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The prognostic significance of CDKN2A, CDKN2B and
MTAP inactivation in B-lineage acute lymphoblastic
leukemia of childhood. Results of the EORTC studies
58881 and 58951

Deletions of the 9p21 chromosomal
region are frequent in childhood acute
lymphoblastic leukemia (ALL) and

encompass CDKN2A (MTS1), a gene encoding
both p16INK4a and p14ARF. p16INK4a and p14ARF tran-
scripts have different promoters and first
exons (exons 1α and exon 1β respectively) but
share exons 2 and 3 in alternative reading
frames.1 They encode two proteins which are
potent regulators of the cell cycle. p16INK4a, an
inhibitor of cyclin-dependent kinase, inhibits
Rb phosphorylation, whereas p14ARF activates
TP53 via interaction with the MDM2 protein.1

Hypermethylation of promoter has been
shown to be an alternate way of inactivation
for these proteins in a variety of malignancies,
including ALL.2,3 The incidence of 9p21 alter-
ations suggests that inactivation of p16INK4a and
p14ARF is relevant not only in T-ALL leukemo-
genesis but also in B-precursor ALL.4,5 Despite
their high frequency, the prognostic impor-
tance of 9p21 alterations is still controversial in
ALL and has been reported to be either unfa-
vorable or similar to that of other patients.5-18

However, most of the series published so far
are small, retrospective, and use techniques
that did not enable small and/or mono-allelic
deletions to be detected. Moreover, T and B-
lineage ALL were usually mixed for analysis.
This latter point may be of particular impor-
tance since 9p21 deletions occur at a very high
frequency in T-ALL, which account for
approximately 15% of childhood ALL but are

often associated with unfavorable features and
a shorter event-free survival. 

An important level of complexity for prog-
nostic assessment comes from the heterogene-
ity of 9p21 alterations. Mono- and/or bi-allelic
deletions of various size are found, which can
be associated in some patients with gene inac-
tivation by hypermethylation of gene promot-
ers. Using a gene dosage assay, we previously
demonstrated that while CDKN2A is always
involved in 9p21 deletions, the extent of the
deletions is heterogeneous, leading to variable
co-inactivation of contiguous genes such as
CDKN2B (MTS2) encoding p16INK4b and MTAP
encoding methyl-thioadenosine phosphory-
lase.4 The co-deletion of these genes might
influence chemosensitivity. In particular,
MTAP is involved in purine and methionine
salvage metabolism. In vitro experiments have
shown that its loss makes cancer cells more
sensitive to drugs that interfere with purine
metabolism such as methotrexate, which is
used in all treatment protocols for childhood
ALL.19-22 

We tried to refine the prognosis evaluation
of childhood B-lineage ALL with 9p21 alter-
ations and to determine whether co-inactiva-
tion of contiguous genes influence this prog-
nosis. We were particularly interested in inves-
tigating the possible positive influence of
MTAP co-inactivation on the prognosis of ALL
with CDKN2 inactivation. For this purpose,
we performed loss of heterozygosity screen-
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Background and Objectives. Deletion and methylation of the 9p21 chromosomal region
are frequent in childhood acute lymphoblastic leukemia (ALL) but the prognostic signif-
icance is controversial. They inactivate CDKN2A, a gene encoding both p16INK4a and
p14ARF and, in some cases, contiguous genes that may influence chemosensitivity,
such as CDKN2B encoding p15INK4b or MTAP encoding methylthioadenosine phos-
phorylase. 

Design and Methods. CDKN2A inactivation by deletion or methylation was studied
using gene dosage and methyl-specific polymerase chain reaction. 

Results. Bi-allelic and mono-allelic inactivation were found in, respectively, 38 (17%)
and 31 (14%) of 227 children with B-lineage ALL enrolled in EORTC trials. Although
CDKN2A inactivation was more often associated with poor prognostic features in B-lin-
eage ALL, it failed to influence the outcome of the patients significantly. Bi-allelic
CDKN2B and MTAP co-inactivation were found in 36 (16%) and 24 (11%) of patients,
respectively, and did not influence the 6-year event-free survival rate either, even when
the analysis was restricted to CDKN2A inactivated ALL. 

