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ABSTRACT

Multiple myeloma (MM) is one of the plasma cell-
related hematological malignancies exceeding 10.0% of all 
marrow cells, and they make a paraprotein that is a marker 
of the disease. Myeloma is one of the most common types 
of hematological malignancies in humans. Genetic bio-
markers have been used for prognostic markers in patients 
diagnosed with MM. The genetic and genomic changes 
have been identified using karyotyping, fluorescent in situ 
hybridization (FISH), next generation sequencing (NGS), 
specifically whole-genome sequencing or exome sequenc-
ing. Circulatory plasma cells, circulating free DNA (cfD-
NA) and microRNAs (miRNAs) comprised in liquid biopsy 
are potentially used in diagnosis/prognosis of MM. In this 
study, we analyzed and compared results of karyo-typing, 
FISH and NGS in 35 MM cases. Diagnostic strategies are 
expanding rapidly and newly developed NGS-based testing 
may help the understanding of the complexities of genetic 
alterations in karyotypically normal cases.

Keywords: Cytogenetics; Fluorescent in situ hy-
bridization (FISH); Multiple myeloma; Next generation 
sequencing (NGS).

INTRODUCTION

Multiple myeloma (MM) originates from the neo-
plastic transformation and proliferation of B-cells [1]. 
Multiple myeloma is a kind of plasma cell malignancy 
that is characterized by the accumulation of clonal plasma 

cells in the bone marrow [2]. Monoclonal gammopathy 
of undetermined significance (MGUS) is a heterogeneous 
disorder that starts with premalign stage and progresses to 
bone destruction, suppression of bone marrow function and 
renal failure [3,4]. Identification of cytogenetic abnormali-
ties and development of novel prognostic biomarkers are 
the important cornerstones of MM in recent years [2,5].

The genetic background of MM is complex and con-
tains several translocations [6]. Conventional cytogenetic 
analysis should be included in the initial diagnostic tests 
for patients suspected of carrying MM. Cytogenetic ab-
normalities have a prognostic significance in MM, and 
approximately 30.0-50.0% of cases demonstrate abnormal 
karyotypes, and abnormality frequency is also decreased 
in newly diagnosed patients. Cytogenetic analysis can 
provide useful prognostic information but particularly low 
spontaneous proliferative activity of tumor cells in the 
early stage of the disease is considered to be an important 
limiting factor [7]. Interpretation of abnormal metaphase 
cells may be difficult due to the poor quality of metaphase 
spreads and chromosomal morphologies, and this situation 
prevents identification of critical chromosomal changes 
in MM patients [8]. These limitations have been partially 
overcome using molecular cytogenetic techniques such as 
fluorescence in situ hybridization (FISH) and comparative 
genomic hybridization (CGH) [2]. The important point of 
FISH analysis is target specificity and CGH is not suitable 
for identification of balanced abnormalities [7].

Currently, in standard usage, conventional chromo-
some analysis, targeted FISH panels, and single nucleo-
tide polymorphism (SNP) microarrays, are used to detect 
chromosome translocations and gains and losses in MM. 
Moreover, the development of next generation sequencing 
(NGS) expanded our knowledge of MM biology, identify-
ing new and recurrent driver abnormalities such as single 
nucleotide variants (SNVs) and deletions [6]. In this study, 
we aimed to provide a comparison of both conventional 
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cytogenetic/FISH results and NGS in Turkish patients who 
have been newly diagnosed to carry MM.

MATERIALS AND METHODS

The present study includes 35 patients (17 males and 
18 females) from April 2018 to December 2019. Written 
informed consent was obtained from all subjects after a full 
explanation of the study protocol, which was approved by the 
Ethics Committee of the Faculty of Medicine, Trakya Uni-
versity, Erdine, Turkey, and conducted in accordance with the 
ethics principles established by the Declaration of Helsinki.

Cytogenetic Evaluation. Cytogenetics studies were 
carried out either on bone marrow or peripheral blood of 
patients. Diagnoses were based on the International My-
eloma Working Group (IMWG) definition of MM [5]. The 
morphology of patient bone marrow specimens confirmed 
a myeloma in all cases.

