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Many adverse prognostic factors have been identified in acute lymphoid leukemia
(ALL) and acute myeloid leukemia (AML), including an increased leukocyte count and
certain genetic features of the leukemic blast cel 15" Y et none of the features can reliably
identify patients who require additional and more intensive therapy to avert relapse.
While contemporary treatment induces clinical remission in up to 98% of children with
ALL and 85% of those with AML,® mathematical models predict that some of the
patients may still have as many as 1010 leukemic cel 1@ Currently, such variationsin
leukemia burden cannot be accommodated in clinical management strategies. That is,
patients with high numbers of residual leukemic cells may receive essentially the same
type and intensity of therapy as patients with much smaller leukemiainfiltrates or no
leukemia at all.

Recent advances in molecular technigues and immunologic assays have fueled the
study of minimal residual disease (MRD, defined leukemic cells undetectable by
morphol ogic examinati on).(3) In theory, early detection of residual leukemia before the
emergence of drug-resistant blasts would allow more timely, hence more effective,
therapeutic intervention. This review summarizes recent advances in the devel opment of
MRD assays and their clinical application.

Methodological Considerations

Cell Karyotyping

Improved cytogenetic techniques can identify clonal chromosomal abnormalities
in 90% or more of ALL or AML cases at diagnosis. The use of karyotyping methods to
monitor MRD, however, is laborious and depends on the number of analyzable
metaphases. Although the sensitivity of this approach is of the same order as that of
morphologic examination (» 5%), its accuracy is superior. With use of chromosome-
specific and gene-specific probes to identify numeric and structural chromosomal
abnormalities, fluorescence in situ hybridization (FISH) technigues provide interpretable
results on interphase (nondividing) cells, increasing the chance of identifying residual
leukemic cells with alow proliferative rate. Nonetheless, because of certain inherent
technical difficulties, the sensitivity of MRD analysis by FISH approaches only 19%.@
Flow cytometric analysis of cells labeled with dyes specific for adenine-thymidine and
guanine-cytosine-rich DNA can also be used in karyotyping, but this approach is not more
sensitive than the above methods.) The nuclear DNA content of cells, determined by
flow cytometric analysis of cellslabeled with DNA-binding fluorochromes (e.g.,
propidium iodide), affords another measure of MRD in most hypodiploid and
hyperdiploid cases, but its sensitivity varies according to the extent of aneuploidy.

Cell Culture Techniques



Although culture of remission bone marrow has been used to detect MRD in both
AML and ALL, this approach has numerous shortcomi ngs.(3) First, the culture conditions
often reflect poorly defined components, and the lack of standardized methods of culture
preparation makes it difficult to establish aclinically useful threshold level of clonogenic
leukemic cells that can be applied in prospective studies. Even when clonogenic cells are
detected, additional characterization of each individua colony, by karyotyping,
immunophenotyping, antigen-receptor gene analysis or the polymerase chain reaction
(PCR), is necessary to establish the leukemic origin of the colonies. In this regard,
modified colony assays, based on cell sorting or PCR examination of the plucked
colonies, were recently developed to study MRD in ALLOF nally, leukemic blasts that
have the potential to cause relapse may fail to grow in culture systems; indeed, only a
limited number of leukemic colony-forming cells can be expected to grow in availablein
vitro systems.

Detection of Antigen-Receptor Gene Rearrangements

In cases of ALL, clona rearrangements of the variable, diversity, and junctional
gene segments of the immunoglobulin (1g) heavy-chain gene or T-cell receptor (TCR)
genes can be used as markers of MRD if one applies PCR amplification and nucleotide
sequencing. The PCR-amplified signal can be detected in ethidium bromide-stained gels
when leukemia-specific primers are used, or by radioisotope-labeled clonospecific probes
when consensus primers are employed. Enzymatic gene amplification by PCR can detect
rearranged genes with greater sensitivity (one leukemic cell per 103 to 105 normal cells)
than Southern blot analysis of nonamplified DNA (one per 20 to 100 cells). However, the
utility of this method is confounded by the presence of multiple patterns of gene
rearrangement at diagnosis (oligoclonality) or changes in gene rearrangements during the
course of the disease (clonal evolution). Recent studies suggest that, with monitoring of
two or more functional regions of multiple genes (e.g., immunoglobluin, T-cell receptor-
g, and/or T-cell receptor-d), PCR detection of MRD is possiblein approximatel%/ 90% of
cases and reduces the false-negative rate due to clonal evolution to 10% or less. 67

