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Clonal and subclonal TP53 molecular impairment is associated
with prognosis and progression in multiple myeloma
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Aberrations on TP53, either as deletions of chromosome 17p (del17p) or mutations, are associated with poor outcome in multiple
myeloma (MM), but conventional detection methods currently in use underestimate their incidence, hindering an optimal risk
assessment and prognostication of MM patients. We have investigated the altered status of TP53 gene by SNPs array and
sequencing techniques in a homogenous cohort of 143 newly diagnosed MM patients, evaluated both at diagnosis and at ﬁrst
relapse: single-hit on TP53 gene, either deletion or mutation, detected both at clonal and sub-clonal level, had a minor effect on
outcomes. Conversely, the coexistence of both TP53 deletion and mutation, which deﬁned the so-called double-hit patients, was
associated with the worst clinical outcome (PFS: HR 3.34 [95% CI: 1.37–8.12] p = 0.008; OS: HR 3.47 [95% CI: 1.18–10.24] p = 0.02).
Moreover, the analysis of longitudinal samples pointed out that TP53 allelic status might increase during the disease course.
Notably, the acquisition of TP53 alterations at relapse dramatically worsened the clinical course of patients. Overall, our analyses
showed these techniques to be highly sensitive to identify TP53 aberrations at sub-clonal level, emphasizing the poor prognosis
associated with double-hit MM patients.
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INTRODUCTION
In most human cancers, impairment of p53 tumor suppressor
protein is a driver event, which confers a survival advantage to
tumor cells [1, 2]. Clonal aberrations of TP53 gene—either
hemizygous deletion of the short arm of chromosome 17 (del17p)
or mutations—adversely affect the prognosis of multiple myeloma
(MM) patients, regardless of therapy [3–5]. Among p53 abnormalities, del(17p) and/or monosomy 17 are listed as the worst
prognostic factors, being del(17p) also associated with resistance
to chemotherapy and increased risk of disease spread outside the
bone marrow [6–8]. Since the presence of del(17p) is one of the
cytogenetic variables, along with t(4;14) and/or t(14;16) contributing to deﬁne stage 3 disease according to the revised International
Staging System (R-ISS) [9–11], routine assessment of clonal
p53 status is strongly recommended. Fluorescent in situ hybridization (FISH), the commonest technique used to reveal del(17p),
fails to detect, or otherwise underestimates, focal copy number
(CN) deletions and/or point mutations affecting TP53, especially
when sub-clonal [12], thus preventing an accurate risk stratiﬁcation of MM. This issue is of particular relevance when the TP53 loss
of function occurs through a bi-allelic event [13], a ﬁnding
currently associated with the worst prognosis.
The prognostic value of sub-clonal p53 gene deletion has been
recently highlighted in a large cohort of patients, even though just
a limited set of selected TP53 exons has been evaluated by
multiplex ligation-dependent probe ampliﬁcation (MLPA) [14].

Additionally, a subsequent study established a threshold of 0.55 of
Cancer Cell Fraction (CCF) as a cut-off capable of discriminating
patients with different risks of progression [15]. However, despite
the large consensus regarding the prognostic value of p53
alterations, especially in case of its bi-allelic inactivation
[13, 15, 16], the identiﬁcation of the most effective methods to
assess p53 impairment, as well as the optimal cut-off levels for
these determinations, remain controversial.
Herein, we explored the TP53 full-gene genomic status in a
cohort of newly diagnosed MM patients and in a subgroup for
whom longitudinally collected samples were available, in order to
determine, by means of single-nucleotide polymorphisms (SNPs)
array and targeted sequencing, the prognostic signiﬁcance of TP53
CN and mutational events, as well as their evolution along the
disease course.
METHODS
Patients
Hundred and forty-three NDMM patients for whom bone marrow
samples taken at diagnosis were available for TP53 analysis were
included into this study. Their median follow-up was 72 months, range:
4–192; interquartile range [IQR]: 46.7–119.1 Of these patients, 53 with
paired bone marrow samples at diagnosis and at relapse were analysed
for TP53 status. All patients were treated upfront with bortezomib-based
regimens, 98 of them within clinical studies, either the GIMEMA-MMY3006 trial (n = 45 patients) (ClinicalTrials.gov number: NCT01134484) or
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the EMNO2/HO95 trial (n = 53 patients) (ClinicalTrials.gov number:
NCT01208766). 100 out of 143 patients received consolidation therapy
with high-dose melphalan (HDM) followed by autologous stem-cell
transplantation (ASCT), whereas 43 patients received bortezomib-based
regimens as intensiﬁcation therapy. All patients provided written
informed consents for biological studies.
Baseline clinical characteristics were representative of a MM population;
however, since β2-microglobulin levels were slightly unbalanced among
the three subgroups, the analyses have been adjusted for ISS, whose
impact on patient outcome has been already demonstrated (Table 1 in SI),
to avoid any potential bias and to properly correlate the clinical outcome
with cytogenetic abnormalities.

