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Purpose: We designed a comprehensive multiple myeloma (MM) targeted sequencing panel 

to identify common genomic abnormalities in a single assay and validated it against known 

standards.

Experimental Design: The panel comprised 228 genes/exons for mutations, 6 regions for 

translocations, and 56 regions for copy number abnormalities (CNAs). Toward panel validation, 

targeted sequencing was conducted on 233 patient samples and further validated using clinical 

fluorescence in situ hybridization (FISH) (translocations), multiplex ligation probe analysis 

(MLPA) (CNAs), whole genome sequencing (WGS) (CNAs, mutations, translocations) or droplet 

digital PCR (ddPCR) of known standards (mutations).

Results: Canonical IgH translocations were detected in 43.2% of patients by sequencing, and 

aligned with FISH except for one patient. CNAs determined by sequencing and MLPA for 22 

regions were comparable in 103 samples and concordance between platforms was R2=0.969. VAFs 

for 74 mutations were compared between sequencing and ddPCR with concordance of R2=0.9849.

Conclusions: In summary, we have developed a targeted sequencing panel that is as robust 

or superior to FISH and WGS. This molecular panel is cost effective, comprehensive, clinically 

actionable and can be routinely deployed to assist risk stratification at diagnosis or post-treatment 

to guide sequencing of therapies.

Introduction

While personalized medicine in multiple myeloma (MM) is still in its infancy,(1–11) next 

generation sequencing (NGS) technologies have proven useful in identifying mutations, 

gene expression differences, and other key genetic events in MM(12–17) (such as 

translocations and copy number abnormalities [CNAs]) but so far their clinical utility 

has been limited.(18) Despite efforts to use genomics to improve identification of high-

risk MM patients, the detection of key translocations and CNA by fluorescence in situ 
hybridization (FISH) remains the standard in the clinic. Although FISH is the most 

frequently used technique across clinical diagnostic laboratories, there is a vast difference 

in the methodologies used including whether or not CD138+ cell selection is performed, 

regions of the genome probed, and limited interrogation of IgH locus rearrangements.(19)

Other technologies, such as copy number arrays,(20) and multiplex ligation-dependent probe 

amplification (MLPA)(21) have also been used diagnostically to detect CNAs such as 

del(CDKN2C) on 1p, del(TP53) on 17p, and gain/amplification of CKS1B on 1q, which 

are associated with poor outcome. Together, the high-risk IgH translocations and del(TP53) 

are used to stratify high-risk patients according to the revised-ISS (R-ISS) criteria.(22,23) 

The addition of 1q gain or amplification, and TP53 mutation have also been used to further 

stratify patients as high-risk.(24,25) MYC rearrangements are associated with poor outcome 

in MM but the presence of the rearrangements is not easy to detect, due to the complexity of 

rearrangements and the high number of partner loci.(26,27) FISH can be used to detect the 

t(8;14) IgH-MYC rearrangement, but this only accounts for a minority of the cases.(27,28) 

A more unbiased methodology is required to detect all possible rearrangements.

Recently, additional high-risk markers have been reported, including biallelic alterations 

in TP53 or DIS3, arising from deletion or mutation of the remaining allele.(25,29–32) 
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Newer patient segments such as MGP Double-Hit and Mayo clinic double or triple hit MM 

identify patients with significant adverse prognosis (21,24,25) but their assessment is not 

wide spread due to lack of availability of diagnostic tests.

Genomic risk stratification may also be extended to asymptomatic disease states of 

monoclonal gammopathy of undetermined significance and smoldering MM (SMM). We 

and others have shown that IgH translocations, mutations in NRAS, KRAS and FAM46C, as 

well as MYC translocations or abnormalities at 8q24 can define a high-risk group of SMM 

patients who are likely to progress to MM quickly, independent of current International 

Myeloma Working Group (IMWG) risk factors.(33–35)

