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Asparaginase therapy is a key component of chemotherapy for patients with T-cell acute

lymphoblastic leukemia (T-ALL). Asparaginase depletes serum asparagine by deamination

into aspartic acid. Normal hematopoietic cells can survive due to asparagine synthetase

(ASNS) activity, whereas leukemia cells are supposed to undergo apoptosis due to silencing

of the ASNS gene. Because the ASNS gene has a typical CpG island in its promoter, its

methylation status in T-ALL cells may be associated with asparaginase sensitivity. Thus, we

investigated the significance of ASNS methylation status in asparaginase sensitivity of

T-ALL cell lines and prognosis of childhood T-ALL. Sequencing of bisulfite polymerase

chain reaction products using next-generation sequencing technology in 22 T-ALL cell lines

revealed a stepwise allele-specific methylation of the ASNS gene, in association with an

aberrant methylation of a 7q21 imprinted gene cluster. T-ALL cell lines with ASNS

hypermethylation status showed significantly higher in vitro l-asparaginase sensitivity in

association with insufficient asparaginase-induced upregulation of ASNS gene expression

and lower basal ASNS protein expression. A comprehensive analysis of diagnostic samples

from pediatric patients with T-ALL in Japanese cohorts (N 5 77) revealed that methylation

of the ASNS gene was associated with an aberrant methylation of the 7q21 imprinted gene

cluster. In pediatric T-ALL patients in Japanese cohorts (n 5 75), ASNS hypomethylation

status was significantly associated with poor therapeutic outcome, and all cases with poor

prognostic SPI1 fusion exclusively exhibited ASNS hypomethylation status. These

observations show that ASNS hypomethylation status is associated with asparaginase

resistance and is a poor prognostic biomarker in childhood T-ALL.
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patients with poor
prognostic SPI1
fusion exclusively
exhibited ASNS
hypomethylation
status.
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Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hema-
tologic malignancy of T-cell progenitors. In recent trials, the cure rates
of childhood T-ALL were �80% with intensified multiagent chemo-
therapy.1-3 Nevertheless, the prognosis of primary refractory or
relapsed cases remains unsatisfactory.4-8 In recent treatment
regimens for patients with T-ALL, the introduction of high-dose
asparaginase into consolidation therapy significantly improved prog-
nosis.9 In asparaginase therapy, serum asparagine is depleted by
deamination into aspartic acid.10,11 Normal hematopoietic cells can
survive by producing asparagine from aspartic acid, owing to inherent
asparagine synthetase (ASNS) activity. In contrast, ALL cells are
supposed to depend on an extracellular source of asparagine due to
silencing of the ASNS gene.12,13 As a result, asparaginase therapy
specifically induces cell death in ALL cells. Because the ASNS gene
has a typical CpG island in its promoter, the methylation status of the
ASNS gene in T-ALL cells may be associated with asparaginase
sensitivity.14,15 Indeed, a recent report on adult T-ALL revealed that
the methylation status of the ASNS gene was significantly associated
with therapeutic outcome; cases in the lower methylation tertile
reported significantly poorer prognoses than those in the middle and
higher tertiles.16 Although these observations in adult T-ALL strongly
suggest that ASNS gene methylation status may also be associated
with the prognosis of childhood T-ALL, it remains to be directly
confirmed.

We recently found that the ASNS gene was methylated in an allele-
specific manner in B-cell precursor ALL (BCP-ALL) cell lines and in
patient samples from childhood BCP-ALL.17 Allele-specific methyla-
tion is a hallmark of genomic imprinting, and theASNS gene is located
adjacent to the 7q21 imprinted gene clusters.18,19 Of note, in BCP-
ALL, the methylation status of theASNS gene was associated with an
aberrant methylation of the 7q21 imprinted gene cluster.17 These
previous observations of BCP-ALL suggested that the ASNS gene in
T-ALL cells may also be methylated in an allele-specific manner as a
result of aberrant imprinting of the 7q21 imprinted gene cluster, but it
remains to be elucidated. Moreover, ASNS methylation status in
childhood BCP-ALL was highly associated with cytogenetic abnor-
malities; highly methylated status was associated with favorable
karyotypes, whereas unmethylated status was associated with poor
prognostic karyotypes. In childhood T-ALL, the recently identified
SPI1 fusion (TCF7-SPI1 and STMN1-SPI1 fusions) is the first
cytogenetic abnormality associated with poor prognosis.20 Thus,
SPI1 fusion in childhood T-ALL may be associated with an
unmethylated status of the ASNS gene, which could result in a
poor response to asparaginase therapy.