Interpretion and Conclusions. In this study of 227 cases of childhood B-lineage ALL,
inactivation of CDKN2A, CDKN2B and MTAP did not influences the patients’ outcome.
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ing and gene dosage in order to reliably discriminate
between mono-and bi-allelic deletions and to delineate
precisely the extent of the deletion. We also determined
DNA methylation patterns in the CpG island of CDKN2A
and CDKN2B by methylation-specific polymerase chain
reaction (PCR).

Design and Methods

Patients
We studied 227 children (aged 2 months to 17 years) con-

secutively diagnosed as having a B-lineage ALL. All
patients were treated according to the protocols of the
EORTC 58881 (n=200) or 58951 (n=27) between August
1989 and June 2001.23 In the EORTC 58881 study, patients
were randomized to receive either E. coli asparaginase or
erwiniase and erwiniase was associated with a poorer out-
come. At the end of the 58881 trial and in the 58951 trial,
only E. coli asparaginase was administered. The majority of
patients included in our studies (82%) received E. coli
asparaginase. Informed consent was provided according to
the Declaration of Helsinki. The main characteristics of the
patients studied are reported in Table 1. The median fol-
low-up was 6 years. The overall 6-year event-free survival
rate was 74% and the 6-year overall survival rate was 85%. 

Bone marrow was collected for molecular analyses
before induction therapy and at the time of complete
remission. The diagnosis of B-lineage ALL was based on
the expression of B-cell-associated antigens (CD19+,
CD22±, CD10±, ICµ±, sIG±). Karyotypes, determined sys-
tematically at diagnosis, were centrally reviewed. The
presence of a TEL-AML1 fusion was systematically
screened for by reverse transcriptase PCR or fluorescence in
situ hybridization analysis.

9p21 deletions: detection and delineation
9p21 deletions were studied using both loss of heterozy-

gosity screening, and a gene dosage assay based on real-
time PCR. Loss of heterozygosity screening was performed
as previously described by PCR amplification of a panel of
microsatellites spanning the 9p21 chromosomal region
(from centromere to telomere: D9S265; D9S171, D9S958,
D9S1604, D9S1748, D9S942, INFA).4,24. For each patient,
allelic patterns obtained for the tumor sample were com-
pared with those obtained during complete remission.
Allelic losses were scored as previously described.4 The
gene dosage assay, its validation and comparison with loss
of heterozygosity data have been described elsewhere.4

Five targets were amplified on 9p21: CDKN2B-exon 1 (e1),
CDKN2A-e1β, e1α, and e3, and MTAP-e8. Two sequences
were used as reference: 59KB (8q11), and AK1 (9q23). Real-
time PCR was performed using the SYBR Green I dye and
an ABI PRISM 7700 Sequence detector system (Applied
Biosystems, Foster City, CA, USA). The ratio of the value
obtained for each target to the reference sequence value
was calculated and adjusted to the percentage of blasts as
described before.4 This ratio was close to 1 if no deletion
was present, and to 0.5 or 0 in the case of mono- or bi-allel-
ic deletion, respectively.

Methylation-specific PCR
Methylation-specific PCR was performed in patients

displaying mono-allelic deletions. After bisulphite modifi-
cation of the DNA according to Herman et al.,25 DNA (1
µg) was treated with bisulphite, purified using Wizard
DNA clean-up purification resin (Promega, Madison, WI,
USA) and eluted into 50 µL of water. DNA methylation
patterns of CDKN2A-e1α, CDKN2A-e1β, and CDKN2B

Table 1. Characteristics of patients according to CDKN2A status.

Total CDKN2A subgroup 
population 

studied Bi-allelic Mono-allelic Normal
deletion deletion

Variable/Total (%) 227 (100%) 38 (100%) 31 (100%) 158 (100%)

Sex
Male 129 (57%) 20 (53%) 17 (55%) 92 (58%)
Female 98 (43%) 18 (47%) 14 (45%) 66 (42%)

Age at diagnosis (yrs.)
<1 7 (3%) 0 (0%) 1 (3%) 6 (4%)
1-9 190 (84%) 32 (84%) 24 (77%) 134 (85%)
≥10 30 (13%) 6 (16%) 6 (19%) 18 (11%)
Median 4 4 4 3
Range 0–16 1–15 0–16 0–16

WBC (×109/L)
< 50 178 (78%) 26 (68%) 20 (65%) 132 (84%)
≥50 49 (22%) 12 (32%) 11 (35%) 26 (16%)
Median 13.4 32.7 31.6 11.5
Range 0.9–582 1.1–582 2.2–369 0.9–495

