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. Overview

Alntroduction
I Array-based karyotyping with cytogenomic arrays
I Constitutional vs Cancercytogenomic arrays
I Advantages of SNP array karyotyping
I Acquired UPD

AClinical cases demonstrating impact on patient
care



. Virtual and Conventional Karyotypes
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Chromosome

Virtual karyotype, low resolution array Conventional karyotype

ACopy number arrays
AAssess relativBNA copy number and generate virtual karyotypes

ACan be done on formalin fixed paraffin embedded (FFPE) tumors.
AConventionakaryotypes

Aow resolution and are technicallgborious

ACan see balanced translocations, inversions, &tdaploidy.

ARequires culture (cannot be performed on FFPE tumors)



. History of Array -based Karyotyping

A2000, Array CGH
i 2004 Signature Genomics P! to market for constitutional samples

I By 2008, >60 CLIA certified labs offer aCGHfor constitutional
abnormalities

i aCGHis 1% line testing for many applications*

A2005-2006, SNP arraykaryotying

I Designed for GWAS and linkage
I Genomewide copy number and LOH in one assay at unprecedented

resolution.
A2009, SNP array karyotyping of cancer

i iIKaryos Diagnostics/Creighton Medical Laboratories Ft to market for
cancer

I Founding of Cancer Cytogenomic Microarray Consortium (CCMC)

*ACMG Practice Guidelines, 09/2010



Special considerations for Cancer

AArray -based karyotyping of constitutional
samples

I Always fresh sample
I Genetic lesion present in 100% of cells (mostly)

Single copy gains or losses

AArray -based karyotyping of cancer

Both fresh and FFPE samples

Genetic lesion never present in 100% of cells = normal
clone contamination

Copy number: 0, 1, 2, 3, 4, 5, amplification
Tetraploidy, Subclones
Nomenclature

Microscope Slide




SNP Array Karyotype (SNP  cytogenomic array)

AObtain hybridization intensity values for each probe set
Log, Ratio (T/N) Genome-Wide Copy Number

Genotype (AA, AB, orBB) Genomewide LOH Status

AReconstruct genome /n silico A Virtual karyotype

I Line the SNPs up in chromosomal order
I Look for consecutive SNPs with same change

NeuroblastomaVirtual karyotype
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I Allele -Specific Analysis

TIPS 01 3 2 4 Copy number
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Acquired UPD

AAcquired uniparental disomy (aUPD

I Copy neutral LOH
I Segmental UPD

AReported to constitute 50-80% of the LOH in human
tumors (Tuna 2009, Beroukhim 2006, Ishikawa 2005)

ABiological implications of aUPDin cancer

i Can be 24 hit of a TSG (similar to a deletion)
I Duplication of activating somatic mutation
I Duplication or deletion of methylation pattern




. Deletion -associated LOH as the 2 M Hit

Knudson Two Hit Hypothesis of Tumorigenesis

sve s B: pxlmg A / Deletion |
No functional
—_— —_> —> TSG
Cancer initiation or
: . : progression
First Hit Second Hit
Usually a point Often a large-scale
mutation or small event
deletion
A A* A0
Het Het LOH

CN=2 CN=2 CN=1
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Copy neutral LOH in  tumorigenesis

————————— —

e =3 R

2"? hitvia deletion

Deletion with LOH

No functional copies of the tumor suppressorgene
(TSG). Assumes the remaining copy of the TSG is
mutated.

Detected by SNP array VK, FISH, CG and aCGH.
15thit

Copy Neutral LOH (acquired UPD)

No functional copies of the TSG. Assumes both copies of
TSG are mutated.

Detected only by SNP array VK.

2"¢ hitvia acquired UPD _ o
FISH, CG, and aCGH all see this as diploid/normal.

Non-disjunction

LLINL DA U DR N B DL LI L) UL DL BN D DR N RN L Ll

: =y . TUCP IO, :
R e Ty — L e

Wr\‘,w' “'Vf"-{. .

Random
elimination

VK= Virtual Karyotype FISH = Fluorescent in situ hybridization CG = Conventional Cytogenetics aCGH = Array Comparative Genomic Hybridization

Hagenkord JM, et al. Array-based Karyotyping for Prognostic Assessment in Chronic Lymphocytic Leukemia: Performance Comparison of
Af fymetri xE 10K2. 0, 250K MIDpgn March®@0O1ENP6. 0 Arrays 11



. Acquired UPD of p53 in CLL

ID JDDDDDDD IZDDDDDDD I3DDDDDDD I40000000 ISDDDDDDD §DDDDDDD ?DDDDDDD
GLID08_0044

Acquired UPD of 17p (including TP53 locus) in
CLL sample. Peripheral blood, 250K Nsp array.

