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1. Multiple myeloma 

 

Multiple myeloma (MM) is a malignancy of terminally differentiated B cells (BCs). It is 

characterized by the accumulation of malignant plasma cells (PCs) in the bone marrow (BM) 

which secrete a monoclonal immunoglobulin (Ig) known as monoclonal protein or 

paraprotein. The clinical manifestations derive directly from PC infiltration and/or from the 

effects of the secreted monoclonal Ig, and the interactions between PC and cells from BM 

microenvironment. The most frequent signs of end-organ damage are bone destruction, renal 

insufficiency, anemia and hypercalcemia, designated by the acronym “CRAB” 1-3. 

The median age at the time of diagnosis is around 65 years, and only 15% of patients are 

under 50 years 4. Although there have been major advances in the treatment, MM remains 

an incurable disease with a median survival of approximately five years 5. 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Normal and malignant PC.  
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1.1. Diagnostic criteria for multiple myeloma  

MM is part of a spectrum of clonal PC disorders called monoclonal gammopathies that include, 

monoclonal gammopathy of undetermined significance (MGUS), smoldering MM (SMM), 

symptomatic MM and plasma cell leukemia (PCL) 6. MGUS is an asymptomatic and pre-

malignant condition that precedes MM. It affects up to 3% of the population above the age of 

50 years and progresses to MM at a rate of 1% per year 7-9. MGUS diagnosis requires the 

presence of less than   0.3 g/L M-protein and less than 10% of PC in the BM (Table 1). So far, it 

is not possible to predict whether a particular MGUS will remain benign or transform to MM 

since the causes of the transformation remain unclear 10-12. SMM is an intermediate, 

asymptomatic, but more advanced premalignant stage than MGUS. The risk of progression to 

MM in the first 5 years following diagnosis is higher in SMM than in MGUS, 10% per year 13. 

PCL is the most aggressive PC neoplasm characterized by the presence of circulating PCs 14. 

The diagnosis of MM is established according to the criteria published by the International 

Myeloma Working Group (IMWG), which requires the presence of one or more myeloma-

defining events (MDE) defined as the established four CRAB features and the three myeloma-

defining biomarkers (Table 1) 3,15 

 

Table 1. Criteria for diagnosis and classification of MGUS, SMM, and MM, accrding to IMWG. Modified 

from Rajkumar SV et al 16. 
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1.2. Genetic abnormalities in multiple myeloma  

MM presents a great heterogeneity in terms of clinical course and response to treatment 17,18, 

which is closely related to the genetic features of myeloma cells. Unlike what happens in 

particular types of leukemia and lymphoma, no specific chromosomal or genetic abnormalities 

have been found in MM, although a significant number of recurrent cytogenetic lesions with 

important prognostic impact have been described. This DNA complexity, both at genetic and 

chromosome levels, is also manifested in the transcriptome. 

On the other hand, there is increasing evidence of the strong dependence of myeloma cells on 

BM microenvironment and of the influence of the immune system in the control of the disease. 

Initial studies using conventional cytogenetics and specially fluorescent in situ hybridization 

(FISH) on purified PCs have revealed some of the most recurrent chromosomal abnormalities 

present in MM. Recently, modern genomic technologies based on microarray and next 

generation sequencing (NGS) have contributed to shape the genomic landscape of MM. The 

genetic abnormalities observed in MM can be categorized into translocations, copy number 

abnormalities (CNA) and point mutations. 

1.2.1. Chromosomal translocations 

Translocations involving the immunoglobulin heavy chain (IGH) gene, located at locus 14q32, 

to different regions of the genome are observed in up to 60% of MM 19. The consequence of the 

resulting fusion product is a deregulation of the oncogenes that are placed under the control of 

the IGH enhancer. The most frequent translocations are the t(11;14), detected in 15-20% of the 

cases, which increases CCND1 expression; the t(4;14) that appears in approximately 15% of 

the MM patients resulting in the simultaneous deregulation of two genes, FGFR3 and 

MMSET/NSD2; and the t(14;16), observed at most in 5% of MM, which leads to an increase in 

MAF oncogene expression. Both t(4;14) and t(14;16), which are undetectable in the 

conventional karyotype, are included in the majority of prognostic stratifications as genetic 

markers of poor prognosis 20. However, the introduction of proteasome inhibitors in the 

therapeutic schemes has improved the survival of patients with these translocations. In 

addition to IGH rearrangements, MYC oncogene has been found to be translocated in 15% of 

MM cases. MYC translocations mostly involve an Ig locus, although about 40% of them affect 

other partners 21. Modern ultrasequencing techniques have detected rearrangements of MYC 

to a wide variety of "superenhancers" that induce a MYC overexpression in up to half of the MM 

cases 22.  
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1.2.2. Copy number abnormalities  

Gains and losses of complete chromosomes or chromosomal regions are common genetic 

events in myeloma cells, which makes that almost all MM cases are aneuploid. Hyperdiploid 

MMs are characterized by the presence of trisomies, particularly involving the odd 

chromosomes, and a low frequency of structural alterations. The most affected chromosome 

by gains and losses is the chromosome 1, in which q arm is gained in 60% of cases and regions 

of 1p are lost in approximately 30% 23. Both abnormalities have been associated with short 

survival, but in the case of 1q abnormalities, amplification, defined as the presence of more 

than three copies of 1q, entails a worse prognosis 24. Other frequent CNAs include chromosome 

13 monosomy/deletion and 17p deletion. Indeed, 17p13 deletion (that include the TP53 locus), 

detected in 8-10% of the cases, confers a very poor prognosis 25. The frequency of TP53 loss is 

much higher in patients with advanced MM and, in fact, is associated with extramedullary 

disease. 

1.2.3. Point mutations 

Whole exome and genome sequencing by next generation sequencing (NGS) of thousands of 

MM patients has confirmed the mutational heterogeneity of this disease. Modern strategies of 

massive sequencing have detected about 35 non-silent mutations per MM genome, a number 

that is higher than that observed in acute leukemia and much lower than the hundreds of 

mutations present in some solid tumors 7. Unlike other hematological malignancies, a single 

and specific point mutation has not been found in MM, however, several recurrently mutated 

genes have been identified. The genes mutated in more than 5% of patients with MM that have 

been consistently reported using NGS are: KRAS (20-25%), NRAS (20-25%), TP53 (8-15%), 

DIS3 (11%), FAM46C (11%), BRAF (6-15%), TRAF3 (3-6%), ROBO1 (2-5%), EGR1 (4-6%), 

SP140 (5-7%) and FAT3 (4-7%) 26-31. Although the pathogenic role of RAS and TP53 mutations 

is well known, the effect of mutations involving the other genes is still unclear 32-34. Our group 

has recently described that FAM46C inactivation promotes cell migration in MM 35. Considering 

biological pathways instead of individual genes, mutations involving RAS/MAPK (KRAS, NRAS 

and BRAF), NFkB (TRAF3, CYLD and LTB) and DNA repair (TP53, ATM and ATR) pathways are 

present in 40%, 20% and 15% of MM cases, respectively. Genes involved in B cell 

differentiation, such as PRDM1, IRF4 and SP140, are also recurrently mutated in MM. 
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1.3. Associations between genomic abnormalities 

The increasingly comprehensive genomic studies of large series of MM patients have allowed 

us to find significant associations among the different genomic lesions. Hyperdiploid MM cases 

are associated with NRAS mutations and, to a lesser extent, with MYC translocations and ERG 

mutations. On the other hand, hyperdiploidy and IGH translocations are mutually exclusive in 

the vast majority of patients, although they may coexist in a small fraction of cases. Non-

hyperdiploid MMs are characterized by a very high prevalence of IGH translocations and 

chromosome 13 monosomy, and they are associated with shorter survival. Regarding IGH 

translocations, t(11;14) is associated with KRAS, IRF4 and CCND1 mutations, while t(4;14) 

cases are enriched for FGFR3, DIS3 and PRKD2 mutations. Mutations in KRAS and NRAS do not 

usually appear simultaneously and when they coexist in the same tumor, it is almost always at 

subclonal level 36(Figura 2). 

The coexistence of more than one high-risk genetic abnormality implies a significant 

shortening of survival compared with the presence of one of these lesions. Thus, MM patients 

with a high-risk IGH translocation, a 17p deletion and a 1q gain have a median overall survival 

as short as 9 months. Likewise, biallelic inactivation of TP53 due to the simultaneous presence 

of mutation in one allele and deletion in the other is associated with very poor prognosis 24. 
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Figure 2. Pathogenesis of MM. The development of MM is a multistep molecular process, which 
starts with precursor disease entities, such as MGUS, SMM ending up with extramedullary 
myeloma/PC leukemia. Primary genetic events in the development of MGUS, SMM and MM include 
chromosomal translocations involving IGH and aneuploidy. The number of secondary alterations 
increases from MGUS to SMM and then to MM. Adapted from Kumar SK et al and Manier S et al 3,36.   
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2. Hematopoiesis 

 

The blood system contains different cell lineages that are involved in both innate and adaptive 

immune system. All blood cell types arise from hematopoietic stem cells (HSCs) that reside in 

adult mammals mainly in the bone marrow (BM) 37.  

Hematopoiesis has been divided into myelopoiesis, the production of myeloid lineage cells, and 

lymphopoiesis, the production of lymphoid lineage cells. These cells are generated through 

critical stages of differentiation, from HSCs to multipotent early progenitors, which upon 

progressive loss of self-renewal capacity, transform into progenitors that gradually lose certain 

lineage differential potential, and commit to specific lineage fates and gain specialized 

functions. Prior to reach maturity, an early option of commitment of the differentiating cells is 

to develop into a common myeloid progenitor or common lymphoid progenitor 38-42 (Figure 3). 

BM is the most important myeloid organ involved in the formation of erythrocytes 

(erythropoiesis), granulocytes (granulocytopoiesis), monocytes (monocytopoiesis) and 

platelets (megakaryocytopoiesis). On the other hand, BM and thymus are the two primary 

organs in charge of the formation of B and T lymphocytes, whereas spleen, lymph nodes, 

tonsils, Peyer's patches and mucosa-associated lymphoid tissue (MALT) are considered 

secondary organs. MALT is a diffused lymphoid organ, which includes gut, bronchial, 

nasopharinx, larynx, eye, vascular- and skin-associated lymphoid tissues. Function of MALT is 

to ensure the complete immune response after local stimulation through both, B and T 

lymphocytes.  
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Figure 3. Hematopoietic stem cell differentiation. Schematic representation of the production of 

mature blood cells by the proliferation and differentiation of HSCs. Modified from Shaikh A.et al 43. 
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2.1. B cell lymphopoiesis 
 

Lymphopoiesis or lymphoid hematopoiesis is the generation of lymphocytes, immunologically 

competent cells, which assist the phagocytes in the defense of the body against infection and 

other foreign invasions. Lymphocytes are essential for both cell-mediated and antibody-

mediated immunity. 

The lymphocyte compartment in mammals consists of three distinct cell lineages that include 

bursa-derived lymphocyte (B cells) 44,45, thymus-derived lymphocytes (T cells) and natural 

killer (NK) lymphocytes 46 (Figure 3). B cells (BCs) are genetically programmed to encode a 

surface receptor specific for a particular antigen. Once the specific antigen has been recognized, 

BCs multiply and differentiate into plasma cells (PCs), which are terminally differentiated BCs 

that produce large amounts of antibodies. Antibody production is one of the most important 

components of the immune response. 

Plasma cell (PC), also known as antibody secreting cell, is estimated to secrete several thousand 

antibody molecules per second 47. An antibody is an immunoglobulin (Ig) protein, which is 

typically a Y-shaped molecule that consists of two heavy chains (HCs) encoded by the IGH locus 

(chromosome 14), and two light chains (LCs), encoded by either the IGL (chromosome 2) or 

IGK (chromosome 22) loci, linked by disulfide bonds 48 (Figure 4). The structure of the antibody 

molecule has been solved to an atomic level 49,50. The two identical antigen recognition and 

binding sites in the molecule are made up of HC and a LC. These areas of the antibody molecule 

are called the variable regions 51. The hypervariable tips of these regions contribute to generate 

a vast repertoire of slightly different antibodies. As these areas fit to an antigen shape, they are 

also called complementary determining regions (CDRs). The other parts of the molecule, called 

constant regions, preserve the structure of the molecule and are not subject to much variation. 
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Figure 4. Schematic design of an immunoglobulin. 

 

To generate functionally differentiated PCs, BCs undergo a series of changes from early BC 

progenitor until the generation of antibody producing PC. The different stages of BC 

development have a particular signature at genetic, molecular and morphological levels, which 

includes the expression of cell surface markers, increase in cell size and localization of the cells 

within the BM, the spleen, or the lymph nodes 52,53. The most remarkable change that defines 

the differentiation process is the rearrangement of Ig genes, allowing the diversity of antibody 

repertoires, which is basically generated by two stages of genetic mechanisms that involve 

recombination and somatic hypermutation (SHM) of Ig genes 54.  

The development of BC receptor (BCR) takes place in the BM and is produced during the initial 

stages of BC development (lymphoid progenitors, pro-B and pre-B) 55. These early stages of BC 

differentiation are antigen independent, and depend on BCR for survival 53,56. Before BCs leave 

the BM toward the secondary lymphatic organs, somatic DNA recombination events occur in 

the Ig heavy chain and Ig light chain genes (Figure 5). The IGH gene locus encodes multiple 

distinct copies of the variable (V), diversity (D) and joining (J) genes. The construction of the V 

region of the heavy chain begins with the recombination of the D and the J genes; then the V 

gene is joined to the DJ segment. This process of site-specific recombination is highly 

orchestrated and mediated by the recombination activating genes RAG1 and RAG2 57,58. Finally, 

the constant region, known as “constant μ”, which encodes IgM antibody, is joined through RNA 

splicing of the primary RNA (Figure 5). On the other hand, the light chain loci (Igλ or IgƘ locus) 

have only variable (V) and joining (J) gene segments. One of each gene segment is randomly 

selected by the RAG1/RAG2 recombinase and joined together to form the variable region 



Introduction 

13 
 

(Figure 5). The variable light chain recombines first with the V-J segments. Next, the constant 

(C) domain is joined through RNA splicing of the primary RNA to the variable region 48,59, 

leading to the generation of immature BCs expressing cell-surface immunoglobulin (Ig) M with 

kappa (Ƙ), or lambda (λ) light chains (IgM Ƙ or IgM λ) 60-63 (Figure 5). Thus, the immature BCs 

leave the BM, migrate to germinal center (GC) and undergo the GC reaction. 

 

 

 
 

Figure 5. Development of the BC antigen receptor. Somatic recombination event during early BC 

development. The heavy chain gene (IgH) undergoes a DJ recombination, followed by a VDJ 

recombination. Likewise, light chain genes undergo a VJ recombination. Then, surface IgM expressing λ 

or Ƙ light chain is produced as the B cell receptor. Adapted from Backhaus O 48.  
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GCs are specialized microenvironments within secondary lymphoid tissues, in which BCs 

undergo extensive rounds of proliferation or clonal expansion, SHM, antigen-affinity driven 

selection, and class switch recombination (CSR) 61,64-66 (Figure 6). GC is subdivided by histologic 

studies in a light and a dark zone 53,61,67.  

Newly generated immature BCs that leave BM and enter the bloodstream having not yet 

encountered an antigen are called naive BCs. Once activated by an Ag, BCs migrate to the GC 

and become mature BCs expressing not only IgM, but also IgD. Antigen-activated BCs 

differentiate into centroblasts that undergo clonal expansion in the dark zone of the GC.  During 

proliferation, the process of SHM introduces base-pair changes into the V(D)J region of the 

rearranged genes encoding the immunoglobulin variable region (IgV) of the heavy chain and 

light chain; some of these base-pair mutations lead to a change in the amino-acid sequence 61,68-

70. The activation-induced cytidine deaminase (AID) enzyme is required for SHM and CSR. 

During these DNA-altering processes, AID generates diversity by converting C to T and G to A, 

indicating that AID is an essential component of both secondary immune diversification 

reactions 71. 

Centroblasts differentiate into centrocytes and move toward the light zone, where the modified 

antigen receptor, with the help of immune helper cells including T cells and follicular dendritic 

cells (FDCs), is selected to improve the binding to the immunizing antigen 53,72. Newly 

generated centrocytes that produce an unfavorable antibody undergo apoptosis and are 

removed, while only high affinity centrocytes that express newly generated modified 

antibodies are selected in the light zone, receiving proliferative and survival stimuli from FDCs 

and T follicular helper cells (TFhcs) 72. These selected centrocytes will undergo CSR and 

differentiation into memory BCs or antibody secreting PCs. CSR is an irreversible somatic 

recombination mechanism by which BCs can switch their immunoglobulin class expression 

from IgM and IgD to IgG, IgA or IgE. After leaving the GC, the PCs migrate to BM where they 

complete their differentiation and can survive for long periods in specialized niches 67,72,73 

(Figure 6). 
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      Figure 6. Germinal center reaction. Adapted from De Silva NS et al 72. 
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3. Regulation of B cell development 

 
The transition from B lymphoid precursors to PCs involves several molecular and cellular 

modifications including transcriptional changes, activation of biochemical pathways, 

expansion of the cytoplasm and the secretory organelles to accommodate high-rate synthesis 

of Ig, activation of the unfolded protein response (UPR), changes in cell surface markers, and 

also epigenetic modifications that affect the genetic program implicated in the differentiation 

process and cell size 74-78.  