In the present study, we sought to verify the significance of ASNS
methylation status in a panel of T-ALL cell lines and a series of
childhood T-ALL samples. We confirmed the allele-specific methyl-
ation of the ASNS gene in T-ALL cell lines. ASNS hypermethylation in
T-ALL cell lines and childhood T-ALL samples was significantly
correlated with hypermethylation in the 7q21 imprinted gene cluster.
Of note, ASNS methylation status in T-ALL cell lines was closely
associated with in vitro l-asparaginase sensitivity. Moreover, the
hypomethylation status of the ASNS gene was significantly associ-
ated with poor prognosis in childhood T-ALL. Finally, we confirmed
that SPI1 fusion was associated with ASNS hypomethylation status.

Materials and methods

Cell lines

Twenty-two human T-ALL cell lines were used in this study (supple-
mental Table 1). Most of the cell lines were provided in 2015 (A. T.
Look, Dana-Farber Cancer Institute, Boston, MA). L-MAT and L-KAW
were sequentially established at Tohoku University and were provided
in 2014 (M. Minegishi). KOPT-5 was established in our laboratory. In
six T-ALL cell lines (HSB2, RPMI-8402, CCRF-CEM, MOLT-16,
PF382, and L-KAW), STIL-TAL1 fusion was detected by whole
transcriptome sequencing after filtering SJ.out.tab data generated by
STAR software.21 All cell lines were maintained in RPMI 1640
medium supplemented with 10% to 20% fetal calf serum.

Methylation analysis by bisulfate sequencing

Sodium bisulfite modification was performed with an EZ DNA
Methylation Lightning kit (Zymo Research, Irvine, CA). Polymerase
chain reaction (PCR) primers17 were designed by using MethPrimer
(http://www.urogene.org/methprimer/). Amplification was performed
with FastStart Taq DNA Polymerase (Roche, Basel, Switzerland)
using 1 cycle of 95�C for 4 minutes, 40 cycles of 95�C for 30
seconds, 55�C for 30 seconds, and 72�C for 1 minute, with a final
cycle of 72�C for 7 minutes. Amplicon libraries were generated by
using an Ion Plus Fragment Library Kit (Thermo Fisher Scientific,
Waltham, MA) and Ion Xpress Barcode Adaptors Kit (Thermo Fisher
Scientific). Following Agencourt AMPure XP purification (Beckman
Coulter, Brea, CA), individual libraries were amplified. The libraries
were then processed with an Ion Chef System by using an Ion PG
Hi-Q Chef Kit (Thermo Fisher Scientific). Next-generation sequencing
(NGS) was performed by using an Ion PGM Hi-Q Sequencing Kit
(Thermo Fisher Scientific) and 850 flows on an Ion 318 Chip Kit v2
(Thermo Fisher Scientific). After sequencing, single processing and
base calling were performed with Torrent Suite 5.0.2 (Thermo Fisher
Scientific). Methylation analysis was performed by using a Methylation
Analysis Amplicon plug-in v1.3 (Thermo Fisher Scientific).

Cell viability assay

To determine the 50% inhibitory concentration (IC50) values of
l-asparaginase in T-ALL cell lines, an alamarBlue cell viability assay
(Bio-Rad Laboratories, Hercules, CA) was performed.22 Briefly, 1.5 to
4.0 3 104 cells/100 mL were plated into each well of a 96-well flat-
bottom plate, and assays were performed in triplicate in the absence
or presence of 7 different concentrations (from 0.01 IU/mL to 40 IU/
mL) of l-asparaginase. For seven T-ALL cell lines in which the IC50

value of l-asparaginase was ,0.01 IU/mL, additional assays were
performed at lower concentrations (5 different concentrations from
0.000016 IU/mL to 0.01 IU/mL) to determine the accurate IC50 value.
The cells were cultured for 66 hours, and then 20 mL/well of
alamarBlue was added into each well. After a 6-hour additional
incubation with alamarBlue, the absorbance at 570 nmwasmonitored
by a microplate spectrophotometer using 600 nm as a reference
wavelength. Cell viability was calculated by expressing the ratio of the
optical density of the treated wells to that of the untreated wells as a
percentage. The concentration of l-asparaginase required to reduce
the viability of the treated cells to 50% of the untreated cells was
calculated, and the median of the IC50 values measured by 3
independent assays was determined as the IC50 of l-asparaginase.
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Real-time reverse transcription–PCR analysis

