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The RUNX1/AML1 gene is among the most frequently mutated genes in human leukaemia. However, its associa-
tion with T-cell acute lymphoblastic leukaemia (T-ALL) remains poorly understood. In order to examine RUNX1
pointmutations in T-ALL,we conducted an amplicon-baseddeep sequencing in 65 Southeast Asian childhoodpa-
tients and 20 T-ALL cell lines, and detected RUNX1mutations in 6 patients (9.2%) and 5 cell lines (25%). Interest-
ingly, RUNX1-mutated T-ALL cases seem to constitute a subset of early immature T-ALL that may originate from
differentiated T-cells. This result provides a deeper insight into the mechanistic basis for leukaemogenesis.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

T-cell acute lymphoblastic leukaemia (T-ALL) is a heterogeneous
and aggressive disease affecting 20% of adults and 10–15% of children
with acute leukaemia. Although 80% of T-ALL patients are able to
achieve clinical remission following intensive chemotherapy, a subset
of these patients experiences a poorer prognosis. Early immature T-ALL,
also known as early T-cell precursor ALL (ETP-ALL), is a subtype of imma-
ture T-ALL with one of the poorest disease outcomes with a high-risk of
treatment failure or relapse. The leukaemic cells harbour features of im-
mature cell surface phenotypewith an aberrant expression ofmyeloid re-
latedmarkers and a unique gene expression profile (Coustan-Smith et al.,
, copy number variation; cCD3,
mphoblastic leukaemia; gDNA,
t domain; sCD3, surface CD3;
n domain; TCR, T cell receptor;
cute lymphoblastic leukaemia.
ingapore, National University of
2009). Based on their stem cell-like characteristics, the leukaemic cells
were thought to solely arise from precursor T-cells. New evidence from
a recentmousemodel study, however, suggests that a subset of early im-
mature T-ALL could arise from mature T-cells (Berquam-Vrieze et al.,
2011).

The RUNX1/AML1 gene is among the most frequently targeted genes
in human leukaemia. Prevalent types of RUNX1 genetic alterations are
chromosomal translocation, copy number variation (CNV) and point
mutation. RUNX1-related chromosomal rearrangements and CNVs, e.g.
t(8,21), inv(16), t(12;21), and+21, are found in bothmyeloid and lym-
phoid leukaemia, whereas RUNX1 point mutations were exclusively re-
ported in myeloid malignancies. A number of earlier studies failed to
identify any RUNX1 point mutations in lymphoid malignancies (Osato,
2004). Surprisingly, however, recent studies showed that RUNX1 point
mutations are also found in T-ALL, particularly in the early immature
T-ALL (Della Gatta et al., 2012; Grossmann et al., 2011, 2013; Zhang
et al., 2012). Since early immature T-ALL is one of the most immature
and rare subtypes of T-ALL, RUNX1mutations may have been overlooked
in T-ALL. In effort to survey the prevalence of RUNX1 point mutations in
T-ALL, we conducted a mutation screening study for T-ALL patients and
cell lines.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2014.04.074&domain=pdf
http://dx.doi.org/10.1016/j.gene.2014.04.074
mailto:csimo@nus.edu.sg
http://dx.doi.org/10.1016/j.gene.2014.04.074
http://www.sciencedirect.com/science/journal/03781119
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2. Materials and methods

2.1. Patients and cell lines

We examined 65 patients from the Malaysia–Singapore ALL study
(Table 1), a cohort of Southeast Asian children from 2 to 19 years of
age (median, 8 years) with a male:female ratio of 3.1, whom have
been diagnosed with T-ALL. We also screened 20 T-ALL cell lines and
10 patients with Pre-B-ALL harbouring the ETV6–RUNX1 fusion gene.

2.2. Flow cytometry analysis

Immunophenotypic data was available for 33 out of 65 patients in
the T-ALL cohort and 20 out of 20 T-ALL cell lines. Data for CD1a, CD2,
cytoplasmic and surface CD3 (cyCD3 and sCD3, respectively), CD4,
CD5, CD8, terminal deoxynucleotidyl transferase (TdT), CD10, CD19,
CD79, CD13, CD14, CD33, CD34, CD45, and TCRαβ were analysed
where available. Patients were subsequently grouped into different T-
ALL subtypes— Early, Pre, and Cortical, based on their flow cytometric
profile (Table 2). We defined the different T-ALL subtypes based on
the following classification: Early T-ALL had a lack of expression of
CD1a, CD4 or CD8. Early T-ALL was segregated from Pre-T ALL based
on CD1a expression and/or singular expression of either CD4 or CD8
Table 1
Clinical characteristics of the T-ALL patient cohort.

