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            Abstract
Multiple myeloma, a plasma cell malignancy, is the second most common blood cancer. Despite extensive research, disease heterogeneity is poorly characterized, hampering efforts for early diagnosis and improved treatments. Here, we apply single cell RNA sequencing to study the heterogeneity of 40 individuals along the multiple myeloma progression spectrum, including 11 healthy controls, demonstrating high interindividual variability that can be explained by expression of known multiple myeloma drivers and additional putative factors. We identify extensive subclonal structures for 10 of 29 individuals with multiple myeloma. In asymptomatic individuals with early disease and in those with minimal residual disease post-treatment, we detect rare tumor plasma cells with molecular characteristics similar to those of active myeloma, with possible implications for personalized therapies. Single cell analysis of rare circulating tumor cells allows for accurate liquid biopsy and detection of malignant plasma cells, which reflect bone marrow disease. Our work establishes single cell RNA sequencing for dissecting blood malignancies and devising detailed molecular characterization of tumor cells in symptomatic and asymptomatic patients.
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                    Fig. 1: Subjects with multiple myeloma display unique transcriptional signatures that converge into defined malignant pathways.[image: ]


Fig. 2: Intratumor heterogeneity in myeloma.[image: ]


Fig. 3: Characterization of rare residual malignant cells post-therapy.[image: ]


Fig. 4: Circulating plasma cells are composed of circulating tumor cells that reflect the bone marrow disease.[image: ]
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                Data availability

              
              Raw and processed sc RNA-seq data and ChIP-seq data were deposited to the National Center for Biotechnology Information (NCBI)â€™s Gene Expression Omnibus with accession number GSE117156. Raw and processed genomic DNA targeted sequencing data were deposited to NCBIâ€™s Sequence Read Archive with accession number SRP165705. Source code used for scRNA-seq analysis can be found at https://bitbucket.org/amitlab/multiple-myeloma-2018/. The participatsâ€™ clinical information is available in Supplementary Table 1.
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Extended data

Extended Data Fig. 1 Sorting strategy of plasma cells: representative flow cytometry plots showing sorting strategy (CD38+CD138+) for plasma cells after doublet exclusion.
Sorting experiments were performed for 40 individuals with multiple myeloma and controls. For 21 subjects, additional sorting was performed for circulating plasma cells from peripheral blood (PB) (separately). a, Bone marrow plasma cells of subject MM08 (active myeloma). b, Circulating plasma cells of subject MM04 (active myeloma). c, Bone marrow plasma cells of subject MGUS05. d, Bone marrow plasma cells of subject MM13 (active myeloma with minimal residual disease). Plots were generated using FlowJo software (Online Methods). During sorting, surface marker expression for additional markers in the Euroflow panel (CD19, CD81, CD27, CD56, CD117, CD45) was recorded for each single cell (Online Methods).


Extended Data Fig. 2 Quality control metrics of single cell sequencing: bone marrow and peripheral blood single cell quality control metrics.
a, Shown are number of reads, number of UMIs and percentage of cells analyzed per batch of 384 cells (that were pooled for library construction) for all CD38+CD138+ bone marrow single cells from 40 participants (29 newly diagnosed subjects and 11 control donors). Cells were sorted into plates, were sequenced and underwent quality control evaluation and filtering out of non-plasma cell contaminants (Online Methods). b, Shown are number of reads, number of UMIs and percentage of cells analyzed per batch of 384 cells (that were pooled for library construction) for all CD38+CD138+ peripheral blood single cells from 21 participants (19 newly diagnosed subjects and 2 control donors). Cells were sorted into plates, were sequenced and underwent quality control evaluation and filtering out of non-plasma cell contaminants (Online Methods). c, Table summarizing the total CD38+CD138+ cell numbers from bone marrow and blood of newly diagnosed individuals and control donors, that were sorted and sequenced, passed quality control and were analyzed (after filtering for non-plasma cell contaminants; see Online Methods).


Extended Data Fig. 3 Filtering strategy for plasma cells, and normalized single cell expression for selected genes.
a, Plot depicting plasma cell in silico filtering according to immunoglobulin load and UMI count per cell (Online Methods) b, Heat map showing clustering analysis of 3,179 â€˜contaminatingâ€™ cells that pass quality control but do not express immunoglobulin genes above the cut-off (100 UMIs per cell). Representative genes (mostly unrelated to the plasma cell program) are shown. c, Normalized single cell expression (UMI count, log scale) of 16 representative genes, projected onto a tSNE map of all 20,586 bone marrow plasma cells from 40 participants (29 newly diagnosed individuals and 11 control donors).


Extended Data Fig. 4 Clustering analysis of single bone marrow plasma cells.
a, Heat map showing clustering analysis of 20,586 bone marrow plasma cells sorted from 40 participants (29 newly diagnosed individuals and 11 control donors), featuring normalized single cell expression levels of the 100 most variable genes (Online Methods). b, Dendrogram showing the hierarchical clustering of the average transcription profile for all clusters, C1â€“29 (related to a). c, Cell-to-cell correlation matrix (Spearman) of 200 randomly selected cells from each subject (with nâ€‰>â€‰200 cells; left); kNN adjacency matrix (kâ€‰=â€‰100) showing, for each cell, its 100 nearest neighbors (blue; right).


