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Cancer Cytogenetics: Methodology Revisited
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The Philadelphia chromosome was the first genetic abnormality discovered in cancer (in
1960), and it was found to be consistently associated with CML. The description of the
Philadelphia chromosome ushered in a new era in the field of cancer cytogenetics. Accu-
mulating genetic data have been shown to be intimately associated with the diagnosis and
prognosis of neoplasms; thus, karyotyping is now considered a mandatory investigation for
all newly diagnosed leukemias. The development of FISH in the 1980s overcame many of
the drawbacks of assessing the genetic alterations in cancer cells by karyotyping. Karyo-
typing of cancer cells remains the gold standard since it provides a global analysis of the
abnormalities in the entire genome of a single cell. However, subsequent methodological
advances in molecular cytogenetics based on the principle of FISH that were initiated in
the early 1990s have greatly enhanced the efficiency and accuracy of karyotype analysis
by marrying conventional cytogenetics with molecular technologies. In this review, the de-
velopment, current utilization, and technical pitfalls of both the conventional and molecu-
lar cytogenetics approaches used for cancer diagnosis over the past five decades will be
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INTRODUCTION

The discovery of a tiny abnormal chromosome, the Philadelphia
chromosome, as a hallmark of CML in 1960 by Peter Nowell
and David Hungerford marked the first time cancer was shown
to result from a specific genetic abnormality [1]. As cytogenetic
techniques improved, in 1973, Rowley [2] discovered the exis-
tence of a translocation between the long arms of chromosome
9 and 22 in CML. Subsequent work revealed that this transloca-
tion resulted in a new fusion protein that was expressed in the
cancer cells [3]. Strikingly, the description of the Philadelphia
chromosome ushered in a new era of genetic diagnosis. Over
the past several decades, accumulating genetic data has been
shown to be intimately associated with the diagnosis and prog-
nosis of neoplasms, thereby moving cancer cytogenetics out of
research laboratories and into clinical practice. Recognizing the
association between specific cytogenetic abnormalities and cer-
tain morphologic and clinical features, the World Health Organi-
zation has categorized four unique AML subtypes according to
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cytogenetics [4]. Therefore, conventional cytogenetic analysis is
considered mandatory for all newly diagnosed leukemias, owing
to its usefulness in diagnosis, classification, and prognostication.
FISH can be used to map loci on specific chromosomes [5], de-
tect both numerical and structural chromosomal abnormalities,
and reveal cryptic abnormalities. It has overcome many of the
drawbacks of karyotyping, such as low specimen cell yield, low
mitotic index, poor quality metaphases, and other technical dif-
ficulties. Currently, FISH is used as an indispensable tool for the
detection of structural rearrangements such as translocations,
inversions, insertions, and microdeletions, and for the identifica-
tion of marker chromosomes and the delineation of chromo-
some breakpoints [6, 7]. Therefore, FISH has greatly enhanced
the efficiency and accuracy of karyotype analysis by bringing to-
gether conventional cytogenetics and molecular technologies.
This review summarizes the development, current utilization,
and technical pitfalls of the conventional and molecular cytoge-
netic approaches used in clinical laboratories for cancer diagnosis.
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CONVENTIONAL CYTOGENETICS

Chromosome analysis is a simple technique. Under optimal
conditions, in most cases of acute leukemia, clonal cytogenetic
abnormalities are detected by using this method. Chromosome
analysis requires five principal steps: 1) cell culture, 2) harvest
of metaphase chromosomes, 3) chromosome preparation, 4)
banding and staining using a special protocol, and 5) analysis
by light microscopy or karyotype assisted computer analysis (Fig.
1). The discovery that colchicine (or colcemid) pretreatment re-
sulted in mitotic arrest and that treatment of arrested cells with a
hypotonic solution improved the yield and quality of metaphases
spreads. Therefore, counted and analyzed individual chromo-
somes in human cells are then possible. Chromosome analysis
provides an overview of all chromosomal aberrations in a single
tumor cell.

1. Technology considerations

Chromosomal studies of malignancies pose a particular techni-
cal challenge. As the results are so unpredictable, there is no a
single technique that can be guaranteed to work consistently
and reliably. Therefore, every laboratory should adopt a slight
variation of the basic protocol. In addition to setting up a bone
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marrow suspension cell culture of hematologic neoplasms, pe-
ripheral blood can also be investigated, if it contains more than
10% circulating blasts or immature cells. In addition, a lymph
node biopsy is required, as lymph nodes are the preferred tissue
for studies of most lymphomas [8]. The duration of the cell cycle
in malignant cells varies greatly among patients; a range of 16 hr
to 292 hr was obtained in a series of 37 patients with AML [9].
Therefore, one of the most significant factors in obtaining a suc-
cessful result is setting up multiple cultures to maximize the
chances of obtaining optimal malignant cell divisions: 1) direct
harvest of bone marrow cells, 2) overnight culture, and 3) over-
night culture with synchronization (by blocking at S-phase of the
cell cycle) [10].