3.1.  Transcriptional control  
 

It has been demonstrated that the transcriptome that define BC or PC status is controlled by 

two groups of transcription factors (TFs): those that promote BC program, and those that favor 

and facilitate PC differentiation. Interestingly, many of these transcription factors repress 

others required for the alternative developmental state, thereby establishing mutually 

exclusive gene expression programs 79-81. When BC gene expression program is destabilized, 

and ultimately silenced, cells will commit to the PC fate by the activation of PC specific 

regulators (Figure 7). 

3.1.1.  Transcription factors that maintain B cell fate. Specification and commitment of 

B lymphopoiesis critically depends on the expression of a number of transcription factors 

that promote the BC gene expression program and prevent premature PC differentiation.  

TCF3 (E2A) and EBF1: the generation of the earliest BC progenitors depends on TCF3 and 

EBF1, which coordinately activate the BC gene expression program and immunoglobulin 

heavy-chain gene rearrangements at the onset of B-lymphopoiesis 82,83. 

PAX5 is also known as BC specific activation protein (BSAP) and is considered to be the 

guardian of BC identity 84. PAX5 is expressed throughout BC development and is required not 

only for the initial lineage commitment of lymphoid progenitors to the BC fate 85, but also for 

the maintenance of BC identity later in development 86. The conditional inactivation of PAX5 in 

mature BC results in the loss of BC identity and in the reversion to a progenitor stage 87. PAX5 

has a dual function as a transcriptional activator or repressor, depending on the gene context 
88. Thus, in mature BCs, PAX5 positively regulates the expression of a panel of target genes 

encoding proteins involved in maintaining BC identity: (i) components of the BCR, such as the 

immunoglobulin heavy chain (IGH) and the signal transduction chain Igα (also known as 

CD79A); (ii) other immune receptors, such as CD19 and CD21; and (iii) transcription factors, 

such as interferon-regulatory factor 4 (IRF4), IRF8, BACH2 (BTB and CNC homologue 2), Aiolos 
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(encoded by IKZF3 gene), SPIB, BLNK and CIITA 89-91. As a transcriptional repressor, PAX5 

negatively regulates a set of genes associated with antibody secreting PCs, such as X-binding 

protein 1 (XBP1), a transcriptional activator that is strictly required for PC development and 

antibody secretion 92.  

BCL6 is highly expressed in GC BCs and regulates their fate during the GC reaction by 

preventing terminal differentiation of BC into PC until appropriate signals are received 93-95. A 

crucial function of BCL6 is to repress PRDM1, the gene encoding BLIMP1, which is a TF that 

promotes and maintains PC differentiation. Therefore, repression of BLIMP1 blocks PCs 

differentiation during GC reaction 96-98. BCL6 promotes the rapid proliferation of GC BCs and 

facilitates their tolerance to the high rate of SHM through the inhibition of the DNA damage 

response. IRF4 and BLIMP1, two TFs that promote and maintain the differentiation of PC, have 

been proposed to repress the expression of BCL6 99,100. 

MTA3 is a cell type-specific subunit of the corepressor complex Mi-2/NuRD that interacts 

directly with BCL6 to mediate the repressive activity of BCL6. When MTA3 and BCL6 are 

artificially increased in PC lines, the levels of BLIMP1, XBP1, SDC1 and cytoplasmic IgL (κ) are 

reduced, promoting the reprogramming of PC maturation status into previous stages of 

differentiation. Therefore, MTA3 together with BCL6 has a crucial role in preventing PC 

differentiation 101. 

MITF is a basic-helix-loop-helix-leucine-zipper protein that also inhibits PC development. It 

maintains mature BCs in resting state by delaying the premature differentiation of a GC BC into 

a plasmablast by inhibiting the expression of IRF4. It has been demonstrated that enforced 

expression of MITF in activated BCs represses the plasmacytoid phenotype, suppressing Ig 

secretion. Thus, MITF suppresses the antibody-secreting cell fate 81,102. 

BACH2 (basic leucine zipper transcription factor 2) is a transcriptional repressor required in 

mature and GC BCs to inhibit PC development. It is considered a crucial component of the 

genetic network that controls the timing of PC differentiation 103. PAX5 positively induces the 

expression of BACH2 in early BC stage 90, while during PC development its expression is shut 

down. Indeed, the main target of BACH2 is BLIMP1, which consequently remains suppressed 
104,105. It has been reported that BACH2-deficient mice do not form GCs or upregulate the 

expression of AID 90,103. Thus, in the absence of BACH2, BLIMP1 is prematurely expressed, 

resulting in AID repression and enhanced PC differentiation. 
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3.1.2.  Drivers of PC differentiation. The generation of PCs requires the suppression of BC 

transcriptional program, allowing the induction of PC transcriptional program, which is guided 

towards the formation of functional PCs that are capable to produce huge amount of Igs. 

BLIMP1 (B lymphocyte induced maturation protein 1), encoded by PRDM1, is a transcriptional 

repressor that promotes the terminal differentiation of BCs into antibody secreting PCs. That 

is why BLIMP1 is known as the master regulator of PC differentiation 106,107. BLIMP1 negatively 

regulates the expression of PAX5 and BCL6 108,109, thereby ensuring that, after the induction of 

PC development, BCs cannot return to an earlier developmental stage. Likewise, it also 

represses multiple genes required for BC identity and GC function, including genes that 

regulate signaling through the BCR, T cell BC interactions, CSR and SHM 109. Accordingly, 

BLIMP1 induces the expression of many genes in PC program, such as IRF4 110,111 and genes 

that are involved in Ig secretion 92,107,112. Furthermore, it has been described using animal 

models that the inactivation of PRDM1 in PCs retains their transcriptional markers, but the 

capacity to produce antibodies is lost 113. 

Since BLIMP1 represses the expression of many genes to induce PC differentiation, there are 

many repressors that, in turn, inhibit the expression of BLIMP1 to maintain BC identity, such 

as BACH2, PAX5 and BCL6, which directly suppress its expression 96,101,103,114. MITF inhibits 

BLIMP1 indirectly by suppressing IRF4, which has been shown to be an activator of BLIMP1 
102,115,116. 

IRF4 is a lymphocyte-specific member of the IRF (interferon regulatory factor) family. It is 

required during the immune response for lymphocyte activation and for the generation of Ig-

secreting PCs 116,117. IRF4 has a dual function in BC maturation, since it is essential for BC 

responses, such as CSR and GC BC formation, and for PC differentiation 116-119. IRF4 functions 

in a dose-dependent manner: high amounts of IRF4 repress BCL6, and activate both BLIMP1 

and the BTB-ZF transcription factor (Zbtb20) 116,120, facilitating the PC fate; whereas low IRF4 

levels promote GC generation and CSR through the activation of AID, Pou2af1 and BCL6 
116,118,121. 

XBP1 (X-box binding protein) was the first TF found to be required for PC differentiation 122. 

XBP1 acts downstream of BLIMP1, which upregulates XBP1 by directly repressing PAX5 92,108. 

XBP1 is crucial for the PC secretory program 112 and its expression is induced by the activating 

transcription factor 6 (ATF6) 123. On the other hand, XBP1 is also an essential mediator of the 

unfolded protein response (UPR), a signaling pathway that responds to ER stress induced by 

the accumulation of the unfolded proteins in the endoplasmic reticulum (ER) lumen 124.  
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Expression of BLIMP or XBP1 is sufficient to drive BC differentiation towards Ig secreting PCs, 

although their expression is not required for PC survival 113,125. In contrast, the survival of PC 

critically depends on IRF4 126,127. 

 

 

 

 

 

 

Figure 7. Transcription factors that control the transition from BC into PC. Active TFs in BC or PC 

are represented in red and inactive TFs in yellow. Arrows indicate transcriptional activation and T-line 

transcriptional repression. Adapted from Igarashi K et al 128. 
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3.2. Unfolded protein response and its activation during BC differentiation  
 

The endoplasmic reticulum (ER) is a cellular organelle that has a variety of functions, including 

the facilitation of protein folding, glycosylation and the transport of synthesized proteins. 

Disruption of ER homeostasis triggers ER-stress. Almost all secretory and membrane proteins 

achieve their final folding in the ER before heading to their target organelles or the cell surface. 

ER stress occurs when the load of proteins exceeds the folding capacity of the ER. This situation 

is observed when the cells are exposed to environmental or physiological stresses such as 

glucose starvation, calcium depletion from the ER, strong reducing conditions, viral infection, 

hypoxia and also during the transition from B lymphocytes into PCs.  

B lymphocytes have a limited ER and synthesize small amounts of cell-surface Ig. Upon 

stimulation with antigens, the activated BCs increase their secretory apparatus to 

accommodate synthesis of thousands of antibody molecules per second, which are efficiently 

assembled and secreted from its fully differentiated PC progeny. This morphological makeover 

requires increase in cell size and in every component of the cellular machinery for protein 

secretion, including ER chaperones and folding enzymes that drive assembly and maturation 

of Ig molecules 129,130. The mammalian UPR is orchestrated by three transmembrane sensors: 

PERK, ATF6 and IRE1 131 (Figure 8). Under homeostatic conditions these sensors are bound to 

BiP, a major ER chaperone that suppresses their activity 132,133. Upon ER stress, BiP is released 

from ER transmembrane sensors leading to the activation of these UPR signaling pathways 134.  
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Figure 8. Unfolded protein response. In response to an increase in unfolded proteins in the ER lumen, 

three sensors that are located in the ER membrane, PERK, IRE1 and ATF6, activate the UPR. Under 

homeostatic conditions, PERK, IRE1 and ATF6 are bound by binding BiP, which suppresses their activity. 

In response to ER stress, BiP is recruited away from PERK, IRE1 and ATF6 to promote protein folding, 

which leads to the activation of these ER stress sensors. Adapted from Vincenz L et al 135. 

 

3.2.1. PERK Pathway 
 

PKR-like ER kinase (PERK; official symbol EIF2AK3) is ubiquitously expressed in the body, and 

has two domains, an ER luminal domain and a cytoplasmic kinase domain 136,137. BiP 

detachment from the ER luminal domain, upon ER stress, leads to oligomerization 132, trans-

autophosphorylation and PERK activation 138. PERK dimerizes to promote its 

autophosphorylation and activation 139. Activated PERK phosphorylates the eukaryotic 

translation-initiation factor 2a (eIF2α) to attenuate the rate of general translation initiation 

and prevent further protein synthesis 136,140,141. Blocking translation during ER stress 

consequently reduces the protein load in the ER folding machinery 142. On the other hand, 

phosphorylated eIF2α selectively activates translation of genes that have short upstream open 

reading frames in their 5´untranslated region (5´UTR), such as the transcription factor ATF4, 

which upregulates genes involved in amino acid import, metabolism, and resistance to 
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oxidative stress. Although ATF4 confers a cytoprotective effect in the early phase of ER stress 
142,143, it also induces the expression of C/EBP-homologous protein (CHOP), which is a 

proapoptotic transcription factor, in the later phase of ER stress. CHOP inhibits function of 

BCL2 family members, which protect cells from apoptosis, and therefore leads to cell death. 

Thus, the PERK pathway has opposing effects, cytoprotective or apoptotic, depending on 

cellular conditions. 

3.2.2. ATF6 pathway 
 

ATF6 functions as a bZIP transcription factor that enhances expression of ER chaperone genes. 

Dissociation from BiP allows ATF6 to translocate from the ER to the Golgi apparatus, where it 

is cleaved. The cleaved form of ATF6 migrates into the nucleus and acts as an active 

transcription factor to upregulate proteins that increase ER folding capacity, such as the ER 

chaperones, GRP78 and GRP94, and the folding enzyme, PDI. ATF6 can also induce the 

expression of XBP1 and CHOP to enhance UPR signaling 144. However, if the disruption of the 

ER function cannot be resolved, ATF6 upregulates factors involved in apoptosis that initiate a 

programmed cell death to restore cellular homeostasis 145-148. 

3.2.3. IRE1 pathway 
 

Inositol-requiring enzyme-1 (IRE1; official symbol ERN1) is an ER-localized transmembrane 

protein that senses unfolded proteins and it is considered a master regulator of the UPR 

pathway. IRE1 is a bifunctional enzyme with kinase and endonuclease activities 149. ER stress 

triggers the oligomerization and trans-autophosphorylation of IRE1 leading to the activation 

of its RNase activity 150,151. The primary target of IRE1 is the mRNA that encodes the XBP1. In 

mammalian cells, the full length mRNA of XBP1, also referred as the un-spliced form (XBP1u), 

is spliced by IRE1 at two specific sites, which results in the removal of an unconventional intron 

of 26-nucleotide. This splicing event causes a frameshift that allows translation of the spliced 

form (XBP1s), which encodes a potent transcription factor 152. When XBP1s is translocated to 

the nucleus, it induces the expression of target genes involved in protein synthesis, secretion 

and expansion of the secretory apparatus and cell size 112. 
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Figure 9. Schematic representation of XBP1 mRNA splicing by IRE1 during ER stress response in 

the ER membrane. The 26 nt intron is spliced from XBP1u mRNA by IRE1, producing the active form 

XBP1s. 

 

XBP1 is mainly known for its role in the ER stress response, targeting genes such as DnaJ, p58, 

ERdj4, EDEM and PDI, which are involved in protein folding and ERAD (ER-associated 

degradation) 153,154. ERAD targets are selected by a quality control system within the ER lumen 

and are ultimately destroyed by the cytoplasmic ubiquitin–proteasome system (UPS) 155.Thus, 

the UPR progresses through transient attenuation of translational and transcriptional 

induction of ER chaperones, folding enzymes, and proteins involved in ERAD to alleviate 

protein aggregation in the ER as an adaptive response. However, under severe and prolonged 

ER stress, the UPR activates unique pathways that lead to cell death through apoptosis 156. 

In summary, upon ER stress, transcriptional induction, mediated by IRE1 and ATF6, and 

translational regulation, mediated by PERK, are complementary for maintaining ER 

homeostasis and ensuring cell survival. 
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3.3. Cell surface markers 
 

BC differentiation is commonly presented as a linear process through sequential series of 

stages to end up with the production of fully functional mature cells. The maturation process 

along each lineage is tightly controlled by sequential expression of genes and their products 
157, as detailed in the previous sections. As BCs mature and differentiate, they give rise to 

multiple functionally distinct BC subsets. The diverse nature and function of these different BC 

subsets can be deciphered by the differential expression of cell surface and intracellular 

markers, as well as the distinct immunoglobulin and cytokine secretion profiles.  

Cell surface markers may have diverse functions, such as growth factor receptors, adhesion 

molecules, extracellular enzymes, and signal transduction molecules. Some of these cell surface 

antigens are restricted to a specific cell lineage, while others are widely expressed along 

different cell lineages, however their levels depend on the maturational stage which reflect 

their expression patterns 158. 

The analysis of cell surface markers, such as CD10, CD19, CD20, CD21, CD24, CD34, and CD38 

allows the identification of both early and late stages of development 159,160, especially in those 

cases where immunoglobulin cannot be used to distinguish between cell types. Thus, CD19, a 

signal transduction molecule, is expressed throughout BC development up to, but not 

including, the mature PC stage 161. The expression of syndecan-1 (CD138) distinguishes 

circulating plasmablasts and PCs from other developmental and functional subsets. The key 

markers associated with each BC stage are summarized in (Figure 10).   
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3.4. Epigenetics and B cell development  
 

Epigenetic modifications include histone post-translational modifications, DNA 

methylation/demethylation, and alteration of gene expression by non-coding RNAs, including 

microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). All these epigenetic changes play 

important roles in several biological processes, such as cell growth, apoptosis, differentiation, 

development, immune response and aging 162.  

Epigenetic modifications, in concert with transcription factors, have been shown to play critical 

roles in BC development and differentiation 163,164. In fact, epigenetic mechanisms involved in 

the reprogramming and differentiation of BCs have been the subject of numerous studies. For 

instance, naive BCs display an inactive epigenetic status, showing genome-wide DNA 

hypermethylation and histone deacetylation 165, which makes that very few genes are 

expressed except those required for BC lineage, such as CD19, PAX5, EBF1 and SPIb, exhibiting 

active epigenetic status 166. Implication of epigenetics has also been reported in PC 

differentiation. Thus, BLIMP1 has been demonstrated to induce histone deacetylation in the 

promoter region of BCL6, PAX5, and SPIb, which display low histone acetylation levels in PCs 
167. Furthermore, BLIMP1 has been found to bind to H3K9 methyltransferase G9a, therefore 

recruiting this enzyme to the promoter regions of SPIb and PAX5, leading to gene silencing 168. 