Total RNA was extracted by using the TRIzol reagent (Invitrogen,
Carlsbad, CA). Reverse transcription (RT) was performed by using
random hexamer (Amersham Bioscience, Buckinghamshire, United
Kingdom) and Superscript II reverse transcriptase (Invitrogen), and the
samples were incubated with RNase (Invitrogen). To quantify the
gene expression levels of ASNS, PEG10, PDK4, DLX5, and TAC1,
real-time RT-PCR analyses were performed by using a TaqMan
probe kit (ASNS, Hs00370265_m1; PEG10, Hs00248288_s1;
PDK4, Hs01037712_m1; DLX5, Hs00193291_m1; and TAC1,
Hs00243225_m1; Applied Biosystems, Foster City, CA). As an
internal control, the ACTB (Hs01060665_g1; Applied Biosystems)
gene expression level was also quantified. Each gene expression level
was determined by using dilution series of MOLT-16 complementary
DNA as a standard curve, and the relative gene expression level was
evaluated by using P12/ICHIKAWA as a control cell line except for
PEG10. In the case of PEG10 gene expression level, MOLT-13 was
used for the standard curve and control cell line for the relative
expression.

Western blot analysis of ASNS

Cells were solubilized in NP40-lysis buffer. The cell lysates were
separated on a sodium dodecyl sulfate–polyacrylamide gel and
transferred to a nitrocellulose membrane. The membrane was
incubated with anti-ASNS (HPA029318, Atlas Antibodies, Stock-
holm, Sweden) and anti-ACTB (MBL, Nagoya, Japan) antibodies.
Subsequently, the membrane was incubated with horseradish
peroxidase–labeled anti-rabbit immunoglobulin G (Medical & Biolog-
ical Laboratories Co. LTD) and developed by using an enhanced
chemiluminescence detection kit (GE Healthcare, Little Chalfont,
United Kingdom). Band intensities of ASNS and ACTB on the film
were measured by using ImageJ (National Institutes of Health,
Bethesda, MD).

Analysis of patient samples

We analyzed clinical samples at diagnosis that were obtained from 77
pediatric patients with T-ALL (supplemental Table 2). These cases
included 2 large cohorts from the Tokyo Children’s Cancer Study
Group (TCCSG; n 5 57) and the Japan Association of Childhood
Leukemia Study Group (JACLS; n 5 20).20,23 Bone marrow,
peripheral blood, lymph node, or other infiltrated tissue samples
were collected from the patients after receiving written, informed
consent according to protocols approved by the Human Genome,
Gene Analysis Research Ethics Committee of the University of Tokyo,
and other participating institutes. To analyze the methylation status of
the ASNS CpG island in the samples, we used the database of a
previous comprehensive methylation analysis using the Infinium
MethylationEPIC BeadChip Kit (Illumina, San Diego, CA).23 Gene
expression level of 7q21 imprinted cluster genes including ASNS in

the samples was obtained from previous RNA-sequencing data.20

The normalized gene expression level was calculated from the read
counts by using DESeq2 software (R package, Bioconductor).

Statistical analysis

The Mann-Whitney U test, Spearman correlation test, Wilcoxon
signed-rank test, and x2 test were performed by using GraphPad
Prism 7.03 (GraphPad Software, La Jolla, CA). The log-rank test, Cox
proportional hazards model, and Spearman correlation test for
analysis of patient samples were performed by using R version
3.5.2 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Allele-specific methylation of the ASNS gene in T-ALL

cell lines

The human ASNS gene has a typical CpG island at the boundary of
the promoter and initial exons. To analyze the methylation status of this
region in 22 human T-ALL cell lines (supplemental Table 1), we
performed bisulfite PCR of a 228-bp region located at the boundary of
the promoter and exon 1a and investigated the methylation status of
23 CG dinucleotides using NGS technology, as we previously
reported.17 The methylation status in each of the 23CGdinucleotides
showed an almost similar pattern in each cell line (Figure 1A). Based
on the methylation status of the 23 CG dinucleotides, we categorized
22 cell lines into 3 groups (Figure 1B-C; supplemental Figure 1).
Fourteen cell lines were categorized into a weakly methylated group
(single large peak of unmethylated reads in histogram), 3 cell lines into
an intermediately methylated group (2 peaks of fully methylated and
unmethylated reads), and 5 cell lines into a highly methylated group
(single large peak of fully methylated reads).

