
Abstract
 Screening of the entire human genome using high-density single nucleotide polymorphism 
array (SNPA) has become a powerful technique used in cancer genetics and population genetics 
studies. The GeneChip® Mapping Array, introduced by Affymetrix, is one SNPA platform utilised 
for genotyping studies. This GeneChip system allows researchers to gain a comprehensive view of 
cancer biology on a single platform for the quantification of chromosomal amplifications, deletions, 
and loss of heterozygosity or for allelic imbalance studies. Importantly, this array analysis has the 
potential to reveal novel genetic findings involved in the multistep development of cancer. Given the 
importance of genetic factors in leukaemogenesis and the usefulness of screening the whole genome, 
SNPA analysis has been utilised in many studies to characterise genetic aberrations in childhood 
acute lymphoblastic leukaemia.
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Introduction
 
 Leukaemia is a cancer of the haemopoietic 
system that affects white blood cells, which are 
normally responsible for combating infections. 
All blood cells are produced in the bone marrow 
(although this is not the case in utero) and develop 
from stem cells. Stem cells possess the potential to 
develop into 2 different types of white blood cell, 
lymphocytic or myelocytic. Mature lymphoid cells 
are classified as B-cells or T-cells and arise from a 
common lymphoid stem cell in the bone marrow 
(1).  Normally, white blood cells grow, divide, and 
reproduce in an orderly and controlled manner. 
However, this process becomes uncontrollable 
in leukaemia where the cells continue to divide 
but not mature. Leukaemia is characterised 
by a diffuse replacement of the bone marrow 
by neoplastic cells, which leads to suppression 
of normal haematopoiesis. Leukaemia can be 
classified as acute or chronic, and lymphoid or 
myeloid, resulting in 4 main types of disease: 
acute lymphoblastic leukaemia (ALL), acute 
myeloid leukaemia (AML), chronic lymphocytic 
leukaemia (CLL), and chronic myeloid leukaemia 
(CML). Childhood leukaemias are primarily acute 
and progress rapidly. 
 Genetic factors have a significant impact 
on the development of childhood ALL. Recent 

advances in cytogenetic and molecular analyses 
have led to a better understanding of important 
genes that are involved in leukaemogenesis. 
Conventional cytogenetic analysis has been 
the standard method of identifying genetic 
aberrations, including changes in chromosome 
structure and number. Cytogenetic evidence 
indicating that chromosomal translocations 
may have important prognostic implications in 
ALL has been used for more than a decade to 
assign patients to risk-directed therapy (2). It 
has been reported that acquired chromosomal 
abnormalities in the leukemic blast cells from 
patients with ALL strongly associate with the 
biology of the disease, and designate the genes 
involved in leukaemogenesis (3). According to 
Greaves, biological subsets of leukaemia that 
have prognostic importance can be defined by 
different chromosomal and gene abnormalities 
(4). Recurrent chromosomal translocations may 
provide valuable clues to the identification of 
fusion genes that can lead to the characterisation 
of known or new oncogenes or tumour suppressor 
genes critical for leukaemogenesis. Gene fusion 
events can result in altered mechanisms to activate 
abnormal cell growth. These mechanisms include 
enhanced gene expression, fusion of transcription 
factors, altered protein kinase patient in terms of 
molecular pathology, and a number of distinct 
genetic subtypes of ALL have been identified 
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Genetic alterations in childhood ALL

Numerical and structural chromosomal changes 
 Most of the karyotypes in ALL samples have 
both numerical and structural chromosomal 
changes. Structural abnormalities include 
chromosomal translocations, deletions, 
inversions, and other rearrangements involving 
genes with oncogenic potential. Numerical 
changes can be classified into groups according to 
the chromosome number such as hypodiploidy, 
hyperdiploidy, triploidy, and tetraploidy (3). 
Hyperdiploidy and hypodiploidy occur in 25% to 
30%, and 1% of childhood ALL, respectively (6,7).

Molecular genetic alterations in childhood ALL
 Determining the cytogenetic and molecular 
characteristics of childhood ALL provides a 
valuable tool for monitoring the disease during 
treatment, for the prediction of prognostic 
outcome, and for the management of future 
therapy. Molecular identification that provides 
detailed knowledge of important genes, such 
as oncogenes and tumour suppressor genes, 
may provide valuable clues to mechanisms of 
leukaemogenesis. Complete loss of an allele or an 
increase in copy number (CN) of one allele relative 
to the other can lead to the formation of allelic 
imbalance, commonly found in malignancies. 
A previous study has reported 2 forms of allelic 
imbalance: gene CN amplification, which 
reveals the presence of oncogenes; and loss of 
heterozygosity (LOH), which is usually associated 
with the presence of tumour suppressor genes (8).

