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Abstract
Aberrant activation of the Wnt pathway plays a pathogenetic role in tumors and has been

associated with adverse outcome in acute lymphoblastic leukemia (ALL). Lymphoid en-

hancer binding factor 1 (LEF1), a key mediator of Wnt signaling, has been linked to leukemic

transformation, and LEF1mutations have been identified in T-ALL. Here we found LEF1 is

highly expressed in 25.0% adult ALL patients and LEF1 high expression was associated

with high-risk leukemia factors (highWBC, Philadelphia chromosome positive, complex kar-

yotype), shorter event-free survival (EFS), and high relapse rates in patients with B-ALL.

LEF1 high expression is also associated with high mutation rate of Notch1 and JAK1 in T-

ALL. We identified 2 novel LEF1mutations (K86E and P106L) in 4 of 131 patients with ALL,

and those patients with high-risk ALL (high WBC, complex karyotype). These results sug-

gest a role for LEF1mutations in leukemogenesis. We further explored the effect of the mu-

tations on cell proliferation and found both mutations significantly promoted the proliferation

of ALL cells. We also observed the effect of LEF1 and its mutations on the transcription of its

targets, c-MYC and Cyclin D1. We found LEF1 increased the promoter activity of its targets

c-MYC and Cyclin D1, and LEF1 K86E and P106L mutants further significantly enhanced

this effect. We also observed that the c-MYC and Cyclin D1mRNA levels were significantly

increased in patients with LEF1 high expression compared with those with low expression.

Taken together, our findings indicate high LEF1 expression and mutation are associated

with high-risk leukemia and our results also revealed that LEF1 high expression and/or

gain-of-function mutations are involved in leukemogenesis of ALL.

Introduction
Lymphoid enhancer binding factor 1 (LEF1), as the member of the LEF/TCF family, plays a
crucial role in early lymphocyte development[1–5]. LEF1 is normally expressed in T and pro B
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cells, and the knockout mice exhibit defects in pro-B cell survival and proliferation. It also me-
diates Wnt signaling-induced proliferation increase of pro B cells. LEF1 expression is reported
to be involved in leukemic transformation [4], and associated with poor prognosis in adult B
precursor acute lymphoblastic leukemia (ALL) [6], chronic lymphocytic leukemia(CLL)[6,7],
cytogenetically normal acute myeloid leukemia (AML), and adult de novo acute promyelocytic
leukemia (APL)[8]. These reports indicate that LEF1 is involved in the oncogenesis
of leukemia.

The Wnt signaling pathway has been implicated in regulation of the proliferation, survival,
and differentiation of hematopoietic cells. LEF1 exerts its role in regulation of cell proliferation
and survival by activation of Wnt target genes through recruiting the co-activator β-catenin
[4,9]. Increased expression of LEF1 affects normal expression of cell cycle and growth-promot-
ing genes, such as Cyclin D1 and c-MYC and disturbs differentiation in hematopoiesis [4]. Ab-
errant expression of LEF1 has been reported to be involved in solid cancers and leukemia
[4,10–12]; and LEF1 is required for the growth of leukemia cells [13,14]. The increase of LEF1
mRNA andWnt target gene c-MYC was also shown in the blast phase (BP) of chronic myeloid
leukemia (CML).These reports indicate that LEF1 has an oncogenic effect by promoting cell
proliferation through regulation of target gene expression. However, it is unknown if and how
LEF1 affects cell proliferation in ALL.

LEF1mutations have been identified and associated with high-risk events in AML and lym-
phoma. So far no LEF1mutations have been identified in B-ALL, and it is also unknown how
LEF1mutations affect cell proliferation in ALL.

Here, we identified LEF1 high expression in 25.0% Chinese adult ALL and identified 2 novel
LEF1mutations in the cohort. We also found that LEF1 high expression and novel mutations
are involved in its oncogenic effect in the high-risk ALL by promoting the cell proliferation
and target gene expression.

Materials and Methods

Patients and samples
Bone marrow (BM) samples from 131 newly diagnosed patients [82 male, 49 female; median
age 34 (14–75) years old] with ALL (87 B-ALL, 43 T-ALL and 1 T-/B-ALL) were collected be-
tween June 2008 and July 2013 at the First Affiliated Hospital of Nanjing Medical University.
The diagnosis of ALL was made according to the morphologic, immunophenotypic, cytogenet-
ic, and molecular criteria of WHO Diagnosis and Classification of ALL (2008). All the patients
provided their written informed consent in accordance with the Declaration of Helsinki before
enrollment in the study. The study was approved by the Institutional Review Board of the Nan-
jing Medical University.

Cytogenetic and molecular analyses
Conventional cytogenetic analysis was performed at the time of diagnosis, using unstimulated
short-term cultures according to the recommendations of the International System for Human
Cytogenetic Nomenclature (ISCN). For each sample, at least 20 bone marrow metaphase cells
were analyzed.

Immunophenotypic analyses were performed by flow cytometry on fresh pretreatment BM
samples. The cell-surface antigen was defined positive when fluorescence intensity of at least
20% of cells exceeded fluorescence of negative control. Determination of BCR-ABL was per-
formed as previously described [15].
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LEF1mutation detection
We screened mutations of LEF1 exons 2 and 3, the hotspot regions in T-and B-ALL (24, 30).
Genomic DNA was isolated from pretreatment BM samples of the 131 patient cohort using
QIAamp DNA Blood Mini Kit (Qiagen, USA) following the manufacturer's instructions. DNA
fragments for the entire LEF1 exons 2 and 3 were amplified by PCR using AmpliTaq Gold (Ap-
plied Biosystems) and the following primers: exon 2 forward, 50-TTTTCTTTCTTTTGGGT
GTGG; exon 2 reverse, 50-AAATTGCACCCCTTATCTGC; exon 3 forward, 50-AAAGGGA
AGTCAGTGCATCATT; and exon 3 reverse, 50-ACAAATCAATTTGCACTTCTGAAC. The
purified PCR products were used for DNA sequencing.

