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Abstract

In studies of patients with multiple myeloma (MM), gene expression profiling (GEP) of myeloma

cells demonstrates substantially higher expression of MMSET, FGFR3, CCND3, CCND1, MAF,

and MAFB—the partner genes of 14q32 translocations—than GEP of plasma cells from healthy

individuals. Interphase fluorescent in situ hybridization (FISH) was used to discriminate between

chromosomal translocations involving different regions of the immunoglobulin heavy chain (IGH)

genes at 14q32. With special probes designed for the constant region (IGHC) and the variable

region (IGHV), IGH translocations were shown to be definite, non-random chromosomal fusions

of IGHC with the loci of FGFR3, CCND1, CCND3, MAF, and MAFB genes; and IGHV with the

locus of MMSET gene. When correlated with GEP results, the IGH translocations were found to

drive expression levels of the partner genes to significantly higher levels (spikes) than copy-

number variations. Hence, 42% of IGH translocations were identified among newly diagnosed

MM patients (448/1,060). As GEP has become essential for assessing cancer risk, this novel

approach is highly consistent with the cytogenetic features of the chromosomal translocations to

effectively stratify molecular subgroups of MM on the basis of gene expression profiles of the

IGH translocation partner genes in myeloma cells.
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Introduction

Multiple myeloma (MM) is a clonal expansion of malignant plasma cells in the bone

marrow. Myeloma plasma cells are terminally differentiated B cells, but genetic mutations

arise throughout disease progression (Kuehl et al., 2002). A number of different cytogenetic

aberrations have been reported, some of which signify a poor prognosis for patients (Liang

et al., 1979; Dewald et al., 1985; Tricot et al., 1995, 1997; Seong et al., 1998; Moreau et al.,

2002; Fonseca et al., 2004). The common structural aberrations are translocations of the
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immunoglobulin heavy chain (IGH) region at 14q32 with a number of different partner

chromosomes. The partner genes involved in these translocations are Wolf-Hirschhorn

syndrome candidate 1 (WHSC1, also known as MMSET), fibroblast growth factor receptor 3

(FGFR3) on chromosome 4p16, cyclin D3 (CCND3) on 6p21, cyclin D1 (CCND1) on

11q13; V-maf musculoaponeurotic fibrosarcoma oncogene homolog (MAF) on 16q23, and

MAF homolog B (MAFB) on 20q12. Translocations of 14q32 are observed in approximately

40% of patients with MM (Liang et al., 1979; Dewald et al. 1985; Gould et al. 1988; Seto et

al., 1992; Bergsagel et al., 1996, 2001). Three IGH translocations are considered high-risk

cytogenetic aberrations; these are t(4;14), t(14;16), and t(14;20) (Chesi et al., 1998a,b;

Santra et al., 2003; Boersma-Vreugdenhil et al., 2004; Hurt et al., 2004; Ross et al., 2010;

Kalff et al., 2012). Such cytogenetic aberrations affect oncogenes recombined into the IGH

region and may lead to increased gene transcription and downstream networks that promote

tumor cell proliferation and drug resistance (Joy Ho et al., 2002; Sawyer, 2011; Kalff et al.,

2012).

Gene expression profiling (GEP) has become an efficient tool for assessing risk factors on

the basis of global mRNA expression signatures in cancer cells (Simon, 2006). Spiked

expression of the 14q32 translocation partner genes juxtaposed to the IGH region,

presumably reflecting translocations (Kassambara et al., 2012), has been used to categorize

myeloma into molecular subtypes with prognostic implications (Zhan et al., 2006).

However, high expression of these genes may also reflect copy-number variations. To

accurately define the gene expression thresholds that are reflective of translocation as

opposed to variation in gene copy numbers, we correlated each of FISH-defined IGH

translocations with the GEP signal intensities of the specific partner-gene probe sets. Our

results provide a single gene-based algorithm, determined by GEP signal as a predictor of

IGH translocations, for molecularly classifying MM patients.

Materials and Methods

Patient Materials

Bone marrow aspirates were obtained from healthy donors and from patients with MM at

diagnosis and during follow-up visits to the Myeloma Institute for Research and Therapy at

the University of Arkansas for Medical Sciences (UAMS). GEP and cytogenetic analyses

were performed on the bone marrow specimens (Tricot et al., 1997; Zhan et al., 2006), and

slides were also prepared for interphase fluorescent in situ hybridization (FISH) analysis.