Here, we describe a comprehensive, cost-effective, hybridization capture-based, NGS assay 

panel for targeted sequencing of recurrently mutated key genes in newly diagnosed and 

relapsed MM, genomic regions of CNA, translocations involving immunoglobulin heavy 

and light chain loci, and MYC translocations. Previous versions of this panel have 

been used extensively in the research setting.(1,26,27,29,30,33,36–39) We evaluated the 

current expanded and updated panel on 233 patient samples and extensively validated 

results using multiple comparative assays. A complete guidance document from laboratory 

methodology, capture design, bioinformatic pipeline, and analysis visualization tool has 

been made publicly available for others to utilize. The assay technology was transferred 

to a clinical diagnostic laboratory and its performance was compared to existing clinical 

diagnostic data. This newly developed, highly validated assay and platform enables rapid 

and reliable detection of patients with high-risk or therapeutically-targetable biomarkers and 

has the potential to guide risk-adapted treatment selection and sequencing as a personalized 

medicine strategy. Finally, we propose an engagement with the MM community to consider 

available molecular profiling approaches including this panel to adopt an actionable strategy 

for diagnosis and treatment of MM patients.

Methods

Patients and Samples

Patient material was obtained after written informed consent in accordance with the 

U.S. Common Rule and were approved by the Institutional Review Board. CD138+ 

plasma cells were magnetically-sorted from bone marrow aspirates using the AutoMACS 

Pro (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) or RoboSep (STEMCELL 

Technologies, Vancouver, Canada). The post-selection plasma cell purity was determined by 

flow cytometry using anti-CD45-ECD (Beckman Coulter), anti-CD138 (Becton Dickinson) 

and only samples with >85% purity were used in this study. DNA was isolated from 

CD138+ plasma cells using the AllPrep DNA/RNA or Puregene kits (Qiagen, Hilden, 

Germany). DNA from peripheral blood, saliva, or CD34+ stem cells was isolated and used 

as a matched non-tumor control where available. For 39 samples, the CD138- fraction was 

used as the control sample. All DNA were eluted in low EDTA buffer.
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Panel Design

Based on the findings of the Myeloma Genome Project (MGP)(1) and other MM genome 

sequencing studies,(2–4,7,8,17,40,41) prognostically and biologically relevant genes and 

genomic regions were identified (Supplementary Figure 1). By utilizing this information two 

capture panels were designed: one for common MM translocations, and another for mutation 

and CNA information (Supplementary Tables 1–3). The mutation and CNA probe set covers 

~1.19 Mb of the genome. Probes capture exonic regions (including flanking 10 base pairs) 

of 228 key MM genes for mutation detection. An additional 471 SNPs were captured to aid 

in copy number variation detection either within or surrounding key genes or in other areas 

of the genome. For example, in addition to the 10 exons captured for TP53, an extra 40 

SNPs around TP53 were included in the design for increased sensitivity to detect loss of the 

region. These SNPs were chosen with a population minor allele frequency >0.35, and the 

change in B allele frequency between control and tumor samples was used in combination 

with read depth ratio to infer both deletions and gains. To avoid hybridization artifacts and 

low depth problems SNPs in GC-rich regions were excluded. For the mutation panel, 4785 

total regions were captured.

The translocation panel covers about 4.32 Mb of the genome. Tiling capture probes were 

designed to cover the V, D and J segments as well as the entire constant region to identify 

Ig translocations. To detect MYC translocations and rearrangements, tiling probes were 

designed upstream and downstream of MYC (from NSMCE2 to GSDMC). Some sequences 

were omitted due to mappability problems in repetitive regions which prevent sequence-

specific probe design, meaning that the capture regions are not contiguous. The specifics 

of the captured region can be found in the annotation files at github.com/bwalker2/Targeted-

Panel-Analysis.

For both the mutation and translocation panels, the probes were empirically balanced by 

testing on a set of eight saliva DNA samples using the HyperCap (KAPA Biosystems) 

reagents. Any over- or under- capture of regions on the panels were balanced out by 

modifying the amounts of probes for each region until a roughly uniform coverage of the 

regions of interest was observed. The catalog numbers of the mutation and translocation 

panels (v2.1) are IRN 1000008523 and IRN 1000008533 (KAPA Biosystems), respectively. 

