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Abstract

Multiple myeloma (MM) is an incurable disease, whose clinical heterogeneity makes its management challenging,
highlighting the need for biological features to guide improved therapies. Deregulation of specific long non-coding RNAs
(IncRNAs) has been shown in MM, nevertheless, the complete IncRNA transcriptome has not yet been elucidated. In this
work, we identified 40,511 novel IncRNAs in MM samples. IncRNAs accounted for 82% of the MM transcriptome and were
more heterogeneously expressed than coding genes. A total of 10,351 overexpressed and 9,535 downregulated IncRNAs
were identified in MM patients when compared with normal bone-marrow plasma cells. Transcriptional dynamics study of
IncRNAs in the context of normal B-cell maturation revealed 989 IncRNAs with exclusive expression in MM, among which
89 showed de novo epigenomic activation. Knockdown studies on one of these IncRNAs, SMILO (specific myeloma
intergenic long non-coding RNA), resulted in reduced proliferation and induction of apoptosis of MM cells, and activation of
the interferon pathway. We also showed that the expression of IncRNAs, together with clinical and genetic risk alterations,
stratified MM patients into several progression-free survival and overall survival groups. In summary, our global analysis of
the IncRNAs transcriptome reveals the presence of specific IncRNAs associated with the biological and clinical behavior of
the disease.

Introduction

Multiple myeloma (MM) is a hematological neoplasm
characterized by uncontrolled clonal proliferation of plasma
cells (PCs) in the bone marrow. Despite advances in the
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therapy of this disease, which currently is associated with a
median survival of 7 years, it is still considered an incurable
malignancy, as most MM patients become resistant to
treatment resulting in disease progression [1]. One of the
main challenges of managing this disease is its clinical
heterogeneity, featuring various subtypes and distinct out-
comes. Studies of the molecular pathogenesis of MM have
not completely elucidated the mechanisms underlying the
aforesaid heterogeneity. Identification of such alterations
would be critical in order to develop biomarkers to improve
prognostic stratification of patients and to develop novel
therapeutic targets for specific subgroups of patients. It has
been suggested that genetic and/or epigenetic alterations
underlie the MM clinical heterogeneity [2]. Such lesions not
only affect the expression of coding genes, but also the
expression of non-coding RNAs (ncRNAs), which are
emerging as potential drivers and therapeutic targets of a
variety of diseases [3].
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The magnitude of the non-coding transcriptome in human
cells is underlined by the fact that although around 90% of
the genome is transcribed into RNA, only 1-2% is translated
into proteins. It is now well accepted that ncRNAs play an
essential role in cellular development, physiology, and
pathology of human diseases [4]. Among these ncRNAs,
long non-coding RNAs (IncRNAs) (>200 nt) are known to
be involved in crucial functions such as gene expression
modulation, chromatin reorganization, immune response,
and cell differentiation [5-8], and their deregulation con-
tributes to human carcinogenesis, metastasis, and even to
chemotherapy resistance [9]. Thus, deregulation of the
expression of IncRNAs can impact relevant pathways
involved in the pathogenesis and/or progression of different
types of cancers, including MM [3, 10-13].

In MM, altered expression of a small number of
IncRNAs has been associated with the progression and
survival of patients [14—17], suggesting that these elements
play a role in the pathogenesis of the disease. Although
high-throughput analyses characterizing the deregulation of
annotated IncRNAs in MM have been published [18],
comprehensive studies designed to investigate the complete
IncRNAs transcriptome of the disease in the context of the
maturation program of the B-cell lineage including both
annotated and novel transcripts have not yet been per-
formed. These types of analyses are now feasible due to the
use of strand-specific whole transcriptome RNA-sequencing
(ssRNA-seq), resulting in the identification and character-
ization of IncRNAs in multiple diseases, and therefore,
could also be applied to MM [7, 19]. In the present work,
we aimed at deciphering the entire IncRNAs transcriptome
of MM using ssRNA-seq, hypothesizing that this approach
will help us to better understand MM heterogeneity and
would also provide novel clinical tools, including prog-
nostic markers and therapeutic targets for the treatment of
this disease.

Methods
Samples

Bone marrow aspiration specimens were obtained from 38
newly diagnosed untreated MM patients (Supplemental
Table 1), and from three healthy donors. The data from
normal B-cells (naive, memory, germinal center, centro-
blast, centrocytes, tonsil PCs (TPCs), and bone marrow
PCs (BMPCs)) was generated by our laboratory as pre-
viously described [20]. All patients and healthy donors gave
informed consent for their participation in this study, which
was approved by the clinical research ethics committee of
Clinica Universidad de Navarra. Details are described in
Supplemental Methods.

ssRNA-seq library preparation, sequencing, and
analysis

Total RNA was isolated using TRIzol® Reagent (Life
Technologies) and preparation, sequencing, analysis details,
and annotation of IncRNAs from ssRNA-seq data are
described in Supplemental Methods. ssRNA-seq data are
available at GEO under accession number GSE151063.
Transcripts expressed in MM are shown in Supplemental
Table 2.

Differential expression and heterogeneity analysis

To define differential expression between MM and BMPC
samples a criterion of B >3 was applied. Sample variability
was studied using the coefficient of variation (CV). CVs
were compared using a statistical test (¢-test). Upregulated
and downregulated IncRNAs in MM are described in
Supplemental Table 3. The group of IncRNAs with a spe-
cific expression in MM is indicated in Supplemental
Table 4. Details are described in Supplemental Methods.

Chromatin histone marks analysis

Chromatin states of MM and B-cell populations were stu-
died as described in Ordoiiez et al. [21]. We defined 89
IncRNAs with de novo gain of chromatin marks in MM
(Supplemental Table 5). Details are described in Supple-
mental Methods.

Study and characterization of IncRNA SMILO

DNA methylation data of CpGs across SMILO (specific
myeloma intergenic long non-coding RNA) promoter were
obtained from previous data published by our group [22]
(Supplemental Methods). SMILO knockdown was per-
formed by the shRNA system. Knockdown effects were
measured by analyzing MM cell proliferation by MTS
assays and apoptosis by Annexin V-FITC assays. SMILO
knockdown was also studied by Bulk RNA-seq. Libraries
were sequenced in an Illumina NextSeq 500. MARS-seq
data are available at GEO wunder accession number
GSE134057. All processes are described in Supplemental
Methods. All primer sequences for qPCR are described in
Supplemental Table 6.

