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Senescence profiling of monoclonal gammopathies reveals
paracrine senescence as a crucial defense against disease
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Multiple myeloma (MM) is a plasma cell (PC) malignancy that is preceded by monoclonal gammopathy of undetermined
significance (MGUS) and/or smoldering multiple myeloma (SMM). MGUS and SMM PCs exhibit the same primary oncogenic
abnormalities as MM but lack the end-organ damage that defines proliferative disease, suggesting that clonal PCs in these
precursor conditions could exhibit senescence or senescence-like growth arrest. Herein we identified monoclonal gammopathy
patient-derived PCs that exhibit senescence features and found that senescent PCs were significantly increased in MGUS patients
compared to SMM or MM. Spatial analysis of senescent PCs in stable MGUS and SMM patient biopsies demonstrated the activation
of local paracrine senescence in the bone marrow microenvironment. Stable MGUS and SMM patients also exhibited disease-
specific senescence-associated secretory phenotype (SASP) signatures that significantly correlated with PC burden and clonal
antibody. In contrast, progressing MGUS, SMM, and new MM patients lacked local paracrine senescence responses and robust
activation of disease specific SASP signatures. Overall, these data suggest that failure to activate tumor-specific paracrine
senescence responses is key to disease progression in monoclonal gammopathies.
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INTRODUCTION
Multiple myeloma (MM) is a clonal plasma cell (PC) malignancy
and the second most common hematologic cancer in the United
States [1]. MM is preceded by the PC dyscrasias monoclonal
gammopathy of undetermined significance (MGUS) and smolder-
ing multiple myeloma (SMM) [2, 3]. Like MM, patients with MGUS
and SMM exhibit elevated serum M-protein, an abnormal clonal
PC-derived immunoglobulin; however, they lack the end-organ
damage associated with PC proliferative diseases. The annual risk
for progression of MGUS or SMM to MM is ~1% and 10%,
respectively [4]. Most SMM patients progress to MM ≤ 5 y of
diagnosis, after which the risk drops to 3%/y [5]. While there are
risk stratification algorithms to classify patients at higher risk [6, 7],
the ability to predict MGUS and SMM patients who will progress

remains limited, hindering early intervention. The mechanisms by
which MGUS and SMM progress to malignancy remain unclear,
and there are currently no treatments to prevent disease
progression.
While MGUS and SMM patients are generally asymptomatic,

their pre-malignant PCs exhibit many of the same primary
oncogenic abnormalities as MM cells [8–10]. The presence of
primary oncogenic events with no/low proliferative capacity in
MGUS and some SMM PCs, as opposed to MM PC proliferative
disease, suggests that these cells could be in a senescent-like state
of growth arrest. Cellular senescence is induced by cell stressors,
such as oncogenic stress and DNA damage, and is crucial for
preventing tumorigenesis. Senescent cells also exhibit a
senescence-associated secretory phenotype (SASP) that reinforces
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the senescence growth arrest in the surrounding microenviron-
ment and drives immune activation to clear damaged and
senescent cells [11, 12]. Together, senescence-induced growth
arrest and SASP-induced immune clearance protect against the
malignant transformation of damaged cells.
Consistent with this, senescence markers are present in pre-

malignant lesions and can be detected prior to tumor formation in
mice [13]. In contrast to the protective effects of senescence
against tumorigenesis, senescent cell accumulation drives aging
pathologies [14, 15], including promoting tumor progression [16].
The incidence of MGUS [17] and MM [18] increases with aging,

and obesity is a primary risk factor for the progression of MGUS
and SMM to MM [19]. Of interest, both aging [20] and obesity [21]
are associated with senescent cell accumulation. Moreover,
retrospective studies have indicated that metformin, an anti-
diabetic drug that inhibits the SASP [22], may prevent MGUS
progression in diabetic patients [23, 24]. These apparently
contradictory roles for senescence raise important questions
regarding its role in pre-malignant monoclonal gammopathies
and disease progression.
In this study, we used patient samples to demonstrate that

MGUS and SMM PCs exhibit disease stage-specific senescence
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features, as well as paracrine senescence responses that are most
prominent in patients with stable disease. These findings support
that robust activation of a paracrine senescence anti-tumor
response is key to preventing malignant progression of mono-
clonal gammopathies.