Gene mutations and amplifications
 Abnormalities in the coding region of genes 
may affect the normal function of its protein and 
may, in turn, impact cell division, cell growth, cell 
death, and the DNA damage response. Various 
mutations in tumour suppressor genes, proto-
oncogenes/oncogenes, and DNA repair genes may 
contribute to tumour progression. Mutations in 
some tumour suppressor genes, including p16INK4a 
and p53, have been reported in childhood ALL 
(9–11). A number of oncogenes, such as FLT3 and 
members of the ras family, are found to play a role 
in the formation of ALL. FMS-related tyrosine 
kinase-3 (FLT3) is a receptor tyrosine kinase 
expressed in early haematopoietic progenitors 
that plays an important role in haematopoietic 
development (12). Activating mutations of FLT3 

were discovered initially in AML and are found 
commonly in 2 subtypes of childhood ALL: infant 
ALL with MLL translocations and hyperdiploid 
ALL (13,14). Previous studies reported that the 
incidence of N-ras mutations is 10% in childhood 
ALL, but the role of this mutation is not fully 
understood (15,16). The Notch signalling pathway 
is essential in T-cell development and NOTCH1 
mutations are found frequently in adult and 
paediatric T-cell ALL (17).
 Gene amplification is a common event 
in many types of solid tumours. However, the 
occurrence of this aberration in acute leukaemia 
is quite rare (18). Multiple copies of AML1 
(RUNX1), on duplicated chromosome 21, were 
identified in 20 patients with ALL (childhood and 
adult), suggesting that chromosome 21 and AML1 
amplification were important in leukaemogenesis 
(19).  A further study from this group found 
the same AML1 amplification on 8 additional 
cases of childhood ALL, emphasising this as a 
cytogenetic subgroup in ALL and suggesting 
its role as an indicator of poor prognosis 
in ALL (20). This abnormality is known as 
intrachromosomal amplification of chromosome 
21 with amplification of AML1 (iAMP21) (21,22). 
High level amplification of AML1 has also been 
reported in 2 cases of childhood ALL detected 
by fluorescence in situ hybridisation (FISH) 
and comparative genomic hybridisation (CGH) 
analysis (23). In ALL, AML1 is commonly 
involved in translocation t(12;21)(p13;q22), which 
leads to the TEL/AML1 (ETV6/RUNX1) fusion 
gene. A previous study also found that AML1 
amplification was present in childhood ALL but 
not in adult cases, and it was not associated with 
AML1 mutation (24). A few studies have reported 
on ABL1 amplification in T-cell ALL cases. The 
first study discovered multiple copies of ABL1 
in 5 of 210 paediatric T-cell ALL cases (25). Two 
other studies also detected ABL1 amplification in 
T-cell ALL patients and T-ALL cell lines (26,27). 
The study showed that ABL1 amplification was 
the amplification of the NUP214-ABL1 fusion 
detected in 5 of 85 T-ALL patients (27). This gene 
is the target of many recurrent translocations seen 
in different leukaemia subtypes, mostly in t(9;22)
(q34;q11.2); this particular translocation results 
in the formation of the BCR-ABL1 fusion gene and 
is one of the cytogenetic hallmarks of CML (28).

Loss of heterozygosity 
 Loss of heterozygosity (LOH) of human 
chromosomal regions is one of the most 
frequent genetic events found in many types of 
malignancies. Investigation of LOH and its effect 
on allelic imbalance (29) in childhood ALL may 

according to differences in cell surface markers 
(at the time of presentation), clinical behaviour, 
and response to individual therapeutic agents (5).
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provide important information about the genetic 
basis of the disease because frequent allelic 
deletions in tumour cells are usually indicative 
of the inactivation of tumour suppressor genes. 
Previous studies have suggested that the loss of 
tumour suppressor gene activity is an important 
event in the development of cancer. Takeuchi 
et al. (30) reported that inactivation of tumour 
suppressor genes by mutation of one allele and 
loss of the second allele is a crucial pathway of 
leukaemogenesis in childhood ALL. Informative 
microsatellite markers are used as an indirect 
method to confirm LOH and to search for 
inactivated tumour suppressor genes (30). 
Several different mechanisms at the molecular or 
cytogenetic level have been considered to account 
for LOH: deletion, gene conversion, single 
or double homologous and non-homologous 
mitotic recombination, translocation, 
chromosome breakage and loss, chromosomal 
fusion or telomeric end-to-end fusion, or whole 
chromosome loss with or without accompanying 
duplication of the retained chromosome (31).
 Previously, a large number of LOH studies 
using microsatellite markers in childhood ALL 
have been performed by a Japanese group and 
collaborators; these studies have found that 
LOH of chromosomes 6q, 9p, 11q, and 12p are 
frequent in childhood ALL (32–36). Baccichet et 
al. investigated LOH using 49 highly polymorphic 
markers distributed over 13 chromosomal arms 
and found that the highest rates of allelic losses 
were observed in 9p and 12p regions, which 
were deleted in 29% and 32% of childhood ALL 
patients, respectively (37). They found no LOH on 
chromosomes 3p, 5q, 11p, 11q, 13q, or 18q (37). 
Cavé et al. indicated that 12p12-13 alterations at 
the molecular level are present in about 27% of 
children with B-lineage ALL, which is a higher 
percentage than had previously been reported 
by standard chromosome analysis (38). LOH on 
chromosome 12p12-13 was detected in 26 to 47% 
of childhood ALL samples analysed (34,39,40), 
suggesting that inactivation of a tumour 
suppressor gene on this region, possibly the ETV6 
and CDKN1B, may play a role in leukaemogenesis 
(40,41). Baccichet and Sinnet investigated a 
number of childhood ALL samples and found that 
31% (17 of 55) of samples had LOH on 12p12-13 
(42). According to Takeuchi et al., in the relapse 
of childhood ALL, chromosome 9p was the 
most frequent site for LOH (occurring in 15 of 
38 informative cases); they also report that the 
4q and 17q regions appear to have an important 
role in ALL relapse (43). In 2004, Heerema et al. 
performed cytogenetic analyses for chromosome 

7 and reported that the critical region of loss of 
chromosome 7 in paediatric ALL at presentation 
may be on the p-arm (44).

