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Abstract

Background/Objectives: Multiple myeloma (MM) is a genetically complex hematological
neoplasm driven by accumulating genomic events. Despite therapeutic advances, MM re-
mains an incurable disease with a complex molecular picture. Characterizing copy number
alterations (CNAs) represents a promising strategy to identify dysregulated biological path-
ways and reveal novel therapeutic targets. This study aimed to characterize the CNA profile
across pre-malignant gammopathies, MM, and plasma cell leukemia, identifying the key
molecular pathways involved in disease progression. Methods: Genomic analysis via array
comparative genomic hybridization (aCGH) was performed on bone marrow samples from
21 patients representing all disease stages. Data were analyzed in CytoGenomics software
version 5.3.0.14 utilizing the GRCh38/hg38 human genome. CNAs were identified with the
ADM-2 algorithm, followed by functional enrichment analysis to determine significantly
overrepresented pathways. Results: Pre-malignant evaluation suggested a potential func-
tional switch from innate immunity and olfactory signaling in Monoclonal Gammopathy
of Undetermined Significance (MGUS) to DNA repair mechanisms in Smoldering Multi-
ple Myeloma (SMM), marking early genomic instability. In active MM, 280 CNAs were
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detected. Low-risk (ISS-I) patients retained cell adhesion signatures, whereas high-risk
(ISS-III) profiles exhibited extensive genomic instability affecting tissue remodeling and
cytokine signaling. Conclusions: In summary, our descriptive findings suggest that early
alterations in immune response and olfactory signaling pathways may emerge as potential
triggers driving pre-malignant dyscrasias and active MM development.

Keywords: multiple myeloma; aCGH; monoclonal gammopathy of undetermined significance;
smoldering multiple myeloma; leukemia; plasma cell

1. Introduction
Multiple myeloma (MM) is a heterogeneous hematological malignancy characterized

by clonal proliferation of plasma cells in the bone marrow (BM) and marked production
of monoclonal immunoglobulins [1]. Although its etiology has not been fully elucidated,
it is generally accepted that MM evolves from earlier premalignant stages, known as
Monoclonal Gammopathy of Undetermined Significance (MGUS), which has a progression
rate of 1% per year and is present in about 4% of individuals over 50 years of age, and
Smoldering Multiple Myeloma (SMM), whose progression risk varies significantly based on
risk stratification, with high-risk SMM showing substantially higher progression rates [1,2].

At the more aggressive end of the spectrum of plasma cell neoplasms is plasma cell
leukemia (PCL), a rare condition characterized by extramedullary involvement and an
aggressive clinical course. PCL can present as primary or secondary (developing from
pre-existing MM), with primary PCL showing significantly better outcomes than secondary
PCL despite both having aggressive clinical courses [3,4]. In general, it is believed that the
cell responsible for these malignancies originates from the germinal center of the lymph
node, where initial genetic mutations occur. These premalignant clones with chromosomal
abnormalities migrate to BM, where they initiate the clonal expansion that characterizes
MGUS or SMM [5,6].

Among the initiating genetic events, translocations involving the IgH locus on chro-
mosome 14 are notable; they are present in about 50% of patients and affect several loci
such as 11q13, 4p16, and 16q23. In parallel, the occurrence of hyperdiploidy, character-
ized by trisomies of odd chromosomes, constitutes another fundamental initial milestone,
compromising cell cycle regulation [7,8]. Although essential for pathogenesis, primary
alterations alone are insufficient to define the malignant phenotype of MM. Tumor pro-
gression depends on the accumulation of secondary events, including the dysregulation of
oncogenes such as MYC and RAS, alongside complex genomic instability characterized by
copy number alterations (CNAs). Among these, del(1p), del(17p), and del(13q) are critical
markers, particularly 1q21 gain or amplification, which is now incorporated into the R2-ISS
high-risk criteria due to its significant prognostic accuracy [9–11].

To translate biological complexity into clinical stratification, the International Staging
System (ISS) originally provided a framework based on serum beta-2 microglobulin (B2M)
and albumin (ALB) levels [12]. While the original ISS remains a relevant benchmark for
biochemical tumor burden, risk stratification has significantly evolved in 2024 and 2025.
Modern systems, such as the R2-ISS, the Real-World ISS (RW-ISS), and Consensus Genomic
Staging, now integrate these accessible parameters with advanced cytogenetic and genetic
markers to provide a more precise prognostic landscape [1,13].

Despite substantial advances in understanding the biology of MM, clinical practice still
faces extremely variable outcomes, often marked by early relapses and fatal progression.
This prognostic disparity is widely attributed to the intense genomic heterogeneity of the
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disease, supported by a vast repertoire of molecular rearrangements and chromosomal
instability present in the malignant clone [14]. Given this instability, molecular characteri-
zation is essential for understanding clonal evolution and tumor aggressiveness. While
emerging technologies such as single-cell sequencing, optical genome mapping, liquid
biopsy, and integrated proteogenomics are increasingly employed in MM research, aCGH
remains a robust and validated platform for comprehensive CNA detection [15–19].

