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Scanning electron micrograph of
several human chromosomes. Source:
J.B. Rattner and C.C. Lin, Cell 42
(1985), p. 291.

HISTORY

1842: Chromosomes first observed
In plant cells by Karl Wilhelm von
Nagel

1882: Mitosis described in animal
(salmander) cells by Walter
Flemming.

1888: “Chromosome” coined by
von Waldeyer.

1900s: Chromosomes carry genetic
material. (Levitsky)

1956: Human complement of 46
chromosomes.
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Size of Components of Human

Genome

Size of haploid genome 3.3 X 10° DNA basepairs

Estimated genetic
constitution

Size of average
chromosome band

Size of average gene

30,000 genes

3 X 10° DNA basepairs

5 X 10% DNA basepairs









CELL CULTURE CELL HARVEST

Mitotic arrest: Cell swelling:
Specimen Colcemid Hypotonic

= =l
Add an aliquot 37°C Centrifugation Centrifugation
to culture media 24-96 hours
=/ N2 =/ B NS &

Resuspension
SLIDE PREPARATION fixative X 3

Slide “dropping”
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Banding/ ANALYSIS
staining

Procedure of
cytogenetic
analysis
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imaging
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Fig. 8. The functional and structural components of metaphase chromosomes.
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Molecular Cytogenetics



Fluorescence In situ
Hybridization (FISH)
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Molecular Cytogenetic Analysis

In situ Hybridization Targets

Metaphase chromosomes
Interphase nuclel

Formalin-fixed, paraffin-
embedded tissues



Sample types and preparation for FISH

« Fresh BM/PB/LN
« Cytospin slides
« BM/PB smear

« G-banded
cytogenetic slides

« H &E stained
slides

« PET section
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24 fiow-sorted human
chromosomes

SKY probe mixture,
which contains all of the

i i i i i % F OOt ONA: —F differentially labelled
chromosome-painting probes
1B 1C 2E 3A 3C 3D

Labelling of the individual chromosome-painting probes

using the various combinations of fluorochromes

Hybridisation at 37°C
for 24-72 hours

!

Detection steps to
visualise probes and
to remove unbound
nucleotides

!

Analysis using a
Spectracube connected
to an epifluorescence
microscope

(1) Display colours

Normalised intensity

500

Metaphase chromosome
preparation

Selected normalised
/ chromosome spectra

550 600 650
Wavelength (nm)

(2) Classification colours










CYTOGENETICS VS FISH: PLUS AND MINUS

Cytogenetics FISH

Plus:

. Easier, simpler and faster.

. High sensitivity (of 200 cells),
I.e., follow-up of RD.

. High resolution(>100 kb).

. Single cell analysis; Correlate with
morphology and
Immunophenotyping.

. No metaphase cells needed.

Fresh tissue or fixed section.
Terminally differentiated cells.
Low mitotic cells (CLL).

Minus:

. Target regions only.

. No whole chromosome pictures.
. Limited probes.



Acquired, Mutations in the Inherited
environmental —% genome ~*— mutations
factors: of somatic cells (genetic
chemicals factors)
radiation
viruses
Activation of Alterations of Inactivation of
growth-promoting genes that cancer suppressor
oncogenes regulate apoptosis genes

Expression of altered gene products
and loss of regulatory gene products

Clonal expansion

Additional mutations
1 (progression)

' Heterogeneity

Malignant neoplasm

Figure 7-22. Flow chart depicts a simplified scheme of
cancer pathogenesis.




WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues

Edited by Steven H. Swerdlow, Elias Campo, Nancy Lee Harris, Elaine S. Jaffe,
Stefano A. Pileri, Harald Stein, Jiirgen Thiele, James W. Vardiman
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Mitotic events affecting
chromosomes in neoplastic cells:

Abnormal segregation

Chromosome breakage
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FISH CEP(4)(SO)/CEP(10)(SG)

probe
*CEP(4)(SO)/CEP(10)(SG)
«303G

eabnormal

CEP(4)/CEP(10)




FISH D17Z1(G)/P53(0)

probe
*D17Z1(G)/P53(0)
«3G/30

eabnormal

CEP(17)/p53
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GENETIC CONSEQUENCES OF
CHROMOSOMAL TRANSLOCATION



Mechanisms of leukemia
transformation

Requirements for chromosomal translocations:

At least 2 double-strand breaks (misrepair of
double strand breaks).

Most reciprocal translocations appear to arise by
NHEJ (non-homologous end joining).



Endogenous double-strand breaks

Double-strand breaks arise spontaneously
during normal DNA metabolism, including DNA
replication and repair, and during programmed
genome rearrangements, such as V(D)J
recombination.