In addition, SHR and CSR have been demonstrated to be regulated by DNA methylation and 

histone modification 169. 

Most studies on the role of noncoding RNAs in PCs have focused on miRNAs. miRNAs regulate 

gene expression through targeting the 3´UTR of mRNA transcripts, which leads to their 

degradation or translation inhibition 170.  

Figure 10 summarize the factors mostly implicated in the regulation of BC differentiation.  
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Figure 10. Summary of molecular and cellular changes throughout the process of differentiation 

from BC to PC. 
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4. MicroRNAs 

 
4.1. miRNAS biogenesis  

MicroRNAs (miRNAs) are short non-coding single-stranded RNAs of approximately 22 

nucleotides in length. They were first discovered in C. elegans 171 and later in plants and animals 
172. In humans, as well as in other mammalians, almost 2,300 different miRNAs have been 

identified 173. The main function of miRNAs is the regulation of gene expression at a post-

transcription level, since they bind to the 3´untraslated region (3´UTR) of target mRNAs, 

resulting in mRNA degradation or translation suppression 174,175. Gene regulation mediated by 

microRNAs has a broad impact on gene expression, since each miRNA can control hundreds of 

gene targets and many mRNAs have target sites for multiple different miRNAs. This makes that 

miRNAs potentially control the expression of about one-third of human mRNAs 176-180.  

Most human miRNA genes are located between protein-coding genes (intergenic miRNAs), 

while about one-third of them have been found inside protein-coding genes, called host genes 
181. miRNAs are frequently grouped into clusters. Generally, there are between two and three 

miRNA genes in a cluster, but larger clusters have also been identified, like the miR-17∼92 

cluster composed of six members 182.  

The biologically active miRNAs are generated in a two-step sequential mechanism involving 

two RNase III nucleases, Drosha and Dicer. They are key factors in the biogenesis of miRNA 

whose downregulation has been reported in many cancer types 183. Processing of the hairpin 

precursor (pre-miRNA) through Dicer generates a miRNA: miRNA duplex (the 5´strand and the 

3´strand). The miRNA machinery is orchestrated by two major multiprotein complexes, the 

Drosha complex in the nucleus, and the cytoplasmatic RNA-induced silencing complex (RISC), 

which contains the Argonaute (Ago) family proteins as a core component (Figure 11) 172,174,184-

189. One of these strands, known as the guide arm, will be incorporated into RISC complex, while 

the other, known as the passenger strand, will be degraded. One of the two strands is 

preferentially selected as guide, either 5´ or 3´. While either of the miRNAs strands can be used 

equally, the selection of the strand is highly regulated and depends on cell/tissue type 190,191. 

Perfect binding of the seed sequence of the miRNA to the mRNA leads to complete mRNA 

degradation, while imperfect binding leads to protein translation inhibition 178,192. 
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Figure 11. Schematic representation of miRNA biogenesis and function 193. 
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It is well known that miRNAs are involved in critical biological processes, including cellular 

growth and differentiation, and in cancer pathogenesis 172,174,194-196. The miRNAs 

downregulated in cancer cells that prevent cancer development by inhibiting the expression of 

proto-oncogenes, are known as tumor suppressor miRNAs 197, while those upregulated that 

contribute to carcinogenesis by inhibiting tumor suppressor genes, are considered oncogenic 

miRNAs (oncomiRs). Whether a miRNA acts as an onco- or a tumor suppressor miRNA is highly 

dependent on the cellular context 198.  

 

 

 

 

Figure 12. Schematic representation of the role of miRNA in carcinogenesis. The arrow and T-line 

indicate activation and repression respectively. 
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4.2. miRNA in MM 
 

Over the past decade, the crucial role of miRNAs in the pathogenesis of many cancers has been 

clearly demonstrated. In particular, the deregulation of miRNAs in MM compared to normal PC 

has been reported 199,200, and several studies have revealed the involvement of miRNAs in MM 

pathophysiology 201-206. Moreover, the therapeutic potential of miRNA modulation has been 

investigated not only to target myeloma cells, but also to disrupt the functional interaction 

between myeloma cells and bone marrow microenvironment 207-210. 

There are several factors that regulate miRNA expression and function in MM, mainly 

transcription factors, but also genomic and epigenetic changes in miRNA genes 193. It has been 

demonstrated that different cytogenetic abnormalities are correlated with specific miRNA 

signatures (Table 3), for example, upregulation of miR-1 and miR-133 is correlated with MM 

bearing the t(14;16) 211. 

The implication of miRNAs in the pathogenesis of MM has been reported in several studies that 

demonstrate the regulation of specific genes by miRNAs, as in the case of TP53 and its 

expression network at multiple levels. Actually, aberrant miRNA expression leads to TP53 

deregulation in MM 212. Two upregulated miRNAs in MM, miR-25 and miR-30d, were 

demonstrated to interact with the 3´UTR of the human TP53 gene downregulating its 

expression. Thus, knockdown experiments of these miRNAs in MM cells led to increased p53 

expression and its downstream targets, resulting in cell apoptosis 213. Additionally, the miR-

125a-5p which has been described to be upregulated in a subset of MM patients carrying the 

t(4;14) translocation 214, directly binds to TP53 mRNA 3´UTR triggering a decrease of p53 

levels. Interestingly, inhibition of miR-125b was demonstrated to overcome dexamethasone 

resistance in MM cells by activation of p53 downstream targets 215.  

Several miRNAs have also been described to indirectly regulate p53 by affecting some of its 

regulators 216,217. MiR-34a was shown to negatively regulate SIRT1, a protein that deacetylates 

p53 limiting its ability to transactivate its target genes 218. As a consequence of miR-34a 

expression, p53 pathways were activated. This miRNA could be of particular interest in MM, 

since it was induced in MM cells by treatment with dexamethasone, which suppressed SIRT1 

deacetylase and consequently allowed p53 activation 219. MiR-192, miR-194 and miR-215 have 

been described to target MDM2 in myeloma cells, and their ectopic expression induced 

significant down-regulation of MDM2, which was accompanied by p53 overexpression and p21 

activation 220. Interestingly, these miRNAs can, in turn, be transcriptionally activated by p53 

demonstrating an autoregulatory loop between miRNAs and p53. In this regard, our group has 

also demonstrated that miR-214 activates p53 by targeting PSMD10 that encodes the 
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oncoprotein gankyrin, which negatively regulates p53 by enhancing its proteasomal 

degradation 221. Specifically, using gain-of-function experiments and luciferase reporter assays 

we observed that ectopic transfection of miR-214 decreased the level of gankyrin protein by 

directly targeting PSMD10 3´UTR. Moreover, as a consequence of gankyrin down-regulation in 

cells with WT TP53, an increase of TP53 mRNA levels and subsequent up-regulation of CDKN1A 

(p21Waf1/Cip1) and BAX transcripts, which are direct transcriptional targets of p53, were 

observed. Taken together, the reported findings suggest an important role for miRNAs in the 

regulation of the p53 tumor suppressor. 

As in other tumors, miRNAs may also act in MM as oncomiRNAs, like miR-21, whose 

upregulation, demonstrated by several studies, affect cell migration, apoptosis and drug 

resistance 222. Additionally, the miR-17∼92 cluster, which encodes six miRNAs (miR-17, miR-

18a, miR-19a, miR-19b, miR-20a and miR-92a) all processed from the same precursor 

transcript, is frequently overexpressed in MM. This miR-cluster has been shown to target the 

proapoptotic gene BIM suggesting a possible mechanism through which overexpression of 

miR-17∼92 could contribute to the anti-apoptotic signals in MM 199. 

Conversely, several miRNAs can act as tumor suppressors in MM. For example, the ectopic 

expression of miR-15a and 16, both located at 13q and frequently downregulated in MM, have 

been shown to affect myeloma proliferation by inhibiting AKT and MAP-kinases, and by 

reducing bone marrow angiogenesis 223. Similarly, miR-137 and miR-197, both downregulated 

in MM, are considered as tumor suppressors since they mediate apoptosis in MM cells via 

targeting MCL-1 205. MiR-34a is one of the most characterized tumor suppressor miRNAs in 

several cancers, and an anti-myeloma effect has been described in in vitro and in vivo studies 
224,225. Likewise, miR-155 whose reduced expression is linked to the hypermethylation of the 

first exon of miR-155 host gene, has also been reported to have anti-myeloma activity 226.  

Finally, the impairment of proteins involved in miRNA biogenesis may lead to different miRNA 

expression profile in MM 193. Notably, silencing of AGO2 results in a decrease of total miRNA 

levels 227,228. DICER mRNA level in NPC was very similar to MGUS, and significantly higher than 

in SMM and MM 229. Moreover, higher expression of DICER was associated with improved 

progression-free survival in symptomatic myeloma patients 229. Overall, these studies support 

the idea that the aberrant expression of proteins involved in the biogenesis of miRNAs may 

affect the MM pathogenesis. 
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Table 2. Deregulated miRNAs in each of the cytogenetic groups of MM in comparison with NPC.All 

miRNAs were downregulated in myeloma cells except miR-1, miR-449 and miR-133a, which were 

upregulated in t(14;16) 211. 
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4.3. miRNAs in B cell development 
 

Several studies have revealed the involvement of particular miRNAs in BC development 180, 230-

232 (Figure 13). Here, we will mention some examples of miRNAs that are implicated in BC 

maturation. MiR181a was the first miRNA reported to have a role in BC differentiation in the 

BM. Moreover, it was identified as a miRNA differentially expressed in T and BCs. MiR181a 

ectopic expression promoted a substantial increase in the generation of BCs, both in vitro and 

in vivo 233. In agreement with these results, miR-181a/b deficient mice showed a mild decrease 

in the number of peripheral and GC BCs 234. Interestingly, miR-181a was later shown to play an 

important role in the modulation of the thresholds of TCR signaling in thymocytes 235,236, 

providing a nice example of a miRNA playing distinct roles in different cell lineages, 

presumably by affecting different sets of target genes. Additionally, miR-155, highly expressed 

by GC BCs, has been found to be associated with BC differentiation. In miR-155 knockout mice, 

reduced GC BCs and memory BCs along with decreased high-affinity IgG1 antibodies were 

found 237-239. MiR-155 also regulates AID expression and has a vital role in the differentiation 

of memory BCs 240. 

Indeed, it has also been shown that essential factors for PC differentiation, such as PRDM1, IRF4 

and XBP1 can be regulated by miRNAs. Thus, PRDM1, whose mRNA contains a long (>2,000 nt) 

3′ UTR, can be potentially targeted by multiple miRNAs, including miR-9, miR-23b, miR-30, 

miR-125b, miR-127, and let-7 241-248. In fact, overexpression of miR-125b in BCs impairs 

BLIMP1 expression and inhibits BC differentiation into PCs 244. In addition, miR-125b can 

downregulate IRF4, which reciprocally regulates BLIMP1 116,241,244. Furthermore, XBP1 that 

governs late events of PC differentiation can be downregulated by miR-127 248.  

Interestingly, the proteins involved in miRNA biogenesis are also implicated in BC 

development 164,231. It has been described that in an AGO2-deficient hematopoietic system, B 

lymphogenesis is affected by a reduction in pro-B and specially pre-BCs 249, and it has also been 

found that DICER ablation in progenitor BCs blocks the pro-B to pre-B transition 250. 
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Figure 13. Involvement of microRNAS in B cell differentiation. miRNAs marked in blue are 

upregulated in the indicated transition, whereas those showed in red are downregulated. Adapted from 

Lionetti M et al 231. 
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The transition from B cells to plasma cells involves dramatic transcriptional modifications that 

result in the plasma cell phenotype, characterized by long-term survival, and the production 

and secretion of antibodies. Defects in plasma cell development can seriously impact on human 

health. Indeed, in several lymphoid neoplasms, the disruption of the B cells differentiation 

process, such as mutations of certain key B cell maturation factors has been associated with 

the malignant transformation of B cell. 

Although the understanding of the molecular bases that regulate plasma cell formation has 

progressed in the last years, little is known about the mechanisms involved in the maintenance 

of long-lived plasma cells, which are the cells that abnormally accumulates in the bone marrow 

of patients with multiple myeloma. Increasing knowledge of the factors involved in the 

maturation of plasma cell could help us understand the pathogenesis of multiple myeloma, and 

thereby provide new perspectives for the development of more effective therapeutic strategies 

that could block the deleterious activity of plasma cells in multiple myeloma. 

Using microarray expression analysis, we had found in a previous study that the mRNA 

encoding DEPTOR and IRE1 were overexpressed in normal plasma cells and myeloma cells 

compared with normal B lymphocytes. For this reason, we hypothesized that the variable 

expression of DEPTOR and IRE1 proteins could contribute to induce different 

maturation states of myeloma cells. DEPTOR is an mTOR inhibitor that has been found to be 

overexpressed in a subset of multiple myeloma harboring CCND1/CCND3 or MAF/MAFB 

translocations. In these cells, high DEPTOR expression was found necessary to maintain PI3K 

and AKT activation and the reduction in DEPTOR levels led to apoptosis. However, a putative 

role of DEPTOR in plasma cell maturation has not previously been reported. The endoplasmic 

reticulum stress sensor IRE1 has been demonstrated to be required during early and late B cell 

differentiation. On one side, it is critical at pro-B cell stage for proper VDJ recombination of Ig 

genes, and on the other side, IRE1 has been shown to be indispensable for terminal 

differentiation of B cells into plasma cells through the activation of XBP1.  

Over the last years, numerous miRNAs have been found to be involved in B cell maturation. 

This fact prompted us to reason that the expression of both DEPTOR and IRE1 could also 

be regulated at post-transcriptional level by miRNAs.  

In addition to participating in plasma cell maturation, IRE1 has also been shown to target 

several mRNAs for degradation in an XBP1-independent manner. This mechanism known as 

regulated IRE1-dependent decay (RIDD) may depend on the nature of the stress stimuli and 

the tissue context. Several studies have suggested that many RIDD targets are yet to be 

identified. In myeloma cells, the only RIDD target that has already been identified is BLOC1S1 
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mRNA. Our hypothesis was that many other RIDD targets might exist in multiple 

myeloma and some of them could regulate the survival or proliferation of myeloma cells.  

 

Aims: 

 

1) To investigate the role of DEPTOR gene in the terminal differentiation of myeloma cells. 

- To study the effects of DEPTOR silencing in the maturation state of myeloma 

cells.  

- To identify miRNAs that modulate DEPTOR expression in multiple myeloma 

and to ascertain their effect on plasma cell maturation. 

- To correlate the clinical outcome of multiple myeloma patients with the 

levels of DEPTOR protein. 

 

2) To uncover the function of IRE1 in the maturation of myeloma cells. 

- To analyze the impact of IRE1 knockdown in the maturation state of 

myeloma cells. 

- To explore the epigenetic regulation of IRE1 by microRNAS. 

 

3) To identify regulated IRE1-dependent decay (RIDD) targets in multiple myeloma by RNA-

sequencing. 

- To analyze the presence of IRE1 cleavage site in RIDD targets. 

- To investigate whether the identified targets are degraded upon the 

induction of endoplasmic reticulum stress. 

 

 



 

 

 

 

 

 

 

Results 
This section includes the experimental work conducted in this thesis, including Material and 

Methods, Results, Discussion, and Supplementary materials for each chapter.  
1. Chapter I: DEPTOR maintains plasma cell differentiation and favorably affects 

prognosis in multiple myeloma 

2. Chapter II: MiR-124 and miR-506 overexpression promote plasma cell dedifferentiation 

through the regulation of IRE1 

3. Chapter III: RNA sequencing identifies novel regulated IRE1-dependent decay targets 

that affect multiple myeloma survival and proliferation 
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Abstract 

Background: The B cell maturation process involves multiple steps, which are controlled 

by relevant pathways and transcription factors. The understanding of the final stages of 

plasma cell (PC) differentiation could provide new insights for therapeutic strategies in 

multiple myeloma (MM). Here, we explore the role of DEPTOR, an mTOR inhibitor, in the 

terminal differentiation of myeloma cells, and its potential impact on patient survival. 

Methods: The expression level of DEPTOR in MM cell lines and B cell populations was 

measured by real-time RT-PCR, and/or Western blot analysis. DEPTOR protein level in MM 

patients was quantified by capillary electrophoresis immunoassay. RNA interference was 

used to downregulate DEPTOR in MM cell lines. 

Results: DEPTOR knockdown in H929 and MM1S cell lines induced dedifferentiation of 

myeloma cells, as demonstrated by the upregulation of PAX5 and BCL6, the downregulation 

of IRF4 and a clear reduction in cell size and endoplasmic reticulum mass. This effect seemed 

to be independent of mTOR signaling, since mTOR substrates were not affected by DEPTOR 

knockdown. Additionally, the potential for DEPTOR to be deregulated in MM by particular 

miRNAs was investigated. The ectopic expression of miR-135b and miR-642a in myeloma 

cell lines substantially diminished DEPTOR protein levels and caused dedifferentiation of 

myeloma cells. Interestingly, the level of expression of DEPTOR protein in myeloma patients 

was highly variable, the highest levels being associated with longer progression-free 

survival. 

