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of microarray and conventional cytogenetics would 
allow for more sensitive, comprehensive, and accu-
rate analysis of the underlying genetic profile, with 
concomitant improvement in prognosis and treat-
ment, not only for pediatric all, but for neoplastic 
disorders in general.
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1.	 INTRODUCTION

Conventional cytogenetics has played a pivotal role 
in the detection of recurrent chromosomal rear-
rangements in hematologic malignancies, aiding in 
diagnosis, prognosis, and identification of the genes 
involved. Current clinical detection of cytogenetic 
abnormalities is based primarily on karyotype or 
fluorescence in situ hybridization (fish) analysis, or 
both 1. It is well known that karyotype analysis of 
hematologic malignancies, although genome-wide, 
is limited because of altered cell kinetics (mitotic 
rate), a propensity of leukemic blasts to undergo 
apoptosis in culture, overgrowth by normal cells, 
and chromosomes of poor quality in the abnormal 
clone 2. Fluorescence in situ hybridization expanded 
cytogenetics by identifying cryptic genetic lesions 
that are not seen by routine karyotyping, but that 
affect response to treatment. However, although fish 
can be used on interphase (non-dividing) cells upon 
culture failure or normal karyotype, fish analysis is 
not genome-wide; it is limited to specific loci of the 
abnormal clone, and it is highly dependent on clinical 
suspicion for the “choice” of locus to analyze.

Acute lymphoblastic leukemia (all) is the most 
common and among the most curable of pediatric 
cancers 3. Today, 70%–80% of children with newly 
diagnosed all treated with contemporary intensive 
state-of-the-art protocols can be cured. Clonal 
chromosomal abnormalities can be identified in 

ABSTRACT

Most patients with acute lymphocytic leukemia (all) 
are reported to have acquired chromosomal abnor-
malities in their leukemic bone marrow cells. Many 
established chromosome rearrangements have been 
described, and their associations with specific clini-
cal, biologic, and prognostic features are well defined. 
However, approximately 30% of pediatric and 50% 
of adult patients with all do not have cytogenetic 
abnormalities of clinical significance. Despite sig-
nificant improvements in outcome for pediatric all, 
therapy fails in approximately 25% of patients, and 
these failures often occur unpredictably in patients 
with a favorable prognosis and “good” cytogenetics 
at diagnosis.

It is well known that karyotype analysis in he-
matologic malignancies, although genome-wide, 
is limited because of altered cell kinetics (mitotic 
rate), a propensity of leukemic blasts to undergo 
apoptosis in culture, overgrowth by normal cells, and 
chromosomes of poor quality in the abnormal clone. 
Array comparative genomic hybridization (acgh—
“microarray”) has a greatly increased genomic 
resolution over classical cytogenetics. Cytogenetic 
microarray, which uses genomic dna, is a powerful 
tool in the analysis of unbalanced chromosome rear-
rangements, such as copy number gains and losses, 
and it is the method of choice when the mitotic index 
is low and the quality of metaphases is suboptimal. 
The copy number profile obtained by microarray is 
often called a “molecular karyotype.”

In the present study, microarray was applied to 9 
retrospective cases of pediatric all either with initial 
high-risk features or with at least 1 relapse. The con-
ventional karyotype was compared to the “molecular 
karyotype” to assess abnormalities as interpreted 
by classical cytogenetics. Not only were previously 
undetected chromosome losses and gains identified 
by microarray, but several karyotypes interpreted by 
classical cytogenetics were shown to be discordant 
with the microarray results. The complementary use 
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approximately 90% of cases of childhood all. These 
changes may be of a structural or numeric type. 
Many established chromosome rearrangements have 
been described, and their associations with specific 
clinical, biologic, and prognostic features are well 
defined 3. However, approximately 30% of pediatric 
and 50% of adult patients with all do not have cy-
togenetic abnormalities of clinical significance  4. 
Despite significant improvements in outcome for 
pediatric all, therapy fails in approximately 25% of 
patients, and these failures often occur unpredictably 
in patients with a favorable prognosis and “good” 
cytogenetics at diagnosis 5.