Sample processing
Bone marrow (BM) aspirates were obtained during standard diagnostic
procedures. Mononuclear BM cells were obtained by Ficoll-Hypaque
density gradient centrifugation. An immunomagnetic beads-based strategy (MACS system, Miltenyi Biotec, Auburn, CA) was employed to isolate
CD138+ plasma cells. The purity of positively selected plasma cells was
assessed by ﬂow cytometry using a conventional antibody panel. Total
genomic DNA was isolated using Maxwell® 16 LEV Blood DNA kit
(Promega, Madison, WI) and quality/quantity checked by Nanodrop.
Western blotting analysis on CD138+ cell derived from two MM patients,
was performed as previously published [17].

Genome wide SNP array proﬁles and CNAs detection
SNP array proﬁle experiments were carried out according to the
manufacturer’s protocols (Cytoscan HD Genome-wide Human GeneChip,
Affymetrix, Santa Clara, CA). Raw CEL ﬁles were processed by a pipeline
including Rawcopy [18] and ASCAT [19] to compute purity-corrected CN
data. Speciﬁc log ratio thresholds were set to correctly deﬁne TP53 ploidy
[20]. Del17p, t(4;14), t(14;20), and t(14;16) were also evaluated by FISH
analysis in a subgroup of patients (Vysis LSI Probes, Abbott Molecular).
SNP CEL ﬁles are available for free download at http://www.ncbi.nlm.nih.
gov (GEO, Gene Expression Omnibus), series accession number GSE69000
[21]. Purity solutions with a low conﬁdence were manually reviewed, and
custom R scripts were used in order to obtain gene-level copy number
calls for TP53 locus. The genomic segments proﬁles were generated using
Raw copy R package and PSCBS algorithm. The signiﬁcance threshold for
segmentation was set at 10−7. The copy number thresholds for single
copy gain and single copy loss were set at 2.1 and 1.9, respectively. The
copy number thresholds for two or more copy gain and homozygous loss
were set at 3.4 and 0.6, respectively [22]. According to the purity of
ASCAT computed samples, Log2 ratio signals were subsequently
converted to CN values and a CCF was deﬁned for each alteration that
spans from 0 to 100%.

TP53 targeted deep sequencing and variant calling

TP53 gene was sequenced by a probe-based targeted sequence panel of
25 genes, among which the whole exonic regions of TP53 was included
(Sophia genetics). In each run, a TP53 mutated cell line (OPM-2) was
included as positive control. A total of 22 samples were re-sequenced in
order to test the reproducibility intra and inter-run. Based on their
availability, 42-matched normal samples (e.g. buccal swab) were
sequenced. Somatic variants, included for analysis, passed NextSeq
Reporter quality ﬁlter and met laboratory-deﬁned,thresholds of >250×
read depth and >5% variant allele fraction (VAF) [23, 24]. Data on two
selected TP53 variants were further validated through a droplet digital PCR
assay (ddPCR), both at DNA and RNA level. Sequencing data were aligned
to GRCh37-hg19 genome assembly and subjected to pre-processing steps
for variant discovery following GATK best practices [25]. For variant calling
analysis, a concordance of three different tools was employed: Mutect2
(Broad Institute), Sophia DDM (proprietary software), and Shearwater: we
considered a variant only if it was called by at least two out of these three
tools. Data pre-processing for variant discovery was carried out
independently for Mutect2/Shearwater using GATK4 best practices, while
data pre-processing for Sophia DDM was part of the Sophia proprietary
analysis pipeline. Tool-speciﬁc variant ﬁltering steps were applied on the
different lists of variants: 1) Mutect2 variants were ﬁltered using all
available ﬁltering criteria provided by FilterMutectCalls tool, and only
variants with all PASS ﬂags were considered; 2) Shearwater variants were
considered only with a Quality score >30; 3) Sophia DDM variants labeled
with a PASS ﬂag from the software were considered. All the ﬁltering steps
were manually reviewed with Integrative Genomics Viewer (IGV) to