Survival studies using the CoMMpass dataset

For progression-free survival (PFS) and overall survival
(OS) analyses, we used the data from the IA14 release of the
Multiple Myeloma Research Foundation (MMRF) CoMM-
pass study dataset. Details are described in Supplemental
Methods.

SPRINGER NATURE
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Results

Characterization of the entire IncRNAs
transcriptome of MM

In order to fully characterize the transcriptome of MM,
including all types of IncRNAs, we performed paired-end
ssRNA-seq of PCs purified from the bone marrow of 38
MM patients (Supplemental Table 1). Transcriptome
assembly of aligned reads demonstrated the presence of
73,081 novel transcripts in MM PCs. Such transcripts were
filtered by length (>200bp), low coding potential (Phy-
loCSF < 0), and expression level (21 TPM), leading to the
identification of 40,511 novel IncRNAs that were expressed
in at least 3 of the 38 MM patient samples (Fig. 1A; Sup-
plemental Table 2). The expression of some of these novel
IncRNAs was validated in new MM patient samples (Sup-
plemental Fig. 1A). The comparison of the number of
expressed coding and IncRNA genes in MM, with the latter
including: (1) IncRNAs previously annotated in Gencode
G19 (G19IncRNAs), (2) IncRNAs identified in different
B-cell subpopulations in our previous work (BC-identified
IncRNASs) [20], and (3) the set of novel IncRNAs identified
in our MM patient samples (MM-identified IncRNAs),
revealed that IncRNAs accounted for 82% of MM tran-
scriptome, with coding transcripts representing only the
18% of the expressed transcripts in MM. The novel
IncRNAs identified in MM comprised the largest group
among the studied groups of IncRNAs (including those
previously annotated), accounting for 56% of all expres-
sed genes in MM PCs (Fig. 1B). In order to determine
whether specific genomic areas of MM cells were asso-
ciated with increased transcription of IncRNAs, we ana-
lyzed the genome-wide distribution of these elements,
observing that coding and long non-coding genes were
uniformly distributed among chromosomes (Fig. 1C; Sup-
plemental Table 2). Next, IncRNAs were classified
regarding to their distance to coding genes, showing that
upstream transcripts were the most common type, followed
by downstream IncRNAs, and IncRNAs located inside
coding genes (Fig. 1D). Interestingly, IncRNAs identified in
MM showed a higher percentage of IncRNAs located inside
coding genes (26%) as compared to previously annotated
IncRNAs (Fig. 1D). Furthermore, the expression of coding
genes harboring such inside MM-identified IncRNAs (3,223
coding genes) was significantly higher than the rest of
coding genes without inside MM-identified IncRNAs
(9,724 coding genes) (p-value = 6.857¢~'*) (Fig. 1E),
suggesting that the increased expression of specific coding
genes could trigger the regulation of a subset of IncRNAs
in MM cells or vice versa. These results suggest that
both coding and IncRNA genes, possibly together and
encoded from the same regions of the genome, may be key

SPRINGER NATURE

participants of tumor development. Accordingly, among
such genes with inside IncRNAs, we observed relevant
genes with a known role in MM pathogenesis, such as
IRF4, FGFR3, and SLAMF7. Overall, these results indicate
that the MM transcriptome is more complex and extensive
than previously appreciated and that IncRNAs represent its
vast majority.

Heterogeneity and specificity of IncRNAs expression
in MM

Next, we compared the IncRNAs transcriptome between
MM and normal PCs isolated from the bone marrow
(BMPC) of healthy donors. Differential gene expression
analysis comparing MM and BMPC samples demonstrated
that despite the large number of IncRNAs identified in MM
specimens, only 571 IncRNAs and 78 coding genes were
differentially expressed (B >3). To determine whether the
relatively small number of differential transcripts could be
due to highly heterogeneous gene expression levels of MM
PCs, we analyzed the CV of IncRNAs and coding genes in
MM PCs and BMPCs. We detected a greater degree of
expression heterogeneity in MM than in BMPCs for all
types of transcripts (Supplemental Fig. 1B). Interestingly,
the heterogeneity of expression in MM samples was sig-
nificantly higher for IncRNAs than for coding genes
(Fig. 2A; Supplemental Fig. 1B), a finding that may explain
the low number of differentially expressed IncRNAs
detected, and which suggests that these elements may
contribute to the clinical heterogeneity of the disease. In
order to detect aberrantly expressed IncRNAs in a manner
that would account for such heterogeneity, we individually
compared the expression profile of each MM patient to the
profile of BMPCs. We observed that some IncRNAs were
overexpressed or downregulated in a very high percentage
of patients (>80%), while others were altered in a small
number of samples. For further analyses, we selected those
IncRNAs that were overexpressed or downregulated in at
least 50% of the patients, and that showed the opposite
direction of deregulation in less than 25% of the individuals.
Using these criteria, we identified 10,351 overexpressed and
9,535 downregulated IncRNAs in MM patients (Fig. 2B;
Supplemental Table 3). Among them, we detected IncRNAs
as MALATI, described in previous MM studies [11]. We
also validated some of the differentially expressed IncRNAs
in a new series of MM patients (Supplemental Fig. 1C).
Next, we aimed to identify, from the previous analysis,
the subset of IncRNAs that were dynamically deregulated in
MM PCs in the context of B-cell differentiation, as they
could potentially represent specific therapeutic targets for
the disease. For this purpose, the expression of these 19,886
IncRNAs was analyzed in different normal subpopulations
of B-cell differentiation states including naive, centroblasts,
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centrocytes, TPCs, and BMPCs, and compared with the
expression in MM PCs. Three different patterns of expres-
sion of IncRNAs were observed (Fig. 2C). Cluster 1 com-
prised 2,760 IncRNAs with an irregular expression pattern
along with B-cell differentiation and a uniformly high
expression in MM PCs. Cluster 2 contained 675 IncRNAs
with low expression throughout B-cell differentiation and a
slight increase in MM PCs. Finally, cluster 3 (Supplemental

SPRINGER NATURE

Table 4) showed a very low and homogeneous expression
of 989 IncRNAs throughout B-cell differentiation with a
clear increase in MM samples. This last pattern of expres-
sion suggests the existence of a group of IncRNAs almost
exclusively expressed in MM PCs (named as MM-specific
IncRNAs). Based on their specific expression in MM PC,
we focused on this subgroup of IncRNAs for additional
analyses.



