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Abstract

DNAfrom 135 patients with chronic myelogenous leukemia
(CML) at various clinical stages and Philadelphia (Ph') chro-
mosome positive acute lymphoblastic leukemia was investi-
gated for alterations in a variety of proto-oncogenes which have
been implicated in the evolution of CMLfrom its chronic phase
to blast crisis. The most commongenetic change found in the
evolution of typical Ph' chromosome positive CMLto blast
crisis was an alteration of the p53 gene involving either a rear-
rangement, a deletion, or a point mutation in the coding se-
quence of the gene. Alterations of the p53 gene were found in
the myeloid and the rare megakaryocytic variant of blast crisis
but were absent in the lymphoid leukemic transformants. Gross
structural alterations were seen in 11 of 54 (20%) of myeloid or
unknown phenotypes of blast crisis and in only I of 44 chronic
phase cases. Eight examples of mutations in the open reading
frame of the p53 gene at codons 49, 53, 60, 140, 202, 204, 238,
and 239 were observed in blast crisis patients. Mutations in the
N-RASgene were rare in typical blast crisis (2 of 27 cases) but
were found in megakaryocytic and Ph' negative myeloid blast
crisis. Weconcluded that heterogeneous alterations in the p53
gene and occasionally in the N-RASgenes accompany the evo-
lution of chronic phase CMLto blast crisis. (J. Clin. Invest.
1991. 87:2042-2047.) Key words: p53 * N-RAS * CML* blast
crisis * mutations

Introduction

It was 30 years ago that Nowell and Hungerford described the
Philadelphia (Ph')' chromosome in the leukemic leukocytes of
patients with chronic myelocytic leukemia (CML) and thus
identified the first cancer-associated distinctive chromosomal
anomaly (1). Although initially thought to be a deletion of
chromosome 22 (22q-), it was shown to actually represent a
reciprocal translocation involving the long arm of chromo-
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1. Abbreviations used in this paper: ALL, acute lymphoblastic leuke-
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somes 9 and 22 (2). In the mid-1980's several groups of investi-
gators established that it was the fusion of the c-ABL proto-on-
cogene from chromosome 9 and the BCRlocus from chromo-
some 22 which was the critical element in the Ph'
chromosomal anomaly (3-8). Subsequently, similar fusions
were found in Ph' positive (Ph') cases of acute lymphoblastic
leukemia (ALL) and in occasional Ph' negative (Ph-) CML
cases (9-1 1). Many studies established the pathogenetic signifi-
cance of the fused ABL gene in the chronic phase of CML(12,
13); however, a variety of evidence suggested that rearranged
ABL was not involved in the subsequent evolution of CML
(14, 15). CMLalmost always evolves from a chronic, relatively
indolent disease to a more aggressive leukemia whose progres-
sive stages are accelerated phase and blast crisis ( 16). Further-
more, the blast cells of the aggressive phases may be of several
types, most commonly myeloid, less commonly lymphoid, and
rarely other phenotypes, suggesting that different molecular
events induce different forms of disease. These molecular
events eluded identification for several years, although there
were occasional suggestions that RASgenes or sometimes the
c-MYCgene could be the molecular culprit (17, 18). Recently,
we observed that structural alterations of the p53 gene occur in

25% of blast crisis cases, especially those with a myeloid
phenotype, but were very rare during the chronic phase, sug-
gesting that the p53 gene might be involved in evolution of
some cases of blast crisis (19, 20). Subsequently, two other re-
ports, one from Israel (21) and one from Texas (22), also de-
scribed structural alterations in the p53 gene in the blast crisis
of CML. These findings together with the recent subclassifica-
tion of p53 as a tumor suppressor gene (23), the presence of
nonrandom changes involving chromosome 17, the site of the
p53 gene, in about a third of cases of myeloid blast crisis (24),
and the identification of point mutations in other tumors har-
boring allelic deletions of 17p (25-27), all suggest that more
subtle structural abnormalities such as point mutations maybe
responsible for disease evolution in patients not showing gross
structural alterations of the p53 gene. In order to explore this
possibility and to extend our observations to other phenotypes
of blast crisis and related diseases such as Ph' ALL, we ana-
lyzed these cases for both gross and subtle alterations in the p53
gene and in other genes that have been implicated in hemato-
logical malignancies in man. The analysis constitutes the sub-
stance of this report.

