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Abstract Multiple myeloma (MM), an incurable
malignancy of plasma cells, is predominantly an
age-related disease, with the majority of cases occur-
ring in patients over the age of 60. Cellular senes-
cence, a fundamental biological process underlying
aging, has been increasingly recognized for its criti-
cal role in developing age-related malignancies. In
this study, we aimed to investigate the prognostic
significance of genes implicated in the molecular
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mechanisms of senescence within a large cohort of
MM patients. Gene expression and clinical data from
1416 MM patients were obtained from four GEO
datasets (GSE24080, GSE4204, GSE57317, and
GSE9782) and integrated into a unified database.
The raw data were processed using MASS5 normaliza-
tion, scaling adjustments, and JetSet probe selection
to ensure cross-platform comparability. A curated set
of senescence-associated genes, the SenMayo gene
signature, was employed for subsequent analyses.
The final gene signature was computed as a weighted
mean expression of 122 senescence-associated genes,
with weights derived from univariate hazard ratios.
Prognostic significance was evaluated using Cox
regression, Kaplan—Meier survival analysis, and
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multivariate models incorporating clinical param-
eters such as gender, isotype, and molecular subtypes.
False discovery rate (FDR) correction was applied
to ensure the statistical robustness of findings. The
weighted SenMayo gene signature strongly corre-
lated with overall survival in MM patients (HR=0.6,
95% CI1=0.47-0.76, p=1.7e-05). The 75th percent
probability of survival was reached at 36.1 months
in the low-expression patient group, compared to
57 months in the high-expression group. Independ-
ent validation in datasets with sufficient patient num-
bers confirmed the prognostic value of the SenMayo
signature (GSE4204: HR=0.58, 95% CI=0.39-
0.88, p=0.0089; GSE24080: HR=0.61, 95%
CI=0.45-0.83, p=0.0012; GSE57317: HR=0.25,
95% CI=0.08-0.77, p=0.0095). Multivariate analy-
ses further established the SenMayo signature as an
independent prognostic factor, even when account-
ing for established clinical parameters such as sex
and isotype. These findings underscore the robust-
ness and independence of the SenMayo gene sig-
nature as a predictor of overall survival in multiple
myeloma. This signature provides clinically valuable
insights into the role of cellular senescence in disease
progression.

Keywords Gene expression - Aging - Prognostic
factors - Biomarkers

Introduction

Multiple myeloma (MM) is an age-related hemato-
logic malignancy characterized by the uncontrolled
proliferation of plasma cells in the bone marrow, lead-
ing to immunodeficiency, bone destruction, and renal
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dysfunction [1]. MM represents a significant public
health burden, accounting for approximately 1% of all
cancers and 10% of hematologic malignancies world-
wide [2] In 2022, an estimated 188,000 new multiple
myeloma cases and 121,000 deaths occurred globally
[3]. Incidence rates were among the highest in North-
ern America, exceeding 4 per 100,000 for both sexes
combined, while mortality rates peaked at 1.8 per
100,000 in regions such as Northern Europe [3]. Its
incidence rises sharply with age, with the majority of
diagnoses occurring in individuals over 60 years old
[1]. The expanding elderly population has contributed
to an increasing prevalence of MM, underscoring the
need for improved prognostic biomarkers and targeted
therapeutic strategies [1].

The field of geroscience, which investigates
the molecular mechanisms of aging as fundamen-
tal drivers of age-related diseases, offers a valu-
able framework for understanding MM pathogen-
esis [4]. Advances in geroscience have shed light
on the critical role of biological aging mechanisms
in the development of age-related diseases, includ-
ing malignancies [1, 4]. Among these mechanisms,
cellular senescence has emerged as a pivotal pro-
cess linking aging with tumorigenesis [5, 6]. Cellu-
lar senescence is a complex biological phenomenon
that induces stable cell cycle arrest, accompanied
by profound alterations in gene expression, secre-
tion of pro-inflammatory factors, and extracellular
matrix-degrading enzymes known as the senescence-
associated secretory phenotype (SASP) [7-9], and
metabolic reprogramming [10, 11]. Senescent cells
accumulate in various tissues with age, contribut-
ing to chronic inflammation and a tumor-permissive
microenvironment [11]. While cellular senescence
initially functions as a tumor-suppressive mechanism
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by preventing the uncontrolled proliferation of dam-
aged cells, its paradoxical role in fostering a pro-
inflammatory milieu and reshaping the tissue micro-
environment suggests that increased susceptibility to
senescence may either suppress or facilitate tumor
progression and metastasis [5, 12-17]. Recent stud-
ies have highlighted the role of senescence-associated
genes in various malignancies, including solid tumors
[18, 19]. These findings suggest that identifying
senescence-related gene expression patterns may offer
insights into MM biology and prognosis [20-23].

Given the growing interest in senolytic and seno-
static drugs, elucidating the role of senescence in
MM could pave the way for new therapeutic strate-
gies to improve patient outcomes. In this study, we
aimed to investigate the prognostic significance of a
senescence gene signature in MM patients. We uti-
lized large-scale transcriptomic datasets and applied
bioinformatics approaches to assess the association
between senescence-related gene expression and
overall survival. By leveraging the SenMayo gene sig-
nature, a curated set of senescence-associated genes
validated across multiple tissues and species [24],
we evaluated its prognostic potential in a cohort of
1416 MM patients. Our analyses included univariate
and multivariate survival assessments to determine
whether this gene signature serves as an independ-
ent prognostic factor in MM. Our findings contribute
to the expanding body of evidence supporting the
role of cellular senescence in age-related malignan-
cies and highlight the potential of senescence-related
biomarkers in prognostic stratification and treatment
planning for MM patients.

Methods
Database selection and cohort identification

Transcriptome-level gene expression datasets for mul-
tiple myeloma were searched in the Gene Expression
Omnibus (GEO) repository (https://www.ncbi.nlm.
nih.gov/geo/). Inclusion criteria required datasets to
have at least 30 samples, include accompanying clini-
cal data, and utilize the Gene Expression Omnibus
platforms GPL96, GPL570, or GPL571. These plat-
forms were specifically chosen due to their consistent
measurement of 22,277 genes using identical probe
sequences, ensuring uniform sensitivity, specificity,

and dynamic range across all samples, aiming to min-
imize variability and maintain comparability across
datasets.

Data preprocessing and quality control

The raw gene expression data underwent multi-step
preprocessing and quality control to ensure consist-
ency and reliability. Each array was normalized using
the MASS algorithm, which performs well compared
to RT-PCR-validated expression values [25]. The
method allows for independent normalization of indi-
vidual samples, ensuring that the inclusion or exclu-
sion of any sample does not affect the integrity of the
remaining dataset.

Subsequently, a scaling normalization adjusted the
mean expression of the 22,277 overlapping probes to
a uniform value of 1000 across all arrays, effectively
reducing batch effects and ensuring comparability
across datasets. Only probes in the GPL96 platform
were used to maintain consistency, avoiding platform-
specific biases introduced by the additional probes in
GPL570 arrays [26].