Therefore, this study was conducted to understand the molecular mechanisms that
drive the evolution of plasma cell dyscrasias such as MGUS, SMM, MM, and PCL, and to
describe their CNAs by characterizing the profile of the biological pathways overrepre-
sented in patients from each group. This characterization can help to better understand the
initiating and progression mechanisms associated with these pathologies.

2. Materials and Methods
2.1. Patients and Ethical Issues

The study cohort comprised 21 patients, primarily consisting of MM cases (n = 17)
stratified by the ISS into stages I (n = 6), II (n = 5), and III (n = 6). To provide a compre-
hensive overview of genomic alterations across the evolutionary spectrum of plasma cell
dyscrasias, representative cases of MGUS (n = 1), SMM (n = 2), and PCL (n = 1) were also
included. Their inclusion facilitates an exploratory, longitudinal-like analysis of CNAs,
tracing the progression from precursor states to highly aggressive clinical manifestations.
All participants were included only after understanding and signing a written informed
consent form. All methods were conducted in accordance with the Declaration of Helsinki
guidelines and regulations. This study received formal approval from the Research Ethics
Committee (REC) of the Fortaleza General Hospital (HGF) via the national ethics platform
(Plataforma Brasil), under CAAE number 010496/2022, approval date 4 May 2022.

2.2. Inclusion and Exclusion Criteria

Patients with a confirmed clinical and laboratory diagnosis of MGUS, SMM, MM, or
PCL, seen at HGF or referred by the Ceará Municipal and State Health Departments, were
eligible for inclusion. Conversely, patients were excluded if they presented with other
onco-hematological diseases or if their clinical and laboratory findings did not meet the
diagnostic criteria for plasma cell dyscrasias.

2.3. Patient Stratification

Patients diagnosed with MM were stratified according to the ISS criteria. Pa-
tients were classified as ISS I (serum B2M < 3.5 mg/L and ALB ≥ 3.5 g/dL), ISS III
(serum B2M ≥ 5.5 mg/L), or ISS II (values not meeting ISS I or III criteria). This system
was selected due to the uniform availability of these biochemical markers across the cohort,
ensuring a standardized baseline for all patients. Stratification was not applied to MGUS,
SMM, and PCL cases, as the ISS is validated exclusively for symptomatic MM.

2.4. Genomic DNA Extraction

Bone marrow samples were collected, and genomic DNA (DNAg) was isolated using a
PureLink Genomic DNA Mini Kit (Cat. #K182001, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. DNAg concentrations were determined
with a NanoDrop2000 spectrophotometer (ThermoScientific®, San Jose, CA, USA). The
purity and integrity of the gDNA, indicated by the DNA Integrity Number (DIN), were
determined using a D1000 ScreenTape (Cat. #5067-5582, Agilent Technologies, Santa Clara,
CA, USA) on a 4200 TapeStation System (Cat. #G2991BA, Agilent Technologies, Santa Clara,
CA, USA). For aCGH, we used gDNA with a DNA Integrity Number (DIN) > 8.
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2.5. aCGH (Comparative Genomic Hybridization on Array)

The identification of somatic chromosomal alterations (gains and losses) was per-
formed by aCGH, using a SurePrint G3 Cancer CGH + SNP Microarray G4869-60510 Kit,
4x180K (Cat. #G4869A, Agilent Technologies, Santa Clara, CA, USA), according to the
manufacturer’s instructions. After hybridization, stringency washes were performed us-
ing Agilent Oligo aCGH/ChIP-on-chip Wash Buffers 1 and 2 (Cat. #5188-5226, Agilent
Technologies, Santa Clara, CA, USA), and the microarrays were scanned using an Agilent
Microarray Scanner System (Cat. #G2565CA, Agilent Technologies, Santa Clara, CA, USA).

2.6. Integrative Analysis of Copy Number Alterations (CNAs)

The captured images were quantified and analyzed by Agilent CytoGenomics soft-
ware (v5.4) (Agilent Technologies, Santa Clara, CA, USA) using the default analysis method
(statistical algorithm ADM-2, sensitivity threshold = 6, aberration filter = 3 probes, and
minimum AvgAbsLogRatio = 0.25). Furthermore, array quality was rigorously assessed
using the Derivative Log Ratio Spread (DLRS) metric, excluding arrays with DLRS > 0.3
due to excessive noise. All included arrays achieved probe call rates of at least 98%, with
GC correction and diploid peak centralization applied as standard preprocessing steps
to enhance data accuracy. The genomic locations obtained were based on the human
genome build GRCh38/hg38. For enrichment analysis, only autosomal CNAs (chromo-
somes 1–22) overlapping annotated genes were retained, excluding sex chromosomes and
intergenic regions.

2.7. Functional Enrichment Analysis

To elucidate the biological processes associated with CNAs in our cohort, we per-
formed an overrepresentation analysis (ORA). All analyses were conducted in R (v.4.5.1)
using the clusterProfiler package (v4.16.0). To enable parallel comparisons across clinical
stages (ISS I–III), we used the compareCluster function with a hypergeometric test and
human genome annotations from org.Hs.eg.db (v3.21.0). Enrichment analyses included
Gene Ontology (GO) (BP: biological processes; CC: cellular components; MF: molecular
functions), KEGG (Kyoto Encyclopedia of Genes and Genomes), WikiPathways, and Reac-
tome (v1.52.0). Significantly overrepresented CNAs (FDR < 0.05) were used as input, with
all measured genes as the background. GO terms were filtered for semantic redundancy
(cutoff = 0.7) to improve interpretability. The results were visualized as customized dot
plots of −log10 FDR-adjusted p-values using the ggplot2 package (v4.0.0).

