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Abstract

Frequent deletion of chromosome 9p2l in many cancers has suggested
the presence of tumor suppressor genes in this region. Two genes mapping
to 9p2l,pl5 andpl6, encode inhibitors for cyclin-dependent kinases 4 and
6.WerecentlyfoundthatinT-cellacutelymphoblasticleukemia(T-ALL),
both thepl5 and p16 genes are deleted at a high frequency, with p16 gene
deletion occurring slightly more frequently than p15 gene deletion. We
now show that in addition to deletion, the p15 gene is preferentially
hypermethylated at a 5' CpG island, which has been shown previously to

be associated with loss of transcription of this gene. The p15 gene was
methylated in 38% (17 of 45) of T-ALL patients at diagnosis and in 22%
(7 of 32) of patients at relapse. On the other hand, methylation of the p16
gene was a rare event, occurring in 4% (2 of 49) of patients at diagnosis
and in none (0 of 30) at relapse. The overall rates of alteration occurring
in at least one allele of the p15 gene is 84% at diagnosis and 88% at
relapse. These rates are as high as, if not greater than, those for the p16
gene (80% at diagnosis and 74% at relapse). In fact, such alterations
involve both alleles in the majority of samples: 76% forpl5 and 67% for
p16 at diagnosis. All together, more than one-half (56%) of T-ALL sam
pies harbor alterations in both alleles of both p15 and p16. These results

lend strong support for a role of both p15 and p16 as tumor suppressors
in T-ALL.

Introduction

Recently, p16 and p15 have been identified as inhibitors of the
cyclin D/cyclin-dependent kinases 4 and 6 complex (1, 2). They

emerged as candidate tumor suppressor genes when they were local
ized to 9p2l and found to be within a very frequently deleted region
present in cancer cells (3, 4). These two cyclin-dependent kinase
inhibitors have a high degree of structural and functional homology
and thus belong to the same family. Both the p15 and p16 genes are
homozygously deleted in many cancer cell lines (4) and primary
tumors, including glioblastoma (5), T-ALL (6â€”8),and sporadic mel
anoma (9, 10). In some tumors such as familial melanoma, however,
deletion/mutation of only the p16 gene was found, implicating this
gene as the primary target (11â€”14).

Homozygous deletion is one of the primary mechanisms of macti
vation of the p15 and p16 genes, whereas point mutations occur very
infrequently (15). Another mode of gene inactivation is the methyla
tion of CpG islands within the promoter region of genes. These
GC-rich regions, typically 0.5â€”2.0kb in length, are generally un
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methylated in normal tissues, and their methylation correlates with
loss of transcription (16â€”20).Methylation of the p15 and p16 genes
appears to be a selective event, depending on the tumor type (21). For
example, in most epithelial-derived tumors, methylation-associated
gene inactivation occurs exclusively at the p16 gene without any
alteration of the p/S gene (21). In contrast, in some gliomas and in
both ALL3 and acute myelogenous leukemia, methylation occurs
exclusively at the p15 gene. Interestingly, in some ALL and gliomas,
methylation of the p15 gene is accompanied by homozygous or
hemizygous deletion of the p16 and/or p15 genes but at a very low
frequency (21). Thus, in these tumors, unlike those of epithelial
origin, both the p15 and p16 genes were inactivated, albeit by differ
ent mechanisms. Our recent work (22, 23) revealed that in T-ALL,
both the p15 and p16 genes were inactivated by homozygous deletion
but at a much higher frequency than reported for ALL by Herman et
a!. (21).

In the present study, we examined the methylation status of the p/S
and p16 genes in a population of ALL that is exclusively of T-cell
lineage. We show that methylation occurs frequently and almost
exclusively at the p/S gene. Furthermore, our results reveal that the
overall rate of alteration of both the p/S and p16 genes by deletion and
methylation is greater than 74%, suggesting that both genes play a
major role in the pathogenesis of T-ALL.