The study was approved by the Institutional Review Board of UAMS. Informed consents

were obtained in accordance with the Declaration of Helsinki and are kept on record.

Preparation of DNA Probes for FISH

FISH probes were generated from specific DNA templates for IGHC, IGHV, and the six

translocation partner genes (MMSET, FGFR3, CCND1, CCND3, MAF, and MAFB) that

were carried by the bacterial artificial chromosome (BAC) or P1 artificial chromosome

(PAC) cloning system. A small radiolabeled (32P) DNA probe was designed to screen BAC

and PAC libraries (BACPAC Resources Center, Oakland, CA). The gene-specific

BAC/PAC clones, ranging from 150 to 240 kb, were purchased (BACPAC Resources
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Center). The chromosomal locations were verified with gene-specific PCR and nucleotide

sequencing methods (Table 1). The BAC/PAC DNA templates were labeled in nick-

translation reactions to incorporate green or red fluorochrome-conjugated dUTP (Abbott

Molecular, Des Plaines, IL) into the probes. Human placental DNA and herring sperm DNA

were added to block repetitive DNA sequences. All probes were validated by FISH on

normal metaphase chromosomes at the Cytogenetics Laboratory at UAMS and on healthy

donor interphase plasma cells. To protect the intellectual property, all BAC/PAC clone IDs

are protected by the U.S. Patent and Trademark Office under Provisional Application No.

61/726,327. Nevertheless, the fluorochrome-labeled, ready-to-use, DNA probes and probe

sets are currently available upon requests, please contact the corresponding author.

Interphase FISH Protocol

Density gradient centrifugation (Lymphocyte Separation Medium, density 1.077 g/mL;

Mediatech Inc., Manassas, VA) was used to remove erythrocytes from bone marrow

aspirates. Each spot on the slides was prepared with 105 leukocytes by centrifugation

(CytoSpin; Thermo Scientific, Pittsburg, PA) and then fixed in 100% ethanol, baked at 37°C

overnight, and stored at –20°C condition. Cytoplasmic immunoglobulin (cIg) light-chain

restriction was determined with anti-human kappa- or lambda-chain antibody (Vector

Laboratories, Burlingame, CA). Unstained bone marrow cells were permeabilized in 90%

formamide/2× saline-sodium citrate (SSC) buffer prior to hybridization. Two sets of probe

combinations were applied to each sample: IGHC or IGHV (green) mixed with a partner-

gene probe (red). The reaction was set at a denaturing temperature of 75°C (15 minutes) and

an annealing temperature of 42°C (overnight), and then continued with

immunocytochemistry steps to distinguish plasma cells with cIg isotype-specific antibody

labeled with 7-amino-4-methylcoumarin-3-acetic acid (AMCA, blue). IGH translocations

were identified as a yellow signal that resulted from the juxtaposition of a green IGHC or

IGHV probe with a red partner-gene probe (Figure 1). Fifty myeloma cells that were positive

for the kappa or lambda cIg isotype were scored per FISH. A universal cutoff of 20% (mean

+ 2*SD; Cremer et al., 2005) was applied to identify significant cytogenetic aberrations of

chromosomal translocations.

GEP Procedure and Data Analyses

GEP was performed as previously described (Zhan et al., 2006) with the Affymetrix

U133Plus2.0 microarray (Affymetrix, Santa Clara, CA). The MAS5 algorithm was used to

normalize the expression profiling data. GEP data for the patients enrolled in the Total

Therapy 2 (TT2) and Total Therapy 3 (TT3) protocols can be found in the NIH GEO

omnibus (accession number GSE2658) and the European Bioinformatics Institute (EBI)

ArrayExpress repository (accession number E-TABM-1138).

Assessment of IGH Translocations in the Training Set

With two sets of IGHC or IGHV probes mix, the bone marrow specimens were examined

with cIg-guided interphase FISH. In the training set, 268 samples of patients with newly

diagnosed MM (July 2008 to April 2012) were organized in a decremental order based on