Exogenous double-strand breaks

Double strand-breaks are produced by a wide
variety of exogenous DNA damaging agents
Including ionizing radiation, radiomimetic drugs and
topoisomerase inhibitors.

Tobacco smoke induces mutations and double-
strand breaks in a dose-dependent manner. This
damage is mediated through free radicals.



(CONSEGUENCES B ChBMOSome translocations

1. Deregulated expression of a normal protein

t(8;14)
Increased
w expression
of c-MYC
Promoter of IgH Coding regions of c-MYC
2. Production of a fusion protein
t(8;21)
]
Coding regions of AML1 Coding regions of ETO Expression
of a fusion
I I protein

AML1-ETO ETO-AML1 AML1-ETO



FUNCTIONAL CLASSES:

Proteins that regulate transcription
Tyrosine protein kinases

Serine protein kinases

Cell surface receptors

Growth factors

Regulators of apoptosis
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46,XX,1(9;22)(q34;911.2)
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ABL = 9q34
BCR = 22q11.2

N\

fusion positive indicating 1(9;22)

bone marrow - FISH




Novel fusion protein: BCR/ABL1

The BCR/ABL1 fusion protein contains the entire
tyrosine kinase catalytic domain from the ABL1
gene, has constitutively increased tyrosine kinase
activity, and has been implicated in the abnormal
cellular proliferation seen in CML. The tyrosine
kinase activity of the BCR/ABL1 fusion protein can
be specifically inhibited by imatinib mesylate and
several second generation ABL1 tyrosine kinase
Inhibitors. ABL1 tyrosine kinase inhibitors have
shown remarkable activity in all phases of CML and
are the preferred therapy for most patients with
newly diagnosed CML.



Imatinib Mesylate:
Mechanism of Action

Imatinib mesylate

occupies the ATP

binding pocket of the

Abl kinase domain Ber-Abl

This prevents
substrate
phosphorylation and
signaling

A lack of signaling
inhibits proliferation

and survival 40 2

E1GRgL IND
e AN

Savage DG, Antman KH. N Engf J Med. 2002346 883-693,




Gleevec™

/) NOVARTI

M COLOGY

Imatinio mesylate

sima schofr began Gleavec ™
erapy in May of 1999
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AML1/(RUNX1)

« The AML1/(RUNX1) gene at 21q22 codes for core binding factor
(CBF) a which forms a heterodimer with CBFf that acts as a
transcriptional activating factor.

« CBF is acritical regulator in the generation and differentiation of
definitive hematopoietic stem cells.

1(3:21) t(12;21)
AML1-EVI1 TEL-AML1
Rare cases of 25% pediatric ALL 1(16:21)
CML and MDS l AML1-MTG16
rare cases of AML
t(8;21) _
AML1-ETO nv(16)
10% AML T~ CBFB-MYH11

. 8%AML

Point AML1
) e
Mutation >
10%

Target genes

—-TGTGGT---

IL-3, GM-CSF
Core enhancer sequence

MPO, CSF-1R, TCR,



1(8;21) in AML

|ldentified by Dr. Janet D. Rowley in 1973 as the first recurring
translocation in acute leukemia.

Associated with AML-M2 (=30% of AML-M2 cases, or ~5-10%
ofiall’AML).

Characterized by a good response to therapy (98% CR) and a
prolonged disease-free survival.

Characterstic moerphoelogy:
myeloid blasts with indented nucler.

basophilic cytoplasm with few
azurophilic granules.

Increased eosinophils in bone
marrow.

Aberrant expression ofi €D19, and
CD56.




Novel fusion protein: RUNX1/RUNX1T1

At the molecular level, the t(8;21) results in a
RUNX1/RUNXI1T1 chimeric protein. The RUNX1/AML1
gene encodes one subunit of a heterodimeric
transcription factor, also known as core-binding factor,
essential for hematopoiesis. Transformation by
RUNX1/RUNXI1T1 likely results from transcriptional
repression of normal RUNX1 target genes via aberrant

recruitment of nuclear transcriptional co-repressor
complexes.
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FISH LSI ETV6(12p13)(SG)/RUNX1(21¢22)(SO)

probe

L SI ETV6(12p13)(SG)/RUNX1(21922)(SO)
«2G/4~120

eabnormal

LSI TEL/AML1 ES Dual Color Translocation Probe
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Novel fusion protein: PML/RARA