RUNX1mutation p-Value‡

+ (%)† − (%)††

(n = 6) (n = 59)

Age (years)
Average 11 8 0.12
Range 2–19 2–19

Gender
Male 4 (66.7) 45 (76.3) 0.63
Female 2 (33.3) 14 (23.7) 0.63
M:F ratio 2 3.3

Complete blood count (CBC)
Haemoglobin (Hb, g/dL) 11.9 9.49 0.6
White blood cell (WBC, ×109/L) 6.06 197.69 0.13
Platelet (Plt, ×109/L) 163.5 104.42 0.8

T-ALL subtype
Early 4 (80) 7 (25.9) 0.03*
Pre 1 (20) 9 (33.3) 1
Cortical 0 (0) 11 (40.7) 0.14

TCRγ locus
Deleted 5 (83.3) 39 (64.4) 0.65
Not deleted (ABD) 1 (16.7) 20 (35.6) 0.65

ABD
Early 1/4 (25.0) 7/7 (100) 0.01*
Pre 0/1 (0) 3/9 (33) 1
Cortical 0/0 (0) 2/11 (18.2) 1

Immunophenotype§
TdT 26.0 62.8 0.0477*
CD7 74.0 83.7 0.425
cyCD3 99.2 85.7 0.409
sCD3 60.0 41.4 0.333
CD2 40.7 82.1 0.0334*
CD5 56.0 73.2 0.376
CD1a 9.9 38.1 0.351
CD4 26.2 43.2 0.536
CD8 0.6 52.6 0.0247*
CD13 24.0 3.1 b0.0001***
CD33 22.8 8.7 0.239
CD34 38.0 30.9 0.721
TCRαβ 35.8 6.4 N.A.∂

†, †† number of cases divided by the total number of mutated (†) or non-mutated (††)
cases where data is available.
‡ asterisks represent significant differences between RUNX1 mutated and non-mutated
cases (* p b 0.05, ***p b 0.001, student t- or chi-square test).
∂ only 1 data value for TCRαβ is available for RUNX1-mutated samples.
§ percentages of indicated markers are shown.
Abbreviations: ABD, absence of biallelic deletion; N.A., not available.
in the latter; and Pre-T ALL was segregated from Cortical T-ALL based
on dual expression of CD4 and CD8 and lack of expression of CD34 in
the latter. In situations where CD1a, CD4 and CD8 data was not avail-
able, we staged the T-ALL subtype based on expression of cyCD3 and
sCD3 as well as the presence or absence of CD34.

2.3. Amplicon-based deep sequencing

Exons 3 to 8 of RUNX1were amplified from genomic DNAs (gDNAs)
and deep-sequenced on the Roche 454 GS Junior (454 Life Sciences,
Branford, CT, USA). All mutations found were subsequently confirmed
by Sanger sequencing using the primers listed in Table S-II.

2.4. Copy number analysis for TCRγ locus

TCRγ deletion was detected using real-time PCR as previously re-
ported (Gutierrez et al., 2010).

2.5. Statistical analysis

Univariate comparisons were performed using the unpaired t- or
chi-square test with Prism 5 software (Graphpad software, San Diego,
CA, USA).

3. Results

3.1. RUNX1 is mutated in T-ALL

Six out of 65 cases (9.2%) in the T-ALL patient cohort harboured 6
distinct RUNX1 mutations: three missense mutations (D171H, Q308H
and Q370R), a nonsense mutation (R293X), a frameshift mutation
(S199fs*1), and an in-frame insertion mutation (G138_R139insAR)
resulting in two additional amino acids within the Runt domain (RD).
All mutations were heterozygous alterations with an average variation
allele frequency of 38.92% (28.18%–48.73%) and an average of 972 bi-
directional reads (394–1709) (Fig. 1 and Table 3). Four of themutations
were confirmed to be somatic. One mutation, Q308H, is a germline
mutation and a reported single nucleotide polymorphism (SNP). In
the T-ALL cell lines studied, 8 missense mutations in the RUNX1 gene
were found in 5 out of 20 (25%) cell lines: Molt16, CCRF-CEM, HBP-
ALL, Jurkat and P12-Ichikawa (Fig. 1 and Table 4). A recurrent mutation
(L29S) in the N-terminal moiety, 2 distinct mutations (H58N and
A122T) in the RD, a mutation R197W in the central region between
the RD and transactivation domain (TAD), and another recurrent muta-
tion (A343T) in the TAD were identified. Two cell lines, Molt16 and
CCRM-CEF, yielded multiple RUNX1 alterations. Molt16 had 3 distinct
mutations and CCRM-CEF had 2 perturbations in RUNX1. No RUNX1 al-
terations were found in the B-ALL samples screened, possibly due to
the fact that the function of RUNX1 gene is already abolished by its fu-
sion with ETV6. No chromosomal alterations involving the RUNX1
locus were detected in the T-ALL patients and cell lines we examined.