RESULTS
MGUS and SMM PCs are enriched for senescence gene sets
independently from aging
To test whether pre-malignant MGUS and SMM PCs exhibit gene
expression consistent with senescence, we first performed a
secondary analysis of a published human gene array dataset
comparing healthy (N= 22), MGUS (N= 44), and SMM (N= 12)
patient PCs; patient characteristics are summarized in Supple-
mentary Table 1 [25].
Differential expression analysis revealed significant increases in

senescence-related genes, including CDKN1A and GADD45A
(Fig. 1A), in MGUS and SMM PCs compared to normal PCs.
CDKN1A and GADD45A were previously identified as upregulated
in a subset of stable MGUS ( ≥ 2.5 y, N= 19) patient PCs analyzed
in the original study by Zhan et al. [25]. Pathway analysis
(iPathwayGuide, Advaita) of differentially expressed genes
revealed “Cellular Senescence” as the most significantly impacted
pathway in MGUS PCs and significantly affected in SMM PCs
compared to normal (Fig. 1B, Supplementary Table 2).
While age and sex were included in the published patient

characteristics, information on healthy donors was limited. Since
senescence genes, including CDKN1A and GADD45A, are also
increased with biological aging, we sought to determine whether
senescence pathway enrichment in MGUS and SMM PCs could be
due to age differences compared to the normal donors. To this
end we performed single sample GSEA (ssGSEA) using the
”GenAge” gene set, a curated list of genes that change with
biological aging (https://genomics.senescence.info/genes/
human.html), as well as the ”SenMayo” gene set, which was
documented to correlate with the age-related accumulation of
senescent cells [26]. Using a publically available human bone
marrow single cell RNA-sequencing dataset (GSE120446) [27], we
confirmed the PC subsets from donors >65 y have significant
enrichment of “SenMayo” and “GenAge” compared to donors
<40 y (Supplementary Fig. 1). Neither MGUS nor SMM PCs
exhibited enrichment for “GenAge” or ‘SenMayo’ (Fig. 1C); in fact,
SMM PCs exhibited significantly decreased enrichment for
“SenMayo” compared to healthy donors. Thus, senescence path-
way enrichment in MGUS and SMM PCs appears to be distinct
from age-related senescence based on the lack of enrichment of
biological aging gene sets.

We next sought to create senescence phenotyping gene sets
for GSEA to characterize senescence in MGUS and SMM PCs. For
this, we compiled existing senescence gene sets and gene lists
related to senescence phenotypes. Custom lists were tested
against two published datasets of human pre-adipocytes [28] or
fibroblasts [29] in which senescence was induced and validated
in vitro, allowing for the identification of central senescence genes
that are shared across cell lineages. Genes from input lists that
were significantly induced in both senescence datasets were
added to our senescence phenotyping gene sets based on the
source list. To account for variable SASP phenotypes, particularly
the late-senescence-associated interferon (IFN)-SASP, we compiled
genes from existing IFN gene sets and tested these against a late-
senescence RNA-seq dataset [29]. Using this strategy, we created
the following senescence phenotyping gene sets: “Senescence Up
(SenUp),” “Senescence Growth Arrest (SenGA),” “Inflammatory
SASP (iSASP),” “Senescent Cell Anti-Apoptosis Pathways (SCAPs)”,
and “IFN-SASP” (Fig. 1D, Supplemental Table 3).
GSEA analysis was performed using the MGUS and SMM vs.

healthy PC differential expression results. MGUS PCs exhibited
significant enrichment of all custom gene sets (Fig. 1E; q
value < 0.25). ssGSEA confirmed that enrichment for these gene
sets was distributed throughout the MGUS cohort (Fig. 1F;
Supplemental Fig. 2). SMM PCs also exhibited significant enrich-
ment of “SenUp,” “SCAPs,” “SenGA,” and “IFN-SASP;” there were no
significant differences in enrichment of these gene sets between
MGUS and SMM PCs (Supplemental Fig. 3). However, SMM PCs did
not show enrichment for “iSASP” compared to healthy PCs
(Fig. 1E). This preferential enrichment of the “IFN-SASP” and
absence of the “iSASP” enrichment is consistent with a transition
to a late-senescence SASP phenotype. Using ssGSEA scores for
“IFN-SASP” and “iSASP”, we calculated the “IFN-SASP”/”iSASP”
enrichment ratios for each normal, MGUS or SMM sample. The
SMM samples exhibited a significant increase in the “IFN-SASP”/
”iSASP” enrichment ratio compared to normal, with a trend for
enrichment compared to MGUS (Fig. 1G). These data support that
senescence genes are enriched in both MGUS and SMM PCs, with
the inflammatory SASP being restricted to MGUS, and SMM
patient PCs exhibiting a primarily IFN-SASP, consistent with late-
senescence.

