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Main: 

The therapeutic landscape of multiple myeloma (MM) has changed profoundly over the past 

two decades, resulting in substantially improved outcomes for newly diagnosed (NDMM) 

patients, particularly in the transplant-eligible setting. However, approximately 10-15% of 

patients do not benefit from this opportunity and their clinical outcome remains poor 1. This 

subset of patients likely shares underlying biological and clinical features of a more 

aggressive course and increased likelihood of early disease progression, aligning with a 

high-risk (HR) myeloma profile. Early identification of HR patients remains an unmet clinical 

need, and addressing this gap would facilitate risk-adapted therapeutic strategies and more 

personalized clinical management. The International Myeloma Society and International 

Myeloma Working Group (IMS/IMWG) have made substantial efforts to define HR disease 

through risk stratification systems based on clinical, biochemical and DNA-based features 

2. Interphase fluorescence in situ hybridization (iFISH) remains the gold standard for 

detecting cytogenetic abnormalities associated with HR. However, limitations related to the 

lack of standardization, inter-laboratory variability, and delayed or incomplete results 

highlight the need for further optimization 3.  

In parallel, the need to better capture the biological heterogeneity underlying HR MM has 

led to the implementation of plasma cell-derived gene expression profiling (GEP) as a 

complementary prognostic tool to DNA-based diagnostics, capable of identifying HR 

patients who may be missed by conventional risk assessment. GEP signatures, such as 

IFM15, UAMS70/80, and SKY92, are based on the differential expression of a defined set 

of genes and have demonstrated the ability to distinguish aggressive disease, both at 

diagnosis (NDMM) and in the relapsed/refractory (RRMM) setting 4-7, supporting the 

development of standardized, clinically applicable GEP-based prognostic assays. However, 

the prognostic value of GEP profiling has been less extensively investigated in the early 

asymptomatic phase of the disease (SMM, smoldering myeloma). 
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To evaluate the performance of gene expression-derived cytogenetics and HR-associated 

signatures across MM disease stages in a real-world setting, we profiled consecutive SMM, 

NDMM and RRMM patients using plasma cell transcriptomic analysis. 

 

Since February 2020, a total of n = 105 patients were enrolled and characterized using the 

SKY92-based prognostic assay MMprofiler (SkylineDx). The study was approved by the 

Institutional Ethics Committees (Prot. 5805/2019) and was conducted in accordance with 

the Declaration of Helsinki. Written informed consent was received from participants prior to 

inclusion in the study. Following CD138+ plasma-cell selection, the CD38+ purity threshold 

(≥80%) required for SKY92 analysis was met in n = 90 cases (85.7%), including n = 27 

SMM, n = 39 NDMM and n = 24 RRMM (Figure 1A and Supplemental Table 1); samples 

failing this threshold due to insufficient plasma-cell recovery were excluded from 

downstream analysis. Failure rates were 18.2% (6 out of 33) in SMM, 7.1% (3 out of 42) in 

NDMM and 20% (6 out of 30) in RRMM. 

The prevalence of SKY92 HR signature increased progressively across disease stages, 

from 19% in SMM (n = 5/27) to 41% in NDMM (n = 16/39) and 67% in RRMM (n = 16/24, P 

= 0.0018, Figure 1B). Moreover, in RRMM, there was a trend toward SKY92 HR signature 

prevalence among heavily pretreated patients (n = 15/20, 75% in patients that received three 

or more lines of treatment compared with those who had received fewer than three lines of 

treatment (n = 1/4, 25%; P = 0.090). We then analyzed the potential of the SKY92 test to 

intercept HR-associated cytogenetic markers by evaluating the concordance between 

SKY92-derived cytogenetic (virtual FISH or vFISH) predictions and conventional iFISH data 

(available for 48/90 cases, 53.3%; missing data reflected limitations of routine clinical 

testing, including insufficient material or plasma-cell recovery). In a global analysis across 

disease phases, high concordance was observed for t(4;14), t(14;16/20) and gain(1q) with 
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an accuracy of 97.9 (95% CI, 93.9-100), 85.2 (95% CI, 71.8-98.6) and 87.2 (95% CI, 77.7-

