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Summary

Kratak sadr`aj

Background: Acute lymphoblastic leukemia (ALL) is the
most common cancer in children, whereas it is less common in adults. Identification of cytogenetic aberrations and
a small number of molecular abnormalities are still the
most important risk and therapy stratification methods in
clinical practice today. Next generation sequencing (NGS)
technology provides a large amount of data contributing to
elucidation of mutational landscape of childhood (cALL)
and adult ALL (aALL).
Methods: We analyzed DNA samples from 34 cALL and
aALL patients, using NGS targeted sequencing TruSeq
Amplicon – Cancer Panel (TSACP) which targets mutational hotspots in 48 cancer related genes.
Results: We identified a total of 330 variants in the coding
regions, out of which only 95 were potentially proteinchanging. Observed in individual patients, detected mutations predominantly disrupted Ras/RTK pathway (STK11,
KIT, MET, NRAS, KRAS, PTEN). Additionally, we identified

Uvod: Akutna limfoblastna leukemija (ALL) je naj~e{}e
maligno oboljenje kod dece, dok je kod odraslih njena
u~estalost mnogo ni`a. U dana{njoj klini~koj praksi kao
najva`nije metode stratifikacije pacijenata u odre|ene
grupe rizika koriste se metode identifikacije citogeneti~kih
aberacija i malog broja molekulanih markera. Tehnologija
sekvenciranja nove generacije (SNG) obezbe|uje veliku koli~inu podataka koji doprinose razja{njavanju mutacionog
profila de~je (dALL) i adultne ALL (aALL).
Metode: Uzorci DNK iz 34 dALL i aALL pacijenata analizirani su primenom SNG ciljanog sekvenciranja (»TruSeq
Amplicon Cancer Panel – TSACP«) kojim se sekvenciraju
»hotspot« mutacije u 48 gena povezanih sa kancerom.
Rezultati: Identifikovano je ukupno 330 varijanti u kodiraju}im regionima, od kojih je samo 95 njih za posledicu
imalo potencijalnu promenu u proteinu. Posmatrano kod
pojedina~nih pacijenata, detektovane mutacije su prete`no
remetile Ras/RTK signalni put (STK11, KIT, MET, NRAS,
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5 patients with the same mutation in HNF1A gene, disrupting both Wnt and Notch signaling pathway. In two patients
we detected variants in NOTCH1 gene. HNF1A and
NOTCH1 variants were mutually exclusive, while genes
involved in Ras/RTK pathway exhibit a tendency of mutation accumulation.
Conclusions: Our results showed that ALL contains low
number of mutations, without significant differences
between cALL and aALL (median per patient 2 and 3,
respectively). Detected mutations affect few key signaling
pathways, primarily Ras/RTK cascade. This study contributes
to knowledge of ALL mutational landscape, leading to
better understanding of molecular basis of this disease.

Keywords: acute lymphoblastic leukemia, next generation sequencing, somatic mutations