3.2. RUNX1 mutation appears to be associated with early immature T-ALL
subtype

Previous T-ALL studies have reported that RUNX1 mutations were
associated with low white blood cell counts, DMNT3A mutations as
well as the early immature subtype of T-ALL and the presence of
RUNX1 mutations convey a poor prognosis (Grossmann et al., 2011,
2013). When we compared the occurrence of RUNX1mutations against
other clinical characteristics, we observed a similar trend for samples in
the patient cohort. In particular, the cases with RUNX1mutations had a
lower white blood cell count (Table 1). Additionally, when compared to
T-ALL with wild type RUNX1, these cases differentially expressed lower
levels of TdT, CD2, CD8, and higher levels of CD13; features of an imma-
ture T-cell phenotype with an aberrant expression of myeloid markers,



Table 2
Immunophenotype of T-ALL subtypes.

T-ALL subtype CD7 cyCD3 sCD3 CD2 CD5 CD1a CD4 CD8 CD34 CD45

Early + + +/− +/− +/− − − − + +
Pre + + +/− + +/− +/− + or −a + or−a +/− +
Cortical + + +/− + + + + + − +

a Not expressed simultaneously. Cells are immature single positive (ISP) for either CD4 or CD8.
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which were previously reported to be characteristic of early immature
T-ALL (Tables 1 and S-I) (Coustan-Smith et al., 2009; Della Gatta et al.,
2012).
3.3. TCRγ locus is frequently deleted in RUNX1-mutated T-ALL

In attempt to elucidate the role of mutated RUNX1 in the pathogen-
esis of immature T-ALL, we screened for the absence of biallelic deletion
(ABD) of the TCRγ locus using a real-time PCR method (Gutierrez et al.,
2010). As biallelic deletion of the TCRγ locus is the first developmental
stage for all T-cells, its absence, namely ABD, is considered to be charac-
teristic of the most immature T-cells. In patients who did not harbour
Fig. 1. Distribution of RUNX1mutations in T-ALL and AML/MDS. For the T-ALL panels in this stu
trated by the number of coloured dots, which also indicate the positions of affected amino acid
reported previously (http://www.sanger.ac.uk/genetics/CGP/). The length of lines represents cu
domain.
any RUNX1 mutations, we found that ABD correlated with early T-ALL
in 100% (7 out of 7) of the patients (Table 1). Unexpectedly, however,
ABD was found only in 25% (1 out of 4) of the early T-ALL patients
with RUNX1 mutations. In the ABD screen for the T-ALL cell lines stud-
ied, all the cell lines with RUNX1 mutations had TCR re-arrangement
and expressed theαβ form of the TCR (Table 5), a genetic feature of dif-
ferentiated cells.
4. Discussion

In this study, RUNX1was perturbed in 9.2% of childhood T-ALL cases
and 20% of T-ALL cell lines. The mutation frequencies in our study fall
dy (top) and other studies (middle), the frequencies of the indicated mutations are illus-
s. For the AML/MDS panel (bottom), the vertical black lines indicate respective mutations
mulative number of mutations (Taniuchi et al., 2012). Abbreviation: TAD, transactivation

http://www.sanger.ac.uk/genetics/CGP/


Table 3
RUNX1 mutations in T-ALL patients.

