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Abstract

(MFC) in 90 PCD patients.

processing of samples by NGS at initial PCD diagnosis.

Background: Next-generation sequencing (NGS) detects somatic mutations in a high proportion of plasma cell
dyscrasias (PCD), but is currently not integrated into diagnostic routine. We correlated NGS data with degree of bone
marrow (BM) involvement by cytomorphology (BMC), histopathology (BMH), and multiparameter flow cytometry

Methods: Of the 90 patients the diagnoses comprised multiple myeloma (n=77), MGUS (n=7), AL-amyloidosis
(n=4) or solitary plasmocytoma (n=2). The NGS panel included eight genes CCNDT, DIS3, EGR1, FAM46C (TENT5C),
FGFR3, PRDM1, TP53, TRAF3, and seven hotspots in BRAF, IDH1, IDH2, IRF4, KRAS, NRAS.

Results: Mutations were detected in 64/90 (71%) of cases. KRAS (29%), NRAS (16%) and DIS3 (16%) were most fre-
quently mutated. At least one mutation/sample corresponded to a higher degree of BM involvement with a mean of
11% pathologic PC by MFC (range, 0.002-62%), and ~ 50% (3-100%) as defined by both BMC and BMH.

Conclusions: The probability of detecting a mutation by NGS in the BM was highest in samples with > 10% clonal
PC by MFC, or> 20% PC by BMC/ BMH. We propose further evaluation of these thresholds as a practical cut-off for
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Introduction

Risk stratification in patients with multiple myeloma
(MM) has continuously evolved in the last decades [1-3].
However, the duration of response remains highly vari-
able [4—6]. Heterogeneous mutational profiles may, in
part, explain such clinically divergent outcomes [7-15].
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There appears to be a complex landscape of genetic
progression from early plasma cell precursor alterations
towards monoclonal gammopathy of unclear significance
(MGUS) to, finally, symptomatic MM [8, 15].

According to previous studies on plasma cell dyscrasias
(PCD) genomics, the most frequently occurring muta-
tions involve members of the RAS/MAPK cell prolif-
eration pathway (in up to 40% of cases) including KRAS,
NRAS and BRAF [6, 16], and the NF-kB pathway com-
prising around 20% of all myeloma cases, with NFKBI,
TRAF3, CYLD, LTB as the most frequently mutated
genes [16, 17]. The DNA repair pathway genes (TP53,
ATM, ATR) are affected by mutations in around 15% of
cases and the cell cycle regulators RBI and CCNDI in
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5% [16]. The most frequently mutated tumor suppres-
sor genes are FAM46C (TENTS5C) (up to 10%) and IRF4
(~5%) [7, 8, 16, 18—20].

Several next-generation sequencing (NGS)- based
studies suggested correlations between genomic, clini-
cal and laboratory features, which could affect prognosis,
disease classification and adjustment of therapies, includ-
ing novel immunologic treatment options [7, 18, 20].
Moreover, screening for molecular mutations may help
to identify additional targets to further improve thera-
peutic options [18, 21].

Next-generation sequencing (NGS) is an established
tool for the detection of both somatic as well as germline
mutations in neoplasms, and is widely used during the
diagnostic work-up of hemato-oncological malignancies
[22]. However, the actual costs and the workload of NGS
still must be weighed up against the possible clinical ben-
efit for patients with PCD.

In this study, we investigated the application of NGS
in a routine diagnostic workflow in patients with differ-
ent types of PCD. The goal was to identify a putative cor-
relation between the degree of bone marrow infiltration
and the NGS results. We correlated the NGS data with
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the degree of bone marrow involvement, as identified
by cytomorphology (BMC), histopathology (BMH), and
multiparameter flow cytometry (MFC) in patients with
different types of PCD including MGUS, MM, plasmocy-
toma and AL-amyloidosis.

Materials and methods

Patients

We studied bone marrow (BM) samples from 90 con-
secutive patients with known or suspected PCD, who
underwent a routine BM examination at the University
Hospital of Bern between 11/2018 and 05/2020.

Clinical and laboratory details of the patients are listed
in Table 1. All patients had signed an informed consent.
PCD were classified according to International Myeloma
Working Group (IMWG) criteria and current European
Society for Medical Oncology guidelines (ESMO, 2017)
[11, 14]. Staging and risk assessment were performed
according to Myeloma International Staging System
(ISS) or Revised Myeloma International Staging System
(R-ISS) systems, depending on whether initial cytoge-
netic data were available [2, 3].

