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Abstract

The frequency and mechanism of pI6/V&#4 and pI144RF gene alterations were studied in cell samples from 30 patients with Phi-
ladelphia (Ph) chromosome-positive chronic myeloid leukaemia (CML), both at diagnosis and at the onset of the accelerated phase
(AP) of the disease. No alterations in the p/6"™VK#4 or p144RF genes were found in any of the chronic phase (CP) samples. DNA
sequencing analyses detected p16"™V5#4 or p144RF mutations in 17 AP samples. All mutations were heterozygous without loss of the
other allele. Aberrant methylation of the pl6™V&#4 or pI144RF promoters was found in 14 of 30 AP samples. The most common
situation was the simultaneous methylation of both promoters. Our data indicate that p/6/Vk#4 and p144RF are primary targets for
inactivation by promoter methylation in the acceleration of CML. Transcriptional silencing of the p16/V&44 and p144RF genes may

be important in the conversion of CML from the CP to the AP.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Chronic myeloid leukaemia; Acceleration; p16/VK#A; p 144RF; Promoter methylation

1. Introduction

Chronic myeloid leukaemia (CML) is a clonal dis-
order of pluripotent haematopoietic stem cells with a
biphasic or triphasic clinical course [1]. The term accel-
erated phase (AP) is used for patients who have been
undergoing treatment for some time and have shown a
variety of signs of disease progression, but who do not
meet the criteria for blastic disease [2]. The karyotypic
hallmark of CML is the Philadelphia (Ph) chromosome,
which is characterised at the molecular level by a reci-
procal translocation between chromosomes 9 and 22,
resulting in the formation of a hcr-abl transcript and
protein [3]. Although activation of c-ab!/ is thought to be
important in the pathogenesis of the chronic phase (CP)
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of CML, further genetic events may be important in the
evolution of CML to the AP and blast crisis (BC).

The human /NK4A4/ARF locus on chromosome 9p21
uniquely encodes two distinct tumour suppressors by
using separate promoters and alternative reading
frames. The two distinct proteins encoded by the
INK4A]ARF locus are specified by translating the com-
mon second exon in alternative reading frames. The
cyclin-dependent kinase inhibitor p16'™K4A is specified
by an RNA comprising exons la, 2 and 3 [4]. The
alternative product, designated pl144RF for ‘alternative
reading frame’, is encoded by the slightly smaller
transcript that comprises exons 1B, 2 and 3 [5]. The
pl6™VK44 gene is inactivated by mutations, homozygous
deletions, or gene methylation in many tumours of
diverse origin [6]. Mutations of the INK4A/ARF locus
affect pl6'V&41 exclusively or together with pl44RE,
whereas homozygous deletions at the exon 2 at the
INK4A/ARF locus affect both pl6'V%#4 and p144RF [6].
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pl144RE expression is under the control of its own pro-

moter that can be silenced by methylation of CpG
islands [7].

The role of pl6'V&44 and p144RF gene alterations in
the progression of CML is largely unknown. No dele-
tions of p16'V%44 were found in the CP of CML [8-10],
whereas homozygous deletions of pl6"V&#4 exons were
detected in lymphoid BC, but not in myeloid BC [9,10].
Mutations in pl6™V&#4 were reported [11] one out of 4
CML cases who had BC, but the lineage type was not
mentioned. In the present work, we studied DNA
alterations and the methylation status of pl6/V%44 and
pl144RE genes in 30 patients with Ph chromosome-posi-
tive CML. All these patients were studied both at diag-
nosis and at the onset of AP to determine the possible
role of alterations of the pl16/V&#4 and p144RF genes in
the transition of CML from CP to AP.

2. Patients and methods
2.1. Cell specimens

Peripheral blood samples were obtained from leukae-
mia patients and normal, healthy individuals. The phase
of CML was determined by standard clinical and hae-
matological criteria [2]. The CP specimens were col-
lected at presentation, prior to the initiation of
treatment. The AP specimens were from patients who
had received treatment during the CP of their disease,
but had received no treatment after the onset of the AP
prior to collection of the samples used in this study. A
simple one-step method for purification of human
granulocytes, based on the use of a discontinuous gra-
dient of Percoll, was used [12]. The granulocyte popu-
lations were represented by mature granulocytes from
normal donors, mature and immature granulocytic cells
from the CML patients. The purity of the granulocytic
elements was higher than 97%.