Cytologic features of senescence in MGUS PCs
We next investigated senescence cytologic features in MGUS,
SMM, or newly diagnosed multiple myeloma (NDMM) PCs
(Supplemental Table 4). Since MGUS and SMM PCs are non/low
proliferative, we turned to additional senescence features beyond
growth arrest. Senescence-associated distension of alpha-satellites
(SADS) has previously been demonstrated as a cytologic feature of

Fig. 1 Enrichment of senescence-related gene sets in MGUS and SMM PCs after analysis of an independent previously published human
gene array dataset (GSE5900). A Differential expression analysis of MGUS and SMM PCs revealed a significant upregulation of the senescence
markers CDKN1A and GADD45A. Bars represent means with standard deviations (SD). p values were calculated using the one-way ANOVA test
followed by Tukey’s multiple comparisons test. B Advaita iPathway Guide analysis showed that the ‘Cellular Senescence’ pathway (yellow dot)
was significantly enriched in both MGUS and SMM PCs. Dots represent individual pathways, plotted based on their p-value for perturbation
accumulation (pAcc) versus overrepresentation analysis (pORA). Other significant combined p-values are shown in red. C Single sample GSEA
(ssGSEA) using “GenAge” and “SenMayo” gene sets resulted in no enrichment in MGUS or SMM PCs, suggesting that senescence gene
enrichment is independent of age-related senescence. D To customize senescence phenotyping gene sets, input gene sets were compiled
and tested against two independent senescence gene expression datasets (GSE66236 and GSE109700). Genes that were significantly
upregulated in both datasets were added to the relevant senescence gene sets. The IFN-SASP gene set was compiled with genes from existing
IFN gene sets and tested against a late senescence RNA-seq dataset (GSE109700). “SenUp” = Senescence Up; SCAPs = Senescent Cell Anti-
Apoptosis Pathways; SenGA = Senescence Growth Arrest; iSASP = Inflammatory Senescence-Associated Secretory Phenotype (SASP); IFN-
SASP = Interferon-SASP. E GSEA analysis revealed significant enrichment (Normalized Enrichment Score - NES > 1.5, q < 0.05) of gene sets
“SenUp”, ‘SCAPs’, ‘SenGA’, and “IFN-SASP” in MGUS and SMM PCs, while the “iSASP” gene set was exclusively enriched in MGUS PCs (NES= 1.4,
q= 0.11). F ssGSEA confirmed significant enrichment of senescence phenotyping gene sets throughout MGUS samples, with SMM samples
showing enrichment in all gene sets except for “iSASP”. G Calculation of “IFN-SASP”/”iSASP” enrichment ratios showed a significant increase in
SMM samples compared to healthy donors, indicating a higher prevalence of IFN-related SASP in SMM. Bars represent medians with
interquartile ranges. p values were calculated using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
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senescence [30, 31]. MGUS PCs exhibited a significant increase in
the percentage of cells positive for ≥3 SADS per nucleus
compared to SMM and MM (Fig. 2A, B). The difference between
MGUS and SMM or MM became more significant when we applied
the additional requirement of loss of LaminB1 and HMGB1
(Fig. 2A, C), two well-characterized senescence features [32, 33].
PCs that were positive for ≥3 SADS and loss of LaminB1/HMGB1
exhibited significantly increased nuclear size, consistent with
senescence [34] (Supplemental Fig. 4).
Importantly, we found that the percentage of senescent PCs

( ≥ 3 SADS and loss of LaminB1/HMGB1) inversely correlated with
monoclonal PC burden assessed by clinical flow and quantifiable
M-spike (Fig. 2D). These results agree with a physiological role of
senescence to prevent tumor progression in MM [12]. The
percentage of senescent PCs did not correlate significantly with
patient age, sex, or high-risk cytogenetic status, nor with
hyperdiploidy.

