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ABSTRACT
Aim To evaluate the role of whole genome comparative
genomic hybridisation microarray (array-CGH) in
detecting genomic imbalances as compared to
conventional karyotype (GTG-analysis) or myeloma
specific fluorescence in situ hybridisation (FISH) panel in
a diagnostic setting for plasma cell dyscrasia (PCD).
Methods A myeloma-specific interphase FISH (i-FISH)
panel was carried out on CD138 PC-enriched bone
marrow (BM) from 20 patients having BM biopsies for
evaluation of PCD. Whole genome array-CGH was
performed on reference (control) and neoplastic (test
patient) genomic DNA extracted from CD138 PC-
enriched BM and analysed.
Results Comparison of techniques demonstrated a
much higher detection rate of genomic imbalances
using array-CGH. Genomic imbalances were detected in
1, 19 and 20 patients using GTG-analysis, i-FISH and
array-CGH, respectively. Genomic rearrangements were
detected in one patient using GTG-analysis and seven
patients using i-FISH, while none were detected using
array-CGH. I-FISH was the most sensitive method for
detecting gene rearrangements and GTG-analysis was
the least sensitive method overall. All copy number
aberrations observed in GTG-analysis were detected
using array-CGH and i-FISH.
Conclusions We show that array-CGH performed on
CD138-enriched PCs significantly improves the detection
of clinically relevant and possibly novel genomic
abnormalities in PCD, and thus could be considered as a
standard diagnostic technique in combination with IGH
rearrangement i-FISH.

Genomic imbalances are the predominant genetic
abnormality in monoclonal plasma cell disorders
(PCD), a group of disorders that include
monoclonal gammopathy of undetermined signifi-
cance, asymptomatic myeloma and symptomatic
myeloma (commonly known as multiple myeloma).1

Rearrangements of the Immunoglobulin heavy locus
(IGH) gene are a common feature of PCDs and are of
prognostic importance.2 3

PCDs have heterogeneous clinical and biological
features. Chromosomal abnormalities detected at
diagnosis provide important prognostic information,
and predict initial response to chemotherapy, remis-
sion duration and overall survival. Genetic risk stratifi-
cation can assist in guiding specific chemotherapeutic
interventions, such as bortezomib and high-dose
therapy for patients categorised into high-risk
groups.3–5 Genetic results are not currently included
in the diagnostic criteria for PCDs.6–8

Array-comparative genomic hybridisation (CGH)
overcomes the need for dividing PCs for conventional
GTG-analysis as well as the highly targeted detection
of changes in regions by interphase fluorescent in situ
hybridisation (i-FISH). Array-CGH, similar to
G-banding, detects regions of chromosomal gain or
loss throughout the whole genome. Furthermore,
array-CGH allows for the detection of gains and
losses of genetic material at a much higher resolution.
In this study, we demonstrate the superiority of com-
bining the screening methods of array-CGH and IGH
translocation i-FISH in detecting genomic changes in
PCDs.

PATIENTS AND METHODS
Patients
We studied 20 patients (50% male) with PCD based
on WHO criteria.1 Bone marrow (BM) aspirates were
collected after informed consent and were selected
based on availability of sufficient sample material.

GTG-analysis
GTG-analysis was performed on unstimulated BM
cells after long-term (72h and 120 h) culture.
Chromosomes were banded using trypsin digestion
pretreatment followed by staining with Giemsa
solution. Karyotypes were described according to
ISCN 2013.9

Immunomagnetic enrichment of CD138
positive cells
PCs were selected to a purity of >90% (as previously
tested on a subcohort (results not shown)) by immu-
nomagnetic enrichment of CD138 positive cells using
the human CD138 positive selection kit (STEMCELL
Technologies Melbourne, Australia). Selected cells
were used for both array-CGH and i-FISH.