Table 1. Specific Genetic Abnormalitiesin Acute Leukaemia

Genes Freq. (%)* Freq. (%)*
Translocation Involved Adult Childhood
B-lineage ALL
1(9;22)(g34;q11) BCR-ABL 15-25 35
t(1;19)(g23;p13.3) E2A-PBX1 35 5-6
t(17;:19)(q22;p13)  E2A-HLF <1 <1
t(5;14)(g31;,g32) IL3 (IGH) <1 <1

t(4;11)(q21,023)  MLL-AF4 5 2



t(12;21)(p12-13;q22) TEL-AML1

11923 translocations MLL-AF<

B-cell ALL
t(8;14)(q24;932)
t(2;8)(g12;024)
t(8,22)(q24;q11)
T-cell ALL

TAL
t(8;14)(q24;q11)
t(10;14)(q24;q11)
t(7;10)(g35;024)
t(11;14)(p15;g11)
t(7;11)(g35;p13)
t(11;14)(p13;q11)
t(1;7)(p32;035)
t(1;14)(p32;q11)
t(7;9)(a34,0932)
t(7;19)(g34;p13)
t(1;7)(p34;0934)
t(7;9)(q34;034)
AML

t(3;21)(g26;022)

MYC (IGH)
MY C (IGK)

MYC (1GI)

TAL-SIL
MYC (TCRD)< 1
HOX 11 (TCRD)
HOX11 (TCRB)
TTG1 (TCRD)
TTG2 (TCRB)
TTG2 (TCRD)
TAL1 (TCRB)
TAL1 (TCRD)
TAL2 (TCRB)
LYL1 (TCRB)
LCK (TCRB)

TAN1 (TCRB)

AML1-EAP

Unknown

Unknown

<1

<1

<1

<1

<1

<1

<1

<1

<1

25* *

1-2

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1



1(8;21)(q22,022)  AMLI-ETO 6-12 8-15

1(6;9)(p23;034) DEK-CAN 1 <1
1(9;22)(g34;q11) BCR-ABL 3 <1
t(15;17)(q21;021)  PML-RARA 5-15 6-10
t(11;17)(q23;021)  PLZF-RARA <1 <1
inv(16)(p13g22) CBFb-MYHII 3 8-15
inv(3)(g21g26) EVI1 1 <1
t(9;11)(p21-22;q23) MLL-AF9 1-2 7-9
t(1;22)(p13;913) Unknown <1 2-3
* Based on literature review

*x Based on molecular analysis
More than 20 partner genes are involved in fusion events with MLL

Detection of Chromosomal Breakpoints by PCR

eukemia-specific chromosomal translocations provide disease markers that can be
detected by PCR analysis a ahigh level of sengitivity (10-4 to 10-6). If the designed PCR
primers matching conserved regions that flank the translocation are separated by a
relatively short stretch of DNA (no more than afew hundred base pairs), then genomic
DNA can be used. Otherwise, a cDNA fusion transcript, from which intervening
sequences have been spliced, is a preferable target for reverse transcription-PCR (RT-
PCR) analysis. To date, up to 50% of ALL and 45% of AML casesin children have
identifiable chromosomal translocations that are candidates for PCR anaysis (Table 1). It
should be noted that the most common chromosomal alterations both in B-lineage ALL
(TEL-AML1) and T-cell ALL (TAL-SIL) represent cryptic transocations that are not
evident at the karyotypic level and can only be identified by molecular analysis. Because
of their potential clinical implications, we and others prospectively screen for certain
trandocationsin all newly diagnosed patients: i.e., BCR-ABL, E2A-PBX1, MLL-AF4
and TEL-AML1inALL, and AML1-ETO, PML-RARA, CBFb-MYH11 and MLL-AF9
in AML.