evaluate the ﬁltering performance. Regarding the biological signiﬁcance
ﬁltering, in order to differentiate pathogenic from variant of uncertain
signiﬁcance (VUS) or benign variants, we set up an algorithm capable of
assigning a pathogenicity label to the considered variants, using all the
currently available information from public databases and in-silico
prediction tools, obtained by a variant annotation step with ANNOVAR.
Brieﬂy, pathogenic variants were labeled as such, if: 1) they caused a
biological loss of function (e.g., missense, nonsense, and frameshift), or 2)
were reported as pathogenic in clinical databases (e.g., CLINVAR, COSMIC)
and had a strong evidence of pathogenicity from in-silico prediction tools.
After ﬁltering, we focused only on the pathogenic detected variants by
excluding common variants in human population (freq. >1%) and retaining
only variants with a conﬁrmed evidence of pathogenicity in comprehensive clinical databases (i.e., COSMIC, CLINVAR).

Clinical and statistical analyses
All the analyses were conducted using R language and environment for
statistical computing (R Foundation for Statistical Computing, Vienna,
Austria). 0.05 was considered as the limit for the statistical signiﬁcance of pvalue and all variables objected of inference were reported together with
their 95% conﬁdence intervals (CI). A time-dependent receiving operating
characteristic (ROC) curve analysis [26] was performed in order to measure
the best progression-free survival (PFS) estimate at different time-points
(from 12 to 96 months) of TP53 CCF. PFS was calculated from the start of
therapy to the ﬁrst progression or death. Overall survival (OS) considered
death as event and was calculated from the same landmark. Second PFS
and PFS2 were deﬁned as the time to 2nd progression or death: PFS2 was
calculated from start of therapy, while 2nd PFS measurements started from
the date of ﬁrst progression. Survival curves were drawn following the
Kaplan–Meier method. Semi-parametric Cox regression analysis was
adopted to calculate hazard ratios (HR) between predeﬁned possible
prognostic groups, including all the cytogenetic alterations (del1p, amp1q,
del17p, del13q, and translocations t(4;14)). Multivariable Cox regression
analysis was performed to identify the abnormalities independently
affecting the prognosis, considering in the ﬁnal reported model only the
variables that resulted statistically signiﬁcative.

RESULTS
Patients carrying clonal and sub-clonal 17p deletion, and
particularly double-hit events, displayed poor prognosis, and
higher probability of second relapses
To assess the molecular status of TP53, both at copy number and
at mutational levels, SNPs array and high-resolution targeted
sequencing were performed. In order to deﬁne the optimal
prognostic cutoff levels for TP53 deletion calling and the lowest
TP53 CCF value predicting for clinical outcomes, a ROC curve
approach was employed. To this aim, each 0.05-progressively
reduced TP53 CCF value was tested, starting from CCF = 2,
equivalent to the normal diploid CN. As expected, clonal deletions
(CCF = >63%) allowed a conﬁdent and early prediction of PFS and
OS events (12 months, AUC = 0.84) (Tables 2–3 in SI). However, we
were able to show that the lowest acceptable TP53 CCF limits still
able to signiﬁcantly predict PFS (96 months) and OS (72 months)
were 9.56% and 11.32%, respectively (AUC = 0.62). We therefore
deﬁned 10% (as an approximation of both 9.56 and 11.32%) as the
cut-off level for a TP53 deletion call.
According to the established cut-offs, thirty-four patients carried
TP53 deletions (34/143 = 24%) and 12 patients TP53 mutations
(12/143 = 8%); among these, seven patients carried double-hits on
TP53 (7/143 = 5%), being affected either by homozygous deletions
(2/7) or by deletion and mutation (5/7), whereas 97 patients
carried wild-type (wt) TP53.
Mutations were mainly non-synonymous single-nucleotide
variants (SNVs) and affected the DNA binding domain (Fig. 1).
As previously reported, the clinical impact of p53 impairment
might be heterogeneous according to its allelic status [13]. Our
results demonstrated that patients with TP53 deletion, both clonal
and sub-clonal, displayed a substantial outcome worsening, as
compared to patients with wt TP53 (Fig. 2a: PFS median months:
32.7 vs. 41.2, respectively, HR 1.57, 95% CI: 1.02–2.43, p = 0.06; OS
Blood Cancer Journal (2022)12:15
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Mutation frequency in TP53 − complete dataset
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Fig. 1 Lollipop plot representing TP53 number and frequency of mutations. Most of the SNVs are restricted to the DNA binding domain;
however, other SNVs are detected in other ﬂaking domains.

