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Abstract
Background: Recent advancements in next-generation sequencing (NGS) technologies allow the
simultaneous identi�cation of targeted copy number alterations (CNAs) as well as somatic mutations
using the same panel-based NGS data. We investigated whether CNAs detected by the targeted NGS data
provided additional clinical implications, over somatic mutations, in myelodysplastic syndrome (MDS).

Methods: Targeted deep sequencing of 28 well-known MDS-related genes was performed for 266 patients
with MDS.

Results: Overall, 215 (80.8%) patients were found to have at least one somatic mutation; 67 (25.2%) had
at least one CNA; 227 (85.3%) had either a somatic mutation or CNA; 160 had somatic mutations without
CNA; and 12 had CNA without somatic mutations. Considering the clinical variables and somatic
mutations alone, multivariate analysis demonstrated that sex, revised International Prognostic Scoring
System (IPSS-R) and NRAS and TP53 mutations were independent prognostic factors for overall survival.
For AML-free survival, these factors were sex, IPSS-R, and mutations in NRAS, DNMT3A, and complex
karyotype/TP53 mutations. When we consider clinical variables along with somatic mutations and CNAs,
genetic alterations in TET2, LAMB4, U2AF1, and CBL showed additional signi�cant impact on the
survivals.

Conclusions: Our study suggests that the concurrent detection of somatic mutations and targeted CNAs
may provide clinically useful information for the prognosis of MDS patients.

Background
Myelodysplastic syndrome (MDS) is a heterogeneous group of clonal myeloid stem cell disorders, which
are characterized by varying degrees of persistent cytopenias without other causes, presence of bone
marrow dysplasia, and an increased risk of progression to acute myeloid leukemia (AML). Recurrent
somatic mutations are found in about 90% of the MDS patients, and some of the mutations are known to
have a prognostic value at various clinical stages of MDS, i.e., at diagnosis [1, 2] and before the initiation
of hypomethylating therapy (HMT) [3–5] or allogeneic hematopoietic cell transplantation (HCT) [6–8].
These mutations include single-nucleotide variants (SNVs) and short insertions/deletions (indels). Copy
number alterations (CNAs) represent a large fraction of human genetic variations, with many studies
showing their prognostic value in MDS [9–11]. However, there are no speci�c guidelines for the
assessment of CNAs, and the CNA test is not included in standard practice in the diagnosis and
prognostication of MDS [12, 13]. Thus, there is a need to evaluate whether the detection of CNAs, in
addition to genetic mutations, has clinical signi�cance.

Targeted gene panel sequencing using next-generation sequencing (NGS) technology has rapidly become
a routine clinical tool to detect somatic mutations in patients with MDS [9, 14–16]. Although microarray
comparative genomic hybridization can detect CNAs with high accuracy, its application in a clinical
setting has been limited due to high cost and the requirement of trained personnel for operation and data
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interpretation. Recent advancements in NGS technologies have led to the development of more cost-
effective and rapid methods which allow the simultaneous identi�cation of targeted CNAs as well as
somatic mutations using the same panel-based NGS data [17].

In this study, we have investigated the importance of CNAs, detected by targeted NGS, in the context of
providing additional clinical implications over somatic mutations.

Methods

Patients
This study involved patients with MDS, including chronic myelomonocytic leukemia (CMML) at two
Korean Institutes (Seoul St. Mary’s Hematology Hospital, Seoul, Korea, and Asan Medical Center, Seoul,
Korea). The bone marrow samples of all patients were available for molecular analysis. The patients in
this study partly overlap with those in our two prior studies: one was about somatic mutations in MDS
patients receiving HMT [5], and the other was about TP53 mutations in HCT for de novo MDS [6]. We
collected clinical and laboratory data at the time of diagnosis of MDS and calculated the revised
International Prognostic Scoring System (IPSS-R) scores. This study was approved by the institutional
review board at each institute. Each one of the patients gave written informed consent for molecular
analysis.

Targeted deep sequencing
We performed targeted deep sequencing as previously described [5, 6]. In brief, an MDS panel targeting
28 well-known MDS-related genes (NRAS, DNMT3A, SF3B1, IDH1, TET2, NPM1, LAMB4, EZH2, JAK2, CBL,
ETV6, KRAS, FLT3, IDH2, PRPF8, TP53, NF1, SRSF2, SETBP1, DNMT1, ASXL1, RUNX1, U2AF1, ZRSR2,
ATRX, STAG2, MMP8, and ARID2) was used for targeted deep sequencing. This MDS panel consisted of
1,088 amplicons covering 98.4% of all coding exons in 26 target genes. Sequencing libraries were
generated using the AmpliSeq Library Kit 2.0 (Life Technologies, Carlsbad, CA, USA) and subsequently
sequenced using the Ion Torrent Proton system (Life Technologies) according to the manufacturer's
instructions. Sequencing reads were aligned to UCSC hg19 reference genome and genomic variant calling
was performed using the Torrent Suite 5.2 (Thermo Fisher Scienti�c, Waltham, MA, USA). Stringent post-
�ltering processes were performed in order to achieve reliable and robust mutation calling. In the �rst
step, we selected the functional variants (non-silent) in coding exons. The known polymorphic sites for
East Asians (> 1% of minor allele frequency) in public databases (dbSNP137, ESP6500, and the 1000
genomes project) were �ltered out as germline polymorphisms. The variants with > 1% minor allele
frequency in our in-house normal database (comparison with 38 whole genome and 2,283 whole exome
sequencing data from Koreans) were also �ltered out. The remaining variants were considered as
candidate somatic mutations.