Detection of MRD with Immunologic Methods

ince virtually all antigens expressed on malignant cells are al'so present on
corresponding normal cells, multiparameter flow cytometric analysis measuring two or
more cell-surface antigens simultaneoudly is being used to detect the presence of
leukemic cells.®) The rationale is that “ aberrant” expression of certain combinations of
antigensis a characteristic feature of some leukemias. Recently, several apparently



leukemia-specific monoclonal antibodies were used in single-color flow cytometric
studies of MRD (e.g., the 7.1 antibody in cases defined by 11923 abnormalities® and the
KOR-SA 3544 reagent for Philadel phia chromosome-positive Ieukemia(g)). Because the
latter antibody also reacts with myeloid cells, it must be used in combination with
reagents that identify CD19+ TdT+ lymphoid progenitors. Since some antigens tend to be
expressed more strongly on leukemic cells than on normal cells, " their measurement by
flow cytometry can be of value in assessing MRD. In generd, flow cytometry allows the
detection of at least one target cell in 104 normal cells. Finally, certain
immunophenotypes are leukemia-specific when the cells are found in “sanctuary” sites
(e.g., TdT+ cellsin cerebrospinal fluid). Table 2 summarizes the phenotypic
combinations that can be used for productive study of residual leukemia.

Table 2. Immunophenotypic Combinations Used to Study MRD in Patients with Acute
Leukemia

Frequency in
normal marrow
Disease Phenotype* Frequency (%) (% positive cells = SD)a
B-lineage TdT/CD10/CD13 7 0.02+0.01
ALL
TdT/CD10/CD33 8 0.03+0.02
TdT/CD10/CDw65 7 0.02+0.01
TdT/CD10/CD21 10 0.02+0.01
TdT/CD10/CD56 9 <0.01
TdT/cytoplasmic 14 0.03+0.01
m/CD34
KOR-SA3544 10 <0.01
7.1 3 <0.01
T-lineage TdT/cytoplasmic 90 <0.01
ALL CD3
AML CD34/CD56 20 <0.01
CDw65/CD34/TdT 15 <0.01

* TdT and CD10 can be replaced by CD19 and CD34.
Greater than 10% positive leukemic lymphobl asts.



a These positive cells had light-scattering properties typical of immature
lymphoid or myeloid cells. The reduced expression of the indicated phenotypes by normal
cellsalows 1 leukemic cell to be identified among 10,000 normal marrow cells.

Sources of Error in MRD Detection

Even highly sensitive methods of MRD detection are limited in their application
(Table 3). False-positive results due to contaminating traces of DNA are a potential
source of error with PCR. Similar errors can arise from nonspecific hybridization of
“clonospecific” probesto amplified DNA from normal lymphocytes in assays directed to
Ig or TCR gene rearrangements. The same assays will yield false-negative findingsif the
g or TCR molecular target is deleted, or if additional rearrangements have emerged
during the course of the disease (“clonal evolution”).

Table 3. Potential Sources of Error in Detection of MRD

Type of error Type of error
Method False-negative result False-positive result
In situ Poor hybridization Aneuploidy in normal
hybridization cells; artifactual co-
localization of probes
Colony assays Low proliferative activity; Colony formation from
of leukemic cells apoptosis due non-leukemic cells

to lack of stromal support

PCR performed on  Degraded DNA; clonal Cross-hybridization with
antigen-receptor evolution sequences from normal cells
gene rearrangements

PCR amplification = Degraded RNA or DNA; Contamination

of translocation low efficiency of reverse

breakpoints transcriptase

Immunologic Phenotypic switch Antibody cross-reactivity
methods

False-positive results with immunologic methods can derive from expression of
“leukemia-associated” phenotypes by subsets of normal cells and from the use of
antibodies with nonspecific reactivities, such as cells binding through their Fc portion.
Phenotypic switches occurring at the time of relapse may result in false-negative results
during MRD monitoring if the changes affect markers used in the original panel.

The heterogeneous distribution of leukemiain the body is another potential source
of error, irrespective of the specific technique used. While there are obvious advantages



to the use of periphera blood rather than bone marrow for the monitoring of MRD, the
available evidence suggests that the | atter is a more reliable tissue for analysi s

One of the aims of MRD investigation isto estimate the amount of residual tumor
rather than to ssmply establish its presence. Immunologic methods, in situ hybridization
with interphase cells and ploidy studies by flow cytometry allow precise quantitation of
the proportion of abnormal cells within a given population, while PCR analysis appears
less accurate.