Characterization of complete IncRNAs transcriptome reveals the functional and clinical impact of... 1443

<« Fig. 2 IncRNAs show a heterogeneous and dynamic expression

among MM patients. A Violin plots representing the coefficient of
variation of the expression of coding and IncRNA transcripts in all
MM samples (p-value <2.2¢”'®). B Analysis of expression hetero-
geneity of IncRNAs in MM patient samples. Barplot of the percentage
of MM patients (y axis) that show overexpression (red), down-
regulation (blue), or no significant changes (gray) for each IncRNAs
(x axis). C Expression of IncRNAs from the three transcriptional
dynamisms detected along with B-cell differentiation and in MM
patient samples. For each dynamism, a heatmap showing the RNA-seq
expression of the IncRNAs (left), the number of each type of IncRNA
(center), and the centroid (expression average) (right) in normal B-cell
subpopulations and MM patient samples are depicted. D Chart
depicting the percentage of the length of IncRNAs (y axis) occupied by
promoter and enhancer chromatin marks of the 989 IncRNAs from
cluster three in normal B-cell subpopulations and MM patient samples.
E Genome browser snapshots showing chromatin states of two loci of
MM-specific IncRNAs. Red and orange boxes encompass the gain of
the active promoter and strong enhancer chromatin marks, respec-
tively, in MM compared to B-cell populations. Each chromatin state is
represented by one color. The arrow indicates the length and direction
of expression of the IncRNAs. F Heatmap showing de novo activation
of IncRNAs in MM. The color scale indicates the percentage of active
chromatin sates in the promoter region of each IncRNA. G Box plot
representing the expression level of IncRNAs showing de novo active
epigenetic marks in MM patients (orange) and those without de novo
gain (purple) (p-value = 3.724e~7). CV: coefficient of variation of the
expression, MM: multiple myeloma patients, MM-ident.: IncRNAs
identified in MM patient samples, BC-ident.: IncRNAs identified in
different B-cell subpopulations on our previous work, G19Inc.:
IncRNAs previously annotated in Gencode 19 database, NB: naive,
GC: germinal center, CB: centroblast, CC: centrocyte, MEM: memory
B-cell, TPC: tonsil plasma cell, BMPC: bone marrow plasma cell, Chr:
chromosome, ActProm: active promoter, WkProm: weak promoter,
PsProm: poised promoter, StrtEnh1: strong enhancer 1, StrEnh2: strong
enhancer 2, WKEnh: weak enhancer, TxnTrans: transcription transi-
tion, TxnElg: transcription elongation, WkTxn: weak transcription,
Heterch: heterochromatin, Polyc: polycomb, LowSg: low signal,
De novo: IncRNAs with de novo chromatin active marks, Non-
de novo: IncRNAs without de novo chromatin active marks.

Regulation of MM-specific IncRNAs

In order to determine whether the expression of MM-specific
IncRNAs in MM was epigenetically regulated, ChIP-seq data
of six histone marks from our previous work [21], defining
common chromatin states, were analyzed (H3K4me3,
H3K4mel, H3K27ac, H3K36me3, H3K27me3, and
H3K9me3) [23]. As the gain of active epigenetic marks has
been used to discriminate IncRNAs from transcriptional noise
[23], this analysis helped us to further corroborate our
findings.

A global increase of active histone marks at the loci of
MM-specific IncRNAs in MM when compared to normal
B-cell subpopulations was observed (Fig. 2D; Supplemental
Fig. 2A), and was mainly related to both active promoters
and enhancers (Fig. 2E; Supplemental Fig. 2A). This is in
agreement with several studies showing that IncRNAs can
be transcribed from promoter or enhancer regions of the

genome [24]. Although the majority of MM-specific
IncRNAs showed an increase of active chromatin marks,
only a small subset of these IncRNAs (89 of 989) presented
a de novo chromatin activation, in which repressive marks
present in subpopulations of normal B-cells were replaced
by activating chromatin modifications in MM specimens
(Fig. 2F; Supplemental Fig. 2B; Supplemental Table 5).
Interestingly, the expression of these 89 IncRNAs showing
de novo epigenetic activation (Fig. 2F) was significantly
higher than the other MM-specific IncRNAs (Fig. 2G;
Supplemental Fig. 2B, C). Altogether, these data suggest an
epigenetic rewiring in MM through two different ways: (1)
the loci of most MM-specific IncRNAs are in a partially
active or poised chromatin state in normal B-cells and
become completely active in MM and (2) the loci of a small
subset of MM-specific IncRNAs are inactive in normal cells
and undergo a de novo epigenetic activation in the disease,
leading to an aberrant upregulation of these elements.

MM-specific IncRNA SMILO is essential for the
survival of MM cells

Among the 89 IncRNAs expressed from de novo epigen-
omically activated regions in MM, we identified LINC00582
(ENSG00000229228, named SMILO) (Fig. 3A), and inter-
genic IncRNA composed of two exons, located between
TSNAX and DISCI coding genes, and transcribed from the
negative strand of chromosome band 1g42.2, a genomic
region frequently amplified in MM patients. SMILO
expression was not detectable throughout B-cell differentia-
tion, except for marginal expression levels in some BMPCs
(Fig. 3B) and was upregulated in 64% of MM patients when
compared to BMPCs. Expression of SMILO was significantly
higher in patients with 1q amplification, although this
increased expression was not exclusive of this group of
patients (Supplemental Fig. 3), suggesting that other causes
besides this genetic lesion may trigger its deregulation. The
de novo epigenomic activation of the SMILO locus was
associated with a loss of DNA methylation in MM PCs in
contrast with normal PCs (Fig. 3C; Supplemental Fig. 4A).
These results strongly suggested that, besides 1q amplifica-
tion, epigenetic mechanisms are involved in the activation of
SMILO and its overexpression in MM patients.
Knockdown of SMILO using two different shRNAs
resulted in a decrease in the proliferation rate of three MM
cell lines and an increase in the percentage of apoptotic cells
(Fig. 3D; Supplemental Fig. 4B), indicating that
SMILO overexpression is essential for the survival of MM
cells. RNA-seq analysis of our SMILO knockdown system
in KMS-11 cells showed a downregulation and upregulation
of 84 and 110 genes, respectively (Fig. 3E). Coding genes
deregulated upon SMILO knockdown were enriched
in several processes regulating gene expressions such as
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nucleosome assembly, nonsense-mediated decay or chro-
matin silencing, and in relevant known functions and
pathways for MM cells, such as cell adhesion (Fig. 3F).
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Interestingly, one of the top enriched pathways for the up-
regulated genes after inhibition of SMILO expression was
the type I Interferon (IFN) signaling pathway (Fig. 3G;
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<« Fig. 3 SMILO is essential for the survival of MM cells. A Genome