Conclusion: Our results demonstrate for the first time that DEPTOR expression is required 

to maintain myeloma cell differentiation and that high level of its expression are associated 

with better outcome.  

Primary samples used in this study correspond to patients entered into GEM2010 trial 

(registered at www.clinicaltrials.gov as #NCT01237249, 4 November 2010). 

 

 

http://www.clinicaltrials.gov/
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Introduction 

Multiple myeloma (MM) is a clonal disorder of B-cells (BCs) in the final stage of 

differentiation that accounts for approximately 10% of all hematological cancers 1. MM is 

characterized by clonal accumulation of malignant plasma cells (PCs) in the bone marrow, 

which secrete a monoclonal immunoglobulin. Although several therapeutic agents are 

available, MM remains incurable. Knowledge of all the factors involved in PC differentiation 

could provide new insights of relevance to therapeutic strategies for MM. In fact, in some 

hematological neoplasms, the malignant transformation of BC has been associated with the 

disruption of the B cell differentiation process, such as mutations of certain key BC 

maturation factors 2-4. The transition from B lymphoid precursors to antibody-secreting PCs 

involves several molecular and cellular modifications including transcriptional changes, 

expansion of the cytoplasm and the secretory organelles to accommodate high-rate 

synthesis of immunoglobulins, unfolded protein response (UPR) activation and changes in 

cell surface antigen expression 5-8. It has been demonstrated that the transcriptomes of BC 

and PC are maintained by two groups of transcriptional factors: those that promote the B 

cell program, such as PAX5, BCL6 and BACH2, and those that favor and facilitate PC 

differentiation, notably IRF4, BLIMP1 and XBP1 9. Interestingly, many of these transcription 

factors repress others required for the alternative developmental state, thereby 

establishing mutually exclusive gene-expression programmes 9-12. Besides transcriptional 

factors, other types of proteins and biochemical pathways could be involved in the 

transformation of BC into mature PC.  

Using microarray expression data, we found that the mRNA encoding DEPTOR, an inhibitor 

of mTORC1 and mTORC2 kinases activities 13 was overexpressed in normal PCs (NPCs) and 

myeloma cells compared with normal B lymphocytes (NBLs) 14, which raised the possibility 

that this protein contributes to PC differentiation. The complete role of DEPTOR within the 

cells has not yet been fully elucidated, although the involvement of DEPTOR in several 

biological processes, such as cell growth, apoptosis, autophagy has been reported 15. A 

potential role of DEPTOR as a tumor suppressor or as an oncogene, depending on cell 

context, has been reported. It is considered a tumor suppressor, functioning by the 

inhibition of mTOR, whose activity is frequently hyperactivated in many human tumors. 

Indeed, DEPTOR has been found to be downregulated in many types of human cancers. 

However, it is also overexpressed in many other tumor types, including chronic myeloid 

leukemia, and MM 13,16. The overexpression of DEPTOR in MM has been associated with 

translocations involving MAF transcription factors and CCND1 and CCND3 genes 13. 
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Furthermore, DEPTOR seems to be overexpressed in MM with copy number gains of 8q24 

where DEPTOR is located 17.  

Here, we report for the first time that DEPTOR maintains the terminal differentiation of MM 

cells. Knockdown of DEPTOR reverts the transcriptional program of the PC to that 

characteristic of a BC. In addition, we found that microRNA deregulation in MM, specifically 

miR-642a and miR-135b downregulation may also underpin the overexpression of 

DEPTOR.  
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Materials and methods  

Cell lines and primary samples  

The human multiple myeloma cell lines (MMCL), NCI-H929, MM1S and U266 were acquired 

from the ATCC (American Type Culture Collection), and the JJN3, RPMI-8226, OPM-2, 

KMS12BM, KMS12PE and HEK923 lines were obtained from the Deutsche Sammlung von 

Mikroorganismen and Zellkulturen (DSMZ). Cell line identity was confirmed periodically by 

STR analysis with the PowerPlex 16 HS system kit (www.promega.com) and online STR 

matching analysis (www.dsmz.de/fp/cgi-bin/str.html). Cell lines were cultured in RPMI 

1640 medium supplemented with 10% fetal bovine serum and antibiotics (Gibco Life 

Technologies, Grand Island, NY, USA). Bone marrow (BM) samples from ten healthy donors 

were sorted by a FACSAria equipment into four BC populations: immature B cells (CD34-, 

CD19+, CD10+, CD38++), naive B cells (CD19+, CD27-, CD10-), memory B cells (CD19+, 

CD138-, CD27+, CD38+) and plasma cells (CD38+++, CD138+, CD45low). Monoclonal 

antibodies were purchased as follows: anti-CD45-FITC (clone D3/9), and anti-CD19-PECy7 

(clone A3-B1) from Immunostep (Salamanca, Spain); anti-CD38-PerCP-Cy™5.5 (clone 

HIT2), anti-CD34-APC (clone 8G12), and anti-CD27-BV421 (clone M-T271) from BD 

Biosciences (San Jose, CA, USA); anti- CD138-Pacific OrangeTM (clone B-A38) from Exbio 

Praha (Vestec, Czech Republic); and anti-CD10-PE (clone ALB1) from Beckman Coulter 

(Pasadena, CA, USA). CD138+ plasma cells were isolated from BM samples of 24 patients 

with newly diagnosed MM included in the GEM2010 Spanish trial (bortezomib, melphalan 

and prednisone plus lenalidomide and dexamethasone), using an autoMACS separation 

system (Miltenyi-Biotec, Auburn, CA, USA).  

RNA extraction and quantitative real-time PCR analysis 

RNA was extracted from the cell lines using an RNeasy mini kit (Qiagen, Valencia, USA) 

according to the standard protocol. RNA integrity was assessed using an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA (1 µg) was reverse-

transcribed to cDNA using High-Capacity cDNA Reverse Transcription Kits (Applied 

Biosystems, Foster City, CA, USA).  Expression of target genes was assessed using TaqMan 

qRT-PCR assays (Applied Biosystems). Relative gene expression was calculated by the 2-ΔCt 

method using GAPDH as the endogenous control for normalization.   

To detect mature miR-135b and miR-642a expression levels, TaqMan quantitative real-time 

polymerase chain reaction (qRT-PCR) miRNA assay (Applied Biosystems) was performed. 

The relative levels of expression of mature miR-135b and miR-642a normalized with 

respect to the RNU43 endogenous control were determined by the 2-ΔCt method. Each 

measurement was performed in triplicate. 

http://www.promega.com/
http://www.dsmz.de/fp/cgi-bin/str.html
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Transfections 

Cell lines were transfected using the nucleofector II system (Lonza, Allendale, NJ, USA) with 

the following programs: C-16 for H929 and JJN3, G-16 for MM1S, and X-005 for U266. Cells 

were transfected with on-TARGET plus™ control pool or on-TARGET plus SMART pool 

Human DEPTOR (Dharmacon, Lafayette, CO, USA); pre-miR™ miRNA precursors pre-miR-

135b, pre-miR-642a, and pre-miR™ miRNA negative non-targeting control#1 (Ambion, 

Austin, TX, USA); and microRNA inhibitors, hsa-miR-135b-5p miRCURY LNA™ microRNA 

inhibitor, hsa-miR-642a-5p miRCURY LNA™ microRNA inhibitor and miRCURY LNA™ 

microRNA inhibitor negative control A (Exiqon, Woburn, MA, USA). siRNA and miRNA 

concentration of 25 nM was used in all the experiments.  

Cell cycle analysis  

Cells were washed in PBS and fixed in 70% ethanol for later use. Cells were rehydrated with 

PBS, resuspended in 500 μl of PI/RNase staining solution (Immunostep), and incubated for 

20 minutes at RT in the dark. Samples were analyzed using a FACSCalibur flow cytometer. 

Apoptosis and cell proliferation assays 

Apoptosis was measured using an annexin V-fluorescein isothiocyanate/propidium iodide 

(PI) double staining (Immunostep) according to the manufacturer’s procedure. Cell viability 

was evaluated with the CellTiter-Glo® luminescent cell viability assay based on the amount 

of ATP present (Promega), in accordance with the manufacturer’s protocol. 

Immunophenotyping 

MM cell lines were immunophenotyped on a FACSCanto II cytometer (Beckton Dickinson 

Biosciences) using the following monoclonal antibodies: CD138-OC515 (Cytognos S.L., 

Salamanca, Spain), CD38-APC-H7 (BD Biosciences) and sIgk-PB (Vestec, Czech Republic). 

Data analysis was performed using the Infinicyt software (Cytognos S.L.). A minimum of 105 

events were stored. Median fluorescence intensity of each marker was analyzed.  

Luciferase reporter assay 

The double-stranded oligonucleotides corresponding to the wild-type or mutant miR-135b 

and miR-642a binding sites in the 3´-untranslated region (3´UTR) of DEPTOR were 

synthesized (Supplementary materials: Table S1) (Sigma-Aldrich, St Louis, MO, USA) and 

ligated between the PmeI and Xbal restriction sites of the pmirGLO vector (Promega, 

Madison, WI, USA). Oligonucleotide sequences are detailed in (Supplementary materials: 

Table S1). Luciferase assays in HEK293 cells were performed as previously described 18.  
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Western blot 

Protein extraction and Western blot analysis were carried out as previously detailed 18. The 

primary antibodies used for immunoblotting were anti-DEPTOR, anti-AKT, phospho-AKT 

(ser473), anti-p70 S6 kinase, anti-phospho-p70 S6 (Thr389), anti-4E-BP1, anti-phospho-

4E-BP1 (Thr37/46), anti-phosphor-S6 ribosomal protein (Ser235/236) (Cell Signaling 

Technology, Beverly, MA, USA), anti-IRF4, anti-Ig kappa light chain and anti-Ig lambda light 

chain (Santa Cruz Biotech, Delaware, CA, USA). Anti-β-actin (Sigma-Aldrich) was used as an 

internal control for protein loading. The membranes were then washed and incubated with 

the secondary horseradish per-oxidase-linked anti-mouse IgG or anti-rabbit IgG antibodies 

(PierceNet) (1:10000), anti-goat IgG (Santa Cruz Biotech) (1:10000). Chemiluminescence 

was detected using the Amersham ECL Plus™ Western Blotting Detection Reagent (GE 

Healthcare). 

Capillary electrophoresis immunoassay  

Capillary electrophoresis immunoassay was performed using the WES™ machine 

(ProteinSimple Santa Clara, CA, USA) according to the manufacturer’s protocol. In brief, 4 µl 

of samples at a concentration of 0.1 mg/ml (or lower when it was not possible to achieve 

0.1 mg/ml) were combined with a master mix (ProteinSimple) to a final concentration of 1x 

sample buffer, 1x fluorescent molecular weight markers, and 40 mM dithiothreitol (DTT), 

and then heated at 95°C for 5 min. The samples, blocking reagent, wash buffer, primary 

antibodies (anti-DEPTOR and anti-GAPDH at 1:100 concentration), secondary antibodies, 

and chemiluminescent substrate were dispensed into designated wells in the microplate 

provided by the manufacturer. After plate loading, the fully automated separation 

electrophoresis and immunodetection steps were carried out in the capillary system. Data 

were analyzed with the inbuilt Compass software (ProteinSimple). The signal from DEPTOR 

was normalized with respect to the signal from GAPDH, making sure that the signals of both 

proteins were within the linearity range. 

Immunofluorescence staining 

Cells were collected 48 or 72 h post-transfection, washed with PBS, and stained for 30 min 

with 1 µM ER-Tracker™ Red (Invitrogen). Cells were washed again with PBS, fixed with 4% 

formaldehyde for 5 min at room temperature and placed on glass slides coated with poly-

L-lysine and stained for 1 min with DAPI II. The slides were then mounted using 

VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame, CA, USA). Images were 

collected under a Zeiss confocal microscope equipped with 636/1.4 Oil Plan-APOCRHOMAT 

DIC. 
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Statistical analysis  

The two-tailed Student's t-test or the two-tailed Welch's t-test was used to analyze group 

differences in experiments when data showed equal or unequal variances, respectively. 

Data are reported as mean values ± standard deviation (SD) of at least three determinations. 

Progression-free survival (PFS) distribution curves were plotted using the Kaplan–Meier 

method; the log-rank test was used to estimate the statistical significance of differences 

between the curves. The Cutoff Finder web application (http://molpath.charite.de/cutoff) 

was used to determine the optimal cutoff, defined as that yielding the most significant split 

discriminating shorter and longer survival, and identified by testing all possible cutoffs 

using the log-rank test 19. Values of p < 0.05 were considered statistically significant. All 

statistical analyses were conducted using the SPSS 21.0 program (IBM Corp. Released 2012. 

IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp). 
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Results 

DEPTOR is overexpressed in plasma cells compared with B lymphocytes. 

In order to confirm the previously observed overexpression of DEPTOR by microarray 

analysis in NPC and myeloma cells relative to NBL (GSE6691 at GEO repository) 14 (Figure 

1A), we quantified DEPTOR mRNA levels by qRT-PCR in four BC populations. To this end, 

immature, naïve, memory B cells and PCs were sorted from BM samples obtained from 

healthy donors. DEPTOR expression was found to be significantly higher in PCs than in all 

previous stages of differentiation (Figure 1B), which suggested that this protein could be 

involved in PC maturation.  

 

 

Figure 1. DEPTOR expression. A DEPTOR expression in normal B lymphocytes (NBL), normal PC 

(NPC), and myeloma cells obtained from gene expression arrays (GSE6691 at GEO repository). B 

DEPTOR expression detected by qRT-PCR in immature B cells, naive B cells, memory B cells and NPC. 

(* p ˂ 0.05, ** p ˂ 0.01, *** p ˂ 0.001).  
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DEPTOR knockdown induces dedifferentiation of myeloma cells 

To gain further insight into the potential role of DEPTOR in PC differentiation we knocked 

down its expression in MMCLs by siRNA for 48 h and then assessed the expression of key 

genes involved in B cell maturation by qRT-PCR. Cell growth and apoptosis experiments 

revealed that DEPTOR knockdown did not alter cell viability (Supplementary materials: 

Figure S 1A and 1B). However, we found that PAX5 and BCL6, which both encode B-cell 

lineage-specific activator proteins and which are present only at early stages of B-cell 

differentiation 9, were increased in DEPTOR-silenced cells (Figure 2A). Conversely, IRF4, an 

essential transcription factor for PC differentiation 20, was downregulated after DEPTOR 

knockdown. Reduced IRF4 levels were also confirmed by Western blot, mainly in H929 cells 

(Figure 2B). Additionally, immunophenotypic markers related to B-cell differentiation, such 

as CD19, CD38, CD138, and k light chain were also assessed. Thus, expression levels of CD38, 

CD138, and k light chain were found to be lower, while CD19 expression was higher after 

DEPTOR silencing (Figure 2A, 2B, and 2C). Next, we analyzed the effect of DEPTOR 

downregulation on myeloma cell morphology. Clear reductions in cell size and endoplasmic 

reticulum mass were found in both H929 and MM1S as a consequence of DEPTOR 

downregulation (Figure 3A, 3B, 3C). To exclude the possibility that cell cycle profiles were 

responsible for the differences in size of myeloma cells, we determined the percentage of 

cells in G1, S and G2/M by flow cytometry. No differences in cell cycle profiles were observed 

between control and DEPTOR-silenced cells (Figure. 3D). Next, we also determined whether 

the observed reduction in cell size in DEPTOR-silenced cells could also be detected by flow 

cytometry.  A clear reduction in mean FSC value was observed in DEPTOR-silenced cells 

compared with control cells (Figure 3E). Taken together, these results indicate that DEPTOR 

downregulation in MM cells induces a reversal of PCs to previous stages of PC 

differentiation. 
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Figure 2. DEPTOR knockdown modulates transcription factors and markers related to B cell 

maturation. A mRNA levels of the indicated genes in H929 and MM1S determined by qRT-PCR 48 h 

after DEPTOR knockdown. B Western blot of DEPTOR, IRF4, kappa and lambda light chain in H929 

and MM1S. C Flow cytometry analysis of CD38, CD138, and cytoplasmic kappa light chain in H929 

after DEPTOR knockdown (siDEPTOR) compared with non-targeting control (siNT); left panel: 

representative histograms; right panel: mean fluorescence intensity values (MFI). All results are 

presented as the means ± SD of three different experiments. (* p ˂ 0.05, ** p ˂ 0.01, *** p ˂ 0.001). 
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Figure 3. DEPTOR knockdown induces dedifferentiation of myeloma cells. A Giemsa stain of 

H929 and MM1S after DEPTOR knockdown. B Immunofluorescence of H929 and MM1S cells stained 

with ER-Tracker™ Red dye. C Average maximum diameter of H929 and MM1S transfected with non-

targeting (siNT) and DEPTOR siRNA (siDEPTOR) measured from two independent experiments. At 

least 100 cells per experiment were counted. D Cell cycle analysis 48 h after DEPTOR knockdown. 