Table 1
Primers used for PCR-SSCP and MSP analyses

2.2. Therapy

CML patients were treated according to standard
therapeutic protocols as described elsewhere in Ref.
[13]. In CP disease, hydroxyurea (HU) was used to
reduce the white blood cell number below 20x10°/1
prior to interferon-oo (IFN) therapy. Patients with AP
disease received an increased dose of IFN combined
with low-dose cytosine arabinoside (ara-C). To improve
the response rate, combination therapy was completed
with HU in some patients. Uniform criteria for haema-
tological and cytogenetic responses were used [13].

2.3. PCR-single strand conformation polymorphism
(SSCP) analysis

The pl16'™VK44 and pl44RF genes were analysed for
deletions by polymerase chain reaction (PCR)-SSCP
analyses. DNA was isolated using a QIAGEN (Valen-
cia, CA, USA) blood kit. Primer sequences for p16/V&#4
exons 1 and 3 have been described elsewhere in Refs.
[14,15]. Primers used in the analysis of p/44RF exon 1
and pl6'V%#1 exon 2 were designed by ourselves from
published sequences (Blast Database). The oligonucleo-
tide primers used for amplification of pI44R exon 1P
and p16'VK#4 exons la, 2 and 3 are shown in Table 1.
PCR was performed as previously described in Ref. [14].
For SSCP analysis, PCR products were heat-denatu-
rated, treated with formamide and loaded into a neutral
7.5% polyacrylamide gel. Electrophoresis was done for
4 h at 300 V at 4 °C. Finally, bands were visualised by
silver nitrate staining.

2.4. Automatic sequencing of p14*RY exon 18 and
pl6™K4A oxons 1o, 2 and 3

The sequences of exons were analysed in each CML
sample. Exons were amplified, processed and sequenced
using an ABI Prism Big Dye Terminator Ready Reaction

Application and Forward primer (5—3)

Reverse primer (5'—3')

Product size  Annealing

specificity (bp) temperature (°C)
PCR-SSCP
pl6 exon 1 GGAGGAAGAAAGAGGAGGG ACTTCGTCCTCCAGAGTCG 316 60
pl6 exon 2 GCTCTGACCATTCTGTTCTC CTCAGATCATCAGTCCTCAC 355 60
pl6 exon 3 GTAGGGACGGCAAGAGA ACCTTCGGTGACTGATG 159 57
pl4 exon 1 GCTCAGAGCCGTTCCGAGAT TCTCCTCCTCCTCCTAGCCT 368 55
MSP
pl6 promoter M  TTATTAGAGGGTGGGGCGGATCGC GACCCCGAACCGCGACCGTAA 150 63
pl6 promoter U TTATTAGAGGGTGGGGTGGATTGT CAACCCCAAACCACAACCATAA 151 64
pl4 promoter M  GTGTTAAAGGGCGGCGTAGC AAAACCCTCACTCGCGACGA 122 62
pl4 promoter U  TTTTTGGTGTTAAAGGGTGGTGTAGT CACAAAAACCCTCACTCACAACAA 132 60

M, specific for methylated bisulphite-modified DNA; U, specific for unmethylated bisulphite-modified DNA; PCR-SSCP, polymerase chain reac-
tion-single strand conformation polymorphism; MSP, methylation-specific PCR; bp, base pairs.
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Kit and an ABI Prism 310 Automatic Sequencer
(Applied Biosystem).

2.5. Methylation analysis of pl6"™NK4A agnd pl14ARF

61NK4A 4A RF

The methylation status of the pl and pl
promoters was determined by methylation-specific PCR
(MSP) [16]. The oligonucleotide primers used for
amplification of pl6'V&#4 promoter/exon la [16] and
pI144RF promoter/exon 1P [17] are given in Table 1.