DNA copy number analysis
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DNA copy number was estimated using the targeted deep sequencing data. The multiscale reference
module and Rank Segmentation statistical algorithm in NEXUS software v9.0 (BioDiscovery, El Segundo,
CA, USA) were used to de�ne the CNAs for each sample, as previously described [18]. The CNA segments
were classi�ed as gains and losses when the log2 ratios were greater than 0.25 and less than − 0.25,
respectively. All the identi�ed CNA events were manually curated in terms of depth ratio.

Statistical analysis
The purpose of this study was to determine the prognostic value of CNAs, in addition to the clinical
implications of somatic mutations, using the same targeted NGS data. The endpoints included overall
survival (OS) and AML-free survival (AFS). The survivals were calculated from the date of diagnosis of
MDS to the date of death from any cause (OS) or to the date of AML progression (AFS).

We used the chi-square test to compare categorical variables and the Mann‒Whitney U test or t-test to
compare continuous variables. Survival was estimated using the Kaplan‒Meier method, and the
differences in survival were compared using the log-rank test. For each survival, multivariate analysis was
performed using two Cox proportional hazards models. Essentially, one included clinical variables and
genetic aberrations (somatic mutations only), while the other included clinical variables and genetic
aberrations (both somatic mutations and CNAs). The data were analysed using SPSS software version
21 (IBM, Armonk, NY, USA).

Results

Patient characteristics
This study involved 266 patients, including 167 men and 99 women. For all patients, the genetic
aberration results of both somatic mutations and targeted CNAs using the same panel-based NGS data
were available. Table 1 describes the clinical and laboratory characteristics of patients at the time of
MDS diagnosis and data for treatment. The median age of the patients was 50 years (range, 7–76). Six
patients had therapy-related MDS. The IPSS-R risk category was very low or low in 49 (19.4%) patients,
intermediate in 75 (29.6%), and high or very high in 129 (51.0%).
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Table 1
Patient characteristics.

Characteristic   No. of patients (%)

Sex

Male

Female

   

167 (62.8)

99 (37.2)

Age, year

Median (range)

50 (7–76)  

Age, year

< 50

≥ 50

   

137 (51.5)

129 (48.5)

WHO type

MDS-(RS)-SLD/MDS U

MDS-(RS)-MLD

MDS-EB-1

MDS-EB-2

CMML

   

26 (9.8)

97 (36.5)

66 (24.8)

71 (26.7)

6 (2.3)

MDS presentation

De novo

Prior hematological disease

Therapy-related

   

244 (91.7)

16 (6.0)

6 (2.3)

Hemoglobin, g/dL (N/A in 5 patients)

≥ 10

8-<10

< 8

   

53 (20.3)

83 (31.8)

125 (47.9)

*Cytogenetic risk: Very good = -Y, del(11q); Good = normal, del(5q), del(12p), del(20q), double including
del(5q); Intermediate = del(7q), + 8, +19, i(17q), any other single or double independent clones; Poor =
-7, inv(3)/t(3q)/del(3q), double including − 7/del(7q), complex (3 abnormalities); Very poor = complex
(> 3 abnormalities)

WHO, World Health Organization; MDS, myelodysplastic syndrome; RS, ring sideroblasts; SLD, single
lineage dysplasia; U, unclassi�able; MLD, multilineage dysplasia; EB, excess blasts; CMML, chronic
myelomonocytic leukemia; N/A, not available; ANC, absolute neutrophil count; BM, bone marrow;
IPSS-R, Revised International Prognostic Scoring System
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Characteristic   No. of patients (%)

ANC, /µL (N/A in 8 patients)

≥ 800

< 800

   

153 (59.3)

105 (40.7)

Platelet count, /µL (N/A in 5 patients)

≥ 100,000

50,000-<100,000

< 50,000

   

88 (33.7)

72 (27.6)

101 (38.7)

BM blast percentage (N/A in 5 patients)

0–2

> 2-<5

5–10

> 10

   

83 (31.8%)

45 (17.2)

74 (28.4)

59 (22.6)

Cytogenetic risk* (N/A in 10 patients)

Very good

Good

Intermediate

Poor

Very poor

   

4 (1.6)

145 (56.6)

62 (24.2)

19 (7.4)

26 (10.2)

*Cytogenetic risk: Very good = -Y, del(11q); Good = normal, del(5q), del(12p), del(20q), double including
del(5q); Intermediate = del(7q), + 8, +19, i(17q), any other single or double independent clones; Poor =
-7, inv(3)/t(3q)/del(3q), double including − 7/del(7q), complex (3 abnormalities); Very poor = complex
(> 3 abnormalities)

WHO, World Health Organization; MDS, myelodysplastic syndrome; RS, ring sideroblasts; SLD, single
lineage dysplasia; U, unclassi�able; MLD, multilineage dysplasia; EB, excess blasts; CMML, chronic
myelomonocytic leukemia; N/A, not available; ANC, absolute neutrophil count; BM, bone marrow;
IPSS-R, Revised International Prognostic Scoring System
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Characteristic   No. of patients (%)

IPSS-R risk category

Very low

Low

Intermediate

High

Very high

   

6 (2.4)

