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|dentification of novel markers for monitoring minimal residual disease
in acute lymphoblastic leukemia
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To identify new markers of minimal re-
sidual disease (MRD) in B-lineage acute
lymphoblastic leukemia (ALL), gene
expression of leukemic cells obtained

from 4 patients with newly diagnosed ALL

was compared with that of normal
CD19*CD10* B-cell progenitors obtained
from 2 healthy donors. By cDNA array
analysis, 334 of 4132 genes studied were
expressed 1.5- to 5.8-fold higher in leuke-
mic cells relative to both normal samples;

238 of these genes were also overex-
pressed in the leukemic cell line RS4;11.
Nine genes were selected among the 274

overexpressed in at least 2 leukemic
samples, and expression of the encoded
proteins was measured by flow cytom-
etry. Two proteins (caldesmon and my-
eloid nuclear differentiation antigen) were
only weakly expressed in leukemic cells
despite strong hybridization signals in
the array. By contrast, 7 proteins (CD58,
creatine kinase B, ninjurinl, Refl, cal-
pastatin, HDJ-2, and annexin VI) were
expressed in B-lineage ALL cells at higher

levels than in normal CD19 +CD10* B-cell

progenitors ( P < .05 in all comparisons).
CD58 was chosen for further analysis

because of its abundant and prevalent
overexpression. An anti-CD58 antibody iden-
tified residual leukemic cells (0.01% to
1.13%; median, 0.03%) in 9 of 104 bone
marrow samples from children with ALL in
clinical remission. MRD estimates by CD58
staining correlated well with those of poly-
merase chain reaction amplification of im-
munoglobulin genes. These results indicate
that studies of gene expression with cDNA
arrays can aid the discovery of leukemia
markers. (Blood. 2001;97:2115-2120)
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Introduction