Chromosomal analysis was performed on cultured 
bone marrow samples using a standard G-banding tech-
nique. At least 20 metaphase spreads were analyzed and 
results were reported according to the International System 
for Human Cytogenetic Nomenclature (2016) [9].

Fluorescent In Situ Hybridization Analysis. In or-
der to analyze molecular cytogenetic abnormalities, inter 
phase FISH was applied to non dividing cells, according 
to the manufacturer’s instructions (Cytocell, Cambridge, 

Cambridgeshire, UK). The list of analyzed loci is as fol-
lows: IGH/FGFR3 Dual Fusion (DF) Probe (Cytocell) for 
(4;14) (p16.3; q32.33); IGH/MAF DF Probe (Cytocell) 
for t(14;16) (q32.33; q23.1); IGH/CCND1/MYEOV DF 
Probe (Cytocell) for t(11;14)(q13;q32.33); 13q14.3 Dual 
Color Probe (Cytocell) for del(13q14); P53 (TP53) Dual 
Color Probe (Cytocell) for del(17p13); ATM Dual Color 
Probe (Cytocell) for del(11q22.3).

The evaluation of FISH signals was performed using 
a fluorescence microscope (Axio Imager, M1; Carl Zeiss, 
Göttingen, Germany) with the software Cytovision 3.6 
(Leica Biosystems Inc., Buffalo Grove, IL, USA). At least 
200 inter phase nuclei were analyzed for each slide.

Next Generation Sequencing. Next generation se-
quencing technology allows millions of sequence read-
ings to be processed in parallel; this makes it an excel-
lent tool for identification of low-rate clonality detection. 
In fact, this technology is used not only to cover large 
genomic regions, but also for ultra-deep sequencing of 
small genomic regions, so it can be used for assessment 
of clonal rearrangements of MM-related markers such as 
the immunoglobulin heavy chain locus (IgH) gene [10].

DNA was isolated from bone marrow (QIAamp DNA 
Blood Mini Kit; Qiagen GmbH, Hilden, Germany) and 
quantified using a Qubit fluorometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Multiple myeloma specific 
target genes were selected as shown in Table 1. Myeloid 

Table 1. List of diseases and genes covered in the next generation sequencing analysis.

Disease Genes Covered
Acute lymphoblastic leukemia (ALL) ASXL2, ATM, BRAF, CALR, CDKN2A, CREBBP, CRLF2, CSF3R, CTCF, DNM2, 

EGFR, EP300, FBXW7, GATA2, HNRNPK, HRAS, IKZF3, IL7R, KDM6A, KDR, 
KMT2C, LRRC4, MAP2K1, MLH1, MSH2, MSH6, NOTCH1 NTRK3, PAX5, 
PDGFRA, PMS2, PRAMEF2, PTEN, RELN, SMARCB1

Acute myeloid leukemia (AML) ANKRD26, ASXL1, ATM, BCOR, BCORL1, BIRC3, BRAF, C17orf97, CALR, 
CARD11, CBLC, CDKN2A, CEBPA, CHEK2, CREBBP, CSF1R, CSF3R, CTCF, 
DAXX, DDX41, DNM2, DNMT1, ELANE, EP300, FLRT2, FLT3, GATA1, GATA2, 
HNRNPK, IDH1, IDH2, IKZF1, IL7R, JAK1, JAK3, KDM6A, KDR, KIT (CD117), 
KMT2A, KMT2C, KRAS, LRRC4, MAP2K1, MPL, MSH6, MYC, NBN, NOTCH1, 
NPM1, NRAS, NSD1, NTRK3, OR13H1, OR8B12, P2RY2, PCDHB1, PDGFRA, 
PHF6, PRAMEF2, PRPF8, PTEN, PTPN11, RAD21, RUNX1 (AML1), SF1, SF3A1, 
SMARCB1, SMC1A (SMC1L1), SMC3, SRP72, SRSF2, STAG2, STXBP2, U2AF1, 
U2AF2, WT1