43 (17.0)

75 (29.6)

78 (30.8)

51 (20.2)

*Cytogenetic risk: Very good = -Y, del(11q); Good = normal, del(5q), del(12p), del(20q), double including
del(5q); Intermediate = del(7q), + 8, +19, i(17q), any other single or double independent clones; Poor =
-7, inv(3)/t(3q)/del(3q), double including − 7/del(7q), complex (3 abnormalities); Very poor = complex
(> 3 abnormalities)

WHO, World Health Organization; MDS, myelodysplastic syndrome; RS, ring sideroblasts; SLD, single
lineage dysplasia; U, unclassi�able; MLD, multilineage dysplasia; EB, excess blasts; CMML, chronic
myelomonocytic leukemia; N/A, not available; ANC, absolute neutrophil count; BM, bone marrow;
IPSS-R, Revised International Prognostic Scoring System

 

Treatment data and clinical outcomes
The treatment for the patients included allogeneic HCT in 234 (88.0%) patients, hypomethylating therapy
in 166 (62.4%), cytotoxic chemotherapy in 19 (3.8%), immunosuppressive therapy in 8 (3.0%), and
androgens in 11 (4.1%) patients (Table 2).
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Table 2
Treatment data.

Characteristic No. of patients (%)

Allogeneic HCT 234 (88.0)

Disease status at HCT

MDS

AML evolution

 

190 (81.2)

44 (18.8)

Donor type for HCT

HLA matched sibling

HLA matched unrelated

HLA mismatched unrelated

HLA mismatched familial

 

86 (36.8)

71 (30.3)

12 (5.1)

65 (27.8)

Conditioning therapy intensity for HCT

Myeloablative

Reduced-intensity

 

81 (34.6)

153 (65.4)

Hypomethylating therapy

Azacitidine

Decitabine

166 (62.4)

95 (57.2)

71 (42.8)

Response to hypomethylating therapy

Complete response (CR)

Partial response

Marrow CR with HI

Marrow CR without HI

Stable disease with HI

Stable disease without HI

Progressive disease

Not assessable

 

18 (10.9)

1 (0.6)

12 (7.3)

25 (15.2)

28 (17.0)

58 (35.2)

19 (11.5)

4 (2.4)

Cytotoxic chemotherapy 19 (3.8)

Immunosuppressive therapy 8 (3.0)

HCT, hematopoietic cell transplantation; MDS, myelodysplastic syndrome; AML, acute myeloid
leukemia; HI, hematologic improvement
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Characteristic No. of patients (%)

Androgen 11 (4.1)

HCT, hematopoietic cell transplantation; MDS, myelodysplastic syndrome; AML, acute myeloid
leukemia; HI, hematologic improvement

 
The median follow-up duration of surviving patients was 6.9 years (range 1.03‒27.21); 124 patients died,
and 63 experienced AML evolution. The probabilities of OS and AFS at 5 years were 59.7% and 76.2%,
respectively.

General features of somatic mutations and copy number
alterations
The median depth of coverage for targeted deep sequencing was 2215.5 x (range, 878–5118) across the
target genome (Additional �le 1: Table S1). Overall, 215 (80.8%) patients were found to carry at least one
somatic mutation (Additional �le 2: Table S2), while 67 (25.2%) had at least one CNA (Additional �le 3:
Table S3). Altogether, 227 (85.3%) had either somatic mutation or CNA, 160 (60.1%) had somatic
mutations without CNA, and 12 (4.5%) had only CNA without somatic mutation (Fig. 1). The average
number of mutated genes per patient was 1.9 (range, 0–6), and the average number of genes with CNAs
per patient was 0.4 (range, 0–10). Eight genes were found to be mutated in more than 10% of the
patients, i.e., U2AF1 (n = 58 [21.8%]), TET2 (n = 47 [17.7%]), ASXL1 (n = 36 [13.5%]), TP53 (n = 35 [13.2%]),
SETBP1 (n = 34 [12.8%]), NF1 (n = 29 [10.9%]), SF3B1 (n = 28 [10.5%]), and RUNX1 (n = 28 [10.5%]). Five
genes with CNAs were detected in 10 or more patients, i.e., EZH2 (loss in 7q, n = 18 [6.8%]), KRAS
(gain/loss in 12p, n = 14 [5.3%]), ASXL1 (gain/loss in 20q, n = 12 [4.5%]), LAMB4 (loss in 7q, n = 10 [3.8%]),
and RUNX1 (gain/loss in 21q, n = 10 [3.8%]). Somatic mutations were found in all 28 genes, whereas
targeted CNAs were found in 18 (64.3%) of the 28 genes (Table 3). Interestingly, all �ve patients with
TP53 deletion exhibited TP53 mutation as well, indicating a bi-allelic alteration.
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Table 3
Frequency of genetic aberrations: somatic mutations and copy number alterations (CNAs).