The generally accepted banding resolution for 
a routine blood karyotype is 550 bands per haploid 
genome 6,7, with a band equivalent to approximately 
5–10 Mb of dna; by contrast, a bone marrow karyo-
type has a resolution of only approximately 300–400 
bands per haploid genome. Fluorescence in situ hy-
bridization does allow for the detection of cryptic, 
submicroscopic chromosome rearrangements of ap-
proximately 3–5 Mb, but it is highly locus specific 8. 
Cytogenetic microarrays use genomic dna and thus 
do not depend on tissue culture for suitable cells. 
Their use has revolutionized conventional cytogenet-
ics because of their significantly greater resolution, 
resulting in increased detection of constitutional 
chromosomal abnormalities in patients with con-
genital genetic anomalies 9,10.

Cytogenetic microarrays have not been exten-
sively used in hematologic malignancies to look 
for acquired chromosome abnormalities because 
research has concentrated on gene expression micro-
arrays to search for novel oncogenic pathways, prog-
nostic factors, or mechanisms of drug resistance 11. 
However, clinical microarray platforms are currently 
being developed and evaluated by the Cancer Cytoge-
nomics Microarray Consortium (http://www.urmc.
rochester.edu/ccmc/).

The technique of array comparative genomic 
hybridization (acgh), which uses genomic dna, also 
allows for genome-wide screening for chromosome 
aberrations, but it is independent of the availability 
of suitable chromosomes in the specimen under 
investigation  1. A variation of fish technology, 
acgh uses dna from a “normal” person as a control 
and compares dna from a patient with congenital 
anomalies or a hematologic malignancy to detect 
imbalances across the entire genome. It generates, 
at resolutions of less than 1  Mb, a physical map 
of unbalanced chromosome copy number chang-
es—that is, losses (deletions) and gains (duplica-
tions)—throughout the entire genome (analogous to 
a karyotype) and does not require prior knowledge 
of specific regions of interest (as in fish). Reports 
on dna microarray have indicated detection of ad-
ditional abnormalities undetected or misidentified 
by conventional karyotype in approximately 35% 
of cases with uninformative cytogenetics 1.

However, dna microarray also has limitations. 
Numerous hematologic malignancies have balanced 
chromosome rearrangements (such as translocations 
and inversions), which result in fusion genes—and 
associated proteins—with a known prognosis. Ar-
ray cgh cannot detect these balanced chromosome 
rearrangements, because copy number changes 
are typically not involved, making continued use 
of routine conventional cytogenetics essential. 
As well, a bone marrow sample can contain an 
admixture of normal and abnormal cells, making 
conventional cytogenetic karyotype detection of 
the abnormal cell difficult if normal cells tend to 
overgrow in culture. In addition, dna microarray can 
miss abnormalities if abnormal clones are present 
in fewer than 25% of cells 1, and the presence of 
small clonal populations may, therefore, also not 
be detected. In addition, the karyotypic evolution 
of primary compared with secondary abnormali-
ties in cytogenetically related clones would not 
be discernible by microarray. All of the foregoing 
factors continue to uphold the essential nature of 
conventional cytogenetics.

In the present study, dna microarray was applied 
to 9 retrospective cases of pediatric all either with 
initial high-risk features or with at least 1 relapse. The 
conventional karyotype at diagnosis was compared 
with the “molecular karyotype” at diagnosis to assess 
abnormalities as interpreted by classical cytogenetics.

2.	 METHODS

2.1	 Patients

The 9 retrospective cases of pediatric all had suf-
ficient stored diagnostic bone marrow dna for a mi-
croarray analysis. The patients had various abnormal 
karyotypes that had been characterized by conven-
tional cytogenetics and fish. Table i summarizes the 
clinical data for these patients.

2.2	 Cytogenetic Analysis

Standard banding procedures using Giemsa–trypsin–
Wright staining were used for the direct and 24- and 
48-hour bone marrow cultures. The level of banding 
resolution achieved was approximately 350–400 bands 
per haploid genome. Fluorescence in situ hybridization 
was used as required, per the manufacturer’s protocol 
(Vysis–Abbott, Abbott Park, IL, U.S.A.).

