
Genetic characterization of acquired aplastic
anemia by targeted sequencing

Aplastic anemia (AA) is a rare but life-threatening bone
marrow failure syndrome; diagnosis is based on cytope-
nias in peripheral blood and hypocellularity in bone mar-
row. The distinction between AA and hypocellular
myelodysplastic syndrome (MDS) is often difficult to veri-
fy, and AA evolves into MDS or AML at a 10-year cumu-
lative incidence of 3.1-9.6%.1,2 As AA patients often
respond to immunosuppressive therapy, an immune
pathophysiology is widely assumed.3 The evolution of
clonal cytogenetic aberrations in hematopoietic cells and
the association with clonal paroxysmal nocturnal hemo-
globinuria (PNH) suggest that some patients have a clonal
hematopoietic disease.4 Data by Walter and colleagues
show that 74% of MDS patients harbor a mutation in at
least one of 94 candidate genes, while mutations can still
be found in 68% of MDS patients when a core set of 25
genes is analyzed.5 We hypothesized that mutations that
are found in MDS patients may also be present in patients
with AA and, therefore, evaluated the mutation profile of

42 genes in AA patients.
Thirty-eight patients with aplastic anemia who were

diagnosed and treated in our institution were included in
our study. Patients’ characteristics are described in detail in
the O

�

n
�

l
�

i
�

n
�

e
�

S
�

u
�

p
�

p
�

l
�

e
�

m
�

e
�

n
�

t
�

a
�

r
�

y
�

A
�

p
�

p
�

e
�

n
�

d
�

i
�

x
�

a
�

n
�

d
�

O
�

n
�

l
�

i
�

n
�

e
�

S
�

u
�

p
�

p
�

l
�

e
�

m
�

e
�

n
�

t
�

a
�

r
�

y
�

T
�

a
�

b
�

l
�

e
�

S
�

1
�

. Written informed consent was
obtained according to the Declaration of Helsinki, and the
study was approved by the institutional review board.
Coding exons of the 33 most frequently mutated genes in
myeloid malignancies (Online Supplementary Table S2) were
sequenced on the SOLiDTM system (Life Technologies,
Darmstadt, Germany) as described in the Online
Supplementary Appendix. Nine other genes mutated in
myeloid malignancies including TERT, all candidate muta-
tions from next generation sequencing, exon 13 of ASXL1,
and exons 3 to 11 of TET2, were sequenced by Sanger
sequencing or analyzed by fragment analysis (Online
Supplementary Table S2). Confirmed mutations were also
evaluated in germline DNA (CD3+ T cells from peripheral
blood or hair follicles).

Eleven of 38 patients had moderate, 12 severe, and 15
very severe AA. Median age of AA patients at diagnosis
was 30 years (range 9-79 years). Three patients (8%) had
abnormal cytogenetics (Online Supplementary Table S1). In
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Table 1. Mutations in aplastic anemia patients. Sequence numbering is according to the protein sequence of Ensembl protein ID
ENSP00000266058 (SLIT1), ENSP00000282030 (SETBP1) and ENSP00000364839 (ASXL1), ENSP00000217026 (MYBL2),
ENSP00000442788 (TET2), of genome build GRCh37, release 73.
Characteristic Somatic mutations Germline SNVs

Patient ID 1 2 3 4
Age at diagnosis (years) 61 14 42 45
Age at sampling (years) 61 28 58 45
Sex M M F F
Severity VSAA SAA MAA SAA
Treatment ATG/ ATG/CSA, alloHSCT CSA, ATG/CSA Syngeneic HSCT
Time from diagnosis to first treatment (months) 0.5 16 1 4
Best response (CR, PR) CR CR PR CR
Time from last treatment to last follow up (years) 1.9 8.3 4.3 9
PNH clone (granulocytes, %) 4 1.4 0 0
Telomere length (average T/S ratio) unknown unknown 1.25 unknown
Source of DNA BM PB BM PB
Karyotype 46,XY 46,XY 46,XX, 46,XX

developed 
trisomy 8

Affected gene SLIT1 SETBP1, MYBL2 TET2
ASXL1

Variation, nucleotide level c.1252C>A c.2602G>A c.844T>C c.2981A>G
c.1934dupG

Variation, protein level p.Q418K p.D868N**, p.S282P p.H994R*
p.G645fs***

Germline affected No No Yes Yes
Variant allele frequency (%) 50§ 35§ 38.7 50

25§

Survival from diagnosis 1.5, alive 21.6, alive 16.8, alive 7.5, alive
(years), status

M: male; F: female; SAA: severe aplastic anemia; VSAA: very severe aplastic anemia; MAA: moderate aplastic anemia; ATG: anti-thymocyte globulin; CSA: ciclosporin; alloHSCT:
allogeneic hematopoietic stem cell transplantation; PB: peripheral blood; BM: bone marrow; n.a.: not applicable. *previously identified as somatic SNV COSM1426210 **pre-
viously identified as somatic SNV in SETBP1, COSM1318401 ***previously identified as somatic insertion in ASXL1, COSM34210 §estimated from Sanger sequencing trace.