Table 1 Baseline clinic-biological characteristics of the patients included

Diagnosis MGUS MM AL-amylosis Plasmocytoma Data available

All cases analyzed, % 7 (7.8%) 77 (85%) 4 (4.5%) 2(2.2%) 90 (100%)

First diagnosis Progression/relapse 7 (100%) 41 (59%) 3 2 90 (100%)

36 (41%) 1 0

Age (years) mean 65 63 67 55 90 (100%)

Range (44-82) (32-80) (59-73)

Sex: 2 (29%) 27 (36%) 1 (25%) 0 90 (100%)

Female 5(71%) 49 (64%) 3(75%) 2 (100%)

Male

FC: % of PC 0.70% 10% 0.80% 1.30% 90 (100%)

Mean (0.04-2.6%) (0.002-83%) (0.1-1.9%) (0.003-2.6%)

Range

Mutation positive by NGS 2/7 29%) 60/77 (78%) 1/4 (25%) 1/2 (50%) 90(100%)

Aspirate morphology: % 5% 44% 14% 10% 90 (100%)

PC (3-10%) (3-100%) (10-20%)

Mean

Range

BM biopsy: % 7% 48% 9% 10% 90 (100%)

pPC (1-10%) (< 1-100%) (5-15%)

Mean

Range

B2 microglobuline, mg/L 2.1 55 n/a 167 57/90 (63%)

M protein, g/dL 922 356 n/a n/a 55/90 (60%)

Mean (5.38-12) (3.10- 367)

Range

Free light chains/serum mg/L 327 1140 56 465 80/90 (88%)
(14-58) (11-25,000)

Mutation number by NGS 5(71%) 13 (25%) 3 (75%) 1(100%) 90 (100%)

0 2 (29%) 25 (47%) 1(25%)

1 0 15 (28%) 0

>1
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Definition of degree of BM involvement by different
methods

BM aspirates were routinely analyzed by BMC and MFC,
and BM trephine biopsies underwent histopathological
and immunohistochemical analyses. Fresh BM aspirates
were directly collected for NGS analysis. Additionally,
BM samples underwent routine assessment by conven-
tional cytogenetics and fluorescence in situ hybridiza-
tion (FISH) [12]. Cytogenetic data were available in 63/90
(70%) and high-risk aberrations were detected in nine
cases (10%).

To rate the degree of plasma cell (PC) infiltration in the
BM aspirates, we defined the following categories for this
study: I,<10%, n=23 (26%); 1I, 10-30%, n=24 (27%);
111, > 30%, n =43 (47%) of PC infiltration.

The PC infiltration in BM biopsies was categorized as:
I,<10% PC (n=15, 17%); 11, 10-30% PC, (n=29, 32%);
111, > 30% PC, (n=46, 51%).

MEC was performed using Canto-2 flow cytometers
(Beckton Dickinson, New Jersey, USA) using a stand-
ardized antibody panel for plasma cells (PC) including
CD38, CD45 and CD138; cytoplasmic kappa/lambda
expression and CD19, CD56, CD20, CD117, CD28, CD27
and CD269 for abnormal/clonal PC classification [23-
25]. The degree of PC infiltration, based on the above
CD138+/CD38+ gating strategy was defined as: I1<1%
PC, n=33 (37%); I: 1-3%, n=20 (23%), III>3%, n=37
(40%).

More information is detailed in the Additional file 1.

Sample preparation by CD138 + enrichment

DNA was extracted after enrichment of PC from
fresh BM samples. The enrichment was based on
CD138 + magnetic PC sorting (Miltenyi Biotec, Bergisch
Gladbach, Germany). Successful enrichment of plasma
cells by CD138+ separation was validated using nine
samples by MFC and BMC (Additional file 1: Table S1).
The median percentage of CD138+PC before enrich-
ment was 2.6% by MFC and 25% by IHC and 92% (range
72.3%-98.6%) after the enrichment procedure.

NGS and gene panel design

DNA extraction was performed using the QIAamp
DNA mini kit with a QIAcube (Qiagen, Hombrechtikon,
Switzerland). The specific panel was designed using the
AmpliSeq Designer software (Thermo Fisher Scientific,
Reinach, Switzerland). Libraries were prepared with the
AmpliSeq™ Library Kit Plus (ThermoFisher Scientific),
and the Ion S5 system (ThermoFisher Scientific) was used
for sequencing. Bioinformatic analysis was carried out
using the Torrent Suite Software 5.6 and IonReporter™
Software 5.6 (ThermoFisher Scientific). The human
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genome assembly GRCh37 (hgl9) from Genome Refer-
ence Consortium was used for variant calling. The sensi-
tivity of NGS was limited by a cutoff at 5% variant allele
frequency (VAF). The variants were evaluated according
to the AMP guidelines. [26]

The NGS panel comprised 15 genes including splice
sites or hotspots: BRAF (exons 11 and 15), CCND1, DIS3,
EGRI, TENT5C (FAM46C), FGFR3, IDH1 (exon 4), IDH2
(exon 4), IRF4 (exon 3), KRAS (exons 2 and 3), MYD88
(L265P mutation), NRAS (exons 2 and 3) PRDM1, TP53
and TRAF3. The genes and hotspots for the panel were
selected according to the frequency of occurrence given
in the literature, their prognostic impact, and for some
markers their possible function as therapeutic targets
(Table 2) [19-21].