Senescent PC burden correlates with senescence in the bone
marrow microenvironment (BMME)
We next used diagnostic bone biopsies from a separate cohort of
normal donors and patients with MGUS, SMM, or NDMM
(Supplemental Table 5) to evaluate PC senescence within the
intact BMME. PCs were detected via CD138 immunostaining
in combination with immunostaining for LaminB1 and HMGB1

[32, 33] to evaluate senescence. Nucleated cells within the full
bone biopsies were classified as CD138+ PCs vs. BMME (CD138-

nucleated cells). Senescent cells were defined as negative for both
LaminB1 and HMGB1, and non-senescent cells as positive for both
markers (Fig. 3A).
Quantification of PC burden in patient biopsies revealed a

strong correlation of CD138+ PCs and the clinical histopatholo-
gical assessment of tumor burden (Supplemental Fig. 5A),
supporting the validity of our PC quantification. The percentage
of senescent PCs was significantly increased in MGUS, SMM and
NDMM biopsies compared to age-matched healthy donors
(Fig. 3B). Of interest, PC senescence inversely correlated with
total PC burden (Fig. 3C), consistent with our observations in
isolated PCs (Fig. 2) and the established role for senescence in
protecting against tumorigenesis.
In contrast to PCs, BMME senescence was not different between

healthy donor and patient biopsies (Fig. 3D). There was no
significant correlation between total senescent cell burden and
donor/patient age (Supplemental Fig. 5B). However, PC senes-
cence positively correlated with BMME senescence across patient
biopsies (Fig. 3E), consistent with paracrine senescence.
To validate the relationship between the clonal PCs and

senescent BMME we turned to additional senescence markers.
Persistent DNA damage signaling in growth-arrested cells is a
defining feature of senescence [35], and the DNA damage marker
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phospho-γH2AX (γH2AX) is commonly assessed together with the
proliferation marker Ki67 to identify senescent cells in tissue
sections. We combined these markers with CD138 immunostain-
ing; PCs or BMME were defined as senescent based on positivity

for γH2AX and negativity for Ki67; non-senescent PCs or BMME
were defined as all other cells (Fig. 3F).
Consistent with our LaminB1/HMGB1 analysis, we found a

strong correlation between CD138+ PCs and the clinical
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histopathological assessments of tumor burden (Supplemental
Fig. 5C), though consistently lower, possibly due to the specific
antigen retrieval methods or variation across sections. Again, there
was no significant correlation between total senescent cell burden
and donor/patient age (Supplemental Fig. 5D).
Senescent PCs (Fig. 3G) were significantly increased in MGUS,

SMM, and NDMM biopsies compared to healthy donors; there
were no significant differences in senescent PCs across MGUS,
SMM, or NDMM biopsies. PC senescence burden defined by
γH2AX/Ki67 was increased (Fig. 3G) compared to senescence
defined by LaminB1/HMGB1 (Fig. 3B), and senescent PCs
significantly correlated with total PC burden (Fig. 3H). These
discrepancies suggests that the γH2AX+/Ki67- phenotype in clonal
PCs may reflect genomic instability rather than senescence. The
percentage of γH2AX+/Ki67- BMME was significantly increased in
MGUS, SMM, and NDMM patient biopsies compared to healthy
donors (Fig. 3I). Interestingly, γH2AX+/Ki67- PCs strongly corre-
lated with senescent BMME in patient biopsies, consistent with
clonal PCs being associated with paracrine senescence (Fig. 3J).
Overall, these two independent analyses reveal the strong
relationship between senescence and oncogenic stress in PCs
and BMME senescence.

Spatial analysis reveals differential paracrine senescence in
stable disease
Next, we stratified MGUS and SMM biopsies into stable or
progressing disease based on the clinical diagnosis of MM ≤ 10 y
or 5 y of sampling, respectively. These cut-offs were based on the
risk for progression following diagnosis, with MGUS patients
exhibiting a consistent risk of progression (1%/y) whereas SMM
patients have significantly greater risk of progression ≤5 y (10%/y
in the first 5 y, followed by 3%/y) [5].To investigate the local
neighborhoods around senescent and non-senescent PCs, we
evaluated the cellular composition ≤25 µm of PCs in triplex
immunostainings for CD138, LaminB1, and HMGB1, as shown in
the digital spatial map of Fig. 4A. First, we evaluated the ratio of
neighboring PCs to BMME around CD138+ senescent and non-
PCs. As expected, the neighboring PC:BMME ratio was significantly
increased in NDMM compared to stable or progressing MGUS and
stable SMM, consistent with proliferative PC disease in MM
(Fig. 4B).
Density heatmaps showed increased senescent BMME in stable