High-resolution banding of long chromosomes with good mor-
phology can be achieved by applying synchronization techniques
[10]. It enables the identification of subtle structural chromo-
some aberrations that are commonly found in malignant cells.
However, it has been reported that fluorodeoxyuridine synchroni-
zation cultures are inferior to short-term cultures for chromo-
some analysis in ALL [11]. ALL is a frustrating disease for most
cytogeneticists, as it has several technical challenges, including
frequent poor chromosome morphology, low mitotic index, and
samples that have a marked tendency to clot during harvest.
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Fig. 1. Protocol for the preparation of a karyotype from a leukemic patient.
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2. Acquired abnormal clones versus constitutional
chromosomal anomalies or cytogenetic heteromorphisms

In cases where the cytogenetic analysis reveals only abnormal
metaphases, especially in those with a balanced translocation, it
may be necessary to rule out a constitutional chromosomal
anomaly. In addition, the constitutive heterochromatic regions
just below the centromeres of chromosomes 1, 9, and 16 and
the telomeric end of the long arm of the Y-chromosome can
vary widely in size among individuals and can sometimes ap-
pear abnormal (Fig. 2A). Constitutional chromosomal anomalies
are best differentiated from differentiate acquired abnormal
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clones through cytogenetic examination of phytohemagglutinin
(PHA)-stimulated lymphocytes from peripheral blood in disease
remission. The Cytogenetics Resource Committee (CyRC) of the
College of American Pathologists (CAP)/American College of
Medical Genetics & Genomics (ACMG) has asked participants
not to include heteromorphisms when responding to a chal-
lenge of the cytogenetics survey. However, the guidelines for re-
porting heteromorphisms have not been standardized. Of 223
cytogenetic laboratories, 136 (61%) stated that they would in-
clude selected heteromorphism information identified by routine
G-banding in a clinical cytogenetic report in a CyRC survey on
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Fig. 2. Partial karyotype showing normal variants and chromosome abnormalities of leukemia. (A) Normal variant with 1gh+ (arrow), (B)
Normal variant with inv(9)(p11g13) (arrow), (C) dup(1)(g21g32) chromosome with duplication of a 1g21-q32 chromosomal fragment (ar-
row), (D) trp(1)(g21g32) chromosome with triplication of a 1g21-g32 chromosomal fragment (arrow), (E) del(7)(q) chromosome with ter-
minal deletion ofa7q22-gter chromosomal fragment (arrow), (F) del(5)(q13g33) chromosome with an interstitial deletion of a 5q13-933
chromosomal fragment (arrow), (G) der(1)t(1;1)(p35;q25) chromosome with loss of a 1p35-pter chromosomal fragment and duplication of
a 1g25-gter chromosomal fragment (arrow), (H) i(17)(q10) chromosome with a loss of the whole short arm and duplication of the whole
long of chromosome 17 (arrow), (1) 1(9;22)(q34;q11.2), a balanced translocation between 9934 and 22q11.2 (arrows), (J) t(2;9;22)
(q37;034;q11.2), a balanced three-way translocation between 2q37, 9934, and 22q11.2 (arrows), (K) der(1;7)(q10;p10), a centric fusion
of the whole arms of 1g and 7p with a gain of 1q and a loss of 7q (arrow), (L) der(5)ins(5;?)(q13;?) chromosome with an unknown chro-
mosomal fragment inserted into 5q13 (arrow), (M) inv(16)(p13g22) chromosome with G-banding (arrow), (N) inv(16)(p13g22) chromo-
some with R-banding (arrow).
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cytogenetic heteromorphisms [12]. The majority of the clinical
cytogenetics surveyed would not include the more common
chromosomal variants (such as prominent short arms, large or
double satellites, and increased stalk length or double stalks on
acrocentric chromosomes, and long arm heterochromatin varia-
tions of chromosomes 1, 9, 16, and Y), but would report most
pericentric inversions [such as inv(9)(p11gl3); Fig. 2B] and
other rare heteromorphisms [12].