96.8) respectively, decreasing to 66.7 (95% CI, 49.8-83.5) for del(17p), suggesting that this 

chromosomal abnormality may not be fully recapitulated by GEP-based projections (Figure 

1C and Supplemental Table 2). Importantly, with slight differences, this trend was 

maintained in a MM phase-specific analysis (Supplemental Table 2). We next evaluated 

the prognostic potential of the SKY92 gene signature in the symptomatic MM setting, for 

which this test has been previously validated. Within the NDMM cohort, patients classified 

as high-risk by SKY92 (SKY92 HR) exhibited significantly worse overall survival (OS) 

compared with standard-risk patients [SKY92 SR; median OS 32.8 months versus not 

reached, P = 0.0079; Figure 2A]. A similar trend was observed in RRMM, although statistical 

significance was not reached, likely due to the limited cohort size (median OS 20.9 months 

versus not reached, P = 0.093; Figure 2B). These findings support the prognostic relevance 

of SKY92 in NDMM and suggest a consistent trend in RRMM. To further characterize the 

transcriptional structure associated with SKY92 risk in symptomatic MM, a linear model was 

applied to GEP data obtained from NDMM and RRMM samples, identifying a set of 822 

probes (MAS5 log2 expression >7) associated with SKY92 status (P < 0.01 and absolute 

log2 fold change > 0.5). Principal component analysis (PCA) performed on this supervised 

gene set revealed a transcriptional landscape in which PC1 was strongly associated with 

SKY92 risk status by linear regression (P = 9.26 × 10⁻¹⁷; BH-adjusted P = 9.26 × 10⁻¹⁶), 

whereas none of PC2–PC10 showed a significant association (Figure 2D and 

Supplemental Figure S1A). Notably, in this PCA-defined transcriptional space NDMM and 

RRMM samples displayed a mixed distribution rather than forming distinct clusters (Figure 

2D). To further examine whether the high-risk-associated transcriptional structure was 

consistent across symptomatic disease stages, we directly compared HR-NDMM and HR-

RRMM across all probes retained after preprocessing. No individual probe remained 

differentially expressed after multiple-testing correction. Moreover, the HR–SR separation 
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along PC1 was comparable in NDMM and RRMM, with no evidence of a risk-by-stage 

interaction (P = 0.986). We next performed a gene set enrichment analysis (GSEA) 

combining NDMM and RRMM samples. The comparison of SKY92 HR versus SR patients 

revealed an HR-associated profile enriched in signatures related to disease progression and 

drug resistance in MM as well as cell proliferation 8 (E2F targets, NES = 1.68, FDR = 0.069 

and G2M checkpoint, NES = 1.7, FDR = 0.118), oncogene-associated targets  (MYC targets 

V1, NES = 1.69, FDR = 0.085 and V2, NES = 1.54, FDR = 0.131) and DNA damage repair 

9 (DNA repair NES = 1.53, FDR = 0.128, and UV response, NES = 1.42, FDR = 0.209, 

Figure 2C, Supplemental Figure S1B and Supplemental Table 2). To independently 

assess the reproducibility of SKY92-associated transcriptional patterns, we analyzed the 

GSE87900 NDMM cohort (n=180; 24 HR and 156 SR)10. Projection onto the fixed IRST-

derived PCA space showed significantly higher PC1 scores in HR than SR patients (mean, 

6.20 versus −6.25; P=4.84 × 10⁻²⁰). Hallmark GSEA identified nine pathways enriched in 

HR patients (FDR<0.25), eight of which were also enriched in our symptomatic MM cohort, 

including E2F targets, G2M checkpoint, MYC targets V1/V2, DNA repair, mitotic spindle, 

MTORC1 signaling, and unfolded protein response (Figure 2E-F, Supplemental Figure 