NCI risk group
Standard 153 (67%) 22 (58%) 16 (52%) 115 (73%)
High 74 (32%) 16 (42%) 15 (48%) 43 (27%)

Immunophenotype¶

B-lineage 63 (28%) 9 (24%) 8 (26%) 46 (29%)
Pre-preB 14 [ 8%] 1 [ 3%] 2 [ 9%] 11 [10%]
cALL (CD10+) 106 [65%] 21 [72%] 16 [70%] 69 [62%]
PreB (ICµ+) 41 [25%] 7 [24%] 5 [22%] 29 [26%]
Mature B (sIG+) 3 [ 2%] 0 [ 0%] 0 [ 0%] 3 [ 3%]

Cytogenetics 
ND-failure 35 (15%) 8 (21%) 9 (29%) 18 (11%)
Hyperdiploidy >50 chr. 62 [32%] 2 [ 7%] 6 [27%] 54 [38%]
t(9;22) 4 [ 2%] 1 [ 3%] 2 [ 9%] 1 [<1%]
MLL/11q23+ 3 [ 2%] 0 [ 0%] 2 [ 9%] 1 [<1%]

t(1;19) 10 [ 5%] 1 [ 3%] 1 [ 5%] 8 [ 6%]
Normal or 113 [59%] 26 [87%] 11 [50%] 74 [53%]
other abnormalities

t(12;21) 
ND-failure 45 (20%) 4 (11%) 7 (23%) 34 (22%)
No 139 [76%] 24 [70%] 19 [79%] 96 [77%]
Yes 43 [24%] 10 [30%] 5 [21%] 28 [23%]

CDKN2B
Bi-allelic deletion 27 (12%) 25 (66%) 2 (6%) 0 (0%)
Mono-allelic deletion 9 (4%) 3 (8%) 6 (19%) 0 (0%)
and promoter methylation
Mono-allelic deletion 15 (7%) 3 (8%) 12 (39%) 0 (0%)
Normal 176 (78%) 7 (18%) 11 (36%) 158 (100%)

MTAP
Bi-allelic deletion 24 (11%) 24 (63%) 0 (0%) 0 (0%)
Mono-allelic deletion 28 (12%) 10 (26%) 18 (58%) 0 (0%)
Normal 175 (77%) 4 (11%) 13 (42%) 158 (100%)

¶Percentages between [ ] were calculated taking into account only documented
cases. cALL: common ALL; ICµ: intra-cytoplasmic µ chains; sIG: surface
immunoglobulins; ND: not done. 
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promoters were then determined using two sets of
primers for each gene, one amplifying methylated DNA
and one amplifying unmethylated DNA.3,25 Blood from a
healthy donor was used as an unmethylated control, the
Raji cell line as a methylated control for CDKN2B and
CDKN2A-e1α, and the KG-1 cell line as methylated con-
trol for CDKN2A-eβ.

Statistical analysis
Event-free survival was calculated from the date of com-

plete remission to the date of first relapse or death. For
patients who failed to reach complete remission by the
end of induction-consolidation, the failure was considered
as an event at time 0. All patients alive and in first com-
plete remission were censored at their last follow-up.
Actuarial event-free survival curves were calculated
according to the Kaplan-Meier technique.26 The standard
errors (SE) of the estimates were computed using the
Greenwood formula.26 The two-tailed log-rank test was
used to compare the differences between event-free sur-
vival curves.26 All analyses followed the intent-to-treat
principle. The relationship between two categorical vari-
ables was statistically tested using the χ2 test.