For a random subset of 40 samples, average read depth,
uniformity and coverage at 50 reads were collected. The
mean values were the following: average read depth18066
reads, uniformity92.7%, coverage at 50 reads: 97.4.

Statistical analysis
We used R software, version 4.0.2 for statistical analy-
sis. To test for association between PC percentage and
number of detected mutations Pearson’s and Spearman’s
rank correlations for continuous variables were used. The
trend towards a higher PC infiltration in the BM samples
when grouped by the number of mutations per sample
was analyzed by the Jonckheere-Terpstra test. The Wil-
coxon rank sum test was applied to pairwise comparisons
of continuous percentages of PC by grouped variables.
Finally, the influence of the number of mutations/sam-
ple on overall outcome, as detected by NGS, was tested
in a multivariate analysis. A detailed description of the
methods is presented in the Additional file 1.

Results

Degree of BM involvement by different methods

The study included 77 MM, two solitary plasmacytoma
seven MGUS and four AL amyloidosis cases. The mean
proportion of infiltrating BM plasma cells was lowest
in the seven patients with MGUS: 0.7% (0.04-2.6%) by
MFC and 5-7% by BMC (3-10%) and BMH (1-10%);
intermediate in four patients with AL-amyloidosis: 0.8%
(0.1-1.9%) by MFC and ~10% by CM (10-20%) and HM
(5-15%); and highest in 77 patients with MM: 10% by
MEFC (0.002-83%) and 45-50% by BMC (3-100%) and
BMH (< 1-100%) (Table 1).

Plasma cell assessment revealed discrepant results in
the aspirates and trephine biopsies in nine cases (10%),
with PC percentage being higher according to BMH as
compared to MFC results, which may be due to periph-
eral blood dilution of the marrow samples used for MFC
or sampling errors [27, 28].
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Table 2 Next generation sequencing panel and mutation frequency
Gene Criteria for selection for gene panel Hot spot Frequency of Frequency of % Total PCD type
mutationin PCD  mutation in present number of
study cases

KRAS Potentially druggable Exon 2;3 Up to 30% 24 24% 22 MM
NRAS Potentially druggable Exon 2;3 Up to 30% 14 16% 14 MM
DIS3 Prognosis Whole gene Upto 1% 14 12% 11 MM MGUS
TENT5C (FAM46C)  Prognosis Whole gene Up to 4% 13 12% 11 MM

MGUS
TP53 Prognosis Whole gene Up to 20% 9 10% 9 MM
BRAF Potentially druggable Exon 11;15  Upto 9% inrr MM* 9 10% 9 MM
TRAF3 Frequently mutated Whole gene  Up to 4% 8 7% 6 MM
FGFR3 Prognosis/potentially druggable Whole Up to 1.5% 4 6% 4 MM
IDH1 Potentially druggable Exon 4 3 3% 3 MM

ALA
EGR1 Frequently mutated Whole gene  Upto 1% 2 2% 2 MM
IRF4 Prognosis Exon 3 Up to 3% 2 2% 2 MM
CCND1 Prognosis/potentially druggable Whole gene  Up to 3% 0 no 0 no
PRDM1 Frequently mutated Whole gene Upto 0 no 0 no
IDH2 Potentially druggable Exon 4 0 no 0 no

NGS results: mutation frequency and type

In total, 102 mutations were detected by NGS in 64/90
(71%) cases analyzed. We detected one mutation in 41/90
cases (46%), and more than one mutation per sample
in 23/90 (26%) cases with a maximum number of five
mutations/sample. In 26 cases (29%), no mutation was
detected using our NGS panel.

The proportion of cases affected by mutations was high-
est in patients with MM (60/77 patients, 78%), and low-
est in MGUS with 2/7 (29%) patients showing evidence
of mutations. One out of two solitary plasmacytoma
cases was positive for BRAFV600E (BRAF:c.1799 T>A,
p.(Val600Glu)) mutation and one out of four AL amyloi-
dosis cases showed an isolated IDHI mutation (Table 2).

The most frequent mutations across all PCD types
included members of the MAPK signaling pathway —
such as NRAS and KRAS mutations [6, 7, 20]. Mutations
in these two genes were only detected in samples from
patients with MM and were mutually exclusive, which is
in line with previous reports [6, 29]. KRAS was mutated
in 22/90 samples (24%), occurring as an isolated muta-
tion in 12 cases (55%). In two cases, two different muta-
tions of KRAS were identified. Glyl2, GIn61, and Gly13
were the most frequently mutated residues, represent-
ing the known major and two minor hotspots in KRAS
[6, 20, 30]. NRAS and DIS3 were identified as the second
most recurrently mutated genes, each of them detected
in 14/90 (16%) and 11/90 (12%) of cases, respectively. In
8/14 cases (57%), NRAS was the only mutation detected.
In contrast, mutations in DIS3 were almost always (10/11

or 91%) accompanied by other mutations, representing a
unique mutation/sample in one case only (MGUS).

