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When does MGUS start?

Clonal PCs arise decades before diagnosis

Examine mutation rates

Clock-like mutations correlate with age
Myeloma initiation at 20-30 years of age
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These data argue against a temporal bias created by early sample collection 

relative to the initiation in non-progressing samples. Instead, the results suggest 

that while these stable entities may eventually progress to MM, based on these 

temporal estimates, this would be predicted to occur at average ages of 90 100 

years. Overall, our temporal estimates suggest that stable myeloma precursor 

condition represents a different biological entity; one that is acquired at a later 

age in life, without myeloma defining genomic events, and with a much lower 

tendency to progress compared to progressive myeloma precursor condition. 

 

 
 
Figure 15: Timing the acquisition of the first multi-gain event in multiple 
myeloma (MM) and myeloma precursor conditions.    
(A) C m a i n f he a ien  age a  he ime f am le c llec i n be een able 
(N=15), progressive (N= 17) myeloma precursors and MM (N =80). p values were 
calculated using the Wilcoxon rank-sum test.    
(B) Estimated patient age at the first multi-gain events with 95% confidence of intervals. 
Blue, purple and brown dots and lines represent stable (N=7), progressive (N=11) 
myeloma precursors, and MM (N=22) respectively. Gray boxes reflect the sample 
collection time.  
(C) Comparison of estimated patient age at the first multi-gain events between stable, 
progressive myeloma precursors and MM. p values were calculated using the Wilcoxon 
rank-sum test. For (a, c) boxplots show the median and interquartile range.    
MGUS: monoclonal gammopathy of undetermined significance; SMM: smoldering multiple 
myeloma; SD: stable; PD: progressive.  
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100% of patients have mutations by WGS

IGH translocations are present

No biallelic deletions in TSGs.
CDKN2C, TP53, CYLD, BIRC2/3

No TP53 mutations or MYC abnormalities

CNAs: amplifications >> deletions

Distinct profile of progressive 
and non-progressive cases

p < 0.001), respectively. Two patients with progressive myeloma
precursor condition did not have any canonical events (i.e., IGH-
translocations and/or hyperdiploid), however, they were char-
acterized by multiple chromosomal abnormalities, SVs, complex
events and nonsynonymous mutations, con!rming the critical role
of these events for myeloma precursor initiation and progression.
Overall, the progressive myeloma precursor condition SV land-
scape was similar to that observed in MM, itself (Fig. 5b, c). This
!nding was con!rmed by looking at the genomic distribution of
SV: in progressive precursors, and to a greater extent in MM,
the distribution was signi!cantly associated with H3K27a and
chromatin accessibility loci (Supplementary Fig. 5)26.

We analyzed hotspots hit by recurrent SV in our case series.
Sixty-nine hotspots were identi!ed in 752 low-coverage long-
insert WGS cases from the CoMMpass data set23,26. The median
number of these SV hotspots per patient was signi!cantly lower
among stable myeloma precursor condition compared to MM
(Wilcoxon rank-sum test p < 0.0001; Supplementary Fig. 6).
Among the stable myeloma precursor condition cases, we
identi!ed only 11 SV hotspots: all translocations between the
IGH locus and CCND1 (n= 7), MAFB (n= 2), CCND3 (n= 1),
and LTBR|LAG3 (n= 1). Of note, none of the stable myeloma
precursor condition cases had any SVs involving the MYC/PVT1
hotspot13,20 in sharp contrast with 35% (6/17) in progressive
precursor condition cases and 32/80 (40%) MM (Fisher’s exact
test p= 0.03 and p= 0.003, respectively). Overall, progressive

myeloma precursor condition did not show any signi!cant
differences in SV hotspot prevalence compared to either MM or
stable myeloma precursor condition.

Time lag between initiation and sample collection. Considering
myeloma de!ning genomic events (i.e., SNVs, CNVs, SVs, and
mutational signatures), stable myeloma precursor condition
emerged as a distinct genomic entity compared to MM. In con-
trast, the progressive myeloma precursor condition demonstrated
a genomic pro!le similar to that of MM. This absence of mye-
loma de!ning genomic events among stable cases could be due to
two possible explanations. Firstly, the early detection of the clone
by serum protein electrophoresis and consequent earlier sample
collection in the course of disease might have introduced a
temporal bias into our analysis (i.e., the earlier the plasma cell
clonal detection, the lower its genomic complexity). Alternatively,
stable cases represent a distinct biological entity, characterized by
few genomic aberrations and a low propensity to acquire addi-
tional abnormalities associated with progression. To identify the
most likely model, we leveraged the molecular-clock approach,
recently developed to time landmark events in both cancers and
normal tissues27,29,30,42,43. Notably, this approach is based on the
SBS1 and SBS5 mutational burden pre- and post-chromosomal
gain to estimate the time lag between cancer-initiating gains and
sample collection. Previous MMmolecular time estimates25 are in
line with a long lag time from initiation to development44,45. For

