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Summary

Multiple myeloma (MM) is a hematological disease caused by malignant proliferation of clonal
plasma cells (PCs) known for its clinical and biological heterogeneity. Identification of chromo-
somal changes in genome of PCs plays a key role in MM pathogenesis and is supposed to have
important prognostic significance for MM patients. There are two major genetic entities in MM.
Hyperdiploid tumors (H-MM), which include about 50% of MM tumors, often have multiple tri-
somies involving chromosomes 3,5,7,9, 11,15, 19, and 21 and a substantially lower prevalence
of IgH translocations. Nearly half of tumors are non-hyperdiploid (NH-MM), and mostly have
one of five recurrent IgH translocations: 11q13 (CCND1), 6p21 (CCND3), 16q23 (MAF), 20q12
(MAFB), and 4p16 (FGFR3 and MMSET). The development and expanded use of new technolo-
gies, such as genome-wide array-based comparative genomic hybridization (aCGH) has ac-
celerated genomic research in MM. This technique is a powerful tool to globally analyze recur-
rent copy number changes in tumor genome in a single reaction and to study cancer biology
and clinical behaviors. It widely overcame routinely used cytogenetic techniques (G-banding,
FISH) both in minimal resolution of chromosomal changes and amount of obtained genomic
data important for further analyses and clinical applications. Array CGH technique is now used
to better understanding of molecular phenotypes, sensitivity to particular chemotherapeutic
agents, and prognosis of these diseases. This paper brings brief literature and methodic over-
view of oligonucleotide-based array-CGH technique in MM diagnosis.
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Souhrn

Mnohocetny myelom (MM) je hematologické onemocnéni zplisobené maligni proliferaci klonalnich plazmatickych bunék (PCs), které se vyzna-
Cuje znacnou klinickou a biologickou variabilitou. Identifikace chromozomovych zmén v genomu PCs hraje kli¢covou roli v patogenezi MM a ma
také dulezity prognosticky vyznam u pacientd s MM. Z genetického hlediska Ize MM rozdélit na dva subtypy. Hyperdiploidni MM (H-MM), ktery
se vyskytuje u 50 % pfipady, je charakterizovéan ¢astou incidenci trizomii chromozom 3, 5,7,9, 11, 15, 19 a 21 a dale nizkym vyskytem translokaci
IgH. Téméf polovina piipad je klasifikovana jako non-hyperdiploidni MM (NH-MM), u kterého Ize ¢asto najit jednu z péti rekurentnich translokaci
IgH: 4p16 (FGFR3 a MMSET), 6p21 (CCND3), 11913 (CCNDT), 1623 (MAF), 20q12 (MAFB) a ktery je asociovan s nepfiznivou prognézou onemoc-
néni. Rozvoj a rozsifené vyuzivani novych technologii, jako je technika celogenomové komparativni genomové hybridizace na oligonukleoti-
dovych ¢ipech (aCGH), vyrazné posunula vyzkum genomovych zmén u MM, jelikoZz umozriuje v ramci jedné reakci analyzou chromozomovych
zmén v celém genomu, a tak predstavuje idealni nastroj pro studium nadorové genetiky a je vhodnou aplikaci pro rutinni analyzy v klinické praxi.
Technika aCGH vyznamné prekonava bézné pouzivané cytogenetické techniky (G-pruhovéni, FISH), a to jak v moznostech minimalniho rozliseni
chromozomovych zmén, tak i v kvalité a mnozstvi ziskanych genomickych dat nezbytnych pro dalsi analyzy a klinické aplikace. Technika aCGH
je nyni pouzivana k lepsimu pochopeni molekularniho fenotypu nadorovych bunék, pro studium vlivu chromozomovych zmén na citlivost na
urcitd chemoterapeutika a prognézu onemocnéni. Tento dokument piinasi stru¢ny metodicky a literarni prehled pouziti techniky oligonukleo-

tidové aCGH v diagnostice MM.
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Introduction