Future updates to panel designs will be documented at github.com/bwalker2.

Samples were processed using HyperCap reagents as described in Supplementary Methods 

and validated accordingly (Supplementary Figure 2–10). Libraries were sequenced using 75 

bp paired end reads, to a mean total depth of 344x (mutation panel 867x, translocation panel 

252x).

Targeted Panel Data analysis

For all samples the same informatics pipeline was used. bcl2fastq was used for 

demultiplexing and BWA mem (v. 0.7.12) for alignment to UCSC’s (GRCh37/hg19) human 

reference genome. Strelka (v.2.9.2) was used for variant calling and single nucleotide 

variants (SNVs) were filtered using fpfilter (https://github.com/ckandoth/variant-filter) with 

a 5% variant allele frequency (VAF) cut-off. Indels were filtered using a 10% VAF cut-off. 
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Variants were annotated using Variant Effect Predictor (v.101). To determine copy number, a 

normalized depth comparison between tumor and control samples was used and segments of 

SNP variance were utilized to identify regions of chromosomal deletion and gain. A Python 

library and command-line software toolkit, CNVKit (v 0.9.7) was used for copy number 

calling pipeline. QC metrics were calculated using Picard’s (v 2.10.0) ‘CollectHsMetrics’ 

command. Intra- and inter-chromosomal rearrangements were called using Manta (v1.6.0) 

with default settings and the exome flag specified. An SQLite database was generated using 

somatic variants by Strelka2, structural variants by Manta, copy number depth metrics by 

CNVKit and QC metrics by Picard. Data were visualized using a custom built “RShiny” 

application, TarPan(42) showing the mutations, translocations, copy number, QC metrics 

and cross-sample contamination estimations. In TarPan, copy number can be manually 

normalized based on the ratio and SNP allele calls using the best fitting chromosomes 

with the least variance (usually chromosome 2 or 10). A full pipeline is available at https://

github.com/bwalker2/Targeted-Panel-Analysis.

Orthogonal Technologies for Validation

Orthogonal technologies were used to validate the results of the panel, including FISH, 

MLPA, and WGS. Details are provided in Supplementary Methods.

Data Availability

The analytical methods generated in this study are available at https://github.com/bwalker2/

Targeted-Panel-Analysis. Data have been submitted to the European Genome-Phenome 

Archive under accession numbers EGAD00001008689 and EGAD00001008735.

Results

Detection of Key Prognostic Markers and Risk Stratification of Patients

The targeted capture panel was tested on 233 samples from 190 patients with SMM (n=9), 

MM (n=221, of which 138 were newly diagnosed (NDMM)) and plasma cell leukemia 

(PCL) (n=3). Mutations, translocations and CNAs were determined using a standard 

computational pipeline. In agreement with previous studies, we identified key mutations 

including KRAS (25%), NRAS (15%), DIS3 (12%), FAM46C (5%), BRAF (11%), and 

TP53 (12%). The frequency of 63 previously identified driver genes from MGP(1) in our 

dataset are shown in Figure 1, along with identified key cytogenetic groups and CNAs. 

Notably, with the exception of SAMHD1, all other driver gene mutations were detected. 

Thus, the current panel is able to detect most of the driver genes identified thus far in 

NDMM, including in 6 genes commonly mutated in relapse refractory MM [Ansari-Pour, 

unpublished].

Poor prognostic CNA markers in MM include del1p (CDKN2C), gain/amp 1q (CKS1B), 

and del17p (TP53). In this dataset, deletion of CDKN2C was identified in 30 samples 

(12.8%) including homozygous deletion in 7 samples. Copy number neutral loss of 

heterozygosity (CNN-LOH) was detected in an additional 5 samples. There was no 

significant difference in frequency of deletion of CDKN2C among the disease states. 