The most reliable probe set for each gene was iden-
tified using the JetSet algorithm to refine the dataset
further. Redundant samples characterized by identical
expression values were removed, with only the first
occurrence retained. Comprehensive quality control
checks assessed background signal intensity, noise
levels, and the percentage of present calls to evaluate
signal reliability. Experimental consistency was mon-
itored by detecting bioBCD spikes, while the 3'/5'
ratios of housekeeping genes GAPDH and ACTB
were examined to ensure RNA integrity and sample
quality. Samples that met all quality control criteria or
fell within the 95% confidence interval for continuous
variables were retained. Outliers, defined as samples
failing one or more parameters, were excluded from
further analyses. This robust preprocessing frame-
work ensured high-quality, unbiased data for down-
stream analyses [27].

Senescence signature and gene selection

To investigate the role of cellular senescence in
multiple myeloma, we utilized the SenMayo gene
set, a curated collection of senescence-associated
genes validated across diverse tissues and species.
The signature, initially established by Saul et al.,
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encompasses genes consistently enriched in senes-
cent cells and represents key pathways involved in
the senescence program, including cell cycle arrest,
senescence-associated secretory phenotype (SASP),
DNA damage response, and mitochondrial dysfunc-
tion [24]. Each gene in the SenMayo set was mapped
to its most reliable probe on the GPL96 platform
using the JetSet algorithm to ensure accurate and
specific expression measurements. Of the 125 genes
in the original SenMayo-gene list, 122 were identi-
fied among the array probes; hence, all subsequent
analyses were conducted on the selected 122 genes
(Supplemental Table 1). The senescence signature
was calculated as the weighted average expression
of all included genes, with weights derived from uni-
variate hazard ratios (HRs). Genes with HR > 1 were
assigned a negative weight, reflecting their asso-
ciation with increased risk, while genes with HR <1
received positive weights, indicating a protective role.
This weighted approach allowed for a precise evalu-
ation of the prognostic impact of senescence-associ-
ated pathways.

Univariate survival analysis

Univariate Cox regression analysis was conducted
to assess the prognostic significance of the Sen-
Mayo gene signature on overall survival (OS). The
Kaplan—-Meier plotter was utilized to analyze the
association between gene expression and survival
[28, 29]. The analysis encompassed the entire range
of expression levels between the lower and upper
quartiles to minimize potential bias from specific
cutoff values. Then, false discovery rate (FDR) was
controlled using the Benjamini-Hochberg method
to account for multiple hypothesis testing [30, 31].
Kaplan—-Meier survival plots were generated based
on the identified optimal cutoffs, which visually rep-
resented the impact of gene expression on survival
outcomes.

Multivariate analysis

A multivariate Cox regression analysis was conducted
to evaluate the combined effect of the senescence sig-
nature and key clinical parameters, including gender,
isotypes, and molecular subgroups. Each analysis was
performed as a paired model (e.g., the expression
of the mean senescence signature and gender or the

@ Springer

senescence signature and isotype in a single model)
to reduce the influence of missing data within the
clinical datasets.

Results
Database setup

The comprehensive, integrated myeloma database
includes 1416 tumor samples with available over-
all survival and transcriptome-level gene expression
data derived from four primary datasets: GSE24080
(n=559), GSE4204 (n=538), GSE57317 (n=55),
and GSE9782 (n=264). These datasets utilized two
microarray platforms: GPL570 (1152 patients) and
GPL96 (264 patients). While overall survival data
were available for all patients, not all clinical param-
eters were consistently recorded. At the time of the
last follow-up, 983 patients were alive, with a median
overall survival of 30 months (0.1-269 months).
Relapse status was documented for 801 patients, with
44.6% experiencing a relapse.

Age data were available for 823 patients, with
a mean age of 58.2 years (range, 24.8-86), similar
between sexes (58.3 years in males and 57.9 years
in females). Most patients were White, and 1.6% of
patients were identified as African American. The
integrated patient cohort was further stratified into
four isotypes (Free Light Chain, Immunoglobulin
A, Immunoglobulin G, and Light Chain) and eight
molecular subgroups (CD1, CD2, HY, LB, MF, MS,
MY, and PR) [32, 33]. Of the entire cohort, 38% of
patients were previously untreated. Treatments for
myeloma included dexamethasone, TT2, TT3, TT6,
and bortezomib (PS341). The integrated myeloma
dataset’s detailed demographic and clinical character-
istics are presented in Table 1.

Univariate survival analysis

We assessed the link between the weighted mean
expression of the SenMayo gene signature, as
described in the “Methods” section, and overall
survival in multiple myeloma patients. The fol-
low-up period for overall survival was censored at
120 months in all survival analyses. We identified a
strong association with overall survival (HR=0.6,
95% CI=0.47-0.76, p=1.7e-05; depicted in
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Tz.lb'le 1 Demogr'ap'hic and Feature n (%)
clinical characteristics of
mugiple myeloglg Pagems Included datasets 4
in the integrated database. Total number of patients 1416
All percentages were )
calculated as the portion Survival
of the total number of Median follow up 30 months
patients (n=1416). Not Number of patients with an event 433 (30.6%)
all data were available for Age ( ) 582 (+:9.8)
all patients. Molecular ge (years e
subtypes: CD1 — cases Sex
with IgH translocations Male 496 (35%)
activating CCND1 or Female 327 (23%)
CCND3; CD2 — IgH No data 593 (42%)
translocations activating
CCNDI or CCND3, and Race
the expression of the early White 726 (51.2%)
E;‘Cgl fllﬁkﬁrs Cﬁ’? (1) égd African American 22 (1.6%)
; HY, hyperdiploi
subgroup; LB, low bone No data 668 (47.2%)
disease subgroup; MF — Isotype
increased expression of FLC 84 (5.9%)
C-MAF10§ MA?I;GI\I’IE; - IGA 187 (13.2%)
upregulation o
and/or MMSET; MY, 166 463 (32.7%)
myeloid-like subgroup; PR, Light Chain 51.(3.6%)
proliferation subgroup [32]. Molecular subtypes
Abbreviations: Isotypes: CD1 33 (2.3%)
FLC, Free Light Chain;
IGA, Immunoglobulin A; Cb2 736:2%)
IGG, Immunoglobulin G; HY 127 (9%)
Light Chain, monoclonal LB 64 (4.5%)
light chains without MF 39 (2.8%)
accompanying heavy chains MS 70 (4.9%)
. 0
MY 127 9%)
PR 60 (4.2%)
Treatment type
Dexamethasone 76 (5.3%)
Total Therapy 2 (TT2) 345 (24.4%)

Total Therapy 3 (TT3)
PS341 (bortezomib)
Total Therapy 6 (TT6)
Previously untreated

214 (15.1%)
188 (13.3%)
55 (3.9%)
538 (38%)

Fig. 1A), with a false discovery rate under 1%. The
robustness of the SenMayo signature was evaluated
across various cutoff values. The lowest p-value,
highlighted with a red circle, was used to determine
the optimal cutoff for gene expression stratification
(Fig. 1B). In the low-expression patient group, the
75th percent probability of survival was 36.1 months.
In contrast, it was 57 months in the high-expression
group, demonstrating a significantly prolonged
survival.