Sequence analysis of keyexonsin 7P53revealed a
homozygous ¢.14070G>A (R248Q) mutation, which is
one of the most common somatic mutations in 7P53

Loss of p53 in chronic lymphocytic leukemia (CLL) is a
bad prognostic indicator and directly impacts patient
management.

This copy neutral LOH was missed by conventional
cytogenetics and FISH, and it would have been missed
by arrayCGH.

SNP array karyotyping readily detects copy neutral
LOH.

Biologically equivalent
to 2™ Hit

Deletion

AN

No functional p53 No functional p53
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Clinically relevant UPD overlying confirmed bi -allelic

| mutations

Table IIL. Biallelic mutations coinciding with seqmental UPD. _ _ _
Hematologic malignancies only.

Area of Similar review of solid tumor literature has
UPD Gene Disease Reference not been published.
UPDY AK2 MPD Kralovics et al (2002, 2005 :
1 JAK ra.ovics et a (2002, 2005) Yin, et al Mol Cancer Res 2009 May;7(5)
UPDI13q  FLT3-ITD  AML Raghavan et al (2005) :
- Glioblastoma on SNP Arrays:
UPDI7q  NFI TMML Flotho et al (2008) Jof patients with 17p ab it
UPDI7p  TP53 SAML Tasek et al (2008) E’a ients with L/p a normat)l Y
UPD21q RUNXI  AML Raghavan et al (2005) ~50% were deletions and ~50%
UPDI9q  CEBPA AML Fitzgibbon et al (2005); were aUPD
Raghavan et al (2005) Both 17p del and 17p UPD were
UPDdq KIT AML Unpublished observations associated with worse outcome.
UPDlp  MPL MDS/MPD,  Szpurka et al (2009) AI13 had homozygous TP53
MPD mutations underlying the 17p UPD.
UPDllp WTI AML Raghavan et al (2005)
UPDIlq CBL CMML, Dunbar et al (2008)
SAML

MPD, myeloproliferative disease; (s)AML, (secondary) acute myeloid
leukaemia; JMML, juvenile myelomonocytic leukaemia; MDS, myelo-
dysplastic syndrome; CMML, chronic myelomonocytic lenkaemia.

Maciejewski J, et al. Application of array-based whole genome scanning technologies as a cytogenetic tool inhaematological
malignancies. Br JHaematol. 2009 Jun 26.
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. Probe coverage comparison

AFISH: 1 probe/arm (1p)
AMicrosatellite LOH: 3-5 probes/arm (1p)

ASNP arraykaryotyping (Affymetrix arrays)

I 10K 2.0 array: 400 probes/arm (1p)
I 250K array: 10,000 probes/arm (1p)
I 2.7M array: 115,000 probes/arm (1p)

14



. Benefits of Higher Probe Coverage

] Copy number HMM
LOH HMM
COKMN2ZA,
\ N/ / and 2B /
| ' Y
Copy lossLOH Copy neutral LOH, CN =2 _
CN=1 Red dots: log2ratios for each probe

I Het calls in tumor

Homozygousdeletion, CN = 2 Discordant call btw tumor and normal

A Depending on where your targeted probes hybridize, you may get different results

A Also explains why FISH and microsatellite LOH results are sometimes discordant.

15



Advantages of SNP array karyotyping

—‘

Al Genewiede o co P gnd InOlH Istatues m one assay.

APer chromosomal arm resolution is increased by several
thousand fold (250K array) compared to FISH or microsatellite
LOH.

A250K array provides 100-fold greater resolution than
conventional cytogenetics, does not require culture, can be
performed on FFPE tumor samples, and the software
Interfaces with genome databases.

ADetects abnormalities missed by other techniques

A Acquired uniparental disomy (UPD), aka copy neutral LOH
AiAtypical o deletions missed by FI SH
A Genomic complexity

16



\ Summarz of Strengths and Limitations

Cytogenetics arrayCGH SNP array
karyotype
Clinical Use 1970s 1990s 2005 2009
Genome wide Yes No Some Yes
Resolution Low High Variable High
FFPEsamples No Some No Yes
Subjectivity Yes Yes Less Less
Balanced Yes Yes No No
translocations
Copy neutral No No No Yes
LOH
O I O TR £
LS I T I T I T

Maciejewski J, et al. Application of array-based whole genome scanning technologies as a cytogenetic tool in haematological malignancies. Br J
Haematol. 2009 Jun 26. 17