In B-lineage acute lymphoblastic leukemia (ALL), the mostounterparts, the B-lymphoid progenitors of the bone marrow, and
common form of leukemia in children, the level of minimal (ie o prevent false-negative findings due to immunophenotypic changes
submicroscopic) residual disease (MRD) during clinical remissiaturing the course of the disea$elhus, the identification of new
is one of the most powerful prognostic indicatdr€orrelative leukemia markers that are easily detectable and are stably ex-
studies have demonstrated that detection of MRD by flow cytometressed in a large proportion of B-lineage cases would greatly
ric or polymerase chain reaction (PCR) analysis of leukemiaimplify the application of MRD studies and help to extend their
specific markers is strongly associated with subsequent reldpsebenefit to all patients.
Therefore, MRD assays are being introduced into treatment For productive detection of MRD in ALL, it is necessary to
protocols as a tool to gauge treatment response and aid in thistinguish leukemic lymphoblasts from their normal counterparts,
selection of therapeutic strategies. B-lymphoid progenitors that normally reside in the bone marrow.
The greatest remaining obstacle to the routine use of MRBy comparing the gene expression of these 2 cell populations, it
studies in ALL therapy protocols is that none of the techniqueshould be possible to identify differentially expressed molecules
currently available for MRD detection can be applied to allhat could be used as new markers for MRD studies by flow
patients. PCR amplification of chromosomal breakpoints can bgtometry. Leukemic and normal B-lymphoid progenitors are
applied to fewer than half of all children with ALL, that is, thoseideally amenable to comparative studies of gene expression
whose leukemic cells express nonrandom genetic abnormalitiebecause they are immunophenotypically well defined and can be
The success rate of PCR analysis of antigen-receptor genes rang@sated to a high degree of purity.
from 80% to 90% because of lack of sufficiently specific leukemia Oligonucleotide or cDNA arrays allow simultaneous testing of
sequences, oligoclonality, and clonal evolutiéA® This method is the expression levels of thousands of geé8This approach has
also laborious and can be performed only in a few specializbgéen applied to define gene profiles potentially useful for the
centers. Flow cytometry is widely used for the diagnosis arglibclassification of acute leukerfland B-cell ymphom# and to
classification of leukemia but can monitor MRD in only 80% tddentify genes upregulated in epithelial cancer c&i&.In this
85% of cases of B-lineage ALL because of lack of leukemiastudy, we first used cDNA arrays to screen for differences in gene
specific immunophenotypé&.Moreover, MRD studies by this expression between leukemic lymphoblasts and their normal
technique require extensive panels of complex antibody combiraunterparts, CD19CD10" B-lymphoid progenitors purified from
tions to distinguish leukemic lymphoblasts from their normabone marrow. Genes that were overexpressed in leukemic cells by
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cDNA array analysis were tested by flow cytometry to assess levelgre mapped to an internal reference database by aligning the images in a
of protein expression and to validate their usefulness as leukeragitware-based matrix using spots containing total genomic control DNA.
cell markers. The intensity of these spots was used to normalize the intensity of all spots
in inter-hybridization comparisons. Changes in levels of expression were
calculated using normalized intensity readings that were given as ratios and
Materials and methods visgalized by using green-red false-colorimages. An intensity mask of_5(_)00
arbitrary units was used to exclude background and very weak hybridiza-
Cells tion signals. In all pairwise comparisons, we used 1.5-fold increase as the
minimum expression change to define overexpression. This arbitrary cutoff
Bone marrow samples were obtained from children aged 1 month to #s previously applied to the results of GF211 Genefilter to identify
years (median, 5 years) at the time of diagnosis of ALL and during clinicalifferentially expressed genes in resting and activated human lympho-
remission, and from healthy donors aged 1.5 to 33 years (median, 13 ye@sgps2® In preliminary experiments comparing gene expression in RS4;11
during the harvest of bone marrow for stem cell transplantation. Thesells harvested at 2 successive days during culture, we found that in 4075 of
studies were approved by the Institutional Review Board, with informeghe 4132 genes (98.6%) examined, the level of expression varied less than
consent obtained from donors, patients, and their parents or their guardians-fold. Among the remaining 57 genes, expression varied by 1.5-fold to
Immunophenotyping of leukemic cells at diagnosis was performed byss than 2-fold in 50 (1.2%) and by more than 2-fold (range, 2.1-3.5;
standard method®. Leukemic and normal mononuclear cells were-colmedian, 2.2) in 7 (0.17%).
lected after centrifugation on a Lymphoprep density gradient (Nycomed,
Oslo, Norway) and were washed 3 times in phosphate-buffered saline. gy, cytometric analysis
the microarray experiments, CD1%ukemic cells were enriched using a
magnetic cell separation system (Miltenyi Biotec, Bergisch Gladbacho verify the overexpression of gene products, we used flow cytometry with
Germany), yielding more than 98% CD1%ell purity. Normal CD19  the following antibodies: an anti-CD58 monoclonal antibody conjugated to
cells were enriched using the same system; this step was followed ByC (Beckman-Coulter, Miami, FL), unconjugated IgG monoclonal
staining with anti-CD19 conjugated to phycoerythrin (PE) and anti-CD1@ntibodies to creatine kinase B (a gift of Dr B. Wieringa, University of
conjugated to fluorescein isothiocyanate (FITC) (both from Becton DickifNijmegen, The Netherland$j ninjurin1, annexin VI (both from Transduc
son, San Jose, CA) and sorting of CDTD10* cells using a MoFlo tion Laboratories, Lexington, KY), Refl (Novus Biologicals, Littleton,
high-speed fluorescence-activated cell sorter (Cytomation, Fort CollifsQ), calpastatin (Alexis Biochemicals, San Diego, CA), HDJ-2 (NeoMark-
CO). All samples were processed or cryopreserved within 5 hou@ss, Freemont, CA), caldesmon (Novocastra, Newcastle, United Kingdom),
of collection. and rabbit antiserum to myeloid nuclear differentiation antigen (Chemicon,
The cell line RS4;11 was available in our laboratory. It was establishdgmecula, CA). These antibodies were used in combination with IgM
from the relapse sample of a patient with acute leukémiRS4;11 cells monoclonal antibodies to CD10 (Boehringer Mannheim, Indianapolis, IN)
carry the t(4;11)(q21;q23) chromosomal abnormality and the correspondieig CD19 (Research Diagnostics, Flanders, NJ). Antibody binding was
MLL-AF4 gene fusion and have rearrangements of immunoglobulin (Igetected with the use of fluorochrome-conjugated species- and isotype-
heavy chains and kappa light cha#ig% The immunophenotypic, karyo specific goat antisera from Jackson Immunodiagnostics (West Grove, PA)
typic, and molecular features of this cell line are characteristic of B-lineag&d Southern Biotechnology Associates (Birmingham, AL). Species- and

ALL with MLL gene rearrangemeria?’ isotype-matched nonreactive Igs were used as controls. Because all markers
except CD58, CD10, and CD19 were expressed intracellularly, cell
cDNA array assay membranes were permeabilized with ORTHO Permeafix (ORTHO, Raritan,

To screen cells for gene expression, we used high-density filter-bas'\el:@ during the cell-labeling procedure, as described previdfslieasure

cDNA arrays purchased from Research Genetics (Huntsville 22#)The ments of annbody 'abe'”?g were performed b_y multlparameter flow