3. Results
The study included a cohort of 21 patients divided into six diagnostic categories:

MGUS (n = 1), SMM (n = 2), ISS-I (n = 6), ISS-II (n = 5), ISS-III (n = 6) and PCL (n = 1).
The mean age at diagnosis was 60 years (±10.94), with a male predominance (13 males,
61.9%) compared with females (8 females, 38.1%). Baseline laboratory parameters were
summarized based on available medical records. Hematological evaluation (available for
n = 20) revealed hemoglobin levels ranging from 2.6 to 14.7 g/dL, white blood cell counts
from 1000 to 14,540/µL, and platelet counts from 14,000 to 279,000/µL. Key biochemical
markers showed β2-microglobulin (B2M) levels ranging from 1.49 to 37.88 mg/L (n = 19),
ALB from 1.72 to 4.5 g/dL (n = 14), and lactate dehydrogenase (LDH) from 80 to 2500 U/L
(n = 18).

3.1. CNA Profile of MGUS and SMM Patients

A total of 27 CNAs were identified in the pre-malignant stages, including 15 gains and
12 losses, with a mean size of 218.75 kb (ranging from 1.27 kb to 840 kb). Specifically, in
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MGUS, 11 CNAs were detected (mean size: 194.86 kb, range: 1.27 kb to 818 kb), comprising
seven gains confined to the p-arms of chromosomes 2, 8, 14, and 22, and four losses
restricted to the q-arms of chromosomes 4, 10, 14, and 15 (Figure 1A). In contrast, in SMM,
16 CNAs were observed (mean size: 234.87 kb, range: 1.29 kb to 840 kb), which consisted
of eight gains (on chromosomes 7, 8, 14, 17, 18, and 22) and eight losses (on chromosomes
2, 4, 5, 8 and 15) (Figure 1B). These data descriptively suggest a modest increase in CNA
number and size from MGUS to SMM, with broader chromosomal involvement in SMM.
Overall, the stage-specific CNA patterns appear consistent with the concept of progressive
genomic instability during early disease evolution.

Figure 1. Distribution of copy number alterations (CNAs) across chromosomes in pre-malignant
stages. The number of detected CNAs is plotted against their respective chromosomes. (A) CNA
profile observed in Monoclonal Gammopathy of Undetermined Significance (MGUS). (B) CNA
profile observed in Smoldering Multiple Myeloma (SMM). Red bars represent losses, and blue bars
represent gains.

To explore the biological processes potentially associated with CNA-affected genes,
we performed functional enrichment analysis across MGUS, SMM, MM and PCL. In MGUS,
functional annotation using GO revealed significant enrichment of biological processes
related to chemokine receptor and olfactory receptor activity. The cellular component was
primarily limited to microvesicles, indicating a role for extracellular signaling mechanisms
(Figure 2A). Pathway analysis aligned with this interpretation, showing significant en-
richment of innate immune and antimicrobial pathways (Figure 2B). Notably, olfactory
transduction and signaling pathways appeared in both GO and pathway analyses, rein-
forcing the non-canonical involvement of sensory receptor signaling in immune-related
processes. These descriptive findings suggest that CNAs in MGUS affect a tightly inte-
grated immune signaling network, characterized by chemotactic and antimicrobial effector
functions, consistent with an early and signaling-focused stage of immune dysregulation.

In SMM, CNAs appeared to be associated with an expanded functional landscape
that integrates immune activation, transcriptional regulation and genome maintenance.
Enrichment analyses also revealed sustained innate immune responses and host–microbe
interactions, along with chemokine-driven signaling. Concurrent enrichment of TFIIH and
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SMN complexes and microvesicles indicated coordinated engagement of nuclear regulatory
machinery and extracellular signaling (Figure 2C). At the pathway level, infection- and
inflammation-related programs converged with pathways governing basal transcription
and nucleotide excision repair (Figure 2D). Together, these findings indicate that CNAs
in SMM disrupt a multilayered regulatory network linking immune defense, transcrip-
tional control, and genome integrity, reflecting more advanced and multifaceted molecular
perturbation compared with earlier disease stages.

