
Laboratory Hematology
Cytogenetics

BHS training course

Katrina Rack
Center for Human Genetics Leuven

16/10/2021



Organization of the Lecture

• Definition and principles

• Different techniques used

• Applications of cytogenetic analyses

– Diagnosis

– Prognosis

– Contribution to Pathogenetic and 

Therapeutic developments



Cytogenetics: definition

“Branch of genetics which correlates the structure and number of 

chromosomes present to  the genotype and phenotype of 

individuals or neoplasia.”

Applicable to constitutional and acquired disorders



Acquired cytogenetics: principles

 Acquired malignant hemopathies are characterized by primary genetic

aberrations which are present in all neoplastic cells demonstrating that these

are clonal disorders

 Secondary abnormalities accumulate throughout the course of the disease (=

clonal evolution)

 Aberrations can be chromosome abnormalitites and/or gene mutations



Acquired cytogenetics
 Identification of clonal abnormalities can

 confirm or orientate a diagnosis

 Provide prognostic information

 Provide a marker for monitoring disease progression and efficacy

of treatment

 Clonal abnormalities are recurrent within a disease entity

 Some aberrations are disease-specific eg t(15;17) in APL

 most found in more than one entity eg t(9;22) found in CML and

ALL

 Each entity is defined by a characteristic profile of recurrent

abnormalities

 Clonality ≠ always malignancy



Example recurrent abnormalities
Entity Examples most frequent abnormalities
CML t(9;22)

MDS -5/5q-,-7/7q-,+8, +9,20q-,-Y……

AML t(8;21),t(15;17), t(11q23), MDS like…..

ALL Hyperdiploid sub group, Hypodiploid sub group, t(9;22),t(12;21)……

CLL Deletion 17p,13q14,11q21,+12…….

MM Hyperdiploid sub group, Hypodiploid sub group, gain odd number chromosomes, loss 
chromosome 13, t14q32, deletion 17p, gain 1q……

Lymphoma t14q32, t3q27, t8q24, t18q21, del7q,+3,+18,+12….

Atlas of cytogenetics http://atlasgeneticsoncology.org
contains informations on clinico-biological entities and on specific chromosome aberrations)

Catalog of genetic anomalies in cancer: http ://cgap.nci.nih.gov/Chromosomes/Mitelman 
(useful in case of very rare aberrations)



Cytogenetic methods to detect clonal 
abnormalities

Karyotyping FISH

DNA based methods providing a 
molecular karyotype



 Analysis of banded chromosomes for 
the identification copy number and 
structural abnormalities

 Chromosomes visible during 
metaphase

 Requires cell culture to obtain 
dividing cells

 Requires “abnormal” cell division
 Overview of genome
 Can miss subtle aberrations

M < 1 hour

1. Karyotype

Presentator
Presentatienotities
Karyotyping can be performed in all kinds of hematologic malignancies and on all kinds of tissue if taken and dispatched on a proper way. This method requires dividing cells as samples and skilled experts. 




Establishment karyotype

Metaphase
IdiogramKaryogram



– Number of chromosomes              
(« modal » number) of the clone

– Gonosomes (according to ploïdy) and 
abnormalities 

– Autosomes (ascending order: 1→ 22)
and abnormalities 

– Abbreviation for each type of 
abormality

– Number of cells in the clone : [ ]
– Each clone is described separately        

( « / » between clones)

Result : karyotype = summary of several mitoses, expressed as a 
formula, according to rules and nomenclature (ISCN 2020)

46,XY,t(9;22)(q34;q11)[4]/47,idem,+8[3]/46,XY[10]



All invaded tissues are suitable...but tissues must be 
viable, and the target cell capable of proliferation

Sample 
types

Presentator
Presentatienotities
Selection based on:
Type of sample , 
Amount of sample , 
Question : diagnostic set-up vs follow-up (MRD), 
Type of abnormality to screen for (point mutation / specific gene aberration vs genome wide screening)
Setting: Routine vs research





2. FISH 
(Fluorescence In Situ Hybridization)

• Targeted analysis of region(s) of interest
• Does not require “abnormal” cell division
• Metaphase and interphase nuclei

Denaturation of cellular
DNA

Denaturation of probe DNA

Application of denaturated
DNA probe

Hybridisation of probe with
complementary sequences on

cellular DNA 

Metaphase or
Interphase DNA

Labelled DNA probe

Denaturation of cellular
DNA

Denaturation of probe DNA

Application of denaturated
DNA probe

Hybridisation of probe with
complementary sequences on

cellular DNA 

Metaphase or
Interphase DNA

Labelled DNA probeMetaphase or
Interphase DNA

Labelled DNA probe

Presentator
Presentatienotities
In situ hybridization is a method of localizing, either mRNA within the cytoplasm or DNA within the chromosomes of the nucleus, by hybridizing the sequence of interest to a complementary strand of a nucleotide probe. 