median months: 69.2 vs. not reached [nr], HR 1.79, 95% CI:
1.01–3.2, p = 0.05), even though only a trend was observed in
term of PFS.
Overall, the presence of a single genomic hit on TP53, either a
deletion or a mutation (as observed in 39 patients) signiﬁcantly
impacted patients’ survival (Fig. 2b: PFS median months: 31.2 vs.
41.2 respectively, HR 1.63, 95% CI: 1.07–2.48, p = 0.02; OS median
months: 69.2 months vs. nr, HR 1.82, 95% CI: 1.02–3.26, p = 0.05).
More importantly, the simultaneous occurrence of TP53 deletion
and mutation, or of TP53 bi-allelic deletion, severely affected the
clinical outcome of patients (Fig. 2c: PFS median months: 9.5 vs.
41.2, respectively: HR 3.34, 95% CI: 1.37–8.12, p = 0.008; OS
median: 51.7 vs. nr, HR 3.47, 95% CI: 1.18–10.24, p = 0.02) (see also
Fig. 1 in SI). On this side, a double event ultimately resulted in a
complete inactivation of p53 protein (Fig. 2 in SI, pt2), while a
single TP53 copy loss ensured intact p53 full-length protein, as
well as that of phosphorylated p53 protein (Fig. 2 in SI, pt1).
In a multivariable prediction model, only the statistically
signiﬁcant variables were included. As a result, TP53 double-hit
events inﬂuenced independently and more heavily patient
outcomes, with respect to FISH-detected del(17p), both in terms
of PFS and OS (Tab. 4 in SI).
Finally, patients carrying either single-hit (deletion or mutation)
or double-hit events on TP53 at diagnosis had higher risk to
experience second relapses, as compared to patients carrying
wild-type TP53 (Fig. 3: PFS2: (a) 34 pts with TP53-del vs. 97 pts with
wt-TP53, median months survival: 54 vs. 71, respectively, HR 1.71,
95% CI: 1.03–2.84, p = 0.03; (b) 39 pts with single-hit (deletion or
mutation) on TP53 vs. 97 pts with wt-TP53, median months
survival: 49 vs. 71, respectively: HR 1.62, 95% CI: 0.99–2,66, p =
0.05; (c) 7 pts with double-hit on TP53 vs. 97 pts with wt-TP53,
median months survival: 16 vs. 71, respectively: HR 3.10, 95% CI:
1.18–8.17, p = 0.02).
TP53 genomic state might evolve along the disease course,
therefore its assessment is crucial both at diagnosis and at
relapse
In order to verify if TP53 molecular status might change between
disease phases, 53 out of 143 patients were molecularly re-assessed
Blood Cancer Journal (2022)12:15