Methods

Bone marrow or peripheral blood samples were collected at the collabo-
rating institutions after obtaining informed consent of the patients and
were kept frozen at -700C. The diagnosis of CMLwas based on stan-
dard clinical and hematologic criteria. All cases in which karyotype
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analysis was unavailable or reported as Ph- were checked for BCR
locus rearrangement by Southern blotting. For the blast crisis samples,
markers such as myeloperoxidase, Sudan black, periodic acid Schiff
reagent, nonspecific esterase with fluoride sensitivity, and acid phos-
phatase were analyzed. Additional determinants of phenotype in-
cluded the reactivity of the blasts to a panel of lineage-specific monoclo-
nal antibodies and the activity of terminal deoxynucleotidyltransferase
determined by indirect immunofluorescence.

DNAand RNAwere isolated from fresh or frozen leukemic cells
and analyzed by Southern and Northern blotting as described (28, 29).
For Northern blotting, the signal off-Actin mRNAserved as a control.
DNAdigested with EcoRI, BamHI, HindIII, or BglII was separated by
electrophoresis on 0.8% agarose gels, transferred to coated nylon filters,
hybridized to nick-translated 32P-labeled probes, and autoradiographed
with Kodak intensifying screens. The strategy used in Southern blot-
ting analysis of the p53 gene involved hybridization with a cDNA
probe encompassing all the known exons of the gene (30) (Fig. 1 C) and
restriction of DNAwith EcoRI which cleaves the gene into a few frag-
ments (31). A variety of other p53 probes and enzymes were used to
define deletions and rearrangements as previously described (19).
Where loss of the p53 gene was detected, hybridization with other chro-
mosome 17 probes (c-ERBB2 and myeloperoxidase [MPO]) was also
used to exclude loss of the whole chromosome.

Southern blots of restriction digests of DNAfrom leukemic cells
were also hybridized with probes for c-MYC, c-MYB, c-FMS, N-RAS,
H-RAS, K-RAS, c-FES, c-FOS, BCR, c-ERBB2 (NEU), and MPOas
described (32).

Fragments encompassing coding exons 2-11 of the p53 gene and
the first and second exons of the N-RAS, K-RAS, and H-RAS genes
were amplified by the PCR(33) using synthetic primers of 20 bases
spanning the 5' and 3' ends of the target sequence and sequenced. The
PCRwas performed for 30 cycles using Thermus aquaticus DNApoly-
merase with the following periods: 95°C (1 min), 55°C (0.5 min), and
72°C (1.5 min). The amplified fragments were electrophoresed on 3%
Nusieve agarose, electroeluted, purified on Elutip D (Schleicher &
Schuell, Inc., Keene, NH), and ethanol precipitated. Sequencing was as
described (34) using Sequenase, version 2.0 (United States Biochemical
Corp., Cleveland, OH), a third primer from the sense or antisense
strands labeled with T4 kinase, and y32PATP. The dried 10%polyacryl-
amide gel was exposed to film overnight without screen intensification.
Samples showing mutations were subjected to repeated analyses and
were usually sequenced in both directions. Over 250 frozen normal and
tumor samples served as controls in the analysis of CMLsamples for
gross structural alterations of p53 (32, 35). Correlation analysis was
done by the x2 method. Studies with recombinant DNAmolecules
conformed to the standards outlined by the Recombinant DNARe-
search Guidelines of the National Institutes of Health (July 1976).

Results

Westudied a total of 135 cases including 53 Ph' and 2 Ph-
chronic phase, CML, 17 Ph' accelerated phase, acute myeloge-
nous leukemia, 53 Ph' and 2 Ph- blast crisis, 6 Ph' ALL, and 2
extramedullary blast crisis for abnormalities of p53 gene struc-
ture and expression. Of this number, we have previously re-
ported the results of Southern blotting on 35 cases of blast crisis
and 38 cases of chronic phase of Ph' CML(19).

Southern blotting. Three types of alterations of the p53 gene
were observed: deletion, gross rearrangements (Fig. 1 B), and
alterations of the EcoRI restriction pattern without gross rear-
rangement on analysis with other restriction enzymes (Fig. 1
A). Although the latter alteration could have resulted from an
RFLP, we believe this is unlikely because a similar hybridiza-
tion pattern was not observed in - 250 normal and tumor
samples unrelated to CML(19). Consequently, we have inter-
preted this as an acquired change resulting from a small inser-
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Figure 1. (A) Southern blots of EcoRI-digested DNAfrom CMLblast
crisis cases hybridized with a p53 cDNAprobe. One sample (arrow)
shows a novel band in addition to the germline 15-kb band. (B) An-
other Southern blot of EcoRI-digested DNAhybridized with a p53
exon 11 probe. Arrows indicate novel bands in 2 myeloid blast crisis
samples. (C) The p53 gene after Lamb and Crawford (31) showing
11 exons and the hybridization probes used in the analysis. Probe A
was used for panel A and probe D (arrow) for panel B. The sites of
restriction and anticipated fragment sizes are shown for EcoRI (E),
BamHI (B), BglII (Bg), and HindIII (H).