The percentages of cells in different phases of the cell cycle are indicated. E Cell size of H929 48 h 

after DEPTOR knockdown. Representative dot plots showing forward-scatter (FSC) versus side-

scatter (SSC). All results are presented as the means ± SD of three different experiments. (* p ˂ 0.05, 

** p ˂ 0.01, *** p ˂ 0.001). 
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Dedifferentiation of myeloma cells induced by DEPTOR silencing is independent of 

mTOR signaling 

As DEPTOR has been described previously as an mTORC1/mTORC2 inhibitor 13, we were 

interested to determine whether PC dedifferentiation observed after DEPTOR silencing was 

induced through the mTOR signaling pathway. For this purpose, mTORC1 and mTORC2 

activity was monitored through the phosphorylation state of their substrates using the same 

conditions of DEPTOR knockdown that induced PC de-differentiation. We found that the 

levels of mTOR substrates were not changed by DEPTOR knockdown under the conditions 

assayed (Figure 4A). These results implied that all the molecular and morphological 

changes obtained after DEPTOR knockdown were independent of the mTOR pathway. To 

confirm these findings, we added rapamycin, a well-known mTORC1 inhibitor, in the 

DEPTOR knockdown experiments. As shown in (Figure 4B), levels of p-S6 were again found 

to be similar in control and in DEPTOR knockdown cells, but lower in cells exposed to 

rapamycin, showing that the downregulation of IRF4 triggered by DEPTOR silencing was 

not reverted by the addition of rapamycin. Therefore, the PC state is maintained by DEPTOR 

independent of its role as an mTORC inhibitor. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Dedifferentiation of myeloma cells after DEPTOR silencing is independent of mTOR 

signaling. A Levels of mTORC1 and mTORC2 substrates after DEPTOR knockdown in H929 and 

MM1S. All experiments were carried out 48 h post-transfection. B Western blot of H929 transfected 

with siNT or siDEPTOR and cultured with control medium, and rapamycin at 10 nM. 
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DEPTOR is a direct target of miR-135b and miR-642a 

It has previously been shown that DEPTOR is overexpressed in the subset of MM carrying 

MAF/MAFB and CCND1/CCND3 translocations. The influence of MAF/MAFB on DEPTOR 

levels was confirmed by both ectopic expression of MAFB and MAF silencing, which induced 

DEPTOR upregulation and downregulation, respectively 13. We evaluated DEPTOR 

expression in a panel of MM cell lines with different chromosomal translocations (Figure 

5A). DEPTOR mRNA and protein levels were detected in almost all cell lines analyzed, 

especially in RPMI-8226 and MM1S, which overexpress MAF 21, but also in H929 and OPM2 

carrying the (4;14) translocation. Surprisingly, some MM cell lines exhibited low levels of 

DEPTOR, like JJN3, even though it carries a MAF translocation, and U266, which overexpress 

cyclin D1 22-26. These results suggest that, although DEPTOR levels may be influenced by 

MAF/MAFB or cyclin D1/3 expression, additional mechanisms may affect its expression. To 

address the possibility that post-transcriptional regulation by microRNAs is involved in 

DEPTOR expression, we looked for miRNA-DEPTOR interactions in five databases (miRMap, 

PITA, RNA22, RNAhybrid and Targets scan), using a value of p = 0.05 for miRNAs whose 

predicted binding site is the 3’UTR of DEPTOR (Supplementary materials: Figure S2). A total 

of 47 common miRNAs were predicted to target DEPTOR from the five combined datasets. 

Of these, miR-135b and miR-642a had been previously reported to be downregulated in MM 

with different cytogenetic abnormalities 27. Underexpression of both miRNAs in different 

MM patients compared with NPCs was confirmed by qRT-PCR (Figure 5B). According to the 

prediction algorithms, miR-642a and miR-135b have one putative site in the DEPTOR 3´UTR 

(Figure 5C). To determine whether DEPTOR was a direct target of those miRNAs, we carried 

out luciferase reporter assays. The 3’UTR of DEPTOR harboring the sequence 

complementary to the miR-642a or miR-135b seed sequence was cloned in a reporter 

plasmid vector referred to as wild-type (WT). In parallel, a 3´UTR DEPTOR fragment 

containing mutant sequences (MUT) of the seed site of the two miRNAs was cloned in the 

same reporter plasmid. DEPTOR 3´UTR WT and MUT luciferase constructs were then 

transfected into HEK293 cells along with miR-135b/miR-642a or negative control (NC) 

miRNA, and luciferase activity was determined. We found that luciferase activity of cells 

cotransfected with WT DEPTOR 3´UTR and miR-135b or miR-642a was significantly lower 

(p < 0.01) than that exhibited by cells transfected with NC control miRNA. Luciferase activity 

of MUT constructs was not affected by miR-135b or miR-642a overexpression (Figure 5D).  
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Figure 5. DEPTOR expression is controlled by miR-135b and miR-642a in MM.  A DEPTOR mRNA 

levels measured by qRT-PCR (upper panel). Levels of DEPTOR in MM cell lines detected by Western 

blot (lower panel). B miR-135b and miR-642a expression in NPC and MM patients measured by qRT-

PCR. microRNAs expression was normalized to RNU43 (-2Δct). Two-tailed Welch’s t-test p-values for 

miR-135b and miR-642a were calculated (0.0081 and 0.0001 respectively). C Schematic diagram of 

the miR-642a and miR-135b predicted site on the DEPTOR 3´UTR, dark squares on DEPTOR 3´UTR 

WT and DEPTOR 3´UTR MUT represents fragments cloned in pmiRGlo plasmid. D Luciferase activity 

in HEK293 cells co-transfected with pre-miR-NC or pre-miR-135b/ miR-642a and plasmid pmiR-Glo 

with the putative miR-135b/miR-642a binding site of DEPTOR cloned downstream of the luciferase 

reporter gene. Luciferase activity was normalized using Renilla. All results are presented as the 

means ± SD of three different experiments. (* p ˂ 0.05, ** p ˂ 0.01, *** p ˂ 0.001).  
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MiR-135b and miR-642a regulate DEPTOR expression in MM  

Once DEPTOR had been validated as being a direct target of miR-642a and miR-135b, we 

speculated that differences in DEPTOR levels among MM cell lines could be partly related 

with the endogenous levels of these miRNAs. In fact, using qRT-PCR we found that JJN3 and 

U266, which exhibited low levels of DEPTOR despite MAF or cyclin D1 overexpression 

(Figure 6A), expressed higher amounts of miR-642a and miR-135b than H929, which 

displayed high levels of DEPTOR and carried t(4;14) (Figure 6A). To test this hypothesis, 

H929 was transfected with miR-135b or miR-642a and NC miRNA precursors. Clearly lower 

levels of DEPTOR protein expression were found in miR-135b and miR-642a transfected 

cells compared with control cells 72 h post-transfection (Figure 6B). To gain further 

evidence of the relationship between miR-642a/miR-135b expression and DEPTOR levels, 

miR-642a and miR-135b were specifically knocked down in U266 and JJN3 cell lines. 

DEPTOR protein expression was significantly higher in both cell lines after transfection with 

miR-642a/miR-135b inhibitors (Figure 6C). Taken together, these results demonstrate that 

miR-135b and miR-642a modulate DEPTOR expression through the consensus miR-135b 

or miR-642a binding sites in DEPTOR 3´UTR. These miRNAs can subsequently participate 

in the regulation of DEPTOR expression in MM.  

 

Figure 6. MiR-642a and miR-135b regulate DEPTOR expression in MM. A miR-135b and miR-

642a expression in MM cell lines measured by qRT-PCR. MicroRNA expression was normalized with 

respect to RNU43 (-2Δct). B Western blot of DEPTOR in H929 cells 72 h post-transfection with NC or 

miR-135b/miR-642a. C Western blot of DEPTOR in U266 and JJN3 transfected with NC or miR-

135b/miR-642a inhibitors. (* p ˂ 0.05, ** p ˂ 0.01, *** p ˂ 0.001). 
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Upregulation of miR-135b and miR-642a results in myeloma cell dedifferentiation 

through the negative regulation of DEPTOR 

Next, we were interested to determine whether downregulation of DEPTOR induced by the 

overexpression of miR-135b or miR-642a also led to PC dedifferentiation. Consistent with 

the finding after DEPTOR silencing by siRNAs, the downregulation of DEPTOR by 

transfection of H929 cells with miR-135b or miR-642a resulted in downregulation of IRF4 

and k light chain proteins (Figure 7A). In addition, DEPTOR knockdown by miR-135b and 

miR-642a overexpression led to the appearance of smaller, rounder cells with a lower 

cytoplasm and ER content than control cells (Figure 7B and 7C). These results and those 

obtained from siRNA experiments clearly indicated that the presence of DEPTOR is required 

to maintain myeloma cells at the terminal stage of differentiation. 
 

 

Figure 7. Upregulation of miR-135b and miR-642a results in myeloma cell dedifferentiation 

through negative regulation of DEPTOR. A Western blot of DEPTOR, IRF4, kappa light chain in 

H929 cells 72 h post-transfection with NC or miR-135b/miR-642a. B Giemsa stain of H929 cells 

transfected with NC or miR-135b/miR-642a. C Immunofluorescence of H929 cells stained with ER 

tracker.  
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DEPTOR is differentially expressed in MM and its upregulation is associated with 

longer survival and the stage of PC maturity  

DEPTOR mRNA is known to be differentially expressed in MM patients 13,28. We confirmed 

these results using two different microarray studies (GSE16558, and GSE39925 at GEO 

repository) 27,29. Next, we decided to quantify DEPTOR protein levels by capillary 

electrophoresis immunoassay in myeloma cells from 24 MM patients treated according to 

the Spanish GEM2010 trial. Consistent with the mRNA expression data, we observed that 

levels of DEPTOR protein also differed among the myeloma samples (Figure 8A). 

Interestingly, we found that the PFS was significantly longer in MM patients with high 

expression levels of DEPTOR than in those with low DEPTOR expression levels (p = 0.038) 

(Figure 8B).  

The differences in DEPTOR protein expression among MM patients led us to hypothesize 

that DEPTOR levels might be associated with the maturation state of myeloma cells of each 

patient, in line with our results from MMCLs. As morphological characteristics of myeloma 

cells are correlated with maturation stage 30, we examined the morphology of myeloma cells 

isolated from three patients with high DEPTOR protein levels and three with low protein 

levels. We observed that those cells harboring high levels of DEPTOR had an eccentric 

nucleus, large and extended cytoplasm, and were bigger than those exhibiting low levels of 

the protein (Supplementary materials: Figure S3). These results support those obtained 

from MMCLs and indicate that a suitable level of DEPTOR is necessary for PC maturation.  
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Figure 8. DEPTOR is differentially expressed in MM and its overexpression is associated with 

longer survival. A Levels of DEPTOR in MM patients assessed using capillary electrophoresis 

immunoassay. B Kaplan-Meier curves for progression-free survival (PFS) in 24 MM patients treated 

according to GEM2010 trial. 
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Discussion  

In this study we showed that DEPTOR, a protein overexpressed in MM 13, maintains PC 

differentiation. We also found that miR-135b and miR-642a, downregulated in the disease, 

modulate DEPTOR levels in MM cells. 

Initial studies of PC maturation reported that the final step of PC differentiation was 

irreversible 9,31-33. However, recent studies have revealed that alterations in IRE1, XBP1, 

FOXP1, PAX5 or BCL6/MTA3 may reprogram PCs to previous stages of differentiation 34-37. 

In keeping with these reports, we found that DEPTOR knockdown changed the 

transcriptional program associated with PC differentiation through the upregulation of 

PAX5 and BCL6, which maintain the B cell program, and downregulation of IRF4, a factor 

that favors PC differentiation 12. The main function of PC is the production of 

immunoglobulins at high rate, and for this to happen PCs must display a highly specialized 

morphology with expanded cytoplasm and a more sophisticated ER network compared 

with B cells 38. Our results demonstrated a clear loss of cell size and ER mass in both H929 

and MM1S as a consequence of DEPTOR downregulation. Taking these results together, we 

propose that DEPTOR maintains the state of PCs, and its deficiency in PCs results in PC 

dedifferentiation. Accordingly, DEPTOR levels increased during the differentiation of human 

PCs from B cells. Peterson et al showed that DEPTOR overexpression is necessary to 

maintain PI3K and AKT activation and that a reduction in DEPTOR levels leads to apoptosis 
13.  

Here, we found that DEPTOR inhibition, at the times and under the conditions assayed, did 

not affect cell survival, but reverted the commitment of PCs. A few earlier studies have found 

a connection between DEPTOR levels, mTORC1/mTORC2 activities and cell differentiation. 

It has been reported that DEPTOR maintains stem cell pluripotency by limiting mTOR 

activity in undifferentiated embryonic stem cells (ESCs) 39, whereas differentiation of mouse 

ESCs is associated with decreased DEPTOR levels. In T cells, it has been demonstrated that 

mTOR drives T-cell differentiation and function 40,41. In B cells one study has analyzed the 

consequences of B cell-specific loss of the mTOR negative regulator TSC1 42. The authors 

showed that deletion of TSC1 in murine B cells and subsequent TORC1 activation led to 

impairment of B-cell maturation. This work appears to be in agreement with our findings, 

in the sense that B cells would need an mTORC1 inhibitor to promote PC differentiation. 

However, we unexpectedly found that mTORC1/mTORC2 activities were not modified by 

DEPTOR silencing under our experimental conditions. The independence of mTORC1 

activity was corroborated by the addition of rapamycin, an mTORC1 inhibitor that did not 

revert the PC dedifferentiation induced by DEPTOR knockdown. We hypothesize that 
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DEPTOR may regulate B cell differentiation through mTOR-independent pathways. Their 

molecular connections with PC differentiation need to be elucidated.  

DEPTOR has been found to be overexpressed in many tumor types, including breast cancer, 

prostate cancer, chronic myeloid leukemia, lung cancer and MM 16. In the latter, DEPTOR 

overexpression was associated with cyclin D1/D3 upregulation and especially with the 

presence of MAF/MAFB translocations 13. The involvement of miRNAs in the pathogenesis 

and biology of myeloma has been suggested by several groups 27,43,44. Here, we found that 

DEPTOR expression is also controlled by two miRNAs, miR-135b and miR-642a, both of 

which are downregulated in several MM patients 27. Using luciferase reporter assays and 

gain-of-function experiments, we showed that transfection of miR-135b and miR-642a 

decreased DEPTOR levels in myeloma cells. Moreover, inhibition of miR-135b and miR-

642a in two MMCLs exhibiting high levels of expression of both miRNAs and a low level of 

expression of DEPTOR, despite displaying MAF or cyclinD1 upregulation, resulted in 

DEPTOR overexpression. We observed that DEPTOR downregulation induced by miR-135b 

and miR-642a ectopic expression also reverted the transcriptional program of the myeloma 

cells and reduced cell size and ER mass, similarly to the results obtained from DEPTOR 

silencing by siRNA. These findings emphasize the role that these miRNAs play in regulating 

DEPTOR expression. 

It was of particular note that DEPTOR protein levels in myeloma cells varied from patient 

to patient, and that its upregulation was clearly associated with longer PFS. Interestingly, 

high levels of DEPTOR expression have previously been associated with the prediction of 

response to thalidomide in MM 28. This observation is consistent with the fact that the 

patients included in our study received a treatment regimen that contained lenalidomide, a 

thalidomide-like drug. On the other hand, we have shown that DEPTOR induces PC 

maturation, and it has been reported that the maturation of myeloma cells is associated with 

sensitivity to anti-myeloma agents 30,34,45-47, including lenalidomide 45. In fact, plasma cell 

maturity seems to be an indicator of good prognosis in MM 47. 

Overall, our results show that high levels of DEPTOR result in more mature myeloma cells 

that would be more sensitive to therapeutic agents. They suggest the merit of further 

investigations to test the potential of DEPTOR levels as an indicator of maturation and as a 

predictive biomarker of sensitivity to anti-myeloma therapy.  
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Supplementary materials  

Supplementary Tables: 

Table S1. List of oligonucleotide sequences used for 3´UTR luciferase constructs. 