Incidence of specific chromosomal
aberrations (CHA) in genome of malig-
nant plasma cells (PCs) is considered
to be one of the most important inde-
pendent prognostic factors for patients
with MM [1]. These changes are often
observed in chromosomal areas where
tumor suppressor genes or oncoge-
nes are located [2]. It is well established
that loss of tumor suppressor genes or
copy gains of oncogenes are essential
events in developmental process of ma-
lignant PCs [3,4]. Several studies show
that incidence of specific CHA is an im-
portant prognostic factor often connec-
ted with response to chemotherapy or
bone marrow transplantation [5,6]. Thus,
detection of CHA is an essential step in
determination of a given MM patient pa-
thogenesis. Effective detection of these

changes by means of standard karyoty-
ping using G-banding cytogenetic tech-
niques is limited (about 30% of cases)
due to low resolution (5-10 Mb) and
low proliferation of PCs. This limitation
can be overcome by newer techniques,
such as fluorescent in situ hybridization
(FISH). However, this technique detects
only a limited number of target sequen-
ces in the genome. Using FISH, overall
detection rate of CHA reaches over 90%
of all cases [7,8]. In MM patients, routine
application of FISH in clinical practice is
mainly focused on identifying specific
chromosomal aberrations. Several stu-
dies described prognostic significance
of del(13)(q14)/loss of chromosome 13,
del(17)(p13), gain(1)(g21) and IgH trans-
locations [7,8-10], but current under-
standing of MM pathogenesis together
with development of modern geno-

me-wide screening techniques proves
that FISH is insufficient for description
of MM genetic heterogeneity. Introdu-
ction of microarray-based comparative
genomic hybridization (aCGH) techni-
que by Solinas-Toldo et al [11] gives re-
searches an ideal molecular cytogenetic
tool, allowing detection of CHA inclu-
ding deletions and duplications in a sin-
gle experiment.

Oligonucleotide-based aCGH is a ro-
bust modern technique, which allows
detecting of CHA of size as low as 2kb in
asingle reaction during 40 hours depen-
ding on array platform (Tab. 1). Such re-
solution gives us a possibility for dete-
ction of CHA on exon level [12,13], which
dramatically improves our investigati-
ons of chromosomal rearrangements in
genome of malignant cells. Moreover,
with help of modern, sophisticated sta-

Tab. 1. Comparison of different cytogenetic and aCGH techniques according to resolution of the technique. Adapted from [13]

and Agilent Technologies, Inc.

Resolution Coverage
a) Cytogenetics Karyotyping > 10 Mb Complete
>2Mb Complete
Traditional CGH > 2 Mb (cytoband) Complete

FISH (interphase) > 20 Kb Probe Specific

FISH (metaphase) > 100 Kb Probe Specific
b) aCGH BAC 100 Kb (Spectral Genomics — 2 Mb) Complete

cDNA 2Kb Genes Only
Oligo (60-mer) 0,06 Kb Complete
S44 Klin Onkol 2011; 24(Suppl): S43-548
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tistic tools for CHA evaluation, it is possi-
ble to interpret data mined from aCGH
technique quite fast and easy, corre-
late these data with other techniques or
with clinical features. Thus, aCGH techni-
que and genomic copy number analyses
with SNP genotyping arrays are proving
particularly effective for investigations
of important CHA connected with can-
cer diseases in molecular level [14].

Methodology of Oligonucleotide-
based aCGH Technique

In many hematological malignancies,
aCGH technique has been often suc-
cessfully used for detection of genomic
alterations [15-17]. An essential issue
in the implementation and optimiza-
tion of aCGH technique in our labora-
tory was obtaining sufficient amount
of genomic DNA (gDNA) from patients’
PCs samples. For successful aCGH expe-
riment and confident interpretation of
aCGH results in MM diagnosis, it is ne-
cessary to get purified gDNA from popu-
lation of a malignant clone of PCs, which
is obtained by immunomagnetic (MACS)
orimmunofluorescent (FACS) separation
from patient’s bone marrow. Malignant
PCs are identified by surface antigenic
markers of CD 138+ CD45-[18,19]. For
further differentiation of abnormal from
healthy PCs populations, CD38+, CD19+,
CD56+ markers are used [20]. After sor-
ting, samples of high purity with at least
0,5 x 106 PCs from abnormal population
are obtained. For aCGH, minimum infil-
tration of malignant PCs in the sample
should be above 90%. Minimum con-
tent of tumor cells represented in the
sample for aCGH, which is capable of
distinguishing malignant from normal
cells, is around 20-30% [21]. Then, iso-
lation of gDNA can be made by typical
phenol-chloroform extraction or using
a variety of commercially available kits.
In our laboratory, we commonly use
Gentra Puregene Core Kit A (Qiagen).
Regardless of isolation method, it is ne-
cessary to obtain high-quality gDNA
as input. It minimizes the risk of abnor-
mal array background and generally
is the cornerstone for quality of whole
genome analysis. As standard proce-
dure, gDNA should be checked using gel
electrophoresis and measured for yield