We next investigated the methylation status of the CpG island of the
7q21 imprinted gene cluster in T-ALL cell lines. First, we investigated
the methylation status of PEG10, a typical paternally expressed
gene,24 DLX5, a maternally expressed gene,25,26 and TAC1, in three
T-ALL cell lines with different ASNSmethylation statuses (Figure 1D).
The methylation status of the ASNS gene in 3 cell lines exhibited an
almost similar pattern to those of the PEG10 and DLX5 genes. We
further investigated the methylation status of eight genes located
between PEG10 and ASNS in six T-ALL cell lines (Figure 1E). The
methylation status of the ASNS gene in the six T-ALL cell lines almost
correlated with that of the other genes located in the 7q21 imprinted
gene cluster. These observations show that the CpG island of the
ASNS gene in T-ALL cell lines is methylated basically in an allele-
specific manner as a result of aberrant imprinting of the 7q21
imprinted gene cluster.

Figure 1. Allele-specific methylation of ASNS gene in human T-ALL cell lines. (A) A heat map of methylation status of each CG nucleotide in the CpG island of the ASNS

gene in representative cell lines. (B) Mean percent methylation of the ASNS gene in 22 human T-ALL cell lines. (C) Typical histograms of ASNS gene methylation in weakly,

intermediately, and highly methylated cell lines. Horizontal axes indicate percentage methylation of each NGS read; vertical axes indicate the frequency of NGS reads. (D)

Methylation status of PEG10, DLX5, TAC1, and ASNS in 3 representative T-ALL cell lines with different ASNS methylation status. LOUCY is ASNS highly methylated cell line,

HPB-ALL is ASNS intermediately methylated cell line, and JURKAT is ASNS weakly methylated cell line. The top panel is a schematic representation of gene configuration. The

horizontal axes indicate percent methylation of each NGS read, and the vertical axes indicate frequency of reads. (E) Methylation status of eight genes at the imprinted gene

cluster of 7q21 in six T-ALL cell lines. ALL-SIL and LOUCY are ASNS highly methylated cell lines, KOPT-5 and HPB-ALL are ASNS intermediately methylated cell lines, and

CCRF-CEM and JURKAT are ASNS weakly methylated cell lines. The top panel is a schematic representation of gene configuration. The bottom panel is a heat map of the mean

percent methylation levels of each gene in each cell line.
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Figure 2. Association of ASNS methylation with l-asparaginase sensitivity in T-ALL cell lines. (A) Dose–response curves of l-asparaginase sensitivity in 22 T-ALL cell
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Association of ASNS methylation with asparaginase sensitivity in T-ALL cell lines. In the left panel, the horizontal axis indicates the percent methylation of the ASNS gene and the

vertical axis indicates the log IC50 value of asparaginase. The correlation coefficient and P value in the Spearman correlation test are shown. In the right panel, the log IC50 value of
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Association ofASNSmethylation with l-asparaginase

sensitivity in T-ALL cell lines

We analyzed in vitro l-asparaginase sensitivity of 22 human T-ALL cell
lines using the alamarBlue cell viability assay (Figure 2A). In
asparaginase therapy, the target trough serum concentration is
reportedly�0.1 IU/mL.27,28 Of clinical importance, the significance of
ASNS methylation status in in vitro asparaginase sensitivity of T-ALL

cell lines was the most remarkable at concentrations under the
targeted trough level (Figure 2B). At 3 lower concentrations (0.0098,
0.039, and 0.156 IU/mL) of the analysis, highly methylated cell lines
were significantly more sensitive and tended to be more sensitive than
weakly methylated cell lines and intermediately methylated cell lines,
respectively. The log IC50 value of l-asparaginase in each cell line
exhibited a significant negative correlation with the ASNSmethylation
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Figure 4. ASNS methylation status in pediatric patients with T-ALL. (A) Correlation between methylation level of ASNS and that of 7 genes located in the 7q21 imprinted
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methylation of ASNS, and the horizontal axes indicate mean percent methylation of each gene. The correlation coefficients and P values in the Spearman correlation test are

indicated. (B) Association of ASNS methylation status with ASNS gene expression in 77 childhood T-ALL samples of the TCCSG and JACLS cohorts. Correlation coefficient and

P value in the Spearman correlation test are shown.