Epigenetic changes by methylation
 DNA methylation is a natural modification 
of human DNA and is catalysed by a DNA 
methyltransferase enzyme that adds a methyl 
group to the carbon 5 position of the cytosine ring 
in CpG nucleotides (45). Methylation, the major 
epigenetic modification of human genomic DNA, 
takes place only at cytosine bases that are located 
5′ to the guanosine residue in a CpG dinucleotide 
within the mammalian genome (46,47). CpG 
islands are GC-rich DNA regions, typically 0.5 
to 4.0 kb in length, which remain unmethylated 
in normal tissues when found in the 5′ region 
of genes (46,48). These CpG islands are located 
frequently within the promoter regions of human 
genes. Methylation within CpG islands has been 
associated with transcriptional inactivation and 
functional silencing of the corresponding gene 
due to chromatin compaction (49,50). Robertson 
and Wolffe reported that CpG islands can also 
be found in non-coding intergenic areas rich in 
highly repetitive DNA elements (51). 
 Both DNA hypermethylation and 
hypomethylation might play important roles in the 
tumourigenic process, but increased methylation 
at CpG islands has been, by far, the most studied 
process that has a clear role in carcinogenesis 
(50). It has been documented that aberrant 
methylation may occur during the early stages of 
carcinogenesis, and that distinct types of cancer 
exhibit specific patterns of methylation changes 
(52). It has been proposed that methylation 
of the promoter region should be included in 
Knudson’s two-hit hypothesis for inactivation 
of tumour suppressor genes (53,54). The first 
hit may be a mutation in the DNA sequence or 
promoter methylation, as was suggested. The 
second inactivating hit may be either LOH or a 
further mutational or methylation event in the 
second allele. Hypermethylation of CpG islands in 
a human tumour was first reported in 1986 (55). 
Multiple genes, such as tumour suppressor genes 
and DNA repair genes, have been shown to be 
inactivated by hypermethylation of CpG islands 
in many types of cancer, including haematological 
malignancies and solid tumours (50).

Application of high density single nucleotide 
polymorphism array to determine allelic 
imbalance in childhood ALL
 Over the past few years, the application 
of advanced technologies, based on the large
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collections of mapped single nucleotide 
polymorphism (SNP), to genetic studies has 
yielded important findings to help elucidate 
the molecular mechanisms responsible for the 
pathogenesis of human cancers. A SNP is the 
most common type of DNA sequence variation 
that is found at one specific position in the 
human genome and occurs in at least 1% of the 
human population (56). In 1998, Wang et al. 
illustrated large-scale identification, mapping, 
and genotyping of SNPs in the human genome, 
which led to the development of the genotyping 
chips that allow for the simultaneous genotyping 
of 500 SNPs (57). 
 Investigation of allelic imbalance can also be 
performed using a variety of techniques such as 
conventional cytogenetic analysis (karyotyping), 
FISH, Southern blotting, microsatellite analysis 
using highly polymorphic markers, and CGH. 
These techniques are either of low resolution 
or laborious and require the use of relatively 
large amount of DNA if the entire genome is to 
be examined. It has been suggested that the 
most reliable method for characterising allelic 
imbalances should have the ability not only 
to provide locus-specific genotype but also to 
quantify accurately the copy number of each 
allele (8). Recently, oligonucleotide microarrays 
designed for whole genome, SNP analysis have 
been developed, which are proving to be a 
powerful methodology. The SNP mapping array 
(SNPA), Affymetrix HuSNP GeneChip containing 
1494 SNPs, was initially applied for the detection 
of sequence polymorphisms (58). Several studies 
have subsequently utilised the Affymetrix HuSNP 
GeneChip to identify LOH or allelic imbalance in 
tumour tissues from breast, bladder, prostate and 
small-cell lung cancer (59–62). Array-based CGH 
is available and provides a high resolution for CN 
analysis, but it cannot readily detect chromosomal 
LOH without CN change (63). 
 Development of the high-density SNPA 
(GeneChip Human Mapping Array by Affymetrix) 
started with the introduction, in 2004, of a chip 
that could genotype more than 10 000 SNPs.  
Currently, a version of a chip containing up to 
900 000 SNPs is available. The GeneChip Human 
Mapping Array is a high resolution method for 
genome-wide screening and a powerful technique 
to detect genetic aberrations, such as LOH and 
CN alterations related to deletion or amplification 
in primary solid tumours, cancer cell lines, and 
leukaemias (8,63–65). Importantly, this array 
can characterise LOH due to acquired isodisomy 
(AID), which reveals the presence of LOH with 
no alteration of CN. This technology has been 