Gene No. of patients with
somatic mutations (%)

No. of patients with
CNAs [Gain/Loss] (%)

No. of patients with somatic
mutations or CNAs (%)

NRAS 13 (4.9) 2 [2/0] (0.8) 15 (5.6)

DNMT3A 24 (9.0) - 24 (9.0)

SF3B1 28 (10.5) - 28 (10.5)

IDH1 8 (3.0) - 8 (3.0)

TET2 47 (17.7) 8 [4/4] (3.0) 54 (20.3)

NPM1 3 (1.1) 2 [0/2] (0.8) 5 (1.9)

LAMB4 17 (6.4) 10 [0/10] (3.8) 26 (9.8)

EZH2 13 (4.9) 18 [0/18] (6.8) 30 (11.3)

JAK2 9 (3.4) 5 [2/3] (1.9) 14 (5.3)

CBL 11 (4.1) 6 [6/0] (2.3) 17 (6.4)

ETV6 22 (8.3) 2 [0/2] (0.8) 24 (9.0)

KRAS 13 (4.9) 14 [6/8] (5.3) 27 (10.2)

FLT3 3 (1.1) - 3 (1.1)

IDH2 3 (1.1) 9 [8/1] (3.4) 12 (4.5)

PRPF8 9 (3.4) 3 [0/3] (1.1) 12 (4.5)

TP53 35 (13.2) 5 [0/5] (1.9) 35 (13.2)

NF1 29 (10.9) - 29 (10.9)

SRSF2 6 (2.3) - 6 (2.3)

SETBP1 34 (12.8) 1 [1/0] (0.4) 35 (13.2)

DNMT1 4 (1.5) 3 [3/0] (1.1) 7 (2.6)

ASXL1 36 (13.5) 12 [6/6] (4.5) 47 (17.7)

RUNX1 28 (10.5) 10 [6/4] (3.8) 36 (13.6)

U2AF1 58 (21.8) 7 [4/3] (2.6) 64 (24.1)

ZRSR2 7 (2.6) 1 [0/1] (0.4) 8 (3.0)

ATRX 7 (2.6) - 7 (2.6)

STAG2 15 (5.6) - 15 (5.6)
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Gene No. of patients with
somatic mutations (%)

No. of patients with
CNAs [Gain/Loss] (%)

No. of patients with somatic
mutations or CNAs (%)

MMP8 4 (1.5) - 4 (1.5)

ARID2 7 (2.6) - 7 (2.6)

 

Prognostic factor analysis
The number of genes with somatic mutations per patient did not signi�cantly affect the outcomes of the
patients (data not shown). In contrast, a higher number of genes with CNAs per patient showed a
signi�cant association with inferior OS (P < 0.001) and AFS (P = 0.007) (Fig. 2).

We performed a univariate analysis for the prognostic values of clinical variables and genetic aberrations
(Additional �le 1: Table S4 and Additional �le 1: Table S5). Among the clinical variables, sex (OS), age
(OS), and IPSS-R (OS and AFS) were signi�cant factors for clinical outcomes. Considering only the
somatic mutations, NRAS (OS and AFS), DNMT3A (AFS), TET2 (OS), LAMB4 (AFS), PRPF8 (OS), TP53
(OS), DNMT1 (OS), and MMP8 (OS) mutations were signi�cant prognostic factors. Taking into account
both somatic mutations and CNAs, the genetic aberrations of NRAS (OS and AFS), DNMT3A (AFS), NPM1
(OS), LAMB4 (OS and AFS), EZH2 (OS), CBL (OS and AFS), TP53 (OS), and MMP8 (OS) were found to be
signi�cant prognostic factors. In addition, the combination of complex karyotype and TP53 aberrations
showed a signi�cant association with AFS (Additional �le 1: Table S5).

Upon taking into consideration only the clinical variables and somatic mutations, our multivariate
analysis demonstrated that the independent prognostic factors for OS were sex, IPSS-R, NRAS mutation,
and TP53 mutation, and those for AFS were sex, IPSS-R, NRAS mutation, DNMT3A mutation, and
complex karyotype/TP53 mutation. When clinical variables and somatic mutations as well as CNAs were
taken into account, genetic alterations of TET2, LAMB4, U2AF1, and CBL were seen to have an additional
signi�cant impact on OS or AFS (Table 4).
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Table 4
Multivariate analysis for overall and acute myeloid leukemia-free survivals.

Overall survival

  Somatic mutations only Somatic mutations + CNAs

Variable HR 95% CI P-value HR 95% CI P-value

Sex

Female

Male

 

1

1.722

 

 

1.145–2.589

 

 

0.009

 

1

1.558

 

 

1.030–2.358

 

 

0.036

Age, year

< 50

≥ 50

 

1

1.715

 

 

1.178–2.498

 

 

0.005

 

1

1.649

 

 

1.114–2.442

 

 

0.012

IPSS-R

Lower-risk

Higher-risk

 

1

3.763

 

 

1.973–7.178

 

 

< 0.001

 

1

1.647

 

 

1.115–2.434

 

 

0.012

NRAS

Wild type

Mutant type

 

1

2.408

 

 

1.505–3.852

 

 

< 0.001

 

1

1.900

 

 

0.986–3.663

 

 

0.055

TP53

Wild type

Mutant type

 

1

1.722

 

 

1.145–2.589

 

 

0.009

 

1

2.211

 

 

1.346–3.633

 

 

0.002

TET2

Wild type

Mutant type

       

1

1.544

 

 

1.008–2.365

 

 

0.046

LAMB4

Wild type

Mutant type

       

1

1.758

 

 

0.999–3.094

 

 

0.051

CNAs, copy number alterations; HR, hazards ratio; CI, con�dence interval; IPSS-R, Revised International
Prognostic Scoring System (Lower-risk if score ≤ 3.5, Higher-risk if score > 3.5); AML, acute myeloid
leukemia; CK, complex karyotype (three or more chromosomal abnormalities); WT, wild type; MT,
mutant type
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Overall survival