Figure 3. (continued) of ASNS protein expression with asparaginase sensitivity in T-ALL cell lines. The vertical axis indicates the log IC50 value of l-asparaginase, and the

horizontal axis indicates ASNS protein expression level in each cell line as relative value to that in the control cell line (JURKAT). Panels B to E: red, yellow, and blue circles

represent ASNS highly, intermediately, and weakly methylated cell lines, respectively. Correlation coefficients and P values in the Spearman correlation test are shown.
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level (R2 5 0.46; P5 .0005) (Figure 2C). Highly methylated cell lines
(median IC50, 0.00019 IU/mL) were significantly more sensitive than
intermediately methylated cell lines (median IC50, 0.17 IU/mL) and
weakly methylated cell lines (median IC50, 0.25 IU/mL). These
observations show thatASNSmethylation status is closely associated
with in vitro l-asparaginase sensitivity in T-ALL cell lines, particularly at
therapeutic concentrations.

Association of ASNS methylation with ASNS gene

and protein expression in T-ALL cell lines

Previous reports showed that ASNS gene expression in ALL cell lines
is upregulated in response to asparagine depletion by l-asparaginase
treatment.29,30 We therefore investigated the association of ASNS
methylation status with ASNS gene expression level in 22 T-ALL cell
lines cultured in the absence or presence of 1.0 IU/mL of
l-asparaginase for 12 hours. ASNS gene expression level was
significantly upregulated in the presence of l-asparaginase in all but 2
cell lines (supplemental Table 1). By l-asparaginase treatment, 8.1-fold
(median) (P5 .0001 in the Wilcoxon signed-rank test), 5.4-fold (P5

.25), and 2.6-fold (P 5 .063) inductions of ASNS gene expression
level were observed in 14 weakly methylated cell lines, 3 intermedi-
ately methylated cell lines, and 5 highly methylated cell line,
respectively (supplemental Table 1; supplemental Figure 2). As a
whole, the mean ASNS gene expression level was significantly

upregulated in 14 weakly methylated cell lines (P 5 .0001 in the
Wilcoxon signed-rank test) (Figure 3A) but not significantly upregu-
lated in 3 intermediately methylated cell lines (P 5 .25) or in 5 highly
methylated cell lines (P5 .063). Basal ASNS gene expression levels
in T-ALL cell lines were not correlated with ASNS methylation levels
(R2 5 0.04; P 5 .38) (Figure 3B), whereas asparaginase-induced
ASNS gene expression levels were significantly correlated with
ASNS methylation levels (R2 5 0.31; P 5 .0072). Highly methylated
cell lines exhibited significantly lower asparaginase-induced ASNS
gene expression levels than intermediately and weakly methylated cell
lines (P 5 .011) (supplemental Figure 3).

We next investigated an association of ASNS gene expression level
with l-asparaginase sensitivity (Figure 3C). Basal ASNS gene expres-
sion levels didnot showasignificant correlationwith the log IC50 values
of l-asparaginase (R2 5 0.13; P 5 .097), whereas asparaginase-
induced ASNS gene expression levels displayed a significant positive
correlation (R250.38;P5 .0024).Wealso analyzedgeneexpression
levels of other representative 7q21 cluster genes (PEG10, PDK4,
DLX5, and TAC1) in each cell line cultured in the absence or presence
of l-asparaginase (1.0 IU/mL) for 12 hours by real-time RT-PCR.
Diverse level ofPEG10geneexpressionwasobserved ineachcell line,
whereas gene expression of PDK4, DLX5, and TAC1 was undetect-
able in themajority of cell lines. UnlikeASNS gene expression,PEG10
gene expression level was unchanged in response to l-asparaginase
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treatment (supplemental Figure 4A). Moreover, neither basal (supple-
mental Figure 4B, left) nor l-asparaginase–treated (supplemental
Figure 4B, right)PEG10 gene expression level was correlatedwith the
log IC50 value of l-asparaginase.