Figure 2. Functional enrichment profiles (GO and pathways) of genes affected by CNAs in Mon-
oclonal Gammopathy of Undetermined Significance (MGUS) and Smoldering Multiple Myeloma
(SMM). (A,C) show the enrichment of Gene Ontology (GO) terms for MGUS and SMM, respectively,
divided into the domains biological process (BP), cellular component (CC), and molecular function
(MF). (B,D) display the results of overrepresentation analysis (ORA) of the pathways for MGUS (using
KEGG and Reactome databases) and SMM (using KEGG, Reactome, and WikiPathways databases),
respectively. In all panels, the degree of enrichment is shown as fold enrichment, the bubble size
represents the number of associated genes, and the colors indicate the statistical significance, given
by −log10(FDR). The ten most significantly enriched terms for both GO categories and pathways
are displayed.
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3.2. CNA Profile of MM Patients

In MM, 280 CNAs were detected, including 174 gains and 106 losses, with a mean
segment size of 186.14 kb (range: 1.006 to 986 kb). Stratification by ISS showed a marked
increase in CNA burden with advancing risk. The low-risk group (ISS-I) had 83 CNAs
(55 gains and 28 losses; mean size: 158 kb; range: 1.063 to 984 kb), distributed across most
autosomes but absent from chromosomes 12, 17, 18, and 20. The intermediate risk group
(ISS-II) tumors exhibited 65 CNAs, predominantly losses (44 losses and 21 gains; mean
size: 243.4 kb), affecting nearly all autosomes except chromosomes 9, 12, 19, 21, and 22. In
contrast, ISS-III cases showed extensive genomic disruption, with 132 CNAs (98 gains and
34 losses; mean size: 175.6 kb) spanning all autosomes and displaying prominent arm-level
recurrence, particularly on chromosomes 8 and 14 (Figure 3). These patterns demonstrate
a progressive increase in both the frequency and chromosomal breadth of CNAs with
increasing disease risk, consistent with escalating genomic instability in advanced MM.

Figure 3. Chromosomal distribution of CNAs across ISS risk groups in multiple myeloma. Bar
plots show the number of copy number gains (blue) and losses (red) detected across autosomal
chromosome arms (1p–22q), stratified by International Staging System (ISS) risk categories (ISS I-III).
Each panel represents one ISS group, illustrating both the frequency and chromosomal localization of
CNAs. A progressive increase in CNA burden is observed with advancing risk, with ISS-III cases
showing the highest number and broadest distribution of alterations across the genome.
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Subsequent GO-based overrepresentation analysis of CNA-affected genes revealed
stage-specific functional programs that evolved with increasing clinical risk. In ISS-I, enrich-
ment was largely limited to signaling and cell–cell interaction processes, including sensory
perception of smell, plasma membrane-mediated adhesion, interferon receptor binding,
and inhibitory MHC class I receptor activity, consistent with a restricted, receptor-centered
functional profile. In ISS-II, this pattern shifted toward immune effector and proteostatic
mechanisms, with prominent enrichment of defense responses to Gram-positive bacteria,
proteasome-mediated ubiquitin-dependent protein catabolism, and cytolysis, along with
molecular functions related to glucuronosyltransferase activity and ubiquitin-like ligase–
substrate adaptor interactions. In contrast, ISS-III was characterized by enrichment of
processes linked to tissue remodeling and signal transduction, including regulation of tis-
sue remodeling, protein tyrosine kinase binding, and cytokine receptor binding, reflecting
broader engagement of growth and inflammatory signaling pathways (Figure 4). Together,
these ontological patterns delineate progressive reprogramming of biological functions
across ISS stages, transitioning from constrained receptor-mediated signaling to immune
activation and, ultimately, to complex regulatory and remodeling processes associated with
advanced disease.

Next, the pathway analysis further delineated stage-specific functional programs
associated with CNA-affected genes. In ISS-I, enrichment was dominated by pathways
related to olfactory signaling, along with nucleotide excision repair, indicating a functional
bias toward sensory receptor signaling and genome maintenance mechanisms. In ISS-II,
the enrichment profile shifted toward metabolic and detoxification pathways, with promi-
nent overrepresentation of pentose and glucuronate interconversions, glucuronidation,
drug metabolism by non-cytochrome enzymes, and small-ligand GPCR signaling, consis-
tent with enhanced metabolic adaptation and xenobiotic processing. In contrast, ISS-III
displayed a distinct signaling-centric architecture, characterized by enrichment of Rap1
signaling, cytokine–cytokine receptor interactions, and PI3K-Akt signaling, reflecting activa-
tion of pathways governing cell survival, proliferation, and inflammatory communication
(Figure 5). Collectively, these pathway patterns mirror the ontological findings and support
stepwise functional reprogramming across disease stages, transitioning from receptor- and
repair-associated processes to metabolic remodeling and, ultimately, to oncogenic and
cytokine-driven signaling networks in advanced disease.

In PCL, we identified 57 CNAs, including 35 gains and 22 losses, with a mean segment
size of 107.53 kb (range: 1.02–682 kb). CNAs were broadly distributed across the genome,
affecting most autosomes, while chromosomes 9, 12, 17, 20, and 22 remained unaltered
(Figure 6). Notably, the CNA landscape was dominated by focal gains, with a marked
accumulation on chromosome 14q, consistent with a highly rearranged but size-restricted
pattern of genomic disruption characteristic of advanced disease.