“ . ) ) %ytometry using a FACSCalibur flow cytometer equipped with the CellQuest
GF211 "Known genes” Genefilter array contains 4132 named human genso%‘tware (Becton Dickinson). In some experiments, antibody labeling of
Each spot on the 5-ctd 7-cm positively charged nylon membrane contains ’ P ' y 9

approximately 0.5 ng cDNA. The cDNAs are approximately 1 kb in lengt cytqcentr!fuge preparations was examined with a fluorescence microscope
contain the entire ¥ TR, and are all sequence-verified [.M.A.G.E./LLNL Zeiss Axioskop, Oberkochen, Germany).

clones3® Samples were prepared according to instructions provided by the

array’'s manufacturer. Briefly, we used the RNeasy Mini Kit (QiagerMRD assays

Valencia, CA) to extract total RNA from CD1cells purified from 4 ALL - gy jes of MRD by flow cytometry were performed with various combina-
samples obtained at diagnosis, from CDC®10" cells purified from 2 ions of monoclonal antibodies conjugated to FITC, PE, peridinin chloro-
normal bone marrow samples, and from the cell line RS4;11. Total RNﬁhyII protein, and allophycocyanin, as described previot&hf The

(0.5-1.0 ng) was converted to cDNA by using 1.BL of reverse a0 ysed allows the identification of one leukemic cell among 10 000
transcriptase (Superscript II; Gibco, Rockville, MD) angi2of 0ligo dT 5 ma| hone marrow cells or greaférlé Determination of MRD by PCR

primer in the presence of 30L 33P-dCTP. Labeled cDNA was purified with amplification of Ig genes was performed as described previGEshRD

a Bio-Spin 6 chromatography column (BioRad, Hercules, CA), denatureg, gies by the 2 methods were done independently in separate laboratories.
and hybridized to the gene filter for 18 hours in a hybridization roller oven

at 42°C. The filter was washed and exposed to a phosphorimager storage

screen that was then scanned with a Storm 860 phosphorimager (Molecular

Dynamics, Sunnyvale, CA). After scanning, the filter was stripped biResults
immersion in boiling 0.5% sodium dodecyl sulfate solution and agitation

for 1 hour. To avoid inaccuracies due to inter-filter variability, we comparegPNA array screening

the gene expression of primary leukemic cells and normal lymphoid . . . .
progenitors by performing sequential hybridizations on the same filté\:.o identify genes overexpressed in leukemic cells, we compared the

Multiple hybridizations were performed under identical conditions; aftéfXPression of genes in Ieukemic |ymph°bla_5t5 purified frqm bor_‘e
each stripping, the filter was scanned to ensure that no residual radioactifitrrow samples taken from 4 children with B-lineage ALL at diagnosis
was detectable. with that of CD19CD10" lymphoid progenitors from bone marrow

samples taken from 2 healthy individuals (Figure 1). Of the 4132 genes
examined, 495 were expressed at 1.5-fold or greater in leukemic cells in
The phosphorimager files were imported as tagged image files into @eleast one pairwise comparison. Each of the 495 spots of different
Pathways 2.01 software (Research Gene#td)33 Individual elements intensities contained visually detectable hybridization signals; none of

cDNA array data analysis
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o sented a wide variety of putative cellular functions. CD58, also
known as lymphocyte function—associated antigen-3 (LFA-3), is an
adhesion molecule that binds to CD2 on T cells and natural killer
cells®; creatine kinase B is a cytoplasmic molecule involved in
° adenosine triphosphate/adenosine diphosphate metatflism
o jurinl is an adhesion molecule primarily expressed in the central
% g nervous system and epithelidhhRefl (also known as apurinic/
g apyrimidinic endonuclease [APE], APEX, HAP1) is a multifunc-
e AL o AL Vo AL WAL e AL tional enzyme that functions as an endonuclease and as a redox-
Nirgurint BAL Sty pHOVEN BEAmat modifying factor for a variety of transcription factd#scalpastatin
Figure 1. Expression of CD58, creatine kinase B (CKB), ninjurinl, Refl, is an inhibitor of calpain, a Ca -dependent cysteine protease that
o o PTOMOLES apoplosis and necro&ié HDJ-2 (HSDJ, DNAJ) is a
ALL columns indicate the corresponding level of expression in normal samples for human heat-shock protein-40 homologue involved in protein
each marker. For all 7 markers, differences in mean fluorescence intensity between  transport and foldint§#¢ and annexin VI is a Ca'- and phospho
nprmal and leukemic ge!lslwere significant by ¢ test (CD58, P < .0901; creatine lipid-binding protein that is required for budding of clathrin-coated
kinase B, P = .007; ninjurinl, P = .013; Refl, P = .002; calpastatin, P = .006; A7 . . .
HDJ-2, P = .003; and annexin VI, P = .023). The mean fluorescence intensity scale pits*In the cODNA array analySIS' 5of these genes (creatme kinase
for HDJ-2 and annexin V1 is higher (x10) than that of the other molecules. B, calpastatin, Refl, HDJ-2, and annexin VI) were overexpressed
in 2 leukemic samples, whereas 2 (CD58 and ninjurinl) were

the differentially expressed genes were expressed exclusively in leukgerexpressed in 3 leukemic samples. None of these 7 genes had
mic cells. The level of overexpression ranged from 1.5-fold to 5.8-folfluctuations of 1.5-fold or greater in the preliminary studies with
478 of the 495 genes were overexpressed 2-fold or more in at 1688411 cells harvested at 2 different points during culture.
one comparison. The flow cytometric studies demonstrated that the expression of