Interphase fluorescent in situ hybridisation
i-FISH was performed on all samples using a
mixture of locus-specific probes for 1q21(S100A10)/
8p21(PNOC), 11q23(ZBTB16)/13q14(DLEU1)
and 17p13(TP53)/19q13.3(CD37) (Kreatech, The
Netherlands) and a break-apart probe for 14q32
(IGH). An additional panel of dual fusion probes
was applied to the samples that were positive for an
IGH rearrangement (4p16(FGFR3)/14q32(IGH),
11q13(MEYOV)/14q32(IGH) and 14q32(IGH)/
16q23(MAF)) (Cytocell, UK). According to the UK
Haemato-Oncology Best Practice Guidelines, a
minimum of 100 interphase nuclei were scored wher-
ever possible. Cut-off values were set at the levels
recommended by the European Myeloma Network.10
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Array-CGH
Whole genome microarray was performed using an oligonucleo-
tide array (8×60 k oligonucleotide array, CCMC design)
(BlueGnome, UK). Labelling and hybridisation of patient DNA
was performed as per the Agilent Oligonucleotide Array-Based
CGH for Genomic DNA analysis-Enzymatic protocol user
manual. Sex-matched reference DNA supplied by Agilent
Technologies was used (Agilent Technologies, USA). Scanning of
the array was performed on an Agilent Technologies DNA
Microarray Scanner. Analysis was performed using BlueFuse
Multi V.2.5 software (BlueGnome, UK).

RESULTS
Genomic imbalances and rearrangements were detected in 1
(15%) patient using GTG-analysis, 19 (95%) patients using
i-FISH and 20 (100%) patients using array-CGH and the com-
bination of array-CGH and IGH rearrangement i-FISH.

The total number of abnormalities detected using array-CGH
was 248 (figure 1). Seventy abnormalities were detected using
i-FISH and 14 by GTG-analysis. On integration of array-CGH and
IGH rearrangement i-FISH techniques, the detection of genomic
imbalances and rearrangements reached a total of 257 aberrations.

Comparison of techniques for discordance
GTG-analysis compared with iFISH and array-CGH
GTG-analysis provided metaphases for all cases, of which 95%
(19/20) produced apparently ‘normal’ results (see online supple-
mentary table S1). One case was found to be abnormal in which
two clonal populations were identified in a low number of cells
(4/51). GTG-analysis detected a rearrangement involving 8q and
an unknown partner chromosome. This rearrangement was not
completely defined using GTG-banding, but was identified as
two derivative 8 chromosomes with the loss of the 8p and a gain
of unidentified genetic material (+der(8)t(8;?)(p11.2;?)×2).
In this instance, the i-FISH probe located at 8p21(PNOC) identi-
fied the loss of this loci in 98% of cells scored, but did not
detect a rearrangement. Array-CGH clarified the findings of
GTG-analysis and identified the additional material on chromo-
some 8 as being that of 19p, which included the 19 centromere
to produce +der(19)t(8;19)(q11.1;q12)×2. Array-CGH did not
detect the rearrangement (see online supplementary table S1).

i-FISH compared with array-CGH
I-FISH detected only 62 copy number aberrations (20% cut-off
value) and a total of eight IGH rearrangements (10% cut-off

value) in seven cases. Array-CGH identified 241 genomic aber-
rations at a 1 Mb resolution and a further seven aberrations at
the FISH probe loci that were <1 MB to give a total of 248, of
which 69 were whole chromosome changes. The seven copy
number changes detected at <1 MB all involved the IGH vari-
able region at 14q32.3 (see online supplementary table S1).

Three copy number change aberrations detected by i-FISH in
greater than 20% of cells were not detected using array-CGH.
These aberrations were present in 21%, 23% and 28% of cells
in cases 2, 6 and 11, respectively, and constituted 1.33%
(3/226) of the total loci tested by i-FISH.

Interestingly, case 10 was identified as having a near-tetraploid
clone by i-FISH (see online supplementary table S1). The array
software normalised the data at a copy number of four
(Log2=0), hence all copy numbers greater or less than four
were seen as either a gain or a loss. Near-tetraploid clones gen-
erally represent a doubling of the original abnormal clone,
hence, all aberrations of the original clone were detected.

Combining IGH rearrangement i-FISH and array-CGH
Predictably, array-CGH analysis did not detect IGH rearrange-
ments. However, i-FISH detected rearrangements in 7/20 cases.
Of the 7 cases with an IGH rearrangement, 3 involved MYEOV
(11q13), 1 FGFR3(4p16), 1 MAF(16q23) and 2 with an uniden-
tified partner chromosome (see online supplementary table S1).