Overrepresentation analysis of CNA-affected genes in PCL revealed a focused func-
tional signature centered on cell adhesion and post-transcriptional regulation. GO en-
richment was dominated by homophilic cell adhesion mediated by plasma membrane
adhesion molecules, along with molecular functions related to translational repression
and translation regulatory activity, implicating altered control of protein synthesis. At
the pathway level, enrichment of the Rap1 signaling cascade and the 5q35 copy number
variation signature emerged as the most prominent features, highlighting convergence
between adhesion-associated signaling and region-specific genomic alterations in advanced
disease (Figure 7).
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Figure 4. Stage-specific Gene Ontology enrichment profiles associated with CNAs in multiple
myeloma. Bubble plots show the comparative enrichment of GO terms among International Staging
System (ISS) risk groups (ISS-I, ISS-II, and ISS-III), based on overrepresentation analysis of CNA-
affected genes using the compareCluster approach. Enriched terms are organized by GO domain (BP:
biological process; CC: cellular component; MF: molecular function) and are displayed separately for
each risk group. The x-axis indicates fold enrichment, bubble size represents the number of genes
associated with each term, and color intensity reflects statistical significance (−log10 FDR). For each
ISS category and GO domain, the five most significantly enriched terms are shown.
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Figure 5. Stage-specific pathway enrichment is associated with CNAs in multiple myeloma. Bubble
plots show the results of pathway overrepresentation analysis (ORA) performed on CNA-affected
genes across International Staging System (ISS) risk groups (ISS-I, ISS-II, and ISS-III), using the KEGG,
Reactome, and WikiPathways databases. For each database, enriched pathways are displayed sepa-
rately by risk group, highlighting stage-dependent differences in pathway involvement. The x-axis
shows fold enrichment, bubble size indicates the number of genes contributing to each pathway, and
color intensity represents statistical significance (−log10 FDR). For each ISS category and database,
the five most significantly enriched pathways are shown.
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Figure 6. Chromosomal distribution of CNAs in plasma cell leukemia (PCL). Bar plots show the
number of copy number gains (blue) and losses (red) detected across autosomal chromosome arms
(1p–21q) in PCL. The y-axis indicates the number of CNAs per chromosome arm. CNAs are broadly
distributed across the genome, with a pronounced accumulation of alterations on chromosome 14q,
reflecting a gain-biased and focal pattern of chromosomal disruption characteristic of PCL.

 

Figure 7. Functional enrichment of copy number-altered genes in plasma cell leukemia (PCL).
(A) Bubble plots summarizing GO overrepresentation analysis of genes affected by CNAs in PCL,
shown for the domains biological process (BP), cellular component (CC), and molecular function
(MF). (B) Pathway-level overrepresentation analysis of the same gene set using the KEGG and
WikiPathways (WP) databases. In both panels, the x-axis represents fold enrichment, bubble size
indicates the number of genes associated with each term or pathway, and color intensity reflects
statistical significance (−log10 FDR). For each category, the five most significantly enriched GO terms
or pathways are shown.
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4. Discussion
4.1. Genomic Instability Defines Disease Progression Across Plasma Cell Dyscrasias

The present study demonstrates a progressive accumulation of CNAs across plasma
cell dyscrasias, with 27 CNAs in pre-malignant stages (MGUS and SMM), 280 CNAs in MM,
and 57 CNAs in PCL. This gradual increase reflects genomic instability as a fundamental
driver of malignant transformation [1,20]. Recent genomic profiling using next-generation
sequencing platforms has established that CNA burden directly correlates with disease
aggressiveness and clinical outcomes in MM [14,21,22]. Specifically, the identification of
alterations in chr 8, 14, and 15 as the most prevalent in our cohort reflects the canonical
involvement of MYC dysregulation and IGH translocations in MM pathogenesis [23,24].
Evidence from large-scale genomic studies demonstrate that copy number signatures are
integral features for accurate prognostic stratification [11,25]. The transition from MGUS
(11 CNAs) to SMM (16 CNAs) represents early genomic destabilization, consistent with re-
cent findings showing that SMM exhibits intermediate mutational landscapes characterized
by the accumulation of secondary genetic events [2,26]. This progressive genomic disrup-
tion underlies the clinical heterogeneity observed in MM and necessitates comprehensive
molecular characterization for risk-adapted therapeutic strategies [7,8].

This progressive genomic disruption is closely tied to dynamic shifts in clonal hetero-
geneity across disease stages [27,28], which are phenotypically mirrored by the functional
reprogramming observed in our cohort. Although the subclonal architecture and primary
genetic drivers of active disease are typically established during the SMM stage, its absolute
genomic complexity remains lower than in the symptomatic phase [29]. In our data, this
early evolutionary stage was characterized by CNAs that disrupt a multilayered regulatory
network, shifting from immune defense to genome maintenance mechanisms. This shift
reflects an initial cellular response to accumulating genomic stress. Upon progression to
active MM, genomic instability significantly intensifies, leading to peak intra-tumoral and
spatial heterogeneity driven by branching evolution [27,30]. Conversely, the transition to
PCL often reflects a phenomenon of severe clonal selection, in which a highly aberrant and
dominant subclone drives systemic dissemination, resulting in a highly aggressive clinical
course [28].