CASE EXAMPLES

- - - - - -

CLL

MDS . .
Glial tumors

Malignant rhabdoid tumor

Renal tumors

Her 2 Adoubl e equivocal o, breast cancer

- -




Genomic Status in CLL

Cytogenetic Aberrations in CLL

Cytogenetic aberration Gene involved % cases (me dIiDarr?gr;?J?\i/Sival) a
Del(13)(q14) Unknown 551 64% Good (133 months)
Trisomy 12 Unknown 161 25% Intermediate (114 months)
Del(6)(g21-9g23) Unknown 07 6% Intermediate
Del(11)(g22.3-923.1) ATM 1571 18% Poor (79 months)
Del(17)(p13) TP53 77 8% Poor (32 months)
aFrom Gersonand Keagle, The Principles of Clinical Cytogenetics 2" Ed., 2005 Humana Press, p473

Tumor: Chronic Lymphocytic Leukemia (CLL)
Chromosome 1P 19 > 3 4 5 6 ¥ 8 9 10 11 12 13 144 15 46 >

Het Call Bars |/ N | O I I 0 N O O O I [0 [ /AN 0/ NN WEIEEEEE 00NN S| SIS NN 0100 O I N IRUNDOWOINRON 0N

Copy Number

MM
LOH Likelihood
HMN®
- = Hi AT | ¢ |
HMM = Hidden Markov Model 11622.3) Tiisbiv 13914.3
12
Copy Number Color Code
Deletions Normal/diploid Gains
Dark blue =0 Yellow =2
—

| Lightblue=1 |

Red = amplified 7
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CLL and Genomic Complexity

AFISH panel: Normal

Copy Number Color Code

AcCytogenetics No growth in culture ...
T

Red = amplified

Chrl 2 3 < S 6 7 8 9 10 11 12 13 14 15 16 17 18 192021 22 X
£ 0 (Mg P st N5 N W ™ ) WSS M R R W
. R et B e g e i hcr T
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E |
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Chromosomes are plotted along the x-axis. Regions of acquired UPD are indicated with black arrowheads.

Genomic complexity is an adverse prognostic factor in CLL Stilgenbauer, 2007).

21% of CLL cases had genomic lesions beyond what is tested for by a FISH panel (Gunn, et al and
Hagenkord, et al).

A Suggests that genomic complexity is the 2" most common cytogenetic marker in CLL.

To o
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. Acquired UPD in MDS
Y e s , clonat. And it has IPSS poor prognosis

GLID10_0203_2
4

. J e . ok,
2 * , i REs Sovens
O

Good Prognosis: normal karyotype, isolated del(5q), isolated del(20q), -Y
Poor Prognosis: complex abnormalities (ie, >=3 abnormalities), -7 or del(7q)
Intermediate Prognosis: all other abnormalities, including trisomy 8 and del(11q)

Prognostic impact of SNP arraykaryotyping in myelodysplastic syndromes and related myeloid malignancies.
Tiu RV, Gondek LP, O'Keefe CL, Elson P, Huh JMohamedali A, Kulasekararaj A, Advani AS, Paquette R, List AF.SekeresMA, McDeuvitt
MA, Mufti GJ, Maciejewski JP.

Gondek LP, Tiu R, O'Keefe CL,SekeresMA, Theil KS, Maclejewski JP (2008). "Chromosomal lesions anduniparental disomy detected
by SNP arrays in MDS, MDS/MPD, and MD8erived AML". Blood111 (3): 15347 42.
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. Refined Grading of  Astrocytomas

CC: 49 year old male with severe headaches x 3 months.

MRI: 3.8cm right frontal infiltrative, non -enhancing, subcortical mass with a focus
with contrast enhancement.

Brain biopsy: Low grade astrocytoma (WHO grade Il)

Conventional cytogenetics: Normal diploid

Rx: Radiation only.
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SNP array karyotype on diagnostic specimen (FFPE)

.

10 19202122 X

e S et

AConcomitant gain of chromosome 7 with loss of chromosome 10 is
essentially pathognomonic for glioblastoma (WHO grade 4).*

NP array karyotype results would have justified use of Temozolamide 13
months earlier.

Misease recurred 5 months after initial diagnosis. 13 months after
diagnosis there was clear radiologic evidence of GBM.

*Bender AM, Rodrigues FJ, Sarkar G, Jenkins RB. (2009) Tumors of the Nervous System. Cancer Cytogenetics, Third Edition Edited by
Sverre Heim and Felix Mitelman. John Wiley & Sons, Inc. Hoboken, NJ.
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75 year old male with a brain mass.
Based on morphology, what is your diagnosis?

24



. Now what is your diagnosis?