Mutational analyses of NOTCH1, JAK1, FBXW7, PTEN and PHF6
We performed mutational analyses of JAK1 exons 13, 14, 16–19 [16], NOTCH1 exons 26–28,
34 [17–19]. Genomic DNA was isolated following the manufacturer's instructions. DNA frag-
ments spanning the above JAK1 and NOTCH1 exons were amplified by PCR using AmpliTaq
Gold (Applied Biosystems) and exon-specific primers as previously reported [16, 17]. DNA se-
quencing was performed on purified PCR products.

We also performed mutational analysis in FBXW7 exons 5–12 [18–20], PTEN exons 1–9
[21] and PHF6 exons 2–10 [22] with the reported primers.

Cell Culture and Reagents
Nalm6 and MOLT4 cells were obtained from American Type Culture Collection (ATCC, Ma-
nassas, VA) and cultured in RPMI 1640 medium (Cellgro) supplemented with 10% fetal bovine
serum (Hyclone). HEK 293T cells were cultured in DMEM (Cellgro) supplemented with 10%
fetal calf serum and 1% L-glutamine (Cellgro). Cells were incubated at 37°C in a humidified at-
mosphere of 5% CO2.

Plasmids and site-directed mutagenesis
Human LEF1 in Mammalian expression vector (pBABE-puro) was bought from Addgene. The
LEF1 K86E and P106L mutations were created by site-direct mutagenesis (mutagenesis kit
from Stratagene) using a PCR technique, and confirmed by sequencing.

Luciferase Assay
The pGL3 luciferase reporter constructs for promoters of Cyclin D1 and E2F1 were purchased
from addgene. The promoter of c-MYC (-1000bp) was cloned into pGL4.15 vector (Promega).
The transient luciferase assay was performed in HEK293T cells using the Promega’ luciferase
assay reagents and measured with luminometer following the manufacture’s instruction. The
firefly luciferase activities were calculated as fold change relative to values obtained from pGL
vector only control cells, and expressed as a percentage of pBABE-puro-LEF1 or its mutants
transfection-induced luciferase activity versus that of pBABE vector. All transfection and re-
porter assays were performed independently, in triplicate, at least three times.

Real Time-PCR
Total RNA was isolated using the RNeasy Mini Kit (QIAGEN). A 1 μg aliquot of RNA was re-
verse transcribed using a SuperScript First-Strand Synthesis System for RT-PCR Kit (Invitro-
gen). qRT-PCR was performed with qSTAR SYBRMaster Mix (OriGene) using a StepOne
Plus real-time PCR system (Applied Biosystems). Each experiment was performed in triplicate.
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In order to quantitate gene expression value in patients’ samples, template standards and
primers against Homo sapiens gene LEF1 (OriGene, USA) and Homo sapiens housekeeping
gene GAPDH(OriGene, USA) were obtained from OriGene Technologies (Rockville, MD).
Gene expression values of the genes of interest (GOI) were achieved in each patient by a formu-
la obtained with a scatter graph of the Ct values from the serial dilutions of template standard
following manufacturer’s instruction and as previously reported [23]. The expression level of
GOI was subsequently normalized to the housekeeping gene, expressed as gene expression
value of GOI/GAPDH.

All the patients were divided into high and low LEF1 expression groups (Q4 vs Q1-Q3) and
the cut-off value (20.985) was determined by SPSS 17.0. Statistical analysis with analysis of var-
iance (ANOVA) showed that the difference of LEF1 expression in the two groups was very
much significant (P<0.0001).

The c-MYC and Cyclin D1 expression in patients were also quantitated similarly by the for-
mula achieved with serial dilutions of their plasmids as template standards. The difference of
their expression in the patients with high or low LEF1 expression was statistically analyzed
with ANOVA. The qPCR for c-MYC and Cyclin D1 expression in the Nalm6 cells expressed
with LEF1 wide type (LEF1-WT) and its mutants were performed and the results were normal-
ized to those obtained with 18sRNA and presented as fold induction over vector controls.
Primers: 18s RNA, Sense: 5’-GTAACCCGTTGAACCCCATT-3’, Antisense: 5’- CCATCCAA
TCGGTAGTAGCG-3’; c-MYC Sense: 5’- AATGAAAAGGCCCCCAAGGTAGTTATCC-3’,
Anti-sense: 5’- GTCGTTTCCGCAACAAGTCCTCTTC-3’; Cyclin D1 Sense: 5’- TGGTGAA
CAAGCTCAAGTGGA-3’, Anti-sense: 5’- GAAGGTCTGCGCGTGTTTG-3’.

Cell proliferation assay
LEF1-WT, LEF1 K86E and P106L were stably expressed in Nalm6 and Molt4 cells by puromy-
cinselection. The colorimetric cell proliferation assay (WST-1 reagent from Roche Applied Sci-
ence) was performed in 96-well white clear bottom plates (Costar) inquadruplicate, according
to manufacturer’s instructions. The absorbance at 440 nm (reflects number of viable cells) was
measured with a plate reader.