described as a fast, cost-effective, and reliable 
approach for whole genome AID screening (66).
 A previous study by the Leukaemia Research 
Group at Newcastle University used SNPA analysis 
to detect LOH using lymphoblasts from a limited 
cohort of children with ALL and compared samples 
obtained at presentation to those obtained at 
relapse (64). This study was extended to observe 
a larger group of 78 patients at presentation 
and 12 at relapse, and it revealed aberrations on 
chromosome 9p in 26% of these patients (67). 
Also, they found that genomic deletion analysis 
showed a high degree of concordance between the 
3 techniques (SNPA, array CGH, and FISH) but 
some deletions detected by array CGH were below 
the resolution of FISH (67). Genome-wide SNP 
analysis provides a good approach for obtaining 
more genetic information about the cancer cells 
and targeting the involvement of candidate 
genes in leukaemogenesis. A study of genome-
wide analysis on childhood ALL by Kuiper et al. 
reported that loss of the 9p21.3 region was the 
most common lesion and revealed both CDKN2A 
and CDKN2B as functional candidates (68). They 
also found loss of the 9p13.2 region that affected 
only PAX5 in 20% (8 of 40) of childhood ALL 
cases.  Furthermore, this array analysis has the 
potential to reveal novel genetic findings involved 
in the multistep development of cancer. A study by 
Mullighan et al. revealed new, recurrent genetic 
alterations in childhood ALL, which indicates the 
power of SNPA analysis in the study of cancer 
(69). Recently, a comprehensive analysis utilising 
5 separate assays (mutation, methylation, SNPA, 
array CGH and FISH) has been reported to assess 
the inactivation of the target gene CDKN2A 
in childhood ALL (67). They discovered that 
CDKN2A deletion is a significant secondary 
abnormality in childhood ALL, which strongly 
correlated with the phenotype and genotype.
 SNPA technology has an additional 
advantage over cytogenetics, array CGH, and 
FISH in that it can identify LOH associated with 
no CN alterations, which indicate the presence 
of copy number-neutral (CNN) LOH (66). This 
phenomenon has revealed the involvement of 
AID. A recent report using high-density SNPA 
analysis in a cohort of 98 patients with childhood 
ALL revealed CNN LOH (also known as AID 
and uniparental disomy, UPD) in 8% of patients 
(67). AID is a frequent alternative mechanism 
for allelic imbalance in a variety of cancers and 
occurs when part or all of both chromosomes 
of an individual pair are derived from only one 
parent. However, AID is a rare occurrence in 
the general population (70). Identification of 



 Review Article | Genetic aberrations in childhood ALL detected by SNP array

www.usm.my/mjms 9

large regions of homozygosity, which did not 
correspond to deletions by SNPA analysis, were 
found in approximately 20% of AML cases but not 
in the DNA of remission cases, suggesting that it 
was an acquired abnormality (65). This same 
study also confirmed the presence of a normal CN 
by FISH within the homozygous regions, which 
then suggested that these areas consisted of AID 
occurring as a result of mitotic recombination. 
One of the mechanisms that can cause phenotypic 
abnormalities due to AID is homozygosity for 
an autosomal recessive gene. This event, as an 
acquired abnormality, can be correlated with 
homozygosity of a particular gene, suggesting 
that mitotic recombination acts to remove the 
wild type allele (71). Previous studies have shown 
that this mechanism of AID is associated with 
the presence of homozygous mutations of JAK2 
in myeloproliferative disease (72) and CEBPA, 
FLT3, and RUNX1 in AML (73), suggesting that 
it is an important, novel mechanism for oncogene 
activation and/or tumour suppressor gene 
inactivation.
 Comparing CN data obtained from SNPA with 
data obtained from conventional cytogenetics and 
FISH proved that SNPA is an efficient technique 
for CN estimation of individual chromosomes in 
individual patient samples. This SNPA is of great 
potential value in cases where cells fail to divide 
for the performance of standard cytogenetics and 
for centres where access to cytogenetic services is 
unavailable. It also validates DNA analysis for the 
majority of tumour types that do not yield suitable 
material for karyotyping. 
 Within the past year, new computer software 
tools have been developed by Affymetrix for data 
analysis of SNPA; these tools provide better and 
easier interpretation of results when compared 
with the manipulation of SNPA data in Excel 
spreadsheets. These application tools, available 
free from the Affymetrix website (http://www.
affymetrix.com), include CNAT version 4.0, 
Bayesian Robust Linear Model with Mahalanobis 
distance classifier (BRLMM) Analysis Tool (BAT), 
and Integrated Genome Browser (IGB). CNAT 4.0 
can be used to perform analysis on data from 10 K, 
100 K, and 500 K arrays. It also allows combination 
of data from different sized arrays (virtual 
array). BRLMM is an improved genotype calling 
algorithm that allows more accurate SNP calls and 
can be used with 100 K and 500 K array sets. IGB 
is a powerful tool linked to the Ensemble database 
to help researchers visualise their results against 
the entire human genome. The IGB software can 
compare multiple genomic annotation sets from 
various data sources and, thus, is very useful for 

targeting areas of interest. SNPA technology has 
been described as a promising approach to link 
oncogenic pathways and to initiate the search for 
targets that could be exploited in the development 
of molecular therapeutics (56).