Results

Leukemia cells from 227 children with a B-lineage ALL
were studied. CDKN2A bi-allelic and mono-allelic deletion
was found in 38 (17%) and 31 (14%) patients respectively.
These data are in keeping with a recent report on B-line-
age ALL5. Promoter methylation of either CDKN2A-
elα/p16INK4A or e1β/p14ARF was observed in only 4/31 (6%)
of ALL with CDKN2A mono-allelic deletion. Methylation
of both p16INK4A and p14ARF promoters was not observed.
Since point mutations are very unfrequent in ALL,24 we can
assume that virtually all patients with CDKN2A inactiva-
tion were detected using our approach. Patients with a
CDKN2A inactivation (bi- or mono-allelic) did not differ
from other (normal) patients regarding age, sex, immuno-
phenotype and response to prephase treatment, but they
had a higher incidence of WBC count >50×109/L at diagno-
sis (p=0.02) and, therefore, belonged more often (p=0.03)
to the NCI high-risk group (Table 1). The incidence of
hyperdiploidy with more than 50 chromosomes was sig-
nificantly (p=0.002) lower in patients with CDKN2A inac-
tivation, bi-allelic (7%) or mono-allelic (27%), than in nor-
mal patients (38%) (Table 1). The presence of a TEL-AML1
fusion was quite well balanced in the three CDKN2A inac-
tivation groups. The lack of exclusion between both
abnormalities suggests that TEL-AML1 and CDKN2A
inactivation can functionally co-operate. This is consistent
with a study showing that, compared to TEL-AML1 mice,
TEL-AML1/CDKN2A inactivated mice develop leukemia
more rapidly and at a higher incidence.27 It has been shown
that p14ARF is a transcriptional target of AML1 and that
TEL-AML1 is a dominant inhibitor of AML1.28,29 In this
respect, p14ARF expression should be repressed in TEL-
AML1-positive ALL. The simultaneous presence of 9p21
deletion and t(12;21) in a subset of ALL suggests that p14ARF

inhibition is not sufficient for leukemogenesis and that
p16INK4A inhibition also plays an important role. Another

possibility is that that TEL-AML1 is less potent than
AML1-ETO in repressing AML1-mediated transcription of
p14ARF.

Although some studies reported an absence of 9p21
deletion in ALL with a t(1;19) and/or expression of the
E2A-PBX1 associated fusion transcript, CDKN2A deletion
was present in two of our ten patients with a t(1;19) (Table
1). This apparent discrepancy may be due to the small
number of patients in each series and to the fact that only
homozygous deletions were investigated in previous stud-
ies.30,31 Since p14ARF is down-regulated by E2A-PBX1,32 the
finding of CDKN2A deletions in these patients suggests
here again that the additional loss of p16INK4 provides a
selective advantage to leukemia cells. These observations
reinforce the assumption that p14ARF and p16INK4A are non
redundant tumor suppressor genes in ALL. This may be
one of the reasons why deletional events, which result in
the concomitant inactivation of both genes, are preferen-
tially found in this disease. 

At the time of analysis, the median follow-up was 6
years (range 2-12.5 years), a total of 55 events had been
reported, and the overall 6-year event-free survival rate
was 74%. The 6-year event-free survival rates (SE%) of
patients with bi-allelic, mono-allelic and no CDKN2A
inactivation were 68% (6%), 80% (5%), and 75% (3%)
respectively, and did not differ significantly (Figure 1).
Moreover CDKN2A status had no impact on the type of
relapse or on the overall survival (Table 2). 

When present, CDKN2B and MTAP deletions were
always associated with a CDKN2A deletion (Table 1). A
significant proportion (9/24, 38%) of cases with CDKN2B
mono-allelic deletion showed CDKN2B promoter methy-
lation, leading to a total inactivation of the gene in 36
(16%) patients. The 6-year event-free survival rate (SE%)
of these patients was similar to that of normal patients:
71% (6%) versus 75% (3%) (Figure 1). MTAP bi-allelic
inactivation was found in 24 (11%) of patients. A role as a
tumor suppressor gene has been proposed for MTAP in
some types of cancer.33,34 The absence of isolated MTAP
deletion argues against such a role in ALL. It has also been
suggested that MTAP inactivation in tumor cells could be
important for treatment sensitivity because the action of
drugs inhibiting de novo purine synthesis, such as
methotrexate, could be enhanced in cells lacking the sal-
vage pathways. Indeed, MTAP-deficient cell lines are more
sensitive to methionine deprivation19 and to methotrex-
ate20,21 than their MTAP-positive counterparts. Although
MTAP-deficient cells are very sensitive in vitro to
methotrexate, neither the response to a 8-day prephase
treatment including methotrexate nor the 6-year event-
free survival rate (70% versus 75%) differed significantly
(p=0.50) from that of MTAP-positive patients. Similar
results were obtained when analyses were restricted to the
more homogeneous group of patients with CDKN2A inac-
tivated ALL (Figure 1). Furthermore, the occurrence of
relapses, central nervous system relapses in particular,
which are known to be efficiently prevented by high doses
of methotrexate, was not clearly decreased in patients with
MTAP inactivation as compared to in those without MTAP
inactivation (data not shown). Although we did not find any
positive effect of MTAP inactivation on the outcome of
patients, we cannot exclude that such an effect exists in
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patients treated with other treatment protocols with differ-
ent dosages or modalities of methotrexate administration.
However, the metabolic influence of MTAP on leukemia
may be much more complex in vivo than it is in vitro.35 In any
case, MTAP deletion may provide an interesting new target
for therapy in the near future.36 L-alanosine is one of these
selective therapies and its use may be proposed in MTAP-
deficient B-lineage ALL.37