Statistical analysis
Patients were divided into high and low LEF1 expression groups (Q4 vs Q1-Q3). For quantita-
tive parameters, overall differences between the cohorts were evaluated using a Mann—Whit-
ney U-test. For qualitative parameters, overall group differences were analyzed using a χ2 test.
Survival analysis was calculated using the Kaplan–Meier method. All statistical analyses were
performed using the SPSS 17.0 and P<0.05 was considered statistically significant.

The experimental data are shown as the mean value with bars representing the standard
error of the mean (S.E.M.). Determinations of statistical significance were performed using a
Student t-test for comparisons of two groups or using analysis of variance (ANOVA) for com-
paring multiple groups. The P<0.05 was considered statistically significant.

Results

Association of LEF1 expression with characteristics of adult ALL
We detected LEF1mRNA expression in 84 newly diagnosed adult B-ALL patients. Patients
were divided into high (19) and low(65) LEF1 expression groups. Patients with high compared
to low LEF1 expression showed higher median white blood cell counts (WBC) (126.1×109/L vs
27.3×109/L, P = 0.017), and a higher percentage of lymphoblasts in peripheral blood than those
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of LEF1 low expression (87.0% vs 64.0%, P = 0.003) (Table 1).The patients with CD34+,
BCR-ABL+/ Philadelphia chromosome positive (Ph+), or complex karyotype were significant-
ly higher in LEF1 high expression than those of low expression(93.8% vs 63.0%, P = 0.040;
57.8% vs 32.3%, P = 0.043; 29.4% vs 1.8%, P = 0.002) (Table 1, Fig 1A). The patients with LEF1
high expression were also significantly higher for the presence of splenomegaly and lymph
node enlargement compared to those with LEF1 low expression (68.4% vs 29.4%, P = 0.003;
63.2% vs 28.3%, P = 0.007) (Table 1, Fig 1B). No significant differences in LEF1 expression
were observed with age, sex, or bone marrow blasts. These data indicated that LEF1 high ex-
pression is associated with high-risk B-ALL.

We also detected LEF1mRNA high expression in 12 of 40 newly diagnosed adult T-ALL pa-
tients. LEF1 high expression was associated with higher median WBC and blasts in peripheral
blood compared to low expression (74.0×109/L vs 28.9×109/L, P = 0.012; 76.5% vs 24.0%,
P = 0.007). The percent of patients with mutations in Notch1 and JAK1 was significantly higher
in the LEF1 high expression group than the low expression group(100% vs 66.7%, P = 0.033;
33.3% vs 0.0%, P = 0.005) (Table 2), but we did not observe significant differences in mutations
of FBXW7, PTEN and PHF6, complex karyotype or percentage of CD34+ in the two groups.
The percentage of lymph node enlargement in patients with LEF1 high expression was also sig-
nificantly higher than that of low expression (100% vs 66.7%, P = 0.038). These data also indi-
cated that LEF1 high expression is associated with the unfavorable prognostic factors in
T-ALL.

LEF1 expression and outcome in adult ALL patients
We analyzed the LEF1 expression with survival of the 84 B-ALL and 40 T-ALL patients. We
found that B-ALL and T-ALL patients with high compared to low LEF1 expression showed no
significant differences for overall survival (OS) (11.0 months vs 17.5 months, P = 0.294; 18
months vs 57 months, P = 0.408) (Fig 2A and 2C). We also analyzed the event-free survival

Table 1. Correlation of LEF1 expression with clinical parameters in adult patients with B-ALL.

Characteristics LEF1 Expression P value

Low (n = 65) High (n = 19)

Age (years)

Median (range) 30.5 (14–75) 31 (14–65) 0.514

Sex (%)

male 61.5 42.1 0.132

WBC, ×109/L

Median (range) 27.3 (1.5–300.0) 126.1(0.9–398.4) 0.017

�100×109/L (%) 16.1% (10/62) 44.4% (8/18) 0.027

Blasts (%) median (range)

bone marrow 87.6 (59.0–99.0) 89.6 (64.0–100.0) 0.307

peripheral blood 64.0 (0–97.0) 87.0 (24.0–95.0) 0.003

Genetics (%)

BCR-ABL + 32.3% (21/65) 57.8% (11/19) 0.043

complex karyotype 1.8(1/55) 29.4(5/17) 0.002

CD34+ (%) 63.0% (34/54) 93.8% (15/16) 0.04

Extramedullary infiltration (%)

Spleen 29.4 (15/51) 68.4% (13/19) 0.003

lymph node 28.3% (15/53) 63.2% (12/19) 0.007

doi:10.1371/journal.pone.0125429.t001
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(EFS) in the patients and found that there was a significantly shorter EFS in B-ALL patients
with LEF1 high expression compared to low expression (4.5 months vs 10.0 months; P = 0.023)
(Fig 2B), but no significant difference in EFS was observed in the two groups in T-ALL patients
(Fig 2D). Also, we found that LEF1 high expression in patients with B-ALL had the significant-
ly higher relapse rate than that of low expression [70.6% (12/17) vs. 43.1% (25/58), P = 0.046]
(Fig 1C). These results indicated that LEF1 high expression associates with poor prognosis in
B-ALL patients.

Identification of 2 novel LEF1 point mutations and its correlation with
relapse
We identified 2 novel LEF1mutants in 4 of 131(3.1%) adult ALL patients. All are point muta-
tions, one of them was located in exon2 and the other 3 were in exon3 (Fig 3). All 4 mutations
resulted in the amino acid changes (Table 3 and Fig 3). Of the mutations, 3 were detected in
B-ALL patients and 1 in T-ALL. Of the patients with LEF1mutants, 2 had high WBC
(30.9×109/L and 269.6×109/L) at pretreatment. The patients with LEF1 exon2 mutation had a
complex karyotype (46,XX,t(1;3;9)(p34;p21;p21),2q+,6q-,7p-,8p-,12p-,-16,+mar[4]/46,XX).
The T-ALL patient with the LEF1 exon3 P106L mutation also had the Notch1 exon26 mutation
(L1574P). This data indicates that the patients with LEF1mutations also exhibited unfavorable
prognostic factors. Indeed, the 2 patients with LEF1 exon3 mutation (P106L) and high WBC
relapsed in 3 months.