Fig. 3 Mutations in myeloma driver genes. a, b Prevalence and distribution of nonsynonymous mutations in driver genes (N= 80) across stable (blue;
N= 15) and progressive (purple; N= 17) myeloma precursor condition and multiple myeloma (brown). In (b) red: mutated; Gray: wild type. p values were
calculated using Wilcoxon rank-sum test. Boxplots show the median and interquartile range. c Proportion of cases with at least one signi!cant known
hotspot mutation (brown) within myeloma driver genes in stable and progressive myeloma precursor condition and multiple myeloma (MM). d Proportion
of mutations in driver genes involving known AID targets (light green) in stable and progressive myeloma precursor condition and MM. MGUS: monoclonal
gammopathy of undetermined signi!cance, SMM: smoldering multiple myeloma, SD: stable, PD: progressive, WGS: whole-genome sequencing, WXS:
whole exome sequencing. Asterisks in (c, d) indicate a p < 0.01 under Fisher’s exact test.
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Boyle, Walker et al. Nature Commun. 2021

• Total of 103 (64/223 pts) biallelic events 
identified in MM, compared to 8 (8/82 pts) in 
SMM, χ2=10.9, p=0.001

• 1.2% SMM patients with Biallelic TP53, 
compared to 8.1% in MM

• 2% SMM with Biallelic DIS3, compared to 5% 
in MM

• Biallelic inactivation may be a hallmark 
mechanism in the transition to MM

Distinct mutational profile of SMM and MM



Supplemental Figure 3: 
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Genomic features can help prognostication in SMM

Bustoros et al, JCO 2020

shorter TTP (2.6 v 9.3 years [P5 .004] and 1.2 v 3.5 years
[P 5 .001], respectively; Figs 5A and 5B), and our results
were independent of the clinical model used (ie, Mayo
2008 or 2018; Data Supplement). Of note, high-risk ge-
nomic alterations were found in patients described as low
risk by both models, in whom they conferred a signi!cantly
increased risk of progression (Data Supplement). Im-
portantly, our genomic model improved the prediction of
progression when added to the Mayo 2008 or 2018

models (C-statistic, 0.66 v 0.75 and 0.72 v 0.77, re-
spectively; likelihood ratio test P , .001; Table 1; Data
Supplement).

External Validation of the Genomic Prediction Model

To test the robustness and generalizability of our model,
we validated it in an external cohort of 72 patients with
SMM whose tumor DNA had been previously sequenced.7

Forty-seven patients in this cohort progressed to MM with
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FIG 4. Kaplan-Meier curves for analysis of time to progression in patients with (A) mitogen-activated protein kinase (MAPK) pathway mutations (KRAS
andNRAS); (B)MYC alterations, including translocation and ampli!cations; and (C) DNA repair pathway alterations (deletion 17p, TP53, and ATM single
nucleotide variants [red] compared to the absence of these alterations [blue]). (D) Forest plots of multivariable Cox regression of the genomic alterations
and the clinical risk model with genetic features selected after bootstrap forward/backward variable selection with Mayo 2018 criteria.
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International Myeloma Foundation with a curative strat-
egy is using the same model.
While we used 2-year progression as the end point to

de!ne a high-risk SMM population, we have also created
a more precise and individualized scoring tool to classify
individuals by risk of progression using the entire spec-
trum of values for each patient (in place of dichotomous
division) including M-spike, BMPC in!ltration, and sFLC
ratio. Accordingly, this scoring tool is able to precisely
identify SMM patients with extremely low risk of pro-
gression at 2 years (close to MGUS), as well as SMM with
a risk of progression at 2 years even >50%. Thus, using
this risk scoring, SMM patients with total risk score of 1
have 90% of probability of not developing MM in 2 years
(negative predictive value (NPV)= 90%), while for those
patients with total risk score of 9, the probability of
developing MM in 2 years will be of 93% (positive pre-
dictive value= 93%). However, the identi!cation of SMM
patients who will not progress with near certainty (100%
NPV) is dif!cult, and in the subgroup of patients with
total risk score of 0, the risk does exist.
There are some limitations in this study because of its

retrospective nature as well as the missing data observed
for some variables that may have led to their exclusion in
the multistep process. This is the case for the presence of

