germline de novo mutation (Online
Supplementary Figure S2B). The deleted region encom-
passes 11 genes (PMEL, CDK2, RAB5B, SUOX, IKZF4,
RPS26, ERBB3, PA2G4, RPL41, ZC3H10 and ESYT1 –
Online Supplementary Table S2). Heterozygous deletion or
mutation of RPS26, a component of the small ribosomal
subunit, has previously been described to cause DBA in
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Figure 2. Multiple defects in chr 12q in the proband. (A) SNP microarray reveals 184 kb deletion encompassing 11 genes on chr 12q and (B) copy neutral loss
of heterozygosity comprising at least two regions of chr 12q - denoted by green and red boxes. (C, D) PCR across 184 kb breakpoint in peripheral blood and
lymphoblastoid cell line gives product of expected size in the proband which was then confirmed to be de novo germline in a hair sample (E). (F) SNP microarray
reveals copy neutral loss of heterozygosity events were absent in the proband early in the disease prior to spontaneous recovery.
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an autosomal dominant manner.4 Intriguingly RPL41,
which encodes a protein component of the large riboso-
mal subunit, also lies within the deleted region. 

The 184 kb deletion breakpoints were further defined
by analysis of read depths from WGS data (Online
Supplementary Figure S3). PCR using primers flanking
these coordinates on gDNA yielded a 3.7 kb product
(Figure 2C) in II-3 and not in other family members.
Sanger sequencing using nested primers revealed that the
deletion was the result of a homologous recombination
event between Alu repeats (AluY: 56354900-56355009
and AluSc8: 56539460-56539754) (Online Supplementary
Figure S4), which is not an uncommon mechanism con-
tributing to germline disease.6 

Moreover, SNP microarray identified at least two addi-
tional regions of copy neutral loss of heterozygosity
(cnLOH) on chromosome 12 in PB (age 6), LCL (generat-
ed from PB at age 6) and BM (age 7), but not hair of the
proband (Figure 2B; Online Supplementary Figure S2,
Online Supplementary Figure S6). The presence of multiple
somatic clones and the tendency of DBA patients to have
an increased risk of myeloid malignancy raised the possi-
bility that the patient may be pre-leukemic. To investi-
gate this, the blood sample was interrogated for recurrent
mutations associated with leukemia by targeted NGS.
When analysed in comparison with hair, it was found to
be free of any predicted pathogenic somatic mutations
down to a 5% variant allele frequency.  

Allelic imbalance with an over-representation of the
paternal allele was seen on chromosome 12 across SNPs
where the affected child was heterozygous, in the target-
ed NGS data (Online Supplementary Table S3). This was
consistent with a case of two or more independent rever-
tant mutations wherein the 184 kb deletion defect in the
maternal copy of chromosome 12q was being ‘corrected’
by replacement with the intact paternal copy. The
patient’s spontaneous reticulocyte recovery may be a
consequence of the existence of two stably represented,
non-identical clones exhibiting cnLOH spanning chromo-
some 12q. Absence of these cnLOH events in an earlier
sample from the patient (prior to spontaneous recovery)
lends further support to this hypothesis (Figure 2F). Also,
the proportion of clones exhibiting cnLOH appears high-
er in LCL (Online Supplementary figure S2C), suggestive of
a growth advantage. RPS26 expression was measured by
qRT-PCR, in LCLs generated from the patient, his family
members and three unrelated normal donors. Expression
levels in the patient (II-3) were within the range of other
family members and unrelated controls (Online
Supplementary Figure S5). Although the role of RPL41 in
the phenotype is unclear, a similar correction in expres-
sion levels was observed. 

Revertant mosaicism has been described in several
genetic diseases including skin disorders, DC and Fanconi
anemia,7-9 and spontaneous remission is not uncommon
in DBA.2 Moreover, mosaicism has been reported in DBA
patients who attained remission.10 However, in the event
of remission, the risk of developing MDS or leukemia is
likely to remain in proportion to the burden of any resid-
ual disease-causing clones. The expansion of reversion
events arising independently suggests a selective advan-
tage over the defective cell population with likely contri-
bution to correcting the phenotypic defect. We propose
that revertant mosaicism is one of the mechanisms by
which spontaneous remissions are attained in DBA. In
such cases, where auto-correction has occurred in the
hematopoietic compartment, it may be necessary to uti-
lize alternative sources of DNA such as hair or saliva,

when testing to identify the causative genetic lesion.
The DBA phenotype in the proband can primarily be

attributed to haploinsufficiency of RPS26, and the effect
of defects in ribosomal genes SBDS and RPL41 on disease
phenotype and treatment outcome are currently
unknown. We hypothesize that the patient’s develop-
mental delay is secondary to the de novo chromosome
12q deletion. Craniofacial structures are derived from
neural crest cells and, in animal models, mutations in RP
can cause apoptosis of neural crest progenitors.11 Human
ribosomopathies are often accompanied by craniofacial
abnormalities.12 Though the proband has very mild cran-
iofacial abnormalities, it is possible that the cleft palate in
the sibling (II-2) is due to the heterozygous SBDS variant,
especially considering the variable presentation of con-
genital abnormalities in individuals with biallelic muta-
tions in SBDS.13 This complex molecular genetic diagno-
sis has been achieved by using multiple powerful tech-
nologies each with strengths and limitations. Together,
however, they have provided valuable insight into dis-
ease biology of not only DBA, but likely other similar dis-
orders. 
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