Associations across independent datasets

To evaluate the overall prognostic value of the estab-
lished senescence signature, we also conducted separate
analyses in each dataset with sufficient patient numbers
and available follow-up data. The weighted mean senes-
cence signature demonstrated a significant association
with survival in three independent datasets meeting our
criteria (GSE4204, HR=0.58, 95% CI=0.39-0.88,
p=0.0089; GSE24080, HR=0.61, 95% CI=0.45-0.83,
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Fig. 1 Prognostic significance of the SenMayo senescence
gene signature in multiple myeloma. A Kaplan—Meier survival
analysis demonstrates the association between the SenMayo
gene signature and overall survival. Patients were stratified into
low- and high-expression groups based on the weighted mean

p=0.0012; GSE57317, HR=0.25, 95% CI=0.08-0.77,
p=0.0095). In all three datasets, higher expression of
the senescence gene signature was associated with
worse overall survival outcomes. These findings indi-
cate that the integrated signature exhibits a consistent
and reproducible association with survival, regardless
of the dataset used. Kaplan—-Meier survival curves for
each dataset are shown in Fig. 2.

Multivariate survival analysis

To increase the sample size for multivariate analysis,
we assessed the mean expression of the senescence-
associated gene signature in combination with each
available clinical parameter (sex, isotype, and molec-
ular subtype) using separate models. The senescence
signature demonstrated significant prognostic value
when paired with isotype (p=>5.3e-13), which was
also independently significant (p for isotype=2.le-
04). While sex itself did not reach significance
(p>0.1), the senescence signature remained highly
significant in this context (p=1.8e-12). Of note,
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expression of 122 senescence-associated genes. B The robust-
ness of the SenMayo signature was evaluated across various
cutoff values. The optimal cutoff for survival stratification was
identified at the point corresponding to the lowest p-value, as
indicated by the red circle

neither the molecular subtype nor the senescence sig-
nature achieves statistical significance when paired in
a multivariate analysis. This outcome is likely attribut-
able to the limited sample sizes within the molecular
subgroups, which included only 6 to 27 non-censored
patients with available survival data per subgroup.
Such small cohorts are insufficient for a robust com-
parison between groups stratified by the senescence
signature. Nevertheless, these findings suggest that the
impact of the senescence signature may vary across
molecular subtypes, warranting further investigation
in a larger patient cohort. Overall, these findings indi-
cate that the senescence signature retains its prognos-
tic power when analyzed alongside specific clinical
parameters, particularly isotype and sex.

Discussion
Our study provides compelling evidence that the Sen-

Mayo senescence gene signature [24] is a significant
prognostic factor in MM. The findings suggest that
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Fig. 2 The association between overall survival and the senes-
cence-derived gene signature remains significant when analyz-
ing the prognostic power in three separate datasets. Note that

the senescence-associated gene expression profile is
linked to disease progression and overall survival. By
leveraging a large cohort of MM patients and employ-
ing robust bioinformatics analyses, we demonstrated
that higher expression of senescence-associated genes
correlates with improved survival outcomes. These
results align with previous research underscoring the
dual role of senescence in tumorigenesis, highlighting
its tumor-suppressive and tumor-promoting effects
depending on the cellular context [6, 11].

7
25

because one dataset did not have sufficient cases for separate
analysis, the total sample number does not equal the total sam-
ple number in Fig. 1. HR =hazard rate

One of the key takeaways from our study is the
complex interplay between senescence and MM pro-
gression. We assume that the higher mRNA expres-
sion of senescence-related genes reflects an increased
presence of senescent cells in the MM samples.
However, there is evidence that different cell types
are affected by senescence in MM, further compli-
cating the role of senescence in disease progression.
While senescence limits the unchecked proliferation
of malignant cells, SASP factors can contribute to
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a pro-inflammatory and immunosuppressive tumor
microenvironment, potentially fostering disease pro-
gression [6, 11]. This dichotomy underscores the need
for therapeutic strategies that selectively eliminate
harmful senescent cells while preserving their tumor-
suppressive properties. Senolytic and senostatic
therapies have emerged as promising interventions,
potentially mitigating the adverse effects of SASP
while harnessing the protective aspects of senes-
cence-induced growth arrest [34, 35]. Interestingly,
while SenMayo expression was associated with dif-
ferences in survival, it remains unclear whether this
reflects variations in chemotherapy tolerance among
these patients. Given that elderly MM patients often
face treatment limitations due to frailty and comor-
bidities, it is possible that those with a high SenMayo
signature possess better-preserved cellular resilience,
enabling more effective chemotherapy administration.
Future studies incorporating detailed treatment adher-
ence and toxicity data will be essential to further
investigate this possibility.

Beyond intrinsic senescence in MM cells, addi-
tional layers of complexity arise from therapy-
induced senescence [36, 37], stromal senescence
[23], and the senescence of other cell types within
the tumor microenvironment [38]. Therapy-induced
senescence, triggered by chemotherapeutic agents,
can contribute to long-term treatment resistance by
promoting the survival of senescent tumor cells that
evade apoptosis. Similarly, senescence in the bone
marrow stromal niche may play a critical role in shap-
ing MM progression by modulating the supportive
microenvironment that fosters plasma cell survival
[22, 23]. Additionally, senescence of immune cells,
including macrophages and T cells [39], could further
impair anti-tumor immune responses, contributing to
immune evasion and MM persistence.

MM is a highly heterogeneous disease that can be
classified into distinct molecular subtypes based on
genomic alterations, including chromosomal translo-
cations, deletions, and copy number variations [40].
These alterations drive differential gene expression
patterns, resulting in distinct biological pathways
that may influence disease progression and treat-
ment response. Molecular subtypes of MM, defined
by cytogenetic abnormalities and transcriptomic pro-
files, include hyperdiploid MM, translocation-driven
subtypes (such as t(4;14), t(11;14), and t(14;16)),
and subgroups characterized by deletions (such as
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del(17p)). These molecular variations suggest that
different MM subtypes may exhibit distinct pathways
of tumorigenesis and differential interactions with
senescence-associated processes. Given the substan-
tial molecular heterogeneity of MM [41], it is likely
that distinct molecular subtypes exhibit divergent
senescence-associated pathways, potentially affect-
ing their responses to therapy and disease progres-
sion. Despite this heterogeneity, our analysis did not
reveal a statistically significant differential effect of
SenMayo gene expression on survival across MM
molecular subtypes. This may be due to the relatively
small sample sizes within individual subtypes, limit-
ing our ability to detect subtype-specific senescence-
related survival differences. Future studies with larger
cohorts and integrative multi-omics approaches could
further elucidate how senescence-related pathways
differentially influence MM progression in distinct
molecular subtypes.