tion or mutation in the p53 gene. Structural alterations of the
p53 gene were rare in typical chronic phase CMLand were
observed only once in 44 Ph' cases. Southern blotting abnor-
malities of the p53 gene were observed more frequently in the
accelerated and blast crisis phases of the disease, and were also
more frequent in diseases of nonlymphoid phenotype. No
gross structural alterations of p53 were seen in 7 lymphoid blast
crisis or 6 Ph' ALL cases. Among54 Ph' accelerated and blast
crisis cases, abnormal Southern blots of the p53 gene were ob-
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served in 9 of 43 (2 1%) myeloid and 2 of 11 (18%) unknown
phenotype, respectively. This difference in frequency of gross
structural abnormalities of the p53 gene between chronic phase
and blast crisis of nonlymphoid phenotype was statistically sig-
nificant (P < 0.01).

In this study, alterations in the p53 structure were observed
in 2 cases early in the evolution of blast crisis when there were
fewer than 10%blasts in the leukemic populations. A pertinent
negative finding was the lack of detectable alteration in the
structure of 9 other proto-oncogenes in 11 blast crisis patients
including 3 with p53 gene rearrangements (see Methods).

Wehad previously studied 38 of the 57 acute phase Ph'
CMLpatients reported here and had observed a somewhat
higher incidence (24%) of gross structural alterations of the p53
gene in disease of myeloid phenotype (19). Those patients ini-
tially reported were almost all Indians from Bombay, whereas
the series reported here were about equally divided between
Western and Asian patients. In general, the Indian patients had
more advance disease with higher white cell counts (140,000
+ 60,000 vs. 62,000 + 36,000; P < 0.05) at the time of study.
However, the differences in the incidence of p53 gene abnor-
malities were not statistically different between the current
study and the earlier smaller study.

Mutations of the p53 and N-RAS genes. Mutations of the
p53 gene have not been previously reported in CMLand re-
lated disorders. Weinitially selected 8 blast crisis samples for
analysis of the entire coding sequence and the promoter area of
the p53 gene and identified mutatios in 3 cases (37% incidence)
in the region between exons 4 and 7. The promoter and exons 8
and 9 were sequenced in an additional 29 blast crisis cases and
no mutations were found. We, therefore, concentrated on
exons 4 through 7 for detailed sequencing with the realization
that rare mutations of the p53 gene may occur outside this
region. The results were as follows. No mutations were ob-
served in 14 chronic phase cases or in 4 lymphoid blast crisis.
Weobserved mutations in 8 of 25 cases of CMLblast crisis of
myeloid phenotype (32% incidence; see Table I and Figs. 2-6).
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gene in leukocytes from

. _ a case of megakaryo-
cytic blastic transforma-

-_ tion (No. 1089). The
normal CGTpattern of

204 , this codon is shown in
4'. the left panel. In the

right panel we can see
203 both a Gand a T

(arrow) at this position,
T indicating both mutant

TG -12 and normal alleles in
C W the patient's leukocytes.

In Ph' accelerated and blast crisis cases mutations in p53
were found in exons 4,6, and 7 at codons 49, 53, 60,202,204,
238, and 239 (Figs. 2-4, 6). The mutations in exon 6 and 7
occurred in a region of the gene that is phylogenetically con-
served and within a region which when altered can activate the
murine p53 gene (23). The mutations in codons 49, 53, and 60
occurred in a region not previously described as containing
mutations in human cancers (25-27). A mutation at codon
140 of the p53 gene was also found in an unusual case of extra-
medullary presentation of a Ph- myeloid leukemia (a chloroma
or granulocytic sarcoma) (Fig. 5). Conventional histology and