DISCUSSION
GTG-analysis detection rates in myeloma
GTG-analysis for monoclonal PC disorders is inadequate as only
one patient showed an abnormal karyotype (case 8) (see online
supplementary table S1). This has also been demonstrated in
several other studies and is most likely related to the low prolifer-
ation rate of PCs.11–13 The production of abnormal karyotypes
has also been associated with disease progression. Studies have
indicated that the earlier stages of disease will be less likely to
produce abnormal karyotypes as the abnormal PCs are still
stromal dependant and are not able to replicate in situ.14–16 This
may impact on the availability of dividing PCs for GTG-analysis.
Some studies show that stimulation of cultures using various
agents such as interleukins, 12-0-tetradecanoylphorbol-13-
acetate (TPA), phytohaemagglutinin and granulocyte-
macrophage colony-stimulating factor (GM-CSF) may increase
the yield of genetically abnormal karyotypes in some cases.17–19

The use of stimulants to increase the production of metaphases

Figure 1 Total number of
abnormalities detected across
20 patient samples by each individual
screening method and the combination
of array-CGH and IGH rearrangement
i-FISH. i-FISH, interphase fluorescent in
situ hybridisation; array-CGH,
comparative genomic hybridisation;
IGH i-FISH, IGH rearrangement i-FISH.
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by PCs is one methodology that may have increased the mitotic
yield of abnormal PCs.

Interestingly, a cryptic translocation involving chromosome
8q and unidentified genetic material in case 20 was detected
using GTG-analysis, and was further classified with array-CGH
to show involvement with chromosome 19p and centromeric
regions. This was redefined from +der(8)t(8;?)(p11.2;?)×2 to
+der(19)t(8;19)(q11.1;q12)×2. To the best of our knowledge,
this t(8;19) appears to be a novel translocation in myeloma and
there are no known prognostic associations with a gain of 19p
in myeloma (see online supplementary table S1).

Genetic risk categorisation of monoclonal PC disorders
Myeloma typically falls into one of two main categories hyperdi-
ploidy or non-hyperdiploidy depending upon the genetic signature
of the disease. The hyperdiploid group of myeloma patients
(approximately 45% of cases) is associated with standard risk and
improved outcome according to the International Myeloma
Working Group (IMWG) and Mayo Clinic stratification for
myeloma and risk-adapted therapy (mSMART) categorisa-
tion.3 20 21 The non-hyperdiploid patients (approximately 40%)
generally exhibit a translocation involving IGH and losses of either
whole chromosomes or chromosome arms. Risk involved in these
patients ranges from standard to intermediate to high, depending
largely on the translocation partner of the IGH gene. The remain-
ing 15% of cases exhibit traits of both hyper and non-hyperdiploid
categories and their associate risk varies depending on which
genetic abnormalities are detected.8 20 21

The ploidy status of a patient is achievable using array-CGH;
however, the complete risk categorisation can only be deter-
mined when array-CGH is combined with IGH rearrangement
i-FISH.3 8 In our cohort, we determined 7 cases to be hyperdi-
ploid, 12 cases non-hyperdiploid and 1 case to be a combination
of both based on copy number changes and the IGH rearrange-
ment status in accordance with the IMWG guidelines. The
ability to determine ploidy when using a myeloma-specific FISH
panel is somewhat limited, as it is unable to determine if the
gain or loss is part of a whole chromosome or a segmental
change. Used alone, it is an inaccurate tool in assessment of risk
based on current IMWG guidelines.

In addition to the mSMART classification, the IMWG reports
that some genetic features are considered to be ‘secondary
genetic events’ being indicators of disease progression, including
deletion of TP53 at 17p13 and abnormalities of chromosome 1,
typically involving losses on 1p and gains on 1q.16 21 It has been
demonstrated that TP53 deletions are associated with high risk;
however, reports vary as to percentage of cells involved before
considered high risk. For instance, some papers describe TP53
deletions as prognostically significant if found in >60% of
cells8 22 while others do not refer to a tumour burden at
all.3 6 16 20 23 In this study, we detected a TP53 deletion in three
cases using both i-FISH and array-CGH screening methods.