S1C-D, and Supplemental Table 2). These results support the reproducibility of SKY92-

associated transcriptional programs in an independent NDMM cohort. Together, these 

findings identify specific transcriptional programs associated with SKY92 HR status in 

symptomatic MM and support a largely preserved high-risk-associated transcriptional 

structure across symptomatic disease stages. To explore whether the GEP-based risk 

assessment prediction could be anticipated to the asymptomatic phase, we projected SMM 

samples into the SKY92-enriched PCA manifold derived from symptomatic MM samples. As 

shown in Figure 3A, in this projection SMM samples do not form a distinct cluster along 

PC1 or PC2. Instead, they localize near the origin of PC1, indicating attenuation of the 

SKY92-associated covariance structure that separates HR and SR within symptomatic MM. 
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This distribution suggests that the transcriptional structure associated with SKY92 risk in 

symptomatic MM is less pronounced in SMM. However, within SMM, projected PC1 scores 

were higher in SKY92 HR than SR samples (mean, 3.91 versus −3.61; difference, 7.52; 

95% CI, 0.23–14.80; P = 0.044), indicating that the symptomatic MM-derived high-risk-

associated transcriptional structure remained detectable within SMM. To further 

characterize the contribution of individual EMC92 signature probes to SKY92 risk 

classification in SMM, we calculated their weighted contributions to the HR–SR expression 

difference using the published EMC92 coefficients and reference standard deviations. 

SFMBT1, ZBTB25 and FGFR3 showed the largest absolute contributions (+0.246, +0.094 

and +0.091, respectively). Leave-one-out sensitivity analysis confirmed the stability of these 

findings, with SFMBT1 remaining the highest-ranking contributor in all 27 iterations and 

ZBTB25 and FGFR3 ranking among the top three in 26/27 and 25/27 iterations, respectively 

(Figure 3B-C and Supplemental Table 2). These results indicate unequal contributions of 

individual EMC92 probes to SKY92 HR–SR separation in SMM, without establishing their 

independent prognostic significance. Notably, SKY92 HR SMM shared transcriptional 

features with symptomatic SKY92 HR, including enrichment of cell-proliferation programs 

(E2F targets, NES = 1.85, FDR = 4.18E-04 and G2M checkpoint, NES = 1.85, FDR = 3.90E-

04) and DNA damage response (UV response NES = 1.56, FDR = 0.008). In addition, HR 

SMM showed enrichment of additional inflammatory and immune signaling programs, 

including TNFα/NF-κB, IL6-JAK-STAT3 and interferon responses, together with KRAS 

signaling (Figure 3D, Supplemental Figure S1E-F and Supplemental Table 2). The 

involvement of inflammatory signaling and KRAS/MAPK alterations in precursor disease 

evolution is consistent with previous studies11,12. Importantly, our findings extend these 

observations by identifying both shared and disease-stage-associated transcriptional 

programs within SKY92-defined high-risk disease across the MM continuum. 
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Nevertheless, SKY92 HR SMM patients demonstrated a significantly increased risk of 

progression to symptomatic MM compared with SR patients. In this cohort, the progression 

rate at 36 months was 70% in SKY92 HR SMM compared with 8.4% in the SR group (P = 

0.038, Figure 3E). When considering only untreated patients, the progression rate at 36 

months was 70% in the SKY92 HR group compared with 0% in the SR group (P = 0.173, 

Supplemental Figure S1G). Together, these data suggest that SKY92-HR SMM may 

capture emerging aggressive biological features even though SMM transcriptomes do not 

fully recapitulate the SKY92 covariance patterns observed in symptomatic disease. An 

increasing number of studies recommend the application of SKY92-based tests for the 

identification of MM patients with HR disease 6 with a reported contribution in the risk-

adapted therapeutic decision-making13. The findings of this pilot study further support the 

feasibility of implementing GEP-based risk profiling in routine clinical practice and suggest 

that transcriptomic risk assessment may also provide biologically relevant information in 

SMM, pending validation in larger independent cohorts. These observations are particularly 

relevant in light of recent evidence showing that the early identification and treatment of HR 