Materials and Methods

Patient Population and Isolation of T-ALL Cells. Heparinizedbone
marrow or peripheral blood samples were obtained from T-ALL patients in
first relapse enrolled in P00 protocol 8862: â€œTreatment of first relapse of

childhood T-ALL with combination chemotherapy including 2'-deoxycofor
mycin.â€• Diagnosis samples were obtained from those who enrolled in P00

9000 and 9400 (ALL Biology Study). To safeguard patient confidentiality,
each patient was assigned a code number. The patient population consisted of

25% female and 75% male. There were 70% Caucasian, 13% Black, 12%
Hispanic, 1.5% Filipino, 1% American Indian, 1% Chinese, and 1.5% others.

Mononuclear cells were isolated from heparinized bone marrow or blood by

isopyknic sedimentation through Ficoll-Hypaque (specific gravity, 1.077 g/ml;

Pharmacia, Piscataway, NJ) at 2000 rpm for 30 mm, followed by two washes
in RPM! 1640. The content of lymphoblasts in these patient samples, as
determined by Wright stain, was generally 90%.

Deletion and Methylation Analysis of the p15 and p16 Genes. Genomic
DNA was isolated from T-ALL patient mononuclear cells using the Genomic
DNA Isolation kit from Life Technologies, Inc. (Gaithersburg, MD). Deletion

of p15 and p!6 genes was determined by Southern blot analysis and semi

quantitative PCR, as we described previously (22â€”24). For analysis of meth

ylation status, 10 @xgof genomic DNA from mononuclear cells of normal

individuals (control) and 1-ALL patients as well as from T47D breast cancer

cells (used as a control for p16 methylation) was digested overnight with a

4-fold excess of restriction enzyme and then digested for 1 h further with 10

units of fresh enzyme. For determination of p15 gene methylation, genomic

3 The abbreviations used are: ALL, acute lymphoblastic leukemia; T-ALL. T-cell

ALL: P0G. Pediatric Oncology Group; GAPDH, glyceraldehyde 3-phosphate dehydro

genase; RT-PCR, reverse transcription-PCR.
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METHYLATION OF THE p15 TUMOR SUPPRESSOR GENE

DNA was digested with Hindill (Life Technologies, Inc.) alone and in com
bination with methylation-sensitive EagI (New England Biolabs). For p16

gene analysis, DNA was either digested with Hindlll or EcoRI (Life Technol
ogies, Inc.) alone and in combination with Eagl. DNA was resolved on a 1%

agarose gel, transferred to NYTRAN PLUS membrane (Schleicher and
Schuel!) by capillary blotting, and then UV cross-linked.p1.5and p16 genomic
DNA probes containing exon 1 and upstream sequence [obtained by screening
a genomic phage library with p15 and pitS cDNA as described by Nobori et a!.
(4)1 were labeled with a[32PJdCTP (6000 Ci/mmol) to a specific activity of
1â€”2x l0@cpm4tg using a random prime kit from Boehringer Mannheim,
according to the manufacturer's protocol. Hybridization was performed over

night at 65Â°Cin 1 MNaCl, 1% SDS, 10% dextran sulfate, 200 p@g/mlsalmon
testes DNA, and 30 @g/mltRNA. Membranes were washed twice with 1XX
SSC (150 mMNaCI, 15 mMsodium citrate), 1%SDS at room temperature, and
then once with 0.! X SSC, 1% SDS at 65Â°Cfor 15 mm each. The membranes
were then exposed for 3 days, and hybridization was visualized by a Phos
phorlmager (Molecular Dynamics).

Expression of p15 and GAPDH by RT-PCR. Total RNA was isolated
from 20 X 106 T-ALL cells using Trizol reagent (Life Technologies, Inc.,)
according to the manufacturer's directions. cDNA was generated by reverse

transcription of 2 @xgof RNA using the Superscript Preamplification System
(Life Technologies, Inc.). The cDNA (2 @xlof RI reaction mix) was then
amplified in 20 mMTris-HCI (pH 8.4), 50 msi KC1, I.5 msi MgC12,200 p@
each deoxynucleotide triphosphate, 100 ng each of sense and antisense prim

era, and I unit Taq DNA polymerase (Life Technologies, Inc.). The conditions
for amplification were: an initial denaturation at 95Â°Cfor 3 mm, 32 (p15) or
24 (GAPDH) cycles of 95Â°C, 60Â°C, and 72Â°C for 1 mm (p15) or 30 s