Introduction
Acute lymphoblastic leukemia (ALL) is a heterogenous malignant disorder resulting from the
accumulation of aberrantly transformed B or T lymphoid progenitors at different developmental stages
(1). ALL is the most common cancer in children, representing about 80% of acute leukemia, whereas it is
less common in adults (20%). The heterogenity of
this disease originates from various clinical, morphological and immunological phenotypes, but also from
the fact that ALL is a genetically complex entity (2).
Contemporary approach to ALL treatment
implies precise stratification into different risk groups
that is primarily based on specific clinical and genetic
characteristics. Significant advances have been made
in the treatment of ALL with the cure rates for childhood ALL approaching 90%. Still, survival in the adult
ALL population is only about 40% and decreases with
age (3).
It has been noted that the frequency of recurring
cytogenetic abnormalities present in both childhood
and adult ALL, differ between these groups of
patients. This difference may be the basis for the
reported discrepancy in the survival rates in these age
groups. Moreover, the frequency of high risk T-ALL, is
much higher in adults than among children. Childhood ALL is in 85% of cases B-cell type, characterized
by the presence of high hyperploid (>50 chromosomes) and t (12; 21) (p13; q22) i.e. ETV6/RUNX1
rearrangement, both associated with favorable prognosis. Conversely, in adult leukemia, aberrations with
poor prognostic significance, like the presence of
hypodiploidy (30–39 chromosomes), translocations t
(4; 11) (q21; q23) and t (9; 22) (q34; q11), i.e.
MLL/AFF1 and BCR/ABL1 rearrangements, are
much more frequent (4, 5).
Above-mentioned chromosomal rearrangements are common in ALL and are critical events in
leukemogenesis. These, so called primary genetic
events, usually affect lymphoid differentiation and
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KRAS, PTEN). Pored toga, identifikovano je 5 pacijenata sa
istom mutacijom u HNF1A genu, koja je uzrokovala
poreme}aje u Wnt i Notch signalnom putu. Kod dva pacijenta otkrivene su varijante u NOTCH1 genu. Nije detektovano istovremeno prisustvo varijanti u HNF1A i NOTCH1
genu, dok su geni uklju~eni u Ras/RTK signalni put
pokazali tendenciju ka akumuliranju mutacija.
Zaklju~ak: Na{i rezultati pokazuju da ALL sadr`i mali broj
mutacija, bez zna~ajnih razlika izme|u dALL i aALL (medijana po pacijentu 2 odnosno 3). Detektovane mutacije
izazivaju poreme}aje u nekoliko klju~nih signalnih puteva,
prvenstveno Ras/RTK kaskade. Ova studija doprinosi ukupnom znanju o mutacionom profilu ALL, {to vodi ka boljem
razumijevanju molekularne osnove ovog oboljenja.

Klju~ne re~i: akutna limfoblastna leukemija, sekvenciranje nove generacije, somatske mutacije

proliferation processes, but for the induction of fullblown leukemia, multiple mutations are required.
New technologies like next generation sequencing
(NGS) offers great potential for variants identification
and genomic profiling of ALL. Utilization of NGS has
enabled detection of additional submicroscopic
alterations in the genes involved in tumor suppression, apoptosis, and cell-cycle regulation, contributing to more comprehensive insight into leukemogenesis. And not only that, these new markers
have been used in diagnosis, risk-stratification and
targeted therapy application, leading to improvement
of current protocols and patient management (6, 7).
In this study, we applied targeted next generation sequencing on MiSeq System for analyzing
somatic mutations in groups of adult (aALL) and
childhood (cALL) ALL patients, in order to facilitate
recognition and better understanding of the genetic
profile of the disease.

Materials and Methods
Subjects
Bone marrow samples from the 17 adult and 17
childhood ALL patients at diagnosis were collected.
Adult ALL patients came from the Clinic of
Hematology, Clinical Center of Serbia, and childhood
patients came from the Department of Hematology,
University Children Hospital in Belgrade. The study
was approved by the Ethics Committee of the Clinical
Center of Serbia. Research was conducted in accordance with the ethical standards of the World Medical
Association’s Declaration of Helsinki. Informed consent was obtained from each patient or patient’s parent or guardian.
Mononuclear cells were separated by Ficoll density gradient centrifugation and cryopreserved until
mutational analyses. Some clinical characteristics of
the patients are listed in Tables I and II.
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Table I Clinical characteristic of cALL patients.
Patient No.