Clinical Application of MRD Monitoring

Acute Lymphoid Leukemia

Most studies evaluating the clinical utility of PCR analysis for MRD monitoring
have been retrospective and based on TCR gene rearrangements. A single positive PCR
result early in remission is not necessarily correlated with long-term response to
treatment."**® Likewise, the absence of MRD during treatment or even at the end of
therapy by PCR analysis does not ensure a durable remission.*? However, the persistence
or an increase in positivity on repeated analysisis closely associated with a subsequent
and sometimes very laterel apse.(15) In one study, clinical relapses occurred in two patients
more than eight years after positive post-treatment PCR results,™® suggesting that
remnants of the leukemic clone can survive in aquiescent state for years before giving
rise to overt relapse. Using semiquantitative PCR analysis, some investigators have
correlated higher levels of residual disease in the immediate postinduction g)eriod with an
increased likelihood of hematologic and sometimes combined relapses. ™" Similarly,
using cell sorting with colony assays for leukemic progenitor cells, others showed that
high concentrations of leukemic cells in bone marrow were predictive of relapsein
patients who were undergoing autologous transpl antation.®

In ALL, anumber of leukemia-specific fusion transcripts can be amplified by
PCR, but only BCR-ABL has been systematically applied in the study of MRD. Most of
the cases analyzed had received either allogeneic or autologous bone marrow rescue.
Among these patients, BCR-ABL transcripts disappeared after transplantation and
remained undetectable in long-term disease-free survivors, but re-emerged in those who
subsequently developed aclinical rel apse.(lg'zo)

In contrast to PCR assays, a single positive result by immunologic methods
appeared to be highly predictive of subsequent rel apse.(21) In our ongoing prospective
study (median follow-up, 2.5 years), four of 20 patients with positive immunol ogic assay
results upon attaining a morphologic remission after induction therapy have relapsed,
compared with only one of 71 patients with a negative result; a positive result at 32 weeks
of morphologic remission appears to be even more predictive of subsequent outcome (D.
Campana and C-H. Pui, unpublished data). Finally, although routine examination of
cerebrospinal fluid by immunologic methods would probably not be cost-effective, this
approach can lend a diagnostic edge when morphol ogic findings are equivocal ®

Acute Myeloid Leukemia
A number of studies have established the predictive value of PCR reactivity in
acute promyelocytic leukemia with the PML-RARA fusion gene.(zz) Indeed, PCR



negativity should be regarded as a goal in the clinical management of this disease. The
clinical value of PCR monitoring in acute myeloblastic leukemia with the t(8;21) and
AML-ETO fusion geneisless certain, as the fusion transcripts may be detected in bone
marrow or even peripheral blood from patients Who have completed al treatment and
remained in remission for aslong as eight years * This result contrasts with that of a
cytogenetic study in which all patients with detectable t(8;21) metaphases eventually
relapsed. @9 \Whether expression of the chimeric protein does not itself constitute a
transformed phenotype or whether the “quiescent cells’ in patients with only PCR
reactivity (hence MRD at avery low level) was suppressed by host immunity is unclear.
This finding also raises questions about the validity of the detection of fusion-gene
products as a predictor of clinical outcome in some leukemias. Studies of PCR analysis of
MRD in patients with the CBFb-MY H11 or the MLL-AF9, two other common subtypes
of AML, have been limited to only afew patients. Finally, several studies have shown
that persi stence or increase of phenotypically abnormal cells generally was followed by
overt rel apse

Summary and Perspective

Minimal residual disease can be monitored by several different techniques, but
noneis satisfactory in al patients. Rather, to accommodate more than 90% of the cases,
one must apply multiple techniques. A recent study revealed increased WT1 expression in
the leukemic cells of all 45 AML and 22 ALL cases examined by semiquantitative RT-
PCR, with serial measurements of gene expression correlating with treatment outcomein
nine AML cases tested.(26) Additional studies are needed to establish the clinical utility
of this potential new marker of MRD detection. Although immunologic methods appear
to be quite specific, their wider application will require identification of additional
leukemia-associated phenotypes and preferably leukemia-specific antigens. It has become
clear that the mere detection of MRD by PCR, especially during early remission, does not
predict relapse. In this regard, recent PCR studies disclosed the presence of a BCL2-1GH
or BCR-ABL fusion genein a{)parently healthy individuals, with the frequency of PCR
positivity increasing with age. 2128 Thuys, expression of afusion transcript does not
necessarily connote malignant proliferation. Thereis clearly aneed for carefully
controlled prospective studies to evaluate the predictive value of serial and, perhaps,
guantitative MRD determinations. The expectation is that accurate determination of MRD
will have a profound impact on the clinical management of patients with leukemia.