MGUS and SMM patients, compared to those with progressing
disease; moreover, the spatial distribution of senescent BMME
showed high-density spots, supporting a role for paracrine
senescence within the proximate milieu (Fig. 4C). The neighboring
BMME compartment was further assessed for the ratio of
proximate senescent vs. non-senescent BMME. In stable MGUS
and SMM biopsies, there was a significant increase in proximate
senescent BMME to senescent PCs as compared to non-senescent
PCs (Fig. 4D). Surprisingly, however, the progressing MGUS and

SMM, as well as the NDMM biopsies, did not show significant
increases in proximate senescent BMME to senescent PCs (Fig. 4D).
Further evaluation of MGUS and SMM biopsies from progressing
patients revealed that the average percentage of non-senescent
BMME ≤ 25 µm of senescent PCs negatively correlated with years
to progression, showing that patients with highest percentage of
non-senescent BMME proximate to senescent PCs progressed the
most quickly (Fig. 4E).

SASP evaluation in stable vs. progressing MGUS and SMM
Given that paracrine senescence is activated via the SASP [36],
along with the differences in “iSASP” gene enrichment in MGUS
and SMM PCs (Fig. 1), we tested whether patients with stable
MGUS or SMM exhibited differences in SASP factors and whether
these were associated with progression. Stable MGUS and SMM
patients were identified based on the lack of progression to
MM ≤ 10 y or 5 y, respectively, following sample collection
(Supplemental Table 6). Peripheral plasma was assessed for SASP
factors that were previously tested for associations with frailty [37],
as well as for cell-free mitochondrial (MT)-DNA which has been
shown to activate the inflammatory SASP [38] (Fig. 5A). Of the
thirteen SASP factors measured, cell-free MT-DNA, and IL-7 were
significantly elevated in stable MGUS, while osteopontin (OPN),
GDF15, and TNF-α were significantly increased in stable SMM
(Fig. 5A). Of interest, GDF-15 and OPN are induced by IFN
signaling, consistent with a preferential late senescence “IFN-
SASP” enrichment in SMM (Fig. 1).
Subsequent ranking and analysis of the top 50th percentile for

each factor revealed skewing of certain markers towards stable
MGUS and others towards stable SMM (Fig. 5B). Grouping the
factors that skewed towards stable MGUS (odds ratio ≥1.5) vs. the
factors that skewed towards stable SMM (odds ratio ≤0.5) allowed
us to generate composite SASP scores specific to stable MGUS or
SMM, respectively (Fig. 5C, D). The MGUS SASP score discriminated
stable MGUS from healthy age-matched donors, while the SMM
SASP score trended to be increased in SMM compared to healthy
donors. By subtracting the SMM-SASP score from the MGUS-SASP,
we created the MGUS-SMM SASP score, which further discrimi-
nated between stable MGUS and healthy donors (Fig. 5E). None of
the identified peripheral SASP factors were significantly different
by gene expression analysis of MGUS and SMM PCs (Supplemental
Fig. 2), suggesting they reflect paracrine senescence rather than
direct products of the pre-malignant PCs.
We next evaluated the composite stable MGUS-SMM SASP

scores across MGUS and SMM patients who progressed and
NDMM. In this larger dataset (Fig. 6A), the MGUS-SMM SASP
composite score demonstrated that stable MGUS still showed
significant increase compared to stable SMM (Fig. 6B), with the PC
burden inversely correlating with the stable MGUS-SMM SASP
score in stable patients (Fig. 6C). Stable SMM also exhibited a
significant decrease in the stable MGUS-SASP score compared to