Gain (3 copies) or amplification (4+ copies) of 1q (CKS1B) was detected in 81 samples 
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(34.8%), of which 11 were amplifications. Gain/amp 1q was detected in 62.5% SMM, 

31.9% NDMM, 33.7% previously treated MM, and 66.6% PCL with no significant 

difference between groups. Deletion of TP53 was detected in 36 samples (15.5%), including 

homozygous deletion in 6 samples. CNN-LOH was detected in an additional 6 samples. 

There was a significant increase in frequency of TP53 deletion between NDMM and 

previously treated MM (P=0.026), 11.6% versus 22.9%.

We applied genomic risk stratification criteria to the samples, exploring MGP Double-Hit, 

biallelic TP53, and Mayo clinic risk classification (Figure 1), which requires TP53 mutation 

status in addition to deletion.(24,25) MGP Double-Hit (biallelic TP53 abnormalities or 

gain 1q with ISS III) was applied to NDMM samples and identified 10.9% (15/138) of 

patients. Bi-allelic TP53 abnormalities were detected in 9.9% of samples, 9/138 (6.5%) were 

NDMM, 13/83 (15.7%) were previously treated, and 1/3 (33.3%) were PCL, and none in 

SMM. There was a significant increase in biallelic TP53 events from diagnosis to those 

previously treated (P=0.015).

The Mayo clinic risk classification, where t(4;14), t(14;16), t(14;20), gain 1q, del(17p), or 

mutation of TP53 are considered high-risk markers and are additive, was applied to all 

MM samples identifying 90/221 standard risk, 72/221 high-risk, 38/221 double hit, and 9 

triple hit MM. Of these, the split between NDMM and previously treated MM was 42.7% 

vs. 37.3% standard, 34.8% vs. 28.9% high, 15.2% vs. 20.4% double, and 0.7% vs. 9.6% 

triple hit. There was a significant increase in triple hit MM in previously treated patients 

(P=0.0011) and all but one of the triple hit patients had biallelic TP53 abnormalities.

Mutation Detection and Validation

Of the 233 samples, WGS mutation data were available for 113. For this analysis, WGS 

data were considered only for regions captured by the mutation panel and further filtered for 

those with a protein coding effect. There were 379 variants detected that passed filtering by 

both sequencing methods. A comparison of VAFs between sequencing methods showed a 

correlation of R2=0.9006 (Figure 2A).

Mutation detection validation was performed using samples with known VAF for common 

mutations. Five DNA standards (Horizon Discovery, Supplementary Table 4) were used 

which had mutations at frequencies from 1.3–40% VAF engineered into them in key genes 

important in cancer. The VAF of the DNA standards is commercially determined by ddPCR 

and can be used to show that the mutations are detected at the correct frequency and that 

the bioinformatics pipeline is able to annotate them correctly. From these five standards, 74 

mutations were assayed on the panel. The expected and observed VAF for each mutation 

were plotted giving a correlation coefficient of R2=0.9849, Figure 2B, indicating high 

concordance of results.

Copy Number Abnormality Validation

CNA was determined by targeted sequencing and by MLPA for 22 regions that were directly 

comparable. Initial validation of MLPA and sequencing was performed in a panel of 13 

MM cell lines. For all the 22 regions combined, a concordance of 99.61% was observed 

between MLPA and sequencing in the 13 cell lines (Figure 3A, Supplementary Table 5, 
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Supplementary Figure 4). In 101 patient samples the concordance between the technologies 

was R2=0.987 (Figure 3B). For the important prognostic regions, the concordance was 

R2=0.962 (CDKN2C), R2=0.986 (CKS1B), and R2=0.973 (TP53), Figure 3C–E.

We compared the copy number determination between WGS and panel sequencing methods 

for the common prognostic regions, CDKN2C, CKS1B, TP53 and RB1. (Supplementary 

Tables 6–10). At CDKN2C, a deletion (0 or 1 copies) was detected in 11/113 samples on the 

panel and matched with WGS data. For CKS1B, gain/amplification (≥3 copies) was detected 

in 46/113 samples, of which one was not detected by WGS. WGS did detect gain of CKS1B 
in one sample that was not detected by the panel. For RB1, deletion was detected in 55/113 

samples by the panel and agreed with WGS data. For TP53, deletions were detected in 

21/113 samples by both the panel and WGS. The sensitivity, specificity, positive predictive 

value (PPV), negative predictive value (NPV), and accuracy for each region are shown in 

Table 1. All PPVs and NPVs were above 95%.