 

 

  

 

  

Sequence (5´- 3´) 

DEPTOR-miR-135b WT 

Forward                              AAACAAGCATTCAAGTGCTTAAAAGCCATAAAAAATGACTTCTTAATTT                                  

Reverse                              CTAGAAATTAAGAAGTCATTTTTTATGGCTTTTAAGCACTTGAATGCTTGTTT 

DEPTOR-miR-135b MUT 

Forward                              AAACAAGCATTCAAGTGCTTAAAAGCTGCGAAAAATGACTTCTTAATTT 

Reverse                              CTAGAAATTAAGAAGTCATTTTTCGCAGCTTTTAAGCACTTGAATGCTTGTTT 

DEPTOR-miR-642a WT 

Forward                             AAACTCCAGTGGCCTGTGGGTGAGGGAAGCCAGAATGACACAAAT 

Reverse                              CTAGATTTGTGTCATTCTGGCTTCCCTCACCCACAGGCCACTGGAGTTT 

DEPTOR-miR-642a MUT 

Forward                            AAACTCCAGTGGCCTGTGGGTAGAAAGGACCAGAATGACACAAAT 

Reverse                            CTAGATTTGTGTCATTCTGGTCCTTTCTACCCACAGGCCACTGGAGTTT   
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Supplementary Figures 

 

 

Figure S1. DEPTOR knockdown did not alter cell viability. A Proliferation of myeloma cells 48 h 

after transfection with DEPTOR siRNA. Data are expressed as means of three independent 

experiments ± SD. Proliferation of cells transfected with siNT was taken as 100% and values obtained 

in DEPTOR-silenced cells were normalized accordingly. B Percentage of apoptosis after DEPTOR 

knockdown in H929 and MM1S. Right panel shows representative dot plots. 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Bioinformatic identification of miRNAs that regulate DEPTOR expression. Venn 

diagram showing numbers of miRNAs predicted to target DEPTOR by the indicated 5 databases. 
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Figure S3. Cell morphology and size in MM patients with different DEPTOR levels. A Giemsa 

stain of 3 MM patients. B Average maximum diameter of MM cells measured from patients harboring 

high (n =3) and low (n = 3) DEPTOR levels. At least 50 cells per experiment were counted. (* p ˂ 0.05, 

** p ˂ 0.01, *** p ˂ 0.001). 
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Abstract  

B cell maturation is a serial process of multiple steps controlled by several relevant 

pathways, transcription factors, and miRNAs. Here, we investigate the role of IRE1 in the 

terminal differentiation of myeloma cells. IRE1 knockdown in H929 and MM1S cell lines 

induced dedifferentiation of myeloma cells, as demonstrated by the upregulation of PAX5 

and BCL6. In addition, we show that miR-124 and miR-506 regulate IRE1 expression in MM 

using luciferase reporter assays and gain-of-function experiments. The ectopic expression 

of miR-124 and miR-506 in myeloma cell lines substantially reduced IRE1 protein levels, 

and caused dedifferentiation of myeloma cells, as shown by the downreglulation of IRF4 

and IgƘ, and the reduction in cell size and endoplasmic reticulum mass. Our results 

demonstrate that IRE1 expression is required to maintain myeloma cell differentiation. 
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Introduction 

Endoplasmic reticulum (ER) plays a pivotal role in the synthesis, folding, and maturation of up 

to 30% of proteins in the cell 1. Changes in environmental or physiological demand lead to rapid 

increases in the protein-folding rate in the ER. The development of an immune response 

requires synthesis of a broad range of proteins, including inflammatory mediators, co-

stimulatory molecules and antibodies. However, if the protein folding capacity of the cell is not 

synchronized with the protein folding demand, misfolded proteins are accumulated in the 

lumen of the organelle causing ER stress 2.  

ER stress in turn activates the unfolded protein response (UPR), an adaptive cellular response 

controlled by three ER-resident sensors: PERK, ATF6, and IRE1. Once activated, these proteins 

collaborate in order to maintain ER homeostasis and ensuring cell survival 2. IRE1 is the most 

conserved transducer of the UPR and the most studied in the immune system 3,4. Upon UPR 

activation, IRE1 splices, at two specific sites, a 26-nucleotide sequence from the un-spliced 

XBP1 mRNA (XBP1u), which induces a translational frameshift that results in the expression 

of a fully functional transcription factor XBP1s (the spliced form) that is essential for PC 

commitment 5,6. XBP1 also activates the expression of a variety of UPR target genes 7. 

Accordingly, UPR is indispensable for ER expansion and protein secretion, and therefore is 

needed for development, differentiation, and the precise function of highly secretory cells, such 

as PCs 3,8,9. IRE1-XBP1 branch is essential during PC differentiation, especially for the transition 

from activated BC into PC stage, where the activation of UPR is necessary to accommodate the 

increased production and secretion of Igs, in the course of ER expansion 10-12. Moreover, the 

IRE1 conditional knockout mice have served to demonstrate that IRE1 is also required for 

efficient antibody production in PCs 10. 

The regulation of UPR by microRNAs has been reported in different cell types 13. MiR-30a, miR-

181a and miR-199a-5p, which are downregulated in prostate, colon and bladder tumors, have 

been demonstrated to target BiP (GRP78), the major ER chaperone and signaling regulator 14. 

In addition, post-transcriptional regulation of IRE1 by miRNAs has been shown in hepatoma 

cells 15. Meanwhile the post-transcriptional regulation of IRE1 by miRNAs has not been studied 

in MM. 

Reanalyzing microarray expression data previously generated by our group, we found that the 

mRNA-encoding IRE1 was overexpressed in NPCs and myeloma cells compared with normal B 

lymphocytes (NBLs) 16, in agreement with previous studies in which this endoribonuclease was 

shown to contribute to PC differentiation 10,17,18. 
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Accordingly, we hypothesized that the downregulation of IRE1 in MM cells could revert the 

maturation state of these cells, which had not been previously reported. Studies using RNAi 

technology to knockdown IRE1 expression or the use of specific inhibitors of IRE1 RNase 

activity demonstrated that IRE1 suppression induced cell death in myeloma cells 19-21. On the 

other hand, during the development of the present work, Leung-Hagesteijn published that the 

knockdown of XBP1 or IRE1 by shRNA in myeloma cells did not induce cell death but resulted 

in modest reversal of PC differentiation. 

Here, we report for the first time that miR-124 and miR-506 regulate IRE1 expression in 

multiple myeloma and IRE1 expression is required to maintain myeloma cells at the 

terminal stage of differentiation. 
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Materials and methods  

Cell lines and primary samples 

The human multiple myeloma cell lines (MMCL), NCI-H929, and MM1S, were acquired from 

the ATCC (American Type Culture Collection). JJN3 and HEK923 lines were obtained from the 

“Deutsche Sammlung von Mikroorganismen und Zellkulturen” (DSMZ). Cell line identity was 

confirmed periodically by STR analysis with thePowerPlex 16 HS system kit 

(www.promega.com) and on-line STR matching analysis (www.dsmz.de/fp/cgi-bin/str.html). 

Cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and 

antibiotics (Gibco Life Technologies, Grand Island, NY, USA). Bone marrow (BM) samples from 

ten healthy donors were sorted by a FACSAria equipment into four BC populations: immature 

B cells (CD34−, CD19+, CD10+, CD38++), naive B cells (CD19+, CD27−,CD10−), memory B cells 

(CD19+, CD138−, CD27+, CD38+), and plasma cells(CD38+++, CD138+, CD45low). Monoclonal 

antibodies were purchased as follows: anti-CD45-FITC (clone D3/9) and anti-CD19-PECy7 

(clone A3-B1) from Immunostep (Salamanca, Spain); anti-CD38-PerCP-Cy™5.5 (cloneHIT2), 

anti-CD34-APC (clone 8G12), and anti-CD27-BV421 (clone M-T271) from BD Biosciences (San 

Jose,CA, USA); anti- CD138-Pacific OrangeTM (clone B-A38) from Exbio Praha (Vestec, Czech 

Republic); and anti-CD10-PE (clone ALB1) from Beckman Coulter (Pasadena,CA, USA).  

RNA extraction and quantitative real-time PCR analysis 

RNA was extracted from the cell lines using an RNeasymini kit (Qiagen, Valencia, USA) 

according to the standard protocol. RNA integrity was assessed using an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA (1μg) was reverse 

transcribed to complementary DNA (cDNA) using High-Capacity cDNA Reverse Transcription 

Kits (Ap-plied Biosystems, Foster City, CA, USA). Expression of target genes was assessed using 

TaqMan qRT-PCR assays (Applied Biosystems). Relative gene expression was calculated by the 

2−ΔCt method using GAPDH as the endogenous control for normalization. To detect mature miR-

124 and miR-506 expression levels, TaqMan quantitative real-time polymerase chain reaction 

(qRT-PCR) microRNA assay (AppliedBiosystems) was performed. The relative levels of 

expression of mature miR-124 and miR-506 normalized with respect to the RNU43 

endogenous control were determined by the 2−ΔCt method. Each measurement was performed 

in triplicate. 
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Transfections 

Cell lines were transfected using the nucleofector II sys-tem (Lonza, Allendale, NJ, USA) with 

the following programs: C-16 for H929 and G-16 for MM1S. Cells were transfected with pre-

miR™miRNA precursors pre-miR-124, pre-miR-506, and pre-miR™miRNA negative non-

targeting control #1 (Ambion, Austin, TX, USA) at 25 nM concentration. 

Cell proliferation assay 

Cell viability was evaluated with the CellTiter-Glo® luminescent cell viability assay based on 

the amount of ATP present (Promega), in accordance with the manufacturer’sprotocol. 

Apoptosis assay 

Caspase 3/7, 8 and 9 activity was evaluated by Caspase-Glo®3/7, Caspase-Glo®8 and Caspase-

Glo®9 Assays (Promega), respectively, according to the manufacturer’s protocol. In the assays, 

20,000 cells/well were incubated with the reagents at room temperature for 1 h in the case of 

caspase 3/7, and 2 h for caspases 8 and 9. Light intensity was measured in each well using a 

Tekan Infinite®F500 microplate reader. 

Immunophenotyping  

MM cell lines were immunophenotyped on a FACS-Canto II cytometer (Beckton Dickinson 

Biosciences) using the following monoclonal antibody: CD38-APC-H7 (BD Biosciences). Data 

analysis was performed using the Infinicyt software (Cytognos S.L.). A minimum of 105 events 

were stored.  

Luciferase reporter assay 

The double-stranded oligonucleotides corresponding to the wild-type or mutant miR-124, 

miR-506, miR-488, and miR-326 binding sites in the 3′-untranslated region (3′UTR) of IRE1 

were synthesized (Supplementary materials: Table S1) (Sigma-Al-drich, St Louis, MO, USA) and 

ligated between the PmeI and Xbal restriction sites of the pmirGLO vector (Promega, Madison, 

WI, USA). Oligonucleotide sequences are detailed in (Supplementary Table S1). Luciferase 

assays in HEK293 cells were performed as previously described 22. 
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Western blot  

Whole cell lysates were collected using RIPA buffer (Sigma-Aldrich) containing protease 

inhibitors (Complete Protease Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitors 

(Phosphatase Inhibitor Cocktail A and B, Santa Cruz Biotechnology). Protein concentration was 

measured using the Bradford assay (BioRad). Protein samples (30 μg/lane) were subjected to 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 

0.45 nm polyvinylidene fluoride (PVDF) membranes (BioRad). The primary antibodies used 

for immunoblotting were: anti-IRE1, anti-IRF4, anti-Ig kappa light chain from Santa Cruz 

Biotech (Delaware, CA, USA). Anti-β-actin (Sigma-Aldrich) was used as an internal control for 

protein loading. The membranes were then washed and incubated with the secondary 

horseradish peroxidase-linked antibodies:  anti-mouse IgG or anti-rabbit IgG antibodies 

(PierceNet) (1:10000), or anti-goat IgG (Santa Cruz Biotech) (1:10000). Chemiluminescence 

was detected using the Amersham ECL Plus™WesternBlotting Detection Reagent (GE 

Healthcare). 

Immunofluorescence staining 

Cells were collected 72 h post-transfection, washed with PBS, and stained for 30 min with 1μM 

ER-Tracker™Red (Invitrogen). Cells were washed again with PBS, fixed with 4% formaldehyde 

for 5 min at room temperature, placed on glass slides coated with poly-L-lysine, and stained 

for 1 min with DAPI II. The slides were then mounted using VECTASHIELD Mounting Medium 

(Vector Laboratories, Burlingame, CA, USA). Images were collected under a Zeiss confocal 

microscope equipped with 636/1.4 Oil Plan-APOCRHOMAT DIC. 

IRE1 gene silencing by short hairpin RNA   

Silencing of IRE1 was performed using short hairpin RNA (shRNA) sequences cloned into 

the lentiviral vector pLKO.1. Five plasmids containing shRNAs targeting IRE1 were acquired 

from Dharmacon. The efficiency of these plasmids to downregulate IRE1 was analyzed by 

measuring the levels of IRE1 protein by Western blot after 72 h of transfection of HEK293T 

cells. The plasmid that induced the strongest silencing effect was selected and used as 

transfer vector to construct lentiviral particles using the calcium phosphate protocol. 

HEK293T cells were plated in 10 cm plates at approximately 2 x 106 cells/plate. The 

following day, a plasmid mixture was prepared containing 10 µg of the pLKO.1-IRE1 

transfer plasmid or PLKO.1-TRC control, 7.5 µg of PAX2 and 2.5 µg pMD2-G, used as 

packaging plasmids. Sixty-four µL of CaCl2 M was added to this mixture and it was 

completed to 436 µL with miliQ water. Then, 500 µL of HBS was added dropwise onto the 

plasmid mixture with continuous bubbling. The mixture was left 5 minutes at room 

temperature and then was added to the plate containing HEK293T cells. After 20 hours of 
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culture, the medium was changed and after 48 hours, the supernatant containing the 

generated viruses was collected and filtered using a 45 µm-filter syringe. Then, MM cells 

were transduced approximately 5 x 106 cells were infected with 10 mL of the virus-

containing supernatant and polybrene (5 µg/L). After 24 hours, the medium was changed 

and the effect of the transduction on IRE1 expression was analyzed by Western blot after 

72 hours of culture. 
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Results 

IRE1 is overexpressed in the last stage of B cell differentiation. 

In order to confirm the overexpression of IRE1 in PC compared to earlier stages of B cell 

differentiation previously observed using microarray analysis (GSE6691 at GEO repository) 16 

(Figure 1A), we quantified IRE1 mRNA levels by qRT-PCR in four populations: immature, naïve, 

memory B cells and PCs isolated from BM samples obtained from healthy donors. IRE1 

expression was found to be significantly higher in PCs than in all previous stages of 

differentiation. Next, we evaluated IRE1 expression in a panel of MM cell lines (Figure 1B). IRE1 

mRNA was detected in all cell lines, particularly in MM1S and U266 cell lines, which exhibited 

the highest mRNA levels.  

 

 

 

 

 

 

 

 

 

 

Figure 1. IRE1 expression in different B cell populations. A IRE1 expression detected by qRT-PCR in 

immature B cells, naive B cells, memory B cells and NPC. (*** p ˂ 0.001). B Levels of IRE1 in MM cell lines 

measured by qRT-PCR. 
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IRE1 knockdown increases the expression of B cell lineage-specific activator proteins  

To analyze whether the presence of IRE1 in myeloma cells was necessary to maintain their 

state of differentiation we tried to silence its expression in MM cell lines using siRNA from 

different companies. However, none of them was able to decrease IRE1 mRNA levels, despite 

the fact that several siRNAs concentrations and times post-transfection were assayed (Figure 

2A and 2B). Therefore, we changed the approach and decided to use shRNA instead of siRNAs 

to downregulate IRE1 expression in MM. 

 

 

Figure 2. IRE1 knockdown in MM cell lines using siRNAs. A mRNA levels of IRE1 48h after IRE 

knockdown in H929 using two different type of siRNAs at different concentration. B mRNA levels of IRE1 

48h after IRE knockdown in JJN3 using two different type of siRNAs at different concentration. 
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H929 and MM1S were transduced with lentivirus carrying IRE1 shRNAs and infected cells were 

selected with puromycin. As can be observed in (Figure 3A), IRE1 protein levels were 

successfully reduced in both cell lines. Next, we analyzed the expression of PAX5 and BCL6, 

which encode B cell lineage-specific activator proteins present only at early stages of B cell 

differentiation 18, and we found that both genes increased their expression in IRE1-knocked 

down cells (Figure 3B).  

 

 

Figure 3. IRE1 knockdown in MM cell lines using shRNAs. A Western blot of IRE1 in H929 and MM1S 

cells. B mRNA levels of PAX5 and BCL6 in H929 quantified by qRT-PCR. 
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IRE1 is a direct target of miR-124, miR-506, miR-326, and miR-488 

To address the possibility that post-transcriptional regulation by microRNAs was involved in 

IRE1 expression, we looked for miRNA-IRE1 interactions in Targets scan database.       

According to the prediction algorithms, miR-124, miR-506, miR-326 and miR-488 have at least 

one putative site in the IRE1 3´UTR (Figure 4A). To determine whether IRE1 mRNA was a direct 

target of those miRNAs, we carried out luciferase reporter assays in HEK293 cells. The 3’UTR 

of IRE1 harboring the sequence complementary to the miR-124, miR-326, miR-506 or miR-488 

seed sequence was cloned in a reporter plasmid vector referred to as wild-type (WT). In 

parallel, a 3´UTR IRE1 fragment containing mutant sequences (MUT) of the seed site of the four 

miRNAs was cloned in the same reporter plasmid. We found that luciferase activity of cells co-

transfected with WT IRE1 3´UTR and miR-124, miR-326, miR-506 or miR-488 was significantly 

lower (p< 0.05 or p< 0.01) than that exhibited by cells transfected with the negative control 

(NC) miRNA. MiR-124 and miR-506 displayed a higher and more significant influence on 

luciferase activity. Luciferase activity of MUT constructs was not affected by miR-124, miR-326, 

miR-506 or miR-488 overexpression (Figure 4B), as expected.  