browser snapshot showing chromatin states representation and RNA-
seq levels of SMILO locus in normal B-cell populations and MM
patient samples. The black box indicates the promoter region of
SMILO, showing the gain of chromatin active marks such as promoter
and strong enhancer marks in MMs. Each chromatin state is repre-
sented by one color. B SMILO expression obtained from strand spe-
cific RNA-seq data performed in several subpopulations of B-cell
differentiation and MM patient samples. FPKM values are shown
for each sample. C Percentage of DNA methylation of a CpG
(cg08458637) located in the promoter region of SMILO obtained from
a DNA methylation array data performed in NPCs and MM patients in
our previous study [35]. D Knockdown of SMILO by two different
shRNAs in KMS-11 and MM.IR MM cell lines. Levels of SMILO
expression were determined by qPCR (left). Gene expression nor-
malized to GUSS3 is presented relative to that observed in cells infected
with a scrambled shRNA. Proliferation curves (center) and the per-
centage of annexin-V positive cells (right) were detected at the indi-
cated times after infection. Scramble represented in black, sShRNA.A in
orange and shRNA.B in blue. The average of three independent bio-
logical replicates £SD is shown. E Heatmap showing the RNA-seq
data of 194 differentially expressed genes upon SMILO knockdown in
KMS-11 cell line. F Gene ontology (GO) analysis showing the top GO
terms of the differentially expressed genes after SMILO knockdown in
KMS-11 cells. G GSEA plot of the IFN pathway identified comparing
KMS-11 cells with or without SMILO knockdown. H-I Validation by
qPCR of the overexpression of ISGs (H) or ERVs (I) after inhibition of
SMILO in KMS-11 and MM.IR cells. Samples were collected after
5 days of infection. Gene expression normalized to GUSf3 is presented
relative to that observed in cells infected with a scrambled shRNA.
The average of three independent biological replicates +SD is shown.
J Schematic representation of the putative role of SMILO knockdown
in the promotion of MM cell death. Chr: chromosome, NB: naive, GC:
germinal center, MEM: memory B-cell, TPC: tonsil plasma cell, MM:
multiple myeloma patient, ActProm: active promoter, WkProm: weak
promoter, PsProm: poised promoter, StrEnhl: strong enhancer 1,
StrEnh2: strong enhancer 2, WkEnh: weak enhancer, TxnTrans:
transcription transition, TxnElg: transcription elongation, WkTxn:
weak transcription, Heterch: heterochromatin, Polyc: poly-
comb, LowSg: low signal, CB: centroblast, CC: centrocyte, BMPC:
bone marrow plasma cell, NPC: normal plasma cell, % DNA met:
percentage of DNA methylation, FDRq: false discovery rate, NES:
normalized enrichment score, ERVs: endogenous retroviruses genes,
ISGs: interferon-stimulated genes, IFN pathway: interferon pathway,
dsRNA: double-strand RNA.

Supplemental Fig. 4C), whose deregulation has proven to
be key for the homeostasis of MM cells. In addition,
knockdown of SMILO led to upregulation of several
interferon-stimulated genes (ISGs—ISGI5, IFI27, and
MXT), suggesting that SMILO upregulation in MM main-
tains these coding genes repressed, resulting in anti-
apoptotic and proliferative effects for the MM cell. These
results were further validated by qPCR in two additional
myeloma cell lines (Fig. 3H; Supplemental Fig. 4D). The
involvement of the IFN pathway in the cell death of MM
cells was proven by adding different concentrations of IFN
alpha (IFNa) to MM.1S, MM.IR, and KMS-11 MM cell
lines (Supplemental Methods). The use of IFNa triggered
an increase in apoptosis, a decrease in cell proliferation and
upregulation of different ISGs (Supplemental Fig. 4E-G).

Furthermore, expression of endogenous retroviruses
(ERVs), known activators of ISGs [25], was upregulated
upon inhibition of SMILO (Fig. 31; Supplemental Fig. 4H),
suggesting that these elements could be responsible for the
activation of the IFN pathway. Altogether, our data indicate
that SMILO overexpression is necessary for the survival of
MM cells and its inhibition could trigger the overexpression
of ERVs and the activation of the IFN pathway ultimately
leading to the induction of cell-autonomous death poten-
tially through immunogenic cell death (Fig. 3J).

Prognostic value of MM-specific IncRNAs

Based on the highly heterogeneous expression of IncRNAs
among MM patients, we finally aimed to determine whether
the expression of MM-specific IncRNAs might have prog-
nostic value in MM patients. For this purpose, we used RNA-
seq data from 542 patients included in the IA14 CoMMpass
study and from whom clinical information was available
to analyze PFS and OS. As RNA-seq data included in
CoMMpass could only provide reliable information regard-
ing previously annotated IncRNAs, we restricted our analysis
to 7 out of the 89 de novo-activated MM-specific IncRNAs
annotated in Gencode. Expression levels of 6 out these 7
IncRNAs were detected in samples included in the CoMM-
pass study: ANKRD20A5P (ENSG00000186481), SMILO,
PDLIM1P4  (ENSG00000249274), ENSG00000249988,
ENSG00000254343, and RHOTIPI (ENSG00000266145)
(Supplemental Fig. 5A). Interestingly, expression of
ANKRD20A5P, SMILO, ENSG00000254343, and RHOTIP1
were significantly associated with the presence of amp(1q),
while expression of PDLIM1P4 and ENSG00000249988 did
not show any significant association with different MM
genetic groups (Supplemental Fig. 3). To assess whether the
expression of MM-specific IncRNAs could be associated
with the prognosis of MM patients, we analyzed the PFS and
OS of these patients according to the level of expression of
each IncRNA, dicotomizing cases into two groups based on
the expression levels (high or low; Supplemental Fig. 5B).
Firstly, we performed a univariate statistical survival analy-
sis. We observed that the expression of PDLIMIP4,
ENSG00000249988, and ENSG00000254343 (p-value =
0.007493, 0.016964, and 0.015103, respectively) was asso-
ciated with PFS, dividing MM patients into two risk factor
groups (Fig. 4A—C; Supplemental Fig. 6A—C). In the case of
OS analysis, the expression of PDLIMIP4, SMILO, and
ENSG00000249988  (p-value = 0.036259, 0.007882, and
0.001239, respectively) showed statistically significant
results (Fig. 4D-F; Supplemental Fig. 6D-F). After the
univariate analysis, we performed a multivariate statistical
analysis with those IncRNAs with significantly results from
the univariate analysis, and the different clinical and genetic
alterations that also appeared with statistically significant
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Fig. 4 Prognostic value of IncRNAs in MM. A-C Survival analysis
of PDLIMI1P4, ENSG00000249988, and ENSG00000254343 per-
formed with CoMMpass dataset showing PFS of MM patients.
Kaplan—Meier curves represent a bi-level state expression (high and
low) of the IncRNA. D-F Survival analysis of PDLIM1P4, SMILO,
and ENSG00000249988 performed with CoMMpass dataset showing
OS of MM patients. G-H Multivariate analyses evaluating the sig-
nificance of the different genetic and clinical factors together with the
expression of PDLIMIP4 in PFS (G), and PDLIMIP4, and
ENSG00000249988 in OS (H), respectively. LOW: low expression of
the IncRNA, HIGH: high expression of the IncRNA.