Fig. 3 Histological senescence analysis of diagnostic bone marrow biopsies from patients with MGUS, SMM, or newly diagnosed MM
(NDMM). A Representative images of a triple immunostaining for CD138 (green), LaminB1 (yellow), and HMGB1 (red). The yellow arrow
indicates a senescent PC, defined as CD138+, LaminB1-, and HMGB1-. The white arrow indicates a non-senescent PC, defined as CD138+,
LaminB1+, and/or HMGB1+. B Senescent (S+ , LaminB1-, HMGB1-) PCs (CD138+) were observed across healthy (Control), MGUS, SMM, and
NDMM biopsies. C Significant inverse correlation between the percentage of senescent PCs (defined by no LaminB1/HMGB1) and PC (PC)
burden was observed by Spearman correlation test. D Senescent (S+ , LaminB1-, HMGB1-) bone marrow microenvironment cells (BMME,
CD138- cells) were observed across healthy (Control) MGUS, SMM, and NDMM biopsies. E The burden of senescent PCs significantly correlated
with the percentage of senescent BMME across groups as measured by the Spearman correlation test. F Representative images of a triple
immunostaining for CD138 (green), Ki67 (yellow), and γH2A.X (red). The yellow arrow indicates a senescent PC, defined as CD138+, Ki67-, and
γH2A.X+. The white arrow indicates a non-senescent PC, defined as CD138+, Ki67+, and/or γH2A.X-. G Senescent (S+ , Ki67-, γH2A.X+) PCs
(CD138+) were observed across healthy (Control), MGUS, SMM, and NDMM biopsies. H Significant positive correlation between the
percentage of senescent PCs (defined by Ki67-, γH2A.X+) and PC (PC) burden was observed by Spearman correlation test. I Senescent (S+ ,
Ki67-, γH2A.X+) bone marrow microenvironment cells (BMME, CD138- cells) were observed across healthy (Control), MGUS, SMM, and NDMM
biopsies. J The burden of senescent PCs was significantly correlated with the percentage of senescent BMME across groups as measured by
the Spearman correlation test.
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Fig. 4 Spatial analysis of senescent and non-senescent cells in MGUS, SMM and newly diagnosed MM (NDMM) patient biopsies stratified
by disease progression status. A Representative schematic of the spatial histological assessment in trephine bone biopsy. Each dot
represents a cell, colored according to cell type, senescence status, and proximity to senescent PC. B Ratio of PCs (PC; CD138+) to bone
marrow microenvironment cells (BMME; CD138-) neighboring senescent (S+ , white dots) or non-senescent (S-, black dots) PCs. PCs
surrounding both senescent and non-senescent PCs were increased in NDMM compared to stable or progressing MGUS and stable SMM.
C Density heatmaps showed localized increases in senescent cells in stable MGUS and SMM patients, as compared to progressing or NDMM
patients. D Comparing the ratio of senescent to non-senescent BMME neighboring non-senescent PCs (white dots) vs. senescent PCs (black
dots) revealed significant enrichment of senescent BMME in the proximity of senescent PCs in stable MGUS and SMM biopsies, but not in
progressing disease or NDMM biopsies. E The negative correlation between the average percentage of non-senescent BMME within 25 µm of
senescent PCs and years to progression to MM in MGUS and SMM patients was significant, as measured by the Spearman correlation test.
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SMM patients that progressed ≤5 y. The correlation of stable
MGUS-SMM SASP score with PC burden was absent in progressing
MGUS, SMM, and NDMM patient samples. Together with our
spatial analyses, these data suggest that failure of SASP-induced
paracrine senescence is key to disease progression.

DISCUSSION
In this study, we comprehensively evaluated MGUS, SMM, and MM
patient samples to demonstrate that senescence and SASP
features are present in precursor monoclonal gammopathies.
Our analyses showed that senescence features were independent
of chronological age. Further, SASP scores and paracrine
senescence appeared most prominent in patients with stable
disease. These data generated entirely with clinical samples
demonstrate the crucial role of senescence in preventing
tumorigenesis within the context of a senescence-responsive
microenvironment.
Although senescence was originally characterized as replicative

senescence in proliferative cells [39], it has now been established
that terminally differentiated, non-proliferative cells can also

become senescent following exposure to stressors [40, 41]. Thus,
beyond growth arrest, defining senescence requires evaluation of
a combination of features, which is further complicated by the fact
that senescence phenotypes may be variable across cell lineages
and specific stress responses. We carefully considered current
guidance on senescent cell characterization [42] to evaluate
senescent features in MGUS and SMM PCs and biopsies.
Differentiated PCs, along with pre-malignant PCs in MGUS and