 

Figure 4. MiRNA target gene validation of IRE1 using a luciferase reporter gene assay. A Schematic 

diagram of the miR-124, miR-326, miR-488 and miR-506 predicted site on the IRE1 3´UTR. B Luciferase 

activity in HEK293 cells co-transfected with pre-miR-NC or pre-miR-124, miR-326, miR-506 or miR-488 

and plasmid pmiR-Glo with the putative miR-124, miR-326, miR-506 or miR-488 binding site of IRE1 

cloned downstream of the luciferase reporter gene. Luciferase activity was normalized using Renilla. All 

results are presented as the means ± SD of three different experiments. (* p ˂ 0.05, ** p ˂ 0.01).  
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MiR-124 and miR-506 regulate IRE1 expression in MM  

In order to evaluate the expression of miR-124, miR-506, miR-326 and miR-488 in MM cells, 

we measured their expression levels in a set of MM cell lines (JJN3, H929, MM1S, and RPMI 

2886) using miRNA TaqMan qRT-PCR. miR-124 was moderately detected in all cell lines, while 

miR-488, miR-326 and miR-506 exhibited low expression in all cell lines with the exception of 

RPMI-8226, which exhibited higher level of miR-326 expression (Figure 5A). To test if these 

miRNAs regulate IRE1 expression in vivo, H929 was transfected with miR-124, miR-326, miR-

488 or miR-506 and negative control (NC) miRNA precursors. Clearly, lower levels of IRE1 

protein expression were found in miR-124 and miR-506 transfected cells than in control cells 

(Figure 5B). Transfection with miR-326 or miR-488 did not affect IRE1 protein levels (data not 

shown). 

 

Figure 5. MiR-124 and miR-506 regulate IRE1 expression in MM. A miR-124, miR-326, miR-506 and 

miR-488 expression in MM cell lines measured by qRT-PCR. microRNA expression was normalized with 

respect to RNU43. B Western blot of IRE1 in H929 cells 72 h post-transfection with NC or miR-124/miR-

506.  
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Ectopic expression of miR-124 or miR-506 slightly decreases cell proliferation in MM 

Knockdown of IRE1 after transfection with miR-124 or miR-506 inhibited cell proliferation in 

H929 and MM1S, as assessed by measuring ATP levels (Figure 6A). To evaluate whether this 

effect was the result of apoptosis induction, caspase 3/7, 8 and 9 activities were analyzed in 

H929 and MM1S cell lines after transfection with miR-124 or miR-506 and NC miRNA 

precursors. We found that the activity of these caspases was increased only in H929 but not in 

MM1S (Figure 6B), indicating that induction of apoptosis seems to be cell line-dependent.  

 

 

 

Figure 6. MiR-124 and miR-506 overexpression decreases MM cell proliferation. A Proliferation of 

myeloma cells 72 h after transfection with miR-124 or 506 or non-targeting control. Data are expressed 

as means of three independent experiments ± SD. Proliferation of cells transfected with NC was taken as 

100% and values obtained in miR-124 or 506 transfected cells were normalized accordingly. B 

Luminescent assays of caspases 3/7, caspase 8 and caspase 9. The results are presented as the mean ± 

SD of three different experiments and considering the result after non-targeting control (NC) 

transfection as 100%.  (** p ˂ 0.01). 
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Upregulation of miR-124 and miR-506 results in myeloma cell dedifferentiation through 

the negative regulation of IRE1 

Next, we investigated whether the downregulation of IRE1 induced by the overexpression of 

miR-124 or miR-506 was able to affect the state of PC differentiation. To this end, we monitored 

different markers of PC maturation, such as IRF4, k light chain proteins and CD38. We found 

that the downregulation of IRE1 after transfection with miR-124 or miR-506 decreased IRF4 

and k light chain proteins in H929 cells (Figure 7A), as determined by Western blot. 

Additionally, CD38 levels quantified by flow cytometry were also reduced (Figure 7B). These 

results prompted us to analyze the effect of miR-124 and miR-506 overexpression on myeloma 

cell morphology. We observed that the IRE1 knockdown induced by miR-124 and miR-506 

overexpression led to changes in cell appearance, shaped like smaller, more rounded cells with 

a lower cytoplasm and ER content than control cells (Figure 7C). Together, these results 

confirm that the presence of IRE1 is required to maintain myeloma cells at the terminal stage 

of differentiation. 

 

  

Figure 7. IRE1 knockdown induces dedifferentiation of myeloma cells. A Western blot of IRF4, 

kappa and lambda light chain in H929 72 h post-transfection with NC or miR-124/miR-506. B Flow 

cytometry analysis of CD38 in H929 after miR-124/506 overexpression compared with non-targeting 

control (NC). C Left panel, Giemsa staining of H929 cells transfected with NC or with miR-124/506. Right 

panel, immunofluorescence of H929 cells stained with ER tracker™ Red dye. 
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Discussion 

In this study, we show that IRE1, an unfolded protein response (UPR) sensor with kinase and 

endoribonuclease activities 23, is necessary to maintain PC status since its knockdown was 

associated with dedifferentiation of myeloma cells. Moreover, we found that miR-124 and miR-

506 modulate IRE1 expression in MM cells. 

We achieved IRE1 knockdown by means of shRNA technique after several unsuccessful 

attempts using siRNA. Indeed, shRNA is significantly more potent than siRNA at mediating gene 

silencing 25,26.  

In the present work, we observed that IRE1 levels increased during the differentiation of 

human PCs from BCs. Accordingly, we found that IRE1 knockdown changed the transcriptional 

program associated with PC differentiation through the upregulation of PAX5 and BCL6, which 

maintain the BC program 18. Therefore, we propose that IRE1 is not only required for antibody 

production in PCs, but also to maintain the state of PCs, and its deficiency results in PC 

dedifferentiation. Our results are in agreement with Leung-Hagesteijn et al who confirmed that 

the presence of the IRE1-XBP1 pathway was essential to maintain PC differentiation. Indeed, 

several studies have also revealed that alterations in other factors that control PC maturation 

may reprogram PCs to previous stages of differentiation 24,27-29.  

The involvement of miRNAs in the pathogenesis of MM has been demonstrated by several 

groups 30-32. In this study, we demonstrate for the first time the regulation of IRE1 in MM by 

microRNAs. We found that IRE1 expression was controlled by miR-124 and miR-506. Using 

luciferase reporter assays and gain-of-function experiments, we showed that transfection of 

miR-124 and miR-506 decreased IRE1 levels in myeloma cells. Moreover, we observed that 

IRE1 downregulation induced by miR-124 and miR-506 ectopic expression also reverted the 

transcriptional program of the myeloma cells and reduced cell size and ER mass, similarly to 

the results obtained from IRE1 silencing by shRNA. These findings emphasize the role that 

these miRNAs play in regulating IRE1 expression and therefore, in PC differentiation program. 

MiR-124 and miR-506 belong to the same seed family (defined as a group of miRNAs that share 

common seed sequence) 33. The downregulation of these two miRNAs has been reported in 

several cancers, which has been associated with tumor progression. Specifically, the 

downregulation of miR-124 was reported in different tumors such as, esophageal cancer, 

breast cancer and renal cell carcinoma 34-36. Furthermore, miR-506 expression was also shown 

to be downregulated in oral squamous cell carcinoma, nasopharyngeal carcinoma and gastric 

cancer 37-39. In addition, the overexpression of miR-124 and miR-506 in colorectal cancer 
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inhibits progression and increases sensitivity to chemotherapy by targeting DNMT3B and 

DNMT1 40. 

After the publication by Leung-Hagesteijn et al 24 demonstrating the role of IRE1-XBP1 

signaling pathway in maintaining PC differentiation and in the mechanisms of proteasome 

inhibitor resistance in MM, we decided to focus on other functions of IRE1, as an 

endoribonuclease enzyme, and worked in the identification of new mRNA targets of IRE1 in 

MM (chapter 3). 
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Supplementary materials  

 

Supplementary Tables:  

Table S1. List of oligonucleotide sequences used for 3´UTR luciferase constructs. 

 

 

 

Sequence (5´- 3´) 

IRE1-miR-124/506 WT 

Forward                       AAACGGCTTCCCAAACCAAGTGCCTTGAGCTGCCTGCTCTGCAGT          

Reverse                       CTAGACTGCAGAGCAGGCAGCTCAAGGCACTTGGTTTGGGAAGCCGTTT         

IRE1-miR-124/506 MUT 

Forward                        AAACGGCTTCCCAAACCAAACATTCCAAGCTGCCTGCTCTGCAGT 

Reverse                          CTAGACTGCAGAGCAGGCAGCTTGGAATGTTTGGTTTGGGAAGCCGTTT      

IRE1-miR-326  WT 

Forward                        AAACATTGATCACAGATGTGCCCAGAGTAGCCCAGGTCACTGTTAT 

Reverse                         CTAGATAACAGTGACCTGGGCTACTCTGGGCACATCTGTGATCAATGTTT         

IRE1-miR-326  MUT 

Forward                       AAACATTGATCACAGATGTGTTTGAGACAGCCCAGGTCACTGTTAT          

Reverse                        TAGATAACAGTGACCTGGGCTGTCTCAAACACATCTGTGATCAATGTTT 

IRE1-miR-488  WT 

Forward                         AAACTAATGTCAGTCTACAGGCCTTTCAGGAAGGGAGAGGAGGGT   

Reverse                          CTAGACCCTCCTCTCCCTTCCTGAAAGGCCTGTAGACTGACATTAGTTT 

IRE1-miR-488  MUT 

Forward                          AAACTAATGTCAGTCTACAGGTTCCCTGGGAAGGGAGAGGAGGGT 

Reverse                          CTAGACCCTCCTCTCCCTTCCCAGGGAACCTGTAGACTGACATTAGTTT 
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Abstract 

IRE1 is an unfolded protein response sensor with kinase and endonuclease activity. It plays 

a central role in the endoplasmic reticulum (ER) stress response through unconventional 

splicing of XBP1 mRNA and regulated IRE1-dependent decay (RIDD). MM cells are known 

to exhibit an elevated level of baseline ER stress, but RIDD activity has not been well studied 

in this disease. To investigate novel RIDD targets of possible relevance to the 

survival/proliferation of MM cells we combined in vitro cleavage assay with RNA 

sequencing. Bioinformatic analysis revealed hundreds of putative IRE1 substrates, 32 of 

which were chosen for validation. Looking into the secondary structure of IRE1 substrates, 

we found that the consensus sequences of IRF4, PRDM1, IKZF1, KLF13, NOTCH1, ATR, DICER, 

RICTOR, CDK12, FAM168B, and CENPF mRNAs were accompanied by a stem-loop structure 

essential for IRE1-mediated cleavage. We show that mRNA and protein levels 

corresponding to these targets were attenuated in an IRE1-dependent manner. Our results 

demonstrate for the first time that IRE1 is a key regulator of several proteins of importance 

in MM survival and proliferation. 
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Introduction 

The endoplasmic reticulum (ER) plays an essential role in the folding and processing of 

newly synthesized proteins 1. Certain environmental stimuli and pathological conditions 

can produce a quantity of unfolded proteins that exceeds the folding capacity of the ER. 

Under these circumstances, cells activate the ER stress response or unfolded protein 

response (UPR), an intracellular signaling pathway that adjusts protein-folding capacity to 

maintain ER homeostasis 2. IRE1, a bifunctional enzyme with kinase and endonuclease 

activity 3, is a master regulator of the UPR pathway. ER stress triggers the oligomerization 

and trans-autophosphorylation of IRE1, switching on its RNase activity 4,5. The primary 

target of IRE1 is the mRNA that encodes the X-box binding protein (XBP1). In mammalian 

cells, the full-length mRNA of XBP1, also referred to as the unspliced form (XBP1u), is 

cleaved by IRE1 at two specific sites, causing the removal of an unconventional intron of 26 

nucleotides. This splicing event causes a frameshift that allows the translation of the spliced 

form (XBP1s), which encodes a potent transcription factor 6. XBP1 induces the expression 

of various chaperones and other ER-resident proteins, which increases the folding capacity 

of the ER, and increases the level of membrane phospholipids, triggering its expansion 7. In 

addition, activation of IRE1 has also been shown to target several mRNAs for degradation 

in an XBP1-independent manner. This mechanism, known as regulated IRE1-dependent 

decay (RIDD), was first demonstrated in Drosophila melanogaster 8 and later in yeast species 

and mammalian cells 9-11. RIDD is believed to have the potential to selectively relieve the 

load on the ER by mediating the cleavage and degradation of ER-targeted mRNAs 8. IRE1 

activity has been shown to regulate cell fate decisions, depending on the amplitude and 

duration of its activation, which, in turn, depends on the intensity of ER stress 12. RIDD 

promotes apoptosis by degrading the mRNA-encoding proteins essential for cell survival 12-

14 and select microRNAs that normally repress translation of Caspase 2 14. It is important to 

note that the RIDD of miRNAs during ER stress can also modulate the expression of 

hundreds of mRNA targets 15. 

The mechanism by which IRE1 recognizes and cleaves its targets became clear a decade ago, 

when Oikawa et al demonstrated that the cleavage site of 13 novel mRNAs RIDD targets 

contained a consensus sequence (CUGCAG) within a stem-loop structure that was also 

present in XBP1 mRNA 16. Furthermore, it was shown that the consensus cleavage site and 

stem-loop structure are conserved in mammalian cells, as demonstrated in other known 

RIDD targets 16-18. 

Several studies have suggested that many RIDD targets are yet to be identified, and that 

these may depend on the nature of the stress stimuli and the tissue context 19. In this regard, 
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multiple myeloma (MM) cells are a useful model for studying new targets of IRE1 since the 

secretion of high levels of paraprotein raises the basal level of ER stress 20 and creates a 

dependency on the UPR for survival 21.  

In this study, we combined an in vitro cleavage assay with RNA sequencing (RNA-seq) to 

identify the IRE1-cleavage site of new RIDD targets in MM. We identified hundreds of 

putative IRE1-mRNA substrates and validated 11 novel stem-loop-containing mRNA targets 

that were cleaved in vitro and in vivo by IRE1. mRNA and protein levels corresponding to 

these targets were attenuated under treatment with ER-stress-inducing agents in an IRE1-

dependent manner.  
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Materials and methods  

Cell lines  

The NCI-H929 and MM1S human multiple myeloma cell lines (MMCLs) were acquired from 

ATCC (American Type Culture Collection). Cell line identity was confirmed periodically by 

STR analysis with the PowerPlex 16 HS system kit (www.promega.com) and online STR 

matching analysis (www.dsmz.de/fp/cgi-bin/str.html). Cell lines were cultured in RPMI 

1640 medium supplemented with 10% fetal bovine serum and antibiotics (Gibco Life 

Technologies, Grand Island, NY, USA).  

RNA extraction and in vitro RNA cleavage assay  

RNA was extracted from the cell lines using an RNeasy mini kit (Qiagen, Valencia, CA, USA) 

according to the standard protocol. RNA integrity was assessed using Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and only RNA preparations with 

an RNA integrity number (RIN) >7 were used. For the cleavage assay, total RNA (5 μg) was 

incubated for 1 h at 37°C in cleavage buffer (20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM DTT, 

and 2 mM ATP) in the presence or absence of 2 μg of recombinant human ERN1/IRE1a (aa 

467–977) (Sino Biological Inc., Beijing, China). The reaction was inactivated at 95°C for 5 

min. RNA cleanup of these samples was performed using an RNeasy MinElute Cleanup Kit 

(Qiagen, Valencia, CA, USA), in accordance with the manufacturer's instructions. 

RNA sequencing  

The library for RNA-seq analysis was prepared using approximately 1.0 µg of total RNA from 

each sample and the TruSeq Stranded mRNA Sample Preparation Kit version 1.0 (Illumina, 

San Diego, CA, USA), following the manufacturer’s instructions. Briefly, mRNAs were 

purified using poly-T oligo-attached magnetic beads and the RNA was fragmented. The 

mRNA fragments were used as templates for first-strand cDNA synthesis by reverse 

transcription with random hexamers. Upon second-strand cDNA synthesis, double-

stranded cDNAs were end-repaired and adenylated at the 3′ ends. Universal adapters were 

ligated to the cDNA fragments, then the sequencing library of DNA fragments that had 

adapters on both ends was amplified by PCR, and used to produce the clusters that were 

then sequenced in an Illumina HiSeq 2000 instrument (Illumina, San Diego, CA, USA). Each 

sample was sequenced in a separate flow cell lane, producing 26.2-32.4 million paired-end 

reads, with a final length of 76 bases.  
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RNA sequencing analysis  

The initial quality control of raw FASTQ files was performed using the FastQC tool (v.0.11.3) 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Adapter sequences and 

low-quality bases (Phred score < 20) were trimmed from the raw reads using the Cutadapt 

(v1.12) program 22. The processed reads were mapped to the reference human genome 

GRCh37 (Ensembl annotation, release 87) with the STAR aligner (v.2.5.3a), using default 

parameters. The resulting BAM alignment files were indexed and sorted using samtools 

(v.1.3.1) 23. 