U2AF1

Wild type

Mutant type

       

1

1.536

 

 

1.002–2.354

 

 

0.049

CBL

Wild type

Mutant type

       

1

2.110

 

 

1.059–4.203

 

 

0.034

AML-free survival

  Somatic mutations only Somatic mutations + CNAs

Variable HR 95% CI P-value HR 95% CI P-value

Sex

Female

Male

 

1

1.858

 

 

1.032–3.346

 

 

0.039

 

1

1.856

 

 

1.029–3.350

 

 

0.040

IPSS-R

Lower-risk

Higher-risk

 

1

2.056

 

 

1.133–3.729

 

 

0.018

 

1

2.347

 

 

1.338–4.118

 

 

0.003

NRAS

Wild type

Mutant type

 

1

3.891

 

 

1.685–8.987

 

 

0.001

 

1

4.452

 

 

2.115–9.372

 

 

< 0.001

DNMT3A

Wild type

Mutant type

 

1

3.714

 

 

1.889–7.303

 

 

< 0.001

 

1

3.614

 

 

1.893–6.897

 

 

< 0.001

CK/TP53

CK-/WT

CK-/MT

CK+/WT

CK+/MT

 

1

0.277

1.333

2.538

 

 

0.038–2.018

0.510–3.479

1.062–6.065

0.094

 

0.205

0.558

0.036

     

CNAs, copy number alterations; HR, hazards ratio; CI, con�dence interval; IPSS-R, Revised International
Prognostic Scoring System (Lower-risk if score ≤ 3.5, Higher-risk if score > 3.5); AML, acute myeloid
leukemia; CK, complex karyotype (three or more chromosomal abnormalities); WT, wild type; MT,
mutant type
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Overall survival

LAMB4

Wild type

Mutant type

       

1

2.797

 

 

1.349–5.801

 

 

0.006

CBL

Wild type

Mutant type

       

1

2.438

 

 

1.017–5.845

 

 

0.046

CNAs, copy number alterations; HR, hazards ratio; CI, con�dence interval; IPSS-R, Revised International
Prognostic Scoring System (Lower-risk if score ≤ 3.5, Higher-risk if score > 3.5); AML, acute myeloid
leukemia; CK, complex karyotype (three or more chromosomal abnormalities); WT, wild type; MT,
mutant type

Discussion
CNAs are the most abundant form of genetic alteration in cancer; however, due to the di�culties
associated with their identi�cation, only a limited number of CNAs can be used in a clinical setting.
Targeted cancer-related gene panel NGS has become a routine clinical tool in recent times and can be
used for the detection of CNAs, in addition to the detection of somatic mutations. One typical example is
the Memorial Sloan Kettering-Integrated Mutation Pro�ling of Actionable Cancer Targets (MSK-IMPACT)
study, which enables precision oncology in patients with solid tumors [19]. Prospective clinical
sequencing of 10,000 patients with advanced solid cancer using the MSK-IMPACT cancer panel revealed
the presence of highly frequent genes with CNAs, such as PIK3CA, EGFR, and KIT, in addition to
frequently mutated genes such as TP53 and KRAS [20]. It has also been reported that the concurrent
detection of CNAs and mutations using targeted cancer-related gene panel is possible in myeloid
malignancy [21]. The authors analyzed the mutations and CNAs in 270 patients with myeloid malignancy
(MDS, MDS/MPN, MPN, and AML) using a targeted cancer-related gene panel and identi�ed the presence
of targeted CNAs in 68 patients [21]. However, the clinical and prognostic implications of CNAs from the
target gene panel analysis in MDS have not been well-studied. In this study, our focus was to investigate
whether the detection of CNAs de�ned from the targeted NGS data provided an additional prognostic
value over somatic mutations, and also to explore whether a synergistic effect is observed on combining
the somatic mutation and CNA data. Indeed, on taking into account both somatic mutations and CNAs,
more genetic aberrations were found to be signi�cantly associated with the prognosis of MDS, and the
signi�cance level became more reliable than it was on considering somatic mutations alone.