We also found LEF1 low expression in 2 of 4 patients with LEF1mutation (data not shown).
However, these two patients were also relapsed in 3 months, suggested that the LEF1mutation
may have oncogenic effect.

Fig 1. Correlation of LEF1 high expression with clinical features in adult ALL. A-C. Association of LEF1
expression with CD34+, BCR-ABL + and complex karyotype (A), Splenomegaly and lymph node
enlargement (B) and relapse rates (C) in B-ALL. * P<0.05; **P<0.01.

doi:10.1371/journal.pone.0125429.g001
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Table 2. Correlation of LEF1 expression with clinical parameters in adult patients with T-ALL.

Characteristics LEF1 Expression P value

Low (n = 28) High (n = 12)

Age (years)

Median (range) 36.5 (14–54) 27.5 (14–62) 0.322

Sex (%)

male 85.7(24/28) 66.7(8/12) 0.211

WBC, ×109/L

Median (range) 28.9 (1.0–437.0) 74.0 (44.0–283.0) 0.012

�100×109/L (%) 26.1(6/23) 45.5(5/11) 0.434

Blasts (%) median (range)

bone marrow 80.0 (14.0–99.0) 86.8 (56.0–98.0) 0.211

peripheral blood 24.0 (1.0–84.0) 76.5 (6.0–99.0) 0.007

Genetics (%)

Notch1 mutations 66.7% (16/24) 100% (12/12) 0.033

JAK1 mutations 0% (0/28) 33.3% (4/12) 0.005

FBXW7 mutations 16.7(4/24) 8.3 (1/12) 0.646

PTEN mutations 15.0 (3/20) 8.3 (1/12) 1.000

PHF6 mutations 47.4 (9/19) 25.0 (3/12) 0.274

complex karyotype 4.2 (1//24) 9.1 (1/11) 0.536

CD34+ (%) 68.4 (13/19) 55.6 (5/9) 0.677

Extramedullary infiltration (%)

Spleen 25.9 (7/27) 54.5 (6/11) 0.135

lymph node 66.7 (18/27) 100.0 (11/11) 0.038

doi:10.1371/journal.pone.0125429.t002

Fig 2. Correlation of LEF1 expression with survival in adult ALL. A-D: LEF1 expression with overall
survival (A,C) and event-free survival (B, D) in adult B-ALL (A,B) and T-ALL(C,D).

doi:10.1371/journal.pone.0125429.g002
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Effect of LEF1 and its mutations on cell proliferation in ALL leukemia
cells
In order to explore the effect of LEF1 and its mutations on ALL, we stably expressed LEF1-WT
and its mutants K86E and P106L in Nalm6 B-ALL and Molt4 T-ALL leukemia cells with puro-
mycin selection and also cells with vector only as control. We found that cell proliferation was
significantly increased in LEF1-WT-expressed Nalm6 and Molt4 cells compared to vector only
cells (Fig 4), and the cells expressing K86E or P106L significantly increased the proliferation of
both Nalm6 and Molt4 cells compared to LEF1-WT (Fig 4). These data indicated that LEF1
promoted ALL cell proliferation and the two novel mutants increased the stimulatory effect of
LEF1 on proliferation.

LEF1 and its mutations increased the transcription of c-MYC and Cyclin
D1
To understand the underlying mechanism of LEF1 and its mutations on proliferation stimula-
tion, we explored their effect on transcription of LEF1 targets by luciferase reporter assay. We
found that LEF1-WT obviously increased the promoter activity of c-MYC and Cyclin D1 com-
pared to vector only. Furthermore, both mutants could significantly increase the promoter ac-
tivity of c-MYC and Cyclin D1 compared to that of LEF1-WT. We also examined the

Fig 3. Identification of novel LEF1mutations in ALL patients. A. Schematic structure of the LEF1 gene.
B-C.Point mutations of LEF1 in exon 2 (B) and exon 3 (C).

doi:10.1371/journal.pone.0125429.g003

Table 3. Identification of LEF1mutations in Chinese adult patients with ALL.

Patient ID Exon Nucleotide description Protein description

ALL-s316 2 1445 C!T K86E

ALL-s236 3 1506 G!A P106L

ALL-s254 3 1506 G!A P106L

ALL-s1449 3 1506 G!A P106L

doi:10.1371/journal.pone.0125429.t003

LEF1High Expression and Novel Mutations in ALL

PLOSONE | DOI:10.1371/journal.pone.0125429 May 5, 2015 8 / 13



expression of c-MYC and Cyclin D1 in Nalm6 cells expressing the LEF1-WT or its mutants by
qPCR. We found that the expression of c-MYC and Cyclin D1 was significantly increased in
LEF1-WT cells and the two mutant cells (Fig 5). More importantly, we observed c-MYC and
Cyclin D1 expression in patients with LEF1 high expression was significantly higher than that
of low expression (Fig 6). Moreover, the 2 patients with LEF1mutations had high c-MYC and
Cyclin D1 expression (no samples available for the other two patients with the mutations) (data