Emerging genomic risk markers, such as chromosome 1 aberra-
tions, del(16q), del(12p), del(22q) and chromosome 5 aberrations
are currently being investigated by various microarrays and
gene-expression profiling.16 24–27 Although our cohort is relatively
small, these aberrations were identified by array-CGH in many of
the cases.

Chromothripsis is another emerging genomic risk marker asso-
ciated with PCDs and other cancers.28 29 This shattering of chro-
mosomes is not reliably detectable by either GTG-analysis or
iFISH, and in some cases may be missed at a 1 Mb resolution. It
is expected that this array platform will detect chromothripsis,
however, there was no evidence of this in the current cohort of

patients to discuss. The current prognostication guidelines set out
by the IMWG and the Mayo Clinic do not refer to chromothrip-
sis as this is a very recent finding in genomics. The mechanisms
by which it occurs are not yet understood and there has only
been one prospective study of a large cohort associating it with
patient outcomes in myeloma.28 30–33 As this massive genomic
instability generally occurs as a secondary genetic event, it can be
assumed to be associated with disease progression, however, it is
evident that more studies are required to understand the impact
of this phenomenon.

The effect of combining array-CGH with IGH rearrangement
i-FISH
In this study, the use of array-CGH increased the aberration detec-
tion rate (248) significantly in contrast with i-FISH (70) and
GTG-analysis (14) alone. Upon combining the IGH rearrangement
i-FISH results with the array-CGH results the detection rate
improved (257) and added significant prognostic information.
However, while array-CGH is a superior screening method for the
identification of copy number changes in PCDs, IGH rearrange-
ment i-FISH is still needed to provide prognostic information.

When comparing the sensitivity of i-FISH to array-CGH, only
three aberrations were not detected by array-CGH. These were
relatively close to the 20% cut-off value (21–28%). This may be
explained by the scoring of single cells while excluding clumps of
cells by i-FISH; on the other hand, the DNA from clumps of cells
and singular cells were tested on the microarray. This slight differ-
ence in cell population may have changed the ratio of normal to
abnormal clonal populations enough to mask the aberrations
present on the microarray. The introduction of single-nucleotide
polymorphism (SNP)-microarrays may overcome some of the sen-
sitivity problems uncovered here, as low mosaic array-CGH calls
may be confirmed by SNP calls. They will also provide informa-
tion on copy-neutral genomic loss of heterozygositiy, which may
be of prognostic importance.16 25

We show that array-CGH significantly improves the detection
of clinically relevant and possibly novel genomic abnormalities
in PCD, and thus could be considered as a diagnostic technique
in combination with IGH rearrangement i-FISH. However,
further prospective studies analysing the prognostic significance
of these array-CGH findings are needed.

Take home messages

▸ Comparative genomic hybridisation (CGH) arrays are a useful
and superior screening method for the identification of copy
number changes in plasma cell dyscrasia in a clinical setting.

▸ However, due to the prognostic significance of IGH(14q32)
rearrangements, it is highly recommended that array-CGH be
complemented with IGH translocation FISH.

▸ Array-CGH has significantly increased the ability to decipher
the complex myeloma genome.

Acknowledgements The authors thank Kerry Fagan for her support for this
project.

Collaborators Nadine K Berry; Nicole L Bain; Anoop K Enjeti; Philip Rowlings.

Contributors Study concepts: NKB, NLB, AKE and PR. Study design: NKB, NLB,
AKE and PR. Data acquisition: NKB, NLB, AKE and PR. Quality control of data and
algorithms: NKB, NLB, AKE and PR. Data analysis and interpretation: NKB and NLB.
Statistical analysis: NKB. Manuscript preparation: NKB, NLB, AKE and PR.

68 Berry NK, et al. J Clin Pathol 2014;67:66–69. doi:10.1136/jclinpath-2013-201691

Original article



Manuscript editing: NKB, NLB, AKE and PR. Manuscript review: NKB, NLB, AKE
and PR.

Competing interests None.