high expression of PDLIM1P4 and the factors Stage 2 and 3
of ISS, del(13q), t(8, 14), TP53, gender male, and treatments
with Bortezomib-IMIDs and Carfilzomib-IMIDs resulted in
statistically significant for PFS (Fig. 4G). We observed that
in PFS analyses, the use of Bortezomib with IMIDs and
Carfilzomib with IMIDs confer a good prognosis for MM
patients. For the OS multivariate analysis we used the com-
bination of the different risk factors together with the
expression of the three IncRNAs that showed significant
results in the univariate analysis. This analysis revealed that
high expression of PDLIMIP4 and ENSG00000249988
together with Stage 2 and 3 of ISS, treatment with Borte-
zomib-IMIDs, age over 65 years, amp(1q), del(13q), del(17p)
and gender male could stratify MM patients into different
risk groups (Fig. 4H). Overexpression of ENSG00000249988
and the use of Bortezomib with IMIDs was associated with
longer OS. Finally, we also performed an ANOVA test
to compare the models derived from clinical and genetic
high-risk factors alone, or in combination with the expression
of IncRNAs, finding a significant improvement for the sec-
ond condition in both PFS (p-value =0.0002) and OS
(p-value = 0.0001).

These results demonstrate that a combination of the
expression of MM-specific IncRNAs with established
genetic biomarkers could have an important impact on the
prognosis of patients with MM.

Discussion

Our study proposes a systematic approach to globally
characterize the role of IncRNAs in MM and identify
epigenetically-regulated transcripts with functional and
clinical value. We discovered 40,511 novel IncRNAs
expressed in PCs of MM patients, notably increasing the
number of previously annotated and expressed IncRNAs in
this disease [18, 26]. Furthermore, we demonstrate that 82%
of the distinct transcripts detected in MM were IncRNAs,
suggesting that these IncRNAs could play an important role
in this disease. These elements were more diverse and
heterogeneously expressed than coding genes and some
of them were transcribed from the internal regions of rele-
vant coding genes implicated in the pathogenesis of MM.

These results place IncRNAs as another factor to be taken
into account, together with genetic and epigenetic altera-
tions, in the study of pathogenesis and clinical behavior of
MM [21, 27-29]. So far, few studies have decoded the
complete IncRNAs transcriptome of different cancers
[6, 30, 31]. Similar to our work, these studies demonstrate
that IncRNAs comprise an important fraction of the
expressed transcriptome, and as such, represent an under-
exploited source of novel cancer-related biomarkers.

By including RNA-seq data of different normal B-cell
subpopulations (from naive B-cell to BMPC) we could
identify 989 IncRNAs showing a specific expression in PCs
of MM patient samples. These results indicate that IncRNA
expression not only shows cell-type specificity [20, 32] but
also can be tumor-specific. In addition, the majority of MM-
specific IncRNAs were associated in MM PCs with a gain
of active histone marks defining active promoters or
enhancers [21, 33]. On the one hand, the gain of promoter
and enhancer marks at the loci of MM-specific IncRNAs
validates them as real IncRNAs and not transcriptional
noise, showing that this group of IncRNAs was composed
of both enhancer and promoter-derived IncRNAs [20, 34].
While most IncRNAs from this group presented a poised or
partially active chromatin state in normal B-cell populations
that became active in MM, a small group of 89 IncRNAs
presented de novo epigenetic activation in MM. In this
group, repressing histone modifications during B-cell dif-
ferentiation were replaced by active marks in MM. Intri-
guingly, IncRNAs showing de novo epigenetic activation
presented significantly higher expression levels than other
MM-specific IncRNAs. These results suggest that such loci
may need tighter epigenetic regulation in order to ensure
their physiological repression in normal cells. Further stu-
dies will be needed in order to ascertain the mechanisms
that trigger the epigenetic deregulation of MM-specific
IncRNAs, but probably different mechanisms play a role.
These include activation of chromatin remodelers to make
regions more accessible, chromatin activator complexes that
remove repressive chromatin marks and place activating
modifications at promoters and enhancers, as well as tran-
scription factors, that collaborate in order to promote an
epigenetic rewiring that ultimately leads to the over-
expression of these group of IncRNAs in MM [35, 36].

We showed that one of those de novo epigenetically
activated MM-specific IncRNA, SMILO, is essential for the
survival of MM cells. We showed that inhibition of SMILO
expression in MM cells triggered the overexpression of
ERVs and ISGs, leading to the activation of the IFN path-
way and, as a consequence, to cell death. These results
suggest that inhibition of SMILO potentially leads to the
induction of cell-autonomous and could also produce
immunogenic cell death in MM cells. Interestingly, similar
overexpression of ERVs and ISGs and promotion towards
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an immunogenic cell death has been detected after the
treatment of different types of tumor cells with epigenetic
drugs, including inhibitors of DNA methyltransferases
(DNMTs) [37], or protein lysine methyltransferases such as
G9a [38]. These results suggest that SMILO could represent
a relevant therapeutic target for the treatment of patients
with MM. Moreover, its inhibition could have a synergistic
effect with epigenetic drugs in preparating the tumor cell for
immunogenic cell death. This could represent an attractive
therapeutic strategy for its subsequent combination with
immunotherapy, which is providing very encouraging
results in the treatment of MM [39, 40].