The identi�cation of prognostic genetic factors and their integration into the clinical data is an essential
process for the prediction of survival and disease progression of MDS. Karyotype has been the gold
standard of MDS genetic data, and is a crucial component of the IPSS and the revised IPSS [22, 23].
Conventional karyotype analysis can detect chromosome abnormalities in only half of the de novo MDS
patients. Thus, several studies have attempted to utilize molecular genetic data such as somatic
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mutations and CNAs to improve the precision of MDS prognostication and to aid the identi�cation of
therapeutic targets. In this study, we simultaneously detected somatic mutations and CNAs using the
same targeted NGS data, which led to the identi�cation of further genetic aberrations in 17 genes,
compared to those detected upon using somatic mutations alone (Table III). Somatic mutations of two
genes, TP53 and NRAS, had signi�cant prognostic impacts on the survival of our MDS patients, as
previously reported [1, 6, 7, 24, 25]. All �ve patients with TP53 CNAs also harboured TP53 mutations, and
only two patients had NRAS CNAs without NRAS mutations. In the case of these two genes, the detection
of CNAs did not prove to be of additional clinical signi�cance. In comparison, genetic aberrations of four
genes, including TET2, LAMB4, U2AF1, and CBL, showed a signi�cant correlation with survival only after
a combined analysis of both somatic mutations and CNAs, but not by the analysis of somatic mutations
alone. We found eight TET2 CNAs (loss and gain in four each). The adverse prognostic impacts of copy
number loss [11] or somatic mutations [24, 26] of TET2 have been previously reported, but none of
reports have demonstrated the clinical signi�cance of copy number gain of TET2. When we analysed the
prognostic impacts of each combination of copy number loss or copy number gain with somatic
mutations, each of these was associated with poor OS (P = 0.039 for loss and P = 0.037 for gain, data not
shown). However, this kind of analysis does not seem to be appropriate given the small size. CBL
mutations are known to contribute to myeloid leukemogenesis through a gain-of-function phenotype of
CBL mutant [27]. The mutations recurrently occur in various myeloid neoplasms, including MDS and
secondary AML [28]. In this study, copy number gain of CBL was found in four patients without CBL
mutations, and the analysis of combined CNAs and somatic mutations of CBL showed a signi�cant
adverse impact of CBL aberrations on OS and AFS. U2AF1 mutations result in altered pre-mRNA splicing
and may contribute to MDS pathogenesis [29]. Some studies have shown inferior survival in MDS
patients with U2AF1 mutations [30, 31]. In this study, seven patients harboured U2AF1 CNAs (loss in 3
and gain in 4), and U2AF1 aberrations were associated with inferior OS. LAMB4 mutations are recurrently
found in MDS patients, but little is known about their prognostic implications and contribution to MDS
pathogenesis [2]. In this study, 17 patients harbored LAMB4 mutations, and detection of CNAs resulted in
9 more patients being identi�ed with LAMB4 aberrations. The results suggest that concurrent detection of
targeted CNAs and mutations is feasible [21] and may improve the prognostic implications of genetic
aberrations in several MDS-related genes through detection of more aberrations.

There are several issues which should be considered while interpreting our results. Firstly, we suggest that
the prognostic implications of CNAs identi�ed in this study on survival should be con�ned to MDS
patients receiving active treatment, as most of the patients in this study received chemotherapy and/or
allogeneic hematopoietic stem cell transplantation. The timing of collection of bone marrow samples
should also be taken into consideration, with some of them being acquired after hypomethylating
treatment, though none after transplantation. This should be done in order to account for the clonal
dynamics of genetic aberrations during the course of MDS [32–34]. Our targeted cancer-related gene
panel was designed to target 28 genes based on PCR ampli�cation, hence, technically it is possible to
detect only the gene level CNAs. An NGS panel with more cancer-related genes and backbone targets may
identify the large structural alterations and chromosomal rearrangement.



Page 17/23

Conclusions
In this study, we identi�ed the independent prognostic factors for OS (sex, IPSS-R, and mutations in NRAS
and TP53) and AML-free survival (sex, IPSS-R and mutations in NRAS, DNMT3A, and complex
karyotype/TP53 mutations). When we consider clinical variables along with somatic mutations and
CNAs, genetic alterations in TET2, LAMB4, U2AF1, and CBL showed additional signi�cant impact on the
survivals. Our study suggests that the concurrent detection of somatic mutations and targeted CNAs
using the same panel-based NGS data may provide clinically useful information for the prognosis of
MDS patients.

Abbreviations
NGS: next-generation sequencing

CNAs: copy number alterations

MDS: myelodysplastic syndrome

IPSS-R: revised International Prognostic Scoring System

AML: acute myeloid leukemia

HMT: hypomethylating therapy

HCT: allogeneic hematopoietic cell transplantation

SNVs: single-nucleotide variants

Indels: short insertions/deletions

CMML: chronic myelomonocytic leukemia

OS: overall survival

AFS: AML-free survival

Declarations
Ethics approval and consent to participate

This study was approved by the institutional review board at Seoul St. Mary’s Hospital and Asan Medical
Center. Each one of the patients gave written informed consent for molecular analysis.

Consent for publication



Page 18/23

Not applicable.

Availability of data and materials

All data generated or analysed during this study are included in this published article and its
supplementary information �les.

Competing interests

The authors declare no competing interests relevant to this article.

Funding

This study was supported by grants from the Korean Health Technology R&D Project, Ministry of Health &
Welfare, Republic of Korea (HI12C0129) and National Research Foundation of Korea
(2019R1A5A2027588 and 2017R1E1A1A01074913, 2017M3C9A6047615).

Authors' contributions

Lee JH, Chung, YJ, Kim YJ, and Jung SH designed the research study, performed the study, analyzed the
data and wrote the �rst draft of the manuscript; Hur EH, Choi EJ, Lee KH, Park S, and Lee SH provided
clinical data and critically revised the manuscript; Park HC, Kim HJ, and Kwon YR performed laboratory
studies and contributed to the analysis of the data. All authors participated in reviewing the manuscript
drafts and approved the �nal version of the manuscript.

Acknowledgements

Not applicable.

References
1. Bejar R, Stevenson K, Abdel-Wahab O, Galili N, Nilsson B, Garcia-Manero G, Kantarjian H, Raza A,

Levine RL, Neuberg D, Ebert BL: Clinical effect of point mutations in myelodysplastic syndromes. N
Engl J Med 2011, 364:2496-2506.