at the time of disease progression. By analyzing these longitudinally
collected samples, we observed an overall increase of frequency of
patients carrying TP53 aberrations at relapse ([45/143] 32% patients
with a TP53 deletion, mutation or both at diagnosis vs. [23/53] 44%
patients with a TP53 deletion, mutation or both at relapse; p < 0.05),
showing an acquisition of either deletion (14/53), or mutations
(5/53) or double-hit events (5/53) at relapse (Fig. 4). Interestingly,
not only an increased number of genomic events on TP53, but also
a TP53 CCF raise was observed at relapse, as compared to diagnosis
(median TP53 CCF: 62.9% [range: 10–100%] vs. 82.4% [range:
25.5–100%] at diagnosis and relapse, respectively, p < 0.05).
Among patients who reported an increased frequency/
number of TP53 mutations at relapse, a validation of two TP53
variants in two distinct patients was performed by ddPCR (Fig. 3
in SI). In patient 1, the frequency of TP53 var 166G>T (ex4)
displayed an increase from 12 to 36.3%, conﬁrmed both at DNA
and at RNA levels. More strikingly, in patients 2, the frequency of
TP53 var 848G>C (ex8) showed a variation from 0.62 to 7.2%,
thus still remaining sub-clonal, but even though detectable both
at DNA and RNA levels. The acquisition of TP53 aberrations at
relapse affected patients’ clinical course even worse than at
diagnosis, as we demonstrated by the analysis of 2nd PFS (Fig. 5:
(a) 14 pts with TP53 del vs. 25 pts with wt TP53, 18 vs. 27 months:
HR 2.39, 95% CI: 1.01–5.64, p = 0.04; (b) 5 pts with double-hit on
TP53 vs. 25 pts with wt TP53, 9 vs. 27 months: HR 4.80, 95% CI:
1.27–18.13, p = 0.02).
DISCUSSION
Genomic events affecting the 17p chromosomal regions are
quite common in cancer and are mostly related with the loss of
p53 tumor suppressor function, ultimately impacting patients
prognosis [1, 2]. Deletion of 17p also occurs in MM, although less
rare than in other tumor types. In fact, it is rarely observed in the
pre-clinical phases and only 8–10% of patients in the daily
clinical practice have a FISH-detected del(17p) at the onset of the
disease [3, 4]. Despite its relatively low incidence and the
consideration of being a secondary event in the pathogenesis of
MM [26], del(17p) remains one of the most clinically relevant
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Fig. 2 Clinical impact of clonal and subclonal TP53 aberrations at diagnosis. Effect on PFS and OS of a TP53 deletion as a single-hit (cut-off
≥10%) as detected by SNP array (PFS: p = 0.06, HR 1.57, 95% CI: 1.02–2.43; OS: p = 0.05, HR 1.79, 95% CI: 1.01–3.2); b TP53 deletion or mutation
(VAF ≥ 5%) (PFS: p = 0.02, HR 1.63, 95% CI: 1.07–2.48; OS: p = 0.05, HR 1.82, 95% CI: 1.02–3.26); c coexistence of both deletions and mutations
on TP53, which deﬁned the so-called double-hit patients (PFS: p = 0.01, HR 3.34, 95% CI: 1.37–8.12; OS: p = 0.02, HR 3.47, 95% CI: 1.18–10.24).

chromosomal aberration, as its presence deﬁne a high-risk
patient’s category in several approved risk scores [27, 28].
However, the identiﬁcation of the best approach to assess p53
impairment and the cut-off levels for these determinations are
still controversial. Here we have demonstrated the feasibility of
high-resolution detection of TP53 aberrations, down to the subclonal level, performed at both diagnosis and relapse. Overall,
our ﬁndings reinforce the idea that both deletions and mutations
should be evaluated to correctly identify NDMM patients with
poor prognosis, and that the evaluation should be repeated at
disease recurrence.

Although the use of high-sensitive techniques, including both
focal and sub-clonal genomic events, inevitably identiﬁed a rather
high recurrence of TP53 events (TP53 deletions: 34/143 = 24% and
TP53 mutations: 12/143 = 8%), as compared to less performing
techniques [3, 4], the ROC curve analysis supported the relevance
of the detecting both clonal and sub-clonal TP53 alterations. In
fact, while clonal deletions (CCF > 63–100%) had an early impact
on patient outcome, sub-clonal TP53 alterations (CCF > 10–63%)
also proved a strong, albeit delayed, clinical role, proving to be an
equally crucial genomic event. On this basis, besides the
identiﬁcation of clonal TP53 events, unequivocally relevant, we
Blood Cancer Journal (2022)12:15
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Fig. 3 Risk of second relapses resulted higher in patients carrying at diagnosis TP53 deletion or mutation, including double-hit events,
as compared to patients carrying wild-type TP53. Effect on PFS2 of a TP53 deletion as a single-hit (cut-off ≥10%) as detected by SNP array
(p = 0.04, HR 1.71, 95% CI: 1.03–2.84); b TP53 deletion or mutation (VAF ≥ 5%) (p = 0.05, HR 1.62, 95% CI: 0.99–2.66); c coexistence of both
deletions and mutations on TP53 (p = 0.02, HR 3.10, 95% CI: 1.18–8.17).
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Fig. 4 TP53 molecular status might change during the disease progression and impact in long-term outcomes. a Histogram representing
the frequencies of TP53 aberrations across diagnosis and relapse. Overall, we observed an increase of the relative percentage of patients
carrying TP53 aberrations at relapse ([45/143] 32% at diagnosis vs. [23/53] 44% at relapse; p < 0.05). b Swimmerplot representing how TP53
molecular status change across disease phases (e.g., diagnosis and relapse). Even though in most patients the TP53 status (either altered or
not) remained stable along the disease course, 14/53 patients acquired either deletion (8/53), or mutations (4/53) or double-hit events (2/53)
at relapse.