4.2. Functional Switch from Innate Immunity to DNA Repair in Pre-Malignant Progression

In our exploratory analysis, a notable observation was a descriptive trend suggest-
ing a functional transition from innate immunity pathways in MGUS to DNA repair
machinery in SMM, which may reflect early genomic stress preceding malignant transfor-
mation [31]. Growing evidence shows profound downregulation of antimicrobial genes
(e.g., DEFB1) in endothelial cells and mesenchymal stromal cells from the MGUS, SMM,
and MM stages, resulting in loss of immune surveillance and increased tumor permis-
siveness [32]. Beta-defensins play dual roles in MM pathogenesis: constitutive DEFB1
acts as a tumor suppressor and is downregulated by chromosomal deletions or epige-
netic silencing [31], while inducible defensins such as hBD-2 and hBD-3 are overexpressed
in inflammatory environments and act as pro-tumoral agents by interacting with the
CCR6 receptor, promoting recruitment of dysfunctional immature dendritic cells that con-
tribute to immunosuppression and have angiogenic properties [31,33]. Alarmins, including
S100A8/A9 proteins, activate TLR4 signaling, inducing cytokine production (IL-6, TNF-α)
and stimulating both angiogenesis and megakaryocyte expansion in MM [34,35]. The
emergence of nucleotide excision repair and TFIIH complex enrichment in SMM represents
a cellular response to accumulating DNA damage and replication stress [36]. A prior study
reported that DNA repair pathway alterations, particularly in homologous recombination
deficiency genes (e.g., RAD50, BRCA1), define aggressive, therapy-resistant MM pheno-
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types characterized by high genomic instability scores [37]. Given the limited sample size
of pre-malignant stages, these stage-specific pathway differences must be interpreted as
descriptive. However, this potential functional shift from immune defense to genome main-
tenance mechanisms generates an interesting hypothesis regarding molecular thresholds in
early disease evolution, warranting validation in larger cohorts [5,6].

4.3. ISS-Dependent Stratification Reveals Distinct Molecular Programs That Drive
Clinical Heterogeneity

The ISS-stratified analysis demonstrates functional divergence across risk groups, with
ISS-I patients retaining cell adhesion signatures, ISS-II patients exhibiting metabolic and
proteostatic reprogramming, and ISS-III patients showing extensive tissue remodeling and
cytokine signaling activation [38]. In ISS-I patients, the enrichment of olfactory receptor
pathways and plasma membrane adhesion signatures indicate early-stage mechanisms
that maintain cellular attachment to the BM niche [39]. Recent investigations reveal that
olfactory receptors (ORs), traditionally associated with odorant detection, are ectopically
expressed in hematological malignancies, where they act as metabolic sensors modu-
lating proliferation, survival, and differentiation [40,41]. Cell–cell adhesion via plasma
membrane adhesion molecules is intrinsically linked to activation of pro-proliferative and
pro-survival pathways, including IL-6, NF-κB, and MAPK signaling, which underpin
adhesion-mediated drug resistance and clonal expansion [42,43]. The transition to ISS-II is
characterized by enrichment of metabolic adaptation pathways, including pentose and glu-
curonate interconversions, glucuronidation, and drug metabolism, alongside proteasome-
mediated ubiquitin-dependent protein catabolism [44]. This metabolic reprogramming
reflects increased cellular stress, and xenobiotic processing demands characteristics of
intermediate-risk disease [45]. The involvement of the Cul2-RING ubiquitin ligase complex
indicates dysregulation of proteostasis pathways controlling cell cycle regulation and DNA
damage responses, explaining the high clinical efficacy of proteasome inhibitors in MM
treatment [36,46]. Finally, the progression to ISS-III revealed the activation of oncogenic
signaling networks, particularly PI3K/AKT/mTOR, Rap1, and cytokine–cytokine receptor
interaction pathways [47]. Studies have demonstrated that PI3K/AKT/mTOR pathway
hyperactivation is directly associated with MM tumor development and represents a critical
therapeutic target [48,49]. AKT regulates cellular metabolic function by maintaining glycol-
ysis and oxidative phosphorylation while restricting FOXO activity, thereby promoting MM
cell survival [50]. Pharmacological inhibition of PI3K/AKT/mTOR signaling induces apop-
tosis and reduces cell proliferation, migration, and invasiveness in MM cell lines [51,52].
The identification of distinct molecular programs across ISS supports development of
risk-adapted precision medicine approaches targeting stage-specific vulnerabilities [12,53].

4.4. Chemokine Signaling Orchestrates Bone Marrow Microenvironment Remodeling

The enrichment of CCR chemokine receptor binding domains and chemoattractant
activity pathways during disease progression highlights the central role of chemokine
signaling in MM pathophysiology. The CCL3-CCR1/CCR5 axis is a critical therapeutic
target, as CCL3 produced by myeloma cells promotes intense osteoclastogenesis by binding
to CCR1 and CCR5 receptors, leading to bone destruction and the release of growth factors
such as TGF-β and IGF-1 that support the tumor [54,55]. This chemokine axis also facilitates
the egress and dissemination of neoplastic cells, contributing to disease aggressiveness [56].
Targeting the chemokine receptor CCR1 is a promising therapeutic approach, as CCR1
expression promotes plasma cell dissemination in vivo and correlates with poor clinical
outcomes [55,56]. The progressive increase in chemoattractant activity from MGUS through
SMM to MM reflects the transformation of the BM into a pro-tumor chemotaxis niche,
where chemokines recruit myeloid-derived suppressor cells (MDSCs), tumor-associated
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macrophages, and endothelial cells rather than effector immune cells [57]. This chemotactic
signature promotes immunosuppression, angiogenesis, and bone remodeling, correlating
with increased tumor burden and clinical aggressiveness [58]. Recent studies of the BM
microenvironment in MM show that interactions between malignant plasma cells and
stromal components create a permissive niche characterized by immune tolerance, angio-
genic activation, and metabolic reprogramming [59,60]. Targeting chemokine-mediated
microenvironmental interactions is an evolving therapeutic strategy that may overcome
adhesion-mediated drug resistance and improve outcomes in high-risk patients [61,62].