SMM can delay the progression to symptomatic MM, prevent end organ damage and 

improve clinical outcomes 14,15. However, in this context, the identification of gene signatures 

more tailored to early asymptomatic disease and the reduction of input material 

requirements represent key priorities for advancing GEP-based technologies, improving 

both performance and feasibility in patients with low disease burden. Overall, our results 

support the existence of shared HR transcriptional programs across asymptomatic and 

symptomatic MM disease states and fuel the ongoing debate on the biological definition of 

SMM, especially given accumulating evidence of overlapping genomic features between 

NDMM and a subset of SMM12,16.  
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Figure 1. Clinical, molecular and SKY92-based characterization of the multiple 

myeloma cohort. (A) Circos plot showing clinical and molecular features of the study cohort 

(n = 90 patients). The outer lane classifies the disease stage (SMM = 27, NDMM = 39 and 

RRMM = 24, scale of green). SKY92 vFISH cytogenetics data including t(11;14), t(4;14), 

t(14;16/20) gain(1q), del(17p) and del(13q) (grey boxes) and gene expression signature of 

risk (SR = pale blue and HR = blue) are shown.  IMWG 2/20/20 (SMM) and ISS (NDMM, 

RRMM) classes are depicted in pink and yellow scale respectively. Inner heatmaps show 

the biochemical levels of Lactate Dehydrogenase (LDH, blue), Albumin (ALB, brown), 

Creatinine (CRE, green), Hemoglobin (Hb, violet) and β2 Microglobulin (β2M). Dark red 

histograms indicate the percentage of plasma cell infiltration in the BM as assessed by BM 

biopsy analysis. MM isotype, sex and age are depicted in the three inner circles. White 

boxes indicate missing data. (B) Results of SKY92 test across disease stages calculated as 

a percentage of SKY92 HR detected samples on the total number of patients included in 

each category. (C) Diagnostic performance of the assay for detection of recurrent 

cytogenetic abnormalities. Bar graphs show sensitivity, specificity, positive predictive value 

(PPV), negative predictive value (NPV), and overall accuracy for detection of t(4;14), 

t(14;16)/t(14;20), gain(1q), and del(17p). Values are expressed as percentages. Error bars 

represent 95% confidence intervals (see Supplemental Table 2 for related statistics). 

 

Figure 2. Clinical and transcriptional features associated with SKY92 risk in 

symptomatic MM and validation in an independent NDMM cohort. (A) Kaplan-Meier 

survival curves of SKY92 HR (n = 16) and SKY92 SR (n = 23) NDMM patients. X-axis, time 

elapsed since sample collection (months); y-axis probability of survival. Logrank P value and 

number of patients at risk are shown. (B) Kaplan-Meier stratification of overall survival (OS) 

by SKY92 risk classification (HR = 16 and SR = 8) in RRMM patients. X-axis, time elapsed 

since sample collection (months); y-axis probability of survival. Logrank P value and number 
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of patients at risk are shown. (C) Dot plot showing significantly enriched Hallmark gene sets 

in SKY92 HR (n = 32) compared with SR (n = 31) patients with symptomatic MM (NDMM 

and RRMM), as detected by GSEA (FDR q < 0.25). The x-axis shows the normalized 

enrichment score (NES); dot size represents gene-set size and color indicates the FDR. (D) 

PCA score plots of PC1 versus PC2 based on a supervised gene set associated with SKY92 

risk status in symptomatic MM (NDMM and RRMM). After exclusion of low-expression genes 

(mean MAS5 log2 expression < 7), genes associated with SKY92 HR versus SR status were 

selected using raw P < 0.01 and absolute log2 fold change > 0.5, yielding 822 probes. Left: 

samples are stratified by SKY92 risk classification (SR and HR). Right: the same samples 

are displayed within the same PCA space according to disease stage (NDMM and RRMM). 