The t(15;17) results in a fusion protein involving
the promyelocytic leukemia (PML) and retinoic acid
receptor-alpha proteins (PML/RARA). The
oncogenic potential of the APL fusion proteins
appear to result from the aberrant repression of the
retinoic acid receptor-mediated gene transcription
through histone deacetylase-dependent chromatin
remodeling. This effect can be overcome by
pharmacologic doses of retinoic acid, resulting in
relief from transcriptional repression, presumably
activating genes that lead to terminal
differentiation of promyelocytes.
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FISH MLL(11g23) DC BA

probe

‘MLL(11923) DC BA
*1F101G/2F
eabnormal
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Hematopoietic cell differentiation and chromosome
abnormalities in leukemia and lymphoma

AML
t(8;21)
ALL AML inv(16)
t(9;22) t(11923) t(15;17)

t(11923)

Myeloid progenitor

hematopoietic Lympho-myeloid
stem cell Stem cell
Lymphoid Progenitor

CML
ALL

t(1;19)
1(8:14) B cell T cell
Hyperdipl.
NHL ALL/NHL

t(8;14), t(14:18)  t(14q1l1.2)
t(11;14) t(7934)

Mast cell

Erythrocytes

93? Platelets

@ Eosinophil
@ Neutrophil

Monocyte




Featlres ofitherapy-related AL

Alkylating agents  Topo ll'inhibitoers
Radiation (VP16, Dox)

Cytogenetics -5/del(5q)/-7/del(7q) 11923, 21922

Presentation Insidious (t-MDS) acute

Prognosis poor POOr



CYTOGENETIC ABNORMALITIES IN AML

t-MDS/t-AML AML de novo

Normal t(11g23)

Both 5/7 L Normal
229 [5= “ 20%
t(15:17)
2%
inv(16)

2% t(11q23)

Other ks
13%
t(8;21)
10%

t(15;17)
21% inv(le) 9%

5%



MRC/NCRI AML Trials: Overall Survival
ages 16-59, 2550 patients, 10 years follow-up

t(15;17), n=607

t(8;21), n=421

inv(16)/t(16;16),
n=284

% alive

t(9;11), n=61

t(3;5), n=25

2%, t(6;9), n=42

PP AML/MDS, n=343

other 11q, n=60
t(9;22), n=44

-7/del(7q), n=336
-5/del(5q), n=258
Inv(3)/t(3;3),n=69

Years from entry

* Normal karyotypes: 38% OS Grimwade et al., Blood, April 12, 2010



Evolution of diagnosis and relapse clones

Diagnosis Relapse

7% - unrelated second
leukemia

8% - same as diagnosis

34% - clonal evolution

from diagnosis

51% - clonal evolution
from a pre-leukemic
clone




Solid Tumor Cytogenetics: art or
sclience?

1. Unpredictable growth of the
neoplastic cells in tissue culture.

2. Overgrowth of neoplastic cells by
“reactive” non-neoplastic cells.

3. Destruction of tumor cultures by
pacterial of fungal infection.

4. Failure of tumor cultures to grow
pecause of non-viable tumor.




Chromosomal changes in solid
tumors

Numerical changes (aneuploidy) —
loss or gain of whole chromosomes

Structural changes — balanced and
unbalanced translocation, deletion,
Insertion, or inversion of specific
chromosomal regions

Amplification — high-level gain of
specific chromosomal regions which
manifest as double minutes (dm),
homogenously staining regions (hsr),
or ring (r) chromosomes.



secondary rearrangment t(1;9)(q21;q22).
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Well-differentiated liposarcoma. (A) G-
banded karyotype from a high-grade tumor
showing a complex near-tetraploid
karyotype with multiple unbalanced
structural abnormalities including the
characteristic ring and giant marker
chromosome. (B, C) FISH analysis with
probe specific for the MDM2 gene (red)
confirms the presence of MDM?2 amplicons
in the ring and the two marker
chromosomes.



Breast cancer

HER2/Neu amplification



17911.1-q11.1 CEP 17
, ._alpha satellite
15 SpectrumGreen

17911.2-g12 LSI
HER-2/neu
SpectrumOrange




Immunohistochemistry for Her2
(strong and diffuse, circumferential
membranous staining, 3+)







Other receptor Tyrosine Kinases
| Met ]l Her2 || cKit l[IGF-lR

www.N-of-One.com

| VEGFR

Hypoxia

EMLA/AlK
Fusion protein

RO8DE0 » BIDSt. et 8 OUS

Lung Carcinoma 5p15.2, 7p12, 8g24 ?. EGFR, MYC Diagnosis in conjunction with cytology
inv(2)(p21p23) EML4-ALK Treatment selection with ALK inhibitors
7p12 amplification EGFR Treatment selection with kinase inhibitors
—1p31, —3p14, 3p21, —9p21, —17p13 HLI, FHIT, SEMA3B,

