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Abstract

Multiple myeloma is characterized by chromosomal abnormalities and genetic varia-

tion,whichmay informprognosis and guide treatment. This pilot study sought to exam-

ine the feasibility of incorporating Whole Genome Sequencing (WGS) alongside the

routine laboratory evaluation of 14 patients with newly diagnosed multiple myeloma

who had enrolled in the 100,000 Genomes Project. In all 14 cases, WGS data could be

obtained in a timely fashion within existing clinical frameworks in a tertiary hospital

setting. The data not only replicated standard-of-care FISH analysis of chromosomal

abnormalities but also provided further chromosomal and molecular genetic insights

that may influence patient management.

1 INTRODUCTION

Multiple myeloma (MM) is caused by the malignant proliferation of

plasma cells. Complex karyotypes that comprise both numerical and

structural chromosomal abnormalities are found almost universally

in MM. Hyperdiploid cases are driven by numerical gains of chromo-

somes, whereas in non-hyperdiploid cases, the majority of cells carry

oncogenic translocations with some chromosomal losses [1]. Detec-

tion of these abnormalities by Fluorescent in situ Hybridization (FISH)

informsprognostication inmyeloma [2] andperhaps therapeutic choice

[3]. Furthermore, there are frequent mutations in individual genes

that have been identified through whole genome sequencing (WGS)

of malignant plasma cells [4]. The presence of the mutated genes may

be used for prognostication, the detection of measurable residual dis-

ease (MRD), and even to indicate specific therapies [5]. The 100,000

Genome Project led by Genomics England aimed to develop a platform
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that permits the integration of massively parallel WGS data into clini-

cal practice [6]. The aim of our study was to describe the feasibility and

utility of delivering such detailed data into current practice and

begin to validate the structural genomic abnormalities identified by

standard-of-care FISH analysis.

2 METHODS

Fourteen patients with newly diagnosed multiple myeloma consented

forWGSatOxfordUniversityHospitalsNHSTrust between June2017

and April 2018. Plasma cells were selected by MACS® magnetic bead

CD138+ cell enrichment from surplus bone marrow aspirate at diag-

nosis. GenomicDNAwas extracted locally to aminimumyield of 0.5 μg.
Germline samples were derived from peripheral blood that was taken

simultaneouslywith bonemarrow aspiration. Plasma cell leukemiawas
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TABLE 1 Baseline data of patient and sample characteristics

Median Age at Diagnosis 76 years

Sex 7male 7 female

Immunoglobulin heavy chain class IgG= 8 IgA= 2Light chain

only= 4

Immunoglobulin light chain class κ= 9 λ= 5

International Staging System (ISS)

score (Frequency)

Stage 1 3

Stage 2 3

Stage 3 9

Plasma cell morphological purity 78 – 99%

WGSDepth of Sequencing Germline – 32.99x

Tumour – 99.87x

excluded by examination of a blood film from the peripheral blood sam-

ple. Baseline patient characteristics are shown in Table 1.

At least 100 cells were scored for each FISH probe to detect

the following variants, according to criteria from the International

Myeloma Working Group (IMWG [2]): IGH-FGFR3 t(4;14)(p16;q32),

IGH-MAF t(14;16)(q32;q23), IGH-CCND1 t(11;14)(q13;q32), IGH-MAFB

t(14;20)(q3;q12), 17p13 deletions, Chromosome 1p deletion, or 1q

gain. WGS of tumor and germline DNA samples was performed on a

HiSeqX sequencer (Illumina, Inc., San Diego, CA, USA) according to

standard operating procedures and analyzed using the bioinformat-

ics pipeline developed for the Genomics England Main Programme

Analysis version 1.9. Sequencing reads were aligned to the Human

Genome Assembly GRCh38 with ISAAC (version iSAAC-03.16.02.19);

small variant calling together with tumor-normal subtraction was per-

formed using Strelka (version 2.4.7), and Manta 0.28.0 and Canvas

1.3.1 for detection of somatic CNAs (Illumina, Inc., San Diego, CA,

USA). Data returned from Genomics England in the Whole Genome

Analysis comprised all somatic variants (produced following germline

variant subtraction), whose consequence was predicted to alter the

protein-coding region or adjacent splice sites as well as known or

likely pathogenic germline variants in genes associated with cancer

susceptibility.