Fig 4. LEF1mutants promote cell proliferation of ALL cells. A-B.LEF1wild-type (LEF1-WT) and its
mutants (LEF1-K86E and LEF1-P106L) were expressed in Molt4 (A) and Nalm6 (B) cells. * P<0.05;
**P<0.01; ***P<0.001.

doi:10.1371/journal.pone.0125429.g004

Fig 5. LEF1mutants regulate transcription of c-MYC,Cyclin D and E2F1. A-C.Effect of LEF1 and its
mutations on promoter activity of c-MYC (A), Cyclin D1 (B) and E2F1 (C). D.Comparison of c-MYC and
CyclinD1mRNA expression in Nalm6 cells expressing LEF1-WT, LEF1-K86E, LEF1-P106L and vector only
control.* P<0.05; **P<0.01.

doi:10.1371/journal.pone.0125429.g005
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not shown). These data indicated that high expression of LEF1 and possibly its mutants (K86E
and P106L) promote cell proliferation by increasing the expression of c-MYC and Cyclin D1.

Discussion
Around half of adult ALL patients, including patients with standard risk without known poor-
risk features, still develop relapse, which is associated with an extremely poor survival rate
of< 10% although the treatment has dramatically improved. Reduction of relapse rate is there-
fore the main aim of treatment optimization in adult ALL. Many factors are responsible for
ALL relapse. High expression of key genes in multioncogenic pathways and mutations in the
essential genes involved in lymphocyte development are among the high-risk factors for ALL
relapse and treatment response. Here we observed that high LEF1 expression was significantly
correlated with high-risk B-ALL and T-ALL to some extent, and identified two novel LEF1mu-
tations which may be associated with poor outcome. We found the novel LEF1mutations
could promote the cell proliferation of leukemia cells by regulation of gene expression of LEF1
targets: c-MYC and Cyclin D1. Our findings suggest high LEF1 expression and mutations play
important roles in development of high-risk ALL.

Thus far, there have been several reports about the LEF1 expression in leukemia and its im-
pact on outcome of the patients. LEF1 expression was reported to be elevated in adult ALL[6],
CLL/lymphoma [24–29] and AML[4,8,10,30]. High LEF1 expression is associated with poor
prognosis in adult B precursor ALL and CLL [6,24,26,29,31]. Kuhnl A and his colleagues re-
ported that overexpressed LEF1 was observed in 71/282 patients with ALL[6]. They also found
that the patients with high LEF1 expression had a significant shorter relapse-free survival
(RFS) and the high LEF1 expression was also associated with inferior RFS in standard-risk pa-
tients[6]. Gutierrez A Jr et al reported the aberrant protein expression of LEF1 specifically in
CLL not normal B cells and they also identified LEF1 expression in CD19(+)/CD5(+) cells ob-
tained from patients with monoclonal B-cell lymphocytosis, suggesting a role for LEF1 early in
CLL leukemogenesis [26]. Moreover, an obvious downregulation of LEF1 has been associated
with disease progression in myelodysplastic syndrome [32]. High LEF1 expression has also
been reported as an unfavorable prognostic marker in cytogenetically normal AML [10,30] and
in adult de novo APL [8]. Recently, it was reported that BCR-ABL regulates IRES-mediated
translation of LEF1 in CML [33]. Our data also showed that LEF1 high expression is signifi-
cantly associated with high WBC in B-ALL and T-ALL; also LEF1 promoted the cell prolifera-
tion of B-ALL and T-ALL cells. LEF1 high expression is significantly associated with shorter
EFS in B-ALL patients. Our findings underscore the pro-survival and oncogenic effect of LEF1

Fig 6. Difference of c-MYC andCyclin D1 expression in ALL patients. A-B The c-MYC (A) andCyclin D1
(B) expression in ALL patients with LEF1 high or low expression

doi:10.1371/journal.pone.0125429.g006
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in acute leukemia particularly B-ALL, revealing high LEF1 expression may link to high-risk
ALL.

We also performed mutational analysis in 131 ALL patients and detected 2 novel mutations
in 4 patients, which were not reported previously. The correlation of mutations with survival is
not clear because of the limited patients’ number. However we did observe that patients with
LEF1mutations had high-risk factors such as high WBC, complex karyotype, and relapsed in 3
months. The frequency of the mutation in this cohort of ALL is 3.1%, which is higher than re-
ported in pre-B ALL (1.6%) and lower than that in T-ALL. We did not find any other single nu-
cleotide polymorphisms or mutations in our cohort. Our data also showed that the mutations
had stronger effects on proliferation stimulation and target genes’ expression than LEF1 wild-
type, which indicated that the mutant has an oncogenic effect in the patients even when its ex-
pression is low.

Gutierrez et al also found a microdeletion mutation in the N-terminal of LEF1 in 11% of pe-
diatric T-ALL [7]. We did not find any deletions in the 131 ALL patients. Functional analysis
showed the LEF1mutations we identified are gain-of-function mutations, which is different
from Gutierren’s report. We observed that LEF1 high expression is significantly correlated
with Notch1 and JAK1mutations in T-ALL patients. These findings indicate that LEF1 high ex-
pression together with the genetic alterations of other key molecules may contribute to the for-
mation of adult high-risk T-ALL.