Mutations of FAM46C (TENT5C) were the third most
frequent mutations in the cohort: 14 mutations were
observed in 11 patients (12%). FAM46C (TENT5C)
mutations were found as isolated molecular alterations in
six out of 11 cases (55%).

TP53 and BRAF mutations were identified in nine
samples (10%) each. TP53 was an isolated mutational
event in 2 out of 9 cases only, and BRAF in 7 out of
9 (78%) of cases. TP53 mutations were seen exclu-
sively in MM cases and showed a high frequency (6
out of 7 cases) in patients investigated due to relapse
or progression of the disease, in accordance with previ-
ously published results [16, 31-33]. Regarding BRAF,
in most cases (6/9, 67%) the activating “classic” V60OE
type I mutation (BRAF:c.1799 T>A, p.(Val600Glu))
was detected, in one case the type II G469A mutation
(BRAF:c.1781A>G, p.(Asp594Gly)) or kinase-dead
(D594A, BRAF:c.1406G>C, p.(Gly469GAla)) type of
alteration was identified, respectively [8, 30, 34].

TRAF3 was affected in six MM cases (7%) and was
found to be an isolated mutation in 2 out of 6 cases. Four
cases showed FGFR3 mutations (4.5%), all with a high-
risk t(4;14) translocation. This association has already
previously been reported [35]. IDHI was mutated in
three cases (3%) at the hot spot position R132. IRF4
and EGRI mutations were detected in two (2%) samples
each. In both cases this correlated with at least one other
mutated gene. For the remaining genes on the panel,
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namely CCNDI, IDH2, MYD88 and PRDMI, no muta-
tions were observed in this cohort.

Correlation between NGS results and degree of bone
marrow infiltration by clonal PC
Our analyses suggested that in these three groups, the
degree of BM infiltration was the highest in samples with
more than one mutation/sample with a mean of 15%
aberrant PC as defined by MFC (0.1-83%), and ~50%
(range 1-100%) PC as defined by both BM cytology and
histology (Fig. 1). In samples with one mutation, iden-
tified by NGS, the pathologic PC percentage by flow
cytometry was lower (mean 11%; range 0.002-62%), but
similar (~50%, range 3—100%) as defined by both BMC
and BMH.

We observed the lowest PC infiltration in BM samples
with no mutation detected. The mean PC infiltration in
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this group was only 1.6% by MFC (0.003-11%), 20% by
BMC (1-90%), and 24% by BMH (1-80%) (Fig. 1).

Those findings were further confirmed by positive Jon-
ckheere-Terpstra test (p=0.003). The pairwise compari-
son also showed a significant difference between samples
without mutations and both (1) samples with one muta-
tion per sample (p=0.006), and (2) samples with more
than one mutation per sample (p =0.003) (Fig. 1).

The number of mutations directly influenced outcome,
as was confirmed by multivariate analysis with the odds
ratio (OR) for PC infiltration being 1.023 (95% CI 1.008,
1.038; p=0.002). For comparison of various prediction’s
models, see Additional file 1: Fig S1-3.

Correlation of NGS data and clinical/biological parameters
We performed correlation analyses between the presence
and number of mutations per sample with the clinical and
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biological parameters of the 90 patients in the cohort, as
presented in Table 3.

Most samples without mutation (26 cases, 29%) were
from patients undergoing initial staging (19/26 cases
or 73% of this subgroup), whereas BM samples with>1
mutation (23 cases, 26%) were mostly acquired from
patients with relapsed/progressive disease (15/23 cases,
or 65% of this subgroup).

The level of biological markers (mean), reflecting the
tumor burden, progressively increased from MGUS
to MM cases as well as from cases with no mutation to
those with > 1 mutation/sample.

Discussion

First, we could confirm the feasibility of NGS in patients
with PCD as a part of the routine diagnostic procedure.
We observed no major technical obstacles with sample
collection and quality of DNA preservation in BM sam-
ples stored up to 30 h (for instance, over the weekend)
at room temperature. In particular, CD138 +based PC
enrichment of the samples was a quick and reliable pro-
cedure to obtain the maximum percentage of PC for sub-
sequent DNA extraction.

Second, the pattern of genomic lesions, observed
across the PCD cases analyzed, was largely in line with
previous NGS studies with the majority of alterations
detected in KRAS, NRAS, DIS3, TENT5C (FAM46C),
TP53 and BRAF genes [7, 8, 18, 21, 30, 36].