Conclusion

 SNPA technology is a useful method to 
determine LOH or allelic imbalance in childhood 
ALL. Frequent occurrences of AID in childhood 
ALL may implicate this event as contributing 
to the presence of allelic imbalance, but the 
mechanisms involved in this pathogenesis remain 
elusive. This genome-wide screening approach is 
believed to develop into a powerful method for the 
identification of molecular targets which may be 
important in tumourigenesis in childhood ALL. 
SNPA technology has the strength to provide global 
analysis of CN alterations in human cancers and is 
capable of revealing the occurrence of LOH due 
to AID, which would be missed by conventional 
cytogenetics and CGH. SNPA technology has 
been shown to have accuracy, reproducibility, 
and improved calling algorithms. Screening the 
entire genome using this array requires only 250 
ng of genomic DNA. This technology may provide 
crucial data to target any genes associated with 
leukaemogenesis as well as provide information to 
gain a better understanding for the mechanisms 
by which CN changes occur. These possible genes 
of interest may be important for future molecular 
therapy.
 Using genome-wide SNPA, a large number 
of candidate genes have been found; however, 
it is difficult to select those genes for further 
investigation. Thus, priority has been given to 
genes which are known to be associated with 
tumourigenesis and located in common regions 
of deletion, amplification, or copy-neutral LOH 
(AID). These common aberrant regions revealed 
by SNPA must be validated by other methods, 
such as microsatellite analysis to confirm a LOH 
event, and quantitative real-time PCR to confirm 
the presence of gene amplification. This approach 
could facilitate pinpointing critical regions within 
the genome as well as candidate genes in those 
regions.

Acknowledgements

 The author would like to thank her 
supervisory team, Professor Andrew Hall, Dr Julie 
Irving, and Ms Marian Case from the Northern



10 www.usm.my/mjms

Malaysian J Med Sci. Jul-Sep 2010; 17(3): 5-12

Institute for Cancer Research, Newcastle 
University, United Kingdom, for reviewing 
the contents of this paper. A part of this paper 
was written during the author’s PhD studies at 
Newcastle University, United Kingdom.

Correspondence

Dr  Sarina Sulong
PhD (Newcastle University)
Human Genome Centre
School of Medical Sciences 
Universiti Sains Malaysia Health Campus
16150 Kubang Kerian, Kelantan, Malaysia
Tel: +609-7676792
Fax: +609-7658914
E-mail: ssarina@kck.usm.my

References

1. Ross JA, Davies SM, Potter JD, Robison LL. 
Epidemiology of childhood leukemia, with a focus on 
infants. Epidemiol Rev. 1994;16(2):243–272.

2. Rubnitz JE, Crist WM. Molecular genetics of childhood 
cancer: Implications for pathogenesis, diagnosis, and 
treatment. Pediatrics. 1997;100(1):101–108.

3. Harrison CJ. Acute lymphoblastic leukaemia. Best 
Pract Res Cl Ha. 2001;14(3): 593–607.

4. Greaves M. Childhood leukaemia. Br Med J. 
2002;324(7332):283–287.

5. Downing JR, Mullighan CG. Tumor-specific genetic 
lesions and their influence on therapy in pediatric 
acute lymphoblastic leukemia. Hematology Am Soc 
Hematol Educ Program. 2006;508:118–122.

6. Pui CH, Relling MV, Downing JR. Acute lymphoblastic 
leukemia. N Engl J Med. 2004;350(15):1535–1548.

7. Armstrong SA, Look AT. Molecular genetics of 
acute lymphoblastic leukemia. J Clin Oncol. 2005; 
23(26):6306–6315.

8. Wong KK, Tsang YTM, Shen J, Cheng RS, Chang YM, 
Man TK, et al. Allelic imbalance analysis by high-
density single nucleotide polymorphic allele (SNP) 
array with whole genome amplified DNA. Nucl Acids 
Res. 2004;32(9):e69

9. Lemos JAR, Defavery R, Scrideli CA, Tone LG. 
Analysis of p16 gene mutations and deletions in 
childhood acute lymphoblastic leukemias. Sao Paulo 
Med J 2003;121(2):58–62.

10. Ohnishi H, Kawamura M, Ida K, Sheng XM, Hanada 
R, Nobori T, et al. Homozygous deletions of p16/
MTS1 gene are frequent but mutations are infrequent 
in childhood T-cell acute lymphoblastic leukemia. 
Blood. 1995;86(4): 1269–1275.

11. Kawamura M, Ohnishi H, Guo SX, Sheng XM, 
Minegishi M, Hanada R, et al. Alterations of the p53, 
p21, p16, p15 and RAS genes in childhood T-cell acute 
lymphoblastic leukemia. Leuk Res. 1999;23(2):115–
126.

12. Gilliland DG, Griffin JD. The roles of FLT3 
in hematopoiesis and leukemia. Blood. 
2002;100(5):1532–1542.

13. Taketani T, Taki T, Sugita K, Furuichi Y, Ishii E, 
Hanada R, et al. FLT3 mutations in the activation 
loop of tyrosine kinase domain are frequently found 
in infant ALL with MLL rearrangements and pediatric 
ALL with hyperdiploidy. Blood. 2004;103(3):1085–
1088.

14. Armstrong SA, Mabon ME, Silverman LB, Li A, 
Gribben JG, Fox EA, et al. FLT3 mutations in 
childhood acute lymphoblastic leukaemia. Blood. 
2004;103(9):3544–3546.

15. Yokota S, Nakao M, Horiike S, Seriu T, Iwai T, Kaneko 
H, et al. Mutational analysis of the N-ras gene in acute 
lymphoblastic leukemia: A study of 125 Japanese 
pediatric cases. Int J Hematol. 1998;67(4):379–387.