4 1p 1q 2 3 4 10 11 12 13 14 15 16 17 18 19 20 21 22 X
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Diagnosis: Small cell glioblastoma
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Rhabdoid Tumors

Refined Diagnosis in

Cytogenetics and INI1 (SMARCB1; 22g11.2) FISH studies were negative for an abnormality.

Female child with bilateral renal tumors with lung mets suspicious for malignant rhabdoid
Suspicion remained high that this was a malignant rhabdoid tumor.

tumor.
Virtually all malignant rhabdoid tumors are associated with abnormalities of INI1 on 22q.

26
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Genomic Analysis Using High-Density Single Nucleotide
Polymorphism-Based Oligonucleotide Arrays and Multiplex

Ligation-Dependent Probe Amplification Provides a Comprehensive
Analysis of INIT/'SMARCBT in Malignant Rhabdoid Tumors

Eric M. Jackson,' Angela J. Sievert,>* Xiaowu Gai,” Hakon Hakonarson,*? Alexander R. Judkins,®
Laura Tooke,” Juan Carlos Perin,” Hongbo Xie,” Tamim H. Shaikh,*" and Jaclyn A. Biegel**

Jackson, EM et al. Clin Cancer Res2009;15(6)March15,1923-1930.
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~50/50 deletion to aUPD of 22q

1z

Ilb

01-146(KIDNEY)
95-17(KIDNEY)
05-173(3RAIN) ~ N T MRS B T
04-211(3RAIN) T
02-07(BRAIN)
08-18(3RAIN)
04-124(8RAIN)
93-94(BRAIN)
05-24(8RAIN)
02-237(BRAIN)
01-205(3RAIN)
07-06(3RAIN)
03-128B(BRAIN)
01 90(8RAIN)
05-262(3RAIN)
04-09(3RAIN)

02-40(BRAIN ) EEE— —— e — — — — =
03-68(! X) = I
07-153(LIVER) N =
03-38(FACIAL) -

05-247(KIDNEY)———— — o T—
06-243(BRAIN) -t —
05-36(BRAIN)- e — —_—
05-188(BRAIN) -

02-157(KIDNEY) —

01-134( Y) #— g —
04-53(BRAIN) ——
04-23(KIDNEY) s Eem— - - T

06-231B(5PINAL) e S— -
06-315(LIVER) R R £

00-315(THIGH) - S 9 o
94-133(BRAIN) -— L =l
06-07 (BRAIN) o
03-152(BRAIN)
07-221(BRAIN) — — 1
04-07(KIDNEY )
02-291(BRAIN)

02-215(SPINAL) —
01-177(BRAIN)
03-151(BRAIN)
05-289(NECK) ]

03-287 (BRAIN ) =
02-79(BRAIN) ——————————————

02-216(KIDNEY) P

07-301(LYMPH) e
01-323(BRAIN)
06-72(BRAIN)
05-174(BRAIN)

- Heterozygous Homozygous - Duplication _ Duplication CN-LOH INI1 region

deletion deletion 3 copies 4 copies

From Jackson, et al. 2009
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I aUPD of 22qg confirms diagnosis of MRT
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Renal Tumors: Diagnosis

SNP arrays for diagnesis of renal tumars
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Adapted from: Monzon FA, et al. Whole genome SNP arrays as a potential diagnostic tool for the detection of characteristic
chromosomal aberrations in renal epithelial tumors. Mod Pathol. 2008 May;21(5):599 -608.
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I Mor phol ogi cally Challenging R

glomeruloid architecture and
scattered foamy histiocytes.
The tumor cells are small. and

Case ID Expert Panel Diagnosis Microscopic I
. - B R . .3 ~:’ ’
MRCC28 No Majority Opinion AN ST '

“] - - . - ’ - . E
Microscopic Individual YR e
Description Opinions P g g el

Homogeneous tumor arranged | ¢ Unclassified RCC S £ ¥ =
in compact anastomosing o Dupliisrvpoe W T, g‘%._?- '}’! -
micro-papillae with areas with o p." Y nr‘p S T = .”?(.:g‘ Y 2

Clear Cell (CRCC):
Papillary (PRCC): +7/+17

_3p

ma

q o ’
monotonous. { Chromophobe (CHRCC): multiple monosomies ALY
¢« Oncocytoma :normalor -1/ parital -1 ?
P _‘.‘ > ~ .«‘: 9.;' 2 ,\‘_"'. ‘ .
: PN 3“5{ ﬁ‘f‘%‘ : e 5
2 . 4 A 2
Virtual Karyotype Molecular Diagnosis
+7,+16, +17 Papillary RCC
: MRCC28-1
il o ieretbiet Lkt e et n JESE T T Sl S el R R 5 i e s oo P s By S ks bt
-1 : s
1‘ jod LT [7 AN N : 4 1 e A"'“I_“A‘ r 1 l7 r A3 4'7 = 2 7! 7‘7'77 A‘--)\,’-i,-l = ‘A i ;l j A' iy
O ‘7-..:""—-1“7 -:\'.‘; = e N = e’ PP il i e B . B ey