Our findings also have significant clinical impli-
cations. The ability to stratify MM patients based on
senescence-associated gene expression could enable
more precise prognostic assessments and inform per-
sonalized treatment strategies. Incorporating markers of
senescence burden into existing prognostic models may
improve risk stratification and guide therapeutic deci-
sion-making. Additionally, the identification of specific
senescence-related pathways implicated in MM pro-
gression may open avenues for targeted interventions.

Senolytic treatments, which selectively target and
eliminate senescent cells, have garnered significant
interest in cancer therapy [42]. Notably, senescent
cells exhibit heightened sensitivity to Bcl-2 inhibi-
tors, a class of drugs that includes venetoclax [43—46].
Venetoclax has demonstrated remarkable efficacy in
MM, particularly in patients harboring specific genetic
subtypes such as the t(11;14) [47-49] and t(6;14) [50]
translocations, which are associated with elevated
Bcl-2 expression [51-53]. The landmark BELLINI
study highlighted venetoclax’s ability to improve pro-
gression-free survival when used in combination with
standard MM therapies [49]. However, its therapeutic
benefit varies significantly across different molecu-
lar subtypes, underscoring the need to refine patient
selection strategies to maximize efficacy. A compre-
hensive understanding of the interplay between senes-
cence, Bcl-2 dependency, and molecular heterogeneity
in MM is essential for optimizing senolytic therapies
and tailoring effective treatment strategies. Given that
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distinct MM subtypes exhibit marked differences in
sensitivity to Bcl-2 inhibitors, further investigations
are needed to elucidate the mechanisms underlying
this variability. Additionally, exploring the interplay
between therapy-induced senescence and Bcl-2-tar-
geted therapies may reveal novel strategies to enhance
treatment efficacy. Future studies should also assess
the potential of combining novel senolytic agents with
existing MM treatment regimens to selectively elimi-
nate senescent tumor cells while preserving immune
function and minimizing adverse effects.

The SASP is a key mechanism through which
senescent cells influence the tumor microenvironment
[23, 38]. SASP factors include pro-inflammatory
cytokines, chemokines, growth factors, and matrix-
degrading enzymes, which can promote chronic
inflammation, extracellular matrix remodeling, and
immune suppression [54-57]. In MM, the bone mar-
row microenvironment plays a critical role in sus-
taining malignant plasma cells, and the presence of
SASP-expressing senescent cells may further exac-
erbate disease progression by enhancing stromal sup-
port and suppressing anti-tumor immune responses
[54-57]. While our study did not directly investigate
SASP composition in MM, our findings underscore
the importance of further research into the role of
SASP-driven signaling pathways in MM pathophysi-
ology. Targeting SASP components, in combination
with senolytic therapies, may represent a novel strat-
egy to disrupt the tumor-supportive microenviron-
ment and improve patient outcomes.

These findings highlight several important direc-
tions for future research. A deeper understanding of the
molecular mechanisms governing senescence in MM,
particularly in the context of therapy-induced senescence
and stromal senescence, will be essential for developing
more effective therapeutic strategies. Investigating how
senescence influences treatment response and resistance
across MM subtypes may reveal novel therapeutic vul-
nerabilities. Moreover, exploring senescence-associated
immune modulation could uncover new avenues for
enhancing immune-based therapies in MM.

Despite the strengths of our study, several limita-
tions warrant consideration. As our study is based
on retrospective transcriptomic analyses, prospec-
tive validation in independent MM cohorts is nec-
essary to confirm the robustness of our findings.
Additionally, experimental studies evaluating the
functional role of senescence-related genes in MM

progression could provide mechanistic insights into
their prognostic significance. Incorporating senes-
cence biomarkers into clinical decision-making may
improve patient stratification and refine therapeutic
approaches in MM. Due to the lack of correspond-
ing clinical data, we were unable to directly assess
the correlation between SenMayo expression and
patient age. However, prior studies have demon-
strated that cellular senescence and the expression
of senescence-associated genes generally increase
with aging [58-60]. Future research with compre-
hensive age-related datasets would be valuable in
further elucidating the relationship between age and
the SenMayo signature in MM.

In conclusion, our study underscores the prognos-
tic significance of the SenMayo senescence gene sig-
nature in MM and emphasizes the need for a nuanced
approach to targeting senescence in MM therapy.
While higher senescence-associated gene expression
appears to confer a survival advantage, the broader
implications of senescence in MM remain complex
and multifaceted. Future investigations should focus
on elucidating the differential roles of senescence
across MM molecular subtypes, the impact of ther-
apy-induced and stromal senescence, and the devel-
opment of senescence-modulating therapeutic inter-
ventions to improve patient outcomes.

Acknowledgements O.M. was supported by the Janos Bol-
yai Scholarship of the Hungarian Academy of Sciences and
the Hungarian Scientific Research Fund (OTKA FK147194).
This project was supported by the National Research, Devel-
opment, and Innovation Office (Pharmalab, RRF-2.3.1-21-
2022-00015). TKP2021-NKTA-47, implemented with the
support provided by the Ministry of Innovation and Technol-
ogy of Hungary from the National Research, Development and
Innovation Fund, financed under the TKP2021-NKTA fund-
ing scheme; by funding through the National Cardiovascular
Laboratory Program (RRF-2.3.1-21-2022-00003) provided by
the Ministry of Innovation and Technology of Hungary from
the National Research, Development and Innovation Fund and
by the Hungarian Research Network—HUN-REN (TKCS-
2021/32).. This work was also supported by the EKOP-2024-9
New National Excellence Program of the Ministry for Cul-
ture and Innovation from the source of the National Research,
Development and Innovation Fund. A GPT-based Al grammar
check was used to improve the English of the manuscript. The
computational infrastructure of A5 Genetics Ltd (Kutaso, Hun-
gary) was used for the study. The support of ELIXIR Hungary
(www.bioinformatics.hu) is acknowledged.

Author contribution AL, OM, ZU, and BG contributed
equally to this work and shared co-first and co-senior author-
ship. The study was conceptualized by AL, ZU, GM, and BG.

@ Springer


http://www.bioinformatics.hu

5034

GeroScience (2025) 47:5025-5037

OM, AL, MF, CSK, and BG were responsible for the methodo-
logical design and data analysis. Data curation was performed
by OM and CSK. The initial draft of the manuscript was writ-
ten by AL, OM, ZU, and BG, with all authors contributing to
the review and editing process. ZU and BG supervised the pro-
ject and acquired funding. All authors have read and approved
the final manuscript.

Funding Open access funding provided by Semmelweis
University.

Declarations
Ethics approval and consent to participate NA.
Consent for publication NA.

Competing interests Dr. Balazs Gyorfty serves as Associate
Editor for GeroScience. Dr. Zoltan Ungvari serves as Editor-in-
Chief for GeroScience.