When the gene profiles of the 2 normal samples were compar8tgse proteins was higher in ALL cells than in their normal
25 of the 4132 genes were overexpressed (at least 1.5-fold) in gigéinterparts, CDI8CD10" B-cell progenitorsP < .05 byt testin
sample and 43 were overexpressed in the other. Because of glisomparisons; Figure 1). In a substantial proportion of B-lineage
variability in gene expression among normal cells, we restrictéhl-L cases, the expression of these molecules was abnormally high
our subsequent analysis to genes that were overexpressedFigures 1 and 2). CD58, creatine kinase B, ninjurinl, and Refl
leukemic cells relative to both normal samples. We found that 33vere expressed at the lowest detectable level or were virtually
genes fulfilled this criterion. Notably, 238 were also overexpressé@idetectable in normal CDI€D10" lymphoid progenitors, but
in the cell line RS4;11 when compared with both samples of normé&ere expressed at levels 2 to 6 times greater in multiple samples
B-cell progenitors. In total, 274 of the 334 genes were overeffom diagnostic B-lineage ALL cases. Although the remaining 3
pressed in more than one leukemic sample: 210 were overgoteins (calpastatin, HDJ-2, and annexin VI) were expressed by
pressed in 2 samples and 64 were overexpressed in 3 samplesnfignal B-lymphoid cells, cases of B-lineage ALL overexpressed
gene was expressed at least 1.5-fold in more than 3 samples.

Although several genes were underexpressed in ALL cells in Normal BM ALL
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Because we wished to identify markers of leukemia that are
suitable for MRD detection by flow cytometric analysis, we tested
the expression of proteins encoded by genes found to be overex-
pressed in the cDNA array screening with the use of specific
antibodies. For these studies, we selected 9 molecules encoded By +
genes overexpressed in at least 2 leukemic samples. The select d:e'
molecules had an overexpression of 2-fold or greater in at least ong .
comparison between leukemic and normal cells. A further criterion
for selecting these molecules was that specific antibodies, proven t
work in immunofluorescence, were available.

Two of the 9 proteins (caldesmon and myeloid nuclear differen-
tiation antigen) were very weakly expressed in leukemic cells by
flow cytometry and fluorescence microscopy, despite strong hybrid-
ization signals in the cDNA array testing. These findings are likely
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to reflect low protein expression rather than poor antibody binding ) o o )
because cells known to express these proteins, including tonsiflgf"c * BPression of CDS8, ninjurin1, creatine kinase B, and Refl in normal
and leukemic immature B cells by flow cytometry. For each protein, results

follicular dendritic cells (caldesmofi)and normal and leukemic oprained with 2 normal bone marrow samples and 2 cases of B-lineage ALL are

myeloid cells (myeloid nuclear differentiation antigéh)were shown. Flow cytometric dot plots illustrate labeling of CD19* lymphoid cells with
strongly labeled (data not ShOWﬂ) antibodies against the tested protein (FITC; x axes) and with anti-CD10 (PE; y axes).

. . . aawing of quadrants was based on staining with isotype-matched fluorochrome—
The remaining 7 proteins were clearly detectable in Iympho njugated nonreactive Igs. The percentage of cells in the upper right quadrant is

leukemic cells and were selected for further testing. These repiitcated in each plot.
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these molecules. As expected from the cDNA array observation 100 o

and from the known immunophenotypic and genetic heterogeneit 'o‘.\

of ALL,*® none of the molecules were overexpressed in all !;\\

leukemic cases studied. % 104 %, Morphologic
o _ p= LN P remission

Validation of the CD58 marker for MRD detection e e P T — i

In further studies, we determined the usefulness of CD58 as 8

marker to monitor MRD. CD58 was selected because (1) it is.
highly overexpressed in a large proportion of ALL cases and (2
anti-CD58 antibodies directly conjugated to fluorochromes are=
commercially available; such antibodies are required for multipara §

emic

metric studies of MRD by flow cytomet®26We tested CD58 as a
marker of MRD in 104 bone marrow samples obtained from 33
children with ALL in clinical remission. Because studies of MRD
by flow cytometry require multiparameter analy3¥sfwe used an

o
o~

anti-CD58 antibody in combination with antibodies to CD19, 4 6 10 20 40 64

CD10, and CD34. In 95 samples from 28 patients, CD&8lls
expressing CD10 or CD34 had a CD58 expression level that wagre 4. Sequential monitoring of MRD in 4 children with ALL.