immune paresis, percentage of plasma cells with aberrant
phenotype or circulating plasma cells, or the evolution of
the M-component and the decrease in hemoglobin. In
addition, differences in the speci!c methodology used for
FISH may vary from institution to institution. One addi-
tional limitation is its complete reliance on clinical fea-
tures. It has been recently shown that the mutational
landscape, particularly mutations in the RAS family as
well as c-Myc alterations, may independently predict
progression risk24. Moreover, the transition process from
SMM to MM could also involve growth of preexisting
clones due to a more permissive bone marrow micro-
environment25,26. The current study also does not factor
in other demographic factors such as race as the numbers
were insuf!cient to explore this.
In summary, our study identi!es a subgroup of SMM

patients with 50% progression risk at 2 years from diag-
nosis based on the presence of two or three factors among
M-protein (>2 g/dL), BMPC in!ltration (>20%), or the
ratio of involved versus uninvolved sFLC (>20). This
model is easily reproducible and available worldwide,
could be used to identify high-risk SMM patients in the
context of clinical research, and will contribute in the near
future to be able to offer early treatment to a more
homogeneous subgroup of SMM patients. Availability of

Risk Stratification groups Total risk score Hazard Ratio (95% CI) Risk of progression (2 years) # of patients
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Fig. 4 Risk of progression according to the risk score. Risk score was developed using the entire range of the values for BMPC, serum FLC, and
serum M-spike as well as cytogenetic abnormality. Patients with total risk score between 0 and 4 had a 2-year progression risk of 3.8%, patients with a
total score between 5 and 8 had a risk of 26%, those with a score between 9 and 12 had a risk of progression of 51%, and those with a score >12 had
a risk of progression of 73%.
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IMWG model for risk stratification of SMM incorporating 
FISH
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Possible added value of dynamic risk-stratification in SMM
Replacing invasive by minimally invasive tumor burden assessment in the model?

1. Visram A, et al. Blood Cancer Journal 2021

risk score or higher was ~45%, which was roughly equivalent to
the 2-year risk of progression for Mayo 2018 patients. Therefore,
we dichotomized the two risk score categories (IMWG 2020 score
<9 vs !9, and Mayo 2018 score <2 versus !2) and found that the
2 staging systems were moderately concordant (kappa coef!cient
0.61, 95% CI 0.51–0.72, p < 0.001).

The median follow-up from SMM diagnosis for patients
evaluable for risk strati!cation using the IMWG 2020 score at
baseline was 4.1 (95% CI 3.4–4.7) years. Due to the limited follow
up and sample size of patients evaluable for the IMWG 2020 risk
score, this score was only re-assessed for 4 years post diagnosis. As
shown in Fig. 4, when re-applied post diagnosis the IMWG 2020

Fig. 2 Parallel plot demonstrating the change in the Mayo 2018 SMM risk score over time. The colored lines represent patients based on
their baseline SMM risk strati!cation, as shown in the legend. The line thickness is proportional to the number of patients within each SMM
score stratum. At each annual time point post SMM diagnosis, the boxes represent the composition of patients re-categorized at high risk (red
box), intermediate risk (green box), or low risk (blue box). This plot demonstrates that in some SMM patients, the risk categorization is dynamic
over time.

Increased Mayo 2018 SMM risk category compared to baseline
Decreased/stable Mayo 2018 SMM risk category compared to baseline

A)

C)

B)

D)

HR 2.32, 95% CI 1.57-3.42
Log rank p<0.001

HR 2.00, 95% CI 1.31-3.07
Log rank p=0.002

HR 1.90, 95% CI 1.09-3.32 
Log rank p=0.024

HR 3.67, 95% CI 1.97-6.85
Log rank p<0.001

Fig. 3 The time to progression, strati!ed by migration of SMMMayo 2018 risk category during follow up. Patients were grouped based on
whether the Mayo 2018 category at follow up was increased or stable/decreased compared to baseline. The stage migration of SMM patients
without progression at 2 years (A), 3 years (B), 4 years (C), and 5 years (D) post SMM diagnosis is shown. The percentage of patients evolving to
a higher risk category was 20% at the 2-year landmark, 23% at the 3-year landmark, 29% at the 4-year landmark, and 24% at the 5-year
landmark.

A. Visram et al.
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Aims of the iMMunocell study group

• Compare the prognostic value of PC quantification in bone marrow (BM) vs the 

evaluation of circulating tumor cells (CTCs) in peripheral blood (PB) of SMM patients

• Define immune signatures predictive of time-to progression (TTP) in SMM to identify 

patients with stable tumor burden, but at risk of progression due to lost immune surveillance

Termini et al., IMS 2021



Conclusions

• MM initiation decades before diagnosis

• Continuum of genomic features – more studies needed for classification and prognosis

• CTC numbers may have greater prognostic value than BM PC counts

• Rationale for future dynamic models

• Tumor microenvironment is a key player in disease progression



Evviva i meetings in presenza!