Step 2

Step 1 T 3 Array CGH: The Comlete Process
Patient ' ‘ Control
DNA4y  .ONA Steps 1-3 Patient and control DNA are labeled with
ol fluorescent dyes and applied to the microamay.
— Step4  Patient and control DNA Compete to attach,
Step 3 o or hybridize to the microarray.
;‘. Step5  The microarray scanner measures the
‘,.4':. fluorescent signals.
\\// Step&  Computer software analyzes the data and
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Fig. 1. Scheme of typical genome-wide aCGH experiment. Adapted from [23].

and purity by a spectrophotometer. Re-
commendations according to Agilent
protocol suggest the ratio of absorbance
260 nm/280 nm in the range of 1.75 to
1.90 and 260/230 greater than 2.0. As
standard, minimum amount of gDNA for
aCGH experiment is 0.5 pg. In our labora-
tory, we use 4x44K format 1 ug of gDNA.
Concentration of input gDNA should be
between 200-400 ng/pll.

In our laboratory, we use genome-
wide oligonucleotide-based aCGH
4x44K (Human HD-CGH 4x44K, Agilent
Technologies) platform together with
complete hardware and software equip-
ment required for aCGH technique from
Agilent (Agilent Technologies, Santa
Clara, USA). The principle of aCGH is hyb-
ridization between the “probe” and DNA
fragments (60 bp DNA fragments defi-
ned) “spotted” using photolithography
on a glass matrix (= array) [22]. Probe
DNA is prepared from the DNA sam-
ple and healthy control DNA. DNA frag-
ments of known sequence are located
on exact spots on the array, and each
probe is associated with specific posi-
tion in the genome. Genomic DNA is ob-
tained from various sources of material
(cultured cells, tissues, blood) cut by re-
striction enzymes and labeled with fluo-
rescent dyes of different color, typically
red and green. Samples and DNA con-
trols are cohybridised, incorrectly lin-

ked probes removed during wash step
and complementary probes that re-
mained attached to the array provide
the fluorescent signal, which is acqui-
red by a sensitive scanner. Acquired di-
gital “picture” from scanner is the analy-
zed by appropriate software. Flow-chart
of typical aCGH experiment is shown on
Fig. 1 [23].

Routine aCGH experiment begins with
digestion step, where gDNA is digested
by restriction enzymes (Alu1, Rsa1, DNa-
sel) into fragment size of 200-2,000 bp.
For fluorescent labeling of sample and
control DNA, several commercially avai-
lable kits can be used. Specific activities
(= measuring of labeling effectiveness
of DNA fragments) will slightly vary ac-
cording to the manufacturer and type
of fluorescent dyes. We use Bioprime
Total Genomic Labeling System (Invi-
trogen) with specific fluorescent dyes
Alexa3 and Alexa5. According to manu-
facturer’s protocol, specific activity of la-
beling with 1 ug gDNA as input should
be in the range of 90-100 pmol/pg
for Alexa3 and 70-90 pmol/ug for
Alexa5. Total DNA yield is expected
between 4-7 ug. Labeled samples and
controls of the same sex and similar spe-
cific activity are mixed together, reaction
and hybridization buffer together with
unmarked human Cot-1 DNA are then
added into reaction and after denatu-
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Fig. 2. Example of genome-wide screening of NH-MM patient using aCGH technique.
Green color corresponds with areas of loss of genetic material, areas marked with red
color are considered as gains of genetic material.