Weeks of Therapy

All samples were

cons|stent|y identical to that of normal samples The rema|n|ngsgdled during morphologic remission with the use of anti-CD58 in combination with

samples from 5 patients contained B-lymphoid progenitor ceff

ntibodies to CD19, CD10, and CD34.

overexpressing CD58, indicative of MRD (Figure 3). The level of

MRD in these samples ranged from 0.01% (the limit of detectiof stydies. By contrast, greater than 0.01% leukemic cells were
by flow cytometry) to 1.13% (median, 0.03%). Figure 4 illustrategetected by both methods in 6 samples from 3 patients, with a good
the results of MRD monitoring in 4 patients with multiplecqrrelation in the MRD estimates by the 2 techniqués<( 0.9993

sequential samples.

by regression analysis; Figure 5). In only 3 of the 55 samples, the 2

To determine the validity of MRD findings obtained by usingnethods yielded discrepant resuilts: One showed 0.02% leukemic
CD58 overexpression as a marker, we compared the flow cytoggss by PCR but no detectable cells by CD58 analysis, and 2 others

etry results with those of PCR amplification of igheavy-chain gnowed 0.01% MRD by CD58 analysis but less than 0.01%
genes, which were available for 55 samples obtained from 2§ 0014% and 0.0022%) by PCR.

patients (Figure 5). In 46 samples from 23 patients, MRD was less
than 0.01% by PCR analysis and negative by CD58 flow cytomet=

Diagnosis Remission
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Figure 3. Monitoring of MRD with anti-CD58 labeling. Bone marrow cells from 2
children with B-lineage ALL were studied at diagnosis (left panels) and at the end of
remission-induction therapy (right panels), when both patients were in complete
morphologic remission. Flow cytometric dot plots illustrate the expression of CD34
and CD58 on CD19* cells. In both patients, most CD19* cells at diagnosis were
CD34* and CD58". At the end of remission induction, CD19*CD34*CD58* cells
represented less than 0.01% of bone marrow mononuclear cells in one patient (top).
In the other patient (bottom), 0.2% of cells expressed this phenotype, indicative of
MRD. PCR amplification of Ig genes confirmed these findings (less than 0.01% and
0.4% MRD, respectively).

Discussion

Large-scale gene expression in cancer cells and in their normal
counterparts may facilitate the identification of molecular profiles
associated with neoplasia. These profiles should include markers
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Figure 5. Correlation between MRD estimates by labeling with an anti-CD58
antibody (in combination with anti-CD19, anti-CD34, and anti-CD10 antibodies)