Open Access This article is licensed under a Creative Com-
mons 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 Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence 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 licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Urban VS, Cegledi A, Mikala G. Multiple myeloma,
a quintessential malignant disease of aging: a gerosci-
ence perspective on pathogenesis and treatment. Gero-
science. 2023;45:727-46. https://doi.org/10.1007/
$11357-022-00698-x.

2. Zhu DT, Park A, Lai A, Zhang L, Attar H, Rebbeck TR.
Multiple myeloma incidence and mortality trends in the
United States, 1999-2020. Sci Rep. 2024;14:14564.
https://doi.org/10.1038/s41598-024-65590-4.

3. Mafra A, Laversanne M, Marcos-Gragera R, Chaves HVS,
McShane C, Bray F, Znaor A. The global multiple mye-
loma incidence and mortality burden in 2022 and predic-
tions for 2045. J Natl Cancer Inst. 2024. https://doi.org/10.
1093/jnci/djae321.

4. Fekete M, Major D, Feher A, Fazekas-Pongor V, Lehoczki
A. Geroscience and pathology: a new frontier in under-
standing age-related diseases. Pathol Oncol Res. 2024.
https://doi.org/10.3389/pore.2024.1611623.

@ Springer

10.

11.

12.

14.

15.

17.

Wang L, Lankhorst L, Bernards R. Exploiting senescence
for the treatment of cancer. Nat Rev Cancer. 2022;22:340—-
55. https://doi.org/10.1038/s41568-022-00450-9.

Schmitt CA, Wang B, Demaria M. Senescence and
cancer - role and therapeutic opportunities. Nat Rev
Clin Oncol. 2022;19:619-36. https://doi.org/10.1038/
s41571-022-00668-4.

Evans DS, Young D, Tanaka T, Basisty N, Bandinelli S,
Ferrucci L, Campisi J, Schilling B. Proteomic analysis
of the senescence-associated secretory phenotype: GDF-
15, IGFBP-2, and cystatin-C are associated with multi-
ple aging traits. J Gerontol A Biol Sci Med Sci. 2024;79.
https://doi.org/10.1093/gerona/glad265.

Basisty N, Kale A, Jeon OH, Kuehnemann C, Payne T,
Rao C, Holtz A, Shah S, Sharma V, Ferrucci L, Campisi
J, Schilling B. A proteomic atlas of senescence-associated
secretomes for aging biomarker development. PLoS Biol.
2020;18:€3000599.  https://doi.org/10.1371/journal.pbio.
3000599.

Wiley CD, Velarde MC, Lecot P, Liu S, Sarnoski EA, Fre-
und A, Shirakawa K, Lim HW, Davis SS, Ramanathan A,
Gerencser AA, Verdin E, Campisi J. Mitochondrial dys-
function induces senescence with a distinct secretory phe-
notype. Cell Metab. 2016;23:303-14. https://doi.org/10.
1016/j.cmet.2015.11.011. (S1550-4131(15)00578-1 [pii]).
Wiley CD, Campisi J. From ancient pathways to aging
cells-connecting metabolism and cellular senescence. Cell
Metab. 2016;23:1013-21. https://doi.org/10.1016/j.cmet.
2016.05.010. (S1550-4131(16)30228-5 [pii]).

Campisi J. Aging, cellular senescence, and cancer. Annu
Rev Physiol. 2013;75:685-705. https://doi.org/10.1146/
annurev-physiol-030212-183653.

Bai H, Liu X, Lin M, Meng Y, Tang R, Guo Y, Li N,
Clarke MF, Cai S. Progressive senescence programs
induce intrinsic vulnerability to aging-related female
breast cancer. Nat Commun. 2024;15:5154. https://doi.
org/10.1038/541467-024-49106-2.

. Zhang X, Huang Y, Li Q, Zhong Y, Zhang Y, Hu J, Liu

R, Luo X. Senescence risk score: a multifaceted prognostic
tool predicting outcomes, stemness, and immune responses
in colorectal cancer. Front Immunol. 2023;14:1265911.
https://doi.org/10.3389/fimmu.2023.1265911.

Zhai J, Han J, Li C, Lv D, Ma F, Xu B. Tumor senescence
leads to poor survival and therapeutic resistance in human
breast cancer. Front Oncol. 2023;13:1097513. https://doi.
org/10.3389/fonc.2023.1097513.

Ju G, Zeng K, Lu L, Diao H, Wang H, Li X, Zhou T. Iden-
tification and validation of the cellular senescence-related
molecular subtypes of triple negative breast cancer via
integrating bulk and single-cell RNA sequencing data.
Am J Cancer Res. 2023;13:569-88.

Garbarino O, Lambroia L, Basso G, Marrella V, Franc-
eschini B, Soldani C, Pasqualini F, Giuliano D, Costa G,
Peano C, Barbarossa D, Annarita D, Salvati A, Terrac-
ciano L, Torzilli G, Donadon M, Faggioli F. Spatial reso-
lution of cellular senescence dynamics in human colorec-
tal liver metastasis. Aging Cell. 2023;22:e13853. https://
doi.org/10.1111/acel.13853.

Guo Y, Ayers JL, Carter KT, Wang T, Maden SK,
Edmond D, Newcomb PP, Li C, Ulrich C, Yu M, Grady
WM. Senescence-associated tissue microenvironment


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11357-022-00698-x
https://doi.org/10.1007/s11357-022-00698-x
https://doi.org/10.1038/s41598-024-65590-4
https://doi.org/10.1093/jnci/djae321
https://doi.org/10.1093/jnci/djae321
https://doi.org/10.3389/pore.2024.1611623
https://doi.org/10.1038/s41568-022-00450-9
https://doi.org/10.1038/s41571-022-00668-4
https://doi.org/10.1038/s41571-022-00668-4
https://doi.org/10.1093/gerona/glad265
https://doi.org/10.1371/journal.pbio.3000599
https://doi.org/10.1371/journal.pbio.3000599
https://doi.org/10.1016/j.cmet.2015.11.011
https://doi.org/10.1016/j.cmet.2015.11.011
https://doi.org/10.1016/j.cmet.2016.05.010
https://doi.org/10.1016/j.cmet.2016.05.010
https://doi.org/10.1146/annurev-physiol-030212-183653
https://doi.org/10.1146/annurev-physiol-030212-183653
https://doi.org/10.1038/s41467-024-49106-2
https://doi.org/10.1038/s41467-024-49106-2
https://doi.org/10.3389/fimmu.2023.1265911
https://doi.org/10.3389/fonc.2023.1097513
https://doi.org/10.3389/fonc.2023.1097513
https://doi.org/10.1111/acel.13853
https://doi.org/10.1111/acel.13853

GeroScience (2025) 47:5025-5037

5035

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

promotes colon cancer formation through the secretory
factor GDF15. Aging Cell. 2019;18:e13013. https://doi.
org/10.1111/acel.13013.