We then semi-quantified basal ASNS protein expression levels in
T-ALL cell lines by western blot, using ACTB protein expression as an
internal control (supplemental Figure 5). In contrast to basal ASNS
gene expression levels, basal ASNS protein expression levels
exhibited a significant negative correlation with ASNS methylation
levels (R2 5 0.59; P , .0001) (Figure 3D). Highly methylated cell
lines exhibited significantly lower basal ASNS protein expression
levels than intermediately and weakly methylated cell lines (P ,

.0001) (supplemental Figure 6). Basal ASNSprotein expression levels
in weakly methylated cell lines tended to be higher than those in

intermediately methylated cell lines (P 5 .16). Of note, basal ASNS
protein expression levels displayed a significant positive correlation
with the log IC50 values of l-asparaginase (R2 5 0.52; P 5 .0002)
(Figure 3E). We also investigated changes in ASNS protein expres-
sion level after l-asparaginase-treatment in 5 representative T-ALL cell
lines with different ASNS methylation status (supplemental Figure 7).
In response to l-asparaginase treatment, ASNS protein expression
was upregulated in ASNS weakly (JURKAT and PEER) and
intermediately (KOPT-5) methylated cell lines, while almost undetect-
able in highly methylated cell lines (DND-41 and LOUCY) even
after l-asparaginase treatment. These observations indicate that
higher ASNS methylation in T-ALL cell lines is associated with
higher l-asparaginase sensitivity, probably due to insufficient induc-
tion of ASNS gene expression and lower basal ASNS protein
expression.
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ASNS methylation status in pediatric T-ALL

Wenext investigatedASNSmethylation status in clinical samples from
childhood T-ALL patients. We used the database of a previous
comprehensive methylation analysis of 77 diagnostic samples from
Japanese patients (57 samples in the TCCSG cohort and 20 samples
in the JACLScohort) (supplemental Table2).23Weevaluated themean
percentmethylationof sixCpGsites (supplemental Figure8) located in
the exact region that was analyzed in T-ALL cell lines by using bisulfite
PCR. Twenty (26%) samples showed highly (methylation .66.7%)
methylated status, whereas 15 (19%) samples and 42 (55%) samples
showed intermediately (33.3% to 66.7%) and weakly (,33.3%)
methylated status, respectively. Next, we investigated the correlation of
methylation status between the ASNS gene and each of 7 genes
located between PEG10 and ASNS in the 7q21 imprinted gene
cluster. Of note, the methylation level of ASNS showed a significant
positive correlation with those of the 7 genes except forPON2 (Figure
4A). These observations of childhood T-ALL samples show that the
ASNS gene ismethylated in associationwith aberrant imprinting of the
7q21 imprinted gene cluster. We further evaluated an association of
ASNSmethylation status withASNS gene expression level. However,
ASNS gene expression level was not significantly correlated with
ASNSmethylation level (R2 5 0.024; P5 .17) (Figure 4B).

Clinical significance of ASNS methylation status in

childhood T-ALL

We examined an association of ASNS methylation status with
therapeutic outcome in childhood T-ALL. Among 75 Japanese
patients in whom information was provided on the outcome, 25
(33%) patients experienced induction failure or disease relapse. A
highly methylated status of the ASNS gene was significantly more
common in nonrefractory/relapsed cases (18 of 50 cases [36%]),
whereas intermediately or weakly methylated status was more
common in refractory/relapsed cases (23 of 25 cases [92%]) (P 5

.0001) (Figure 5A). In a log-rank test, the patients with weakly
methylated status of the ASNS gene had significantly shorter event-
free survival (EFS) and overall survival (OS) than patients with
intermediately and highly methylated status (P5 .00012 and .00016,
respectively) (Figure 5B-C). We also investigated the association
between gene expression level of the other 7q21 imprinted cluster
genes and therapeutic outcome (supplemental Figure 9). Among 7
genes tested, gene expression levels of PEG10 and PDK4 were
significantly higher in the refractory/relapsed cases than in the
nonrefractory/relapsed cases (P 5 .019 and .042).