and PCR amplification of Ig genes.  All bone marrow samples were from patients in
morphologic remission.
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that can be used to track residual tumor cells, measure responsexpression in combination with CD19, CD34, and CD10 identified
therapy, and predict disease recurrence with a sensitivity aresidual leukemic cells in bone marrow samples from patients with
accuracy significantly superior to those afforded by current apdL in clinical remission. Although only 9 of the 334 overex-
proaches. In this study, we used cDNA array analysis to identifyressed molecules highlighted by the array screening were investi-
differences between normal and leukemic immature B cells anddated at the protein level in this study, the analysis resulted in 7
screen for candidate markers of leukemia to be used for monitoringarkers of leukemia potentially useful for MRD monitoring. It
residual disease. Because normal bone marrow contains cells fresems likely that several additional markers will emerge from the
at least 8 lineages at multiple stages of differentiation, it wasvestigation of the remaining genes, particularly those found to be
important to isolate cells with immunophenotypic features similasverexpressed in more than one case.
to those of leukemic lymphoblasts, ie, bone marrow COB10* Because only a limited number of cells can be obtained by
cells, which cannot be easily distinguished from leukemic cells ipurifying B-lymphoid progenitors from normal human bone mar-
studies of MRD! By comparing the expression of more than 4000ow, we selected an array system that uses radionuclide labeling of
genes in this relatively homogeneous cell population of B-ceNA and has a high degree of sensitiAly2 Thus, hybridization
progenitors to that of B-lineage leukemic lymphoblasts, we identignals were clearly detectable in samples of 0.5 oglof total
fied several genes that appeared to be frequently overexpresseRNA. This system was previously shown to provide quantitation of
leukemic cells. Seven of the 9 genes whose expression was tes¢A transcript levels similar to those of quantitative PE&Rne
with specific antibodies to the encoded proteins were indegdtential limitation of all array-based assays is that transcript
overexpressed in leukemia. Therefore, these molecules repressipression does not always predict levels of protein expression
novel markers of ALL that could be used for monitoring repecause of posttranscriptional regulation. This is well illustrated by
sidual disease. our finding of abundant RNA transcripts of caldesmon and myeloid
Measurement of treatment response and detection of impending:lear differentiation antigen in leukemic cells by array analysis,
relapse in patients with acute leukemia are traditionally done Ryhich was contrasted by a very weak expression of the correspond-
microscopic examination of bone marrow smefiidowever, this  ing proteins.
procedure lacks sensitivity and accuracy, and patients who are injn summary, our results indicate that large-scale gene profiling
remission by this technique may still harbor as many a¥ 1Qcan be applied to identify new markers for monitoring residual
leukemic cell$° To date, progress in the identification of newcancer cells. In acute leukemia, this strategy should ultimately lead
leukemia-specific markers has relied on testing the expressiont®fthe establishment of simple antibody panels for universal
markers commonly used for leukemia classification in normal bomgonitoring of MRD.
marrow cellst® This approach, largely based on trial and error, is
slow and is hampered by the relatively limited number of markers
used for routine leukemia immunophenotyping. The cDNA array
screening identified molecules whose differential expression mcknowledgments
normal and leukemic immature B-lymphoid cells had not been
characterized previously, such as creatine kinase B, ninjurinde thank Dr B. Wieringa (University of Nijmegen, The Nether-
Refl, calpastatin, HDJ-2, and annexin VI. It also identified CD5Rinds) for kindly providing anti—creatine kinase B monoclonal
overexpression, in agreement with a previous report indicating hightibody, M. Hancock for statistical assistance, and S. Naron for
expression of this molecule in leukemic céfid he study of CD58 editorial suggestions.

References

1. Pui CH, Campana D. New definition of remission 8. van Dongen JJ, Seriu T, Panzer-Grumayer ER, et heavy-chain and T-cell receptor delta gene rear-
in childhood acute lymphoblastic leukemia. Leu- al. Prognostic value of minimal residual disease rangements between presentation and relapse of
kemia. 2000;14:783. in acute lymphoblastic leukaemia in childhood. childhood B-lineage acute lymphoblastic leuke-

2. Coustan-Smith E, Behm FG, Sanchez J, et al. Lancet. 1998;352:1731. mia. Blood. 1994;83:1355.

Immunological detection of minimal residual dis- 9. Gruhn B, Hongeng S, Yi H, et al. Minimal residual 14. Baruchel A, Cayuela JM, Maclintyre E, Berger R,
ease in children with acute lymphoblastic leukae- disease after intensive induction therapy in child- Sigaux F. Assessment of clonal evolution at Ig/
mia. Lancet. 1998;351:550. hood acute lymphoblastic leukemia predicts out- TCR loci in acute lymphoblastic leukaemia by

3. Ciudad J, San Miguel JF, Lopez-Berges MC, et come. Leukemia. 1998;12:675. single-strand conformation polymorphism studies
al. Prognostic value of immunophenotypic detec- 10. Knechtli CJC, Goulden NJ, Hancock JP, et al. and highly resolutive PCR derived methods: im-
tion of minimal residual disease in acute lympho- Minimal residual disease status before allogeneic plication for a general strategy of minimal residual
blastic leukemia. J Clin Oncol. 1998;16:3774. bone marrow transplantation is an important de- disease detection. Br J Haematol. 1995;90:85.

4. Farahat N, Morilla A, Owusu-Ankomah K, et al. terminant of successful outcome for children and 15. Steenbergen EJ, Verhagen OJ, van den Berg H,
Detection of minimal residual disease in B-lin- adolescents with acute lymphoblastic leukemia. et al. Rearrangement status of the malignant cell
eage acute lymphoblastic leukaemia by quantita- Blood. 1998;92:4072. determines type of secondary IgH rearrangement
tive flow cytometry. Br J Haematol. 1998;101:158. 11, van Dongen JJ, Macintyre EA, Gabert JA, et al. (V-replacement or V to DJ joining) in childhood B

5. Coustan-Smith E, Sancho J, Hancock ML, et al. Standardized RT-PCR analysis of fusion gene precursor acute lymphoblastic leukemia. Leuke-
Clinical importance of minimal residual disease in transcripts from chromosome aberrations in mia. 1997;11:1258.
childhood acute lymphoblastic leukemia. Blood. acute leukemia for detection of minimal residual 16. Campana D, Coustan-Smith E. Detection of mini-
2000;96:2691. disease. Report of the BIOMED-1 Concerted Ac- mal residual disease in acute leukemia by flow