By combining all the data from these four loci, the overall performance of the assay 

for CNA detection, compared to WGS, was calculated: sensitivity (99.25%), specificity 

(99.38%), PPV (98.52%), NPV (99.69%), and accuracy (99.34%).

Detection of Small Homozygous Deletions in CDKN2C, RB1, and TP53

To further explore the utility of the panel, we examined homozygous deletions of the key 

tumor suppressor genes, CDKN2C, RB1, and TP53, Figure 4. For CDKN2C, the panel 

detected homozygous deletions in 7/233 samples which ranged in size from 21.9–235.4 kb 

and affected both coding exons of the gene. Of these seven samples, four also had WGS and 

the homozygous deletions were detected only in 1/4.

For RB1, homozygous deletions were detected in 8/233 samples and ranged in size from 

3.5–105.3 kb. WGS was available for 4 /8, and a homozygous deletion was detected in one 

sample. The remaining three samples, where WGS did not detect the deletion, were from the 

same patient and the deletion was 18.6 kb. None of the homozygous deletions spanned the 

entire gene with most deleting several exons within the gene. As such, these deletions would 

be unlikely to be detected by FISH.

For TP53, six samples with a homozygous deletion were identified. Of these homozygous 

deletions, none covered the entire gene. The homozygous deletions ranged in size from 

6.1–56.8 kb. Three of the six samples also had WGS, of which only one detected the 

homozygous deletion. The deletions that were not detected by WGS were 6.1, 8.1, and 27.6 

kb in size. Given the small nature of all six homozygous deletions, they are unlikely to be 

detectable by FISH.

Translocation breakpoint detection and validation

In the 233 patient samples, canonical Ig translocations were detected in 47% of samples, 

encompassing t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20) in 13%, 4%, 25%, 3%, and 

2%, respectively. This is consistent with the expected frequencies of these translocations, 

with some enrichment of t(4;14) and t(11;14) due to sample selection bias. The distribution 
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of the translocation breakpoints at the IgH locus is shown in Figure 5 and it aligns with 

previously published data.(38)

116 samples had WGS data available to validate the capture panel results and to ensure that 

no translocations were missed. There was complete agreement between targeted panel and 

WGS calls for the canonical translocations: t(4;14) (n=19), t(6;14) (n=2), t(11;14) (n=46), 

t(14;16) (n=3), t(14;20) (n=1), and no translocation detected (n=45). As the results were 

completely consistent between the platforms the sensitivity, specificity, PPV, NPV, and 

accuracy were all 100% (Table 2).

Additionally, clinical FISH data was available for 92 samples. A total of 85 samples gave 

concordant results between technologies with translocations detected in 56 samples and not 

observed in 29 samples (Supplementary Table 11). FISH did not detect four translocations 

that were detected by targeted sequencing and WGS (one t(4;14), one t(14;20), and two 

t(11;14)), and in three additional samples a rearrangement at the IgH locus was detected by 

FISH but the partner chromosome was not identified (t(8;14), t(6;14), and t(11;14) detected 

by targeted panel and WGS). In one sample a variant t(4;14) was detected by FISH but not 

by targeted sequencing or WGS. Therefore, targeted sequencing only failed to detect one 

variant translocation that was detected by FISH but gave more information on six samples 

than was given by FISH highlighting the superiority of sequencing approach over FISH 

methods. The statistical comparisons between the targeted sequencing panel (and also WGS 

as they were identical) and FISH are shown in Table 2 and Supplementary Table 11.