strongly support the inclusion of high-sensitive methods to detect
sub-clonal events at diagnosis, since they have the potential to
more accurately deﬁne patients at high risk of progression.
Indeed, our results showed that both TP53 CCF spanning from 100
to 10% and TP53 mutations VAF lower than 5% at the time of
disease onset, impacted patient’s survival, despite the sub-clonal
nature of the lesion in certain patients.
More importantly, we showed that double-hit events on TP53,
either homozygous deletion or deletion plus mutation, completely compromised p53 protein function, deeply worsening the
clinical outcomes of patients and doubling the risk of second
relapses. These data were further validated in a multivariable
model, where double-hit events impacted the clinical outcome,
independently from TP53 deletion, as detected by the conventional approach which, however, leaves out the presence of
possible mutations. The importance to assess both type of
Blood Cancer Journal (2022)12:15

alterations (deletion and mutation) was further corroborated by
results on p53 protein, showing that the single-hit of TP53 was
not sufﬁcient to cause the p53 loss of function, completely
abrogated when double-hit events occurred.
Collectively, these data highlight the importance of a wide
molecular approach, aimed at deﬁning TP53 genomic status to
proper assess the risk of disease in MM patients and, concomitantly, avoid the underestimation of TP53 genomic aberrations.
In the last years, studies derived from large data repository have
revealed that MM is characterized by the co-existence of
heterogenous clones and sub-clones, being either suppressed or
selected under the therapeutic selective pressure during the
disease course, eventually deﬁning a linear, neutral, or branched
evolution. On this side, even though del(17p) is commonly
reported as a clonal event, early detection of sub-clones carrying
this aberration in newly diagnosed MM patients, along with
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Fig. 5 The acquisition of TP53 alterations at relapse dramatically threatened patients’ clinical course. Analysis of 2nd PFS of a patients
with TP53 deletion (cut-off ≥10%) (p = 0.05, HR 2.39, 95% CI: 1.01–5.64); b coexistence of both deletions and mutations on TP53 (p = 0.02,
HR 4.80, 95% CI: 1.27–18.13).

longitudinal analysis of samples to assess TP53 molecular status
both at diagnosis and at relapse, might represent a critical
warning and should not be ignored.
Taken together, these data supported the relevance of TP53
genomic status in NDMM, by accurately describing the CN and
the mutational status of this gene, mainly aiming at the
identiﬁcation of TP53 double-hit events. We demonstrated that
both clonal and sub-clonal TP53 aberrations signiﬁcantly impaired
clinical outcome of MM patients, particularly when TP53 was
totally compromised, as in case of double-hit events. Moreover,
we suggest del17p 10% CCF threshold to be used both for risk
assessment of patients enrolled in clinical trials and for diagnostic
testing in NDMM. We also showed that the TP53 molecular status
has proven clinically meaningful even at relapse, supporting the
role of a re-assessment of TP53 molecular status at relapse. Finally,
this study emphasized the superiority of highly sensitive
molecular approaches, such as SNPs array and Next Generation
Sequencing, over conventional methods. The combination of
these techniques with the conventional use of FISH in clinical
practice and in the diagnostic routine will improve a proper risk
stratiﬁcation and prognostication of MM patients.