GEP values of the translocation-partner genes corresponding to the specific probe sets on the
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Affymetrix U133Plus2.0 microarray (Table 2). The selection of probe set was based on the

best match of oligo sequences on the microarrays aligning with mRNA of a partner gene. To

substantiate GEP values of the partner genes associated with 14q32 translocations, groups of

samples with the highest expression levels (n≥10), intermediate levels (n≥10), and the

lowest levels (n≥10) were screened with FISH; all samples in the training set with GEP

intensity of a partner gene above 800 were subjected to the FISH study of IGHC or IGHV

fusions. If the GEP values of a specimen indicated simultaneous expression spikes of

multiple partner genes over the arbitrary thresholds (Zhan et al., 2006), FISH was performed

with the specific probe sets for each of the translocations. Receiver Operating Characteristic

(ROC) analysis was used to select an optimal threshold of expression value that

discriminates the GEP spikes correlated with the visible evidence of the chromosomal

translocations from the copy-number variations. FISH was performed on additional samples

with expression spikes to validate the ROC threshold of each IGH translocation. The

identified thresholds of 14q32 translocation–induced expression spikes in a training set were

further tested in a set of 791 baseline samples of newly diagnosed patients (March 1998 –

June 2008) in TT2 and TT3.

Results

GEP Values Are Highly Predictive of 14q32 Translocations

GEP of myeloma cells showed that expression values of MMSET, FGFR3, CCND1,

CCND3, MAF, and MAFB genes were as much as 1,500-fold higher than in plasma cells of

healthy individuals (Table 2). FISH and GEP data were combined to investigate expression

spikes (Zhan et al., 2006; Kassambara et al., 2012) induced by IGH translocations. The ROC

thresholds classify GEP values that are above the optimal cutoff as IGH translocations were

detected by FISH, and GEP values below the cutoff as copy-number variations or infrequent

recombination by FISH. The ROC curves showed significant accuracy and sensitivity at the

selected cutoff for each IGH translocation by additional FISH analyses (Table 2).

Of the patients in the training set, 113 of 268 (42.2%) had GEP values above the optimal

cutoffs and also IGH translocations visible with FISH (Table 3). When the equivalent ROC

cutoffs were applied to the test set, 335 of 792 TT2 and TT3 patients (42.3%) had IGH

translocations according to the GEP results. The proportions of predicted chromosomal

translocations were similar to those of the training set (Table 3). Collectively, 448 of 1,060

MM samples (42.3%) had significantly spiked GEP values of MMSET [representing

t(4;14)], CCND1, CCND3, MAF, and MAFB above FISH-defined 14q32 translocation

thresholds. Among patients at diagnosis, t(11;14), t(4;14), and t(14;16) were the most

frequent chromosomal translocations in the training set and the test set of MM (Table 3).

14q32 Translocations Were Non-random and Mutually Exclusive Events

In FISH experiments, an IGHC or an IGHV probe was individually paired with each specific

partner gene probe to examine the corresponding chromosomal translocations and copy-

number variations in myeloma cells. FISH results showed that 14q32 translocations of

IGHC or IGHV with their partner genes were non-random recombination events. The t(4;14)

translocations were mostly balanced reciprocal fusions of IGHC with FGFR3 and IGHV
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with MMSET (Figure 2). In MM, IGHC–FGFR3 events were always associated with IGHV–

MMSET events (Figure 2Ba-b); in contrast, 33% of IGHV–MMSET events were not

associated with IGHC–FGFR3 events (Figure 2Bc-d). The translocations t(11;14), t(6;14),

t(14;16), and t(14;20) were essentially the unbalanced fusions of IGHC with one of the

partner genes; IGHV fusion with these partner genes was a rare event.

FISH also detected changes in gene copy numbers for IGH and partner genes (Figures 1 and

3). Expression levels of the partner genes were rarely related to somatic copy-number

changes or to IGHV fusions with FGFR3, CCND1, CCND3, MAF, or MAFB genes. When

GEP indicated simultaneously elevated expression of multiple partner genes, it was usually

due to the co-existence of an IGH translocation-induced spike of a partner gene and copy-

number variations related expression of the other partner genes whose levels were below

FISH-defined thresholds of IGH translocation (Figures 1 and 3). Heterogeneous myeloma

clones were present in a few cases; however, IGH translocations were mutually exclusive:

one event per distinct clone.