Ungvari Z, Ungvari A, Fekete M, Kiss C, Gyorffy B.
Senescence-related genes as prognostic indicators in
breast cancer survival. Geroscience. 2024. https://doi.org/
10.1007/s11357-024-01384-w.

Ungvari Z, Ungvari A, Bianchini G, Gyorfty B. Prognos-
tic significance of a signature based on senescence-related
genes in colorectal cancer. Geroscience. 2024. https://doi.
org/10.1007/s11357-024-01164-6.

Zeng T, Jiang S, Wang Y, Sun G, Cao J, Hu D, Wang G,
Liang X, Ding J, Du J. Identification and validation of a
cellular senescence-related IncRNA signature for prog-
nostic prediction in patients with multiple myeloma. Cell
Cycle. 2023;22:1434-49. https://doi.org/10.1080/15384
101.2023.2213926.

Zingoni A, Cecere F, Vulpis E, Fionda C, Molfetta R,
Soriani A, Petrucci MT, Ricciardi MR, Fuerst D, Amen-
dola MG, Mytilineos J, Cerboni C, Paolini R, Cippitelli M,
Santoni A. Genotoxic stress induces senescence-associated
ADAM10-dependent release of NKG2D MIC ligands in
multiple myeloma cells. J Immunol. 2015;195:736-48.
https://doi.org/10.4049/jimmunol.1402643.

Berenstein R, Blau O, Nogai A, Waechter M, Slonova
E, Schmidt-Hieber M, Kunitz A, Pezzutto A, Doerken
B, Blau IW. Multiple myeloma cells alter the senescence
phenotype of bone marrow mesenchymal stromal cells
under participation of the DLK1-DIO3 genomic region.
BMC Cancer. 2015;15:68. https://doi.org/10.1186/
s12885-015-1078-3.

Andre T, Meuleman N, Stamatopoulos B, De Bruyn C,
Pieters K, Bron D, Lagneaux L. Evidences of early senes-
cence in multiple myeloma bone marrow mesenchymal
stromal cells. PLoS ONE. 2013;8:59756. https://doi.org/
10.1371/journal.pone.0059756.

Saul D, Kosinsky RL, Atkinson EJ, Doolittle ML, Zhang
X, LeBrasseur NK, Pignolo RJ, Robbins PD, Niedern-
hofer LJ, Ikeno Y, Jurk D, Passos JF, Hickson LJ, Xue
A, Monroe DG, Tchkonia T, Kirkland JL, Farr JN, Kho-
sla S. A new gene set identifies senescent cells and pre-
dicts senescence-associated pathways across tissues.
Nat Commun. 2022;13:4827. https://doi.org/10.1038/
s41467-022-32552-1.

Gyortty B, Molnar B, Lage H, Szallasi Z, Eklund AC. Evalu-
ation of microarray preprocessing algorithms based on con-
cordance with RT-PCR in clinical samples. PLoS ONE.
2009;4:e5645. https://doi.org/10.1371/journal.pone.0005645.
Gyorffy B. Discovery and ranking of the most robust
prognostic biomarkers in serous ovarian cancer. Gero-
science.  2023;45:1889-98.  https://doi.org/10.1007/
s11357-023-00742-4.

Gyorffy B. Survival analysis across the entire transcriptome
identifies biomarkers with the highest prognostic power in
breast cancer. Comput Struct Biotechnol J. 2021;19:4101-
9. https://doi.org/10.1016/j.csbj.2021.07.014.

Gyorfty B. Transcriptome-level discovery of survival-
associated biomarkers and therapy targets in non-small-
cell lung cancer. Br J Pharmacol. 2024;181:362-74.
https://doi.org/10.1111/bph.16257.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gyorfty B, Surowiak P, Budczies J, Lanczky A. Online
survival analysis software to assess the prognostic value
of biomarkers using transcriptomic data in non-small-cell
lung cancer. PLoS ONE. 2013;8:e82241. https://doi.org/
10.1371/journal.pone.0082241.

Benjamini Y, Hochberg Y. Controlling the false discovery
rate: a practical and powerful approach to multiple test-
ing. J Roy Stat Soc: Ser B (Methodol). 1995;57:289-300.
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.
Menyhart O, Weltz B, Gyérffy B. MultipleTesting.com:
a tool for life science researchers for multiple hypothesis
testing correction. PloS one. 2021;16:¢0245824. https://
doi.org/10.1371/journal.pone.0245824.

Zhan F, Huang Y, Colla S, Stewart JP, Hanamura I,
Gupta S, Epstein J, Yaccoby S, Sawyer J, Burington B,
Anaissie E, Hollmig K, Pineda-Roman M, Tricot G, van
Rhee F, Walker R, Zangari M, Crowley J, Barlogie B,
Shaughnessy JD Jr. The molecular classification of mul-
tiple myeloma. Blood. 2006;108:2020-8. https://doi.org/
10.1182/blood-2005-11-013458.

Weinhold N, Heuck CJ, Rosenthal A, Thanendrara-
jan S, Stein CK, Van Rhee F, Zangari M, Hoering A,
Tian E, Davies FE, Barlogie B, Morgan GJ. Clinical
value of molecular subtyping multiple myeloma using
gene expression profiling. Leukemia. 2016;30:423-30.
https://doi.org/10.1038/leu.2015.309.

Troiani M, Colucci M, D’Ambrosio M, Guccini I, Pas-
quini E, Varesi A, Valdata A, Mosole S, Revandkar
A, Attanasio G, Rinaldi A, Rinaldi A, Bolis M, Cippa
P, Alimonti A. Single-cell transcriptomics identi-
fies Mcl-1 as a target for senolytic therapy in cancer.
Nat Commun. 2022;13:2177. https://doi.org/10.1038/
s41467-022-29824-1.

Meyer M, Fourie C, van der Merwe H, Botha H, Engel-
brecht AM. Targeting treatment resistance in cervical
cancer: a new avenue for senolytic therapies. Adv Med
Sci.  2024;70:33-43.  https://doi.org/10.1016/j.advms.
2024.11.001.

Gaikwad SM, Phyo Z, Arteaga AQ, Gorjifard S, Calabrese
DR, Connors D, Huang J, Michalowski AM, Zhang S, Liu
ZG, Schneekloth JS, Jr., Mock BA. A small molecule sta-
bilizer of the MYC G4-quadruplex induces endoplasmic
reticulum stress, senescence and pyroptosis in multiple
myeloma. Cancers (Basel). 2020;12. https://doi.org/10.
3390/cancers12102952.

Tang H, Xu L, Liang X, Gao G. Low dose dinaciclib
enhances doxorubicin-induced senescence in myeloma
RPMI8226 cells by transformation of the p21 and pl6
pathways. Oncol Lett. 2018;16:6608—-14. https://doi.org/
10.3892/01.2018.9474.