Different probes:

• centromeric

• telomeric

• painting (wcp)
Metaphase only

Presentator
Presentatienotities
Centromeric probes : complementary to centromeric sequences. These sequences are usually highly repetitive. Therefore they generate very strong signals. Useful to enumerate chromosomes both on metaphases and interphase nuclei..
Telomeric probes: complementary to telomeric sequences. 
Painting probes : specific to one entire chromosome or to a segment (arm, band) of a chromosome. Obtained after isolation (flow, dissection) and labeling of the DNA of one chromosome. Useful to characterize complex translocations, … Not used for interphase FISH



Locus-specific probes:
translocation probes 

microdeletions probes (TP53)

• breakapart 

• Single fusion

• Dual fusion

normal                                       abnormal

Presentator
Presentatienotities
Locus specific probes  : probes obtained by labeling of small cloned DNA fragments in different  vectors (plasmids, cosmids, YACS, BACs...). Useful to detect specific changes (translocations, inversions ...) or to assess for microdeletions. They can be used in combination, using different strategies. They are suited for interphase FISH.




FISH has a higher resolution – allows the identification of 

cryptic abnormalities such as small deletions
– Conventional karyotype (smallest band)                  5-10 Mb

– FISH on Interphase nuclei ± 50-100 Kb

FISH on interphase nuclei→ more sensitive than karyotype 
(more cells can be scored)

Presentator
Presentatienotities
Resolution of G-banding is +/- 5-10 Mb (the smallest chromosome band). Resolution of FISH is +/- 40 kb (the smallest 
FISH probe).




Interphase FISH advantages;

– not require proliferating cells

– on aspirates

– FFPE and fixed cells 

– in combination with morphology & immunology (FICTion) to allow 

analysis of specific cell types

Presentator
Presentatienotities
But interphase can be a little less specific (to improve this weaknees: multiprobe, add morpho/immuno)
FICTion: more specific (possibilities of automation are emerging)



Molecular  based virtual karyotypes

Compare the number of copies of genomic 
regions in the test sample compared to a 
normal genome to identify gains and 
losses

high number = Gain 
low number = Loss

Regions of gains and loss mapped to 
reference genome sequence identifying 
precise genomic content (genes, genomic 
co-ordinates, exons..)

Several DNA based technologies are available - different
technologies and commercial platforms

Based on either microarray or NGS technologies.



Advantages and limitations of 
molecular based karyotypes

Overcomes limitation of karyotyping  - No requirement for proliferating 
cells

Overcomes limitation of FISH - Whole genome

Higher resolution than karyotype and FISH – resolution defined by the 
number of probes and spacing

Does not detect balanced rearrangements

Used extensively in constitutional cytogenetics

Not widely implemented into routine acquired cytogenetics as need for 
complementary analyses



New emerging technologies for molecular based 
karyotypes eg Optical genome mapping

Can detect copy 
number and structural 
abnormalities

t(11;14)(p13;q11) 
LMO2-TRA

Whole genome circos plot – Structural 
variants
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Whole genome CNV view



Cytogenetics: diagnostic value 

The World Health Organization 
(WHO) classification of malignant
hemopathies includes 
cytogenetics in classification 
system for some entities

Revised 4th Edition, 
Volume 2, 2017



Cytogenetics: prognostic value
Example: prognostic value of the specific cytogenetic aberrations 
seen at diagnosis in AML. Used to stratify patients into cytogenetic 
risk groups



Impact of karyotype complexity on survival in AML
for patients not belonging to favorable/unfavorable subgroups

(multivariate analysis)

Grimwade D et al. Blood 2010

Presentator
Presentatienotities
There is something more than only the type of aberation, also the patterns of aberration matter. And there are two  patterns in particular.
The first pattern is complexity, here defined as more than three aberrations.



Breems, D. A. et al. J Clin Oncol 2008

Impact of the monosomal karyotype in AML

Presentator
Presentatienotities
There is another pattern of karyotypic aberations that is important. 
Monosomal karyotype at least one or more autosomal monosomies or one autosomal monosomy plus one structural



Example: prognostic value of cytogenetic response in CML
(based on % of Ph positive metaphases in bone marrow during

follow-up)



Example: type of aberrations in CLL (by FISH) 
prognostic impact

Döhner et al. N Engl J Med 2000
Landmark paper
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Cytogenetics: pathogenetic and therapeutic value 

Aberrations → genes located at breakpoint → function
→ properties of disease (and potential therapeutic target) 

→ example of CML…



“…the findings suggest a causal 
relationship between the 
chromosome abnormality observed 
and chronic granulocytic 
leukemia… “

Nowell and Hungerford, J Natl 
Canc Inst

University of Pennsylvania in 
Philadelphia

1960



“…suggesting that there may be a hitherto undetected translocation
between the long arm of 22 and the long arm of 9, producing the 9q+ 
chromosome…”