Extended Data Fig. 5 Genomic FISH examples from selected subjects, and epigenetic analysis of LAMP5.
a, Genomic iFISH images of bone marrow plasma cells magnetically enriched for CD138+ for subjects AL03 (left), MM08 (middle) and SMM01 (right). Shown are fluorescent probes for the immunoglobulin heavy chain (green: IGH) and translocation partners (red: FGFR3, CCND1 and CKS1B, from left to right). Each hybridization was performed twice with similar results. b, FACS plots showing intracellular staining (gated on live cells) for LAMP5 protein (red) compared with isotype control (blue) for KHM1B and RPMI-8226 cell lines (top and bottom, respectively; see Online Methods). Each experiment was performed twice with similar results. c, Genome browser view of normalized H3K4me2 profiles of peaks found in a 1-megabase region in the LAMP5 locus. Data are from two independent biological replicates (Online Methods).


Extended Data Fig. 6 Clonal assessment by inferring immunoglobulin sequence at single cell resolution.
a, Heat map depicting the relative frequency of the immunoglobulin sequences from analyzing 20,586 bone marrow plasma cells of 40 participants (29 newly diagnosed individuals and 11 control donors): top, immunoglobulin light chain variable region (IGKV and IGLV); middle, immunoglobulin light chain constant region (IGKC and IGLC); bottom, immunoglobulin heavy chain constant region (IGHC). b, Chromium 10Ã— single cell BCR clonotype distribution of control donor Hip13, created by Chromiumâ€™s Loupe V(D)J browser (Online Methods). Left, heat map showing cell frequency for specific IGHV/IGLV/IGKV variable (V) region sequences (x axis) and IGHJ/IGKJ/IGLJ joining (J) region sequences (y axis). Right, frequency of different BCR clonotypes (inferred from the heat map). c, Plots of single cell BCR data for subject MM02 using the Chromium 10Ã— single cell BCR platform (Online Methods). Left, single IGLV for subject MM02. Right, frequency of different BCR clonotypes for subject MM02, generated by Chromiumâ€™s Loupe V(D)J browser.


Extended Data Fig. 7 CNAs deduced from scRNA-seq data.
a, Comparison of CNVKit output from genomic DNA-targeted sequencing panel at 500Ã— coverage (black dots) and sciCNA (blue) for subject MM10. b, Scatter plot of CNVKit versus sciCNA estimation for each DNA segment for subject MM10. c, Cell-to-cell correlation matrix (Pearson correlation on row-normalized log transformed data) for subjects SMM02 (1,664 cells), MM04 (439 cells) and MM09 (882 cells). d, Heat maps of normalized single cell gene expression (UMI count, log scale) for bone marrow plasma cells from subjects SMM01 (left, 650 cells) and AL03 (right, 548 cells), clustered with the same number of normal bone marrow plasma cells from control donors. Representative variable genes are shown.


Extended Data Fig. 8 scRNA-seq of rare malignant plasma cells in individuals with minimal residual disease.
a, Scatter plots of single cell expression (average UMI count, log scale) for of ELKAP2 (left) and LCP1 (right) genes in subjects pre- and post-treatment. b, Chromium 10Ã—â€‰5â€² single cell expression estimates (Online Methods) visualized as tSNE plots for subject MM13 (nâ€‰=â€‰1) bone marrow cells enriched with CD138 magnetic beads (Online Methods). Shown are expression estimates for IGLV3â€“IGLV25 (left), PDIA2 (middle) and NSD2 (right). c, Heat map of normalized single cell gene expression (UMI, log scale) for subject MM14 (nâ€‰=â€‰1) bone marrow plasma cells (1,252 cells). Representative variable genes are shown. d, Scatter plots showing average single cell gene expression (log2 scale) of control donorsâ€™ bone marrow plasma cells (x axis) compared with either MM14 cells from C1â€“4 (top scatter plot; related to heat map in b) or MM14 cells from C7 (bottom scatter plot). Selected gene names are shown.


Extended Data Fig. 9 Circulating plasma cells reflect the bone marrow disease.
a, Heat map showing the distribution of circulating plasma cells from 21 individuals with multiple myeloma as well as controls in 12 clusters (cPC1â€“cPC12). b, Two-dimensional tSNE view of circulating plasma cells from 21 subjects and controls. Each dot represents a single cell. Patients are color coded. c, Bar plots of average UMI count for the CD52 gene (Online Methods) in common cluster cPC4 (left; blue bars) compared with circulating tumor cells (right; red bars). d, Scatter plots of single cell expression estimates (average UMI count, log scale) for subectsâ€™ abnormal bone marrow plasma cells (x axis) to circulating tumor cells in the blood (y axis). Top, subject SMM03, (198 bone marrow plasma cells and 16 circulating tumor cells); bottom, subject MGUS05 (188 bone marrow plasma cells and 211 circulating tumor cells). e, Immunoglobulin light chain variable region distribution within each subjectâ€™s bone marrow and blood tumor cells. Shown are 15 individuals for whom we were able to reconstruct BCR data from rare circulating tumor cells. Color represents percentage of cells, ranging from white (0) to blue (0.5). In each box, the top panel represents PB and the bottom panel represents bone marrow. Cell numbers are shown on the left.


Extended Data Fig. 10 CD52 segregates polyclonal circulating plasma cells from malignant ones.
a, Flow cytometry plots of circulating plasma cells from individuals with relapsed myeloma (nâ€‰=â€‰3) post-treatment. Plots were generated using Infinicyt software (Online Methods). Circulating tumor cells (red) are marked by an aberrant surface phenotype compared with normal plasma cells (green). Principal component analysis quantifies the significance (contribution to principal component 1) of each surface marker to separate between â€˜circulating tumor cellsâ€™ and â€˜normal plasma cellsâ€™. Each row represents a different subject.
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