Fairfield H, Dudakovic A, Khatib CM, Farrell M, Costa
S, Falank C, Hinge M, Murphy CS, DeMambro V, Pet-
titt JA, Lary CW, Driscoll HE, McDonald MM, Kassem
M, Rosen C, Andersen TL, van Wijnen AJ, Jafari A, Rea-
gan MR. Myeloma-modified adipocytes exhibit metabolic
dysfunction and a senescence-associated secretory phe-
notype. Cancer Res. 2021;81:634—47. https://doi.org/10.
1158/0008-5472.CAN-20-1088.

Zelle-Rieser C, Thangavadivel S, Biedermann R, Brun-
ner A, Stoitzner P, Willenbacher E, Greil R, Johrer K. T
cells in multiple myeloma display features of exhaustion

@ Springer


https://doi.org/10.1111/acel.13013
https://doi.org/10.1111/acel.13013
https://doi.org/10.1007/s11357-024-01384-w
https://doi.org/10.1007/s11357-024-01384-w
https://doi.org/10.1007/s11357-024-01164-6
https://doi.org/10.1007/s11357-024-01164-6
https://doi.org/10.1080/15384101.2023.2213926
https://doi.org/10.1080/15384101.2023.2213926
https://doi.org/10.4049/jimmunol.1402643
https://doi.org/10.1186/s12885-015-1078-3
https://doi.org/10.1186/s12885-015-1078-3
https://doi.org/10.1371/journal.pone.0059756
https://doi.org/10.1371/journal.pone.0059756
https://doi.org/10.1038/s41467-022-32552-1
https://doi.org/10.1038/s41467-022-32552-1
https://doi.org/10.1371/journal.pone.0005645
https://doi.org/10.1007/s11357-023-00742-4
https://doi.org/10.1007/s11357-023-00742-4
https://doi.org/10.1016/j.csbj.2021.07.014
https://doi.org/10.1111/bph.16257
https://doi.org/10.1371/journal.pone.0082241
https://doi.org/10.1371/journal.pone.0082241
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1371/journal.pone.0245824
https://doi.org/10.1371/journal.pone.0245824
https://doi.org/10.1182/blood-2005-11-013458
https://doi.org/10.1182/blood-2005-11-013458
https://doi.org/10.1038/leu.2015.309
https://doi.org/10.1038/s41467-022-29824-1
https://doi.org/10.1038/s41467-022-29824-1
https://doi.org/10.1016/j.advms.2024.11.001
https://doi.org/10.1016/j.advms.2024.11.001
https://doi.org/10.3390/cancers12102952
https://doi.org/10.3390/cancers12102952
https://doi.org/10.3892/ol.2018.9474
https://doi.org/10.3892/ol.2018.9474
https://doi.org/10.1158/0008-5472.CAN-20-1088
https://doi.org/10.1158/0008-5472.CAN-20-1088

5036

GeroScience (2025) 47:5025-5037

40.

41.

42.

43.

44.

45.

46.

47.

48.

A's

and senescence at the tumor site. J Hematol Oncol.
2016;9:116. https://doi.org/10.1186/s13045-016-0345-3.
Zhou Y, Nair B, Shaughnessy JD Jr, Cartron MA, Haessler
J, Anaissie E, van Rhee F, Crowley J, Barlogie B. Cytoge-
netic abnormalities in multiple myeloma: poor progno-
sis linked to concomitant detection in random and focal
lesion bone marrow samples and associated with high-risk
gene expression profile. Br J Haematol. 2009;145:637—41.
https://doi.org/10.1111/j.1365-2141.2009.07670.x.

Bhalla S, Melnekoff DT, Aleman A, Leshchenko V,
Restrepo P, Keats J, Onel K, Sawyer JR, Madduri D,
Richter J, Richard S, Chari A, Cho HJ, Dudley JT, Jag-
annath S, Lagana A, Parekh S. Patient similarity net-
work of newly diagnosed multiple myeloma identifies
patient subgroups with distinct genetic features and clin-
ical implications. Sci Adv. 2021;7:eabg9551. https://doi.
org/10.1126/sciadv.abg9551.

Sikora E, Bielak-Zmijewska A, Mosieniak G. Targeting
normal and cancer senescent cells as a strategy of seno-
therapy. Ageing Res Rev. 2019;55:100941. https://doi.
org/10.1016/j.arr.2019.100941.

Lafontaine J, Cardin GB, Malaquin N, Boisvert JS,
Rodier F, Wong P. Senolytic targeting of Bcl-2 anti-
apoptotic family increases cell death in irradiated sar-
coma cells. Cancers (Basel). 2021;13. https://doi.org/10.
3390/cancers13030386.

Power H, Valtchev P, Dehghani F, Schindeler A.
Strategies for senolytic drug discovery. Aging Cell.
2023;22:e13948. https://doi.org/10.1111/acel.13948.
Saleh T, Carpenter VJ, Tyutyunyk-Massey L, Murray
G, Leverson JD, Souers AJ, Alotaibi MR, Faber AC,
Reed J, Harada H, Gewirtz DA. Clearance of therapy-
induced senescent tumor cells by the senolytic ABT-263
via interference with BCL-X(L) -BAX interaction. Mol
Oncol. 2020;14:2504-19. https://doi.org/10.1002/1878-
0261.12761.

Zhu Y, Tchkonia T, Fuhrmann-Stroissnigg H, Dai HM,
Ling YY, Stout MB, Pirtskhalava T, Giorgadze N, John-
son KO, Giles CB, Wren JD, Niedernhofer LJ, Robbins
PD, Kirkland JL. Identification of a novel senolytic
agent, navitoclax, targeting the Bcl-2 family of anti-
apoptotic factors. Aging Cell. 2016;15:428-35. https://
doi.org/10.1111/acel.12445.

Bahlis NJ, Baz R, Harrison SJ, Quach H, Ho SJ, Vang-
sted AJ, Plesner T, Moreau P, Gibbs SD, Coppola S,
Yang X, Al Masud A, Ross JA, Bueno O, Kaufman
JL. Phase I Study of venetoclax plus daratumumab and
dexamethasone, with or without bortezomib, in patients
with relapsed or refractory multiple myeloma with
and without t(11;14). J Clin Oncol. 2021;39:3602-12.
https://doi.org/10.1200/JC0O.21.00443.

Kaufman JL, Gasparetto C, Schjesvold FH, Moreau
P, Touzeau C, Facon T, Boise LH, Jiang Y, Yang X,
Dunbar F, Vishwamitra D, Unger S, Macartney T,
Pesko J, Yu Y, Salem AH, Ross JA, Hong WJ, Maciag
PC, Pauff JM, Kumar S. Targeting BCL-2 with vene-
toclax and dexamethasone in patients with relapsed/
refractory t(11;14) multiple myeloma. Am J Hematol.
2021;96:418-27. https://doi.org/10.1002/ajh.26083.

pringer

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Kumar SK, Harrison SJ, Cavo M, de la Rubia J, Popat
R, Gasparetto C, Hungria V, Salwender H, Suzuki K,
Kim I, Punnoose EA, Hong WJ, Freise KJ, Yang X,
Sood A, Jalaluddin M, Ross JA, Ward JE, Maciag PC,
Moreau P. Venetoclax or placebo in combination with
bortezomib and dexamethasone in patients with relapsed
or refractory multiple myeloma (BELLINI): a ran-
domised, double-blind, multicentre, phase 3 trial. Lan-
cet Oncol. 2020;21:1630-42. https://doi.org/10.1016/
S1470-2045(20)30525-8.