(GAPDH) each. p15 RT-PCR primers were: sense, 5'-GGA ATG GGC GAG
GAG AAC AAG GGC ATG-3'; and antisense, 5'-ATA AGC TFG GCG TCA
GTC CCC CGT GGCT-3'. GAPDH RT-PCRprimerswere: sense, 5'-TCT
CAT GGT TCA CAC CCA TGA CGA ACA TG-3'; and antisense, 5'-AAG
AAG ATG CGG CTG ACT GTC GAG CCA CAT-3'.

Results

Methylation of the CpG Island in Exon 1 of the p16 gene in
T-ALL.Previously,we determinedthatthep16genewasdeleted
homozygously in greater than 60% of T-ALL patients at both diag
nosis and relapse (22, 23). Because exon 1 of the pitS gene is rich in
CpG islands (17, 18), it is a good candidate for hypermethylation.
Thus, it is possible that the p16 gene may be inactivated by methyl
ation in addition to deletion. To determine whether the p16 gene is
methylated at exon 1, we used a methylation-sensitive restriction
enzyme-based approach as described previously (17, 24). In this
analysis, genomic DNA was digested with a convenient flanking
enzyme, EcoRI, alone, and in combination with the methylation
sensitive enzyme, EagI. The DNA fragments generated were then
detected by Southern blot analysis using a p16 exon 1 probe. The
predicted DNA fragments and the p16 exon I probe are depicted in
Fig. lA. Using this approach, we analyzed DNA obtained from
T-ALL samples found previously to have at least one intact allele of
p16, as well as control DNA from normal lymphocytes and fibro
blasts, and from T47D breast cancer cells. As expected, both normal
lymphocyte (Fig. IB, Lane 2) and fibroblast DNA (Fig. IB, Lane 3)
were digested by methylation-sensitive EagI plus EcoRI, thereby
generating the smaller DNA fragments of sizes 2.8, 0.9, and 0.6 kb
compared to the 4.3-kb fragment produced by digestion with EcoRI
alone (Fig. lB, Lane 1). However, digestion of normal lymphocyte
DNA with EcoRI and EagI produced an additional 3.4-kb DNA
fragment that was absent upon digestion of normal fibroblast DNA.
This is most likely due to a polymorphism at the EagI site within
intron 1 (Fig. 1A), resulting in the loss of this site on one allele of the

pitS gene. In contrast to normal cell DNA, T47D breast cancer cell

DNA, known to be methylated at exon 1 ofp/6 (17), was undigested
by methylation-sensitive EagI, thus generating the larger 4.3-kb DNA
fragment produced by EcoRI digestion alone (Fig. 1B, Lane 4).

A MethylationAnalysisofp16inT-ALL
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Fig. I . A, representation of the upstream region and exon I of the p16 gene. The

CpG-rich region and restriction sites for EcoRI and the methylation-sensitive Eag! are
indicated at the top. The probe used for Southern analysis consists of the 4.3-kb EcoRI
fragment. The predicted restriction fragments used to analyze the methylation status of
p16 are depicted below. B. Southern analysis of exon I ofp/6. Control and 1-ALL patient
DNA were digested with EcoRI plus methylation-sensitive EagI. except for normal
lymphocyte DNA in Lane I (EcoRI alone). Restriction fragments were determined by
Southern analysis using a p16 exon I probe as described in â€˜@Materialsand Methods.â€•
Methylation of p16 is evident in T47D breast cancer cells, which were used as a control
for methylation. Patient DNA in Lane 7 revealed partial methylation and that in Lane 10
revealed complete methylation of p16. Lane 1. normal lymphocyte DNA digested with
EcoRI only; Lane 2, normal lymphocyte DNA digested with EcoRI and EagI; Lane 3.
normal fibroblast DNA digested with EcoRI plus EagI; Lane 4, T47D breast cancer DNA
digested with EcoRI plus EagI; Lanes 5â€”12.T-ALL patient (diagnosis nos. I, 2. 5, 7, 15,
22, 23, and 26) DNA digested with EcoRI and Eagl.
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Among T-ALL samples found previously to have at least one intact
allele of p16, we found methylation in 2 of I7 ( 12%) patients at
diagnosis (Fig. 1B, Lanes 7 and /0), and in 0 of 10 (0%) patients at
relapse (Table I). Although methylation of the p16 gene appears to be
infrequent, our results presented in Tables 1 and 2 indicate that the
overall rate of inactivation of this gene, mostly due to homozygous
deletion, is fairly high in T-ALL at both diagnosis and relapse.