In addition, since IgL rearrangements have been shown to be prognostic in MM,(43) we 

examined the detection of these between panel and WGS data. The panel detected IgL 

translocations in 10 samples, including the most common rearrangement IgL:MYC in eight 

of the samples. Of these 10 samples, seven also had WGS data and were confirmed by 

that method. WGS sequencing identified nine samples with translocations involving the IgL 

locus, of which seven were detected by the panel. Of the two discordant samples, one was 

a t(8;22) and was resolved with realignment to hg38. The other discordant sample had a 

complex event involving five chromosomes (chr 5, 7, 14, 19, and 22) by WGS, of which 

three of the breakpoints (chr 7, 14, and 19) were detected by the panel.

Novel translocation partners detected by targeted sequencing.

An advantage of capture panels is that novel events can also be detected. We have previously 

identified novel translocations to the Ig loci affecting partner proto-oncogenes.(39,44) In this 

study from185 samples, we identified novel Ig translocations in 20 samples (10.8%). The 

partner loci included some known oncogenes such as CCND2, KMT2B, PAX5, MYCN, 

MAP3K14, BCL2, and TNFAIP8, but also identified some potentially novel oncogenes such 

as UST, TNFSF12, DEFB1, and LRRK2. KMT2B is also frequently mutated indicating 

multiple mechanisms of disrupting the gene in oncogenesis. The prognostic significance of 

these infrequent translocation partners is difficult to ascertain, but they may lead to better 

understanding of disease biology through identification of new driver genes.
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MYC rearrangements and copy number abnormalities

We previously performed a comprehensive analysis of MYC translocations and CNAs in 

MM using an identical panel design.(27) The location of MYC translocation breakpoints 

in this dataset are shown in Figure 5. The frequency of MYC translocations was 24.0% 

with 49.4% of samples having a CNA within 2 Mb of MYC, which we have shown can 

affect expression of MYC.(27) Many samples with a translocation also had CNAs and so the 

total frequency of samples with MYC abnormalities was 66.9.1% (156/233), Supplementary 

Figure 5.

Validation of MYC translocations detected by the panel against WGS data (n=116) showed 

agreement in 91.4% of samples (106/116). Of the discordant samples (n=10/116), MYC 
translocations were detected by the panel and not by WGS in 4 samples and were judged to 

be sub-clonal translocations with insufficient depth of coverage in the WGS. The remaining 

6 translocations that were only detected by WGS had been filtered out due to mapping 

quality issues with hg19 alignments and were resolved with re-alignment to hg38.

Comparison of MM Targeted Sequencing Panels

Several other MM targeted sequencing panels have been described and are summarized in 

Table 3.(13,14,45–47) Most of those panels could detect mutations, CNAs, and IgH locus 

rearrangements, however, they were not universally validated using orthogonal technologies. 

Of these, the Yellapantula et al.(47) panel is the most characterized with validation by FISH 

for translocations and SNP array for CNAs. One key aspect missing from the Yellapantula 

panel is that is only detects MYC abnormalities partnered with the IGH locus. The MGP 

panel also has the region surrounding MYC on 8q24 assayed, allowing for the detection 

of non-Ig partners which are more frequent than Ig partners. MYC rearrangements have 

been shown to be prognostic and associated with a shorter time to progression from 

SMM to symptomatic MM.(33,35,48) MGP is the only panel to be validated against 

WGS and show comparable identification of mutations, CNAs, and translocations between 

the methodologies. This comparison indicates that for those laboratories who cannot yet 

perform WGS on all MM samples diagnostically, the MGP panel is a viable, cost effective, 

and accurate alternative to generate prognostically meaningful data.

Discussion

WGS of patient samples is increasingly popular in research laboratories and can also 

be utilized for clinical diagnostics.(18) However, the cost, processing time, and high 

through-put computational expertise required to analyze data can be prohibitive for 

smaller non-academic centers. We have developed and validated a sequencing panel 

that is relevant to prognosis, risk stratification, and treatment of MM patients and have 

described an end-to-end protocol for laboratory and bioinformatic processing of samples 

and data visualization. This panel has been utilized, in different forms, for the analysis of 

SMM, NDMM, previously treated MM, and PCL patient samples.(1,25,27,29,30,33,36,49) 