Sex

Age

immunophenotype

karyotype

RT-PCR analysis

1

F

34

B-ALL (common)

NA

TEL/AML1

2

F

30

B-ALL (common)

46,XX [20]

neg

3

M

46

B-ALL (common)

NA

neg

4

F

18

B-ALL (common)

hyperdiploidy (51–55, XX)

neg

5

F

76

B-ALL (common)

hyperdiploidy (49–52, XX)

neg

6

M

97

B-ALL (common)

NA

TEL/AML1

7

F

29

B-ALL (common)

NA

neg

8

M

23

pre-B-ALL

46,XY [20]

neg

9

F

30

pre-B-ALL

46,XX [20]

BCR/ABL

10

M

61

B-ALL (common)

hyperdiploidy (55–60, XY)

neg

11

F

30

B-ALL (common)

46,XX [20]

TEL/AML1

12

F

125

B-ALL (common)

46,XX [20]

neg

13

F

77

B-ALL (common)

hyperdiploidy (47, XX)

TEL/AML1

14

M

63

B-ALL (common)

NA

neg

15

M

213

pre-B-ALL

NA

neg

16

M

145

pre-B-ALL

NA

TEL/AML1

17

M

126

B-ALL (common)

NA

NA

M – male, F – female; NA – not available
Table II Clinical characteristic of aALL patients.
Patient

Sex

Age (years)

immunophenotype

Karyotype

1

M

2

F

3

29

pro B-ALL

46,XY [20]

ND

26

B-ALL (common)

46,XX [6]

MLL/AFF1

M

37

B-ALL (common)

46,XY, t(4,11)(q21;q23))[2]/
62–82,XY,t(4,11)(q21;q23) [18]

ND

4

M

44

B-ALL (common)

46,XY [20]

neg

5

M

19

B-ALL (common)

46XY [20]

neg

6

F

64

B-ALL (common)

46,XX [20]

neg

7

M

40

T-ALL

46,XY [13]

BCR/ABL

8

F

24

B-ALL (common)

46,XX,del(cq)[5]/46,XX,t(9;22)(q34;q11)
[2]/46,XX [7]

BCR/ABL

9

F

45

B-ALL (common)

NA

BCR/ABL

10

M

33

B-ALL (common)

46,XY, t(8,22)(q24:q11) [20]

ND

11

F

19

B-ALL (common)

46 XX/46XX, -B, -C, +M1, +M2

ND

12

M

41

B-ALL (common)

46XX [20]

ND

13

M

28

B-ALL (common)

46XY[20]

ND

14

F

61

B-ALL (common)

46,XX [20]

BCR/ABL

15

M

43

B-ALL (common)

NA

ND

16

M

28

T-ALL

46, XY [20]

ND

17

F

35

B-ALL (common)

46, XX [20]