ration and incubation at 95 C/3 min and
30 min/37 C respectively, mixed solution
is applied onto the array. Hybridization
process of 4x44K array lasts approxima-
tely 24 hours at 65 C. After hybridization,
array undergoes washing procedures
(Wash buffer 1 and 2, Agilent Technolo-
gies), and then it is ready for scanning
in appropriate scanner. The output of
the scanner is a data file, which is fur-
ther processed by software (Agilent Fe-
ature Extraction 9.5.3), which visualizes
the data for checking of overall array
quality and converts raw data from the
scanner into a format suitable for fur-
ther software applications designed to
detect and analyzing genomic changes,
such as Agilent Genomic Workbench.
The rate of gain or loss of genetic ma-
terial is obtained by analysing the ratio
of green and red fluorescence from the
probes (fixed base modal ratio) and se-
lected on the basis of statistical methods
(Z-score, ADM, HMM, CBS). Genome
without CHA is characterized by yellow
fluorescence (log2 = 0). Areas with gai-
ned genetic material are characterized
by log2 > 0, whereas the values log2
< 0 are considered as loss of genetic ma-
terial. Graphical image of analysis of CHA
using aCGH software are shown in Fig. 2.

Utilization of aCGH Technique

in Multiple Myeloma

The introduction of new molecular cyto-
genetictechniques (FISH,aCGH) brought
new possibilities for detection of CHA in

MM. Using FISH and especially designed
probes, the most frequently CHA were
observed in 90% of patients [4,5-8].
According to the International Myeloma
Working group (IMWG), current mini-
mal clinical panel of CHA proposed for
testing by FISH in MM patients inclu-
des 3 aberrations ((del(17)(p13),t(4;14)
(p16;932),t(14;16)(q32;923)) with
known negative effect on MM progno-
sis. Expanded panel of FISH markers in-
cludes hyperdiploidy (trisomies of chro-
mosome 5, 9 and 15), del(13)(q14)/
monosomy 13, gain(1)(g21) andt(11;14)
(913;932) [24]. However, with given he-
terogeneity of MM, it seems insufficient.
Moreover, several studies proved 100%
occurrence of chromosomal aberrations
in MM when aCGH technique was used
[21,25] and therefore utilization of geno-
me-wide techniques in clinical practice
is already taken under consideration in
IMWG recommendations for cytogene-
tic analyses used in MM diagnostics.
New technologies, especially oligo-
nucleotide-based comparative genome
hybridization, have dramatically chan-
ged human genomic analysis by com-
bining the targeted high-resolution as-
pects of FISH and the genome-wide
scale of karyotyping. The first whole ge-
nome studies in MM performed by con-
ventional CGH revealed new changes
undetectable by G-banding and poin-
ted out aberrations studied by FISH. The
most frequent aberrations were: gain
19, 39, 99, 11q, 154, loss of 6921, 13q,