Sample ID T-ALL
subtype

TCRγ
locus

RUNX1 mutation Heterozygous/
homozygous

Variation allele
frequency

Somatic/
germline

Localization Expected functional
defect

KL625 Early Deleted G138_R139insAR Heterozygous 40.18% Somatic Runt domain Transcriptional defect
D416 Early ABD D171H Heterozygous 28.18% Somatic Runt domain Transcriptional defect
KKH060 Pre Deleted S199fs*1 Heterozygous 43.76% Somatic C-terminal (Central) Unclassified
KL354 Early Deleted R293X Heterozygous 30.25% Somatic C-terminal (TAD) Transcriptional defect?
D410 Earlya Deleted Q308H Heterozygous 42.39% Germline C-terminal (TAD) Unclassified
D020 N.A. Deleted Q370R Heterozygous 48.73% N.A. C-terminal (TAD) Unclassified

Abbreviations: ABD, absence of biallelic deletion; TAD, transactivation domain; N.A., not available.
a This patient was diagnosed with ETP-ALL probably based on flow cytometric analysis. However, flow cytometry data was not available when we reanalyzed.

Table 4
RUNX1 mutations in T-ALL cell lines.

T-ALL cell line TCRγ locus RUNX1mutation Heterozygous/homozygous Variation allele frequency Localization Expected functional defect

Molt16 Deleted L29S Heterozygous 43.80% N-terminal MLL-binding defect
Molt16 Deleted R197W Heterozygous 18.18% C-terminal (Central) Unclassified
Molt16 Deleted A343T Heterozygous 50.61% C-terminal (TAD) Unclassified
CCRF-CEM Deleted L29S Heterozygous 39.33% N-terminal MLL-binding defect
CCRF-CEM Deleted A343T Heterozygous 45.82% C-terminal (TAD) Unclassified
HPB-ALL Deleted L29S Heterozygous 39.33% N-terminal MLL-binding defect
P12-Ichikawa Deleted H58N Heterozygous 29.70% Runt domain MLL-binding defect
Jurkat Deleted A122T Heterozygous 28.62% Runt domain Unclassified

Abbreviation: TAD, transactivation domain.
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within the range of 4–33% as previously reported in other T-ALL studies.
Germ line heterozygous mutations in RUNX1which manifests as famil-
ial platelet disorder with propensity to acute myeloid leukaemia have
also been shown to predispose patients to T-ALL (Nishimoto et al.,
2010). Perturbations in Runx1 in mice have previously been shown to
impair T-cell development at double-negative thymocyte stage
(Ichikawa et al., 2004). It is therefore apparent that alterations in
RUNX1 contribute to T-ALL pathogenesis.

The RUNX1mutations identified in this studywere distributed in four
regions, at its N-terminal, the RD, central region and TAD. The distribu-
tion of RUNX1mutations found in the T-ALL patient cohort and cell lines
were similar to other T-ALL studies but different from the distribution
seen in acute myeloid leukaemia (AML)/myelodysplastic syndromes
(MDS) (Fig. 1) (Taniuchi et al., 2012). It is well known that the RD is the
Table 5
Immunophenotype of T-ALL cell lines.

Cell line TCRγ locus RUNX1 status CD7 CD3 CD2 CD5

CCRF-CEM Deleted Mutated + + − +
HPB-ALL Deleted Mutated + + + +
JURKAT Deleted Mutated + + + +
MOLT-16 Deleted Mutated + + + +
P12/ICHIKAWA Deleted Mutated + (+) + +
ALL-SIL Deleted WT + − − +
BE-13 Deleted WT + + − +
DND-41 Deleted WT + + + +
DU528 Deleted WT + − − N.A.
H-SB2 Deleted WT + − − +
KOPT-K1 Deleted WT + − + +
LOUCY Deleted WT + + − +
MOLT-4 Deleted WT + − + +
PEER Deleted WT + + − +
PF-382 Deleted WT (+) − + +
RPMI-8402 Deleted WT + − + +
SUP-T11 ABD WT + + + +
SUP-T13 Deleted WT + + + +
TALL-1 Deleted WT + + + +
SKW-3/KE-37 Deleted WT + − + +
% positive Mutated 100 100 80 100

WT 100 47 60 100
p-Value N.A. 0.035* 0.41 N.A.