ND

M – male, F – female; NA – not available; ND – not done

RT-PCR analysis
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TruSeq Amplicon – Cancer Panel library
preparation and sequencing
TruSeq Amplicon – Cancer Panel, TSACP (Illumina Inc., San Diego, CA, USA) targets mutational
hotspots in 48 cancer-related genes. TSACP consists
of 212 amplicons captured by pairs of oligonucleotides designed to hybridize flanking targeted
regions of interest. Genomic DNA from mononuclear
cells was extracted using Qiagen Blood Mini kit
(Heidelberg, Germany). The library preparation was
performed using 250 ng of genomic DNA, according
to the manufacturer’s protocol. The equal volumes of
normalized libraries were pooled and prepared for
subsequent cluster generation and sequencing on the
MiSeq system (Illumina Inc., San Diego, CA, USA).
Paired-end sequencing was performed using the
MiSeq Reagent Kit v3 (600-cycle) and the sequencing quality was demonstrated by the percentage of
bases having the Q30 score (1 error in 1000 bases)
of 97.2%.
Bioinformatics Analysis
After library sequencing, FASTQ files were
processed in multiple stages starting with quality control and trimming, alignment and pre-processing, followed by additional quality control, variant calling and
filtration. The bioinformatics pipeline was designed by
Seven Bridges Genomics (SBG), containing open
source bioinformatics tools as well as in-house developed tools. The basic quality control was performed
with FastQC (8) and after that, low quality bases were
trimmed of from read ends using FastqMcf (9). Then
the production of BAM file(s) was done with BWAMEM (10–12). This step involved the alignment of
sequences with the reference genome GRCh37. The
insertions/deletions (indel) realignment over the
reads overlapping target regions was performed using
RealignerTargetCreator and IndelRealigner (13, 14).
SBG developed custom scripts that was used for additional quality control which consisted of counting
reads of each amplicon and identifying amplicons
presenting low read-coverage across all samples. The
variant calling and filtration was done by UnifiedGenotyper and VariantFiltration tools (13, 14).
Comparison between resulting sequence and the reference genome GRCh37 sequence was done using
UnifiedGenotyper which applies a Bayesian approach
and produces a VCF file containing single nucleotide
variants (SNVs) and insertions/deletions (indel) variants. To filter out low quality variants from VCF file,
Variant Filtration tool was used, and for variant annotation we used Ensembl Variant Effect Predictor (VEP)
(15). At the final step, a report has been generated
for each sample, containing all amplicones with the
reading depth for each one, with present mutation (if
called) both on DNA and protein level and dbSNP
identifier. The Integrated Genomics Viewer was used
for visual evaluation of the data (16).
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Results
We have analyzed approximately 11.9×108 bp
sequence from 34 ALL patients (17 cALL and 17
aALL) by targeted NGS using TSACP. The average
coverage of high-quality sequences was 2609× per
amplicon. Ten genes were discarded due to insufficient coverage, therefore a total of 183 amplicons
from 38 genes was used for subsequent analysis.
Variants were identified in relation to the GRCh37 reference genome by applying a Bayesian approach and
compared to public genetic variation databases.
We identified 72 different variants across the
samples in both coding and non-coding targeted
regions, out of which 37 (21 in cALL, 22 in aALL)
variants were in the coding regions and 35 (28 in
cALL, 30 in aALL) outside of the targeted amplicons.
Among the 37 different variants in the coding region,
we found 3 different types of insertions/deletions
(indels) in 3 cALL patients and in 2 aALL patients,
while in the non-coding regions we found 9 different
types of indels (in 9 cALL and in 8 aALL patients). We
also identified 34 different single nucleotide variantsSNVs (in 18 cALL and in 20 aALL samples) in the
coding and 26 different SNVs (in 19 cALL and in 22
aALL patients) in the non-coding regions.
Additionally, in all patients’ samples, we identified a total of 330 (157 in cALL, 173 in aALL) variants (including synonymous variants) in the coding
regions, (median per patient: 9, range: 6–12; median
per cALL: 9, range: 6–12; median per aALL: 10,
range: 7–12) (Figure 1). In the non-coding regions,
we found 429 (211 cALL, 218 aALL) (median per
patient: 13 range: 10–15; median per cALL: 13,
range: 10–14; median per aALL: 13, range 10 –15)
(Figure 1).
Only mutations located within the coding
regions were considered for further analysis, and from
those only protein-changing mutations (nonsense,
frameshift and missense (NFM) mutations). The total
number NFM mutations was 95 (45 in cALL, 50 in
aALL), median per patient 2, range: 1–7 (median per
cALL: 2, range: 1–6; median per aALL: 3, range: 1–
5). The majority of patients had no more than 3 NFM
mutations, whereas only one cALL patient (#4) had 6
(Figure 2).
Our analysis revealed that 21 different genes
had at least one NFM mutation in the coding regions
(17 in cALL, 15 in aALL). Out of these, we identified
variants in 6 cALL-specific genes (CDKN2A, GNAQ,
HRAS, PTPN11, AKT1, and ERBB2) and 4 genes
containing NFM mutations only in aALL patients
(NRAS, CSF1R, RET, and FLT3). Mutations identified
in the coding regions of following targeted genes: KIT
(5 cases), HNF1A, STK11 and KRAS were present in
at least 4 cases (more than 10%), whereas substitution variants KDR Q472H and TP53 P72R were
detected in at least 18 cases (more than 50%). The
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Figure 1 Total number of mutations in coding and non-coding regions identified by targeted NGS in cALL and aALL patients.
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Figure 2 Distribution of nonsense (N), frameshift (F), and missense (M), mutations in the coding regions of targeted genes
per cALL and aALL patient.
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that exists on the genetic level. As the development of
full-blown leukemia implies a multistep process of
gradual accumulation of genetic and epigenetic alterations, ALL represents a mixture of the sub clones,
characterized by a special combination of the
mutations (17). Each mutation, characterized as
»driver« or «passenger« mutation, in its own way
contributes to complete leukemic phenotype and
clinical characteristics. In order to study such a complex nature of the disease next generation sequencing
(NGS) methodology was used, enabling the detection
of new somatic mutations that are contributing to the
pathogenesis of ALL.
In this study, the application of TSACP cancer
panel to analyze the mutational pattern of childhood
and adult ALL samples we have analyzed the role of
genes previously described primarily in solid tumors.
Moreover, by applying targeted re-sequencing method
we have achieved a high accuracy in variant detection,
with an average coverage of 2609× per amplicon.
High coverage is required for detection of somatic
mutations in the samples with large number of sub
clones, characteristic for hematological malignancies.