We then investigated the significance of genetic alternations inASNS
methylation status.We focused on the significance ofSPI1 fusion, the
cytogenetic abnormality associated with extremely poor prognosis.20

Among 77 Japanese cases, five cases had TCF7-SPI1 fusion and
two cases had STMN1-SPI1 fusion. All 7 cases with SPI1 fusion
relapsed during the follow-up periods. The EFS and OS of the
patients with SPI1 fusion were significantly shorter than those of
the patients with other cytogenetic abnormalities (P 5 .0033 and
.00038, respectively) (supplemental Figure 10). Of note, SPI1
fusion–positive cases exclusively showed weakly methylated status
of the ASNS gene (Figure 6A). The cases with SPI1 fusion showed
significantly higher ASNS gene expression levels than the cases
without it (P 5 .0005) (Figure 6B). Furthermore, most of the patients
with TAL1 gene alternation (18 of 21 cases [86%]) also reported
ASNS hypomethylation status. Although statistically insignificant, EFS

and OS in the patients with TAL1 gene alternation tended to be poor.
In contrast to the cases with SPI1 fusion or TAL1 gene alternation, 4
of 5 cases with PICALM-MLLT10 fusion reported highly methylated
status of theASNS gene. Neither the presence nor the absence of the
NOTCH1/FBXW7 mutation was associated with ASNS methylation
status (Figure 6C).

Taking into account that the prognosis of SPI1 fusion–positive cases
was extremely poor,20 we next evaluated the association of ASNS
methylation status with therapeutic outcome exclusively in SPI1
fusion–negative cases (n5 68) (supplemental Figure 11). Even in the
SPI1 fusion–negative cases, a weakly methylated status of the ASNS
gene was significantly associated with shorter EFS and OS (P 5

.0011 and .0024, respectively). Finally, a multivariate analysis was
performed by using the Cox proportional hazards model (supplemen-
tal Table 3). Of note, a weakly methylated status of the ASNS gene
exhibited a significantly higher impact on the hazard ratio of poor
therapeutic outcome compared with the presence of the SPI1 fusion.
These observations show that ASNS hypomethylation is an indepen-
dent poor prognostic factor in childhood T-ALL and is at least one
background factor for poor prognosis in SPI1 fusion–positive T-ALL.

Discussion

ASNS catalyzes the biosynthesis of asparagine from aspartic acid.31

In the leukemia-specific cytotoxicities of asparaginase therapy, the
ASNS gene is supposed to be silenced.14,15 Consistent with this
hypothesis, the present analysis of 22 T-ALL cell lines showed allele-
specificmethylation of theASNS gene. Allele-specificmethylation is a
hallmark of genomic imprinting. However, the ASNS gene itself is not
a typical imprinted gene, as we previously confirmed that it was not
methylated in uniparental origin tissues.17 The ASNS gene is located
adjacent to the 7q21 imprinted gene cluster. Of note, we confirmed
that the methylation status of the ASNS gene was significantly
correlated with that of the genes in the 7q21 imprinted gene cluster,
both in the T-ALL cell lines and in the childhood T-ALL samples. These
observations suggest that the ASNS gene of T-ALL cells is
methylated in an allele-specific manner as a result of aberrant
methylation of the imprinted gene cluster at 7q21.

The ASNS methylation status of T-ALL cell lines was clearly
associated with in vitro asparaginase sensitivity. Consistent with our
findings in cell lines, a recent report using primary adult T-ALL samples
from patient-derived xenografts in immunodeficient mice revealed that
4 highly methylated samples were more sensitive to l-asparaginase
in vitro than 4 unmethylated samples.16 In the present study, in all 5 of
the highly methylated T-ALL cell lines, the IC50 value of l-asparaginase
was ,0.01 IU/mL. In contrast, in intermediately and weakly methyl-
ated T-ALL cell lines, the median IC50 values of l-asparaginase were
0.17 IU/mL and 0.25 IU/mL, respectively. In asparaginase therapy for
patients with ALL, the target trough serum concentration is �0.1 IU/
mL.27,28 Thus, our observations of T-ALL cell lines indicate that
therapeutic concentrations of asparaginase are sufficiently effective in
T-ALL cells with a highly methylated status of the ASNS gene.