Chronic lymphocytic leukemia (CLL) ADA, BIRC3, BLM, BRAF, CALR, CHEK2, CSF3R, KCNA4, KLHL6, KMT2C, 
MAP2K1, NBN, NPAT, NTRK3, OR13H1, OR8B12, PRAMEF2, SRP72, TAL1, TERT, 
TUBA3C, WAS, WRN

Chronic myeloid leukemia (CML) ABL1, CALR, CDKN2A, CEBPA, CREBBP, CSF1R, CSF3R, FBXW7, GATA2, 
KDM6A, MSH2, MSH6, RB1, SMC1A (SMC1L1), TP53

Chronic myelomonocytic leukemia (CMML) CALR, CEBPA, CSF1R, CSF3R, HRAS, KMT2C, LUC7L2, SRSF2
Chronic neutrophilic leukemia (CNL) CALR, CSF3R
Multiple myeloma (MM) ATM, BCL6, BCR, BIRC3, BRAF, CDKN2A, CEBPA, EGFR, FBXW7, GJB3, HRAS, 

KDM6A, MYC, NOTCH1, PTEN, SH2D1A, SMARCB1
Myelodysplastic syndromes (MDS) ATRX, CALR, CDKN2A, CEBPA, CSF1R, CSF3R, EP300, ETNK1, GNAS, HRAS, 

KDM6A, KMT2A, KMT2C, RAD21, RB1, SETBP1, SF1, SF3A1, SMC3, SRSF2, 
STAG2, U2AF1, U2AF2, XPO1, ZRSR2
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Panel QIAseq Targeted DNA Panel (Qiagen GmbH) was 
used to be able to enrich genes and construct libraries for 
NGS analysis for 141 genes that are commonly mutated in 
MM. This panel covers exonic regions of genes and ±5-10 
bases of exon/intron boundaries. The panel was designed 
to cover genes based on library fragments of 250 bp pro-
duced from high-quality DNA samples (Table 1). Amplified 
targets were sequenced on the NextSeq (Illumina Inc., San 
Diego, CA, USA) sequencer according to the manufac-
turer’s protocol for paired-end sequencing.

The ingenuity variant analysis (IVA) program was 
used for data analysis and quality assessment of SNVs, 
short insertions and deletions. Multiple databases were 
consulted when performing variant analysis of patients 
[American College of Medical Genetics and Genomics 
(ACMG) (www.acmg.net), Bethesda, MD, USA [11]; 
COSMIC (https://cancer.sanger.ac.uk/cosmic); HGMD 
(www.hgmd.cf.ac.uk.ac.index.php); ClinVar (www.ncbi. 
nlm.nih.gov.clinvar/); Uniprot (www.uniprot.org/); Genom 
AD (https//gnomad.broadinstitute.org/); Varsome (https://
varsome.com); Franklin (https://flanklin.genoox. com/clin-
ical-db/home)]. Amplicons were considered as dropout and 
excluded from analysis if the coverage at any analyzed 
position in any of the two-paired end sequences (minimal 
coverage) was <80 reads. Validity of somatic mutations 
was checked against publicly accessible databases. Vari-
ants detected at a coverage of >100 ×, with allele frequency 
>5.0% were included for subsequent investigation. Known 
hotspots or clinically actionable variants detected below 
these thresholds were verified using orthogonal methods 
such as Sanger sequencing.

RESULTS

Thirty-five patients with MM were studied. Con-
ventional cytogenetic analysis failed in 10 (28.0%) out 
of 35 patients. Twenty-five (71.4%) out of the 35 MM 
patients were reported to have a normal karyotype. In or-
der to identify trisomies/monosomies, del13 and 17p13.1, 
and trans-locations involving the immunoglobulin heavy 
chain locus (IgH) and immunoglobulin λ-light chain locus 
(IgL-λ), FISH was performed. Abnormal FISH results 
were revealed in eight (22.8%) out of 35 cases (Table 2).