4.5. PCL Shows Loss of Adhesion and Translational Dysregulation

The identification of homophilic cell adhesion deficits and alterations in translational
regulation in PCL reveals the molecular basis for the aggressive circulating phenotype
that distinguishes this entity from bone marrow-confined MM. The disruption of cadherin-
related proteins, including CDHR2 and CDHR5, reduces cell–cell adhesion, facilitating
migration and dissemination through the bloodstream [63]. Adhesion molecules play a
critical role in the transition from MGUS through MM to primary PCL, with a marked
deficiency of adhesion molecule expression in PCL compared to MM [3,63]. This loss of ad-
hesion correlates with reduced dependence on BM microenvironmental signals such as IL-6
and STAT3, which normally support MM cell survival, enabling PCL cells to adopt a circu-
lating, microenvironment-independent phenotype [64,65]. The enrichment of translational
repression and translation regulatory activity domains indicates profound translational re-
programming that drives uncontrolled protein synthesis and supports survival under stress
conditions [66]. Translational control mechanisms are essential for cancer cell adaptation,
enabling selective synthesis of stress-response, survival, and stemness factors while globally
reducing protein synthesis [67,68]. Recent studies show that highly proliferative malig-
nancies exploit translational reprogramming through alterations in post-transcriptional
regulators, including mRNA-binding proteins and modifications of the 5’ untranslated
regions that govern translation efficiency [69,70]. The mTORC1-4EBP1/2 axis is a key
regulatory node, as 4EBP proteins confer protection during metabolic stress by promoting
NADPH homeostasis through translational repression of acetyl-CoA carboxylase 1 (ACC1),
thereby mitigating oxidative stress [71]. Cancer cells, including those in PCL, exploit this
regulatory mechanism to combat energetic stress and maintain tumorigenicity [72,73]. The
detection of 5q35 CNA signatures in PCL patients is another critical feature, as this region
harbors epigenetic regulatory genes, including NSD1, whose alterations favor transcrip-
tional reprogramming and accelerate tumor progression [65]. The convergence of adhesion
loss, translational dysregulation, and genomic instability defines the unique biology of PCL
as a highly proliferative, migratory, microenvironment-independent variant characterized
by accelerated clonal evolution and therapeutic resistance [74,75].

From a diagnostic and genomic profiling perspective, this extreme phenotypic shift
fundamentally dictates the clinical utility of biological compartments. In pre-malignant,
low-burden states such as MGUS, the malignant clone is strictly confined to the BM microen-
vironment, with a characteristic absence of myeloma cells in the peripheral blood. Because
circulating markers such as circulating tumor DNA (ctDNA) and circulating plasma cells
strongly correlate with systemic tumor burden [76], these markers may fall below the
detection limits of current liquid biopsy platforms in early stages, making BM DNA and
BM plasma cells indispensable for accurate genomic profiling. In contrast, the massive
release of malignant plasma cells in PCL turns peripheral blood into a highly represen-
tative genomic reservoir. Therefore, despite BM DNA remaining the gold standard for
mapping the genomic landscape in MGUS and active MM, peripheral blood analysis offers
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a minimally invasive approach to capturing genomic complexity and disease progression
in circulating variants such as PCL [77,78].

4.6. Study Limitations

While our findings delineate critical genomic transitions, this study has limitations
inherent to its retrospective design. First, regarding sample size, the extremely small
sample cohorts of MGUS (n = 1), SMM (n = 2), and PCL (n = 1) may limit the statistical
power to capture the full spectrum of subclonal heterogeneity associated with disease
evolution. Due to this significant constraint, our stage-specific observations and ORA must
be interpreted as exploratory and purely descriptive. Given that MM is characterized by
branching evolution and spatial heterogeneity, larger cohorts are required to validate the
frequency of rare driver events in these transitional stages [79,80]. Second, regarding risk
stratification, our analysis relied on the standard ISS rather than the R2-ISS. Although
ISS effectively stratifies patients based on tumor burden (B2M and ALB) [12], it lacks the
integration of LDH levels and high-risk cytogenetics (e.g., del(17p), t(4;14)) utilized in the
R2-ISS to refine prognostic discrimination [21]. Consequently, the genomic landscape of our
high-risk ISS-III group might partially overlap with intermediate-risk molecular subtypes
defined by newer models. Third, regarding functional inferences: we fully acknowledge
that ORA is sensitive to the size of the gene list, thresholds, and inherent biases. Since
no validation was performed at the transcriptomic or proteomic level, the phenotypic
consequences arising from these stage-specific CNAs should be interpreted descriptively,
especially in premalignant stages and PCL. Therefore, our functional enrichment results
serve as hypothesis-generating insights that still need to be validated orthogonally. Finally,
regarding technical purity (CD138+), a significant limitation is the lack of CD138+ plasma
cell enrichment before genomic analysis. Recent evidence shows that plasma cell sorting
increases detection rates from 61% to 95.5%. Dilution by non-plasma cells may have led to
underestimation of CNA frequency, especially for subclonal alterations. Fundamentally,
this dilution effect introduces a bias in the comparison between different stages of the
disease. Since premalignant conditions, such as MGUS and SMM, inherently exhibit much
lower plasma cell infiltration in the bone marrow compared to active MM or PCL, the
sensitivity of CNA detection is disproportionately reduced in these early stages, which
may be reflected in lower genomic complexity in MGUS and SMM. Future studies should
prioritize enrichment to achieve at least 90% purity, as recommended by the European
Myeloma Network [81,82].