Finally, we also identified MM-specific IncRNAs as
prognostic biomarkers that improve the stratification of MM
patients. Up to date, genetic alterations are the only well
established genomic parameters used to stratify the clinical
outcome of MM [27, 29, 41]. However, increasing amount of
evidence suggests that IncRNAs could also be used as risk
factors to assess the clinical course of MM [18]. In the mul-
tivariate statistical analysis, we showed that the expression of
PDLIMI1P4 together with 8 clinical and genetic risk factors
divided MM patients into different level risk groups for
PES. In the case of OS, two IncRNAs, PDLMIIP4 and
ENSG00000249988, together with 8 different clinical and
genetic risk factors stratified MM patients into different OS
risk groups. These results indicate that incorporation of the
expression of IncRNAs to the standards of traditional clnical
and genetic risk factors could improve the identification of
MM patients with different prognosis. Future studies will
determine whether MM-specific IncRNAs can also help stra-
tify patients in groups showing different treatment responses.

Taken together, our study provides a comprehensive
picture of the IncRNAs transcriptome of MM, showing that
these non-coding elements are heterogeneously, dynami-
cally, specifically expressed, and, in some cases, de novo
activated in MM cells. Furthermore, we show that IncRNAs
may play an important role in the pathogenesis of MM, and
more importantly, they could be of relevant clinical use as
prognostic biomarkers or even as therapeutic targets that
could ultimately improve the outcome of MM patients.

Acknowledgements This research was funded by grants from Instituto
de Salud Carlos III (ISCIII) PI14/01867, P116/02024, P117/00701 and
P119/01352, TRANSCAN (EPICA and Immunocell), Fundacié La
Maraté de TV3, Cancer Research UK [C355/A26819] and FC AECC
and AIRC under the Accelerator Award Programme, CIBERONC
(CB16/12/00489 and CB16/12/00225) and co-financed with FEDER
funds, MINECO Explora (RTHALMY), Gobierno de Navarra,
Departamento de Salud 40/2016 and Departamento de Industria
(Proyecto Estrategico, Reto Genomica, DIANA), Fundaciéon Ramén
Areces (PREMAMM) and Paula and Rodger Riney Foundation. The
study was also supported by European Union’s Seventh Framework
Programme through the Blueprint Consortium (grant agreement
282510), the Generalitat de Catalunya Suport Grups de Recerca
AGAUR 2017-SGR-736, the Multiple Myeloma Research Foundation

SPRINGER NATURE

Networks of excellence, the International Myeloma Foundation (Brian
van Novis), and the Qatar National Research Fund award 7-916-3-237.
AC-L and LVV were supported by PFIS (FI16/00275 and FI17/00297,
respectively) award from Instituto de Salud Carlos III (ISCIII), TE was
supported by the Gilead Research Scholar in Hematology/Oncology
award, RO and AA were supported by an FPU Fellowship of the
Spanish Government, MK by an AOI grant of the Spanish Association
Against Cancer, and AM was supported by the Chemotherapy Foun-
dation and NIH-NCI RO1 CA187109. We particularly acknowledge
the patients for their participation and the Biobank of the University of
Navarra for its collaboration.

Author contributions Conception and design: AC-L, TE, JIM-S, AM,
FP, and XA. Development of methodology: AC-L, TE, CM, LVV, BP,
JIM-S, and XA. Acquisition of data and assistance with experiments:
AC-L, TE, CM, LVV, RO, MK, LG, EM, AV-Z, DA, MP, AA, LC-L,
PSM-U, HE-O, RYT, MIC, JIM-S, and XA. Analysis and inter-
pretation of data: AC-L, TE, CM, LVV, RO, MK, VS, FJP, BP, CEM,
JS-M, JIM-S, AM, FP, and XA. Writing, review, and/or revision of the
manuscript: AC-L, TE, JIM-S, AM, FP, XA, and all authors reviewed
and approved the final version of the manuscript. Administrative,
technical, or material support (i.e., reporting or organizing data, con-
structing databases): CM, LVV, RO, MK, VS, EG, FJP, and CEM.
Study supervision: JIM-S, AM, FP, and XA.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Laubach JP, Richardson PG, Anderson KC. The evolution and
impact of therapy in multiple myeloma. Med Oncol. 2010;27:
S1-6.

2. Dimopoulos K, Gimsing P, Grgnbak K. The role of epigenetics in
the biology of multiple myeloma. Blood Cancer J. 2014;4:e207.

3. Zhuang W, Ge X, Yang S, Huang M, Zhuang W, Chen P, et al.
Upregulation of IncRNA MEG3 promotes osteogenic differ-
entiation of mesenchymal stem cells from multiple myeloma
patients by targeting BMP4 transcription. Stem Cells. 2015;33:
1985-97.

4. Hauptman N, Glava¢ D. Long non-coding RNA in cancer. Int J
Mol Sci. 2013;14:4655-69.

5. Ghidini M, Braconi C. Non-coding RNAs in primary liver cancer.
Front Med. 2015;2:36.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Characterization of complete IncRNAs transcriptome reveals the functional and clinical impact of...

1449

6.

10.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono Y,
et al. The landscape of long noncoding RNAs in the human
transcriptome. Nat Genet. 2015;47:199-208.

. Xiao Y, Lv Y, Zhao H, Gong Y, Hu J, Li F, et al. Predicting the

functions of long noncoding RNAs using RNA-seq based on
Bayesian network. Biomed Res Int. 2015;2015:839590.

. Chandra Gupta S, Nandan, Tripathi Y. Potential of long non-

coding RNAs in cancer patients: from biomarkers to therapeutic
targets. Int J Cancer. 2017;140:1955-67.

. Handa H, Kuroda Y, Kimura K, Masuda Y, Hattori H, Alkebsi L,

et al. Long non-coding RNA MALATI is an inducible stress
response gene associated with extramedullary spread and poor
prognosis of multiple myeloma. Br J Haematol. 2017;179:449-60.
Morgan GJ, Walker BA, Davies FE. The genetic architecture of
multiple myeloma. Nat Rev Cancer. 2012;12:335-48.

. Cho SF, Chang YC, Chang CS, Lin SF, Liu YC, Hsiao HH, et al.

MALAT!1 long non-coding RNA is overexpressed in multiple
myeloma and may serve as a marker to predict disease progres-
sion. BMC Cancer. 2014;14:809.

. Hauptman N, Glavac D. MicroRNAs and long non-coding RNAs:

prospects in diagnostics and therapy of cancer. Radio Oncol.
2013;47:311-8.