In our series, 18 patients were female and 17 were 
male (sex ratio 1:1). The ages of patients ranged from 35 
to 84 years at diagnosis, with a median age of 65. The 
frequency of molecular cytogenetic abnormalities and mo-
lecular variations in patients with abnormal FISH/NGS 
results are summarized in Table 3.

Next generation sequencing analysis was applied to 
all cases and pathogenic or likely pathogenic variations 
were detected in six out of the 25 cytogenetically normal 

cases. Additionally, a pathological variant was identified 
in five out of eight cases who had abnormal FISH results. 
Variants of unknown significance (VUS) were identified 
in 10 cases and the sex ratio was detected as 1.3 (F:M, 
13/10) in all of the abnormal cases.

DISCUSSION

Genetic abnormalities hold an important place to 
be able to risk stratification and the risk adapted treat-
ment strategies in MM [5,12]. Conventional cytogenetics, 
FISH or microarray-based technologies are still golden 
standard for identification of genetic abnormalities in MM 
[10]. Even though conventional cytogenetic analysis is 
an efficient approach, providing information about whole 
chromosome status within a single experiment [13], but a 
low mitotic index of plasma cells is the major problem of 
MM cases which directly affects conventional cytogenetic 
studies. In our study, conventional cytogenetic analysis 
was successfully performed in 71.4% (25/35) of samples. 
The rate of outcome with conventional cytogenetics in MM 
patients varies between 29.5 and 64.0% in the literature 
[14,15]. Our success rate was higher than the previously 
described range even without using a specific stimulant 
for plasma cells.

The identification of the cryptic translocations is an 
important component of testing strategies in MM. There-
fore, FISH is a suitable technique for evaluation of these 
diagnostic and prognostic cryptic translocations in MM. 
Despite the advantages and disadvantages of all of these 
techniques, we performed all of them in this study and we 

Table 2. Frequencies of genetic abnormalities in patients  
who were evaluated with conventional cytogenetic/ fluorescent 
in situ hybridization and next generation sequencing.

Cytogenetic Abnormalities n (%)
No metaphase 10 (28.00)
Normal karyotype 25 (71.40)
FISH Abnormalities
–13/del(13q)   3 (8.57)
–17/del(17p)   2 (5.71)
t(11;14)(q13;q32)/IgH-CCND1   2 (5.71)
t(4;14)(p16;q32)/IgH-FGFR3   2 (5.71)
t(14;16)(p32;q23)/IgH-MAF –
Chromosome 1 amplification (CKS1B/CDKNC gene)   4 (11.42)
NGS Results
Pathogenic variations 10 (28.57)
Likely pathogenic variations   3 (8.57)
Variants of unknown significance (VUS) 11 (31.42)

n: number; FISH: fluorescent in situ hybridization;  
NGS: next generation sequencing.
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obtained different results from these techniques. Although 
karyotyping is still the golden standard for hematologi-
cal malignancies, the results are not always beneficial for 
clinical usage due to the limitations of the chromosomal 
resolution. Fluorescent in situ hybridization is one of the 
user-friendly and low-cost tests for prevention of resolu-
tion limit of MM cases. High accuracy results are obtained 
with frequent translocations (those accompanying the IgH 
locus and others) and probes used specifically for deletion/
amplifications. However, FISH does not always allow low 
clonal cell detection for minimal residual disease (MRD). 
The other problem is that FISH probes are less sensitive 
for detecting unbalanced translocations, and another tech-
nical problem is adjusting of the cutoffs for various FISH 
probes. In some laboratories, cutoffs are described on a 
regular basis and adjust them as a >3 SD [13]. However, it 
is not clear if these abnormalities have the same prognostic 
significance when present at low levels at diagnosis. In both 
instances, it is important to understand the limitations of 
the FISH assay when interpreting and reporting the results. 
Despite its pros and cons, FISH and karyotyping are still 