Constitutional pericentric inversion of chromosome 9 [inv(9)
(p11g13)] occurs in 0.8% to 2% of the normal population and
has long been considered a normal variant. Whether constitu-
tional inv(9) is a predisposing factor for cancer remains contro-
versial. We were the first group to document a case of an ac-
quired pericentric inv(9) in essential thrombocythemia [13].
Since then, several other hematological malignancies with ac-
quired inv(9) have been reported. However, inv(9) is not over-
represented in patients with hematological malignancy; there-
fore, there is no evidence to suggest that the presence of consti-
tutional inv(9) increases the risk of hematological malignancy
[13, 14].

Furthermore, some abnormalities are both acquired and in-
herited. For example, trisomy 21 is common both as an inher-
ited abnormality in Down syndrome and as an acquired abnor-
mality in AML, MDS, and childhood ALL [15-17]. Trisomy 21 is
the second most common trisomy in AML and MDS after tri-
somy 8 [18]. Therefore, if trisomy 21 is found in a karyotype, it
is necessary to consider both inherited and acquired abnormali-
ties. However, most individuals with Down syndrome have char-
acteristic physical features.

3. Mechanisms that generate chromosome abnormalities

1) Net gain and loss of chromosomal material

In general, gain or loss of chromosomal material results in gene
amplification or loss of heterozygosity, respectively. Two main
classes of cancer-relevant genes, oncogenes and tumor sup-
pressor genes have been recognized as the major pathogenic
targets for cancer-associated karyotypic abnormalities. Numeri-
cal chromosome aberrations are detected as the sole clonal
change in approximately 15% of all cytogenetically abnormal he-
matological malignancies, and they show substantial variations
in frequency among the various disease subgroups [19]. Despite
their relatively frequent occurrence, numerical changes, includ-
ing single autosomal trisomies, have received less attention than
structural changes. There are several reasons for this discrep-
ancy. First, the high degree of correlation between cytogenetic
changes and morphology that is observed with structural
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changes like translocation is lacking for numerical aberrations.
Second, the role that numerical changes play in leukemogenesis
tends to be obscured. Third, the molecular consequences of
whole chromosome gains and losses are not yet clear.

Net gain of chromosomal material may be caused by duplica-
tion (Fig. 2C) and triplication (Fig. 2D) of particular chromo-
somal segments or regions, which may also lead to an unbal-
anced gene product. Mis-segregation of entire chromosomes in
cell division may also result in trisomies or more extensive poly-
somies [20]. A single autosomal trisomy is a common numerical
cytogenetic abnormality in hematological malignancies, and it
shows a predilection for myeloid disorders [15, 16, 18, 211].
However, gain of a sex chromosome as the sole acquired abnor-
mality is very rare in hematological malignancies [22]. Interest-
ingly, hand-mirror cell morphology has been described in AML
with trisomy 13 [23], particularly in AML-MO and -M1, and it
may not be detected in the more differentiated subtypes of AML
[24]. In addition, chromosome gain is nonrandom in childhood
ALL, and eight chromosomes (+4, +6, +10, +14, +17, +18,
+21, and +X) account for almost 80% of all gains. However, tri-
somy 4 has also been reported as the sole karyotypic abnormal-
ity in ALL [25].

Net loss of chromosomal material may be caused by loss of
an entire chromosome (monosomy) [26-28], deletions of partic-
ular chromosomal segments [29] (Fig. 2E, F), unbalanced
translocations (Fig. 2G), or isochromosomes (Fig. 2H). Terminal
deletions results from a single break in the chromosome arm,
with loss of the distal segment (Fig. 2E). Interstitial deletions
emerge when two breaks occur within the same chromosome
arm and the intervening segment is lost (Fig. 2F).

2) Chromosomal rearrangements

A chromosome rearrangement occurs when a piece of one
chromosome breaks off and attaches to another chromosome.
A gene fusion can be created when the translocation joins two
other separate genes, the occurrence of which is common in
cancer. It can be a balanced translocation, unbalanced translo-
cation, insertion, or inversion.

In a balanced translocation, pieces of chromosomes are rear-
ranged, but no genetic material is gained or lost in the cell (Fig.
21). A balanced translocation can involve more than two chro-
mosomes and form a complex variant translocation [30, 31]
(Fig. 2J). In CML, a complex, 3-way variant translocation, involv-
ing 3 chromosomes, often occurs as a single-step process with
3 breakpoints and no reciprocal ABL1-BCR fusion [32] (Fig.
2J). Interestingly, a complex 3-way translocation resulting from
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4 breakpoints, 2-step process and a reciprocal gene fusion on
the third chromosome has been detected in acute promyelo-
cytic leukemia and CML, using dual color dual fusion transloca-
tion FISH probes [32, 33].