14q, 16q [26,27]. The German group [28]
for the first time evaluated sensitivity
(80.7%) and specificity (97.7%) between
CGH and FISH in MM diagnosis. Gutie-
réz et al [29] found a significantly shor-
ter overall survival for MM patients with
deletions in the genome compared to
patients with gain of genetic material.
The first use of array-based CGH in MM
was published by Largo et al [23], who
have verified previous studies made by
conventional CGH, clarified the defini-
tion of both hyperdiploid and non-hy-
perdiploid MM subtypes according to
FISH and further defined two genetically
different subclasses of the H-MM accor-
ding to the incidence of 7p gain. Using
aCGH and GEP (gene expression profi-
ling) analysis and subsequent integra-
tion of the results from both techniques,
Carrasco et al [30] described two subc-
lasses of H-MM with different progno-
sis among cohort of 67 newly diagno-
sed patients with MM. In patients with
a combination of hyperdiploidy and tri-
somy of chromosome 11, a trend for
better prognosis was found in contrast
to patients without trisomy 11. Moreo-
ver, within H-MM subgroup without +11,
statistically significant difference for the
incidence of 1q gain and -13 (p < 0.001,
p = 0.019, respectively) compared to the
subgroup with +11 was found. These
results confirmed previously publis-
hed data about importance of 1q gain
as an independent prognostic factor in
MM [10]. Deletions of several genes in-
volved in NF-kB pathway were descri-
bed by Keats et al [21]. Genome-wide
analysis of 155 patients brought intere-
sting findings that highlight the impor-
tance of NF-kB pathway in the pathoge-
nesis of MM. The paper presents findings
of 14932 deletion, which included
potential target genes TRAF3, AMN and
CDC42BPB. The authors describe two
other less frequent areas with biallelic
deletions: 1612 with genes CARDITS5,
CYLD, and 11922 with genes BIRC2/
/clAP1, BIRC3/clAP2. 1t was interesting
that 5 of 13 (38.5%) identified homozy-
gous deletion of genes (TRAF3, clAP1,
clAP2, and CYLD) that are involved in ne-
gative regulation of NF-kB. To confirm
homozygous deletions, they performed
FISH investigations and GEP analyses.
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The paper further develops the impact
of absence of TRAF3 gene product in
overall prognosis and response to drugs
used in MM treatment. Authors showed
that deletion of TRAF3 is associated with
poor response to dexamethasone, but
rather a good therapeutic response to
proteasome inhibitors. Furthermore,
the authors proposed that TRAF3 is
a tumor suppressor gene, which was ve-
rified by reintroduction of functional co-
pies of genes in adenovirus vector into
myeloma cell lines. Cell lines with in-
creased activity NF-kB showed a subse-
quent reduction in growth and incre-
ased apoptosis. In contrast, in cell lines
with inactive NF-kB, the introduction of
the common TRAF3 showed no change.
Study by Chng et al [31] of a group of
131 patients focused on identifying new
prognostic regions using aCGH and GEP
arrays. Combined GEP and aCGH ana-
lysis identified areas with possible pro-
gnostic impact. Patients with deletions
at 1p31-1p32 or 20p12.3-12.1 were
found to have significantly shorter ove-
rall survival compared to patients wi-
thout these deletions (24.5 months vs.
40 months p = 0.01; 20.6 months vs.
40 months p = 0.06, respectively). Survi-
val after relapse was also significantly re-
duced, but due to a small number of pa-
tients, results were not quite statistically
significant. Deletion 20p12.3-12.1 was
also significantly associated with dele-
tion 17p13 and also showed a strong
trend to associate with t(11;14) detected
by FISH.

Our preliminary data from a cohort
of 84 MM patients performed on Agi-
lent 4x44K arrays so far confirmed pre-
viously published data. We found seve-
ral new genetic events in MM patients
and abnormalities of candidate genes.
Data from our study will be published
elsewhere.

Conclusion

MM remains incurable even today. In-
troduction of new types of drugs (borte-
zomib, lenalidomide, thalidomide) and
therapeutic strategies significantly pro-
longed survival of patients with MM and
their quality of life during treatment [32].
Similarly to many other types of hemato-
logic malignancies, MM is characterized

by numerous structural and numerical
CHA involving many oncogenes, tumor
suppressor genes or genes involved in
signaling pathways important for cell
cycle, apoptosis etc. Detection of CHA is
one of the most important independent
prognostic markers in MM pathogenesis
and prognosis for patients [33]. Oligo-
nucleotide-based aCGH technique pro-
vides both qualitative and quantitative
information about CHA in the genome of
malignant PCs in a single experiment. In
MM pathogenesis, it is valuable diagnos-
tic and scientific instrument suitable for
description of genetic heterogeneity ty-
pical for MM providing new opportuni-
ties for identification of new biomarkers
capable of discerning prognosis.

During the last decade, several impor-
tant genetic events in MM pathogenesis
using conventional CGH or aCGH were
described and verified [21,24,29-31].
Presented data emphasize the strengths
of high-resolution aCGH results in the
detection of genomic alterations asso-
ciated with development of disease and
prognosis of MM patients. However, it
is now clear that there is a need for co-
rrelation of aCGH findings with other
advanced techniques (GEP, methylation
analysis). Moreover, newly developed
techniques have relegated the impor-
tance of aCGH into the background. Re-
cent publications show the new trend
in development, leading to sequen-
cing of the second and third generation
[34,35], which provides information in
a much larger scale than aCGH platform,
which is currently available and thus
allow us more precise insight into gene-
tic changes in pathology of all malignant
diseases.
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