Remarkably, we observed a significant correlation
between the degree of BM involvement, as detected by
phenotypic methods (BMC, BMH and MFC), and the
likelihood of recognizing a mutation by NGS (Fig. 1).
Hypothetically, this may be due to a higher chance of
molecular evolution with acquisition of novel muta-
tions in cases with a higher myeloma cell load. In our
study, the probability identifying a mutation by NGS in
BM material was highest in samples with more than 10%
clonal PC, as assessed by flow cytometry, or with at least
20% of PC, as detected by BMC or BMH. However, this
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correlation was only detected at initial diagnosis of PCD/
MM. In PCD and especially MM, disease progression is
frequently associated with molecular clonal evolution
and higher rates of mutations, as compared to the pri-
mary manifestation [15]. Since the probability of detect-
ing mutations is higher with suspected MM relapse or
progression, all BM samples from such patients should,
theoretically, be evaluated by NGS, regardless of the
degree of infiltration. So far, no specific genomic lesions
appear clinically or prognostically important in MGUS.
However, more studies to determine the importance of
detection of genomic alterations in MM progression are
needed, before definite conclusions can be made, and
further studies are needed to confirm the above consid-
erations. Similarly, the clinical and/or prognostic value
of a positive or negative mutational status by NGS for
patients with plasma cell dyscrasias needs to be further
clarified considering the limitations of the present study.

It should be emphasized that we used CD138 + based
PC sorting. Indeed, the pre-analytic DNA quantity was
lower in samples with inferior plasma cell infiltration,
but still sufficient for the NGS analysis. As described in
the results section, the enrichment procedure permitted
equalizing the percentage of CD138+4PC in all analyzed
samples as high as 90% (median).

With the balanced CD138 + PC content obtained from
all samples, a DNA quantity bias (more PC more DNA
higher probability of detection of mutations by NGS)
seems less likely. Therefore, if NGS results directly cor-
relate with the degree of BM infiltration, the question
arises, whether the presence of molecular mutations
by NGS in BM samples reflects the mutational burden
of the whole tumor mass in PCD [37]. The clonal PC
development undergoes an important quantitative and
qualitative diversity at different time points [6, 7, 18].
Accordingly, a low BM tumor burden at the initial stages
of PCD formation would probably not allow for iden-
tification of very small subclones that already harbor
genomic aberrations. The question of adequacy of BM

Table 3 Summary statistics of bone marrow plasma cell infiltration grouped by method and number of mutations

Mutation load/type PCD type Disease relapse/ Serum light chains mean M-gradient mean B2, mean mg/L, range
progression mg/L, range g/L, range
No mutation MGUS=5 7/26 (27%) 611 (14.3-2830) 13 (3-60.0) 4.2(0.32-17.42)
N=26 ALA=3
MM=17
1 mutation MGUS=2 15/41-37% 737 (11.0-8320) 30 (4.8-724) 4.6 (1.55-16.7)
N=41 ALA=1
P=1
MM =37
>1 mutation MM =23 15/23-65% 1773 (6.2-25,000) 49 (3.70-367.0) 6.7(1.8-37)

N=23
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analysis for the assessment of the whole tumor genomic
in PCD has already been raised [38]. The possible limi-
tation of BM sampling site and plasma cell quantity bias
should be further evaluated in studies on comparative
genomic analysis of the liquid malignant DNA compo-
nent in peripheral blood (liquid biopsies) and that of BM
samples from patients with different PCD.

Concerning genomic data from this study, as expected,
the mutational complexity was higher in MM than in
MGUS or AL-amyloidosis. MM cases were positive in
two thirds or 77% with a maximum of up to five muta-
tions per sample detected (Table 1). This observation
supports the idea of progressive changes of the muta-
tional complexity during PCD progression from MGUS
to MM with a hierarchical time-dependent structure of
the genomic lesions [7, 36, 39, 40]. Both mutations seen
in our two MGUS cases affected the DIS3 and TENT5C
(FAM46C) genes. According to the available literature,
mutations in these two potential tumor suppressor genes,
especially DIS3, occurred later during the transition from
MGUS to MM [36, 41].

Interestingly, in most of the cases with one muta-
tion per sample, NRAS, KRAS, or BRAF mutations were
detected. Since mutations in these genes have mostly
been described to occur as secondary driver events,
their presence may indicate PCD/MM progression by
intramedullary tumor expansion and invasion. Indeed,
activation of the MAPK signaling pathway was found to
be associated with advanced BM spreading of MM cells
mediated by osteoblast activation and stimulation of
matrix metalloproteinase expression [42]. In NGS based
studies, Rossi et al. suggested a probable role of activat-
ing mutations in NRAS, KRAS or BRAF genes for PCD
progression from MGUS to smoldering and symptomatic
myeloma [36]. Finally, the association between mutated
TP53 and relapsed or refractory MM in our study con-
firms the important role of continuous intraclonal
mutational MM evolution for disease progression and
advanced intramedullary spreading [19, 31, 36].

In addition, M-gradient level was the only parameter to
differ significantly between cases with and without muta-
tion as detected by NGS (Table 1).