3 RESULTS AND DISCUSSION

In total, seven FISH probes were applied successfully to the plasma

cells of 14 patients. Out of 98 individual tests, 13 significant cytoge-

netic abnormalities were detected. Concordance between FISH and

WGSwas 100%, with no false negative or false positive conflicts.

Table 2 provides a summary of the observations in our cohort of

newly diagnosed patients with multiple myeloma where WGS pro-

vided supplementary information to standard-of-care FISH analysis of

plasma cells.WGSwas able to provide significant insight into structural

genomic abnormalities thatwerenot fully appreciatedby apre-defined

panel of FISH probes. One case with no apparent cytogenetic abnor-

mality was revealed to harbor a deletion of Chromosome 1p31.1;p12

by WGS. The deleted region did not include the locus that covers

CDKN2C (1p32.3), which was where the FISH probe was centered, but

TABLE 2 Summary of structural chromosomal data provided by
WGS supplementary to the panel of standard-of-care FISH probes

Fluorescence in situ Hybridisation Whole Genome Sequencing

Probe for Del 1p32 (CDKN2c) –
nil observed

In one case, del(1p31.1;p12)

detected, which encompasses a

region involving FAM46c at 1p12.
Deletion ormutation is a marker

of poor risk [7]

No probe for deletion of

Chromosome 13

Identified three cases of deletion of

Chromosome 13

IGH partner translocation

suspected not identified

Partner identification resolved in

each case:

t(8;14)(q24.21;q32.33) –MYC/IGH
juxtaposition reported poor

prognosis [12]

t(14;20)(q32.33;q13.12) –

Additional amplification of

20q13.12 carries loci of at least

two potential oncogenes (WISP2,
UBE2C) [8].

t(2;14) and Indel of 14q32.33may

account for inconclusive FISH

result

the deleted region does include FAM46C (1p12). Deletion or mutation

of FAM46C has been associated with a worse prognosis [7]. This chro-

mosomal abnormality constituted the sole marker of poor prognosis

in this individual case. There is nothing to suggest that an appropriate

FISHprobewould havemissed this deletion, but the example highlights

the benefit of an unbiased WGS assessment of chromosomal abnor-

malities against a limited FISH panel. Similarly, the FISH analysis lacked

amarker for Chromosome 13 deletions, three of whichwere identified

byWGS.

Table 3 describes the comparison of FISH and WGS in relation to

IGH translocations. FISH identified five known translocations involv-

ing the IGH locus at 14q32, with three further instances with uniden-

tifiable translocation partners. WGS agreed with the five instances

specified by FISH and identified the three other translocations. No

IGH translocations were suggested by WGS that were not identified

or inferred by FISH analysis. Of the two suspected IGH partners con-

firmed by WGS, one was for t(8;14), which juxtaposes MYC with IGH,

a known poor prognostic marker; and the other was a novel t(4;20)

breakpoint (20q13), which carries loci of at least two genes with onco-

genic potential (WISP2, UBE2C) [8]. The third case of a translocation

involving 14q32 with an unknown partner by FISH correlated with an

Indel region of 14q32.33 and t(2;14 translocation) byWGS, whichmay

account for the inconclusive result in this case. These observations

highlight the utility of the unbiased analysis provided byWGS.

WGS removes the bias of a predetermined panel of probes, as

used in FISH. The data provided were analyzed using a generic

cancer pipeline that comprised a list of 200 genes known to be

relevant in all cancers. A virtual panel of 22 genes relevant to risk

stratification and potential precision drug therapy was applied to the

14 cases (Table S1). One case involved a frameshift mutation of the

tumor suppressor gene RB1, which is found at 13q14.2. This loss of

function mutation, at a Variant Allele Frequency (VAF) of 0.47, was
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TABLE 3 Translocations involving 14q32.33 locus of IGH identified byWGS in addition to defined FISH probes according to IMWG criteria

Case Translocation Comparative analysis by FISH andWGS

1 t(14;19)(q32.33;p13.3) Similar translocations implicated in B-cell malignancy [13]

3 t(1;14)(p35.3;q32.33) Not previously described but t(1;14)(p35.2;32.33) described in amyeloma cell line

[14]

4 t(1;14)(q21.3;q32.33) Not described but 1q21.3 locus does cover soluble IL6-Receptor (OMIM : 614689)

7 t(8;14)(q24.21;q32.33) * Translocation juxtaposesMYC and IGH. Poor prognostic marker. [12]

8 t(2;14) and InDel 14q32.33 * Translocation partner not identified by FISH, but t(2;14) and insertion Deletion

(InDel) at 14q32.33 onWGS

12 t(14;20)(q32.33;q13.12) * Translocation t(14;20)(q32;q12) IGH/MAFB associated with poor prognosis.