FrequentMethylationof the CpG Island in thep15 Gene. In
previous studies, we found that the p/S gene, like the pitS gene, was
often deleted in T-ALL (22, 23). However, deletion of the p/S gene
(53%) occurred at a slightly lesser frequency than the p16 gene (69%)
in patients at diagnosis. The frequency of gene rearrangement was less
than 6% for both p/S and pitS and thus did not contribute significantly
to the total rate of alteration of either gene. To determine if the p15
gene was inactivated by mechanisms other than gene deletion or
rearrangement, we examined the methylation status of this gene in
T-ALL patients at both diagnosis and relapse. Structurally, the p15
gene is a good candidate for hypermethylation-associated inactivation
because of the presence of a 5'-CpG island around the transcription
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Table I Inactivation of the p15 and p16genesin T-AU. atiagnosis andrelapseDiagnosisâ€•Relapseap15plO
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start site (Fig. 2A; Ref. 21). The presence of several methylation
sensitive restriction endonuclease sites within the 760-nucleotide re
gion around exon 1 ofp/S allows the determination of the methylation
status of this gene (21). DNA fragments generated upon restriction
digestion of genomic DNA with the flanking enzyme HindIII alone,
and in combination with methylation-sensitive EagI, were determined
by hybridization with a p/S exon 1 probe (Fig. 14). The results of a
representative experiment are presented in Fig. 2B. Normal lympho
cyte DNA digested by methylation-sensitive EagI plus HindHI
yielded the smaller 2.0- and 0.6-kb DNA fragments (Fig. 2B, Lane 2),
as compared to the 2.6-kb fragment produced by digestion with
Hind!!! alone (Fig. 2B, Lane 1). In contrast, analysis of T-ALL
samples revealed methylation of one (Fig. 2B, Lane 6) or both alleles
(Fig. 2B, Lanes 5, 8, and /1) of the p/S gene at the EagI site, as well
as a hemizygous and homozygous deletion (Fig. 2B, Lanes 3 and 4).
Among T-ALL patients with at least one intact allele of p15, methy
lation occurred in 17 of 25 (68%) at diagnosis and 7 of 13 (54%) at
relapse (Table 1). As shown in Table 1, in five patients, the two alleles
of the p15 gene were inactivated by different mechanisms, which
included four cases of deletion of one allele and methylation of the
remaining allele (diagnosis patients nos. 26, 28, and 41 and relapse
patient no. 36) and one case of rearrangement accompanied by meth
ylation (diagnosis patient no. 17). The various types of p15 and p16
gene alterations among all T-ALL patients analyzed are summarized
in Table 2. The overall rate of alteration occurring in at least one allele
is 84% (38 of 45) at diagnosis and 88% (28 of 32) at relapse for the
p15 gene, which is as high as, if not greater than, that for the pitS gene,
80% (39 of 49) and 74% (23 of 3 1) at diagnosis and relapse, respec
tively. In fact, such alterations involve both alleles in the majority of
samples: 76% for p15 and 67% for pitS at diagnosis (Tables 1 and 2).
All together, more than one-half (>56%) of the T-ALL samples
harbor alterations in both alleles of both p15 and p16 at both diagnosis
and relapse.