the golden standard for diagnosis and follow-up of the dis-
ease. Since 2016, several publications have been reported 
related with NGS usage in MM. Published studies focused 
on sequencing of the patients’ exome during the time of 
diagnostic reading and relapse. These studies also confirm 
the molecular heterogeneity of MM. The KRAS and NRAS 
genes (approximately 25.0 and 20.0% of patients, respec-
tively) are the most frequently mutated genes in MM. The 
prognostic information of these mutations is still limited. 
Until now, detrimental prognostic value of mutations has 
only been shown for TP53 mutations (observed in 6.0-8.0% 
of patients) and other rare mutations (present in <3.0% of 
the patients) may affect the outcome of the disorder [10].

Next generation sequence testing is suitable during the 
low plasma cell percentage in the blood or bone marrow. 
Next generation sequencing is very useful in the case of low 
mitotic index, which cannot give permission for classical 
methods to be able to identify the abnormalities. The major 
limitation of NGS is not being used for covering broad 
genomic regions and the ultra-deep sequencing of small 
genomic regions, but it is applicable for detection of the 

Table 3. Comparison of next generation sequencing and fluorescent in situ hybridization/karyotype results.
Sex-Age
(years) Pathogenic Variations FISH Abnormalities Cytogenetic

Evaluation
M-70 NRAS: c.181C>A normal 46,XY
F-74 NRAS: c.183A>T CDKN2C; CKS1B×3; IgH/FGFR3+ –
M-41 normal D13S25; 13qter; RB1×1; CKS1B×3; IgH/FGFR3+ 46,XY
F-67 NRAS: c.181C>A CKS1B; CCND1; P53; CEP17×3 46,XX
M-58 DNMT3A: c.2645G>A normal 46,XY
M-74 normal CKS1B×4 46,XY

M-61 SF3B1: c.1866G>T
TP53: c.818G>A

VUS
CBLB: c.1472A>G RB1; D13S25×1 46,XY

M-68 TNFRSF13B: c.310T>C normal –
F-71 TET2: c.3543_3544delCT P53×1 46,XX
M-69 ATM: c.2250+2T>A RB1; D13S25×1 46,XY
F-67 normal CCND1×3; CKS1B×4 –

M-64 ASXL1: c.1141G>T likely pathogenic
FLT3: c.2678C>T normal 46,XY

F-70 KRAS: c.183A>C normal –
F-76 TERT: c.2035T>G normal –

F-63 VUS
AKAP13: c.7265G>A normal –

F-52 MYD88: c.815G>A normal –
F-66 CBLB: c.2434G>A normal 46,XX
F-67 BLM: c.2237C>T normal 46,XX

F-58 CBLB: c.1927A>G
CSF3R: c.355G>A normal 46,XX

F-49 SF3A1: c.458T>C normal 46,XX
M-84 SF3B1: c.422A>G normal –
M-50 ASXL1: c.143G>T normal 46,XY
F-72 MPL: c.1481T>G normal 46,XX

FISH: fluorescent in situ hybridization; M: male; F: female.
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MM-associated clonal rearrangements of the IgH genes that 
are molecular markers for MRD evaluation. The complex 
nature of the MM-related genes makes them a target for 
the NGS approach. In this study, we identified pathologi-
cal variations in six cases that were reported normal using 
conventional techniques. This showed us that the efficiency 
of FISH and karyotype analyses are limited, and showed the 
diagnostic and prognostic importance of NGS panels with 
frequent variants in the myeloid series. Next generation 
sequencing assays should be used in clinical practice due 
to the sensitivity of 10–6 or because they are evaluated with 
higher sensitivity and less expensive than other technologies 
such as digital polymerase chain reaction (ddPCR) [6,10].

As a result, technological developments are important 
in the classification of MM at the molecular level. It is in-
evitable to perform both traditional cytogenetic and FISH 
applications to reveal new recurrent specific chromosomal 
abnormalities or other genetic abnormalities in MM pa-
tients. Technologies such as NGS are an emergency tool 
to determine the heterogeneous nature of the disease and 
to determine the true clinical stage of the disease.
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