(E) Projection of 180 newly diagnosed multiple myeloma (NDMM) samples from the 

independent GSE87900 cohort (24 SKY92 high-risk and 156 standard-risk) onto the PCA 

space derived from the IRST symptomatic MM cohort. Projection was performed using the 

original 822 probe sets and the corresponding IRST training means, standard deviations, 

and PCA loadings, without refitting the PCA. (F) Comparison of Hallmark enrichment profiles 

between the IRST symptomatic MM cohort (pooled NDMM and RRMM; 32 HR and 31 SR) 

and GSE87900. NES values are shown for pathways enriched in HR samples in at least 

one cohort at FDR < 0.25. Solid outlines indicate pathways meeting this threshold, whereas 

dashed outlines indicate pathways below the threshold. Eight pathways were enriched in 

HR samples in both cohorts. The corresponding GSEA results and cross-cohort comparison 

are provided in Supplemental Table 2.  

 

Figure 3. Transcriptional features associated with SKY92 risk in smoldering multiple 

myeloma and progression to symptomatic disease. (A) PCA score plots of PC1 versus 

PC2 based on a supervised gene set associated with SKY92 risk status in symptomatic MM 

(NDMM and RRMM). After exclusion of low-expression genes (mean MAS5 log₂ expression 
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< 7), genes associated with SKY92 HR versus SR status were selected using raw P < 0.01 

and absolute log₂ fold change > 0.5, yielding 822 probes. The PCA space was derived from 

symptomatic MM samples, with SMM samples excluded from feature selection and 

subsequently projected into the resulting 822-probe transcriptional space. Top: samples 

stratified by SKY92 risk classification (SR and HR); the dashed red line indicates the main 

direction of separation. Bottom: the same samples displayed within the same PCA space 

according to disease stage (SMM, NDMM and RRMM). (B) Top 20 EMC92 probes ranked 

by the absolute magnitude of their weighted contributions to the difference between SKY92 

high-risk (HR, n = 5) and standard-risk (SR, n = 22) SMM samples. Contributions were 

calculated as the published EMC92 coefficient multiplied by the mean HR-SR log2 

expression difference, divided by the corresponding reference standard deviation from the 

original H65 training cohort (n = 290; without APEX correction). Positive and negative values 

indicate the direction of the weighted contribution to HR-SR separation, whereas bar colors 

indicate higher or lower probe expression in HR relative to SR samples. The individual 

contributions of all 92 EMC92 probes are provided in Supplemental Table 2. (C) Individual 

log2-transformed MAS5 expression values of SFMBT1, ZBTB25 and FGFR3, the three 

highest-ranking contributors, in HR and SR SMM samples. Probe contributions were ranked 

descriptively; no statistical significance testing was performed on the weighted contributions. 

(D) Comparison of Hallmark GSEA profiles in SMM and symptomatic MM. Hallmark gene-

set enrichment analysis (GSEA) profiles from separate SKY92 HR-versus-SR comparisons 

performed within SMM (5 HR, 22 SR) and symptomatic MM (pooled NDMM and RRMM; 32 

HR, 31 SR). The 33 pathways meeting the significance threshold in either analysis are 

shown; pathways meeting the significance threshold in both analyses are highlighted in bold. 

For each disease-stage cohort, normalized enrichment scores (NES) were derived from the 

corresponding within-cohort HR-versus-SR comparison; positive NES indicates enrichment 

in SKY92 HR samples and negative NES enrichment in SKY92 SR samples. Solid outlines 
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indicate pathways meeting the significance threshold in the corresponding analysis, 

whereas dashed outlines indicate pathways below the threshold. SMM GSEA used gene-

set permutations with FDR < 0.05, whereas symptomatic MM GSEA used phenotype 

permutations with FDR < 0.25. Because different permutation methods and significance 

thresholds were used to account for differences in cohort size, NES magnitudes and FDR 

values are not directly comparable between the two analyses. No direct statistical 

comparison between SMM and symptomatic MM was performed. (E) Kaplan-Meier curves 

of progression to symptomatic MM in SKY92 HR (n = 5) and SKY92 SR (n = 22) SMM 

patients. X-axis, time elapsed since sample collection (months); y-axis, probability of 

progression to symptomatic MM. Logrank P value and number of patients at risk are shown. 
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Supplemental Table 1 (related to Figure 1). Cohort description: biochemical and genetic 

characteristics.  