2.6. Cytogenetic study

The karyotype of leukaemia cells was investigated by
using standard cytogenetic procedures. Chromosomes
were identified using G and Q banding techniques.

3. Results

3.1. Haematological and cytogenetic characteristics of
patients

The laboratory parameters of the 30 patients with
CML are summarised in Table 2. All patients had sig-
nificant granulocytosis. At the onset of AP, blast cells
occasionally appeared in the blood. Other features
associated with AP disease included the presence of a
high percentage of basophils (cases 2, 8, 11, 15, 16, 19,
24,27 and 30), thrombocytosis (cases 4, 9, 13, 14, 18, 22,
24 and 25) and anaemia (cases 2, 3, 6, 8, 10, 12, 14, 15,
18, 20, 22, 23, 27 and 30).

Apart from the presence of the Ph chromosome, the
karyotype was normal in all patients at the time of first
examination. At the onset of the AP of the disease,
further chromosomal abnormalities, in addition to the
Ph, were demonstrated in 14 of 30 patients. Loss of
chromosome 13 or loss of the long arm of chromosome
13 was found in 3 cases. Loss of chromosome 17, the
presence of an isochromosome of the long arm of chro-
mosome 17 or shortening of the short arm of chromo-
some 17 was observed in 5 cases. A second Ph was
found in 2 cases. The other chromosomal aberrations
included trisomy 8, 19 or 21, loss of chromosomes 5,
7, 18, 20 or 21, and markers 2q— and 16p—. In 11
patients, more than one chromosomal abnormalities
was found.

3.2. Deletion analyses of the pl6"™NK4A gnd pl14ARF
genes

PCR-SSCP analysis using DNA from 30 patients with
CP or AP of CML revealed that none of the patients
had homozygous or heterozygous deletions of the
pl16"™NE44 or p144RFE genes in their tumour cells (data not
shown).

Table 2
Haematological and cytogenetic data of patients

Chromosome
abnormalities in
addition to the Ph

Case no. Phase of Peripheral blood
disease  parameters

WBC Blast Ba PIt Hb
(10°/) (%) (%) (10°/1) (g/D)