REFERENCES
1. Robles AI, Jen J, & Harris CC. Clinical Outcomes of TP53 Mutations in Cancers.
Cold Spring Harb Perspect Med. 2016. https://doi.org/10.1101/cshperspect.
a026294.
2. Chng WJ, Price-Troska T, Gonzalez-Paz N, Van Wier S, Jacobus S, Blood E, et al.
Clinical signiﬁcance of TP53 mutation in myeloma. Leukemia. 2007;21:582–4.
https://doi.org/10.1038/sj.leu.2404524
3. Jovanovic KK, Escure G, Demonchy J, Willaume A, Van de Wyngaert Z, Farhat M,
et al. Deregulation and targeting of TP53 pathway in multiple myeloma. Front
Oncol. 2018;8:665. https://doi.org/10.3389/fonc.2018.00665
4. Munawar U, Roth M, Barrio S, Wajant H, Siegmund D, Bargou R, et al. Assessment
of TP53 lesions for p53 system functionality and drug resistance in multiple
myeloma using an isogenic cell line model. Sci Rep. 2019;9:18062. https://doi.org/
10.1038/s41598-019-54407-4
5. Deng S, Xu Y, An G, Sui W, Zou D, Zhao Y, et al. Features of extramedullary disease
of multiple myeloma: high frequency of p53 deletion and poor survival: a retrospective single-center study of 834 cases. Clin Lymphoma Myeloma Leuk.
2015;15:286–91. https://doi.org/10.1016/j.clml.2014.12.013
6. Billecke L, Penas EM, May AM, Engelhardt M, Nagler A, Leiba M, et al. Similar
incidences of TP53 deletions in extramedullary organ inﬁltrations, soft tissue and
osteolyses of patients with multiple myeloma. Anticancer Res. 2012;32:2031–4.
7. Chng WJ, Dispenzieri A, Chim CS, Fonseca R, Goldschmidt H, Lentzsch S, et al.
IMWG consensus on risk stratiﬁcation in multiple myeloma. Leukemia.
2014;28:269–77. https://doi.org/10.1038/leu.2013.247

8. Avet-Loiseau H, Durie BG, Cavo M, Attal M, Gutierrez N, Haessler J, et al. Combining ﬂuorescent in situ hybridization data with ISS staging improves risk
assessment in myeloma: an International Myeloma Working Group collaborative
project. Leukemia. 2013;27:711–7. https://doi.org/10.1038/leu.2012.282
9. Palumbo A, Avet-Loiseau H, Oliva S, Lokhorst HM, Goldschmidt H, Rosinol L, et al.
Revised International staging system for multiple myeloma: a report from International Myeloma Working Group. J Clin Oncol. 2015;33:2863–9. https://doi.org/
10.1200/JCO.2015.61.2267
10. Sonneveld P, Avet-Loiseau H, Lonial S, Usmani S, Siegel D, Anderson KC, et al.
“Treatment of multiple myeloma with high-risk cytogenetics: a consensus of the
International Myeloma Working Group”. Blood. 2016;127:2955–62. https://doi.
org/10.1182/blood-2016-01-631200.
11. Dutta AK, Fink JL, Grady JP, Morgan GJ, Mullighan CG, To LB, et al. Subclonal
evolution in disease progression from MGUS/SMM to multiple myeloma is
characterised by clonal stability. Leukemia. 2019;33:457–68. https://doi.org/
10.1038/s41375-018-0206-x
12. Thanendrarajan S, Tian E, Qu P, Mathur P, Schinke C, van Rhee F, et al. The level of
deletion 17p and bi-allelic inactivation of TP53 has a signiﬁcant impact on clinical
outcome in multiple myeloma. Haematologica. 2017;102:e364–7. https://doi.org/
10.3324/haematol.2017.168872
13. Shah V, Johnson DC, Sherborne AL, Ellis S, Aldridge FM, Howard-Reeves J, et al.
Subclonal TP53 copy number is associated with prognosis in multiple myeloma.
Blood. 2018;132:2465–9. https://doi.org/10.1182/blood-2018-06-857250
14. Thakurta A, Ortiz M, Blecua P, Towﬁc F, Corre J, Serbina NV, et al. High subclonal
fraction of 17p deletion is associated with poor prognosis in multiple myeloma.
Blood. 2019;133:1217–21. https://doi.org/10.1182/blood-2018-10-880831
15. Walker BA, Mavrommatis K, Wardell CP, Ashby TC, Bauer M, Davies F, et al. A highrisk, Double-Hit, group of newly diagnosed myeloma identiﬁed by genomic
analysis. Leukemia. 2019;33:159–70. https://doi.org/10.1038/s41375-018-0196-8
16. Borsi E, Perrone G, Terragna C, Martello M, Dico AF, Solaini G, et al. Hypoxia
inducible factor-1 alpha as a therapeutic target in multiple myeloma. Oncotarget.
2014;5:1779–92. https://doi.org/10.18632/oncotarget.1736
17. Mayrhofer M, Viklund B, Isaksson A. Rawcopy: improved copy number analysis
with affymetrix arrays. Sci Rep. 2016;6:36158. https://doi.org/10.1038/srep36158
18. Van Loo P, Nordgard SH, Lingjaerde OC, Russnes HG, Rye IH, Sun W, et al. Allelespeciﬁc copy number analysis of tumors. Proc Natl Acad Sci USA.
2010;107:16910–5. https://doi.org/10.1073/pnas.1009843107
19. Haraksingh RR, Abyzov A, Urban AE. Comprehensive performance comparison of
high-resolution array platforms for genome-wide copy number variation (CNV)
analysis in humans. BMC Genom. 2017;18:321. https://doi.org/10.1186/s12864017-3658-x
20. Martello M, Remondini D, Borsi E, Santacroce B, Procacci M, Pezzi A, et al.
Opposite activation of the Hedgehog pathway in CD138+ plasma cells and
CD138-CD19+ B cells identiﬁes two subgroups of patients with multiple myeloma and different prognosis. Leukemia. 2016;30:1869–76. https://doi.org/
10.1038/leu.2016.77
21. Renault V, Tost J, Pichon F, Wang-Renault SF, Letouze E, Imbeaud S, et al. aCNViewer: Comprehensive genome-wide visualization of absolute copy number and
copy neutral variations. PLoS ONE. 2017;12:e0189334. https://doi.org/10.1371/
journal.pone.0189334