Disease Status n (%) SMM 27 (30.0) NDMM 39 (43.3) RRMM 24 (26.7) 

Male, n (%) 

Female, n (%) 

13 (48.1) 

14 (51.9) 

27 (69.2) 

12 (30.8) 

16 (66.7) 

8 (33.3) 

Age (years), median (range) 64.0 (36-83) 69 (52-91) 70 (56-88) 

ISS/ IMWG 2/20/20 

Stage 0 (2/20/20 only) 

Stage I 

Stage II 

Stage III 

NA, n (%) 

4 (14.8) 

9 (33.3) 

13 (48.1) 

1 (3.7) 

0 

NA 

11 (28.2) 

15 (38.4) 

11 (28.2) 

2 (5.1) 

NA 

10 (41.7) 

5 (20.8) 

9 (37.5) 

0 (0) 

BM infiltration (%), median (range) 15 (5-40) 55 (15-95) 35 (10-90) 

Albumin (g/L), median (range) 

> 35 (G/L), n (%)

< 35 (G/L), n (%) 

NA, n (%) 

41 (38-49) 

22 (100) 

0 (0) 

5 (18.5) 

37 (28-51) 

27 (70) 

11 (30) 

1 (2.6) 

41 (31-49) 

22 (91.7) 

2 (8.3) 

0 (0) 

B2M (mg/L), median (range) 

< 3 (mg/L), n (%) 

> 3 (mg/L), n (%)

NA, n (%) 

2.3 (1.3-13.1) 

14 (63.6) 

8 (36.4) 

5 (18.5) 

3.7 (1.1-76.6) 

10 (27) 

27 (73) 

2 (5.1) 

3.7 (1.9-20.5) 

8 (34.8) 

15 (65.2) 

1 (4.2) 

LDH (U/L), median (range) 

< 225 (U/L), n (%) 

> 225 (U/L), n (%)

NA, n (%) 

152 (124-352) 

19 (86.4) 

3 (13.6) 

5 (18.5) 

160 (94-376) 

34 (94.5) 

2 (5.5) 

3 (7.7) 

209 (115-499) 

15 (65.2) 

8 (34.8) 

1 (4.2)  

Creatinine (mg/dl), median (range) 

> 1.20 (mg/dl), n (%)

< 1.20 (mg/dl), n (%) 

NA, n (%) 

0.9 (0.2-3.3) 

5 (20.8) 

19 (79.1) 

3 (11.1) 

1.1 (0.5-8.6) 

17 (43.6) 

22 (56.4) 

0 (0) 

1 (0.7-2.2) 

8 (33.3) 

16 (66.7) 

0 (0) 

Hemoglobin (g/dl), median (range) 12.9 (9-14.9) 10.7 (7.5-15) 11.6 (8.8-15.3) 

Supplementary
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13.5-17 (g/dl), n (%) 

< 13.5 (g/dl), n (%) 

NA, n (%) 

8 (30.7) 

18 (69.3) 

1 (3.7) 

6 (15.4) 

33 (84.6) 

0 (0) 

3 (12.5) 

21 (87.5) 

0 (0) 

SKY92 Valid QC (CD38+ ≥80% 
following CD138+ enrichment), n (%) 27 (81.8) 39 (92.8) 24 (80) 

SKY92 vFISH Cytogenetics, n (%) 

t (4;14) 

NA 

t (11;14) 

NA 

t (14;16)/t (14;20) 

NA 

gain (1q) 

NA 

del (17p) 

NA 

del (13q) 

NA 

5 (18.5) 

0 (0) 

2 (7.4) 

0 (0) 

1 (3.7) 

0 (0) 

8 (29.6) 