SMM, exhibit no/low proliferative activity. Growth arrest in these
populations was supported by increased expression of the cell
cycle checkpoint inhibitor CDKN1A (p21), along with enrichment
of other genes associated with senescence growth arrest,
compared to normal PCs (Fig. 1). We further used a combination
of cytologic features to classify PCs or their proximate BMME as
senescent or non-senescent. This included evaluation of SADS and
loss of LaminB1/HMGB1 in enriched PCs (Fig. 2), as well as loss of
LaminB1/HMGB1 or the presence of γH2AX+/Ki67- cells in bone
biopsies (Figs. 3, 4). These separate analyses of independent
patient cohorts revealed increased senescence in MGUS PCs
compared to those from SMM or MM (Fig. 2), as well as paracrine
senescence in MGUS and SMM that was associated with stable
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Fig. 5 SASP factor analysis of peripheral plasma isolated from stable MGUS and SMM patients. A Peripheral plasma from stable MGUS and
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ranked per SASP factor. Among the twelve measured SASP factors, MT-DNA, and IL-7 were significantly elevated in stable MGUS, while
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test followed by Tukey’s multiple comparisons test.
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disease (Fig. 4). The paracrine senescence in stable disease was
further supported by evaluation of the SASP factors in MGUS,
SMM, and MM plasma, which showed distinct SASP profiles in
stable MGUS vs. stable SMM (Figs. 5, 6), consistent with altered
SASP phenotypes in gene expression analyses (Fig. 1).
Our data support that the ability of senescence to protect

against tumorigenesis is linked to the SASP and paracrine
senescence. The SASP is crucial for driving immune responses to
clear damaged, potentially malignant cells, including senescent
cells. Two recent reports demonstrated that senescence in
malignant cells drives CD8 T cell anti-tumor immunity [43, 44].
Together with our data (Fig. 6), this suggests that a blunted SASP
promotes tumor progression by failing to trigger immune
clearance of pre-malignant/malignant cells. In addition to immune
activation, the SASP drives paracrine senescence to reinforce
growth arrest. Accordingly, we found a significant decrease in
senescent BMME proximate to senescent PCs. Moreover, the
percent of non-senescent BMME proximate to senescent PCs
inversely correlated with time to progression in MGUS and SMM
(Fig. 4).
While our ex vivo PC senescence analysis did not discern

between clonal and polyclonal PCs, we may glean insights from
sample-specific clinical data. For one MGUS sample, clinical flow
showed <5% polyclonal PCs relative to total PCs, suggesting that
the 16% senescence detected in sorted PCs reflects clonal PC
senescence. In contrast, another MGUS sample had no detectable
clonal PCs; therefore, 24% senescence must represent polyclonal
PC senescence. These two extremes suggest that both clonal and
polyclonal PCs exhibit senescence in MGUS, with non-clonal PCs
possibly responding to paracrine senescence signals and only a
subset of clonal PCs undergoing senescence. In turn, non-
senescent clonal cells may sustain low-level proliferation that
may eventually develop into stable SMM; over time, growth
arrested cells may be diluted, reducing the percentage of
senescent PCs. Despite this decrease, similar senescence gene
expression between MGUS and SMM PCs implies that late-
senescent SMM PCs with higher senescence gene expression may
mask overall differences in senescent cell number in bulk RNA
analyses.
The altered SASP and lack of paracrine senescence in

progressing MGUS and SMM suggest either (1) impaired
senescence/SASP activation in the pre-malignant PCs or (2)
reduced BMME responsiveness to paracrine SASP signals, leading
to weakened immune responses to clonal PCs. While mutations to
genes such as TP53 in clonal PCs could impair the commitment to
senescence growth arrest and attenuate the SASP, TP53 mutations
are not usually present in MGUS and SMM PCs [45, 46] but rather
are acquired as secondary genetic events. [33] Further, our
reanalysis of data published by Sun et al. [47] found no differences
in senescence gene sets between PCs from stable vs. progressing
MGUS patients (data not shown). In contrast, there is strong
evidence for the latter, with age and obesity- two conditions
associated with senescent cell accumulation [20, 21], being risk
factors for MGUS and SMM incidence and progression [17–19].
Thus, chronic senescence could impair the ability of the BMME
and immune microenvironment to respond to acute oncogenic
stress-induced senescence, leading to disease progression
(Fig. 6F, G).
Indeed, senescence in the microenvironment has been shown

to promote tumor growth and metastasis, with IL6 and p38 MAPK
signaling playing important roles [48, 49]. Our analysis of bone
biopsies showed no increase in the BMME senescence burden in
progressing patients; instead, BMME senescence correlated with
PC senescence and was higher in the stable patients. However,
oncogenic stress-induced paracrine senescence may have masked
any differences in baseline chronic senescence in progressing
patients. Alternatively, evaluation of chronic senescence may be
improved by assessment of specific stromal populations.