Ethics approval Ethical approval was obtained from the Hunter New England
Human Research Ethics Committee (Reference No: 10/07/21/5.07 (SSA Reference
No: SSA/10/HNE/158—JHH) John Hunter Hospital, NSW, Australia).

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement An additional cohort of 10 patients was tested to
provide information regarding the effectiveness of the CD138 plasma cell enrichment
process. The results yielded >90% plasma cell purity as detected by flow cytometry
in all 10 cases. This is stated in the methodology text and all data is available upon
an email request to the corresponding author: Nadine Berry nadine.berry@
hnehealth.nsw.gov.au.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 3.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/3.0/

REFERENCES
1 Swerdlow SH, Campo E, et al, eds. WHO Classification of Tumours of

Haematopoietic and Lymphoid Tissues. 4th edn, Lyon: IARC, I.A.f.R.o.C., 2008.
2 Heim S, Mitelman F. Cancer cytogenetics: chromosomal and molecular genetic

aberrations of tumor cells. 3rd edn. Hoboken, New Jersey: John Wiley & Sons, Inc.,
2009.

3 Mikhael JR, Dingli D, Roy V, et al. Management of newly diagnosed
symptomatic multiple myeloma: updated Mayo Stratification of Myeloma and
Risk-Adapted Therapy (mSMART) Consensus Guidelines 2013. Mayo Clin Proc
2013;88:360–76.

4 Bergsagel PL, Mateos Ma-V, et al. Improving overall survival and overcoming
adverse prognosis in the treatment of cytogenetically high-risk multiple myeloma.
Blood 2013;121:884–92.

5 Paiva B, Gutierrez NC, Rosinol L, et al. High-risk cytogenetics and persistent
minimal residual disease by multiparameter flow cytometry predict unsustained
complete response after autologous stem cell transplantation in multiple myeloma.
Blood 2012;119:687–91.

6 Nahi H, Sutlu T, Jansson M, et al. Clinical impact of chromosomal aberrations in
multiple myeloma. J Intern Med 2011;269:137–47.

7 Bird JM, Owen RG, et al. Guidelines for the diagnosis and management of multiple
myeloma 2011. Br J Haematol 2011;154:32–75.

8 Munshi NC, Anderson KC, et al. Guidelines for risk stratification in multiple
myeloma: report of the International Myeloma Workshop Consensus Panel 2. Blood
2011;117:4696–700.

9 Shaffer LG, McGowan-Jordan J, et al. ISCN (2013): An International System for
Human Cytogenetic Nomenclature; S.Karger, Basel 2013.

10 Ross F, Avet-Loiseau H, et al. Report from the european myeloma network on
interphase FISHin multiple myeloma and related disorders. Haematologica
2012;97:1272–77.

11 Dewald GW, Kyle RA, et al. The clinical significance of cytogenetic studies in 100
patients with multiple myeloma, plasma cell leukemia, or amyloidosis. Blood
1985;66:380–90.

12 Sawyer JR, Waldron JA, Jagannath S, et al. Cytogenetic findings in 200 patients
with multiple myeloma. Cancer Genet Cytogenet 1995;82:41–9.

13 Calasanz MJ, Cigudosa JC, et al. Cytogenetic analysis of 280 patients with multiple
myeloma and related disorders: primary breakpoints and clinical correlations. Genes
Chromosomes Cancer 1997;18:84–93.

14 Tricot G, Barlogie B, et al. Poor prognosis in multiple myeloma is associated only
with partial or complete deletions of chromosome 13 or abnormalities involving 11q
and not with other karyotype abnormalities. Blood 1995;86:4250–6.

15 Minarik J, Scudla V, Ordeltova M, et al. Combined measurement of plasma cell
proliferative and apoptotic index in multiple myeloma defines patients with good
and poor prognosis. Leuk Res 2011;35:44–8.

16 Sawyer JR. The prognostic significance of cytogenetics and molecular profiling in
multiple myeloma. Cancer Genet 2011;204:3–12.

17 Lai J, Zandecki M, et al. Improved cytogenetics in multiple myeloma: a study of 151
patients including 117 patients at diagnosis. Blood 1995;85:2490–7.