Discussion

In conclusion, although bi-allelic CDKN2A inactivation
was more often associated with bad prognostic features, it

failed to significantly influence the outcome of the patients,
in agreement with the only other study focused on B-line-
age ALL.5 9p21 alterations have been associated with a
poor prognosis in some studies,8,10-12,14,18 including one with
EORTC-treated patients,18 but not in others.6,7,9,17,19 The
importance of a prognostic factor is closely linked to the
treatment received. When treatment results are better, it is
normal that a prognostic factor loses its importance. Even
within a group, treatment of patients may differ with time
or according to the randomization performed. In the
EORTC 58881 study, patients were randomized to receive
E. coli asparaginase or erwiniase and erwiniase was associ-
ated with a poorer outcome.38 However, patients analyzed
in the previous EORTC single center study18 and in our
series were included in the same two trials (58881 and
58951), and there is a large overlap between recruitment
periods. This makes it very unlikely that the difference in
asparaginase accounted for the difference in prognostic rel-
evance of 9p21 alterations between the two studies.
Although differences in treatment regimen could account
for some discrepant results in the literature, small cohorts
of retrospectively selected patients, technical differences,
mixed analysis of B-ALL with T-ALL in which the frequen-
cy of CDKN2A alterations is at least 3 times higher, and,
perhaps preferential publication of positive results, may
have induced a bias in prognostic evaluation. The large size
of our study, and its agreement with the results of the
largest series of B-lineage ALL reported before,5 suggest
that the poor prognosis associated with 9p21 alteration, if
any, would be weak in B-lineage ALL and mainly due to a
preferential association with classical unfavorable parame-
ters. In contrast to in vitro studies, we did not observe any
influence of the co-inactivation of CDKN2B and, more sur-
prisingly, of MTAP on the outcome.

DM, CA, RB are students who set up the biological assays and
performed the analyses (gene dosage and MS-PCR); DM also
contributed to the analysis of data and the writing of the manu-
script; SS is the statistician who analyzed the data and contributed

Figure 1. Kaplan-Meier estimates of event-free survival according
to the status of CDKN2A, CDKN2B, and MTAP (restricted to the
group of patients with a CDKN2A alteration). N=number of
patients; O=observed number of events; the p value was deter-
mined from the overall logrank test.

Table 2. Clinical outcome according to CDKN2A status. 

Total CDKN2A subgroup
population 

studied Bi-allelic Mono-allelic Normal
deletion deletion

Response to prephase*
<1000 blasts/µL 198 (87%) 35 (92%) 23 (74%) 140 (89%)
≥1000 blasts/µL 29 (13%) 3 (8%) 8 (26%) 18 (11%)

Type of event
No event (i.e. in CCR) 173 (76%) 26 (68%) 25 (81%) 122 (77%)
No CR 4 (2%) 0 (0%) 0 (0%) 4 (3%)
BM relapse only 27 (12%) 4 (10%) 2 (6%) 21 (13%)
CNS relapse only 9 (4%) 3 (8%) 1 (3%) 5 (3%)
Other isolated relapse 1 (<1%) 0 (0%) 0 (0%) 1 (<1%)
Combined relapse 11 (5%) 4 (10%) 2 (6%) 5 (3%)
Death in CR 3 (1%) 1 (3%) 1 (3%) 1 (<1%)

Survival status
Alive 196 (86%) 31 (82%) 28 (90%) 137 (87%)
Dead 31 (14%) 7 (18%) 3 (10%) 21 (13%)

*Response to prephase treatment was evaluated by the number of peripheral
leukemia cells persisting after an 8-day treatment course of corticoids and
methotrexate. CR: complete remission; CCR: continuous complete remission;
BM: bone marrow; CNS: central nervous system.