17 patients (44.7%), a GPI-deficient clone suggesting
PNH/AA overlap syndrome was present. Twenty-two
patients underwent allogeneic or syngeneic transplanta-
tion. The median duration of follow up from diagnosis of
patients alive was seven years. Thirty-five of 38 patients
were alive at last follow up. In support of the diagnosis of
AA, telomeres in peripheral blood leukocytes were signif-
icantly shorter in AA patients (n=13) than in age-matched
healthy controls (n=20) (median age AA, 44 years; median
age healthy controls, 43 years, P=0.43; mean T/S ratio AA
patients 1.43, mean T/S ratio healthy controls, 2.48,
P<0.001) (Online Supplementary Figure S1). Next generation
sequencing yielded an average coverage of 2015 reads per
amplicon. In total, 3 somatic mutations were identified in
2 patients in the examined MDS candidate genes (5.3%)
(Table 1 and Online Supplementary Figure S2). One patient
had a somatic missense mutation in SLIT1, and one
patient with severe AA had two somatic mutations, one
missense mutation in SETPB1 (D868N) and one frameshift
mutation in ASXL1 (G645fs). This patient was diagnosed
with severe AA at the age of 14 years and received four
courses of immunosuppressive therapy. After the first
cycle of ATG, the patient was in remission for four years.
There was no durable response upon subsequent cycles of
immunosuppressive therapy. Eleven years after diagnosis,
treatment with SCF and G-CSF was started, which
induced a partial remission. Two years later the patient
developed progressive thrombocytopenia and had signs of
multilineage dysplasia in bone marrow. The patient
received an allogeneic transplantation, and is alive 8.3
years later with normal blood counts. The current analysis
was performed on cells harvested shortly before transplan-
tation. This patient most likely had progressed to MDS at
time of investigation. The patient with an SLIT1 mutation
had very severe AA and did not respond to the first course
of rabbit ATG (3.75 mg/kg Days 1-5) plus CSA. Fourteen
months later a second course of horse ATG (40 mg/kg
Days 1-4) plus CSA was started; the patient responded
well and is in ongoing remission. 

Two additional patients were identified with germline
single nucleotide variants (SNV) in MYBL2 and TET2,
respectively (Table 1). One patient had a previously
unknown missense SNV in MYBL2, predicted to be possi-
bly damaging to the protein with a score of 0.93 by
polyphen-2,6 who developed trisomy 8 in the course of
the disease; the other patient had a missense SNV in TET2,
which has previously been described as somatic SNV in a
different patient (COSM1426210). The patient with
MYBL2 SNV did not respond to the first course of rabbit
ATG (3.5 mg/kg Days 1-5) plus CSA, but responded to the
second course of rabbit ATG (3.5 mg/kg Days 1-5) plus
CSA initiated 19 months later and is in partial remission
(low platelets). The other patient with germline TET2 SNV
received a syngeneic transplant after conditioning with
cyclophosphamide (50 mg/kg Days -5 to -2) without pre-
ceding immunosuppressive therapy and is in remission
nine years after transplantation. In summary, somatic
mutations of candidate genes of myeloid malignancies are
rarely found in AA at the chosen cut off of 15% allele fre-
quency. Whether germline mutations in TET2 or MYBL2
may predispose to AA needs to be addressed in future
studies.

ASXL1 and TET2 are the most frequently mutated genes
in MDS.7,8 ASXL1 mutations have been identified previous-
ly at low allelic ratios of 8% and 9% in 2 AA patients,
respectively.9 We excluded mutations from further valida-
tion with allelic burden below 15% as these mutations
cannot be validated by Sanger sequencing and their path-
ogenic role is unclear. SETBP1 mutations are recurrent in

MDS at a low frequency,10 and are associated with atypical
chronic myeloid leukemia (CML) and ASXL1 mutations as
in our patient.11 MYBL2 is a candidate tumor suppressor
gene that is located in the commonly deleted region of
MDS patients with del20q,12 and haploinsufficiency of this
gene predisposes to MDS in a mouse model.13 SLIT1 muta-
tions were first reported in AA patients by Saito et al.14 The
SLIT/ROBO pathway regulates axon guidance and has
been implicated as a tumor suppressor.15

Considering the 25 genes that were recently analyzed
by Walter et al.5 in MDS patients, and which were also
included in our analysis, somatic mutations were found in
68% of MDS patients but only 2 (5.3%) AA patients, one
of whom had likely progressed to MDS. Patients’ charac-
teristics of the Walter study and our study are listed in
Online Supplementary Table S3. We, therefore, suggest that
mutation analysis of myelodysplasia-related genes may
help to distinguish AA from MDS in ambiguous cases and
may identify patients who are at risk for MDS-progression.
Whether sequential mutation analysis provides prognostic
information and is superior to cytogenetic analysis will be
analyzed prospectively in the future. Recently, germline
mutations in thrombopoietin have been identified in famil-
ial aplastic anemia.16 In addition, 2 patients with AA have
been described who had mutations in MPL, the receptor of
thrombopoietin.17 However, we have not identified MPL
mutations in our patient cohort. 

In summary, we identified somatic mutations in 5.3% of
AA patients, of whom one had progressed to MDS. Our
analysis suggests that mutations in myeloid malignancy-
related genes are rare in AA patients.
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