Discussion

Because of their design, commercially available FISH probes for 14q32 translocations are

unable to resolve the precise fusions of IGHC and IGHV with their corresponding partner

genes. We developed a series of probes that definitively map to IGHC, IGHV, and each of

their partner genes (Table 1). Using DNA templates homologous to the target loci, we were

able to unambiguously scrutinize fusions between each IGH segment (C or V) and one of

the partner genes (Table 2). Our studies systematically explored all the possible genomic

fusions of IGHC and IGHV with each of their partner chromosomes. We clearly

demonstrated the evidence of that t(4;14) is essentially the IGHV region (from the 14q

telomere) juxtaposed with MMSET at 4p16; and in the reciprocal exchange, FGFR3 (from

4p16) is recombined with the IGHC at 14q32 (Figure 1, 2). These results are in line with the

hypothesis that t(4;14) results in MMSET on der(4) and FGFR3 on der(14) (Bergsagel et al.,

1996; Joy Ho, 2002; Kuehl et al., 2002). Moreover, as the maximum value of the MMSET

signal determined by GEP was 4.5-fold lower than that of FGFR3 (Table 2), our FISH

analysis demonstrated that the orientation of the genes involved in t(4;14) is crucial to

transcriptional regulation of the partner genes. The non-random chromosomal fusions of

t(4;14) as reported here (Figure 2A) lend mechanistic support to the finding of bicistronic

transcripts of 5′-IGHV–MMSET-3′ in primary myeloma cells and myeloma cell lines

harboring t(4;14) as reported in our previous publication (Santra et al., 2003). Our current

study further verified that IGHC–FGFR3 recombination aligned the genes with an

orientation of downstream IGHC toward the 3′-end of FGFR3 located in tandem at the 14q

telomere (Figure 2); unlike IGHV–MMSET fusion, no fused 5′-IGHC–FGFR3-3′ mRNA

should be produced. IGHC translocations, rather than random genomic recombination, were

also involved in the other IGH translocations, as our FISH studies revealed that almost all

t(6;14), t(11;14), t(14;16) and t(14;20) occurred between IGHC and a partner gene.

The GEP values indicated that IGH translocation-induced MMSET, FGFR3, CCND3,

CCND1, MAF, and MAFB spikes were substantially higher than the expression levels of

these genes in healthy plasma cells (Table 2). In previous reports, arbitrary cutoffs of GEP
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values of these partner genes were used to assign molecular subgroups representing IGH

translocation-related over-expression (Zhan et al., 2006; Kassambara et al., 2012). To

determine whether IGH translocations, but not copy-number variations, drive the partner

genes to distinct expression levels, we scrutinized the training set of myeloma cells using

FISH with multiple sets of probes for IGHC and IGHV (on 14q32) combined with the

partner genes on chromosomes 4, 6, 11, 16, and 20. Our study not only revealed the precise

fusions of the constant region of IGH with the partner genes FGFR3, CCND1, CCND3,

MAF, and MAFB—in contrast to the fusion of IGHV with MMSET—but also defined the

thresholds that differentiate the gene expression levels of the partner genes driven by IGH

translocations but not by copy-number variations suggesting the translocations are mutually

exclusive: one event per distinct clone. The results also suggest that the constant region of

IGH is a significantly more potent driver of expression upon genomic fusion. We believe

that the enhancers in this region constitutively promote transcription of upstream genes in

significantly greater quantities (Zaller et al., 1985; Cogné et al., 1994) than the promoter

function of IGHV that activates downstream MMSET. In longitudinal follow-up samples,

IGHC-induced expression spikes of FGFR3, CCND1, CCND3, MAF, and MAFB on GEP at

diagnosis were consistently maintained at levels above the thresholds of 14q32

translocation, whereas high expression levels induced by copy-number variation were below

the translocation-driven threshold, and could be transient.

The cutoff point for each translocation-induced expression spike in the training set was

determined by comparing FISH and GEP analyses performed on the same specimens, and

was validated in a test set of MM samples. The results showed that IGH translocations

occurred with similar frequencies in both sets of patients (Table 3). Of 1,060 newly

diagnosed patients, 42% had 14q32 translocation-associated overexpression of partner genes

by GEP. The frequency of GEP-predicted IGH translocations is consistent with the

frequency of IGH translocations in MM determined by FISH reported by other investigators

(Lai et al., 1995; Taniwaki et al., 1996; Avet-Loiseau et al., 1999; Kuehl et al., 2002). This

suggests that GEP is an accurate and compatible tool for cIg-guided FISH with combined

probes of IGHC or IGHV and partners gene for the manual examination of bone marrow

specimens for IGH translocations in MM.
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Figure 1.
Interphase FISH of a bone marrow specimen of a patient with MM demonstrates reciprocal

chromosomal translocations of t(4;14) that recombined FGFR3 with IGHC (a) and MMSET

with IGHV (e) in myeloma cells with a cytoplasmic immunoglobulin (cIg) light-chain

restriction (lambda). Random t(4;14) was not observed (b, d). The GEP values of FGFR3