In an unbalanced translocation, the exchange of chromo-
some material is unequal, resulting in extra or missing chromo-
somal fragments [34, 35]. Derivative (1;7)(q10;p10) with an un-
balanced whole-arm translocation is a recurrent cytogenetic ab-
normality in myeloid disorders [36, 37] (Fig. 2K). It had long
been regarded as a poor prognostic indicator in MDS and AML
[38], until the publication of a large study on the clinicopatho-
logical features of myeloid neoplasms with this karyotypic abnor-
mality [39]. It has been proposed that myeloid neoplasms with
der(1;7)(q10;p10) may not have a homogeneously favorable
clinical behavior compared to MDS, which has known poor-risk
cytogenetics [371].

An insertion is a structural rearrangement, in which part of a
chromosome is typically interstitially repositioned into a different
area of the karyotype (Fig. 2L). The insertion can be cryptic,
and at the gene level, we have previously reported a case of
childhood CML with a cryptic insertion of BCR at 9934 and
morphologically normal chromosomes 9 and 22 on G-banding
[40]. FISH confirmed the presence of the BCR/ABLI gene fu-
sion on chromosome 9 in metaphase chromosomes. Therefore,
in clinical practice, atypical genetic test results should not be in-
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terpreted in isolation and should be integrated with information
gathered through different genetic studies.

A chromosomal aberration, in which a segment of a chromo-
some is reversed in orientation but not relocated, is called an in-
version. Inversion of chromosome 16 [inv(16)(p13q22)] is the
most common chromosomal inversion observed in leukemia
(Fig. 2M). It has been detected in approximately 5% of de novo
AML cases, which are mostly classified as the M4Eo subtype,
and is associated with a relatively favorable outcome. In the
AML M4Eo subgroup, inv(16) is much more prevalent (88%)
[41]. However, ethnic differences have been reported, including
a very low prevalence of inv(16)(p13g22) abnormalities in two
Chinese AML cohorts [41, 42]. Interestingly, R-banding is un-
suitable for detecting this inv(16)(p13g22) aberration (Fig. 2N)
[42], and it is far easier to recognize by G-banding. Therefore,
FISH, reverse-transcription (RT)-PCR, and Southern blot analy-
ses are reliable tools for detecting masked inv(16).

MOLECULAR CYTOGENETICS

Molecular cytogenetics involves the use of a series of techniques
referred to as FISH, in which DNA probes are labeled with differ-
ent colored fluorescent tags to visualize one or more specific re-
gions of the genome (Fig. 3). It is used as a rapid, sensitive test
for the detection of cryptic or subtle chromosomal changes. Fur-
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Fig. 3. FISH protocol. It includes sample pretreatment, denaturation of probe and sample, hybridization, post-hybridization washing, and

fluorescent signal detection.
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thermore, it can be used to detect genetic alterations in non-di-
viding cell populations, and it is a convenient method to support
the practice of personalized medicine. However, FISH assays are
still hampered by reagent costs, which prevent its adoption by
large-scale oncological screening.

1. Methodology

The standard FISH protocol is illustrated in Fig. 3. Briefly, it in-
cludes five steps: 1) sample pretreatment, 2) denaturation of
probe and sample, 3) hybridization of probe to target cells or
metaphase spreads (annealing), 4) post-hybridization washing,
and 5) detection using a simple epifluorescence microscope
with appropriate filter sets. When a FISH test is initially imple-
mented, the assay performance characteristics assessed should
include sensitivity, accuracy, precision, and specificity [43]. The
upper cutoff for normal results in a FISH assay can be deter-
mined by calculating the 95% confidence interval for probe sig-
nal patterns detected in normal control samples that are repre-
sentative of the sample type to be analyzed.

ACMG sets internationally accepted standards for FISH analy-
sis to ensure that FISH results are clear and interpretable [44].
Furthermore, ongoing monitoring of interobserver reproducibil-
ity, accomplished in part by having two laboratory personnel
read every case, can help detect changes in assay performance
or loss of consistency in applying scoring criteria. The standard
FISH nomenclature has been simplified and expanded in the
latest edition of the International System for Human Cytogenetic
Nomenclature, ISCN 2013 [45]. However, since the use of the
full FISH ISCN is likely to make it more difficult for physicians to
understand, it is not recommended by the European Myeloma
Network [46].

2. Selection of FISH probes for use in oncology

There are three broad types of FISH probes used in clinical ge-
netics laboratories, each with a different application: 1) whole-
chromosome painting (WCP) probes for deciphering cytogenetic
aberrations [8, 34, 47, 48]; 2) repetitive sequence probes for
chromosome enumeration [21, 25, 26, 49-51]; and 3) locus-
specific identifier (LSI) probes for gene fusions [17, 33, 52],
gene deletions [35, 53, 54] or duplications [55]. These probes
can also be used in various combinations when investigating
complex chromosome abnormalities [56, 571.