2.3	 Microarray Analysis

High molecular weight dna was isolated by manual 
phenol–chloroform extractions from frozen cell pel-
lets of diagnostic bone marrow samples according 
to standard protocols. The dna concentrations were 
determined using the NanoDrop (Thermo Scientific, 
Wilmington, DE, U.S.A.). This dna was sent to 
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CombiMatrix Molecular Diagnostics (Irvine, CA, 
U.S.A.) for HemeScan acgh analysis for hemato-
logic malignancies, using either a bacterial artificial 
chromosome (bac) or an oligonucleotide (oligo) mi-
croarray, or both. The bac arrays have a resolution 
of approximately 1 Mb; oligo arrays have a greater 
resolution of approximately 400 Kb 10.

3.	 RESULTS

Table  ii describes the microarray and conventional 
karyotype for each patient, according to the 2009 
International System of Cytogenetic Nomenclature 12. 
Copy number changes, as detected by HemeScan, 
that overlap regions known to show copy number 
changes in the phenotypically normal population were 
interpreted as polymorphisms and are not reported, 
although a disease association cannot be conclusively 
ruled out.

Patient  1 was diagnosed with B-cell all. The 
conventional karyotype was cytogenetically inter-
preted to be missing normal chromosomes Y, 8, 9, 
21, and 22, and to have an additional chromosome 19 
and three unidentified marker chromosomes. How-
ever, those changes were not detected by microarray 
analysis. The bac HemeScan showed a copy number 
gain of region 1q21.1gq44, resulting in trisomy for 
most of the long arm of chromosome 1. The dup(1) 
was not identified by routine chromosome analysis, 
but in retrospect may be represented by one of the 
marker chromosomes. In addition, the microarray 
also showed an interstitial deletion of chromosome 
9q22.31gq33.2, but not the entire chromosome. This 
change again suggests that the remainder of chromo-
some 9 may be present in the marker chromosomes. 
In addition, the marker chromosomes are likely com-
posed of material from chromosomes Y, 8, 21, and 22. 
The HemeScan also did not detect the “additional” 

table i	 Clinical data for pediatric patients with acute lymphoblastic leukemia (all)

Pt Sex Age at Diagnosis White blood Relapses Status
diagnosis cell count
(months) (×109/L)

1 Male 67 B-cell all 5.3 Bone marrow and testicular, Alive post allogeneic sct;
49 months after diagnosis; no evidence of disease at

2nd bone marrow, 125 months after diagnosis
54 months after diagnosis

2 Male 19 T-cell all 296.6 None Alive; no evidence of disease at
21 months after diagnosis;

continues on maintenance therapy

3 Male 36 B-cell all 22.74 Central nervous system, Died of disease at
31 months after diagnosis; 55 months after diagnosis

bone marrow,
45 months after diagnosis;

allogeneic sct in 2nd remission

4 Male 75 Acute leukemia 8.9 Bone marrow, Alive post allogeneic sct;
of ambiguous 9 months after diagnosis no evidence of disease at

lineage (T/myeloid) 30 months after diagnosis

5 Female 24 B-cell all 3 Central nervous system, Alive; no evidence of disease at
28 months after diagnosis 78 months after diagnosis

6 Male 14 B-cell all 25.1 Central nervous system, Died of disease at
18 months after diagnosis; 41 months after diagnosis

bone marrow,
35 months after diagnosis

7 Male 66 B-cell all 40.5 Central nervous system, Alive; no evidence of disease at
42 months after diagnosis 82 months after diagnosis

8 Male 102 B-cell all 28.6 Bone marrow and Died of disease at
central nervous system, 5 months after diagnosis
4 months after diagnosis

9 Female 10 B-cell all 236.6 Bone marrow, Alive post allogeneic sct;
26 months after diagnosis no evidence of disease at

52 months after diagnosis

Pt = patient; sct = stem-cell transplantation.
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chromosome  19, which could represent material 
from the missing chromosomes and coincidentally 
resemble a chromosome 19.