4.7. Conclusions, Clinical Implications, and Future Directions

The stage-specific functional programs identified across plasma cell dyscrasias un-
derscore the need for integrated genomic classification systems that incorporate copy
number signatures alongside traditional cytogenetic markers. Advanced staging systems,
such as R2-ISS and consensus genomic staging, include high-risk cytogenetic features like
TP53 mutations, del(17p), t(4;14), t(14;16), and 1q21 gain/amplification, achieving superior
prognostic discrimination [21,38]. Recent studies have developed clonal gene signatures
based on genes whose expression is driven by clonal copy number alterations, demon-
strating higher performance in identifying high-risk patients compared to established
signatures such as GEP70 and SKY92 [83]. Novel genomic profiling platforms, including
the Unique Molecular Assay (UMA) panel, enable comprehensive detection of canonical
IgH translocations, copy number alterations, and mutations in 82 genes, supporting precise
risk stratification [84]. Integrating copy number signatures that reflect complex structural
variants such as chromothripsis into prognostic models significantly improves accuracy, as
demonstrated by the Individualized Risk Model for Myeloma (IRMMa), which achieves a
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c-index value of 0.726 compared to 0.61 for ISS [11]. These functional programs align with
the emerging paradigm of functional genomic classification that transcends anatomical
staging to capture biological heterogeneity [85,86].

The translational implications of our findings extend directly to therapeutic decision-
making. Pathway-specific alterations identified through CNA profiling can guide the
rational selection of targeted agents. For instance, the functional switch from innate immu-
nity in MGUS to DNA repair mechanisms in SMM may highlight a critical intervention
window for early therapeutic approaches that may prevent progression to symptomatic
MM [2,26]. Furthermore, the enrichment of defensin, chemokine receptors, and olfactory
receptor pathways provides novel targets that could disrupt microenvironmental interac-
tions driving disease progression [55]. In high-risk patients, the ISS-dependent functional
divergence, particularly PI3K/AKT/mTOR hyperactivation, supports ongoing clinical
trials evaluating pathway-specific kinase inhibitors in combination with standard thera-
pies [8,45,87,88]. Similarly, for PCL, the identification of critical adhesion molecule loss and
translational dysregulation suggests that targeting the translational machinery through
mTOR inhibitors or 4EBP modulators may be particularly effective [41,43].

As therapeutic landscapes rapidly evolve with bispecific antibodies, CAR-T cells, and
antibody–drug conjugates, comprehensive genomic characterization becomes essential for
optimizing patient selection and predicting resistance mechanisms [13,84]. In this context,
achieving Minimal Residual Disease (MRD) negativity has become a standard therapeutic
endpoint. However, a subset of MRD-negative patients still experiences relapses, highlight-
ing the limitations of relying solely on tumor burden quantification [89]. Therefore, CNA
profiling is not intended to replace current standard MRD testing (e.g., multiparametric
flow cytometry or IGH-based sequencing), but rather to synergize with it. While traditional
MRD assays quantify the amount of residual disease, CNA profiling characterizes the
biological quality and evolutionary potential of the surviving clones. Integrating CNA
signatures with MRD monitoring allows for the identification of high-risk subclonal archi-
tectures that may persist and drive therapeutic resistance, thereby refining risk stratification
and guiding preemptive interventions in the immunotherapy era [90].

Clinically, the incorporation of liquid biopsy approaches—monitoring both ctDNA and
circulating myeloma cells (CMMCs) with CNA analysis—will facilitate the non-invasive
tracking of clonal evolution and treatment response, which is particularly relevant for
patients undergoing CAR-T Therapy [83]. Future investigations should integrate single-cell
sequencing with spatial transcriptomics to dissect clonal heterogeneity and microenvi-
ronmental interactions at unprecedented resolution [13], while the application of optical
genome mapping and long-read sequencing will enable comprehensive detection of com-
plex structural variants that drive high-risk disease [86,91]. Ultimately, the convergence of
comprehensive genomic profiling, functional pathway analysis, and clinical outcome data
will enable true precision medicine in MM, moving beyond one-size-fits-all approaches to
deliver molecularly informed, risk-adapted therapeutic strategies that improve survival
while minimizing treatment-related toxicity [1,92].
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