1 CP 29 0 1 210 116

AP 48 0 2 470 104
2 CP 32 0 2 230 123

AP 98 7 8 258 66
3 CP 370 1 200 110

AP 77 1 1 230 85
4 CP 64 0 2 280 144

AP 93 2 2 1040 133 +8, 21
5 CP 61 0 1 243 124

AP 103 11 1 29 101
6 CP 29 0 1 258 113

AP 780 2 398 90
7 CP 47 1 0 260 145

AP 68 5 4 254 152
8 CP 86 0 2 230 124

AP 70 4 14 240 98
9 CP 330 2 260 129

AP 150 5 2 610 108 +8, +19
10 CP 64 0 1 243 148

AP 172 2 1 290 84
11 CP 34 0 2 294 146

AP 98 0 6 276 116
12 CP 2 0 1 232 136

AP 45 7 1 220 64 5p+
13 CP 45 0 1 280 152

AP 61 1 1 860 136
14 CP 780 2 300 148

AP 8 11 2 1215 70
15 CP s4 0 1 233 139

AP 167 4 15 264 94 —13,17p—
16 CP 86 0 1 241 154

AP 70 0 6 220 143 —13q, +19
17 CP 38 1 1 260 124

AP 74 1 2 290 112 +8,—13q
18 CP 39 0 1 258 113

AP 327 2 2 1846 90 i(17q), =21
19 CP 49 0 1 243 138

AP 89 3 7 28 136 —17, +21
20 CP 64 1 1 234 152

AP 247 5 1 210 91 17p—,i(l7q)
21 CP 45 2 1 230 124

AP 72 6 1 280 127 +8,-20, +Ph
2 CP 38 1 1 245 143

AP 57 1 3 740 78 +Ph
23 CP 49 1 1 244 134

AP 168 2 2 234 91 —7, 18
24 CP 98 0 2 250 152

AP 9 0 7 852 138 -5
25 CP 42 0 1 210 128

AP 54 8 1 660 119 2q—, +8, 16p—
26 CP 49 0 1 210 145

AP 67 9 4 280 115
27 CP 109 0 2 246 129

AP 126 0 14 230 6l
28 CP 2 0 1 276 139

AP 83 5 2 290 119
29 CP 39 1 1 310 143

AP 81 2 4 340 127
30 CP 3 0 1 258 129

AP 65 2 6 267 88

WBC, white blood cells; Ba, basophils; Plt, platelets; Hb, haemoglo-
bin; ph, Philadelphia chromosome; CP, chronic phase; AP, accelerated
phase.
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3.3. Mutations in pl6/™N&4A gpd p14ARFE gepes

DNA sequencing analyses detected mutations in 17
AP samples (Table 3), but in none of the CP samples.
Peaks in the sequence chromatograms showed that the
mutation was heterozygous in each case.

We found point mutations in exon 1 of p/6"™V544 in 10
patients. A G— A transition at codon 12 was present in
1 patient, but did not result in an amino acid change. As
the nucleotide substitution was not seen in the CP of
CML, it was considered to be a silent mutation rather
than a polymorphism. A specimen had a point mutation
(GCG—GTQ) in codon 26, resulting in an Ala to Val
amino acid substitution. In 6 AP samples, codon 35 was
changed from AGT to ATT resulting in an amino acid
change from Ser to Ile. The remaining two patients had
a nonsense mutation of GAG to TAG at codon 18.

Mutations in exon 2 of pl6™V%#4 were detected in 11
patients. In five samples, a silent change from Glu
(GAG) to Glu (GAA) was observed. Missense muta-
tions in codons 61, 105, 123 or 130 were detected in 6

cases. Alterations of two bases at codons 61
(GAG—CAG) and 105 (CTG—ATG) resulted in
amino changes from Glu to GIn and Leu to Met,
respectively. In 2 cases, codon 123 was changed from
CGC to CAC resulting in a substitution of Arg with
His. In two samples, the mutation was at codon 130
(AGA—ATA), resulting in a change of Arg to Ile.

Because pl6™VK#4 and p144RF share exon 2 with dif-
ferent open reading frames, a silent mutation of GAG
to GAA at codon 80 of pl6'V&#4 resulted in a missense
mutation of GGG to AGG at codon 103 of pl44RF,
Missense mutations identified in codons 61 and 105 of
pl6™K44 resulted in missense mutations at codons 83
and 127 of pI44RF respectively.

Mutations in exon 1 of pI44RF were found in 3
patients. In 2 cases, a missense AGG to AAG mutation
(Arg—Lys) was observed in codon 21. In a third AP
sample, codon 34 was changed from TGG to AGG
resulting in a substitution of Trp with Arg.

No mutations were detected in exon 3 in any of the
cases.

Table 3

Alterations of the pI16"Vk#4 and p144RF genes in the accelerated phase (AP) of CML

Caseno.  pl6!NKia pl4ARE
Mutation Methylation = Mutation Methylation

status status
Exon Codon  Nucleotide Coding Exon Codon  Nucleotide Coding effect
change effect change