16. Nakao M, Janssen JWG, Seriu T, Bartram CR. 
Rapid and reliable detection of N-ras mutations 
in acute lymphoblastic leukemia by melting curve 
analysis using LightCycler technology. Leukemia. 
2000;14(2):312–315.

17. Zhu YM, Zhao WL, Fu JF, Shi JY, Pan Q, Hu J, et 
al. NOTCH1 mutations in T-cell acute lymphoblastic 
leukemia: prognostic significance and implication 
in multifactorial leukemogenesis. Clin Cancer Res. 
2006;12(10):3043–3049.

18. Cuthbert G, Thompson K, McCullough S, Watmore 
A, Dickinson H, Telford N, et al. MLL amplification 
in acute leukaemia: A United Kingdom Cancer 
Cytogenetics Group (UKCCG) study. Leukemia. 
2000;14(11):1885–1891.

19. Harewood L, Robinson H, Harris R, Al-Obaidi 
MJ, Jalali GR, Martineau M, et al. Amplification 
of AML1 on a duplicated chromosome 21 in acute 
lymphoblastic leukemia: A study of 20 cases. 
Leukemia, 2003;17(3):547–553.

20. Robinson HM, Broadfield ZJ, Cheung KL, Harewood 
L, Harris RL, Jalali GR, et al. Amplification of AML1 
in acute lymphoblastic leukemia is associated with a 
poor outcome. Leukemia. 2003;17(11):2249–2250.

21. Strefford JC, van Delft FW, Robinson HM, Worley 
H, Yiannikouris O, Selzer R, et al. Complex 
genomic alterations and gene expression in acute 
lymphoblastic leukemia with intrachromosomal 
amplification of chromosome 21. Proc Natl Acad Sci 
USA. 2006;103(21):8167–8172.

22. Robinson HM, Harrison CJ, Moorman AV, Chudoba 
I, Strefford JC. Intrachromosomal amplification of 
chromosome 21 (iAMP21) may arise from a breakage-
fusion-bridge cycle. Genes Chromosomes Cancer. 
2007;46(4):318–326.

mailto:ssarina%40kck.usm.my%20?subject=


 Review Article | Genetic aberrations in childhood ALL detected by SNP array

www.usm.my/mjms 11

23. Garcia-Casado Z, Cervera J, Verdeguer A, Tasso M, 
Valencia A, Pajuelo JC, et al. High-level amplification 
of the RUNX1 gene in two cases of childhood acute 
lymphoblastic leukemia. Cancer Genet Cytogenet. 
2006;170(2):171–174.

24. Penther D, Preudhomme C, Talmant P, Roumier C, 
Godon A, Mechinaud F, et al. Amplification of AML1 
gene is present in childhood acute lymphoblastic 
leukemia but not in adult, and is not associated with 
AML1 gene mutation. Leukemia. 2002;16(6):1131–
1134.

25. Barber KE, Martineau M, Harewood L, Stewart M, 
Cameron E, Strefford JC, et al. Amplification of the 
ABL gene in T-cell acute lymphoblastic leukemia. 
Leukemia. 2004;18(6):1153–1156.

26. Kim HJ, Woo HY, Koo HH, Tak EY, Kim SH. ABL 
oncogene amplification with p16(INK4a) gene 
deletion in precursor T-cell acute lymphoblastic 
leukemia/lymphoma: report of the first case. Am J 
Hematol. 2004;76(4):360–336.

27. Graux C, Cools J, Melotte C, Quentmeier H, Ferrando 
A, Levine R, et al. Fusion of NUP214 to ABL1 on 
amplified episomes in T-cell acute lymphoblastic 
leukaemia. Nat Genet. 2004;36(10):1084–1089.

28. Melo JV, Deininger MW. Biology of chronic 
myelogenous leukaemia- signaling pathways of 
initiation and transformation. Hematol Oncol Clin N 
Am. 2004;18(3):545–568.

29. Mei R, Galipeau PC, Prass C, Berno A, Ghandour 
G, Patil N, et al. Genome-wide detection of allelic 
imbalance using human SNPs and high-density DNA 
arrays. Genome Res. 2000;10(8):1126–1137.

30. Takeuchi S, Tsukasaki K, Bartram CR, Seriu T, 
Zimmermann M, Schrappe M, et al. Long-term study 
of the clinical significance of loss of heterozygosity in 
childhood acute lymphoblastic leukaemia. Leukemia. 
2003;17(1):149–154.

31. Thiagalingam S, Foy RL, Cheng KH, Lee HJ, 
Thiagalingam A, Ponte JF. Loss of heterozygosity as 
a predictor to map tumor suppressor genes in cancer: 
molecular basis of its occurrence. Curr Opin Oncol. 
2002;14(1):65–72.

32. Takeuchi S, Bartram CR, Seriu T, Miller CW, Tobler 
A, Janssen JWG, et al. Analysis of a family of cyclin-
dependent kinase inhibitors: p15/MTS2/INK4B, p16/
MTS1/INK4A, and p18 genes in acute lymphoblastic 
leukemia of childhood. Blood. 1995;86(2):755–760.