CDKN2A
EFS

Mono-allelic deletion

Overall Wald test: p=0.5085 (df=2)

Overall Wald test: p=0.6053 (df=2)

Overall Logrank test: p=0.708 

(years)

(years)

(years)

Bi-allelic deletion

Normal

Mono-allelic inactivation

Bi-allelic inactivation

Bi-allelic deletion

Normal

others

CDKN2B

100
90
80
70
60
50
40
30
20
10
0

EFS
100
90
80
70
60
50
40
30
20
10
0

EFS
100
90
80
70
60
50
40
30
20
10
0

0 2 4 6 8 10 12 14

0 2 4 6 8 10 12 14

0 2 4 6 8 10 12 14

O N Number of patients at risk
12 38 29 23 17 14 3 1
6 31 27 24 7 1 0 0
37 158 139 109 59 31 4 0

O N Number of patients at risk
10 36 29 23 11 8 2 1
2 15 13 12 5 3 1 0
43 176 153 121 67 35 4 0

O N Number of patients at risk
5 14 12 9 8 7 1 0
7 24 17 14 9 7 2 1

MTAP
(CDKN2A deleted patients 



Prognostic significance of 9p21 alterations in childhood ALL 

haematologica/the hematology journal | 2006; 91(7) | 885 |

to writing the manuscript; ND is in charge of the cytogenetic review
of all patients enrolled in EORTC protocols; AR, PB, FM, EP and
EV were physicians at the clinical centers participating in the
study; JO is the coordinator of the EORTC 58881 and 58951 tri-
als and contributed to writing the manuscript; HC is the coordina-
tor of the present study (supervision of students’ work, analysis of
data and writing of the manuscript). 

This work was supported in part by l’Association pour la
Recherche contre le Cancer (ARC, grant n°5625), le comité de Paris

de la Ligue contre le cancer, la Fondation de France (Project n°
2000005298), Fédération Belge Contre le Cancer (grant
SCIE2003-27), and grants 2U10CA11488-19 through 5U10-
CA11488-35 from the National Cancer Institute. The contents of
this work are solely the responsibility of the authors and do not rep-
resent the official view of the National Cancer Institute. The authors
declare that they have no potential conflicts of interest.

Manuscript received December 27, 2005. Accepted May 5, 2006.

References
1. Sharpless NE. INK4a/ARF: a multifunc-

tional tumor suppressor locus. Mutat Res
2005;576:22-38.

2. Herman JG, Civin CI, Issa JP, Collector MI,
Sharkis SJ, Baylin SB. Distinct patterns of
inactivation of p15INK4B and p16INK4 charac-
terize the major types of hematological
malignancies. Cancer Res 1997;57:837-41.

3. Esteller M, Tortola S, Toyota M, Capella G,
Peinado MA, Baylin SB, et al.
Hypermethylation-associated inactivation
of p14(ARF) is independent of p16(INK4a)
methylation and p53 mutational status.
Cancer Res 2000;60:129-33.

4. Bertin R, Acquaviva C, Mirebeau D,
Guidal-Giroux C, Vilmer E, Cavé H.
CDKN2A, CDKN2B, and MTAP gene
dosage permits precise characterization of
mono- and bi-allelic 9p21 deletions in
childhood acute lymphoblastic leukemia.
Genes Chromosomes Cancer 2003;37:44-
57.

5. van Zutven LJ, van Drunen E, de Bont JM,
Wattel MM, Den Boer ML, Pieters R, et al.
CDKN2 deletions have no prognostic
value in childhood precursor-B acute lym-
phoblastic leukaemia. Leukemia
2005;19:1281-4.

6. Okuda T, Shurtleff SA, Valentine MB,
Raimondi SC, Head DR, Behm F, et al.
Frequent deletion of p16INK4a/MTS1 and
p15INK4b/MTS2 in pediatric acute lym-
phoblastic leukemia. Blood 1995; 85:2321-
30.

7. Takeuchi S, Bartram CR, Seriu T, Miller
CW, Tobler A, Janssen JW, et al. Analysis
of a family of cyclin-dependent kinase
inhibitors: p15/MTS2/INK4B, p16/MTS1/INK4A,
and p18 genes in acute lymphoblastic
leukemia of childhood. Blood 1995;
86:755-60.

8. Heyman M, Einhorn S. Inactivation of the
p15INKB and p16INK4 genes in hematologic
malignancies. Leuk Lymphoma
1996;23:235-45.