This raises important questions regarding the potential use of
senotherapeutic drugs in pre-malignant conditions. Our analyses
suggest that only a subset of clonal and polyclonal PCs is
senescent, and these cells drive the anti-tumor effects. Therefore,
what is the impact of ablating these senescent cells via senolytic
drugs on the anti-tumor immune response? To date, senescent
cell ablation has not been reported to increase tumor incidence in
mouse models [14, 15]; it is possible that that pre-tumor cells are
also ablated in these models. Alternatively, the positive effects of
reducing senescent cell burden to mitigate inflammaging could
enhance anti-tumor immune function. This is supported by a
retrospective study demonstrating that metformin, which can act
as a senomorphic through inhibition of the SASP [22], prevented
MM progression in diabetic MGUS patients [23, 24].
Further research is needed to discriminate between these

possibilities, and to determine whether the impact of senother-
apeutics may be context dependent, such that with chronic
senescence, these drugs may alleviate immune tolerance and
allow enhanced anti-tumor effect, whereas in an immune
responsive microenvironment, senotherapeutics may have limited
efficacy. In this case, immune clearance of pre-malignant cells may
be enhanced via drugs that reinforce senescence. We propose
that failure of paracrine senescence or impaired acute senescence-
induced CD8 T cell activation [43, 44] may serve as indicators of
chronic senescent cell burden to identify patients most likely to
benefit from senotherapeutics in the setting of pre-malignancy.
These studies may help explain the decreased overall survival in

patients with monoclonal gammopathies. MGUS without progres-
sion to MM have been found to die or exhibit morbidity from
cardiovascular or neurological diseases at earlier ages than
patients without M-spikes [50–52]. Indeed, patients with stable
MGUS and SMM are at increased risk for osteoporosis and fracture
unrelated to osteolytic cancer-bone disease [53]. This leads to the
provocative question of whether enhanced anti-tumor senescence
signaling in these stable MGUS/SMM patients comes at the
expense of accelerated physiological aging. This possibility is
highly reminiscent of the findings that defects in transcription-
coupled nucleotide excision repair, in which low-level DNA
damage activates cell stress responses to protect against
malignancy, drives the progeroid conditions, Cockayne’s Syn-
drome and Trichothiodystrophy [54]. It has been postulated by Dr.
Hoeijmakers and others that these DNA damage responses trigger
inflammatory signaling and altered endocrine signaling to drive
survival, rather than preserving normal cellular functionality,
leading to aging changes [55].
Overall, our results raise the prospect of using SASP and

paracrine senescence markers to predict the risk for patients with
pre-malignant conditions to progress to malignancy. Current risk-
stratification tools show limited efficacy, especially for SMM. In this
context, SASP profiling may arise as a novel prognostic biomarker
which may increase our ability to identify MGUS and SMM patients
at highest risk for progression who may benefit from early
intervention. These SASP and paracrine senescence clinical
analyses may also facilitate the identification of patients who
would benefit from serotherapeutic treatment as these agents
move into clinical trials for malignant disease.

DATA AVAILABILITY
The microarray dataset analyzed for the characterization of senescence phenotypes
in healthy, MGUS, and SMM patients is available in the Gene Expression Omnibus
(GEO) database under accession number GSE5900. The microarray and bulk RNA
sequencing datasets used as references for cellular senescence in our strategy to
develop senescence phenotyping gene sets are available in the GEO database under
accession numbers GSE66236 and GSE109700. The senescence phenotyping gene
sets are described in Supplemental Table 3. The full results of the iPathwayGuide
Pathway Analysis are presented in Supplemental Table 2, and the results of the Gene
Set Enrichment Analysis (GSEA) using our senescence phenotyping gene sets are
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described in Supplemental Table 7. All data generated during this study are included
in this published article and its supplementary information files.
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