Thiswork was supported by grants UO1-CA 60419, P30-CA 21765 and PO1-CA 20180
from the National Cancer Institute, and by the American L ebanese Syrian Associated
Charities (ALSAC).

References
1. Pui C-H: Childhood leukemias. N Engl JMed 332:1618, 1995.

2. Hagenbeek A, Martens AM: Minimal residua disease in acute leukaemia: preclinical
studiesin arelevant rat model (BNML). Baillieres Clin Haematol 4:609, 1991.



10.

11.

12.

13.

14.

Campana D, Pui C-H: Detection of minimal residual disease in acute leukemia:
methodol ogic advances and clinical significance. Blood 85:1416, 1995.

Gray JW, Kuo WL, Liang J, Pinkel D, van den Engh G, Trask B, Tkachuk D,
Waldman F, Westbrook C: Analytical approaches to detection and characterization of
disease-linked chromosome aberrations. Bone Marrow Transplant 6(Suppl 1):14,
1990.

Uckun FM, Kersey JH, Haake R, Weisdorf D, Neshit ME, Ramsay NK:
Pretransplantation burden of leukemic progenitor cells as a predictor of relapse after
bone marrow transplantation for acute lymphoblastic leukemia. N Engl JMed
329:1296, 1993.

Beishuizen A, Verhoeven MAJ, van Wering ER, Hahlen K, Hooijkaas H, van Dongen
JIM: Analysisof Ig and T-cell receptor genes in 40 childhood acute lymphaoblastic
leukemias at diagnosis and subsequent relapse: implications for the detection of
minimal residual disease by polymerase chain reaction analysis. Blood 83:2238, 1994.
Steward CG, Goulden NJ, Katz F, Baines D, Martin PG, Langlands K, Potter MN,
Chessells IM, Oakhill A: A polymerase chain reaction study of the stability of Ig
heavy-chain and T-cell receptor d gene rearrangements between presentation and
relapse of childhood B-lineage acute lymphoblastic leukemia. Blood 83:1355, 1994.
Behm FG. Smith FO, Raimondi SC, Pui C-H, Bernstein L: Human homologue of the
rat chondroitin sulfate proteoglycan, NG2, detected by monoclonal antibody 7.1
identifies childhood acute lymphoblastic leukemias with t(4;11)(g21;923) or
t(11;19)(g23;p13) and MLL gene rearrangements. Blood 87:1134, 1996.

Mori T, Manabe A, Okazaki T, Suzuki T, SugitaK, Hosoya R, NishimuraK,
Mizutani S, Nakazawa S: KOR-SA3544: A novel monoclonal antibody which
specifically binds to the cell membrane of Philadel phia chromosome (Phl) positive
acute lymphoblastic leukemia (ALL). Blood 82(Suppl 1):52a, 1993.
Prowit-MacDonald A, Janossy G, Ivory K, Swirsky D, Peters R, Wheatley K, Walker
H, Turker A, Goldstone AH, Burnett A: Leukemia associated changes identified by
guantitative flow cytometry IVV. CD34 overexpression in acute myel ogenous leukemia
M2 with t(8;21). Blood 87:1162, 1996.

Beishuizen A, Verhoeven MAJ, HShlen K, van Wering ER, van Dongen JIM:
Differences in immunoglobulin heavy chain gene rearrangement patterns between
bone marrow and blood samplesin childhood precursor B-acute lymphoblastic
leukemiaat diagnosis. Leukemia 6:60, 1992.

Nizet Y, Van Dagle S, Lewalle P, Vaerman JL, Philippe M, Vermylen C, Cornu G,
Ferrant A, Michauxu JL, Martiat P: Long-term follow-up of residual diseasein acute
lymphoblastic leukemia patients in complete remission using clonogeneic IgH probes
and the polymerase chain reaction. Blood 82:1618, 1993.

Y okota S, Hansen-Hagge TE, Ludwig WD, Reiter A, Raghavachar A, Kleihauer E,
Bartram CR: Use of polymerase chain reactions to monitor minimal residual disease
in acute lymphoblastic leukemia patients. Blood 77:331, 1991.