Truncating Mutation
Inframe Mutation
Missense Mutation

Figure 3 OncoPrint showing the distribution of genetic
alterations in 38 targeted tumor suppressor and oncogenes
in 34 ALL patients. The type of mutations are labeled in the
color legend, particular genes in rows and tumor samples in
columns.

list of the genes and their mutational types per
patients are represented in OncoPrint (Figure 3).
In seven cALL patients and in eight aALL
patients we detected 16 unreported NFM mutations
in 10 genes (Table III and Table IV). The largest number of new mutations were detected in the STK11
gene with four, followed by ABL1 gene with three and
NOTCH1 gene with two mutations. These mutations
were prevalently substitutions – missense type, but we
also detected three nonsense and three frameshift
truncating mutations.

Discussion
Acute lymphoblastic leukemia represents
hematopoietic malignancy whose main feature is its
clinical heterogeneity reflecting the heterogeneity

We have detected 95 potentially protein-changing variants, (45 in cALL and 50 in aALL patients).
Our finding of low number of mutations in both cALL
(median per patient 2, range 1–6) and aALL (median
per patient 3, range 1–5) is in accordance with previous studies with reported frequency of 0–7 mutations
per patient (18, 19). Moreover, in comparison to
other types of both adult and childhood cancers,
acute leukemias were described as low mutation rate
cancers (20, 21). In particular, in many of our patients
we were not able to detect any of the mutations,
excluding common germline polymorphism in TP53,
and in KDR gene (Table III and Table IV). Polymorphism P72R in TP53 gene, characteristic for 70%
of European population, was found in 32 patients,
while eighteen out of 34 contained Q472H variant in
KDR gene (22).
In this study, we have noticed that commonly
mutated genes belong to Ras/RTK signaling pathway,
which is in accordance with previously published data
(18, 23). Deregulation of Ras signaling pathway is
very common feature among all cancers, because
activated RAS proteins affect multiple downstream
pathways (Raf/MEK/ERK and PI3K/Akt), and thus
deregulate many important cellular processes (24).
One of the main mechanism of Ras deregulation is through acquisition of oncogenic mutations in 3 RAS genes: NRAS, KRAS, and HRAS (25).
In our study, we identified hotspot mutations in HRAS
gene affecting Glycine at G48, in KRAS gene affecting Glycine at positions G12 and G13, and in NRAS
gene the same amino-acid at position G12 and
Alanine at A59. Identified mutations were mutually
exclusive. This observation is in accordance with the
traditional concept according to which only one
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Table III Mutations identified in childhood ALL patients using NGS.
Sample No.
1
2