Cegledi A, Csukly Z, Fekete M, Kozma A, Szemlaky Z,
Andrikovics H, Mikala G. Effective venetoclax-based treat-
ment in relapsed/refractory multiple myeloma patients with
translocation t(6;14). Pathol Oncol Res. 2023;29:1611375.
https://doi.org/10.3389/pore.2023.1611375.

Shaughnessy JD Jr, Barlogie B. Using genomics to identify
high-risk myeloma after autologous stem cell transplanta-
tion. Biol Blood Marrow Transplant. 2006;12:77-80. https://
doi.org/10.1016/.bbmt.2005.10.002.

Sarin V, Yu K, Ferguson ID, Gugliemini O, Nix MA, Hann
B, Sirota M, Wiita AP. Evaluating the efficacy of multiple
myeloma cell lines as models for patient tumors via tran-
scriptomic correlation analysis. Leukemia. 2020;34:2754—
65. https://doi.org/10.1038/s41375-020-0785-1.

Szalat R, Avet-Loiseau H, Munshi NC. Gene expression
profiles in myeloma: ready for the real world? Clin Can-
cer Res. 2016;22:5434-42. https://doi.org/10.1158/1078-
0432.CCR-16-0867.

Pilcher WC, Yao L, Gonzalez-Kozlova E, Pita-Juarez Y,
Karagkouni D, Acharya CR, Michaud ME, Hamilton M,
Nanda S, Song Y, Sato K, Wang JT, Satpathy S, Ma Y,
Schulman J, D’Souza D, Jayasinghe RG, Cheloni G, Bakh-
tiari M, Pabustan N, Nie K, Foltz JA, Saldarriaga I, Alaael-
din R, Lepisto E, Chen R, Fiala MA, Thomas BE, Cook A,
Dos Santos JV, et al. A single-cell atlas characterizes dys-
regulation of the bone marrow immune microenvironment
associated with outcomes in multiple myeloma. bioRxiv.
2024. https://doi.org/10.1101/2024.05.15.593193.

Jafari A, Fairfield H, Andersen TL, Reagan MR. Mye-
loma-bone marrow adipocyte axis in tumour survival and
treatment response. Br J Cancer. 2021;125:775-7. https://
doi.org/10.1038/s41416-021-01371-4.

Fairfield H, Costa S, Falank C, Farrell M, Murphy CS,
D’Amico A, Driscoll H, Reagan MR. Multiple myeloma
cells alter adipogenesis, increase senescence-related and
inflammatory gene transcript expression, and alter metab-
olism in preadipocytes. Front Oncol. 2020;10:584683.
https://doi.org/10.3389/fonc.2020.584683.

Borrelli C, Ricci B, Vulpis E, Fionda C, Ricciardi MR,
Petrucci MT, Masuelli L, Peri A, Cippitelli M, Zingoni
A, Santoni A, Soriani A. Drug-induced senescent multi-
ple myeloma cells elicit NK cell proliferation by direct or
exosome-mediated IL15 trans-presentation. Cancer Immu-
nol Res. 2018;6:860-9. https://doi.org/10.1158/2326-6066.
CIR-17-0604.

Stenderup K, Justesen J, Clausen C, Kassem M. Aging is
associated with decreased maximal life span and accel-
erated senescence of bone marrow stromal cells. Bone.
2003;33:919-26. https://doi.org/10.1016/j.bone.2003.07.005.


https://doi.org/10.1186/s13045-016-0345-3
https://doi.org/10.1111/j.1365-2141.2009.07670.x
https://doi.org/10.1126/sciadv.abg9551
https://doi.org/10.1126/sciadv.abg9551
https://doi.org/10.1016/j.arr.2019.100941
https://doi.org/10.1016/j.arr.2019.100941
https://doi.org/10.3390/cancers13030386
https://doi.org/10.3390/cancers13030386
https://doi.org/10.1111/acel.13948
https://doi.org/10.1002/1878-0261.12761
https://doi.org/10.1002/1878-0261.12761
https://doi.org/10.1111/acel.12445
https://doi.org/10.1111/acel.12445
https://doi.org/10.1200/JCO.21.00443
https://doi.org/10.1002/ajh.26083
https://doi.org/10.1016/S1470-2045(20)30525-8
https://doi.org/10.1016/S1470-2045(20)30525-8
https://doi.org/10.3389/pore.2023.1611375
https://doi.org/10.1016/j.bbmt.2005.10.002
https://doi.org/10.1016/j.bbmt.2005.10.002
https://doi.org/10.1038/s41375-020-0785-1
https://doi.org/10.1158/1078-0432.CCR-16-0867
https://doi.org/10.1158/1078-0432.CCR-16-0867
https://doi.org/10.1101/2024.05.15.593193
https://doi.org/10.1038/s41416-021-01371-4
https://doi.org/10.1038/s41416-021-01371-4
https://doi.org/10.3389/fonc.2020.584683
https://doi.org/10.1158/2326-6066.CIR-17-0604
https://doi.org/10.1158/2326-6066.CIR-17-0604
https://doi.org/10.1016/j.bone.2003.07.005

GeroScience (2025) 47:5025-5037

5037

59.

60.

Hellmich C, Wojtowicz E, Moore JA, Mistry JJ, Jibril A,
Johnson BB, Smith JGW, Beraza N, Bowles KM, Rush-
worth SA. pl6INK4A-dependent senescence in the bone
marrow niche drives age-related metabolic changes of
hematopoietic progenitors. Blood Adv. 2023;7:256-68.
https://doi.org/10.1182/bloodadvances.2022007033.

Ruiz-Aparicio PF, Vernot JP. Bone marrow aging and the
leukaemia-induced senescence of mesenchymal stem/

stromal cells: exploring similarities. J Pers Med. 2022;12.
https://doi.org/10.3390/jpm12050716.

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

@ Springer


https://doi.org/10.1182/bloodadvances.2022007033
https://doi.org/10.3390/jpm12050716

	Prognostic impact of a senescence gene signature in multiple myeloma
	Abstract 
	Introduction
	Methods
	Database selection and cohort identification
	Data preprocessing and quality control
	Senescence signature and gene selection
	Univariate survival analysis
	Multivariate analysis

	Results
	Database setup
	Univariate survival analysis
	Associations across independent datasets
	Multivariate survival analysis

	Discussion
	Acknowledgements 
	References