WCP probes are designed to mark the entire chromosome of
interest and are useful for deciphering cytogenetic aberrations
that are difficult to resolve on morphological grounds, such as
marker chromosomes of uncertain nature or complex changes.
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However, the use of WCP probes in interphase cells is very lim-
ited, as the chromosomes are dispersed in the cell nucleus dur-
ing interphase and they do not form discrete units.

Centromeric enumeration probes (CEPs) hybridize to alpha
(or beta) satellite repeat sequences within the specific centro-
meric regions of each chromosome and are used for chromo-
somal enumeration. Interphase FISH analysis using dual color
CEPs for chromosomes X and Y is an efficient method to predict
relapse or failure of engraftment in patients after sex-mis-
matched bone marrow transplantation (Fig. 4A) [58].

There are two main LS| FISH probe systems for the detection
of gene rearrangements in oncology, dual-color translocation
probes and dual-color break-apart probe. The dual-color trans-
location probes are designed to detect chromosomal transloca-
tions involving know partner genes, such as BCR-ABL1I that re-
sult from 1(9;22)(q34;911.2) in CML (Fig. 4B). Furthermore,
dual-color break-apart probes are useful for detecting chromo-
somal translocations that involve genes with unknown or multi-
ple translocation partners, such as MLL, ALK, and RARa (Fig.
4C). Break-apart translocation FISH probes conveniently pro-
vide important information on the presence of gene rearrange-
ments, although they are unable to identify the specific partner
gene. Recently, with the use of long distance inverse-poly-
merase chain reaction (LDI)-PCR, it has become possible to
identify unknown translocation partners and to map breakpoints
at the base-pair level. LDI-PCR requires only approximate se-
quence information for one partner, rendering it ideal for use in
combination with FISH to extend and refine cytogenetic break-
point data [59]. LS| FISH probes have also been used to identify
the origin of the amplified DNA that constitutes homogeneously
staining regions (HSRs) and double minutes (DMs), which oc-
cur in a variety of tumor cells (Fig. 4D) [60].

3. Advances in FISH technology

Numerous methodological advances in molecular cytogenetic
technology were initiated in the early 1990s, including compara-
tive genomic hybridization (CGH) [54], spectral karyotyping
(SKY) [62], multicolor FISH (MFISH) [63], multicolor banding
(mBAND) [64], and array CGH (aCGH) [65]. All of these cyto-
genetic techniques add colors to the monotonous world of con-
ventional banding. Two multicolor fluorescence technologies
have been introduced, MFISH [63] and SKY [62]. These tech-
nologies are based on simultaneous hybridization of 24 chromo-
some-specific composite probes. This technique is suitable for
the identification of subtle chromosomal aberrations that include
an unidentified chromosome (marker chromosome) and an un-
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Fig. 4. Interphase FISH images. (A) Interphase FISH using dual color centromeric-specific probes for chromosomes X (red) and Y (green)
to determine the proportion of donor cells in the peripheral blood of the recipient (XY, arrow; XX, block arrow). (B) Interphase FISH using a
dual color dual fusion BCR-ABL1 translocation probe, showing a 2G2R pattern in a normal cell (block arrow) and 1G1R2F in a Philadel-
phia-positive cell (arrow). (C) Interphase FISH using a dual color breakapart MLL translocation probe, showing an MLL split signal (distal
MLL region, arrow; proximal MLL region, block arrow), and indicating MLL gene rearrangement. (D) MYC ampilification in a neuroblastoma
(arrow) and a normal cell with a 2G2R pattern (block arrow). The MYCN gene is labeled with a green fluorochrome, whereas the centro-
meric probe for chromosome 2 is labeled with a red fluorochrome.

balanced chromosomal translocation. Regarding probe design, mBAND has been developed to facilitate the identification of
these chromosome-painting probes are generated from flow-  intrachromosomal rearrangements and to map the exact break-
sorted human chromosomes. Unique chromosome-specific col-  point by using human overlapping microdissection libraries that
ors are produced by labeling each chromosome library with ei-  are differentially labeled [64]. The color bands have great value
ther a single fluorochrome or specific combinations of multiple  for delineating intrachromosomal exchanges, such as inver-
fluorochromes. sions, deletions, duplications, and insertions [6].
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CGH is based on quantitative dual-color FISH along each
chromosome [61]. CGH can be used to detect genetic imbal-
ances in test genomes, and to determine the chromosomal map
positions of gains and losses of entire chromosomes or chromo-
somal subregions present in normal reference metaphase prep-
arations. A distinct advantage of CGH is that tumor DNA is the
only requirement for this analysis. Thus, archived, formalin-fixed
and paraffin-embedded tissues can be used as well. CGH is
useful for cancer research, especially for determining the low
mitotic index of malignant cells with poor chromosome morphol-
ogy and resolution [66-68].