3

4

5

6

7

8

9
10

11

12
13
14

15

16
17

Mutation detected by MySeq

Mutation Status

dbSNP

COSMIC

Homozygous

rs1042522

COSM250061

TP53, c.215C>G, p.P72R

Homozygous

rs1042522

HRAS, c.142G>A, p.G48R

Heterozygous

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

COSM250061

STK11, c.1023G>T, p.L341F

Heterozygous

unreported

unreported

CDKN2A, c.175_176insG, p.V59fs*61

Heterozygous

KDR, c.1416A>T, p.Q472H

Heterozygous

rs1870377

COSM149673

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

COSM250061

KIT, c.1621A>C, p.M541L

Heterozygous

rs3822214

COSM28026

MET, c.3029C>T, p.T1010I

Heterozygous

rs56391007

COSM707

KRAS, c.35G>A, p.G12D

Heterozygous

rs121913529

COSM521

PTPN11, c.205G>A, p.E69K

Heterozygous

rs397507511

COSM13013

MET, c.3029C>T, p.T1010I

Heterozygous

rs56391007

COSM707

KDR, c.1416A>T, p.Q472H

Heterozygous

rs1870377

COSM149673

TP53, c.215C>G, p.P72R

Homozygous

rs1042522

COSM250061

KDR, c.1416A>T, p.Q472H

Heterozygous

rs1870377

COSM149673

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

HNF1A, c.864_865insC p.P292fs*25

Heterozygous

TP53, c.215C>G, p.P72R

COSM250061
COSM55555612

COSM13715

COSM250061
COSM4611384

TP53, c.215C>G, p.P72R

Homozygous

HNF1A, c.864_865insC p.P292fs*25

Heterozygous

rs1042522

COSM250061

GNAQ, c.842A>G, p.E281G

Heterozygous

unreported

unreported

ABL1, c.754C>A, p.Q252*

Heterozygous

unreported

unreported

KDR, c.1416A>T, p.Q472H

Heterozygous

rs1870377

COSM149673

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

COSM250061

STK11, c.769delG, pG257fs*28

Heterozygous

unreported

STK11, c.802G>A, p.G268R

Heterozygous

HNF1A, c.862G>T,p.G288W

Heterozygous

rs539507291

SMO, c.1916T>C, p.V639A

Heterozygous

unreported

unreported

KDR, c.1416A>T, p.Q472H

Heterozygous

rs1870377

COSM149673

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

COSM250061

KIT, c.1621A>C, p.M541L

Heterozygous

rs3822214

COSM28026

KDR, c.1416A>T, p.Q472H

Heterozygous

rs1870377

COSM149673

AKT1, c.66G>A, p.22*stop

Heterozygous

unreported

unreported

KRAS, c.38G>A, p.G13D

Heterozygous

rs112445441

COSM532

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

COSM250061

KDR, c.1416A>T, p.Q472H

Homozygous

rs1870377

COSM149673

TP53, c.215C>G, p.P72R

Heterozygous

rs1042522

COSM250061

PTEN, c.64G>A, p.D22N

Heterozygous

unreported

unreported

TP53, c.215C>G, p.P72R

Homozygous

rs1042522

COSM250061

ERBB2, c.2341C>T,p.R811W

Heterozygous

unreported

unreported

STK11, c.1087A>G, p.T363A

Heterozygous

unreported

unreported

TP53, c.215C>G, p.P72R

Homozygous

rs1042522

HNF1A, c.864_865insC p.P292fs*25

Heterozygous

TP53, c.215C>G, p.P72R

Homozygous

rs1042522

COSM250061

TP53, c.215C>G, p.P72R

Homozygous

rs1042522

COSM250061

COSM4611384

unreported
COSM4559384

COSM250061
COSM4611384
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Table IV Mutations identified in adult ALL patients using NGS.
Sample No.
1