Conclusions

Our study confirms the feasibility of NGS in patients
with PCD as a part of the routine diagnostic procedure.
By an NGS panel designed for plasma cells dyscrasias
comprising 15 genes and hotspots, which we performed
after CD138+ plasma cell enrichment, we were able to
confirm a high rate of mutations especially in MM cases.
We observed a significant positive correlation between
the degree of BM involvement, as detected by phenotypic
methods (BMC, BMH and MFC), and the likelihood of
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recognizing a mutation by NGS. Furthermore, the prob-
ability of a positive mutation status was higher at relapse/
progression than at initial diagnosis. It is very likely, that
by enlarging the NGS panel and including less frequently
observed mutational variants, the proportion of NGS
“negative” cases will be further reduced. The clinical and
prognostic impact of targeted NGS panels designed for
patients with PCD should be further studied, favorably
within larger prospective cohorts.

Abbreviations

PCD: Plasma cell dyscrasias; PC: Plasma cells; MM: Multiple myeloma; MGUS:
Monoclonal gammopathy of unclear significance; NGS: Next-generation
sequencing; BM: Bone marrow; BMC: Cytomorphology; BMH: Histopathology;
MFC: Multiparameter flow cytometry; IMWG: International myeloma working
group; ESMO: European society for medical oncology; ISS: Myeloma interna-
tional staging system; R-ISS: Revised myeloma international staging system;
FISH: Fluorescence in situ hybridization.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512920-022-01346-1.

[ Additional file 1. Supplementary tables and figures. }

Acknowledgements

All colleagues from the Department of Hematology/Center of Laboratory
Medicine (ZLM) Inselspital, Bern University Hospital, Bern, Switzerland as
well as the Histopathology Laboratory of the Insitute of Pathology of the
University of Bern. Preliminary data from this study were presented as a
poster at the 62nd ASH Annual Meeting and Exposition https://ashpublica
tions.org/blood/article/136/Supplement%201/9/473737/Correlation-betwe
en-the-Degree-of-Bone-Marrow.

Author contributions

E.R.C.: NGS panel design, NGS data interpretation, BMC and BMH data analysis,
clinical data collection and interpretation, manuscript writing; N.P: NGS gene
panel design, data analysis, manuscript preparation; G.\W.: NGS performance,
data analysis; M.A: clinical data analysis; Y.B.: bone marrow pathology, NGS
data interpretation; M.L. and M.P: FC data analysis, BMC interpretation,
manuscript preparation; EO.L.: NGS data interpretation; T.P. and U.B.: design

of research, clinical, BMC and BMH data analysis, clinical data interpretation,
and manuscript writing. All authors read and approved the final version of the
manuscript.

Funding
The authors did not receive support from any organization for the submitted
work.

Availability of data and materials

The data presented in this study are available on request from the corre-
sponding author. The data are not publicly available due to institution-related
patient identity restrictions.

Declarations

Ethics approval and consent to participate

All procedures were in accordance with the ethical standards of the respective
local research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. Informed written consent was
obtained from all individual participants included in the study. The approval
for access to the clinical and personal patient data used in the study was
granted by the Cantonal Ethics Committee of Bern, Switzerland (Kantonale
Ethikkommission Bern). The study was approved by the Cantonal Ethic


https://doi.org/10.1186/s12920-022-01346-1
https://doi.org/10.1186/s12920-022-01346-1
https://ashpublications.org/blood/article/136/Supplement%201/9/473737/Correlation-between-the-Degree-of-Bone-Marrow
https://ashpublications.org/blood/article/136/Supplement%201/9/473737/Correlation-between-the-Degree-of-Bone-Marrow
https://ashpublications.org/blood/article/136/Supplement%201/9/473737/Correlation-between-the-Degree-of-Bone-Marrow

Rebmann Chigrinova et al. BMC Medical Genomics (2022) 15:203

Commission Bern, Switzerland (Kantonale Ethikkommission Bern); Decision
number: 2020-01503.

Consent for publication
Not applicable.

Competing interests

The authors have no conflicts of interest to declare that are relevant to the
content of this article. Author Ekaterina Rebmann Chigrinova declares that
she has no conflict of interest. Author Naomi A. Porret declares that she has
no conflict of interest. Author Martin Andres declares that he has no conflict
of interest. Author Gertrud Wiedemann declares that she has no conflict of
interest. Author Yara Banz declares that she has no conflict of interest. Author
Myriam Legros declares that she has no conflict of interest. Author Matthias
Pollak declares that he has no conflict of interest. Author Elisabeth Oppliger
Leibundgut declares that she has no conflict of interest. Author Thomas Pabst
declares that he has no conflict of interest. Author Ulrike Bacher declares that
she has no conflict of interest.

Author details

'Department of Hematology; Inselspital, Bern University Hospital, University
of Bern, Bern, Switzerland. 2Institute of Pathology, University of Bern, Bern,
Switzerland. *Center for Laboratory Medicine (ZLM), Inselspital, University
of Bern, Bern, Switzerland. *Department of Medical Oncology, Inselspital,
University of Bern, Bern, Switzerland.