LEF1 interacts with nuclear catenin in the Wnt signaling pathway [34]. As initiation step of
Wnt signaling, β-catenin is stabilized in the cytoplasm and subsequent accumulated in the nu-
cleus, where β-catenin interacts with TCF/LEF DNA binding effectors to modulate the tran-
scription of numerous target genes which are involved in cell cycle progression, extracellular
matrix remodeling, cell adhesion, and cell differentiation. The c-MYC and Cylclin D1 are re-
ported LEF1 targets and LEF1 activates c-MYC and CyclinD1. Our data showed wild-type LEF1
promotes the transcription and increased mRNA level of c-MYC and Cyclin D1, indicating
LEF1 promotes cell proliferation in ALL cells by regulation of gene expression of those targets.
The two LEF1mutants could further increase the transcription of c-MYC and Cyclin D1 over
LEF1 wild-type, indicating that the LEF1mutations are gain-of-function mutants and promote
cell proliferation by regulation of LEF1 gene targets.

Conclusions
We examined the LEF1 expression in adult ALL patients and identified 2 novel LEF1muta-
tions. Our finding indicated high LEF1 expression and LEF1mutation are associated with
high-risk leukemia and our results also indicated that the high expression and/or gain-of-func-
tion mutations account for the oncogenic effect of LEF1 in ALL.

Acknowledgments
We thank Melanie Hartman for her proof reading of English grammar.

Author Contributions
Conceived and designed the experiments: ZG CS XG. Performed the experiments: XG RZ J.
Liu CS ZG. Analyzed the data: XG RZ J. Liu CS ZG. Contributed reagents/materials/analysis
tools: XG RZ J. Liu ML CS SD J. Li ZG. Wrote the paper: ZG CS XG.

LEF1High Expression and Novel Mutations in ALL

PLOSONE | DOI:10.1371/journal.pone.0125429 May 5, 2015 11 / 13



References
1. Reya T, O'Riordan M, Okamura R, Devaney E, Willert K, Nusse R, et al. (2000) Wnt signaling regulates

B lymphocyte proliferation through a LEF-1 dependent mechanism. Immunity 13: 15–24. PMID:
10933391

2. Reya T, Okamura R, Grosschedl R (1999) Control of lymphocyte differentiation by the LEF-1/TCF fami-
ly of transcription factors. Cold Spring Harb Symp Quant Biol 64: 133–140. PMID: 11232278

3. Staal FJ, Sen JM (2008) The canonical Wnt signaling pathway plays an important role in lymphopoiesis
and hematopoiesis. Eur J Immunol 38: 1788–1794.4. doi: 10.1002/eji.200738118 PMID: 18581335

4. Petropoulos K, Arseni N, Schessl C, Stadler CR, Rawat VP, Deshpande AJ, et al. (2008) A novel role
for Lef-1, a central transcription mediator of Wnt signaling, in leukemogenesis. J Exp Med 205: 515–
522. doi: 10.1084/jem.20071875 PMID: 18316418

5. Dosen G, Tenstad E, Nygren MK, Stubberud H, Funderud S, Rian E, et al. (2006) Wnt expression and
canonical Wnt signaling in human bone marrow B lymphopoiesis. BMC Immunol 7: 13. PMID:
16808837

6. Kuhnl A, Gokbuget N, Kaiser M, Schlee C, Stroux A, Burmeister T, et al. (2011) Overexpression of
LEF1 predicts unfavorable outcome in adult patients with B-precursor acute lymphoblastic leukemia.
Blood 118: 6362–6367. doi: 10.1182/blood-2011-04-350850 PMID: 22010100

7. Gutierrez A, Sanda T, MaW, Zhang J, Grebliunaite R, Dahlberg S, et al. (2010) Inactivation of LEF1 in
T-cell acute lymphoblastic leukemia. Blood 115: 2845–2851. doi: 10.1182/blood-2009-07-234377
PMID: 20124220

8. Albano F, Zagaria A, Anelli L, Orsini P, Minervini CF, Impera L, et al. (2014) Lymphoid enhancer binding
factor-1 (LEF1) expression as a prognostic factor in adult acute promyelocytic leukemia. Oncotarget 5:
649–658. PMID: 24378360

9. Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert K, et al. (2003) A role for Wnt signalling in
self-renewal of haematopoietic stem cells. Nature 423: 409–414. PMID: 12717450

10. Metzeler KH, Heilmeier B, Edmaier KE, Rawat VP, Dufour A, Dohner K, et al. (2012) High expression of
lymphoid enhancer-binding factor-1 (LEF1) is a novel favorable prognostic factor in cytogenetically nor-
mal acute myeloid leukemia. Blood 120: 2118–2126. doi: 10.1182/blood-2012-02-411827 PMID:
22815426

11. Ge X, Wang X (2010) Role of Wnt canonical pathway in hematological malignancies. J Hematol Oncol
3: 33. doi: 10.1186/1756-8722-3-33 PMID: 20843302

12. Jamieson CH, Ailles LE, Dylla SJ, Muijtjens M, Jones C, Zehnder JL, et al. (2004) Granulocyte-macro-
phage progenitors as candidate leukemic stem cells in blast-crisis CML. N Engl J Med 351: 657–667.
PMID: 15306667

13. Zhou F, Zhang L, van Laar T, van DamH, Ten Dijke P (2011) GSK3beta inactivation induces apoptosis
of leukemia cells by repressing the function of c-Myb. Mol Biol Cell 22: 3533–3540. doi: 10.1091/mbc.
E11-06-0483 PMID: 21795403

14. Skokowa J, Cario G, Uenalan M, Schambach A, Germeshausen M, Battmer K, et al. (2006) LEF-1 is
crucial for neutrophil granulocytopoiesis and its expression is severely reduced in congenital neutrope-
nia. Nat Med 12: 1191–1197. PMID: 17063141