2

3

4

5

6

7

8

9

10

11

12
13

14
15
16

17

Mutation detected by MySeq
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
ABL1, c.782G>A, p.W261*stop
KRAS, c.38G>A, p.G13D
RET, c.2383A>T, p.S795C
STK11, c.769delG, p.G257fs*28
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
SMO, c.1916T>C, p.V639A
NRAS, c.176C>A, p.A59D
TP53, c.215C>G, p.P72R
NRAS, c.35G>A, p.G12D
KIT, c.1621A>C, p.M541L
TP53, c.614A>T, p.Y205F
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
KIT, c.1621A>C, p.M541L
NOTCH1, c.4690C>T, p.H1564Y
TP53, c.215C>G, p.P72R
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
MET, c.3029C>T, p.T1010I
HNF1A, c.864_865insC
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
PTEN, c.19G>T, p.E7*stop
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
CSF1R, c.2862C>A, p.C954*stop
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
TP53, c.215C>G, p.P72R
STK11,c.1046A>G, p.E349G
KRAS, c.35G>T, p.G12V
TP53, c.215C>G, p.P72R
KIT, c.1621A>C, p.M541L
KDR, c.1416A>T, p.Q472H
TP53, c.215C>G, p.P72R
TP53, c.215C>G, p.P72R
KDR, c.1416A>T, p.Q472H
NOTCH1,c.4729_4734delGTGGTG
TP53, c.215C>G, p.P72R
FLT3, c.2503G>T, p.D835Y
HNF1A,c.864_865insC
TP53, c.215C>G, p.P72R
ABL1, c.880A>G, p.K294E

Mutation Status
Heterozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Homozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Homozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous
Heterozygous

dbSNP
rs1870377
rs1042522
rs1870377
rs1042522
unreported
rs121913488
unreported
unreported
rs1870377
rs1042522
rs1870377
rs1042522
unreported
rs1042522
rs121913237
rs3822214
rs1870377
rs1042522
rs3822214
unreported
rs1042522
rs1870377
rs1042522
rs56391007
rs1870377
rs1042522
rs1870377
rs1042522
unreported
rs1870377
rs1042522
rs1042522
unreported
rs121913529
rs1042522
rs3822214
rs1870377
rs1042522
rs1042522
rs1870377
unreported
rs1042522
rs121913488
rs1042522
unreported