1 2 80 GAG—-GAA Glu»Glu M 2 103 GGG—AGG Gly—Arg M

2 M 1 21 AGG—AAG  Arg—Lys M
2 80 GAG—-GAA Glu—Glu 2 103 GGG—AGG Gly—Arg

3 2 130 AGA—ATA  Arg—lle M M

4 1 18 GAG—TAG Glu—>stop M M
2 123 CGC—CAC Arg—His

5 1 26 GCG—-GTG  Ala—Val M M
2 61 GAG—-CAG Glu—GlIn 2 83 GGA—-GCA  Gly—Ala

6 M 1 34 TGG—-AGG  Trp—Arg M
2 105 CTG—ATG Leu— Met 2 127 TCT—-TAT Ser—Tyr

7 M 1 21 AGG—AAG  Arg—Lys M
2 80 GAG—>GAA  Glu—Glu 2 103 GGG—~>AGG Gly—Arg

8 M M

9 M M

10 M M

11 1 18 GAG—-TAG Glu—>stop U M

12 U M

13 M U

14 M U

15 1 35 AGT—ATT Ser—Ile U U

16 2 123 CGC—CAC Arg—His U U

18 1 35 AGT—ATT Ser—Ile U U

19 2 80 GAG—-GAA Glu—Glu U 2 103 GGG—AGG Gly—Arg U

22 1 12 GCG—>GCA Ala—Ala U U
2 130 AGA—ATA  Arg—lle

23 1 35 AGT—ATT Ser—1Ile U U

25 1 35 AGT—ATT Ser—Ile U U

27 1 35 AGT—ATT Ser—Ile U U
2 80 GAG—-GAA Glu—Glu 2 103 GGG—~AGG Gly—Arg

29 1 35 AGT—ATT Ser—Ile U U

M, methylated; U, unmethylated; CML, chronic myeloid leukaemia.
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3.4. Methylation status of the pl6/™NK*A and p14ARF
genes

Thirty CP and AP samples were analysed for
pl6"™K44 and pl144RF promoter methylation by using
MSP. There was no detectable methylation of the
pl6"™NE#4 and p144RF genes in any of the samples from
the CP of CML. We found a similar frequency of pro-
moter methylation in the AP of CML for both genes
(Table 3). Representative analyses for pl6'V&#1 and
p144RF in the AP of CML are shown in Fig. 1. In each
case, in addition to the presence of a methylation-spe-
cific PCR signal, a weak PCR signal corresponding to
the unmethylated DNA sequence could also be detected
from the same sample. Methylation of the pl6™Vk#4
promoter was detected in 12 of the 30 AP samples (cases
1-10, 13 and 14). Ten AP samples with pl6/V&#4
methylation also had a methylated pI44RF gene (cases
1-10). Methylation of the pl44RF promoter alone was
found in 2 AP samples (cases 11 and 12).

Simultaneous appearance of point mutations and the
methylated status was observed in eight AP samples
(cases 1-7 and 11), whereas 6 AP samples (cases 8-10,
12-14) showed aberrant methylation without sequence
alterations.

3.5. Response to therapy during the accelerated phase of
CML

Table 4 shows the haematological and cytogenetic
responses to therapy in the AP of CML. Of the 30
patients, 10 had complete haematological remissions
and partial remissions were observed in 14 patients. 6

patients were refractory to the therapy. Of the 10
patients with complete haematological remission, 8 had
suppression of Ph-positive metaphases: 3 partial cyto-
genetic remissions and 5 minor cytogenetic responses.
Except for 1 case (No. 15), loss of response to therapy
was associated with aberrant methylation of both the
pl6™NK44 and p144RF genes, with or without sequence
alterations (cases 2, 5, 8—10). None of the patients with
pl6™K4A or pl4ART promoter methylation obtained
complete haematological remission upon therapy. In
contrast, complete haematological remission was
achieved in 4 patients with mutationally altered
pl6"™NE#4 (cases 16, 22, 25 and 29).

4. Discussion

Studies on haematopoietic malignancies have demon-
strated two major types of pl6™VK#4 alterations, the
prevalence of which varies with the type of leukaemias
and lymphomas. Large homozygous deletions of
pl6'™NK44 are predominantly associated with malig-
nancies of lymphocytes, foremost among them is acute
lymphoblastic leukaemia of the T cell lineage followed
closely by B cell precursor acute lymphoblastic leukae-
mia and adult T cell leukaemia-lymphoma [18,19].
Homozygous deletions of pl6/VX#4 have also been
found in lymphoid BC of CML [9,10], which behaves
like an acute lymphoblastic leukaemia. The tumour cells
of some haematopoietic disorders that are not afflicted
by pl6™k44 deletions display the second major option
of pl6!NK44  gene inactivation, namely promoter
methylation, which is seen at high levels in Burkitt’s