Isin M, Ozgur E, Cetin G, Erten N, Aktan M, Gezer U, et al.
Investigation of circulating IncRNAs in B-cell neoplasms. Clin
Chim Acta. 2014;431:255-9.

. Binder S, Hosler N, Riedel D, Zipfel I, Buschmann T, Kéampf C,

et al. STAT3-induced long noncoding RNAs in multiple myeloma
cells display different properties in cancer. Sci Rep. 2017;7:7976.
Liu H, Wang H, Wu B, Yao K, Liao A, Miao M, et al. Down-
regulation of long non-coding RNA MALATI1 by RNA inter-
ference inhibits proliferation and induces apoptosis in multiple
myeloma. Clin Exp Pharm Physiol. 2017;44:1032—41.

Meng YB, He X, Huang YF, Wu QN, Zhou YC, Hao DJ. Long
noncoding RNA CRNDE promotes multiple myeloma cell growth
by suppressing miR-451. Oncol Res. 2017;25:1207-14.

Beck D, Thoms JAI Palu C, Herold T, Shah A, Olivier J, et al. A
four-gene LincRNA expression signature predicts risk in multiple
cohorts of acute myeloid leukemia patients. Leukemia. 2018;32:
263-72.

Samur MK, Minvielle S, Gulla A, Fulciniti M, Cleynen A, Aktas
Samur A, et al. Long intergenic non-coding RNAs have an
independent impact on survival in multiple myeloma. Leukemia.
2018;32:2626-35.

Lagarde J, Uszczynska-Ratajczak B, Carbonell S, Pérez-Lluch S,
Abad A, Davis C, et al. High-throughput annotation of full-length
long noncoding RNAs with capture long-read sequencing. Nat
Genet. 2017;49:1731-40.

Agirre X, Meydan C, Jiang Y, Garate L, Doane AS, Li Z, et al.
Long non-coding RNAs discriminate the stages and gene reg-
ulatory states of human humoral immune response. Nat Commun.
2019;10:821.

Ordofiez R, Kulis M, Russifiol N, Chapaprieta V, Carrasco-Leon
A, Garcia-Torre B, et al. Chromatin activation as a unifying
principle underlying pathogenic mechanisms in multiple mye-
loma. Genome Res. 2020;30:1217-27.

Agirre X, Castellano G, Pascual M, Heath S, Kulis M, Segura V,
et al. Whole-epigenome analysis in multiple myeloma reveals
DNA hypermethylation of B cell-specific enhancers. Genome Res.
2015;25:478-87.

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD,
Epstein CB, et al. Mapping and analysis of chromatin state
dynamics in nine human cell types. Nature. 2011;473:43-49.
Chen H, Du G, Song X, Li L. Non-coding transcripts from
enhancers: new insights into enhancer activity and gene

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

expression regulation. Genomics Proteom Bioinform. 2017;15:
201-7.

Chuong EB, Elde NC, Feschotte C. Regulatory evolution of innate
immunity through co-option of endogenous retroviruses. Science.
2016;351:1083-7.

Ronchetti D, Agnelli L, Pietrelli A, Todoerti K, Manzoni M,
Taiana E, et al. A compendium of long non-coding RNAs tran-
scriptional fingerprint in multiple myeloma. Sci Rep. 2018;8:
6557.

Robiou du Pont S, Cleynen A, Fontan C, Attal M, Munshi N,
Corre J, et al. Genomics of multiple myeloma. J Clin Oncol.
2017;35:963-7.

Ulitsky I, Bartel DP. lincRNAs: genomics, evolution, and
mechanisms. Cell. 2013;154:26-46.

Cleynen A, Szalat R, Kemal Samur M, Robiou du Pont S, Buisson
L, Boyle E, et al. Expressed fusion gene landscape and its impact
in multiple myeloma. Nat Commun. 2017;8:1893.

Yang Y, Zhao Y, Zhang W, Bai Y. Whole transcriptome
sequencing identifies crucial genes associated with colon cancer
and elucidation of their possible mechanisms of action. Onco-
Targets Ther. 2019;12:2737-47.

Biscarini S, Capauto D, Peruzzi G, Lu L, Colantoni A, Santini T,
et al. Characterization of the IncRNA transcriptome in mESC-
derived motor neurons: Implications for FUS-ALS. Stem Cell
Res. 2018;27:172-9.

Ranzani V, Rossetti G, Panzeri I, Arrigoni A, Bonnal RJ, Curti S,
et al. The long intergenic noncoding RNA landscape of human
lymphocytes highlights the regulation of T cell differentiation by
linc-MAF-4. Nat Immunol. 2015;16:318-25.

Beekman R, Chapaprieta V, Russifiol N, Vilarrasa-Blasi R,
Verdaguer-Dot N, Martens JHA, et al. The reference epigenome
and regulatory chromatin landscape of chronic lymphocytic leu-
kemia. Nat Med. 2018;24:868-80.

Brazdo TF, Johnson JS, Miiller J, Heger A, Ponting CP, Tybu-
lewicz VL. Long noncoding RNAs in B-cell development and
activation. Blood. 2016;128:¢10-19.

Zhao T, Xu J, Liu L, Bai J, Wang L, Xiao Y, et al. Computational
identification of epigenetically regulated IncRNAs and their
associated genes based on integrating genomic data. FEBS Lett.
2015;589:521-31.

Hu H, Shu M, He L, Yu X, Liu X, Lu Y, et al. Epigenomic
landscape of 5-hydroxymethylcytosine reveals its transcriptional
regulation of IncRNAs in colorectal cancer. Br J Cancer.
2017;116:658-68.

Chiappinelli KB, Strissel PL, Desrichard A, Li H, Henke C,
Akman B, et al. Inhibiting DNA Methylation causes an interferon
response in cancer via dsRNA including endogenous retroviruses.
Cell. 2015;162:974-86.

San Jose-Eneriz E, Agirre X, Rabal O, Vilas-Zornoza A, Sanchez-
Arias JA, Miranda E, et al. Discovery of first-in-class reversible
dual small molecule inhibitors against G9a and DNMTs in
hematological malignancies. Nat Commun. 2017;8:15424.
Seckinger A, Delgado JA, Moser S, Moreno L, Neuber B, Grab
A, et al. Target expression, generation, preclinical activity, and
pharmacokinetics of the BCMA-T cell bispecific antibody
EMB801 for multiple myeloma treatment. Cancer Cell. 2017;31:
396-410.