Although not yet extensively used in RRMM, the assay contains regions of interest for 

this setting, including the p53 pathway (TP53, ATM, ATR), PRDM1, and CRBN.(41,50) 

Other common abnormalities can also be detected including exonic deletions of KDM6A, 
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deletion of FGFR3 in t(4;14) samples, and deletions of negative regulators of the NF-κB 

pathway, BIRC2/3, TRAF2/3, and CYLD, as well as NIK (MAP3K14) rearrangements 

(Supplementary Figures 6–9).(51–53) We have formally validated the data generated here 

against WGS, MLPA, clinical FISH, and mutation standards for translocations, copy 

number, and mutation identification. In addition, the low input amount of genomic DNA 

(100 ng) used here allows for the profiling of samples with low disease burden where there 

are few cells to analyze. We have also successfully performed the assay with only 50 ng of 

DNA without loss of performance.

For translocation detection we report 100% concordance with WGS data, confirming that 

WGS is not required for accurate detection of these structural events in MM. Further, 

this assay can be utilized for the detection of translocations in other B cell malignancies. 

Additionally, we show that MYC structural alterations (inter-chromosomal translocations, 

CNAs) can be detected with this assay. The breadth and complexity of MYC abnormalities 

have resulted in the under-estimation of this locus by FISH, where only 10–15% of NDMM 

samples have the abnormality, whereas targeted sequencing and WGS identifies up to 50% 

of patients with an abnormality.(27,54)

CNAs were validated against WGS and MLPA, which has been used in clinical trials.(21) 

Compared to MLPA, the panel showed a correlation of R2=0.987 and compared to WGS the 

sensitivity and specificity, were 94.89% and 99.68%, respectively. The main advantage for 

the panel against WGS was in the detection of small homozygous deletions, where multiple 

algorithms were required to detect all homozygous deletions in the WGS data. The number 

of individually analyzed probes in exons and surrounding SNPs in the panel gave more 

confidence in detecting these small events.

Other targeted panels have been described for the examination of MM patient samples,

(14,47,55) but none has been used as extensively or is as exhaustive as the MGP Panel 

encompassing the three main drivers of MM: mutations, CNAs, and translocations (Table 

3). We have used the translocation part of the panel as a bolt-on for exome studies,(37) 

before incorporating it into a targeted design, which has now been used in over 550 tumor 

samples. Previously described targeted panels were not robustly tested nor cross-validated 

across platforms and laboratories. We have demonstrated the performance of our targeted 

panel against multiple well-established methods including ddPCR, MLPA, FISH, and WGS. 

We also provide a complete workflow including a graphical user interface(42) that can be 

adopted in any laboratory and modified to suit their needs.

The MGP Panel has been adopted for retrospective analysis of clinical trial samples (Kwee 

Young, personal communication) and for use in clinical care. Our goal is to broadly share 

this panel with the MM community to improve opportunities and parity across academic and 

community centers to quickly and easily identify patients with high-risk disease or targetable 

genetic mutations. Despite several efforts to construct a genomics-based molecular profiling 

platform in MM, this approach has not been broadly adopted in clinical care nor for 

improved risk stratification of patients. We encourage the MM community (guided by 

organizations such as IMWG and IMS) to seriously consider a thorough examination of the 
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different methods and potentially build consensus around adoption of a molecular-profiling 

strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Here we provide a validated panel for targeted sequencing and analysis of myeloma 

and other plasma cell dyscrasias to identify the common genomic abnormalities that are 

diagnostic, prognostic, and clinically actionable. This panel can identify the common 

immunoglobulin translocations and copy number abnormalities currently detected by 

FISH, as well as less common translocations, MYC rearrangements, and mutations that 

are not currently tested for in a standard manner. We hope that adoption of a common 

sequencing panel will improve patient diagnostics and can be used to assist in risk 

stratification at diagnosis or post-treatment to guide therapeutic decision making.
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Figure 1. 
Frequency of mutations in 63 key driver genes, translocations, hyperdiploidy, and key copy 

number abnormalities detected by targeted sequencing. Risk stratification of patients was 

determined from genomic and biochemical makers.
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Figure 2. 
Validation of mutation VAF against matched WGS data A and DNA standards B.
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Figure 3. 
Validation of copy number against MLPA. Copy number ratio (log2) was determined for 13 