Ito Y, Wasserman R, Galili N, Reichard BA, Shane S, Lange B, Rovera G: Molecular
residual disease status at the end of chemotherapy fails to predict subsequent relapse
in children with B-lineage acute lymphoblastic leukemia. J Clin Oncol 11:546, 1993.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Cavé H, Guidal C, Rohrlich P, Delfau MH, Broyart A, Lescoeur B, Rahimy C,
Fenneteau O, Monplaisir N, d’ Auriol L, Elion J, Vilmer E, Grandchamp B:
Prospective monitoring and quantitation of residual blasts in childhood acute
lymphoblastic leukemia by polymerase chain reaction study of d and g T-cell receptor
genes. Blood 83:1892, 1994.

Potter MN, Steward CG, Oakhill A: The significance of detection of minimal residual
disease in childhood acute lymphoblastic leukemia. Br JHaematol 83:412, 1993.
Brisco MJ, Condon J, Hughes E, Neoh SH, Nicholson I, Sykes PJ, Tauro G, Ekert H,
Waters K, Toogood I, Seshadri R, Morley AA, and the Australian and New Zealand
Children’s Cancer Study Group: Prognostic significance of detection of
monoclonality in remission marrow in acute lymphoblastic leukemiain childhood.
Leukemia 7:1514, 1993.

Wasserman R, Galili N, Ito Y, Silber JH, Reichard BA, Shane S, Womer RB, Lange
B, Rovera G: Residual disease at the end of the induction therapy as a predictor of
relapse during therapy in childhood B-lineage acute lymphoblastic leukemia. J Clin
Oncol 10:1879, 1992.

Miyamura K, Tanimoto M, MorishimaY, Horibe K, Yamamoto K, Akatsuka M,
KoderaY, Kojima S, Matsuyama K, Hirabayashi N, Yazaki M, Ima K, Onozawa,
Kanamaru A, Mizutani S, Saito H: Detection of Philadelphia chromosome-positive
acute lymphoblastic leukemia by polymerase chain reaction: possible eradication of
minimal residual disease by marrow transplantation. Blood 79:1366, 1992.

Gehly GB, Bryant EM, Lee AM, Kidd PG, Thomas ED: Chimeric BCR-Abl
messenger RNA as amarker for minimal residual disease in patients transplanted for
Philadel phia chromosome-positive acute lymphoblastic leukemia. Blood 78:458,
1991.

Campana D, Coustan-Smith E, Janossy G: The immunological detection of minimal
residual disease in acute leukemia. Blood 76:163, 1990.

Miller WH Jr, Levine K, DeBlasio A, Frankel SR, Dmitrovsky E, Warrell RP Jr.
Detection of minimal residual disease in acute promyelocytic leukemia by areverse
transcription polymerase chain reaction assay for the PML/RAR-afusion mRNA.
Blood 82:1689, 1993.

Nucifora G, Larson RA, Rowley JD: Persistence of the 8;21 translocation in patients
with acute myeloid leukemiatype M2 in long-term remission. Blood 82:712, 1993.
Freireich EJ, Cork A, Stass SA, McCredie KB, Keating MJ, Estey EH, Kantarjian
HM, Trujillo IM: Cytogenetics for detection of minimal residual disease in acute
myeloblastic leukemia. Leukemia 6:500, 1992.
Adriaansen HJ, Jacobs BC, Kappers-Klunne MC, Hahlen K, Hooijkaas H, van
Dongen JIM: Detection of residual disease in AML patients by use of double
immunological marker analysis for terminal deoxynucleotidyl transferase and myeloid
markers. Leukemia 7:472, 1993.

Inoue K, Sugiyama H, Ogawa H, Nakagawa M, Yamagami T, MiwaH, KitaK,
Hiaroka A, Masaoka T, Nasu K, Kyo T, Dohy H, Nakauchi H, Ishidate T, AkiyamaT,
Kishimoto T: WT1 as anew prognostic factor and a new marker for the detection of
minimal residual disease in acute leukemia. Blood 84:3071, 1994.



27. LiuY, Hernandez AM, Shibata D, Cortopassi GA: BCL 2 transl ocation frequency
rises with age in humans. Proc Natl Acad Sci USA 91:8910, 1994.

28. Biernaux C, Loos M, Sels A, Huez G, Stryckmans P: Detection of major ber-abl gene
expression at avery low level in blood cells of some healthy individuals. Blood
86:3118, 1995.