A new consistent chromosomal abnormality in 
chronic myelogenous leukemia identified by 
quinacrine fluorescence and Giemsa staining 
Rowley JD, Nature, 243, 290-293

1973



•1982: ABL located on chromosome 9
•1982: ABL involved in t(9;22)
•1984: BCR located on chromosome 22
•1985: BCR/ABL fusion protein



1990: Proof of the pathogenetic role of BCR-ABL
Constitutive activation of ABL TK leading to malignant 
transformation

Faderl, S. et. al. N Engl J Med 1999;341:164-172

Presentator
Presentatienotities
The Bcr-Abl protein is leukemogenic because its Abl-derived tyrosine kinase is constitutively activated. Unlike the situation of the normal Abl protein, whose tyrosine kinase activity is tightly regulated, Bcr-Abl transduces signals to various pathways in an autonomous fashion. This leads to malignant transformation by interference with basic cellular processes, such as control of proliferation, adherence, and physiological death. 
ABL: the 3 SRC-homology (SH) domains situated toward the NH2 terminus. Y393 is the major site of autophosphorylation within the kinase domain, and phenylalanine 401 (F401) is highly conserved in PTKs containing SH3 domains. The middle of each protein is dominated by proline-rich regions (PxxP) capable of binding to SH3 domains, and it harbors 1 of 3 nuclear localization signals (NLS). The carboxyterminus contains DNA as well as G- and F-actin–binding domains.



•1996: In vitro effect of Imatinib
•1999: In vivo effect of Imatinib
•1999: Clinical efficacy

Development of TK inhibitor

Presentator
Presentatienotities
Molecularly designed strategies, which are based on our current knowledge of the molecular and cell biology of CML, have concentrated on three main areas: 
inhibition of gene expression at the translational level by `antisense' strategies; 
modulation of protein function by specific signal transduction inhibitors; and 
stimulation of the immune system's capacity to recognize and destroy the leukemic cells. 
So far, the most successful of the molecularly designed ATP competitors is the 2-phenylaminopyrimidine STI571 which specifically inhibits Abl tyrosine kinase. Inhibition of the Bcr-Abl kinase activity by this compound results in transcriptional modulation of various genes involved in the control of the cell cycle, cell adhesion and cytoskeletal organization, leading the Ph-positive cell to an apoptotic death. STI571 selectively suppresses the growth of CML primary cells and cell lines both in vitro and in mice. This compound is now being tested in several clinical trials, with exceptionally good results. 









Imatinib inhibits the abnormal increased 
phosphorylation by blocking binding of ATP to abl 

tyrosine kinase

p210 tyrosine kinase
p210 tyrosine kinase

Y

ADPATP

Imatinib

YTarget for phosphorylation

ATP

Target for phosphorylation

Presentator
Presentatienotities
A kinase adds a phosphate group to an amino acid residue using ATP as phosphate donor



Presentator
Presentatienotities
Gorre ME et al.: Clinical resistance to STI-571 cancer therapy caused by BCR-ABL gene mutation or amplification. Science 293, 2001, 876-880.




Conclusion
Cytogenetic analyses in malignant hemopathies

• Useful for diagnostic and prognostic purposes and mandatory
in some disorders:

– Mandatory at diagnosis: acute leukemias, MPN (CML), MDS
– Recommended at diagnosis : MM
– Useful at diagnosis: NHL,
– Mandatory in follow-up: CML, CLL before treatment

• Conventional cytogenetics historically very useful for research, 
remains cornerstone in diagnosis of AML, ALL, MDS, ..

• Molecular virtual cytogenetics : expanding but expensive tools



Cytogenetics
= part of multidisciplinary approach 

Clinics

DIAGNOSIS
• Entity
• Prognosis
• Therapy

Cytogenetics
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Morphology
• cytology
• histology

Immunophenotype:
• flow cytometry
• immunohistochemistry

Molecular biology



Suggested reading
• Atlas of cytogenetics: http://atlasgeneticsoncology.org (contains informations on clinico-

biological entities and on specific chromosome aberrations)

• Catalog of genetic anomalies in cancer: http ://cgap.nci.nih.gov/Chromosomes/Mitelman
(useful in case of very rare aberrations

• WHO Classification of Tumours of Haemotopoietic and Lymphoid Tissues. Fifth Edition.
Swerdlow SH, Campo E, Harris NL, et al., eds. Geneva, Switzerland: WHO Press; 2017.

• Diagnosis and management of AML in adults: 2017 ELN recommendations from an
international expert panel. Döhner H, et al. Blood. 2017 Jan 26;129(4):424-447.

• European recommendations and quality assurance for cytogenomic analysis of
haematological neoplasms. Rack KA, et al. Leukemia. 2019 Aug;33(8):1851-1867.
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