2. Haferlach T, Nagata Y, Grossmann V, Okuno Y, Bacher U, Nagae G, Schnittger S, Sanada M, Kon A,
Alpermann T, et al: Landscape of genetic lesions in 944 patients with myelodysplastic syndromes.
Leukemia 2014, 28:241-247.

3. Bejar R, Lord A, Stevenson K, Bar-Natan M, Perez-Ladaga A, Zaneveld J, Wang H, Caughey B,
Stojanov P, Getz G, et al: TET2 mutations predict response to hypomethylating agents in
myelodysplastic syndrome patients. Blood 2014, 124:2705-2712.

4. Itzykson R, Kosmider O, Cluzeau T, Mansat-De Mas V, Dreyfus F, Beyne-Rauzy O, Quesnel B, Vey N,
Gelsi-Boyer V, Raynaud S, et al: Impact of TET2 mutations on response rate to azacitidine in



Page 19/23

myelodysplastic syndromes and low blast count acute myeloid leukemias. Leukemia 2011, 25:1147-
1152.

5. Jung SH, Kim YJ, Yim SH, Kim HJ, Kwon YR, Hur EH, Goo BK, Choi YS, Lee SH, Chung YJ, Lee JH:
Somatic mutations predict outcomes of hypomethylating therapy in patients with myelodysplastic
syndrome. Oncotarget 2016, 7:55264-55275.

�. Kim YJ, Jung SH, Hur EH, Choi EJ, Lee KH, Yim SH, Kim HJ, Kwon YR, Jeon YW, Lee SH, et al: TP53
mutation in allogeneic hematopoietic cell transplantation for de novo myelodysplastic syndrome.
Leuk Res 2018, 74:97-104.

7. Lindsley RC, Saber W, Mar BG, Redd R, Wang T, Haagenson MD, Grauman PV, Hu ZH, Spellman SR,
Lee SJ, et al: Prognostic Mutations in Myelodysplastic Syndrome after Stem-Cell Transplantation. N
Engl J Med 2017, 376:536-547.

�. Yoshizato T, Nannya Y, Atsuta Y, Shiozawa Y, Iijima-Yamashita Y, Yoshida K, Shiraishi Y, Suzuki H,
Nagata Y, Sato Y, et al: Genetic abnormalities in myelodysplasia and secondary acute myeloid
leukemia: impact on outcome of stem cell transplantation. Blood 2017, 129:2347-2358.

9. Kanagal-Shamanna R, Hodge JC, Tucker T, Shetty S, Yenamandra A, Dixon-McIver A, Bryke C, Huxley
E, Lennon PA, Raca G, et al: Assessing copy number aberrations and copy neutral loss of
heterozygosity across the genome as best practice: An evidence based review of clinical utility from
the cancer genomics consortium (CGC) working group for myelodysplastic syndrome,
myelodysplastic/myeloproliferative and myeloproliferative neoplasms. Cancer Genet 2018, 228-
229:197-217.

10. Starczynowski DT, Vercauteren S, Telenius A, Sung S, Tohyama K, Brooks-Wilson A, Spinelli JJ, Eaves
CJ, Eaves AC, Horsman DE, et al: High-resolution whole genome tiling path array CGH analysis of
CD34+ cells from patients with low-risk myelodysplastic syndromes reveals cryptic copy number
alterations and predicts overall and leukemia-free survival. Blood 2008, 112:3412-3424.

11. Tiu RV, Gondek LP, O'Keefe CL, Elson P, Huh J, Mohamedali A, Kulasekararaj A, Advani AS, Paquette
R, List AF, et al: Prognostic impact of SNP array karyotyping in myelodysplastic syndromes and
related myeloid malignancies. Blood 2011, 117:4552-4560.

12. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, Bloom�eld CD, Cazzola M,
Vardiman JW: The 2016 revision to the World Health Organization classi�cation of myeloid
neoplasms and acute leukemia. Blood 2016, 127:2391-2405.

13. Greenberg PL, Stone RM, Al-Kali A, Barta SK, Bejar R, Bennett JM, Carraway H, De Castro CM, Deeg
HJ, DeZern AE, et al: Myelodysplastic Syndromes, Version 2.2017, NCCN Clinical Practice Guidelines
in Oncology. J Natl Compr Canc Netw 2017, 15:60-87.

14. Grinfeld J, Nangalia J, Baxter EJ, Wedge DC, Angelopoulos N, Cantrill R, Godfrey AL, Papaemmanuil
E, Gundem G, MacLean C, et al: Classi�cation and Personalized Prognosis in Myeloproliferative
Neoplasms. N Engl J Med 2018, 379:1416-1430.

15. Kennedy JA, Ebert BL: Clinical Implications of Genetic Mutations in Myelodysplastic Syndrome. J
Clin Oncol 2017, 35:968-974.



Page 20/23

1�. Ogawa S: Genetics of MDS. Blood 2019, 133:1049-1059.

17. Nakagawa H, Fujita M: Whole genome sequencing analysis for cancer genomics and precision
medicine. Cancer Sci 2018, 109:513-522.

1�. Jung SH, Kim MS, Lee SH, Park HC, Choi HJ, Maeng L, Min KO, Kim J, Park TI, Shin OR, et al: Whole-
exome sequencing identi�es recurrent AKT1 mutations in sclerosing hemangioma of lung. Proc Natl
Acad Sci U S A 2016, 113:10672-10677.