MM cell lines by targeted panel sequencing and MLPA A. Comparison of copy number ratio 

for MM 101 patient samples for 22 common regions B, with emphasis on regions associated 

with poor prognosis including CDKN2C C, CKS1B D, and TP53 E.
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Figure 4. 
Detection of homozygous deletions in the key tumor suppressor genes CDKN2C, RB1, and 

TP53. Samples with homozygous deletions plotted at the CDKN2C A, RB1 B, or TP53 C 
loci. Black bars indicate homozygous deletion events in samples. Gene/exon locations are 

shown below each plot and vertical lines indicate capture regions on the panel.
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Figure 5. 
Translocation breakpoints. A IGH@ locus breakpoints broken down by partner 

chromosome. V regions not shown for clarity. Captured regions extend to each V region. 

B MYC region breakpoints broken down by Ig, non-Ig common (FOXO3, TXNDC5, 

FAM46C), and other partners. A kernel density plot shows the two main translocation 

hotspots centromeric of MYC and telomeric of PVT1.
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Table 1.

Detection rates of copy number abnormalities by targeted panel compared to WGS.

Gene Sensitivity
(95% CI range)

Specificity
(95% CI range)

PPV
(95% CI range)

NPV
(95% CI range)

Accuracy
(95% CI range)

CDKN2C 100%
(71.51–100%)

100%
(96.45–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

CKS1B 97.87%
(88.71–99.95%)

98.55%
(92.19–99.96%)

97.87%
(86.97–99.69%)

98.55%
(90.72–99.79%)

98.28%
(93.91–99.79%)

RB1 100%
(93.51–100%)

100%
(93.84–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

TP53 100%
(83.89–100%)

98.91%
(94.09–99.97%)

95.45%
(74–94-99.33%)

100%
(N/A%)

99.12%
(95.17–99.98%)

ALL regions 99.25%
(95.91–99.98%)

99.38%
(97.77–99.92%)

98.52%
(94.35–99.62%)

99.69%
(97.84–99.96%)

99.34%
(98.09–99.86%)
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Table 2.

Detection rates of IGH translocations by targeted panel compared to WGS and FISH.

Sensitivity
(95% CI range)

Specificity
(95% CI range)

PPV
(95% CI range)

NPV
(95% CI range)

Accuracy
(95% CI range)

t(11;14) WGS 100%
(92.13–100%)

100%
(94.72–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

FISH 100%
(90–100%)

94.57%
(85.38–98.9%)

92.11%
(79.5–97.23%)

100%
(N/A)

96.74%
(90.77–99.32)

t(4;14) WGS 100%
(81.47–100%)

100%
(96.19–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

FISH 94.12%
(71.31–99.85%)

98.67%
(92.79–99.97%)

94.12%
(69.47–99.12%)

98.67%
(91.7–99.80%)

97.83%
(92.37–99.74%)

t(6;14) WGS 100%
(15.81–100%)

100%
(96.73–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

FISH N/A 98.91%
(94.09–99.97%)

N/A 100%
(N/A)

N/A

t(14;16) WGS 100%
(29.24–100%)

100%
(96.7–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

FISH 100%
(29.24–100%)

100%
(95.94–100%)

100%
(N/A)

100%
(N/A)

100%
(96.07–100%)

t(14;20) WGS 100%
(2.5–100%)

100%
(96.76–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

FISH N/A 98.91%
(94.09–99.97%)

N/A 100%
(N/A)

N/A

ALL regions WGS 100%
(94.79–100%)

100%
(91.96–100%)

100%
(N/A)

100%
(N/A)

100%
(96.79–100%)

FISH 94.92%
(85.85–98.94%)

87.88%
(71.8–96.6%)

93.33%
(84.79–97.23%)

90.63%
(76.11–96.7%)

92.39%
(84.95–96.89%)
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