Table L Mutations in the p53 and N-RAS Genes

Case Phase Phenotype Gene Mutation Comment

1235 Accelerated Myeloid p53 codon 49 Asp His WBC35,000; 10% blasts

1245 Blast crisis Myeloid p53 codon 53 Trp - Cys No p53 transcripts WBC108,000; 20% blasts

1086 Blast crisis Myeloid p53 codon 60 Pro Ser 65% blasts

972 Extramedullary Myeloid p53 codon 140 Cys Tyr Ph' (-)

1089 Blast crisis Megakaryocytic p53 codon 202 Arg Leu WBC45,000; 28% blasts

1324 Blast crisis Unknown p53 codon 204 Glu - Gly Isochromosome 17q (10% blasts)

1326 Blast crisis Myeloid p53 codon 238 Cys - Tyr Blasts 85% t(17; 22) (p13; qI 1) (100%)

1443 Blast crisis Myeloid p53 codon 239 Asn - Ser Blasts 42%, del 17p

901 Blast crisis Myeloid N-RAS codon 13 Gly Val WBC174,000; 24% blasts

749 Blast crisis Megakaryocytic N-RAS codon 13 Gly - Ala WBC57,000; 87% blasts

1233 Blast crisis Myeloid N-RAS codon 12 Gly Asp Ph' (-) blasts > 20%

1085 Blast crisis Myeloid N-RAS codon 13 Gly Ala WBC150,000; blasts 30%

WBC,white blood cells.
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Figure 3. Sequences of a portion

of exon 7 from a normal control
(A) and patient No. 1326 (B). *A
homozygous Gto A substitution
at codon position 238 resulting
in a change in the encoded
amino acid from cysteine to ty-
rosine.

A B

Figure 4. (A) The normal sequence, and (B) a mutation at codon 60 of
the p53 gene in patient No. 1086. The mutation results in a CCA--

TCA (Pro -. Ser) conversion.

found in rare CMLvariants: a case of Ph- blast crisis and one of
Ph' megakaryocytic blast crisis (Table I).

Transcription ofthep53 gene. In an earlier study of 16 CML
blast crisis patients we reported that transcription of the p53
gene was frequently undetectable in leukemic leukocytes cases
(19, 20). Wehave now doubled the number of CMLcases
studied and the results are as follows: A 2.5-2.7 kb p53 tran-
script was found in all 12 chronic phase cases analyzed and the
intensity of the hybridization signal was equal to or greater
than that of a concomitant HeLa cell control (19, 20). In 21
accelerated or blast crisis cases transcripts were undetectable in
10, increased in 1, and normal in 10 (Fig. 7). Two cases with
undetectable transcripts had less than 10% blast cells. A single
lymphoid blast crisis had normal transcripts. In 12 acute phase
cases both RNAand DNAwere available for analysis. In 4
cases both gene structure and expression were apparently nor-
mal. In 4 cases with rearranged or deleted p53 genes, transcripts
were abnormal in all being absent in 3 and increased in 1. In 4
additional cases, gene structure was normal on Southern blots,
but there was no gene expression. Expression of actin mRNA
was used as a control for intactness of RNA. Wealso studied 8
cell lines for alterations in structure and mRNAexpression.
While no abnormalities were detected on Southern analysis,

G A T G A T c

detailed histochemical analyses were consistent with this diag-
nosis.

In 6 of the cases with an identifiable mutation in the p53
gene, both a normal and a mutated allele were detected by
sequencing (Figs. 2,4-6). In 2 patients (No. 1326 and 1443) the
mutation was homozygous or hemizygous (Fig. 3, Table I).
Both cases had karyotypic abnormalities of 17p (Table I). This
finding is provocative because loss of one allele coupled with
mutational inactivation of the remaining allele is the hallmark
of tumor suppressor genes.

Wefound mutations in the first exon of N-RAS in only 2 of
27 (7%) typical blast crisis cases and in none of 10 chronic
phase cases. No mutations were found in the second exon of
N-RAS or in the first and second exons of K-RAS and H-RAS
(35). Two other mutations in the first exon of N-RAS were
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Figure 5. (A) The normal sequence around codon 140 of the p53
gene. (B) A mutation at codon 140 (TGC TAC) resulting in a

Cys -1 Tyr conversion in a Ph' negative extramedullary blast crisis
(No. 972) sample.
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(a) and mutated (b) se-
quence of a segment of
the p53 gene from pa-
tient No. 1245. The
mutation at codon 53
resulted in a TGG-
TGT (Trp -. Cys) con-

a version.

the same heterogenous pattern of mRNAexpression was seen.
In 4 of the myeloid/undifferentiated cell lines (K562, EM2,
JOSK-M, and KCL22) we could not detect p53 mRNAtran-
scripts by Northern analysis. In 2 other myeloid cell lines (EM3
and KYO) and in a lymphoid cell line (BV 173) adequate levels
were seen (data not shown). In the JOSK-M cell line we have
been able to demonstrate a splicing mutation in the donor
splice site of exon S that could interfere with mRNAprocessing
and account for the lack of p53 mRNA(36).