Patient 2 was diagnosed with T-cell all. The con-
ventional karyotype showed a normal male karyotype. 
Microarray analysis with the bac HemeScan was also 
normal. However, oligo HemeScan analysis showed a 
loss of copy number on chromosome 22q11.22, which 
encompassed the VPREB1 gene (Figure 1). An oligo 
HemeScan of peripheral blood dna from this patient 
showed a normal copy number at this locus, confirm-
ing that the deletion was related to the neoplasm. The 
VPREB1 gene is involved in B  cell development, 
and deletions of this gene have been associated with 
high-risk disease 13. The significance of this deletion 
in T-cell all is not known.

Patient  3 was diagnosed with B-cell all. The 
conventional karyotype at diagnosis showed an all 
hyperdiploid pattern with trisomies of chromosomes 
X, 4, 6, 8, 14, and 17; tetrasomy for chromosome 21; 
and a marker chromosome. The G-bandgfish analy-
sis confirmed a balanced t(17;19)(q22;p13), with the 
marker being the der(17)t(17;19) (Figure 2, Table ii). 
The bac HemeScan detected only an increased copy 
number of chromosomes X, 4, 6, 8, 14, 17, and 21. 
The patient was in remission and did well for ap-
proximately 2.5 years. A central nervous system 
relapse occurred at 31 months post diagnosis, and a 
bone marrow relapse, at 45 months post diagnosis. 
The patient received an allogeneic stem cell transplant 
in second remission, but relapsed again in the bone 

marrow post transplant. He died of his disease at 55 
months post diagnosis.

Patient 4 was diagnosed with biphenotypic acute 
leukemia. The conventional karyotype had a modal 
chromosome number of 47, resulting from the presence 
of an additional chromosome 16. A ring chromosome 7 
[r(7)] was also present, with breakpoints at 7p13 and 
7q36, resulting in monosomy for most of the short 
arm of chromosome 7. No other abnormalities were 
detected. However, the bac HemeScan yielded a more 
complex result. A gain of copy number for all of chro-
mosome 16 was confirmed, as was copy number loss 
of 7p15.3gpter and 7q36gqter, respectively consistent 
with trisomy 16 and a r(7). However, copy number loss 
of 2q36gqter, 13q21.2gq33.2, and 21q11.1gq21.3, 
and copy number gain of 6p24gpter were also noted. 
A small clonal population with trisomy 8 may also 
have been present. These latter abnormalities were not 
detected by conventional karyotype.

Patient  5 was diagnosed with B-cell all. The 
conventional karyotype showed a complex rearrange-
ment involving chromosomes 7, 9, and 20. The net 
genetic imbalance of this rearrangement was inter-
preted as monosomy for chromosomes 9p12gpter 
and 20q11.2gqter. The oligo HemeScan detected 
copy number loss of 30.05 Mb of distal 9p21.1gpter, 
including the CDKN2A (p16) gene, and 31.9 Mb of 
20q11.21gqter. The cyclin-dependent kinase inhibi-
tor Cdkn2A (p16) functions as a tumor suppressor; 
it is upregulated in cellular senescence and often 
deleted in all 14.

figure 1	 Oligo HemeScan (CombiMatrix Diagnostics, Irvine, CA, U.S.A.) bone marrow results for patient 2, showing copy number loss of 
VPREB1 (red line).
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Patient 6 was diagnosed with B-cell all. The con-
ventional karyotype showed an apparently normal male 
karyotype. However, the oligo HemeScan showed a 
3.17 Mb deletion of chromosome 17q24.3, including the 
SOX9 gene, and a 500 Kb deletion of 22q11.22, includ-
ing the PRAME gene. Prame is a melanoma antigen 15. 
Deletions of the PRAME gene have been reported in B-
cell chronic lymphocytic leukemia and are of unknown 
clinical significance 16. Interaction between PRAME 
and SOX9 has been reported in malignancy 15. This 
patient relapsed and is now deceased.