Hyun-JungKim, et al. VirtuaKaryotyping with SNP microarrays in morphologically challenging renaheslplasms a practical

and useful diagnostic modalitAm JSurgPathol 2009, in press.
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ADoubl e Equivocal o Breast Can

Ch17
C . I BT 7T B W Em )
GLID10_0156
1 ] ! . =
0: v—gww%‘ﬁwv‘. =< "i';_‘_:t,__yﬁ{%;z..'- " = ;’:;-1;3)'.5}.3&‘:;&.:'1:&4; 3
1 e e sty 35 ; - : :

1 'I ar P
-1

1 : .“/ -.' L R RE LR R 1) L I MM IaEEesnmsIamIEs
) T ;“"_‘\‘:f’-"' o e —1:;:'_‘_25-5\:‘? — e
B e S e RS o
CEP17 Her2
amp amp
Dviagnosis:
RIGHT BREAST, HER2 neu DHA TESTING by FISH{ i | i) Evaluation-
, . 1. Porerage CEPIT number: 7.7 per cell.
HERZneu is EQUIVOCAL by FISH, see commient. . Fwerage HERZ number: & Fper cell.
3. HER:/CEP ratio: 0.7

{Interpretation performed by Dr. Hagenkori)
COMMWENT

There iz amplification of the centromere enumeration probe for chramasame 17 (CEP17Y inthiz cazse which
confounds interpretation of the Her2/ZER1 Y ratio. On average, tumor cellz had 2.7 Her2 signals per
nucleus, CAPMASCO guidelines require a FISH result of =6 Her2 copies per nucleus to be considered
amplified. Approximately S0% of the tumor nuclei had B ar more Her2 zignals. Precize enumeration of Her2
zignalzs was confounded by the amplified CEP17 =signal.
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Gruver AM, et al. Arch Pathol Lab Med, May 2011

HER2 + HER2—

IHC testing for HER2
protein expression

v

Genomic confirmation ' 7\
of IHC results by FISH

i

FISH discordant with IHC =
positive/negative results;
No resolution of IHC 2+

Gunn, S., . T. Yeh, I. Lytvak , et al. Clinical array-based karyotyping of breast cancer with equivocal HER2 status
resolves gene copy number and reveals chromosome 17 complexity. BMC Cancer 2010. 10:396.

RESULTS:

Array-based comparative genomic hybridization (array CGH) analysis of chromosome 17 resolved HER?
gene status in [20/20] (100%) of cases and revealed additional chromosome 17 copy number changes in
[18/20] (90%) of cases. Array CGH analysis also revealed two false positives and one false negative by
FISH due to "ratio skewing" caused by chromosomal gains and losses in thecentromeric region. All cases
with complex rearrangements of chromosome 17 showed genome-wide chromosomal instability.
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. Summary of Cases

SNP array karyotype impact

CLL Detected genomic complexity missed by targeted FISH panel

MDS Detected aUPDof 7q A confirmed clonality and detected
important genomic changed that other methods would miss.

Glial Tumors Refinement of morphologic diagnosis and grade.

Malignant rhabdoid tumor Detected aUPDof 22q verifying the diagnosis of MRT.

Renal Tumors Refinement of diagnosis and prognosis

Breast cancer Resolutionof Her 2 Adoubl e equi voc|al
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. Genomic Profiling of  Neuroblastomas
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Two Genetic Classes of NBs:
1. whole chromosome gains/losses have good prognosis.
2. segmental gains/losses have poor prognosis.

Segmental genomic alterations, with or without MYCN amplification, are the strongest
predictor of relapse in neuroblastomas. ’

MNA and 11q del groups are (essentially) mutually exclusive.
MNA and 11q del are both independent adverse prognostic factors.

CarenH, et al. High-risk neuroblastoma tumors with 11q-deletion display a poor prognostic, chromosome instability phenotype with later onset. Proc

Natl Acad Sci March 2, 2010 107(9) 4323-4328.
*Janoueixd_erosey |, Schleiermacher G, Michels E, et al. Overall genomic pattern is a predictor of outcome in neuroblastoma. J Clin Oncol. Mar 1

2009,27(7).1026 Z1033.
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Neuroblastoma

Summary: High Zisk neuroblastoma with segmental aberrations and
deletion of 11q.
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