15. Liu P, Lin Z, Qian S, Qiao C, Qiu H, Wu Y, et al. (2012) Expression of dominant-negative Ikaros iso-
forms and associated genetic alterations in Chinese adult patients with leukemia. Ann Hematol 91:
1039–1049. doi: 10.1007/s00277-012-1415-4 PMID: 22323189

16. Flex E, Petrangeli V, Stella L, Chiaretti S, Hornakova T, Knoops L, et al. (2008) Somatically acquired
JAK1 mutations in adult acute lymphoblastic leukemia. J Exp Med 205: 751–758. doi: 10.1084/jem.
20072182 PMID: 18362173

17. Lin ZK, Zhang R, Ge Z, Liu J, Guo X, Qiao C, et al. (2013) [Characteristics of NOTCH1mutation in adult
T-cell acute lymphoblastic leukemia]. Zhongguo Shi Yan Xue Ye Xue Za Zhi 21: 1403–1408. doi: 10.
7534/j.issn.1009-2137.2013.06.008 PMID: 24370020

18. Zuurbier L, Homminga I, Calvert V, te Winkel ML, Buijs-Gladdines JG, Kooi C, et al. (2010) NOTCH1
and/or FBXW7mutations predict for initial good prednisone response but not for improved outcome in
pediatric T-cell acute lymphoblastic leukemia patients treated on DCOG or COALL protocols. Leukemia
24: 2014–2022. doi: 10.1038/leu.2010.204 PMID: 20861909

19. Park MJ, Taki T, Oda M, Watanabe T, Yumura-Yagi K, Kobayashi R, et al. (2009) FBXW7 and
NOTCH1mutations in childhood T cell acute lymphoblastic leukaemia and T cell non-Hodgkin lympho-
ma. Br J Haematol 145: 198–206. doi: 10.1111/j.1365-2141.2009.07607.x PMID: 19245433

20. Song JH, Schnittke N, Zaat A, Walsh CS, Miller CW (2008) FBXW7mutation in adult T-cell and B-cell
acute lymphocytic leukemias. Leuk Res 32: 1751–1755. doi: 10.1016/j.leukres.2008.03.040 PMID:
18485478

LEF1High Expression and Novel Mutations in ALL

PLOSONE | DOI:10.1371/journal.pone.0125429 May 5, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/10933391
http://www.ncbi.nlm.nih.gov/pubmed/11232278
http://dx.doi.org/10.1002/eji.200738118
http://www.ncbi.nlm.nih.gov/pubmed/18581335
http://dx.doi.org/10.1084/jem.20071875
http://www.ncbi.nlm.nih.gov/pubmed/18316418
http://www.ncbi.nlm.nih.gov/pubmed/16808837
http://dx.doi.org/10.1182/blood-2011-04-350850
http://www.ncbi.nlm.nih.gov/pubmed/22010100
http://dx.doi.org/10.1182/blood-2009-07-234377
http://www.ncbi.nlm.nih.gov/pubmed/20124220
http://www.ncbi.nlm.nih.gov/pubmed/24378360
http://www.ncbi.nlm.nih.gov/pubmed/12717450
http://dx.doi.org/10.1182/blood-2012-02-411827
http://www.ncbi.nlm.nih.gov/pubmed/22815426
http://dx.doi.org/10.1186/1756-8722-3-33
http://www.ncbi.nlm.nih.gov/pubmed/20843302
http://www.ncbi.nlm.nih.gov/pubmed/15306667
http://dx.doi.org/10.1091/mbc.E11-06-0483
http://dx.doi.org/10.1091/mbc.E11-06-0483
http://www.ncbi.nlm.nih.gov/pubmed/21795403
http://www.ncbi.nlm.nih.gov/pubmed/17063141
http://dx.doi.org/10.1007/s00277-012-1415-4
http://www.ncbi.nlm.nih.gov/pubmed/22323189
http://dx.doi.org/10.1084/jem.20072182
http://dx.doi.org/10.1084/jem.20072182
http://www.ncbi.nlm.nih.gov/pubmed/18362173
http://dx.doi.org/10.7534/j.issn.1009-2137.2013.06.008
http://dx.doi.org/10.7534/j.issn.1009-2137.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24370020
http://dx.doi.org/10.1038/leu.2010.204
http://www.ncbi.nlm.nih.gov/pubmed/20861909
http://dx.doi.org/10.1111/j.1365-2141.2009.07607.x
http://www.ncbi.nlm.nih.gov/pubmed/19245433
http://dx.doi.org/10.1016/j.leukres.2008.03.040
http://www.ncbi.nlm.nih.gov/pubmed/18485478


21. Zuurbier L, Petricoin EF, Vuerhard MJ, Calvert V, Kooi C, Buijs-Gladdines JG, et al. (2012) The signifi-
cance of PTEN and AKT aberrations in pediatric T-cell acute lymphoblastic leukemia. Haematologica
97: 1405–1413. doi: 10.3324/haematol.2011.059030 PMID: 22491738

22. Van Vlierberghe P, Palomero T, Khiabanian H, Van der Meulen J, Castillo M, Van Roy N, et al. (2010)
PHF6 mutations in T-cell acute lymphoblastic leukemia. Nat Genet 42: 338–342. doi: 10.1038/ng.542
PMID: 20228800

23. Pereira-Fernandes A, Dirinck E, Dirtu AC, Malarvannan G, Covaci A, Van Gaal L, et al. (2014) Expres-
sion of obesity markers and Persistent Organic Pollutants levels in adipose tissue of obese patients: re-
inforcing the obesogen hypothesis? PLoS One 9: e84816. doi: 10.1371/journal.pone.0084816 PMID:
24427296

24. Menter T, Dirnhofer S, Tzankov A (2015) LEF1: a highly specific marker for the diagnosis of chronic
lymphocytic B cell leukaemia/small lymphocytic B cell lymphoma. J Clin Pathol.