For ASNS highly methylated T-ALL cell lines, our NGS analysis of
bisulfate PCR products showed that both alleles of the ASNS gene
were completely methylated. For ASNS highly methylated T-ALL cell
lines, we also confirmed significantly lower asparaginase-induced
upregulation of ASNS gene expression and basal ASNS protein
expression levels. Previous study in BCP-ALL cell lines found that the
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ASNS gene hypermethylation is associated with a decreased ASNS
enzymatic activity,32 suggesting that higher asparaginase sensitivity in
ASNS highly methylated T-ALL cell lines could be caused by a
decreased ASNS enzymatic activity as a result of the ASNS gene
silencing. Two previous observations support this notion. One was
that virous vector-mediated transduction of the ASNS complementary
DNA into MOLT-4, an ASNS-unmethylated T-ALL cell line in our
analysis, induced further asparaginase resistance.33 The other was
that small interfering RNA–mediated ASNS knockdown in CCRF-
CEM, an ASNS-unmethylated T-ALL cell line in our analysis,
intensified asparaginase sensitivity.16 Considering these previous
findings together with our observations in a series of T-ALL cell lines,
bi-allelic methylation of the ASNS gene is directly associated with
higher asparaginase sensitivity in T-ALL.

In the analysis of the childhood T-ALL cohort, the prognosis for ASNS
weakly methylated cases was significantly poorer than that for
intermediately and highly methylated cases. A similar result was
recently reported in a study of adult cases of T-ALL.16 These
observations in both childhood and adult T-ALL indicate the
prognostic significance of ASNS methylation status. However, there
were some discrepancies between prognoses in clinical settings and
in vitro asparaginase sensitivity in T-ALL cell lines, as follows. In the
therapeutic outcome in T-ALL cases, the prognoses of ASNS weakly
methylated cases were significantly poorer than those of intermedi-
ately methylated cases and those of highly methylated cases. In the
analyses of in vitro asparaginase sensitivity of T-ALL cell lines, no
significant difference was observed between ASNS weakly methyl-
ated cell lines and ASNS intermediately methylated cell lines. In this
context, it should be noted that, in our previous analyses using 84
BCP-ALL cell lines,17 the intermediately methylated cell lines were
significantly more sensitive to l-asparaginase at therapeutic concen-
trations than in the weakly methylated cell lines. In the present study of
T-ALL cell lines, asparaginase-induced upregulation of the ASNS
gene expression was more significant in the ASNSweakly methylated
cell lines than the intermediately methylated cell lines. Moreover, the
basal ASNS protein expression level tended to be higher in theASNS
weakly methylated cell lines than in the intermediately methylated cell
lines. Thus, although no significant difference was observed in in vitro
asparaginase sensitivity between ASNSweakly methylated T-ALL cell
lines and ASNS intermediately methylated cell lines (probably due to
the limited number of T-ALL cell lines), these collateral observations in
cell line analyses seem to be consistent with clinical findings that the
prognoses for ASNS weakly methylated cases were significantly
poorer than those for intermediately methylated cases.

Finally, we investigated the association of cytogenetic abnormalities
with ASNSmethylation status in childhood T-ALL.We focused on the
significance of SPI1 fusion, as it is an extremely poor prognostic
cytogenetic alternation.20 Of note, all 7 cases with SPI1 fusion
exclusively showed ASNS hypomethylation status. In contrast, 4 of 5
cases with PICALM-MLLT10 showed ASNS hypermethylation

status. These observations of ASNS methylation status are consis-
tent, at least in part, with recent observations that DNA methylation
profiles are correlated with specific oncogenic subtypes in child-
hood23 and adult34 T-ALL. In multivariate analysis, ASNS hypome-
thylation is an independent poor prognostic factor in childhood T-ALL.
Thus, asparaginase resistance owing toASNS hypomethylation could
be at least one background factor for poor prognosis in the SPI1
fusion–positive T-ALL cases.

In conclusion, allele-specific methylation of the ASNS gene due to
aberrant imprinting of the 7q21 imprinted gene cluster is associated
with asparaginase sensitivity and therapeutic outcome in childhood
T-ALL. ASNS methylation status may be a clinically useful biomarker
to predict sensitivity to asparaginase therapy in patients with T-ALL.
Considering the severe complications of asparaginase therapy,
particularly in adolescents and adults,12,27 stratifying prospective
asparaginase therapy according to ASNS methylation status may
be beneficial for safer and more effective treatment of patients with
T-ALL.
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