9. Rubnitz JE, Behm FG, Pui CH, Evans WE,
Relling MV, Raimondi SC, et al. Genetic
studies of childhood acute lymphoblastic
leukemia with emphasis on p16, MLL, and
ETV6 gene abnormalities: results of St Jude
Total Therapy Study XII. Leukemia 1997;
11:1201-6.

10. Heerema NA, Sather HN, Sensel MG, Liu-
Mares W, Lange BJ, Bostrom BC, et al.
Association of chromosome arm 9p abnor-
malities with adverse risk in childhood
acute lymphoblastic leukemia: a report
from the Children’s Cancer Group. Blood
1999;94:1537-44.

11. Kees UR, Burton PR, Lu C, Baker DL.
Homozygous deletion of the p16/MTS1
gene in pediatric acute lymphoblastic
leukemia is associated with unfavorable
clinical outcome. Blood 1997;89:4161-6.

12. Zhou M, Gu L, Yeager AM, Findley HW.
Incidence and clinical significance of
CDKN2/MTS1/P16ink4A and MTS2/P15ink4B

gene deletions in childhood acute lym-
phoblastic leukemia. Pediatr Hematol
Oncol 1997;14:141-50.

13. Tsihlias J, Kapusta L, Slingerland J. The
prognostic significance of altered cyclin-
dependent kinase inhibitors in human can-
cer. Annu Rev Med 1999; 50:401-23.

14. Carter TL, Watt PM, Kumar R, Burton PR,
Reaman GH, Sather HN, et al.
Hemizygous p16(INK4A) deletion in pedi-
atric acute lymphoblastic leukemia pre-
dicts independent risk of relapse. Blood
2001;97:572-4.

15. Zuna J, Muzikova K, Hrusak O, Stary J,
Trka J. Significance of real-time quantita-
tive PCR detection of p16 gene deletions in
childhood acute lymphoblastic leukemia.
Haematologica 2002;87:668-9.

16. Hoshino K, Asou N, Okubo T, Suzushima
H, Kiyokawa T, Kawano F, et al. The
absence of the p15INK4B gene alterations
in adult patients with precursor B-cell
acute lymphoblastic leukaemia is a
favourable prognostic factor. Br J
Haematol 2002;117:531-40.

17. Graf Einsiedel H, Taube T, Hartmann R,
Eckert C, Seifert G, Wellmann S, et al.
Prognostic value of p16(INK4a) gene dele-
tions in pediatric acute lymphoblastic
leukemia. Blood 2001; 97:4002-4.

18. Dalle JH, Fournier M, Nelken B, Mazingue
F, Lai JL, Bauters F, et al. p16(INK4a)
immunocytochemical analysis is an inde-
pendent prognostic factor in childhood
acute lymphoblastic leukemia. Blood
2002;99:2620-3.

19. Batova A, Diccianni MB, Nobori T, Vu T,
Yu J, Bridgeman L, et al. Frequent deletion
in the methylthioadenosine phosphorylase
gene in T-cell acute lymphoblastic
leukemia: strategies for enzyme-targeted
therapy. Blood 1996; 88:3083-90.

20. Chen ZH, Zhang H, Savarese TM. Gene
deletion chemoselectivity: codeletion of
the genes for p16(INK4), methylthioadeno-
sine phosphorylase, and the α- and β-inter-
ferons in human pancreatic cell carcinoma
lines and its implications for chemothera-
py. Cancer Res 1996;56:1083-90.

21. Hori H, Tran P, Carrera CJ, Hori Y,
Rosenbach MD, Carson DA, et al.
Methylthioadenosine phosphorylase
cDNA transfection alters sensitivity to
depletion of purine and methionine in
A549 lung cancer cells. Cancer Res 1996;
56:5653-8.

22. Shah SJ, Taub JW, Witt TL, Pollock BH,
Ding BC, Moore DS, et al. Relationship of
p15 and p16 gene alterations to elevated
dihydrofolate reductase in childhood acute
lymphoblastic leukaemia. Br J Haematol
2001;113:746-56.

23. Vilmer E, Suciu S, Ferster A, Bertrand Y,
Cavé H, Thyss A, et al. Long-term results
of three randomized trials (58831, 58832,
58881) in childhood acute lymphoblastic
leukemia: a CLCG-EORTC report.
Children Leukemia Cooperative Group.
Leukemia 2000;14:2257-66.