Patient  7 was diagnosed with B-cell all. The 
conventional karyotype for this patient was a failure, 
because the bone marrow did not grow in culture. No 
cells were available for fish analysis. However, using 
reverse-transcriptase polymerase chain reaction, this 
patient was found to have a TEL/AML1 (ETV6/RUNX1) 
gene fusion. The oligo HemeScan showed a complex 
abnormal male karyotype with multiple copy number 
losses including 1q (6 Mb), 2p (1 Mb), 3q (3 Mb), 7q 
(200 Kb), discontinuous 8p (approximately 1 Mb), dis-
continuous 9p (6 Mb), 9q (1 Mb), 10p (approximately 
1 Mb), 11p (2.5 Mb), 12p (26 Mb), 13q (8 Mb), 14q 
(12 Mb), 15q (2 Mb), 16p (2.5 Mb), 16q (1 Mb), 19p 
(approximately 3 Mb), and 20q (approximately 2 Mb). 
No chromosomal material with copy number gain was 

observed. Loss of 12p13.33–p11.23 (0–26,681,811 bp) 
necessarily included the TEL (ETV6) gene (Database of 
Genomic Variants: http://projects.tcag.ca/variation) 17.

Patient  8 was diagnosed with B-cell all. The 
conventional karyotype shows a complex rearranged 
male karyotype, including a duplication of 1q21gq25 
and monosomy for 9p22gpter. The oligo HemeScan 
showed multiple complex genomic changes, includ-
ing a discontinuous 14-Mb gain of 1q21.1gq24.1 
and a 7.7-Mb loss of 17q. There was discontinuous 
segmental monosomy of 9p. The 17q deletion was not 
detected by conventional karyotype. Gain of 1q has 
been reported to be sufficiently mutagenic to favour 
leukemogenesis 18. This patient had a central nervous 
system and bone marrow relapse and is now deceased.

Patient  9 was also diagnosed with B-cell all. 
The conventional karyotype showed a complex rear-
ranged female karyotype. The net genetic imbalance 
of the rearrangements was interpreted as monosomy 
for 7p and 12p, with concomitant deletion of the ETV6 
gene as verified by G-bandgfish (Table ii). The oligo 
HemeScan detected a discontinuous 9-Mb deletion of 
12p13.2gp12.3 and 12p11.23gp11.2, with the break-
point within exon 2 of the ETV6 gene. In addition, a 
1.1-Mb bi-allelic deletion of chromosome 14q32.33 
was found, but the del(7p) not detected by microarray.

 
 

 
figure 2	 Karyotype of patient 3 at follow-up: 54,XY,+X,+4,+6,+8,+14,+17,t(17;19)(q22;p13),+21,+21.

http://projects.tcag.ca/variation
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4.	 DISCUSSION AND CONCLUSIONS

Genomic dna microarray analysis using the HemeScan 
(CombiMatrix Molecular Diagnostics) was performed 
for 9 patients with pediatric all. The microarray re-
sults were compared with the standard results obtained 
by conventional chromosome karyotyping and fish. 
Microarray revealed imbalances that were not read-
ily identifiable or were likely misidentified by routine 
metaphase chromosome analysis.

Conventional karyotype and microarray analysis 
were concordant in only 2 of the 9 cases examined 
(patients 3 and 5). Patient 3 showed the presence of 
multiple gains of entire chromosomes by both cyto-
genetics and microarray. However, cytogenetics also 
identified a balanced t(17;19). The cytogenetic interpre-
tation of monosomy of 9p and 20q was also detected 
by microarray in patient 5. The loss of CDKN2A at 

9p21.3 was implied by the karyotype and confirmed 
by microarray.

As expected, microarray provided additional 
information, with the identification of cryptic rear-
rangements—such as the VPREB1 deletion in pa-
tient  2 and the SOX9 and PRAME deletions in 
patient 6—that can be considered clinically relevant. 
Patients 2 and 6 both had normal male karyotypes 
by conventional cytogenetics. Based on HemeScan 
microarray, patients 1 (bac), 4 (bac), 8 (oligo), and 9 
(oligo) require a revision of their karyotype.