Tremendous technical advances in cytogenetics have changed
the approaches used for clinical diagnostics and research, in
particular, the development of array CGH (aCGH) technology for
“molecular karyotyping” with a resolution of 100 kb to 1 Mb [65].
aCGH greatly improves the resolution of this technique by substi-
tuting the hybridization targets, the metaphase chromosome
spread, with genomic segments spotted in an array format. The
complexity of the genomic aberrations in most human tumors
hampers delineation of the genes that drive the tumorigenic pro-
cess. Interestingly, cognate mouse models have been shown to
recapitulate these genetic alterations with unexpected fidelity
[69]. These results indicate that cross-species aCGH analysis is
a powerful strategy to identify the responsible genes and assess
their oncogenic capacity in the appropriate genetic context [69].
Recently developed genomic microarray methodologies, includ-
ing aCGH and single-nucleotide polymorphism (SNP)-based ar-
rays, are innovative methods that provide genomic data for mul-
tiple neoplastic disorders [70-72]. In addition, these methods
can reveal additional important information about the genetics of
specific disorders, such as leukemia with normal cytogenetic
and FISH analyses [73, 74]. In 2013, ACMG developed profes-
sional standards and guidelines to assist clinical laboratories in
the validation, consistent use, and the interpretation and report-
ing of results from these microarray methodologies [75].

CANCER CYTOGENETICS RESOURCES

1. The Mitelman Database of Chromosome Aberrations and
Gene Fusions in Cancer

The Mitelman Database of Chromosome Aberrations and Gene
Fusions in Cancer (http://cgap.nci.nih.gov/Chromosomes/Mitel-
man) includes a comprehensive database of all published neo-
plasia-associated karyotypes and their corresponding gene fu-
sions. The available information on chromosome abnormalities in
human neoplasias has steadily increased over the past three de-
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cades. The data in this database have been manually culled from
the literature by Felix Mitelman, Bertil Johansson, and Fredrik
Mertens. The total number of tumor cases, in which clonal cyto-
genetic aberrations have been reported has reached 64,319,
and the database was updated with the addition of 2,072 chime-
ric fusion genes in May 2014 [76].

2. The Atlas of Genetics and Cytogenetics in Oncology and
Haematology

The Atlas of Genetics and Cytogenetics in Oncology and Hae-
matology (http://atlasgeneticsoncology.org/) [771, which was es-
tablished in 1997, is a peer-reviewed, open access, online jour-
nal, encyclopedia, and database that is devoted to genes, cyto-
genetics, and clinical entities in cancer and cancer-prone dis-
eases. Approximately 2,200 authors have contributed to the At-
las so far, making 2,167 review articles available. The Atlas con-
tains peer-reviewed articles on 1,135 genes, 503 leukemia enti-
ties, 177 solid tumors, and 104 cancer-prone inherited diseases.
It also contains “automated cards” on 8,190 other genes that
are potentially implicated in cancer [78].