COSMIC
COSM149673
COSM250061
COSM149673
COSM250061
unreported
COSM532
unreported
unreported
COSM149673
COSM250061
COSM149673
COSM250061
unreported
COSM253327
COSM250061
COSM564
COSM28026
COSM11351
COSM149673
COSM250061
COSM28026
unreported
COSM250061
COSM149673
COSM250061
COSM707
COSM4611384
COSM149673
COSM250061
COSM5298
COSM149673
COSM250061
unreported
COSM149673
COSM250061
COSM250061
unreported
COSM520
COSM250061
COSM28026
COSM149673
COSM250061
COSM250061
COSM149673
unreported
COSM250061
COSM783
COSM4611384
COSM250061
unreported
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mutation in each pathway is sufficient for disease
development. In one model of ALL genesis, it was
suggested that G12D variant in KRAS is a first genetic
event responsible for malignant transformation of
hematopoietic stem cells (26). Still, the majority of
studies have focused on KRAS and NRAS mutant
forms and suggest that oncogenic RAS alone is insufficient to drive leukemogenesis and cooperating
genetic events are necessary for full-blown leukemia.
It was found that mutations affecting RAS gene family
and entire Ras pathway as well, were associated with
other aberrations (27). In our cohort of patients, it
was the case in MLL1/AF4–driven leukemogenesis.
Deregulation of Ras/RTK signaling pathway can
also occur due to constitutive activation of protein
tyrosine kinase located upstream of RAS (25). Many
studies described receptor tyrosine kinases as a key
regulator of the process of hematopoiesis, as well as
leukemogenesis (28). In our cohort of ALL patients,
we have found mutations of missense type in receptor
tyrosine kinase genes FLT3 and ERBB2 (at positions
D835Y and R781W, respectively). Additionally, we
identified variants in non-receptor tyrosine kinase
ABL1 gene including two stop gain mutations at position Q252* and W261*, as well as one substitution
mutation K294E in one patient. All of these mutations
are unreported, although mutations in ABL1 gene
have been previously associated with ALL occurrence
or therapy resistance (7). We have also detected one
mutation in PTPN11 gene coding for non-receptor
tyrosine phosphatase SHP2. SHP2 is a putative positive regulator of the Ras signaling pathway and mutations in PTPN11 gene have been described as a «driver« mutations in B-ALL development (19).
Mutations in HNF1A gene, encoding transcriptional factor affect both Ras/RTK and Notch1
pathways. We have detected six patients with mutations in this gene; five frameshift mutations
(P292fs*25), and 1 missense variant (G288W). In
our study, these frameshift mutations were associated
with the presence of TEL/AML1 rearrangement in
cALL, probably as a «second hit« mutation, as an
additional genetic event required for development of
full-blown leukemia (30, 31). Changes in the HNF1A
gene are associated with liver/pancreatic tumors, not
with hematological malignancies (32, 33).
Another gene whose mutations are not usually
associated with hematological malignancies is STK11
(LKB1) gene. STK11 gene is encoding serine/threonine kinase protein, which has been involved in the
cell cycle and apoptotic processes. It is assumed that
this gene has the role of a classical tumor suppressor
gene, because its loss-of-function somatic mutations
lead to deactivation of the PI3K/Akt signaling
pathway (34). Significant frequency of somatic mutations in STK11 gene were reported only in lung and
cervical tumors , while in other types of human cancers, the occurrence of these mutations is a sporadic

event (35, 36). In our study, it was one of the most
mutated one with one frameshift (G257fs*28) and
four missense mutations (G268R, L341F, E349G,
and T363A) found in 6 patients. All of the detected
STK11 mutations were previously unreported, and
mutations in this gene are not specific for leukemias.
In NOTCH1 gene, we identified one missense
and one frameshift mutation in 2 T-ALL patients.
Activating mutations in Notch1 signaling pathway
have been described as a crucial factor in T-ALL development and their identification could lead to prognostic marker discovery and therapy improvement (37,
38). In five patients, 2 cALL and 3 aALL, we identified
M541L mutation in KIT gene that encodes protooncogene receptor tyrosine kinase, while in another
receptor tyrosine kinase coding proto-oncogene MET,
we detected T1010I mutation that was present exclusively among cALL patients. KIT gene belongs to
receptor tyrosine kinase gene family involved in
hematopoietic stem cells (HSCs) self-renewal and differentiation, suggesting that any activating mutation in
the receptor could alter hematopoietic development.
Mammalian cells transformed with KIT gene that contained activating mutations exhibited increased growth
both in vitro and in vivo, suggesting important role of
this mutation in leukemogenesis (39). Pathogenic
mutations in KIT tyrosine kinase gene have been
reported in various diseases. One of the recently published results emphasizes the role of M541L variant in
the therapy response in chronic eosinophilic leukemia
patients (40).
In conclusion, by using targeted NGS method in
studying the mutational landscape of our cohort of
ALL patients, we have found that low number of
mutations are implicated in the pathogenesis of this
disease. The impact of the detected mutations is
focused on few key signaling pathways, primarily on
Ras/RTK cascade. Our findings provide additional
information for mutational portrait of ALL and the
results could be used as a supplement to classical
therapy stratification methods. In that way, we would
be able to apply therapeutics that target specific signaling pathways in each individual patient. It is possible that better outcome among ALL patients of all
ages could finally be accomplished through such
personalized treatment approach.
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