Amplification of 20q13.12 carrying loci of at least two genes with oncogenic

potential (WISP2,UBE2C) [8].

14 t(10;14)(q26.11;q32.33) Not previously described. 10q26.11 encompasses FGFR2, mutations of which have

been described inMM [15].

*denotes translocation suggested by FISH probes but not identified by that assay – three out of 4 seven cases. Patients 2,5,6,8-11,13 had no evidence of a

translocation involving 14q32.33.

found in a case where WGS had also identified a loss of one allele of

Chromosome 13, which may represent a sub-clone that comprises

prognostically significant bi-allelic inactivation of RB1. It was not

possible to confirm this with the pipeline used in this case series but

may be achieved with a refined bioinformatic approach. The virtual

panel identifiedmutations in eight of the 14 cases thatwere potentially

amenable to targeted drug therapy. For example, the MyDrug study

(ClinicalTrials.gov : NCT03732703) has been devised to use selective

therapies for patients with relapsed-refractory MM with mutations in

NRAS, KRAS, BRAF V600E, CDK, FGFR3, and IDH2. However, relevant

trial information is required to determine the benefit of such precision

therapy in the setting of newly diagnosedmyeloma. A detailed descrip-

tion of all the observations based on the virtual gene panel in each of

the 14 cases is given in Table S2. Individual gene mutation data may be

used to identify patient-specific IGHV-D-J rearrangements asmarkers

of Measurable Residual Disease (MRD) throughout the clinical course

of myeloma management [9]. Compared to sequencing technologies,

FISH may fail to identify prognostically significant structural variants

in theMYC oncogene [10].

This pilot study demonstrates the ability to incorporate WGS into

routine clinical practice using pre-existing laboratory infrastructure

with a centralized resource for massively parallel sequencing. Numer-

ous advantages may be envisaged with a sequencing approach to

the genomic characterization of MM. All FISH probe results (posi-

tive and negative) were replicated by WGS, using sub-optimal rem-

nant samples, within existing clinical structures at a turnaround time

of as quick as 14 days. This turnaround time from sample prepara-

tion to sequencing and a standardized report could be achieved in a

time frame comparable to standard-of-care FISH. WGS was able to

provide further structural genomic information that was beyond the

scope of the FISH panel. Additional FISH probes could be employed

to detect the structural genomic information provided by WGS. How-

ever, this would increase the cost and time required for the analysis,

compared to the fixed cost per sample of WGS. The use of the widely

performed technique of DNA extraction may allow improved accessi-

bility to genetic risk stratification when performed byWGS, compared

to centralizedmyeloma FISH expertise, whichmay add further delay in

assessment.

A limitation of bulk, massively parallel WGD is the potential for

missing small, sub-clonal structural or single-nucleotide variants. FISH

analysis is limited to a comparatively small number of cells but can

identify subcloneswith structural variants thatmaybemissed byWGS.

This may be mitigated by using improved bioinformatic pipelines or

by single-cell sequencing technologies that are able to detect accurate

clonal fractions of SNVs and copy number aberrations and defining

their sub-clonal structure. The cost of massively parallel sequencing is

falling precipitously but is still a significant consideration, especially as

the subsequent assessment of somatic genomes at disease progression

may guide therapeutic choice [11].

4 CONCLUSION

This study demonstrates the practical feasibility of incorporatingWGS

into existing diagnostic laboratory frameworks. Furthermore, this pilot

study provides some insight into the validity and utility of WGS com-

pared to standard-of-care FISH analysis in myeloma. For precision

medicine to become available to patients, specific agents are likely

required to target the disease at many levels of intratumoral hetero-

geneity, including gene expression and epigenetics. Massively paral-

lel sequencing not only yields information about individual genes and

chromosomal structure, but also represents a platform whereby such

additional sequencing informationmay be incorporated to definemore

closely this highly heterogenous malignancy and thus target it more

effectively.
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