6. Brisco MJ, Condon J, Hughes E, et al. Outcome tion: investiga_tion of mini_mal residual disease in cytometry. Cytometry. 1999:38:139.
predi(_:tion in childhood acut_e_ Iymphoblast_ic leu- acgte It_eukem|a. Leukemia. 1999;13:19.01' 17. Schena M, Shalon D, Davis RW, Brown PO.
kaemia by molecular quantification of residual 12. Beishuizen A, Verhoeven MA, Van Wering ER, o L f . "
disease at the end of induction. Lancet. 1994; Hahlen K, Hooijkaas H, van Dongen JJ. Analysis Quantlt_atlve monitoring of gene expression pat-

. . terns with a complementary DNA microarray. Sci-
343:196. of Ig and T-cell receptor genes in 40 childhood ence. 1995:270:467

7. Cave H, van der Werff ten Bosch J, Suciu S, et al. acute lymphoblastic leukemias at diagnosis and o T o
Clinical significance of minimal residual disease subsequent relapse: implications for the detection ~ 18. Diehn M, Alizadeh AA, Brown PO. Examining the
in childhood acute lymphoblastic leukemia. Euro- of minimal residual disease by polymerase chain living genome in health and disease with DNA
pean Organization for Research and Treatment of reaction analysis. Blood. 1994;83:2238. microarrays. JAMA. 2000;283:2298.
Cancer—Childhood Leukemia Cooperative 13. Steward CG, Goulden NJ, Katz F, et al. A poly- 19. Golub TR, Slonim DK, Tamayo P, et al. Molecular

Group. N Engl J Med. 1998;339:591. merase chain reaction study of the stability of Ig classification of cancer: class discovery and class

¥20z dunr €0 uo 3senb Aq Jpd'GL1Z010L08U/LIETLIL/SL L2/L/L6/)Pd-Bl0IIE/POO|G AU SUONEDIIGNAYSE//:d})Y WOIj papeojumog



2120 CHEN et al

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

prediction by gene expression monitoring. Sci-
ence. 1999;286:531.

Alizadeh AA, Eisen MB, Davis RE, et al. Distinct
types of diffuse large B-cell lymphoma identified
by gene expression profiling. Nature. 2000;403:
503.

Alon U, Barkai N, Notterman DA, et al. Broad pat-
terns of gene expression revealed by clustering
analysis of tumor and normal colon tissues
probed by oligonucleotide arrays. Proc Natl Acad
Sci U SA. 1999;96:6745.

Perou CM, Jeffrey SS, Van de Rijn M, et al. Dis-
tinctive gene expression patterns in human mam-
mary epithelial cells and breast cancers. Proc
Natl Acad Sci U S A. 1999;96:9212.

Ross DT, Scherf U, Eisen MB, et al. Systematic
variation in gene expression patterns in human
cancer cell lines. Nat Genet. 2000;24:227.

Behm FG, Campana D. Immunophenotyping. In:
Pui CH, ed. Childhood Leukemias. New York:
Cambridge University Press; 1999:111.

Stong RC, Korsmeyer SJ, Parkin JL, Arthur DC,

Kersey JH. Human acute leukemia cell line with

the t(4;11) chromosomal rearrangement exhibits
B lineage and monocytic characteristics. Blood.

1985;65:21.

Domer PH, Fakharzadeh SS, Chen CS, et al.
Acute mixed-lineage leukemia t(4;11)(q21;023)
generates an MLL-AF4 fusion product. Proc Natl
Acad Sci U S A. 1993;90:7884.

Behm FG, Raimondi SC, Frestedt JL, et al. Rear-
rangement of the MLL gene confers a poor prog-
nosis in childhood acute lymphoblastic leukemia,
regardless of presenting age. Blood. 1996;87:
2870.

Moch H, Schraml P, Bubendorf L, et al. High-
throughput tissue microarray analysis to evaluate
genes uncovered by cDNA microarray screening
in renal cell carcinoma. Am J Pathol. 1999;154:
981.

Walker J, Rigley K. Gene expression profiling in
human peripheral blood mononuclear cells using
high-density filter-based cDNA microarrays. J Im-
munol Methods. 2000;239:167.

Lennon G, Auffray C, Polymeropoulos M, Soares

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

MB. The I.M.A.G.E. Consortium: an integrated
molecular analysis of genomes and their expres-
sion. Genomics. 1996;33:151.

Bubendorf L, Kolmer M, Kononen J, et al. Hor-
mone therapy failure in human prostate cancer:
analysis by complementary DNA and tissue mi-
croarrays. J Natl Cancer Inst. 1999;91:1758.
Sgroi DC, Teng S, Robinson G, LeVangie R, Hud-
son JRJ, Elkahloun AG. In vivo gene expression
profile analysis of human breast cancer progres-
sion. Cancer Res. 1999;59:5656.