CDKN2A, TP53
—4q12—q23 ? ? Metastasis



LUNG CANCER

ALK (anaplastic lymphoma kinase)
2p23.2

EML4 (echinoderm microtubule
associlated protein-like 4) 2p21

Diverse small inversions on 2p
Non-small cell lung cancer
Crizotinib



Break-Apart FISH Probe Kit Used to Detect ALK Positivity

C . D

L
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When an ALK rearrangement occurs, the probes separate, either appearing
as a classic "split" pattern (red and green arrows in panel B) or a "single red"
pattern where red signals outnumber green signals, suggesting that both a
rearrangement and loss of the 5' probe (non-kinase encoding) binding site
has occurred (red arrows in panel C). Increases in both rearranged (double
red and green arrows in panel D) and native ALK copy number can occur.
Copy number gain (CNG) of rearranged signals has been associated with
acquired resistance to crizotinib, but CNG of the native gene is not
currently considered of any clinical significance.



FISH analysis in
neuroepithelial
tumors. (4, B) Two
separate
hybridizations
identify the co-
deletion of 1p36 and
19q in
oligodendroglioma on
the same tissue
section. (A) Loss of
1p36 (TP73) (red) and 2
copies of the control
probe at locus 1q25
(ANGPTL) (green). (B)
Loss 19q13 (GLTSCR)
(red) and 2 copies of
the control probe at
locus 19p13 (ZNF443)

(green)

(C) Interphase nuclei from a patient with glioblastoma
showing high level amplification of EGFR (7p12) (red)
and 2 copies of centromere 7 (green). (D) The same
patient also showed loss of PTEN (10q23) (red) and 2
normal copies of the control probe at centromere 10

(green).



Chromosome abnormalities in cancer
Acquired
Nonrandom
Clonal
Used for diagnhosis and prognosis



Clinical significance of chromosome abnormalities
In leukemia and lymphoma

« Diagnosis and differential diagnosis:

WHO classification based on specific cytogenetic/molecular
genetic findings, such as t(8;21), t(15;17), inv(16), t(9;11) and
other 11923/MLL, inv(3)/t(3;3), 1(6;9), t(1;22).

« Treatment protocols:
APL: PML/RARa: ATRA+CT.
CBF [t(8;21) and inv(16)]: HDAC consolidation.

« Monitoring response and engraftment of BMT
cytogenetic complete remission (CR) and MRD

« Prognosis: most critical and independent indicators.
favorable (55-81% cured): t(15;17), inv(16), t(8;21);

intermediate (40%): t(9;11), normal karyotype;
unfavorable (<5%): complex, abnl 5 and 7, inv(3), t(6;9)



Chromosomal Abnormalities in Human Cancer

o

Balanced chromosomal
rearrangements

,/\

Formation of chimeric
fusion gene

i

Deregulated expression of
structurally normal gene

—

fo—

Protein | ;
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Chromosomal abnormalities

\ Chromosomal

A .
imbalances

/\

Genomic gain Genomic loss

o X % X

Complete Partial Monosomy Large-scale
trisomy trisomy deletion

aaa (aaog a H%

)

Intrachromosomal Extrachromosomal
amplification amplification

It 1a

Submicroscopical
deletion

Frohling S, Dohner H. N Engl J Med 2008;359:722-734

me NEW ENGLAND
JOURNAL of MEDICINE




Functional Consequences of Balanced Chromosomal Rearrangements

BCR-ABL1 in CML and ALL

BCR-ABL1
protein

t  BCR-ABL1
mRNA

mm
Activation of
downs]ream pathways

~

MYC protein

Aberrant expression of
MYC target genes

—’
>0 DU

FLI1-EWSR1 in Ewing's Sarcoma ' PML-RARA in APL

FLI1-EWSR1 PML-RARA
protein protein

s

FLIT-EWSR1 Recruitment PML-RARA
mMRNA of chromatin-

modifying
proteins

ERG Expression in Prostate Cancer

W A .
) T\ ERG mRNA
ERG protein ’ —

Aberrant expression of
ERG target genes

Frohling S, Dohner H. N Engl J Med 2008;359:722-734

The NEW ENGLAND
JOURNAL of MEDICINE




Chromosome Changes In
Cancer

Disease specific changes:
Leukemias
Lymphomas
Mesenchymal Tumors



Chromosome Changes in
Cancer

Unbalanced multiple and unspecific
karyotypic abnormalities:

Epithelial tumors (breast, colon, lung,
prostate, ovary)

Mesenchymal tumors (osteosarcoma,
malignant fibrous histiocytoma)

Secondary hematologic malignancies



WEB References

http://www.atlasgeneticsoncology.org

http://cgap.nci.nih.gov/Chromosomes/Mitelman
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