Lack of p15 Gene Expression in T-ALL with p15 CpG Island
Methylation. Previous studies have established that methylation of
CpG islands in promoter regions correlates with loss of gene tran
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Fig. 2. A, representation of the upstream region and exon I of the p15 gene. The

CpG-rich region and restriction sites for Hindill and methylation-sensitive EagI are
indicated at the top. The probe used for Southern analysis consists of upstream and exon
I sequence within the 2.3-kb HindIllJBamHI restriction fragment. The predicted restric
tion fragments used to analyze the methylation status of p15 are depicted below. B,
Southern analysis of p15. Normal control and 1-ALL patient DNA were digested with
HindIII plus methylation-sensitive Eag!, except for normal lymphocyte DNA in Lane 1
(HindIII alone). Restriction fragments were determined by Southern analysis using a p15
exon I genomic probe as described in â€œMaterialsand Methods.â€•Patient DNA in Lanes 5.
8. and I I revealed complete methylation, whereas that in Lane 6 revealed partial
methylation. Lanes 3 and 4 revealed hemizygous and homozygous deletion, respectively.
Lane 1, normal lymphocyte DNA digested with HindIlI alone; Lane 2, normal lymphocyte
DNA digested with HindII! and Eag!; Lanes 3â€”I1. 1-ALL patient DNA (relapse nos. 1â€”3,
6, 7, 11. 34, 14, and 15) digested with Hind!II and EagI.

a@ intact gene; â€”, homozygous deletion; +/â€”, heterozygous deletion; M, methyla

tion; R, gene rearrangement based on shifted band on a Southern blot; ND, not done.
b Gene not analyzed for methylation. 4 Unpublished observations.
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scription (16â€”20).Thus, to determine whether p15 gene methylation
in T-ALL samples resulted in loss of expression, we examined p15
gene expression by RT-PCR in three patients, as well as in normal
lymphocytes and in a chronic myelogenous leukemia cell line, K562,
deleted in both p15 and pitS genes (Ref. 4; Fig. 3). As expected, p15
mRNA was detected in normal lymphocytes (Fig. 3, Lane 1) but not
in K562 cells (Fig. 3, Lane 5), nor in T-ALL diagnosis sample no. 29
(Fig. 3, Lane 4) known to have homozygous deletion of the p15 gene.
No expression of the p/S gene was observed in either of the diagnosis
T-ALL samples (Fig. 3, nos. 5 and 53 in Lanes 2 and 3, respectively)
exhibiting methylation of the 5' CpG island of p/S. Because of the
very low levels of pitS expression in normal lymphocytes (25)@and
our finding of infrequent pItS gene methylation in T-ALL, pitS ex
pression in T-ALL was not examined.

Our results reveal that both deletion and methylation are the pre
dominant mechanisms of alteration/inactivation of the p/S gene,
whereas the p16 gene is primarily inactivated by gene deletion. In
addition, our results lend strong support for a role of both p15 and pitS
as tumor suppressors in T-ALL.

Discussion

Several earlier studies have established that methylation in CpG
islands near the transcription start site of the p/S and pitS genes
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Table 2 Summary of inactivation of the p/S and p16 genes by differentmechanismsâ€•p15p16