18 Tan D, Teoh G, Lau LC, et al. An abnormal nonhyperdiploid karyotype is a
significant adverse prognostic factor for multiple myeloma in the bortezomib era.
Am J Hematol 2010;85:752–6.

19 Li JT, Chang NB, et al. [The cytogenetic and molecular genetic study of 81 multiple
myeloma patients]. Zhonghua Nei Ke Za Zhi 2011;50:1039–42.

20 Rajkumar SV. Multiple myeloma: 2011 update on diagnosis, risk-stratification, and
management. Am J Hematol 2011;86:57–65.

21 International Myeloma Working Group Molecular Classification of Multiple
Myeloma. 2011 [cited 2013; 18 Apr 2013]. http://myeloma.org/ArticlePage.action?
tabId=0&menuId=0&articleId=3069&aTab=-1&gParentType=nugget&gParentId=
18&parentIndexPageId=284

22 Munshi NC, Anderson KC, Bergsagel PL, et al. Consensus recommendations for risk
stratification in multiple myeloma: report of the International Myeloma Workshop
Consensus Panel 2. Blood 2011;117:4696–700.

23 Fonseca R, Bergsagel PL, Drach J, et al. International Myeloma Working Group molecular
classification of multiple myeloma: spotlight review. Leukemia 2009;23:2210–21.

24 Walker BA, Wardell CP, Chiecchio L, et al. Aberrant global methylation patterns
affect the molecular pathogenesis and prognosis of multiple myeloma. Blood
2011;117:553–62.

25 Walker BA, Leone PE, Chiecchio L, et al. A compendium of myeloma-associated
chromosomal copy number abnormalities and their prognostic value. Blood
2010;116:e56–65.

26 Zhan F, Hardin J, et al. Global gene expression profiling of multiple myeloma,
monoclonal gammopathy of undetermined significance, and normal bone marrow
plasma cells. Blood 2002;99:1745–57.

27 Avet-Loiseau H, Li C, Magrangeas F, et al. Prognostic significance of copy-number
alterations in multiple myeloma. J Clin Oncol 2009;27:4585–90.

28 Magrangeas F, Avet-Loiseau H, Munshi NC, et al. Chromothripsis identifies a rare
and aggressive entity among newly diagnosed multiple myeloma patients. Blood
2011;118:675–8.

29 Righolt C, Mai S. Shattered and stitched chromosomes—chromothripsis and
chromoanasynthesis—manifestations of a new chromosome crisis? Genes
Chromosomes Cancer 2012;51:975–81.

30 Korbel JO, Campbell PJ. Criteria for inference of chromothripsis in cancer genomes.
Cell 2013;152:1226–36.

31 Crasta K, Ganem NJ, Dagher R, et al. DNA breaks and chromosome pulverization
from errors in mitosis. Nature 2012;482:53–8.

32 Forment JV, Kaidi A, Jackson SP. Chromothripsis and cancer: causes and consequences
of chromosome shattering. Nat Rev Cancer 2012;12:663–70.

33 Wyatt AW, Collins CC. In brief: chromothripsis and cancer. J Pathol 2013;231:1–3.

Berry NK, et al. J Clin Pathol 2014;67:66–69. doi:10.1136/jclinpath-2013-201691 69

Original article

nadine.berry@hnehealth.nsw.gov.au
nadine.berry@hnehealth.nsw.gov.au
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://myeloma.org/ArticlePage.action?tabId=0&amp;menuId=0&amp;articleId=3069&amp;aTab=-1&amp;gParentType=nugget&amp;gParentId=18&amp;parentIndexPageId=284
http://myeloma.org/ArticlePage.action?tabId=0&amp;menuId=0&amp;articleId=3069&amp;aTab=-1&amp;gParentType=nugget&amp;gParentId=18&amp;parentIndexPageId=284
http://myeloma.org/ArticlePage.action?tabId=0&amp;menuId=0&amp;articleId=3069&amp;aTab=-1&amp;gParentType=nugget&amp;gParentId=18&amp;parentIndexPageId=284
http://myeloma.org/ArticlePage.action?tabId=0&amp;menuId=0&amp;articleId=3069&amp;aTab=-1&amp;gParentType=nugget&amp;gParentId=18&amp;parentIndexPageId=284