3. Cytogenetic nomenclature

In the medical genetics community, interpretation and scientific
communication is often facilitated by universally accepted no-
menclature with precisely defined terms and syntax conventions
that minimize complexity and add precision to the process. Cy-
togenetic nomenclature is based on the reports of an interna-
tional committee that was established in 1960, known as the In-
ternational System for Human Cytogenetic Nomenclature (ISCN)
[79]. The nomenclature is updated periodically, most recently in
2013 with expanded guidelines for cancer cytogenetics, FISH,
and microarray [45]. In cancer cytogenetic, an abnormal cyto-
genetic clone is defined as a population of cells with the same
chromosome complement that is derived from a single progeni-
tor. A clone must have at least two cells with the same aberra-
tion if the aberration is a chromosome gain or a structural rear-
rangement. If the abnormality is loss of a chromosome, the
same loss must be present in at least three cells to be accepted
as clonal. However, in the current version of the ISCN (2013),
two cells with identical losses of one or more chromosomes and
the same structural aberration(s) may be considered clonal and
newly included [45]. However, whether two cells with the same
loss of a single chromosome or one cell with a gain of a single
chromosome in a composite karyotype should be counted and
included in the size of the clone has not been mentioned in the
current nomenclature system.
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Recently, we conducted a pilot survey of the reporting prac-
tices for the random loss or gain of a single chromosome in clin-
ical cytogenetics reports. The questionnaire, which consisted of
two questions, was sent to 19 cancer cytogenetic laboratories in
13 counties and cities, and we invited them to report to us using
their usual reporting system (Table 1). In question 1, partici-
pants were presented with a bone marrow sample from an AML
patient with non-clonal (random) loss of chromosome(s), and
asked whether these metaphases should be considered as nor-
mal and included in the clone size of the normal karyotype. In
question 2, participants were presented with a marrow blood
sample from a CML patient with 19 metaphases of 1(9;22)(q34;
gll.2) and one metaphase with only -5. We asked whether the
normal metaphase with a loss of a chromosome 5 should be re-
ported in final karyotype in addition to the 19 metaphases of
1(9;22)(g34;911.2). To our surprise, the responses were not
unanimous. For question 1, 11 of the 19 laboratories (57.9%)
reported 46,XX[20], and the remaining 8 (42.1%) reported 46,
XX[9] (Table 1). Therefore, 57.9% of the cytogenetic laboratories
assumed that metaphases with non-clonal loss of chromosomes
were normal, and they included all these metaphases in the
clone size of normal clone. Most laboratory accreditation bodies
require the “total number of metaphases analyzed” in the final
report. Thus, for the 42.1% of cytogenetic laboratories that re-
ported 46,XX[9], there is a general understanding by the clini-
cians that the patient has 11 metaphases with non-clonal loss
or gain of chromosomes among the 20 metaphases analyzed.
For question 2, 8 of the 19 laboratories (42.1%) reported 46,
XX,1(9:22)(g34;q11.2) [19] and omitted the only metaphase with
-B; 7 laboratories (36.8%) reported 46,XX,t(9;22)(q34;q11.2)
[191/46,XX[1] and counted the only metaphase with -5 as a nor-
mal clone; and 4 laboratories (21.1%) reported 46,XX,t(9;22)
(034;911.2)[191/45,XX,-5 [1] and simply wrote down the only
metaphase with -5 in the final karyotype (Table 1). Taken to-
gether, the ISCN standing committee should continue to discuss
such discrepancies and make efforts to align the reporting sys-
tem used by cytogenetic laboratories [80].

Interestingly, a review report of the CAP FISH proficiency sur-
veys between 1997 and 2001 showed that syntax errors were
far more common than diagnostic errors [81]. In addition, the
syntax errors that are common in the proficiency surveys are
also common in FISH surveys. Recently, since the full FISH
ISCN is likely more difficult for physicians to understand, the
use of FISH ISCN is not recommended by the European My-
eloma Network [46]. Therefore, continuous improvement of the
nomenclature guidelines to address some of these issues and
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identify the cause of these variations is essential [78, 82].

FUTURE PROSPECTS AND CONCLUDING
REMARKS

Over the past five decades, innovative technical advances in the
field of cancer cytogenetics have greatly enhanced the detection
of chromosomal alterations and have facilitated the research and
diagnostic potential of chromosomal studies in malignancies.
Karyotyping of a single cell is still the easiest way to understand
the relationship between clonal evolution and disease progres-
sion. The use of advanced FISH techniques allows for the identi-
fication of chromosomal alterations that are unresolved by karyo-
typing. Recently, DNA microarray technologies have been de-
veloped that provide a high-resolution view of the whole genome,
which may yield massive amounts of new information on cancer
genomics. Strikingly, cancer cytogenetics not only provides key
information to improve the care of patients with leukemia and
various cancers but also acts as a guide to identify the genes re-
sponsible for the development of these neoplastic states.

Ongoing research and development on automated cytogenet-
ics procedures includes: an automated metaphase harvester,
automated metaphase spreader, high-throughput slide stainer,
high-throughput metaphase finder, automated karyotyper, auto-
mated FISH pretreatment processor, automated FISH spot
counting, and computerized sample tracking system. However,
microscopy is still an essential technique for a final check of the
chromosomes. Obviously, cytogenetic laboratories need to obtain
more capital investment to keep up with the fast advancing and
robotic technologies, since equipment costs are currently high.