Received: 20 October 2021 Accepted: 1 September 2022
Published online: 23 September 2022

References

1. Durie BG, Salmon SE. A clinical staging system for multiple myeloma. Cor-
relation of measured myeloma cell mass with presenting clinical features,
response to treatment, and survival. Cancer. 1975;36(3):842-54.

2. Greipp PR, San Miguel J, Durie BG, et al. International staging system for
multiple myeloma. J Clin Oncol. 2005;23(15):3412-20.

3. Palumbo A, Avet-Loiseau H, Oliva S, et al. Revised international staging
system for multiple myeloma: a report from international myeloma work-
ing group. J Clin Oncol. 2015;33(26):2863-9.

4. VuT, Gonsalves W, Kumar S, et al. Characteristics of exceptional respond-
ers to lenalidomide-based therapy in multiple myeloma. Blood Cancer J.
2015;5:e363.

5. Moreau P, Attal M, Facon T. Frontline therapy of multiple myeloma. Blood.
2015;125(20):3076-84.

6. LohrJG, Stojanov P, Carter SL, et al. Widespread genetic heterogeneity
in multiple myeloma: implications for targeted therapy. Cancer Cell.
2014,25(1):91-101.

7. Walker BA, Wardell CP, Melchor L, et al. Intraclonal heterogeneity and
distinct molecular mechanisms characterize the development of t(4;14)
and t(11;14) myeloma. Blood. 2012;120(5):1077-86.

8. BolliN, Biancon G, Moarii M, et al. Analysis of the genomic landscape
of multiple myeloma highlights novel prognostic markers and disease
subgroups. Leukemia. 2018;32(12):2604-16.

9. PainoT, Paiva B, Sayagues JM, et al. Phenotypic identification of subclones
in multiple myeloma with different chemoresistant, cytogenetic and
clonogenic potential. Leukemia. 2015;29(5):1186-94.

10. Palumbo A, Anderson K. Multiple myeloma. N Engl J Med.
2011;364(11):1046-60.

11. Rajkumar SV, Dimopoulos MA, Palumbo A, et al. International myeloma
working group updated criteria for the diagnosis of multiple myeloma.
Lancet Oncol. 2014;15(12):538-548.

12. Sonneveld P, Avet-Loiseau H, Lonial S, et al. Treatment of multiple
myeloma with high-risk cytogenetics: a consensus of the international
myeloma working group. Blood. 2016;127(24):2955-62.

13. Corre J, Munshi N, Avet-Loiseau H. Genetics of multiple myeloma:
another heterogeneity level? Blood. 2015;125(12):1870-6.

14. Moreau P, San Miguel J, Sonneveld P, et al. Multiple myeloma: ESMO clini-
cal practice guidelines for diagnosis, treatment and follow-up. Ann Oncol.
2017;28(suppl_4):52-61.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 8 of 9

Lionetti M, Neri A. Utilizing next-generation sequencing in the manage-
ment of multiple myeloma. Expert Rev Mol Diagn. 2017;17(7):653-63.
Walker BA, Boyle EM, Wardell CP, et al. Mutational spectrum, copy number
changes, and outcome: results of a sequencing study of patients with
newly diagnosed myeloma. J Clin Oncol. 2015;33(33):3911-20.

Keats JJ, Fonseca R, Chesi M, et al. Promiscuous mutations activate the
noncanonical NF-kappaB pathway in multiple myeloma. Cancer Cell.
2007;12(2):131-44.

Bolli N, Avet-Loiseau H, Wedge DC, et al. Heterogeneity of genomic
evolution and mutational profiles in multiple myeloma. Nat Commun.
2014,5:2997.

Egan JB, Shi CX, Tembe W, et al. Whole-genome sequencing of multiple
myeloma from diagnosis to plasma cell leukemia reveals genomic initiat-
ing events, evolution, and clonal tides. Blood. 2012;120(5):1060-6.
Chapman MA, Lawrence MS, Keats JJ, et al. Initial genome sequencing
and analysis of multiple myeloma. Nature. 2011;471(7339):467-72.
Robiou du Pont S, Cleynen A, Fontan C, et al. Genomics of multiple
myeloma. J Clin Oncol. 2017;35(9):963-7.

Biesecker LG, Green RC. Diagnostic clinical genome and exome sequenc-
ing. N Engl J Med. 2014;370(25):2418-25.

Arroz M, Came N, Lin P, et al. Consensus guidelines on plasma cell
myeloma minimal residual disease analysis and reporting. Cytometry B
Clin Cytom. 2016;90(1):31-9.