Rodriguez-Otero P, Paiva B, Engelhardt M, Présper F, San
Miguel JF. Is immunotherapy here to stay in multiple myeloma?
Haematologica. 2017;102:423-32.

Walker BA, Mavrommatis K, Wardell CP, Ashby TC, Bauer M,
Davies FE, et al. Identification of novel mutational drivers reveals
oncogene dependencies in multiple myeloma. Blood. 2018;132:
587-97.

SPRINGER NATURE



1450 A. Carrasco-Leon et al.

Affiliations

Arantxa Carrasco-Leon®'? - Teresa Ezponda®'? - Cem Meydan ®>*® - Luis V. Valcarcel " - Raquel Ordofez'? -
Marta Kulis”® - Leire Garate? - Estibaliz Miranda'* - Victor Segura® - Elisabeth Guruceaga® -

Amaia Vilas-Zornoza'? - Diego Alignani*'® - Marién Pascual’ - Ane Amundarain@®'? - Laura Castro-Labrador®" -
Patxi San Martin-Uriz' - Halima EI-Omri'" - Ruba Y. Taha'' - Maria J. Calasanz®?*'2 - Francisco J. Planes® -

Bruno Paiva®2'%'2 . Christopher E. Mason ®3*° - Jesus F. San Miguel ®*'3 - José I. Martin-Subero %1415 .
Ari Melnick®? - Felipe Prosper®"*'3 . Xabier Agirre®'?
' Area de Oncologfa, Centro de Investigacién Médica Aplicada °  Department of Bioinformatics, CIMA/UNAV/IDISNA,

(CIMA), Universidad de Navarra, IDISNA, Pamplona, Spain Pamplona, Spain

Centro de Investigacion Biomédica en Red de Cancer, 10 Flow Cytometry Core, CIMA, Universidad de Navarra,

CIBERONC, Pamplona, Spain Pamplona, Spain

Division of Hematology/Oncology, Department of Medicine, Department of Hematology & BMT, Hamad Medical Corporation,
Weill Cornell Medical College, New York, NY, USA NCCCR, Doha, Qatar

Department of Physiology and Biophysics, Weill Cornell
Medicine, New York, NY, USA

CIMA Lab Diagnostics, Universidad de Navarra, Pamplona, Spain

Servicio de Hematologia, Clinica Universidad de Navarra,
The Bin Talal Bin Abdulaziz Alsaud Institute for Computational Pamplona, Spain

Biomedicine, Weill Cornell Medicine, New York, NY, USA
Institucié Catalana de Recerca i Estudis Avangats (ICREA),

University of Navarra, Tecnun School of Engineering, Barcelona, Spain

San Sebastidn, Spain . L
Departamento de Fundamentos Clinicos, Universitat de Barcelona,

7 Fundacié Clinic per la Recerca Biomedica, Barcelona, Spain Barcelona, Spain

8 Institut d’Investigacions Biomediques August Pi I Sunyer

(IDIBAPS), Barcelona, Spain

SPRINGER NATURE


http://orcid.org/0000-0002-4584-443X
http://orcid.org/0000-0002-4584-443X
http://orcid.org/0000-0002-4584-443X
http://orcid.org/0000-0002-4584-443X
http://orcid.org/0000-0002-4584-443X
http://orcid.org/0000-0003-3682-7125
http://orcid.org/0000-0003-3682-7125
http://orcid.org/0000-0003-3682-7125
http://orcid.org/0000-0003-3682-7125
http://orcid.org/0000-0003-3682-7125
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0002-0663-6216
http://orcid.org/0000-0003-3769-5419
http://orcid.org/0000-0003-3769-5419
http://orcid.org/0000-0003-3769-5419
http://orcid.org/0000-0003-3769-5419
http://orcid.org/0000-0003-3769-5419
http://orcid.org/0000-0002-2325-5570
http://orcid.org/0000-0002-2325-5570
http://orcid.org/0000-0002-2325-5570
http://orcid.org/0000-0002-2325-5570
http://orcid.org/0000-0002-2325-5570
http://orcid.org/0000-0003-4733-5468
http://orcid.org/0000-0003-4733-5468
http://orcid.org/0000-0003-4733-5468
http://orcid.org/0000-0003-4733-5468
http://orcid.org/0000-0003-4733-5468
http://orcid.org/0000-0002-0374-3008
http://orcid.org/0000-0002-0374-3008
http://orcid.org/0000-0002-0374-3008
http://orcid.org/0000-0002-0374-3008
http://orcid.org/0000-0002-0374-3008
http://orcid.org/0000-0003-1977-3815
http://orcid.org/0000-0003-1977-3815
http://orcid.org/0000-0003-1977-3815
http://orcid.org/0000-0003-1977-3815
http://orcid.org/0000-0003-1977-3815
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-1850-1642
http://orcid.org/0000-0002-9183-4857
http://orcid.org/0000-0002-9183-4857
http://orcid.org/0000-0002-9183-4857
http://orcid.org/0000-0002-9183-4857
http://orcid.org/0000-0002-9183-4857
http://orcid.org/0000-0001-8809-5195
http://orcid.org/0000-0001-8809-5195
http://orcid.org/0000-0001-8809-5195
http://orcid.org/0000-0001-8809-5195
http://orcid.org/0000-0001-8809-5195
http://orcid.org/0000-0002-8074-2287
http://orcid.org/0000-0002-8074-2287
http://orcid.org/0000-0002-8074-2287
http://orcid.org/0000-0002-8074-2287
http://orcid.org/0000-0002-8074-2287
http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0001-6115-8790
http://orcid.org/0000-0002-6558-9560
http://orcid.org/0000-0002-6558-9560
http://orcid.org/0000-0002-6558-9560
http://orcid.org/0000-0002-6558-9560
http://orcid.org/0000-0002-6558-9560

	Characterization of complete lncRNAs transcriptome reveals the functional and clinical impact of lncRNAs in multiple myeloma
	Abstract
	Introduction
	Methods
	Samples
	ssRNA-seq library preparation, sequencing, and analysis
	Differential expression and heterogeneity analysis
	Chromatin histone marks analysis
	Study and characterization of lncRNA SMILO
	Survival studies using the CoMMpass dataset

	Results
	Characterization of the entire lncRNAs transcriptome of MM
	Heterogeneity and specificity of lncRNAs expression in MM
	Regulation of MM-specific lncRNAs
	MM-specific lncRNA SMILO is essential for the survival of MM cells
	Prognostic value of MM-specific lncRNAs

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References
	A7