METHYLATIONOF THE p15 TUMOR SUPPRESSOR GENE

correlates with gene silencing (16â€”21).We found that in addition to
a high frequency of deletion of the p15 and p16 genes in T-ALL (22,
23), the p15 gene was frequently (38%) methylated. On the other
hand, examination of the p16 gene revealed that methylation of this
gene was very infrequent (4%). Thus, in T-ALL, methylation-associ
ated gene inactivation appears to be selective for the p/S gene and
thus an independent event not involving the pitS gene. Furthermore, in
five patients, the two alleles of p/S were inactivated by different
mechanisms in which one allele was inactivated by methylation, and
the other, by deletion or rearrangement. These observations provide
strong support for a tumor suppressor role for the p/S gene in T-ALL.
Further evidence for p15 as a tumor suppressor is the observation of
Herman et a!. (21) that the p15 gene was preferentially inactivated,
primarily by methylation, with few (13%) or no alterations of the pitS
gene in ALL and acute myelogenous leukemia, respectively. Al
though this result agrees with our finding that hypermethylation
associated inactivation is selective for the p15 gene, the finding of
relatively low frequency of p/S/pitS gene deletion is in contrast with
our results obtained in T-ALL, as well as those of others, which reveal
a high rate of deletion of both the p15 and pitS genes (6, 8, 23, 26).
Presumably, the ALL samples in the study by Herman et a!. (21) were
of the B-lineage, characterized by infrequent deletion of the pitS gene,
as opposed to the T-cell type, which is associated with frequent
deletion of both the p15 and pitS genes (23, 26). Thus, our results and
those of previous studies indicate that homozygous deletion is the
most common mechanism of inactivation of the p15 and pitS genes. In
this study, we show that hypermethylation is the second most frequent
mode of alteration/inactivation of the p15 gene in T-ALL. Interest
ingly, our results suggest that methylation of the p/S gene occurs
slightly more frequently at diagnosis than in relapse, but a higher rate
of deletion occurs at relapse than in diagnosis (Table 2). It is possible
that in some instances, the p/S genes that are methylated initially at
diagnosis may eventually be deleted at relapse. We found that both
gene rearrangement and mutation of the p/S and pitS genes were very
infrequent events in T-ALL (23) (Table 2). In summary, the overall
rate of inactivation, excluding mutations, of at least one allele of the
p15 gene was 84% among diagnosis patients and 88% among those at
relapse. For the p/ti gene, the overall rate of inactivation was 80 and
74% at diagnosis and relapse, respectively. Furthermore, in greater
than 66% of the T-ALL patients examined, such alterations occurred
in both alleles ofthe p/S or the pitS gene at both diagnosis and relapse.
Over 56% of these patients had alteration of both alleles of both genes.
These rates of inactivation do not include that due to mutation and
thus may actually be slightly higher. Such high rates of inactivation
indicate very important roles for both of these genes in the develop
ment of T-ALL, especially because these alterations occur early in the
disease, unlike in other tumors, such as glioblastoma, in which p/SI
pitS gene alterations occur late in the disease process (27). We,
therefore, propose that disruptions of the pl5/pl6 cell cycle regulatory
machinery may be the initial essential event in the pathogenesis of
T-ALL. If so, that small fraction of T-ALL patients not harboring
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Diagnosis Relapse Diagnosis Relapse
N=45 N=32 N=49 N=31

Deletion/Rearrangement 25 (56%) 22 (69%) 37 (76%) 23 (74%)
Methylation 17 (38%) 7 (22%) 2 (4%) 0(0%)
Total alteration

At least one allele 38 (84%) 28 (88%) 39 (80%) 23 (74%)
Bothalleles 34(76%) 23(72%) 33(67%) 21(68%)

a Alteration ofboth alleles ofboth pl5 and pl6: 57% (25 of44) at diagnosis and 60%

(18 of 30) at relapse.
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Fig. 3. Expression of p/S in 1-ALL with p/S CpG island methylation. Reverse
transcription-PCR was performed as described in @Materialsand Methodsâ€•to examine the
expression of p/S in normal lymphocytes and in T-ALL samples. All levels of p/S
expression are in comparison to that of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). p/S mRNA was detected in normal lymphocytes but not in K562 cells, a
chronic myelogenous leukemia cell line known to have deletion of the p15 gene. No
expression ofp/5 was observed in 1-ALL diagnosis patients nos. 5. 29, and 53. even after
35 cycles. Lane /. normal lymphocytes; Lanes 2â€”4,diagnosis patient samples nos. 5. 53
(both hypermethylated at p15), and 29 (homozygously deleted for p/S); Lane 5, K562 cell
line.

alterations of the plSIp/6 genes should exhibit de-regulation at one or
more of the downstream regulatory components. Future work is aimed
at determining which other components of the cyclin/cyclin-depend
ent kinases 4 and 6/Rb E2f pathway may be involved in the patho
genesis of T-ALL.
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