Schaub FJ, Han DK, Conrad LW, et al. Fas/
FADD-mediated activation of a specific program
of inflammatory gene expression in vascular
smooth muscle cells. Nat Med. 2000;6:790.

Sistermans EA, de Kok YJ, Peters W, Ginsel LA,
Jap PH, Wieringa B. Tissue- and cell-specific dis-
tribution of creatine kinase B: a new and highly
specific monoclonal antibody for use in immuno-
histochemistry. Cell Tissue Res. 1995;280:435.

Neale GA, Coustan-Smith E, Pan Q, et al. Tan-
dem application of flow cytometry and polymer-
ase chain reaction for comprehensive detection
of minimal residual disease in childhood acute
lymphoblastic leukemia. Leukemia.
1999;13:1221.

Sasaki K, Watanabe E, Kawashima K, et al. Ex-
pression cloning of a novel Gal beta (1-3/1-4) GI-
cNAc alpha 2,3-sialyltransferase using lectin re-
sistance selection. J Biol Chem. 1993;268:22782.

Tsunoda T, Yamakawa M, Takahashi T. Differen-
tial expression of Ca(2+)-binding proteins on fol-
licular dendritic cells in non-neoplastic and neo-
plastic lymphoid follicles. Am J Pathol. 1999;155:
805.

Cousar JB, Briggs RC. Expression of human my-
eloid cell nuclear differentiation antigen (MNDA)
in acute leukemias. Leuk Res. 1990;14:915.

Sanchez-Madrid F, Krensky AM, Ware CF, et al.
Three distinct antigens associated with human
T-lymphocyte-mediated cytolysis: LFA-1, LFA-2,
and LFA-3. Proc Natl Acad Sci U S A. 1982;79:
7489.

Mariman EC, Broers CA, Claesen CA, Tesser GlI,
Wieringa B. Structure and expression of the hu-

BLOOD, 1 APRIL 2001 - VOLUME 97, NUMBER 7

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

man creatine kinase B gene. Genomics. 1987;1:
126.

Araki T, Milbrandt J. Ninjurin, a novel adhesion
molecule, is induced by nerve injury and pro-
motes axonal growth. Neuron. 1996;17:353.

Xanthoudakis S, Miao GG, Curran T. The redox
and DNA-repair activities of Ref-1 are encoded
by nonoverlapping domains. Proc Natl Acad Sci
U SA. 1994;91:23.

Squier MK, Sehnert AJ, Sellins KS, Malkinson
AM, Takano E, Cohen JJ. Calpain and calpastatin
regulate neutrophil apoptosis. J Cell Physiol.
1999;178:311.

Porn-Ares MI, Samali A, Orrenius S. Cleavage of
the calpain inhibitor, calpastatin, during apopto-
sis. Cell Death Differ. 1998;5:1028.

Chellaiah A, Davis A, Mohanakumar T. Cloning of
a unique human homologue of the Escherichia
coli DNAJ heat shock protein. Biochim Biophys
Acta. 1993;1174:111.

Cummings CJ, Mancini MA, Antalffy B, DeFranco
DB, Orr HT, Zoghbi HY. Chaperone suppression
of aggregation and altered subcellular protea-
some localization imply protein misfolding in
SCAL. Nat Genet. 1998;19:148.

Lin HC, Sudhof TC, Anderson RG. Annexin VI is
required for budding of clathrin-coated pits. Cell.
1992;70:283.

Campana D, Behm FG. Immunophenotyping of
leukemia. J Immunol Methods. 2000;243:59.

Pui CH, Evans WE. Drug therapy: acute lympho-
blastic leukemia. N Engl J Med. 1998;339:605.

Campana D, Pui CH. Detection of minimal re-
sidual disease in acute leukemia: methodologic
advances and clinical significance. Blood. 1995;
85:1416.

De Waele M, Renmans W, Jochmans K, et al.
Different expression of adhesion molecules on
CD34+ cells in AML and B-lineage ALL and their
normal bone marrow counterparts. Eur J Haema-
tol. 1999;63:192.

Bertucci F, Bernard K, Loriod B, et al. Sensitivity
issues in DNA array-based expression measure-
ments and performance of nylon microarrays for
small samples. Hum Mol Genet. 1999;8:1715.

20z aunr g0 uo jsenb Aq ypd'G|1.2010L08U/L9EZL9L/S L L2/ L/ L6/3Ppd-0]o1E/POO|gARU SUOKED!INAYSE//:d)Y WOl papeojumoq