Discussion

CMLis an excellent model for the study of molecular events
involved in the initiation and progression of human malignant
disease. The pathogenetic importance of c-ABL early in the
leukemic process is well supported by molecular and clinical
analyses and by studies in mice infected by a retrovirus carry-
ing the p210 bcr/abl gene of the Ph' chromosome (12). Evolu-
tion of CMLto a more acute phase, however, appears to in-
volve additional molecular events. Our data and other recent
reports suggest that alterations of the p53 gene may be an im-
portant concomitant of evolution of CMLto typical myeloid
blast crisis. The frequency of these alterations is uncertain, but
is at least 30%. Changes in the p53 gene may also be involved in
the rare megakaryocytic blast crisis variant, but thus far the
evidence is against its involvement in either lymphoid blastic
transformation or in Ph' ALL. Weand Marshal et al. (22) have
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Figure 7. Northern blots
of total cellular RNA
probed with p53 cDNA
(top) and #l-Actin (bot-
tom). Each lane con-
tains DNAfrom leuko-
cytes of a patient with
myeloid blast crisis of
CML.

studied 18 cases of lymphoid blast crisis and 7 cases of Ph
positive ALL without finding any gross structural abnormali-
ties of the p53 gene. Wesuggest, therefore, that molecular
events other than those involving the p53 gene are likely to be
responsible for the evolution of CMLvariants such as lym-
phoid blast crisis and Ph+ ALL, although additional cases must
be studied by complete gene sequencing to be certain of this
point. It is also worth contrasting the molecular abnormalities
found in acute myelogenous leukemia with those found in the
myeloid blast crisis of CML: two acute leukemias that superfi-
cially look similar. In the former, mutations of N-RAS genes
and allelic deletion of a segment of the short arm of chromo-
some 11, presumably involving the Wilms' tumor locus, are
frequent, whereas in myeloid blast crisis these genetic alter-
ations are rare (37, 38).

A variety of data suggest that the p53 gene normally func-
tions as an anti-oncogene. For example, it has been shown that
wild type p53 lacks the ability to induce in vitro transforma-
tion; only mutant forms have this capacity (23). On the con-
trary, expression of the neoplastic phenotype is inhibited when
the wild type gene is transfected along with mutant p53 or other
oncogenes (23). Abnormalities of the gene have now been iden-
tified in osteogenic sarcoma (29), colon cancer (25, 27), lung
cancer (26), CML, breast cancer, brain tumors (19, 20,27), and
in several cell lines (39-42). Defects in the p53 gene which lead
to tumor progression may be either recessive (i.e., involve loss
of both normal alleles) or maybe dominant (i.e., a mutated and
normal allele coexist and the former dominates) (23). Our data
in the blast crisis of CMLsuggest that both mechanisms may
operate in this'disease. In - 50% of myeloid blastic cases no
transcripts are made, and in - 15-25% of cases there is reduc-
tion to homozygosity of the p53 gene. These observations are
consistent with a recessive action in which both normal alleles
of the p53 gene must be lost to abrogate its tumor suppressive
effect. On the other hand, some cases with gene rearrangement
or with a mutation have two different alleles, suggesting that an
altered gene may be dominant. Such also seems to be the case
in some colon cancers (25, 27). However, the case for a domi-
nant effect of a mutated p53 gene cannot be considered estab-
lished until it is proven that the remaining apparently normal
allele is indeed normal by all criteria.

Since alterations of the p53 gene are rare in chronic phase
CMLand are relatively commonin myeloid blast crisis, a perti-
nent question is when the genetic alterations occur relative to
disease transformation. Two cases in this study were in the
accelerated phase of disease with 10% or fewer blast cells in the
blood and had p53 gene alterations. One case was informative
since both the molecular and morphological analyses indicated
the early emergence of a novel clone, which quickly expanded
and soon led to the death of the patient. The other case had a
single allele of the p53 gene during blastic crisis and both alleles
during the immediately antecedent phase of disease.

Wehave recently studied another case of CMLwho had a
normal p53 gene during the chronic phase and a single mutated
allele with the emergence of blast crisis. When the chronic
phase was reestablished after intensive chemotherapy, two nor-
mal p53 alleles were again observed (43). These observations
suggest that p53 gene alterations occur early in the transition to
a more aggressive leukemic phenotype. Although the role of
p53 in carcinogenesis is still incompletely defined, we believe
that the available observations warrant the hypothesis that an
acquired abnormality of the p53 gene is a frequent event, and
may be the principal molecular event, associated with the evo-
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lution of CMLfrom chronic phase to myeloid blast crisis. If
this hypothesis is correct, then we have an excellent model for
studying the role of the p53 gene in the clonal evolution of a
human malignancy.
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