19. Cheng DT, Mitchell TN, Zehir A, Shah RH, Benayed R, Syed A, Chandramohan R, Liu ZY, Won HH,
Scott SN, et al: Memorial Sloan Kettering-Integrated Mutation Pro�ling of Actionable Cancer Targets
(MSK-IMPACT): A Hybridization Capture-Based Next-Generation Sequencing Clinical Assay for Solid
Tumor Molecular Oncology. J Mol Diagn 2015, 17:251-264.

20. Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR, Srinivasan P, Gao J, Chakravarty D, Devlin
SM, et al: Mutational landscape of metastatic cancer revealed from prospective clinical sequencing
of 10,000 patients. Nat Med 2017, 23:703-713.

21. Shen W, Szankasi P, Sederberg M, Schumacher J, Frizzell KA, Gee EP, Patel JL, South ST, Xu X, Kelley
TW: Concurrent detection of targeted copy number variants and mutations using a myeloid
malignancy next generation sequencing panel allows comprehensive genetic analysis using a single
testing strategy. Br J Haematol 2016, 173:49-58.

22. Greenberg P, Cox C, LeBeau MM, Fenaux P, Morel P, Sanz G, Sanz M, Vallespi T, Hamblin T, Oscier D, et
al: International scoring system for evaluating prognosis in myelodysplastic syndromes. Blood 1997,
89:2079-2088.

23. Greenberg PL, Tuechler H, Schanz J, Sanz G, Garcia-Manero G, Sole F, Bennett JM, Bowen D, Fenaux
P, Dreyfus F, et al: Revised international prognostic scoring system for myelodysplastic syndromes.
Blood 2012, 120:2454-2465.

24. Bejar R, Stevenson KE, Caughey B, Lindsley RC, Mar BG, Stojanov P, Getz G, Steensma DP, Ritz J,
Soiffer R, et al: Somatic mutations predict poor outcome in patients with myelodysplastic syndrome
after hematopoietic stem-cell transplantation. J Clin Oncol 2014, 32:2691-2698.

25. Welch JS, Petti AA, Miller CA, Fronick CC, O'Laughlin M, Fulton RS, Wilson RK, Baty JD, Duncavage
EJ, Tandon B, et al: TP53 and Decitabine in Acute Myeloid Leukemia and Myelodysplastic
Syndromes. N Engl J Med 2016, 375:2023-2036.

2�. Kim M, Yahng SA, Kwon A, Park J, Jeon YW, Yoon JH, Shin SH, Lee SE, Cho BS, Eom KS, et al:
Mutation in TET2 or TP53 predicts poor survival in patients with myelodysplastic syndrome receiving
hypomethylating treatment or stem cell transplantation. Bone Marrow Transplant 2015, 50:1132-
1134.

27. Nadeau SA, An W, Mohapatra BC, Mushtaq I, Bielecki TA, Luan H, Zutshi N, Ahmad G, Storck MD,
Sanada M, et al: Structural Determinants of the Gain-of-Function Phenotype of Human Leukemia-
associated Mutant CBL Oncogene. J Biol Chem 2017, 292:3666-3682.

2�. Kales SC, Ryan PE, Nau MM, Lipkowitz S: Cbl and human myeloid neoplasms: the Cbl oncogene
comes of age. Cancer Res 2010, 70:4789-4794.



Page 21/23

29. Okeyo-Owuor T, White BS, Chatrikhi R, Mohan DR, Kim S, Gri�th M, Ding L, Ketkar-Kulkarni S, Hundal
J, Laird KM, et al: U2AF1 mutations alter sequence speci�city of pre-mRNA binding and splicing.
Leukemia 2015, 29:909-917.

30. Wu SJ, Tang JL, Lin CT, Kuo YY, Li LY, Tseng MH, Huang CF, Lai YJ, Lee FY, Liu MC, et al: Clinical
implications of U2AF1 mutation in patients with myelodysplastic syndrome and its stability during
disease progression. Am J Hematol 2013, 88:E277-282.

31. Kang MG, Kim HR, Seo BY, Lee JH, Choi SY, Kim SH, Shin JH, Suh SP, Ahn JS, Shin MG: The
prognostic impact of mutations in spliceosomal genes for myelodysplastic syndrome patients
without ring sideroblasts. BMC Cancer 2015, 15:484.

32. Walter MJ, Shen D, Ding L, Shao J, Koboldt DC, Chen K, Larson DE, McLellan MD, Dooling D, Abbott R,
et al: Clonal architecture of secondary acute myeloid leukemia. N Engl J Med 2012, 366:1090-1098.

33. da Silva-Coelho P, Kroeze LI, Yoshida K, Koorenhof-Scheele TN, Knops R, van de Locht LT, de Graaf
AO, Massop M, Sandmann S, Dugas M, et al: Clonal evolution in myelodysplastic syndromes. Nat
Commun 2017, 8:15099.

34. Makishima H, Yoshizato T, Yoshida K, Sekeres MA, Radivoyevitch T, Suzuki H, Przychodzen B, Nagata
Y, Meggendorfer M, Sanada M, et al: Dynamics of clonal evolution in myelodysplastic syndromes.
Nat Genet 2017, 49:204-212.

Figures



Page 22/23

Figure 1

Features of genetic aberrations (somatic mutations + copy number alterations).

Figure 2
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Survival curves based on the number of genes with copy number alterations (CNAs) per patient. (A)
Overall survival; (B) Acute myeloid leukemia-free survival.
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