U: 151 bp
M: 150 bp

U: 182 bp
M: 122 bp

Fig. 1. Representative samples of methylation-specific PCR results for the p/6V%#4 (a) and p14%¥ (b) genes. Chronic phase (CP) and accelerated
phase (AP) samples from 2 chronic myeloid leukaemia (CML) cases designated below the patient numbers are shown. Patient numbers are identical
to those listed in Tables 2 and 3. Lanes U and M correspond to the unmethylated and methylated reactions, respectively. Normal granulocytes (NG)

from a healthy person served as a control.
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Table 4
Response to therapy in accelerated phase (AP) of CML
Case no. Therapy in Response to therapy in AP
CP AP Haematological Cytogenetic
remission response
1 IFN HU+IFN+ Ara-C Partial No
2 HU+1FN HU +IFN+ Ara-C No No
3 HU+IFN HU+IFN+ Ara-C Partial No
4 HU +1IFN HU +IFN + Ara-C Partial No
5 HU+1FN HU +IFN+ Ara-C No No
6 IFN HU +IFN+ Ara-C Partial No
7 HU+IFN HU+IFN+ Ara-C Partial No
8 HU+1FN HU +IFN+ Ara-C No No
9 IFN HU+IFN+ Ara-C No No
10 HU +IFN HU +IFN + Ara-C No No
11 HU+IFN HU+IFN+ Ara-C Partial No
12 IFN HU +IFN+ Ara-C Partial No
13 HU+IFN HU+1IFN+ Ara-C Partial No
14 HU +1FN HU +IFN + Ara-C Partial No
15 HU+1FN HU +IFN+ Ara-C No No
16 HU +IFN IFN + Ara-C Complete Minor
17 HU+IFN IFN + Ara-C Complete Partial
18 HU +IFN HU +IFN+ Ara-C Partial No
19 HU+IFN HU+IFN+ Ara-C Partial No
20 HU +IFN HU +IFN + Ara-C Partial No
21 HU+IFN IFN + Ara-C Complete Minor
22 HU+1IFN IFN + Ara-C Complete Minor
23 HU+1IFN HU+1IFN+ Ara-C Partial No
24 HU +IFN IFN+ Ara-C Complete Minor
25 HU+1FN IFN + Ara-C Complete No
26 HU +IFN IFN + Ara-C Complete No
27 HU+IFN HU+1FN+ Ara-C Partial No
28 HU +IFN IFN + Ara-C Complete Minor
29 HU+1FN IFN + Ara-C Complete Partial
30 HU +IFN IFN + Ara-C Complete Partial

HU, hydroxyurea; IFN, interferon-o; Ara-C, cytosine arabinoside.

lymphoma, Hodgkin’s lymphoma and multiple mye-
loma [20]. In contrast to pl6™VK#4  there is little known
regarding the role of p/44%F in haematopoietic malig-
nancies. Many homozygous deletions at the INK4A4/
ARF locus simultaneously disrupt both pl6/V%44 and
pl144RF genes in T cell acute lymphoblastic leukaemia
[21]. Repression of the pI144RF promoter by the AMLI-
ETO fusion protein has been demonstrated in acute
myeloid leukaemia, representing a distinct mechanism
for tumour suppressor inactivation [22].

The present study was designed to determine both the
frequency and mechanism of pI6'V&44 and p144RF gene
alterations leading to acceleration of CML. No homo-
zygous or heterozygous deletions of the pl6/V5#4 and
pl144RE genes were found in any sample. Our failure to
detect deletions in tumour cells from the CP or AP of
CML is compatible with results from other studies
[10,11,19]. In AP samples, we detected relatively large
numbers of mutations at the INK4A4/ARF locus which,
to our knowledge, had not been previously reported.
Since no mutations were found in CP samples prior to
the initiation of treatment, it cannot be excluded that