Blood Cancer Journal (2022)12:15

M. Martello et al.

7
22. Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-Moonshine
A, et al. From FastQ data to high conﬁdence variant calls: the Genome Analysis
Toolkit best practices pipeline. Curr Protoc Bioinform. 2013;43:11 1011–1110 33.
https://doi.org/10.1002/0471250953.bi1110s43
23. Xu C. A review of somatic single nucleotide variant calling algorithms for nextgeneration sequencing data. Comput Struct Biotechnol J. 2018;16:15–24.
24. De Summa S, Malerba G, Pinto R, Mori A, Mijatovic V, Tommasi S. GATK hard
ﬁltering: tunable parameters to improve variant calling for next generation
sequencing targeted gene panel data. BMC Bioinform. 2017;18:119. https://doi.
org/10.1186/s12859-017-1537-8.
25. Li L, Greene T, Hu B. A simple method to estimate the time-dependent receiver
operating characteristic curve and the area under the curve with right censored data.
Stat Methods Med Res. 2018;27:2264–78. https://doi.org/10.1177/0962280216680239
26. Shen YJ, Mishima Y, Shi J, Sklavenitis-Pistoﬁdis R, Redd RA, Moschetta M, et al.
Progression signature underlies clonal evolution and dissemination of multiple
myeloma. Blood. 2021;137:2360–72. https://doi.org/10.1182/blood.2020005885
27. Palumbo A, Rajkumar SV, San Miguel JF, Larocca A, Niesvizky R, Morgan G, et al.
International Myeloma Working Group consensus statement for the management, treatment, and supportive care of patients with myeloma not eligible for
standard autologous stem-cell transplantation. J Clin Oncol. 2014;32:587–600.
https://doi.org/10.1200/JCO.2013.48.7934
28. Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J, Merlini G, Mateos MV, et al.
International Myeloma Working Group updated criteria for the diagnosis of
multiple myeloma. Lancet Oncol. 2014;15:e538–548. https://doi.org/10.1016/
S1470-2045(14)70442-5

LD analyzed bioinformatic and statistical data; MM, CT, EB, AP, and MC discussed and
interpreted data; MM and CT wrote the paper and all authors reviewed and approved
the paper.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41408-022-00610-y.
Correspondence and requests for materials should be addressed to M. Cavo.
Reprints and permission information is available at http://www.nature.com/
reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional afﬁliations.

AUTHOR CONTRIBUTIONS

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

MM and CT conceived and designed the study; EZ, PT, LP, KM, IV, IR, SR, GMart., SB, and
SA provided study material or patients; MM provided genomic analysis; NT and GMarz.
provided FISH experiment results; EB provided western blot data; MM, AP, VS, CT, and

© The Author(s) 2022

ACKNOWLEDGEMENTS
This work was supported by AIRC—Associazione Italiana Ricerca sul Cancro (IG201415839) and (IG2018-22059), Ministero dell’Università e della Ricerca (RF-2016-02362532)
and Associazione Italiana Leucemia, Linfomi e Mieloma—AIL ODV, Bologna. AIRC
IG2014-15839 and IG2018-22059 RF-2016-02362532, AIL Bologna.

Blood Cancer Journal (2022)12:15