25. Berndt SI, Skibola CF, Joseph V, Camp NJ, Nieters A, Wang Z, et al. (2013) Genome-wide association
study identifies multiple risk loci for chronic lymphocytic leukemia. Nat Genet 45: 868–876. doi: 10.
1038/ng.2652 PMID: 23770605

26. Gutierrez A Jr., Tschumper RC, Wu X, Shanafelt TD, Eckel-Passow J, Huddleston PM, et al. (2010)
LEF-1 is a prosurvival factor in chronic lymphocytic leukemia and is expressed in the preleukemic state
of monoclonal B-cell lymphocytosis. Blood 116: 2975–2983. doi: 10.1182/blood-2010-02-269878
PMID: 20595513

27. Amador-Ortiz C, Goolsby CL, Peterson LC, Wolniak KL, McLaughlin JL, Gao J, et al. (2015) Flow cyto-
metric analysis of lymphoid enhancer-binding factor 1 in diagnosis of chronic lymphocytic leukemia/
small lymphocytic lymphoma. Am J Clin Pathol 143: 214–222. doi: 10.1309/AJCPT32JDFIGHFHJ
PMID: 25596247

28. Tandon B, Peterson L, Gao J, Nelson B, Ma S, Rosen S, et al. (2011) Nuclear overexpression of lym-
phoid-enhancer-binding factor 1 identifies chronic lymphocytic leukemia/small lymphocytic lymphoma
in small B-cell lymphomas. Mod Pathol 24: 1433–1443. doi: 10.1038/modpathol.2011.103 PMID:
21685909

29. Erdfelder F, Hertweck M, Filipovich A, Uhrmacher S, Kreuzer KA (2010) High lymphoid enhancer-bind-
ing factor-1 expression is associated with disease progression and poor prognosis in chronic lympho-
cytic leukemia. Hematol Rep 2: e3. doi: 10.4081/hr.2010.e3 PMID: 22184516

30. Fu Y, Zhu H, WuW, Xu J, Chen T, Xu B, et al. (2014) Clinical significance of lymphoid enhancer-binding
factor 1 expression in acute myeloid leukemia. Leuk Lymphoma 55: 371–377. doi: 10.3109/10428194.
2013.805759 PMID: 23713453

31. Liu J, Guo X, Ge Z, Zhang R, Xu JY, Li M, et al. (2014) [Mutation and expression of LEF1 in adult acute
lymphocytic leukemia and their clinical significance]. Zhongguo Shi Yan Xue Ye Xue Za Zhi 22: 1212–
1216. doi: 10.7534/j.issn.1009-2137.2014.05.004 PMID: 25338559

32. Pellagatti A, Marafioti T, Paterson JC, Malcovati L, Della Porta MG, Jadersten M, et al. (2009) Marked
downregulation of the granulopoiesis regulator LEF1 is associated with disease progression in the mye-
lodysplastic syndromes. Br J Haematol 146: 86–90. doi: 10.1111/j.1365-2141.2009.07720.x PMID:
19438482

33. Tsai BP, Jimenez J, Lim S, Fitzgerald KD, Zhang M, Chuah CT, et al. (2014) A novel Bcr-Abl-mTOR-
eIF4A axis regulates IRES-mediated translation of LEF-1. Open Biol 4: 140180. doi: 10.1098/rsob.
140180 PMID: 25392452

34. van Noort M, Clevers H (2002) TCF transcription factors, mediators of Wnt-signaling in development
and cancer. Dev Biol 244: 1–8. PMID: 11900454

LEF1High Expression and Novel Mutations in ALL

PLOSONE | DOI:10.1371/journal.pone.0125429 May 5, 2015 13 / 13

http://dx.doi.org/10.3324/haematol.2011.059030
http://www.ncbi.nlm.nih.gov/pubmed/22491738
http://dx.doi.org/10.1038/ng.542
http://www.ncbi.nlm.nih.gov/pubmed/20228800
http://dx.doi.org/10.1371/journal.pone.0084816
http://www.ncbi.nlm.nih.gov/pubmed/24427296
http://dx.doi.org/10.1038/ng.2652
http://dx.doi.org/10.1038/ng.2652
http://www.ncbi.nlm.nih.gov/pubmed/23770605
http://dx.doi.org/10.1182/blood-2010-02-269878
http://www.ncbi.nlm.nih.gov/pubmed/20595513
http://dx.doi.org/10.1309/AJCPT32JDFIGHFHJ
http://www.ncbi.nlm.nih.gov/pubmed/25596247
http://dx.doi.org/10.1038/modpathol.2011.103
http://www.ncbi.nlm.nih.gov/pubmed/21685909
http://dx.doi.org/10.4081/hr.2010.e3
http://www.ncbi.nlm.nih.gov/pubmed/22184516
http://dx.doi.org/10.3109/10428194.2013.805759
http://dx.doi.org/10.3109/10428194.2013.805759
http://www.ncbi.nlm.nih.gov/pubmed/23713453
http://dx.doi.org/10.7534/j.issn.1009-2137.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/25338559
http://dx.doi.org/10.1111/j.1365-2141.2009.07720.x
http://www.ncbi.nlm.nih.gov/pubmed/19438482
http://dx.doi.org/10.1098/rsob.140180
http://dx.doi.org/10.1098/rsob.140180
http://www.ncbi.nlm.nih.gov/pubmed/25392452
http://www.ncbi.nlm.nih.gov/pubmed/11900454