(40,928), MMSET (8,688), and MAF (3,772) were above the baseline expression levels of

healthy plasma cells. FISH-elucidated t(4;14) co-existed with a gain of MAF gene copy

numbers (5×) (c, f). White bars = 2 μm (100× magnification).
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Figure 2.
(A) diagram shows the chromosomal translocations of 4p16 and 14q32 that occur as the

IGHV region (red) is juxtaposed with MMSET (black) at 4p16 (der4); the reciprocal

exchange, FGFR3 (open circle) recombines with IGHC (green) at 14q32 (der14). The

orientations of gene sequences (5′– 3′) are indicated by the arrows. Yellow bands represent

chromosomal fusions. (B) FISH with the probe combinations for t(4;14) to examine

metaphase chromosomes of a MM patients whose CD138+ PCs′ MMSET (7,113.0) and

FGFR3 (17,524.2) expressions by GEP were above the threshold of IGH translocations
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demonstrates reciprocal fusions of IGHV/MMSET(a) and IGHC/FGFR3 (b); and FISH

detected unbalanced t(4;14) in a human myeloma cell line (XG7) with IGHV/MMSET fusion

(c) induced MMSET expression (3,309.2) above the threshold, but without a fusion of IGHC

and FGFR3 that resulted in low FGFR3 expression at 44.7 (d) by GEP.
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Figure 3.
In the training set of t(4;14) and t(14;16), patient samples were examined with the following

FISH probe combinations: IGHC–MMSET, IGHV–MMSET, IGHC–FGFR3, IHGV–FGFR3,

IGHC–MAF, and IHGV–MAF. IGHC and IGHV signals are indicated by open circles (○) in

the columns to the left and right, respectively, of the columns for MMSET, FGFR3, or MAF

signals, which are indicated by filled circles (●). FISH-identified chromosomal

translocations between IGHV and MMMSET, IGHC and FGFR3 (§§), or IGHC/MAF are

shown as half-filled circles (◑). All boxed numbers indicate FISH-confirmed IGH

translocations with a partner gene whose expression also spiked above the threshold in GEP.

The samples that GEP values were below the thresholds of IGH translocations were partially

displayed.(→) and the highlighted rows indicate the case of reciprocal t(4;14) with both

MMSET and FGFR3 expressions above the thresholds by GEP and copy number increase of

MAF determined by the interphase FISH showing in Figure 1.
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Table 1
DNA probes used in FISH analyses

BAC/PAC Probes Gene Cytogenetic Bands Chromosomal Locations (Mba) Length of Inserts (kbb)

IGHC 14q32 106.08–106.32 240

IGHV 14q32 106.69–106.84 150

MMSET 4p16 1.86–2.06 190

FGFR3 4p16 1.59–1.79 190

CCND3 6p21 41.80–41.97 170

CCND1 11q13 69.15–69.37 220

MAF 16q23 80.63–80.80 170

MAFB 20q12 39.19–39.34 155

a
Mb, mega-basepairs from the p-arm telomere.

b
kb, kilo-basepairs.
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Table 3
14q32 Translocation events in multiple myeloma

Translocations Events per Training-set Population (n=268) (%) Events per Test-set Population (n=792) (%)

IGHV–MMSET
t(4;14)(p16;q32) 40 (14.9%) 118 (14.9%)

IGHC–FGFR3

t(4;14)(p16;q32)a
27 (10.1%) 77 (10.0%)

IGHC–CCND3
t(6;14)(p21;q32) 9 (3.4%) 11 (1.4%)

IGHC–CCND1
t(11;14)(q13;q32) 52 (19.4%) 157 (19.8%)

IGHC–MAF
t(14;16)(q32;q23) 9 (3.4%) 35 (4.4%)

IGHC–MAFB
t(14;20)(q32;q12) 3 (1.1%) 14 (1.8%)

Total 113 (42.2%) 335 (42.3%)

a
Chromosomal translocation events of FGFR3 with IGH were always associated with the events of MMSET with IGH in 67% of MM patients who

were defined as t(4;14); in the current study, overall t(4;14) translocation events were represented by MMSET translocations alone.
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