33. Takeuchi S, Bartram CR, Miller CW, Reiter A, Seriu T, 
Zimmermann M, et al. Acute lymphoblastic leukemia 
of childhood: identification of two distinct regions of 
deletion on the short arm of chromosome 12 in the 
region of TEL and KIP1. Blood. 1996;87(8):3368–
3374.

34. Takeuchi S, Koike M, Seriu T, Bartram CR, Slater 
J, Park S, et al. Homozygous deletions at 9p21 in 
childhood acute lymphoblastic leukemia detected by 
microsatellite analysis. Leukemia. 1997;11(10):1636–
1640.

35. Takeuchi S, Koike M, Seriu T, Bartram CR, Schrappe 
M, Reiter A, et al. Frequent loss of heterozygosity 
on the long arm of chromosome 6: identification 
of two distinct regions of deletion in childhood 
acute lymphoblastic leukemia. Cancer Res. 
1998;58(12):2618–2623.

36. Takeuchi S, Cho SK, Seriu T, Koike M, Bartram CR, 
Reiter A, et al. Identification of three distinct regions 
of deletion on the long arm of chromosome 11 in 
childhood acute lymphoblastic leukemia. Oncogene. 
1999;18(51):7387–7388.

37. Baccichet A, Qualman SK, Sinnett D. Allelic loss in 
childhood acute lymphoblastic leukaemia. Leukemia 
Res. 1997;21(9):817–823.

38. Cavé H, Gérard B, Martin E, Guidal C, Devaux I, 
Weissenbach J, et al. Loss of heterozygosity in the 
chromosomal region 12p12-13 is very common in 
childhood acute lymphoblastic leukaemia and permits 
the precise localization of a tumor suppressor gene 
distinct from p27KIP1. Blood. 1995; 86(10):3869–
3875.

39. Stegmaier K, Pendse S, Barker GF, Bray-Ward P, 
Ward DC, Montgomery KT, et al. Frequent loss 
of heterozygosity at the TEL gene locus in acute 
lymphoblastic leukaemia of childhood. Blood. 
1995;86(1):38–44.

40. Baccichet A, Sinnett D. Frequent deletion of 
chromosome 12p12.3 in children with acute 
lymphoblastic leukaemia. Br J Haematol. 
1997;99(1):107–114.

41. Aissani B, Bonan C, Baccichet A, Sinnett D. Childhood 
acute lymphoblastic leukemia: is there a tumor 
suppressor gene in chromosome 12p12.3? Leuk 
Lymphoma. 1999;34(3-4):231–239.

42. Montpetit A, Larose J, Boily G, Langlois S, Trudel N, 
Sinnett D. Mutational and expression analysis of the 
chromosome 12p candidate tumor suppressor genes 
in pre-B acute lymphoblastic leukemia. Leukemia. 
2004;18(9):1499–1504.

43. Takeuchi S, Seriu T, van Dongen JJM, Szczepański 
T, Tsukasaki K, Takeuchi N, et al. Allelotype analysis 
in relapsed childhood acute lymphoblastic leukemia. 
Oncogene. 2003;22(44):6970–6976.

44. Heerema NA, Nachman JB, Sather HN, La MK, 
Hutchinson R, Lange BJ, et al. Deletion of 7p or 
monosomy 7 in pediatric acute lymphoblastic 
leukaemia is an adverse prognostic factor: a report 
from the Children’s Cancer Group. Leukemia. 
2004;18(5):939–947.

45. Bird AP. The relationship of DNA methylation to 
cancer. Cancer Surv. 1996;28: 87–101.

46. Bird A. DNA methylation patterns and epigenetic 
memory. Gene Dev. 2002;16(1): 6–21.

47. Gutierrez MI, Siraj AK, Bhargava M, Ozbek U, 
Banavali S, Chaudhary MA, et al. Concurrent 
methylation of multiple genes in childhood ALL: 
Correlation with phenotype and molecular subgroup. 
Leukemia. 2003;17(9):1845–1850.



12 www.usm.my/mjms

Malaysian J Med Sci. Jul-Sep 2010; 17(3): 5-12

48. Drexler HG. Review of alterations of the cyclin-
dependent kinase inhibitor INK4 family genes p15, 
p16, p18 and p19 in human leukemia-lymphoma cells. 
Leukemia. 1998;12(6):845–859.

49. Jones PA, Takai D. The role of DNA 
methylation in mammalian epigenetics. Science. 
2001;293(5532):1068–1070.

50. Strathdee G, Brown R. Aberrant DNA methylation in 
cancer: potential clinical interventions. Expert Rev 
Mol Med. 2002;4(4):1–17.

51. Robertson KD, Wolffe AP. DNA methylation in health 
and disease. Nat Rev Genet. 2000;1(1):11–19.

52. Paluszczak J, Baer-Dubowska W. Epigenetic 
diagnostics of cancer—the application of DNA 
methylation markers.  J Appl Genet. 2006;47(4):365–
375.

53. Knudson AG. Mutation and Cancer: Statistical 
Study of Retinoblastoma. Proc Natl Acad Sci USA. 
1971;68(4):820–823.

54. Wheeler JM, Bodmer WF, Mortensen NJ. DNA 
mismatch repair genes and colorectal cancer. Gut. 
2000;47(1):148–153.

55. Baylin SB, Hoppener JW, de Bustros A, Steenbergh 
PH, Lips CJ, Nelkin BD. DNA methylation patterns 
of the calcitonin gene in human lung cancers and 
lymphomas. Cancer Res. 1986;46(6):2917–2922.