24. Guidal-Giroux C, Gérard B, Cavé H, Duval
M, Rohrlich P, Elion J, et al. Deletion map-
ping indicates that MTS1 is the target of
frequent deletions at chromosome 9p21 in
paediatric acute lymphoblastic
leukaemias. Br J Haematol 1996;92:410-9.

25. Herman JG, Graff JR, Myohanen S, Nelkin
BD, Baylin SB. Methylation-specific PCR:
a novel PCR assay for methylation status
of CpG islands. Proc Natl Acad Sci USA
1996;93:9821-6.

26. Collett D. Modelling Survival Data in
Medical research. Texts in Statistical
Science. London, UK. Chapman and Hall,
1992.

27. Bernardin F, Yang Y, Cleaves R, Zahurak

M, Cheng L, Civin CI, et al. TEL-AML1,
expressed from t(12;21) in human acute
lymphocytic leukemia, induces acute
leukemia in mice. Cancer Res
2002;62:3904-8.

28. Hiebert SW, Lutterbach B, Durst K, Wang
L, Linggi B, Wu S, Wood L, Amann J, King
D, Hou Y. Mechanisms of transcriptional
repression by the t(8;21)-, t(12;21)-, and
inv(16)-encoded fusion proteins. Review.
Cancer Chemother Pharmacol 2001;48
Suppl 1:S31-4. 

29. Linggi B, Muller-Tidow C, van de Locht L,
Hu M, Nip J, Serve H, et al. The t(8;21)
fusion protein, AML1 ETO, specifically
represses the transcription of the p14(ARF)
tumor suppressor in acute myeloid
leukemia. Nat Med 2002;8:743-50.

30. Ohnishi H, Hanada R, Horibe K, Hongo T,
Kawamura M, Naritaka S, et al.
Homozygous deletions of p16/MTS1 and
p15/MTS2 genes are frequent in t(1;19)-
negative but not in t(1;19)-positive B pre-
cursor acute lymphoblastic leukemia in
childhood. Leukemia 1996; 10:1104-10.

31. Maloney KW, McGavran L, Odom LF,
Hunger SP. Different patterns of homozy-
gous p16INK4A and p15INK4B deletions in child-
hood acute lymphoblastic leukemias con-
taining distinct E2A translocations.
Leukemia 1998; 12:1417-21.

32. Schmid M, Malicki D, Nobori T,
Rosenbach MD, Campbell K, Carson DA,
et al. Homozygous deletions of methylth-
ioadenosine phosphorylase (MTAP) are
more frequent than p16INK4A (CDKN2)
homozygous deletions in primary non-
small cell lung cancers (NSCLC).
Oncogene 1998; 17:2669-75.

33. Smith KS, Chanda SK, Lingbeek M, Ross
DT, Botstein D, van Lohuizen M, et al.
Bmi-1 regulation of INK4A-ARF is a down-
stream requirement for transformation of
hematopoietic progenitors by E2a-Pbx1.
Mol Cell 2003; 12:393-400.

34. Christopher SA, Diegelman P, Porter CW,
Kruger WD. Methylthioadenosine phos-
phorylase, a gene frequently codeleted
with p16(cdkN2a/ARF), acts as a tumor sup-
pressor in a breast cancer cell line. Cancer
Res 2002; 62:6639-44.

35. Subhi AL, Diegelman P, Porter CW, Tang
B, Lu ZJ, Markham GD, et al.
Methylthioadenosine phosphorylase regu-
lates ornithine decarboxylase by produc-
tion of downstream metabolites. J Biol
Chem 2003;278:49868-73.

36. Capella G, Caldas C. MTAP Homozygous
deletion: an achilles heel of Human can-
cers ready for clinical use? Cancer Biol
Ther 2005; 4:347.

37. Batova A, Cottam H, Yu J, Diccianni MB,
Carrera CJ, Yu AL. 9-{β}-D-erythrofura-
nosyladenine (EFA) is an effective salvage
agent for methylthioadenosine phospho-
rylase-selective therapy of T-cell acute
lymphoblastic leukemia with L-alanosine.
Blood 2006; 107:898.

38. Duval M, Suciu S, Ferster A, Rialland X,
Nelken B, Lutz P, et al. Comparison of
Escherichia coli-asparaginase with
Erwinia-asparaginase in the treatment of
childhood lymphoid malignancies: results
of a randomized European Organisation
for Research and Treatment of Cancer-
Children’s Leukemia Group phase 3 trial.
Blood. 2002; 99:2734-9.