these mutations were induced mostly by chemotherapy
given in the CP of CML. All mutations were hetero-
zygous. Exon lo mutations were found in 10 cases.
Seven of the 11 pI6/V%44 mutations in exon 2 simulta-
neously affected p/44%F. We could find exon 1B muta-
tions in 3 cases. None of the 30 AP samples had
mutations in exon 3. Given the small number of muta-
tions detected in exon 1B, the pI44RF gene seems mostly
to be an indirect target for inactivation due to the dif-
ferent reading frames in exon 2 of both genes. Missense
mutations were observed more frequently than silent or
nonsense mutations. Two mutational hot spots of the
INK4A/ARF locus have been detected. One of them was
found at codon 35 (Ser to Ile) in exon 1 of pl6™VE#4,
The other mutational hot spot was located to codon 80
in exon 2 of pl6'VK#4 A silent mutation identified in
codon 80 of pl16™Vk#4 resulted in an amino acid change
at codon 103 of pI44%F, These mutational hot spots of
the pl6/NK44 gene are different from those detected in
other tumours [23]. Our study is the first to find
methylation defects in the promoter region of pl6/Nk#4
and pI/44RF in the AP of CML. Aberrant methylation of
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the p16™VK#1 or p144RF promoters was found in nearly
half of the cases. In our set of AP samples, the most
common situation was the simultaneous methylation of
both promoters. Our methylation results with regard to
the pl6'V&44 promoter have both similarities to and
differences from those reported in one study, which
failed to detect aberrant methylation of the pl6/VK#4
promoter in both the CP and AP of CML [24]. The
reason for the lack of pI16'V&#4 promoter methylation in
the above study may be due to the small number of AP
samples.

The p16'™V&41 and p144RF proteins exert their growth
control activity via the Rb and p53 pathways, respec-
tively. The pl6™V&44 protein induces a G, cell-cycle
arrest by binding to and inhibiting the activity of cyclin-
D-dependent kinases, CDK4 and CDKO6, thereby
maintaining the Rb protein in its growth suppressive,
hypophosphorylated state [4]. The pIl44%F protein
restrains cell growth by abrogating MDM2 inhibition of
p53 activity, resulting in a distinctive cell-cycle arrest in
both the G; and G,/M phases [5]. The high level of
methylated DNA and low level of unmethylated DNA
in the same AP samples strongly suggests that p16/V&44
and pl44RF promoters were fully methylated in CML
cells and the unmethylated DNA might come from
normal granulocytes, which cannot be separated from
the CML cells. It has been shown that aberrant pro-
moter methylation correlates with a lack of pl6/NVk#4
and pI144RF protein expression and results in collapse of
the Rb and p53 growth control pathways, respectively
[25,26]. Thus, the tumour cells with inactivated
pl6™K44 and p144RF genes may have a selective growth
advantage. Results of therapy in the AP of CML sug-
gest that epigenetic silencing of pl6'N&44 and pl44RF
expression is a property of tumour progression and
might predict a poor clinical outcome. In contrast to the
biallelic methylation, the significance of heterozygous
mutations without loss of the other allele is unclear in
the acceleration of CML.

Abnormalities in chromosomes 13 and 17 that were
found in 6 patients with an AP of CML suggest that
structural alterations of the Rb and p53 genes may also
be involved in the acceleration of CML [27]. Several
other tumour suppressor genes [28] have been mapped
to specific chromosomal locations: PMS-1 was mapped
to chromosome 2; APL to chromosome 5; PMS-2 to
chromosome 7; T'SC-2 to chromosome 16; and DCC to
chromosome 18. We observed karyotypic abnormalities
2q—, —5, =7, 16p— and —18 in several AP samples.
Although the significance of these changes is not
known, the loss of APL, DCC, PMS-1, PMS-2 and
TSC-2 might also be of pathogenic importance in the
transition of CML from its CP to acceleration. A sec-
ond Ph chromosome found in 2 patients with an AP of
CML may also provide a growth advantage for leukae-
mia cells, although the appearance of a plus Ph chro-

mosome is a relatively rare event in the AP of CML [29].
Other genetic alterations, involving an increase in
oncogene expression or expression of additional onco-
genes [30], may also accelerate disease progression.

In conclusion, our results indicate that pl6/V%44 and
pl144RF are primary targets for inactivation in the accel-
eration of CML, and aberrant promoter methylation is
the main event underlining p16"™V544 and p144RF inacti-
vation.
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