56. Heinrichs S, Look AT. Identification of structural 
aberrations in cancer by SNP array analysis. Genome 
Bio. 2007;8(7):219.

57. Wang DG, Fan JB, Siao CJ, Berno A, Young P, Sapolsky 
R, et al. Large-scale identification, mapping, and 
genotyping of single-nucleotide polymorphisms in 
the human genome. Science. 1998;280(5366):1077–
1082.

58. Chee M, Yang R, Hubbell E, Berno A, Huang XC, Stern 
D, et al. Accessing genetic information with high-
density DNA arrays. Science. 1996; 274(5287):610–
614.

59. Lindblad-Toh K, Tanenbaum DM, Daly MJ, 
Winchester E, Lui WO, Villapakkam A, et al. Loss-of-
heterozygosity analysis of small-cell lung carcinomas 
using single-nucleotide polymorphism arrays. Nat 
Biotechnol. 2000;18(9):1001–1005.

60. Primdahl H, Wikman FP, von der Maase H, Zhou 
XG, Wolf H, Orntoft TF. Allelic imbalances in human 
bladder cancer: genome-wide detection with high-
density single-nucleotide polymorphism arrays. J 
Natl Cancer Inst. 2002;94(3): 216–223.

61. Schubert EL, Hsu L, Cousens LA, Glogovac J, Self S, 
Reid BJ, et al. Single nucleotide polymorphism array 
analysis of flow-sorted epithelial cells from frozen 
versus fixed tissues for whole genome analysis of allelic 
loss in breast cancer. Am J Pathol. 2002;160(1):73–
79.

62. Dumur CI, Dechsukhum C, Ware JL, Cofield SS, Best 
AM, Wilkinson DS, et al. Genome-wide detection of 
LOH in prostate cancer using human SNP microarray 
technology. Genomics. 2003; 81(3):260–269.

63. Zhao X, Li C, Paez JG, Chin K, Jänne PA, Chen 
T-H, et al. An integrated view of copy number and 
allelic alterations in the cancer genome using single 
nucleotide polymorphism arrays. Cancer Res. 
2004;64(9):3060–3071.

64. Irving JA, Bloodwort L, Bown NP, Case MC, Hogarth 
LA, Hall AG. Loss of heterozygosity in childhood acute 
lymphoblastic leukemia detected by genome-wide 
microarray single nucleotide polymorphism analysis. 
Cancer Res. 2005; 65(8):3053–3058.

65. Raghavan M, Lillington DM, Skoulakis S, Debernardi 
S, Chaplin T, Foot NJ, et al. Genome-wide 
single nucleotide polymorphism analysis reveals 
frequent partial uniparental disomy due to somatic 
recombination in acute myeloid leukemias. Cancer 
Res. 2005;65(2):375–378.

66. Altug-Teber O, Dufke A, Poths S, Mau-Holzmann UA, 
Bastepe M, Colleaux L, et al. A rapid microarray based 
whole genome analysis for detection of uniparental 
disomy. Hum Mutat. 2005;26(2):153–159.

67. Sulong S, Moorman AV, Irving JA, Strefford JC, Konn 
ZJ, Case MC, et al. A comprehensive analysis of the 
CDKN2A gene in childhood acute lymphoblastic 
leukemia reveals genomic deletion, copy number 
neutral loss of heterozygosity, and association with 
specific cytogenetic subgroups. Blood. 113(1):100–
107.

68. Kuiper RP, Schoenmakers EF, van Reijmersdal SV, 
Hehir-Kwa JY, van Kessel AG, van Leeuwen FN, et 
al. High-resolution genomic profiling of childhood 
ALL reveals novel recurrent genetic lesions affecting 
pathways involved in lymphocyte differentiation and 
cell cycle progression. Leukemia. 2007;21(6):1258–
1266.

69. Mullighan CG, Goorha S, Radtke I, Miller CB, 
Coustan-Smith E, Dalton JD, et al. Genome-wide 
analysis of genetic alterations in acute lymphoblastic 
leukaemia. Nature. 2007;446(7137):758–764.

70. Karanjawala ZE, Kaariainen H, Ghosh S, Tannenbaum 
J, Martin C, Ally D, et al. Complete maternal 
isodisomy of chromosome 8 in an individual with an 
early-onset ileal carcinoid tumor. Am J Med Genet. 
2000;93(3):207–210.

71. Young BD, Debernardi S, Lillington DM, Skoulakis 
S, Chaplin T, Foot NJ, et al. A role for mitotic 
recombination in leukemogenesis. Adv Enzyme 
Regul. 2006;46:90–97.

72. Kralovics R, Passamonti F, Buser AS, Teo SS, Tiedt 
R, Passweg JR, et al. A gain-of-function mutation of 
JAK2 in myeloproliferative disorders. N Engl J Med. 
2005;352(17):1779–1790.

73. Fitzgibbon J, Smith LL, Raghavan M, Smith ML, 
Debernardi S, Skoulakis S, et al. Association between 
acquired uniparental disomy and homozygous gene 
mutation in acute myeloid leukemias. Cancer Res. 
2005;65(20):9152–9154.