The main goal of the FISH laboratory is to identify the tech-
niques that are most useful and informative for a particular
study and perform thorough analyses to arrive at an interpreta-
tion that is useful for research and diagnostic purposes. The
unique characteristics of peptide nucleic acids (PNAs) allow for
the use of shorter probes, which combined with the hydropho-
bic nature of the peptide backbone, enables PNA probes to
more easily traverse the hydrophobic core of cell membranes. A
staining efficiency of nearly 100% can be achieved by using
telomere probes based on PNA [83]. Telomere length can be
measured by quantitative FISH in human [84] and other verte-
brate cells [85]. Recently, the inherent flexibility of de novo syn-
thesized oligonucleotide libraries was shown to have a powerful
advantage that could aid in the visualization of high-resolution
fine-scale genomic structure [86].

In the future, targeted therapies will find broader applications
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Table 1. Survey on the International System for Human Cytogenetic Nomenclature (ISCN) for non-clonal loss of chromosomes
A) Survey questions

Question 1 Question 2
Twenty bone marrow metaphases were analyzed from an acute myeloid Twenty bone marrow metaphases were analyzed from a chronic myelogenous
leukemia patient: leukemia patient:
1 metaphase of 42, XX,-13,-14,-17 -18 19 metaphases with 46,XX,t(9;22)(q34;q11.2)
1 metaphase of 43 XX,-3,-7,-19 1 metaphase with 45,XX -5
1 metaphase of 43,XX,-4,-5,-11
1 metaphase of 44 X,-X -1 The final karyotype in the report should be written as:
1 metaphase of 44 XX -6,-8 46,XX,(9;22)(q34:q11.2)[19] or 46,XX,t(9;22)(q34:q11.2)[19]/46 XX[1] or
1 metaphase of 44,XX,-9,-10 46 XX t(9:22)(q34;q11.2)[191/45,XX,-5[1]

1 metaphase of 45 X,-X
1 metaphase of 45,XX,-2
1 metaphase of 45,XX,-5
1 metaphase of 45,XX,-15
1 metaphase of 45,XX,-22
9 metaphases of 46,XX
The final karyotype in the report should be written as:
46,XX[20] or 46,XX[9]

B) Summary of responses

Question 1 Question 2
— A6XK20]  A6.XK(9] 46 XX£(9,22)(q34411.2)[19] (o4 éﬁé’;ﬁgﬁf&xx[u AGX?IB(]%\,)Z;(Q%[‘EIZ)
Australia V V
Canada V V
China 1 V v
China 2 V V
Germany v v
Hong Kong 1 V Vv
Hong Kong 2 " V
Pakistan V V
Korea 1 N v
Korea 2 V V
Malaysia v v
Singapore V v
Taiwan 1 v v
Taiwan 2 v V
Thailand v v
UK v VY
USA1 V v
USA2 y v
USA3 Vv Vv

422 www.annlabmed.org http://dx.doi.org/10.3343/alm.2014.34.6.413



Thomas S. K. Wan
Cancer cytogenetics methodology revisited

in leukemia and cancer. Personalized oncology, in addition to
FISH and drug target information for treatment decision making,
other aspects include the application of genetic markers for pa-
tient risk stratification. This is particularly relevant to CLL [87] and
multiple myeloma. Since the neoplastic population in both CLL
and multiple myeloma is mitotically inactive, the use of inter-
phase FISH for the detection of genetic abnormalities plays a sig-
nificant role in the prognostication and risk stratification of these
disorders [88]. The identification or selection of malignant cells
by morphology, immunophenotyping, or through sorting of
plasma cells is required before FISH probes can yield reliable re-
sults [89]. In addition, although personalized genomic medicine
in the clinic may be very attractive, there is a need for succinct
clinicopathological correlation and the rational use of faster, more
cost-effective methods among the large array of genomic tests
available for drug-target selection. Recently, the power and appli-
cability of whole-genome sequencing for the diagnosis of leuke-
mia patients with cryptic gene fusion has demonstrated, and it
hugely affected the clinical management and prognosis of these
patients. However, leukemic patients with cryptic gene rearrange-
ments can often be diagnosed without whole-genome analysis —
a costly, time consuming, and highly specialized procedure.

Conventional cytogenetics is now complemented by FISH and
molecular biology. A FISH-negative cryptic PML/RARa rear-
rangement detected by long-distance PCR and sequencing
analyses has also been reported [90]. Therefore, FISH analysis
should be conducted, if the morphologic, cytogenetic, and mo-
lecular findings are inconsistent. It is envisaged that efforts
made towards the characterization of molecular defects in neo-
plasms will ultimately be translated into better clinical outcomes
for patients. Taken together, the morphologic, karyotyping, FISH,
and molecular features should all be considered to obtain accu-
rate diagnoses of malignancies. This highlights the clinical im-
portance of a combined modality approach for the accurate di-
agnosis and classification of cancers.
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