Patient 7, with a failed conventional karyotype, 
now had a complex molecular karyotype, based on 
multiple chromosome deletions. However, this patient 
was shown, by reverse-transcriptase polymerase chain 
reaction, to have a TEL/AML1 gene fusion and, by 
oligo microarray, a deletion of the non-translocated 
TEL (ETV6). The TEL/AML1 gene fusion is associated 

table ii	 Microarray abnormalities detected by HemeScana and conventional cytogenetics in diagnostic bone marrow dna of pediatric patients 
with acute lymphoblastic leukemia

Pt 2009 iscn acgh karyotype 2009 iscn G-band karyotype

1 b arr 1q21.1q44 (RP11–436I6gRP11–88N11)x3, 45,X,–Y,–8,–9,+19,–21,–22,+mar1–3[4]/46,XY[11]
9q22.31q33.2 (RP11–1007A10gRP11295D11)x1

2 b (a) arr(1–22)x2,(XY)x1 46,XY[50]
c (b) arr 22q11.22(20,847,913–21,105,096)x1
cd (c) arr(1–22)x2,(XY)x1

54,XY,+X,+4,+6,+8,+14,+17,+21,+21,+mar[8]/46,XY[4].
3 b arr(X)x2,(4,6,8,14,17,21)x3 ish t(17;19)(q22;p13)(wcp17+;wcp17+)[4]

4 b (complex) arr(6p,16p,16q)x3,(2q,7p,13q,21q)x1 47,XY,idic r(7)(p13q36),+16[10]/46,XY[17]

5 c arr 9ptergp21.1(0g30,053,691)x1, 45,XX,dic(7;20)(p11.2;q11.2)t(7;9)(p11.2;p12)dic(9;20)
(p11.2;q11.2),

20q11.21gqter(30,518,953g62,435,964)x1 der(9)t(7;9)(p11.2;p12)dic(9;20)(p11.2;q11.2)[8]/46,XY[23]

6 c arr 17q24.3(65,054,881–68,227,532)x1; 46,XY[25]
22q11.22(21,073,347–21,573,549)x1

7 c (complex) arr(1q,2p,3q,8p,9p,9q,10p,11p,12p,13q,14q)x1 Fail

8 c (complex) arr(1q,17p)x3,(2p,7p,7q,8p,8q,9p,9q,10q,11p, 46,XY,dup(1)(q21q25),add(9)(p22),der(9;14)(q10;q10),
14q,15q,16q,17q,18q,20q,21q)x1 del(12)(q?22),add(20)(q?11.2),+mar[11]/46,XY[1]

9 arr 12p13.2p12.3(11,801,644–15,922,374)x1, 46,XX,der(7)t(7;9)(p11.2;p13),der(9)t(7;9)del(7)(p11.2),
12p11.23p11.2(26,463,250–29,386,296)x1 del(12)(p12),der(15)t(?3;15)(q13;q22)[12]/46,XX[22].
14q32.33(105,054,774–106,177,900)x0 ish der(7)(wcp9+),der(9)(wcp9+),del(12)(TEL–)[4]

a	 CombiMatrix Diagnostics, Irvine, CA, U.S.A.
b	 Bacterial artificial chromosome HemeScan.
c	 Oligonucleotide HemeScan.
d	 Peripheral blood dna.
Pt = patient; iscn = International System for Human Cytogenetic Nomenclature; acgh = array comparative genomic hybridization.
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with a good prognosis in all, with or without deletion 
of the second TEL locus. The prognostic significance 
of the other abnormalities is not known 19.

This initial study has demonstrated that dna micro-
array is a reliable method for the identification of cyto-
genetically visible and cryptic imbalances in pediatric 
all. The complementary use of acgh and conventional 
cytogenetics can provide further information regarding 
relevant and repeated mutations in all. Clinical analy-
sis could then be focused on those specific mutations 
with impact on diagnosis, prognosis, and treatment.

Based on our experience with these 9 cases, we 
propose the following algorithm for the cytogenetic 
evaluation of hematologic malignancies:

1.	 Conventional karyotype
2.	 Complementary microarray analysis
3.	 If required, fish for microarray-identified abnor-

malities to confirm or revise the conventional 
karyotype

The complementary use of microarray and 
conventional cytogenetics would allow for more 
sensitive, comprehensive, and accurate analysis of 
the underlying genetic profile with concomitant im-
provement in prognosis and treatment, not only for 
pediatric all, but for neoplastic disorders in general.
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