0 (0) 

8 (47.1) 

10 (37.0) 

3 (17.6) 

10 (37.0) 

5 (12.8) 

0 (0) 

15 (38.4) 

0 (0) 

4 (10.2) 

0 (0) 

23 (58.9) 

0 (0) 

5 (25.0) 

19 (48.7) 

8 (40.0) 

19 (48.7) 

5 (20.8) 

0 (0) 

5 (20.8) 

0 (0) 

1 (4.1) 

0 (0) 

17 (70.8) 

0 (0) 

2 (14.3) 

10 (41.6) 

4 (28.6) 

10 (41.6) 

SKY92 GE Signature, n (%) 

High Risk 

Standard Risk 

5 (18.5) 

22 (81.5) 

16 (41) 

23 (59) 

16 (67) 

8 (33) 

SMM = smoldering multiple myeloma; NDMM = newly diagnosed multiple myeloma; RRMM 

= relapse/refractory multiple myeloma; ISS = International Staging System (stages I-III); 

IMWG 2/20/20 = International Myeloma Working Group risk classification for SMM (stages 

0-III); BM = bone marrow; B2M = β2 microglobulin; LDH = lactate dehydrogenase; QC =

quality control; vFISH = virtual FISH; GE = gene expression; NA = not available. 



3 

Supplemental Figure S1 (related to Figures 2 and 3): Transcriptional features 

associated with SKY92 risk in symptomatic and smoldering multiple myeloma. (A) 

Scree plot displaying the percentage of total variance explained by the first 10 principal 

components (PCs) based on the 822-probe supervised gene set associated with SKY92 risk 
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status in symptomatic MM (NDMM and RRMM). PC1 explains the largest proportion of 

variance (~20%), followed by PC2 (~7%) and PC3 (~5%), with progressively smaller 

contributions from subsequent components. (B) GSEA running score plots of significantly 

enriched Hallmark gene sets from the Molecular Signatures Database (MSigDB) in SKY92 

HR (n = 32) compared with SR (n = 31) patients with symptomatic MM (NDMM and RRMM; 

FDR  < 0.25). Normalized enrichment score (NES) and FDR q-value are indicated for each 

gene set. Statistics and enriched gene lists are included in Supplemental Table 2. (C) 

Hallmark GSEA comparing SKY92 HR and SR samples in GSE87900. The dot plot shows 

normalized enrichment scores for the nine pathways enriched in HR samples at FDR < 0.25; 

dot size represents gene-set size and color indicates FDR. (D) Representative enrichment 

plots of HR-associated Hallmark pathways in GSE87900, showing NES and FDR values. 

(E) Dot plot showing significantly enriched Hallmark gene sets in SKY92 HR (n = 5) 

compared with SR (n = 22) SMM patients, as detected by GSEA (FDR < 0.05). The x-axis 

shows the NES; dot size represents gene-set size and color indicates the FDR. (F) GSEA 

running score plots of significantly enriched Hallmark gene sets from the MSigDB in SKY92 

HR (n = 5) compared with SR (n = 22) SMM patients (FDR < 0.05). NES and FDR are 

indicated for each gene set. Statistics and enriched gene lists are included in Supplemental 

Table 2. (G) Kaplan–Meier curves of progression to symptomatic MM in untreated SKY92 

HR (n = 5) and SKY92 SR (n = 9) SMM patients. X-axis, time elapsed since sample 

collection (months); y-axis, probability of progression to symptomatic MM. Log-rank P value 

and number of patients at risk are shown. 

Supplemental Table 2 provided as Excel file. Additional statistical and 

transcriptional analyses. The Excel file contains three sections: (i) vFISH Performance, 

diagnostic performance of virtual FISH predictions across multiple myeloma cohorts; (ii) 

GSEA Analysis, Hallmark gene set 
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enrichment analysis results across the investigated cohorts; and (iii) Individual Genes Score 

SMM, individual probe-level contributions of the 92 EMC92 probes to SKY92 risk 

classification in SMM. 