Asterisks represent significant differences (* p b 0.05, **p b 0.01, ***p b 0.001, student t- or ch
Abbreviations: ABD, absence of biallelic deletion; WT, wild type; N.A., not available.
most frequently mutated region of RUNX1. Notably, the mutations L29S
and H58N fall within the region which is shown to interact with MLL
(Huang et al., 2011; Koh et al., 2013) and can thus be classified as MLL-
binding defect mutations (Table 4). Interestingly, 4 of 6 aberrations ob-
served in the T-ALL patient cells were found in the C-terminal moiety
(Table 3), a region that is usually not affected in myeloid malignancies
and hence not covered in the majority of earlier mutation studies. In T-
cell ontogeny, the C-terminal moiety of RUNX1 is known to interact
with ALY, thereby facilitating an orchestration by RUNX1, PEBP2β/
CBFβ, LEF1 and ALY to form a T-cell specific enhanceosome that tran-
scriptionally regulates expression of the TCR and MHC class I genes
(Howcroft et al., 2005). Any perturbation in RUNX1 may therefore
lead to destabilization of this enhanceosome and block T-cell develop-
ment, a hallmark of leukaemia (Howcroft et al., 2005).
CD1a CD4 CD8 CD10 CD13 CD19 CD34 TCRαβ

+ + − N.A. − − − +
+ + + + − − − +
+ + − N.A. − − + +
− (+) − N.A. − − − +
+ + + N.A. − − − −
+ + + N.A. − − − −
+ + − N.A. − − − −
+ + − N.A. − − − −
− − − N.A. N.A. N.A. N.A. N.A.
− − − N.A. − − − −
+ + + N.A. N.A. N.A. N.A. −
− + − N.A. − − − −
+ + + N.A. − − + −
− + − N.A. − − − −
+ − + N.A. − − + N.A.
− + − N.A. − − − −
− − − − − − − N.A.
− + + N.A. N.A. N.A. N.A. N.A.
+ + + N.A. − − N.A. +
+ + − N.A. − − − −
80 100 40 100 0 0 20 80
53 73 40 100 0 0 18 9
0.29 0.20 1 N.A. N.A. N.A. 0.93 0.005**

i-square test).



Fig. 2. A proposed model for 2 different cells of origin for early immature T-ALL development. Early immature T-ALL that originates from differentiated cells is RUNX1 mutated.

115M.M.H. Mok et al. / Gene 545 (2014) 111–116
Four out of 6 of the RUNX1mutations were somatic and are likely to
contribute to the pathogenesis of T-ALL. Additionally, the germline SNP,
Q308H, was also detected. SNPs are generally regarded to be less- or
non-pathogenic as compared to their somatic counterparts. However,
they may not be functionally intact and can possibly exhibit biological
abnormalities. In fact, RUNX1 L29Smutation is reported to be a common
SNP, but L29S was clearly shown to be defective in its interaction with
MLL, and hence causing abnormalities in epigenetic regulation associat-
ed with differentiation and function of haematopoietic cells. Q308H is
located within the TAD domain where many other T-ALL related
RUNX1mutationswere detected (Fig. 1). As discussed earlier,mutations
in the TAD domain would lead to the defect in physical interaction of
RUNX1 with other molecules which are involved in forming T-cell spe-
cific enhanceosome. As such, Q308H is expected to cause blocks in T-cell
differentiation resulting in a leukaemia prone status, like other TAD
mutants. Furthermore, it is also known that a genetic variation which
represents a known SNP can also occur as an acquired mutation. For in-
stance, RUNX1G42Rmutation identified as a SNP in a healthy volunteer
was also detected in a leukaemia patient as a definite somatic mutation
(Harada et al., 2004; Taketani et al., 2003). G42R is also reported to be
defective inMLL interaction and frequently found in leukaemia patients
(Koh et al., 2013). It seems unlikely that such specific genetic alteration
in a biologically important gene such as RUNX1 is generated as a simple
chance event. Instead, such alteration is likely to act as a weak modifier
allele in pathogenesis. Q308H therefore appears to contribute to a sus-
ceptibility trait for the development of T-ALL, although it was identified
as a germline mutation.

The RUNX1-mutated cases were seemingly associated with early
immature T-ALL subtype. Despite such immature cell surface features,
ABD, which is a differentia of gDNA status in the most immature
T-cells, was not frequently seen. These paradoxical findings support
the possibility that a subset of early immature T-ALL cells which

image of Fig.�2
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harbours RUNX1 mutations may originate from more mature cells and
explain the high occurrence of RUNX1 mutations in this subset of early
immature T-ALL (Fig. 2). The persistence of RUNX1 mutations could
therefore be used as a marker to identify different variants of early im-
mature T-ALL.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2014.04.074.
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