Tembhare PR, Yuan CM, Venzon D, et al. Flow cytometric differentiation of
abnormal and normal plasma cells in the bone marrow in patients with
multiple myeloma and its precursor diseases. Leuk Res. 2014;38(3):371-6.
Chen KH, Wada M, Pinz KG, et al. A compound chimeric antigen receptor
strategy for targeting multiple myeloma. Leukemia. 2018;32(2):402-12.

Li MM, Datto M, Duncavage EJ, et al. Standards and guidelines for the
interpretation and reporting of sequence variants in cancer: a joint
consensus recommendation of the association for molecular pathology,
American society of clinical oncology, and college of American patholo-
gists. J Mol Diagn. 2017;19(1):4-23.

Rawstron AC, de Tute RM, Haughton J, et al. Measuring disease levels in
myeloma using flow cytometry in combination with other laboratory
techniques: Lessons from the past 20 years at the Leeds haematological
malignancy diagnostic service. Cytom B Clin Cytom. 2016;90(1):54-60.
Paiva B, Vidriales MB, Perez JJ, et al. Multiparameter flow cytometry
quantification of bone marrow plasma cells at diagnosis provides more
prognostic information than morphological assessment in myeloma
patients. Haematologica. 2009,94(11):1599-602.

Melchor L, Brioli A, Wardell CP, et al. Single-cell genetic analysis reveals the
composition of initiating clones and phylogenetic patterns of branching
and parallel evolution in myeloma. Leukemia. 2014;28(8):1705-15.
Lionetti M, Barbieri M, Todoerti K, et al. Molecular spectrum of BRAF, NRAS
and KRAS gene mutations in plasma cell dyscrasias: implication for MEK-
ERK pathway activation. Oncotarget. 2015;6(27):24205-17.

Neri A, Baldini L, Trecca D, et al. p53 gene mutations in multiple

myeloma are associated with advanced forms of malignancy. Blood.
1993;81(1):128-35.

Tessoulin B, Moreau-Aubry A, Descamps G, et al. Whole-exon sequenc-
ing of human myeloma cell lines shows mutations related to myeloma
patients at relapse with major hits in the DNA regulation and repair
pathways. J Hematol Oncol. 2018;11(1):137.

Chng WJ, Price-Troska T, Gonzalez-Paz N, et al. Clinical significance of TP53
mutation in myeloma. Leukemia. 2007;21(3):582-4.

Dankner M, Rose AAN, Rajkumar S, et al. Classifying BRAF alterations in
cancer: new rational therapeutic strategies for actionable mutations.
Oncogene. 2018;37(24):3183-99.

Walker BA, Mavrommatis K, Wardell CP, et al. Identification of novel
mutational drivers reveals oncogene dependencies in multiple myeloma.
Blood. 2018;132(6):587-97.

Rossi A, Voigtlaender M, Janjetovic S, et al. Mutational landscape reflects
the biological continuum of plasma cell dyscrasias. Blood Cancer J.
2017;7(2):537.

Bacher U, Haferlach T, Kern W, et al. Correlation of cytomorphology,
immunophenotyping, and interphase fluorescence in situ hybridiza-
tion in 381 patients with monoclonal gammopathy of undetermined
significance and 301 patients with plasma cell myeloma. Cancer Genet
Cytogenet. 2010,203(2):169-75.



Rebmann Chigrinova et al. BMC Medical Genomics (2022) 15:203 Page 9 of 9

38. Manier S, Park J, Capelletti M, et al. Whole-exome sequencing of cell-free
DNA and circulating tumor cells in multiple myeloma. Nat Commun.
2018;9(1):1691.

39. Mikulasova A, Smetana J, Wayhelova M, et al. Genomewide profiling of
copy-number alteration in monoclonal gammopathy of undetermined
significance. Eur J Haematol. 2016;97(6):568-75.

40. Manier S, Salem KZ, Park J, et al. Genomic complexity of multiple mye-
loma and its clinical implications. Nat Rev Clin Oncol. 2017;14(2):100-13.

41. Lionetti M, Barbieri M, Todoerti K, et al. A compendium of DIS3 mutations
and associated transcriptional signatures in plasma cell dyscrasias. Onco-
target. 2015;6(28):26129-41.

42. Hecht M, Heider U, Kaiser M, et al. Osteoblasts promote migration and
invasion of myeloma cells through upregulation of matrix metallopro-
teinases, urokinase plasminogen activator, hepatocyte growth factor and
activation of p38 MAPK. Br J Haematol. 2007;138(4):446-58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Correlation of plasma cell assessment by phenotypic methods and molecular profiles by NGS in patients with plasma cell dyscrasias
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Patients
	Definition of degree of BM involvement by different methods
	Sample preparation by CD138 + enrichment
	NGS and gene panel design
	Statistical analysis

	Results
	Degree of BM involvement by different methods
	NGS results: mutation frequency and type
	Correlation between NGS results and degree of bone marrow infiltration by clonal PC
	Correlation of NGS data and clinicalbiological parameters

	Discussion
	Conclusions
	Acknowledgements
	References