Raw exon counts were obtained from the BAM files using the dexseq_count Python script 

available in the DEXSeq package (v. 1.24.4) 24. Differential exon usage was analyzed analysis 

using a likelihood ratio (LR) test, and the corresponding graphs produced using the DEXSeq 

package. Unambiguous exons with a Benjamini & Hochberg false discovery rate (FDR) < 

0.05 threshold in the LR test and a negative fold change (FC) < -2 were considered for 

further analysis. Exons associated with two or more HGNC (HUGO Gene Nomenclature 

Committee) IDs were considered ambiguous. Pathway overrepresentation was measured 

with the WebGestalt web tool, using information about the HGNC gene correspondence with 

the selected exons and the Reactome pathway database 25. Ensembl mRNA sequences from 

the transcripts containing the altered exons were used to predict the secondary mRNA 

structures on the Mfold web server 26. The predicted secondary structure with the lowest 

thermodynamic energy was considered the most stable and, therefore, the most biologically 

likely structure. The dataset is available at the Gene Expression Omnibus (GEO) repository 

(http://www.ncbi.nlm.nih.gov/ geo) under the accession number GSE152070. 

Quantitative reverse transcriptase PCR (qRT-PCR) 

Total RNA (500 or 1000 μg) was reverse-transcribed to complementary DNA (cDNA) using 

SuperScript™ First-Strand Synthesis System for RT-PCR (Invitrogen, Waltham, MA, USA) 

with oligo (dt), or using a High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA).  

Expression of target genes was quantified by qRT-PCR using an iQ™ SYBR® Green Supermix 

kit (Bio-Rad Laboratories, Hercules, CA, USA) and the primers shown in Supplementary 

Table S1. PCR melting curves were analyzed to confirm the presence of a single product. 

Relative gene expression was calculated by the 2−ΔCt method using GAPDH as the 

endogenous control for normalization. Each measurement was performed in triplicate. 
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RT-PCR analysis of XBP1 mRNA splicing 

RNA was reverse-transcribed to cDNA using a cDNA Reverse Transcription Kit from Applied 

Biosystems (Foster City, CA, USA). The PCR reaction was performed using GoTaq (Promega, 

Madison, WI, USA), following the manufacturer's protocol. The primers used were: XBP1 

forward primer, 5′-TTACGAGAGAAAACTCATGGCC-3′, and XBP1 reverse primer, 5′-

GGGTCCAAGTTGTCCAGAATGC-3′. The cycling conditions were 95°C for 5 min, followed by 

35 cycles of 95°C for 1 min, 58°C for 30 s, and 72°C for 30 s, then 72°C for 5 min.  

Electrophoresis was performed using 5 μl per sample in a 2% agarose gel.  

ER stress induction  

To induce ER stress, cells were seeded at a density of 1x106 cells/ml (NCI-H929 and MM1S) 

and incubated for 4 or 16 h with the following inducers: thapsigargin (1.5 µM), tunicamycin 

(10 µg/ml), brefeldin A (600 ng/ml) (Sigma-Aldrich, St Louis, MO, USA), and dithiothreitol 

(2 µM) (Promega, Madison, WI, USA). To inhibit IRE1 RNase activity, cells were treated with 

15 μM 4μ8c (MedChemExpress, Monmouth Junction, NJ, USA). 

Western blot 

Whole cell lysates were collected using RIPA buffer (Sigma-Aldrich, St Louis, MO, USA) 

containing protease inhibitors (Complete Protease Inhibitor Cocktail Tablets; Santa Cruz 

Biotechnology, Delaware, CA, USA) and phosphatase inhibitors (Phosphatase Inhibitor 

Cocktail A and B; Santa Cruz Biotechnology, Delaware, CA, USA). Protein concentration was 

measured using the Bradford assay (BioRad Laboratories, Hercules, CA, USA). Protein 

samples (30 μg/lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to 0.45-nm polyvinylidene fluoride (PVDF) 

membranes (BioRad Laboratories, Hercules, CA, USA). The primary antibodies used for 

immunoblotting were: anti-IRF4 and anti-DICER from Santa Cruz Biotechnology (Delaware, 

CA, USA); anti-KLF13 from Novus Biologicals (Centennial, CO, USA); anti-ATR and anti-

CENPF from GeneTex (Irvine, CA, USA); and anti-Blimp1, anti-Ikaros, anti-NOTCH1 and anti-

GAPDH (used as an internal control for protein loading) from Cell Signaling Technology 

(Beverly, MA, USA). The membranes were then washed and incubated with the 

corresponding secondary horseradish peroxidase-linked antibodies: anti-mouse IgG, anti-

rabbit IgG antibodies (Abcam, Cambridge, UK) or anti-goat IgG (Santa Cruz Biotechnology, 

Delaware, CA, USA) at 1:10,000. Chemiluminescence was detected using the Amersham ECL 

Plus™WesternBlotting Detection Reagent (GE Healthcare, Chicago, IL, USA). 
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Results 

Identification of RIDD targets in MM by RNA sequencing 

To identify mRNAs cleaved by IRE1 in MM we followed the steps shown in (Figure 1). An in 

vitro cleavage assay of the total RNA obtained from the H929 cell line was carried out in the 

presence or absence of recombinant IRE1 protein. To analyze the efficiency of the cleavage 

reaction, a part of mRNAs present in three IRE1-treated samples and three mock-treated 

controls were reverse-transcribed using an oligo(dT) primer, and mRNA levels of two 

known IRE1 targets, XBP1 and BLOC1S1 18, were quantified by qRT-PCR (Supplementary 

materials: Figure S1). Using a pair of primers that annealed on both sides of the IRE1-

cleaving sites in the tested molecules, markedly lower XBP1 and BLOC1S1 mRNA levels 

were observed in the three samples treated with IRE1, as expected. Then, we carried out 

RNA-sequencing from purified poly (A)-containing mRNAs. In this manner, reads mapping 

entire mRNA molecules were obtained from control samples. Conversely, IRE1-mRNA 

substrates lost the 5´ mRNA fragments during the purification process, which reduced the 

number of reads in these regions (Figure 1) giving rise to a scarcity of several exons. A 

bioinformatic analysis identified 1,859 unambiguous exons (Supplementary materials: 

Table S2), corresponding to 863 HGNC-annotated genes. These exhibited significantly lower 

read counts in IRE1-treated samples than in controls (FDR <0.05, FC <-2). XBP1 was ranked 

14th among the underexpressed exons, based on FC (Table S2, K column). Reactome 

pathway enrichment analysis revealed that the putative mRNA targets were involved in a 

variety of pathways, such as membrane trafficking, cell cycle, DNA repair, and 

ubiquitination and proteasome degradation (Supplementary materials: Figure S2).  
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Figure 1. Schematic representation of the cleavage reaction and RNA-sequencing procedure. 

Total RNA from H929 cells was subjected to in vitro cleavage by the cytoplasmic domain of human 

IRE1 or to a mock treatment. The RNA was reverse-transcribed with oligo-dT primers and then RNA-

seq was performed. The lost 5´ side of the IRE1-mRNA substrates, represented in gray, is not reverse-

transcribed, producing fewer reads in the mRNA cleaved by IRE1 than in mock treatment samples.  
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We plotted the exon usage values of the 863 genes, which allowed us to visualize all the 

exons in the 5´ region of the mRNAs with fewer reads in IRE1-treated samples than in 

controls. The exon-usage plot corresponding to the XBP1 mRNA showed that the number of 

reads corresponding to exons located 5′ to the cleavage sites was clearly lower in IRE1-

treated compared with untreated controls, whereas the number of reads was similar for the 

exons located in the 3´ region of both samples (Figure 2A). These findings were then 

validated by qRT-PCR using the cDNAs synthetized with oligo (dT) and a pair of primers 

that map the 3´ region of the XBP1 mRNA molecule (Figure 2B, black arrows), or on both 

sides of the IRE1-cleavage sites on 5´region (Figure 2C, red arrows). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Differential exon usage of  XBP1 according to RNA-seq data. A Exon-usage plots of XBP1 

mRNA, which represents the number of reads in mock (red) and IRE1-treated (blue) samples. B XBP1 

mRNA measured by qRT-PCR using the cDNAs synthesized with oligo (dT) and primers mapping the 

5´ region (red arrow). C XBP1 mRNA measured by qRT-PCR using the cDNAs synthesized with oligo 

(dT) and primers mapping the 3´ region (black arrow). All results are presented as the means ± SD 

of three experiments. (***p ˂ 0.001). 
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Table 1. Selected putative IRE1 substrates. 

 

 

 

 

Gene 
symbol 

FC Function 

ATM -34.9 Regulation of DNA damage response 
VPS13C -15.96 Regulation of mitocondrial function 
BIRC6 -12.04 Ubiquitination and proteosomal protein involved in ubiquitin activity 
KMT2C -9.94 Protein methylation 
HUWE1 -7.91 Ubiquitination and proteosomal protein involved in ubiquitin activity 
RICTOR -6.79 TOR signaling 
CDK12 -6.55 Cyclin dependent kinase 12 
CENPF -6.03 Cell cycle regulation and apoptosis induction 
VPS13D -6.01 Membrane trafficking 
GOLGB1 -6.00 Golgi to plasma membrane transport 
FAM168B -5.81 Inhibitor 
ATR -5.60 Regualtion of DNA damage response 
AKAP9 -5.34 Cell cycle regulation and apoptosis induction 
NOTCH1 -4.86 Transcription factors (Cell fate determination, proliferation, 

differentiation, apoptosis) 
PCM1 -3.84 Cell cycle regulation and apoptosis induction 
UBR2 -3.60 Ubiquitination and proteosomal protein involved in ubiquitin activity 
KLF13 -3.44 Transcription factors (Cell fate determination, proliferation, 

differentiation, apoptosis) 
mTOR -3.03 TOR signaling 
DICER -2.99 Ribonuclease III activity 
XRN1 -2.90 Regualtion of DNA damage response 
CUL9 -2.81 Ubiquitination and proteosomal protein involved in ubiquitin activity 
UBE4B -2.68 Ubiquitination and proteosomal protein involved in ubiquitin activity 
PSME4 -2.47 Ubiquitination and proteosomal protein involved in ubiquitin activity 
CUL4B -2.36 Ubiquitination and proteosomal protein involved in ubiquitin activity 
UBR3 -2.35 Ubiquitination and proteosomal protein involved in ubiquitin activity 
UBA6 -2.33 Ubiquitination and proteosomal protein involved in ubiquitin activity 
IKZF1 -2.28 Transcription factors (Cell fate determination, proliferation, 

differentiation, apoptosis) 
PSMD1 -2.24 Ubiquitination and proteosomal protein involved in ubiquitin activity 
CUL5 -2.05 Ubiquitination and proteosomal protein involved in ubiquitin activity 
ERAP1  -2.00 Protein processing and transport. Cleaves other proteins into smaller 

fragments. 
PRDM1 -1.71 Transcription factor implicated in the differentiation of PC 
IRF4 -1.59 Transcription factor implicated in the differentiation of PC 
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Of the 863 genes with an FC < -2, we selected for validation those exhibiting the greatest FC 

between the control samples and those treated with IRE1, and in turn those that showed a 

similar exon-usage plot to that of XBP1. A total of 30 genes were selected by these criteria 

(Table 1). We also included IRF4 and PRDM1 genes in the validation analysis, based on their 

known function in PC differentiation and in the pathogenesis of MM, even though both genes 

had a FC > -2 (Table 1). We designed primers complementary to the 5´ region of the putative 

IRE1 substrates (Figure 3A, marked with a black arrow) and measured the amount of mRNA 

after the in vitro cleavage reaction by qRT-PCR. We found that the 5´ regions of the mRNAs 

from all 32 IRE1-substrate candidates significantly decreased in IRE1-treated samples 

compared to controls (four representative examples are shown in Figure 3A; the others are 

illustrated in (Supplementary materials Figure S3). Notably, IRE1 did not cleave the mRNA 

of the housekeeping genes GAPDH and B2M, demonstrating that this protein is not a random 

nonspecific RNase (Figure 3B).  

Together, these results indicate that RNA-seq is a suitable method for identifying new 

targets of IRE1 in the cells. 

 

  



 Results 

129 
 

 

 

 

 

Figure 3. Validation of putative IRE1 substrates. (A) Exon-usage plots of KLF13, ATR, PRDM1, and 

RICTOR mRNAs, showing the number of reads in mock (red) and IRE1-treated (blue) samples. The 

black arrows represent the site of primers used in the 5´ region of the putative IRE1 substrates. Red 

arrows indicate the site of primers mapping the predicted cleavage site. Right panel of each exon-

usage plot shows the abundance of KLF13, ATR, PRDM1, and RICTOR mRNA measured by qRT-PCR 

using the cDNAs synthesized with oligo (dT). (B) GAPDH and B2M were used as negative controls, 

and their mRNA was measured by qRT-PCR. All results are presented as the means ± SD of three 

experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001). 
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Identification of the IRE1 cleavage site in RIDD targets 

It has been shown that the cleavage activity of IRE1 is a sequence-specific event occurring 

at the XBP1-like consensus site 16. We examined whether the newly identified IRE1 targets 

contained the consensus CUGCAG sequence within an XBP1-like stem loop structure 16. 

First, the secondary structures of the 32 mRNAs identified as IRE1 substrate candidates 

were obtained using Mfold, and then a search for stem-loop structures near the cleavage 

regions was undertaken. The cleavage region for each IRE1-target mRNA was identified 

from the previously generated exon-usage plots, since it must correspond to the first region 

that exhibits fewer reads in IRE1-treated samples than in mock samples (Figure 3 and 

Supplementary Figure S3, red arrows). Some molecules displayed putative loops, but 

outside the identified IRE1-cleavage site. Following this procedure, we found that 11 of the 

32 mRNAs (34%) exhibited a clear stem-loop structure that contained the consensus 

sequence around the IRE1-cleavage site (Figure 4A and 4B). Some of the targets exhibited 

the IRE1-cleavage site in the coding regions, whereas others have the XBP1-like stem loop 

at the 3´ UTR region. On the other hand, most of the mRNAs contained one cleavage site; 

PRDM1 and ATR contained two cleavage sites located close to each other (Figure 4A and 

4B).   

To confirm that the 11 mRNAs were cleaved by IRE1 at the consensus sequence within the 

loop structure, we designed primers on both sides of this sequence and performed qRT-PCR 

(Figure 3A and Supplementary Figure S3, red arrows). We found that the loop region of 

these mRNAs was lost in these targets according to the PCR results, which revealed that the 

mRNA levels of all 11 IRE1 targets were significantly lower in IRE1-treated samples than in 

the controls (Figure 4C).  

Overall, these results indicate that RNAseq is a suitable method not only for identifying new 

targets of IRE1, but also for mapping the IRE1-cleavage site.  
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Figure 4. Mapping the cleavage site of IRE1 targets. A mRNA sequence around the consensus 

sequence of the newly identified IRE1 targets. The consensus sequence is underlined. The numbers 

indicate the guanine position at the consensus sequence, where IRE1 is supposed to cleave. B 

Schematic representation of the secondary mRNA structures containing the consensus sequence of 

the identified targets of IRE1. C mRNA levels of the indicated genes in H929 using cDNAs synthesized 

with oligo (dT) determined by qRT-PCR using primers mapping the predicted cleavage site. All 

results are presented as the means ± SD of three experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001). 
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IRE1 degrades the identified RIDD targets in MM in response to ER stress 

There is controversy over whether the targets of IRE1 cleavage are degraded upon ER stress 

induction. This has been observed for BLOC1S1 and CD59 mRNA targets 17, 18, but not for 

others 16. We investigated this aspect in the 11 RIDD targets identified in this study by 

treating H929 cells with one of four ER stress inducers (thapsigargin, tunicamycin, 

dithiothreitol or brefeldin A) for 4 h 27. To confirm that the putative mRNA degradation was 

IRE1-dependent, the experiment was carried out in the presence or absence of the IRE1 

RNase inhibitor 4µ8c 28. Previously, the induction of ER stress in H929 cells had been 

verified by the analysis of the spliced/unspliced forms of XBP1 (Figure 5A), and by 

measuring the levels of BLOC1S1 mRNA (Figure 5B). All four agents clearly induced the 

splicing of XBP1 and reduced BLOC1S1 mRNA levels in an IRE1-dependent manner, since 

both effects were reverted in the presence of 4µ8c.   

We quantified the 11 targets by qRT-PCR using the primers surrounding the previously 

identified cleavage sites. We found that the mRNA levels of KLF13, DICER, NOTCH1, IRF4, 

and ATR were reduced upon treatment with some of the ER inducers, then recovered in the 

presence of 4µ8c (Figure 5C). No stress-dependent decay was detected with the other RIDD 

targets under the conditions assayed. We also analyzed the effect of ER-stress induced by 

thapsigargin at the protein level using western blot at different times. We found that KLF13, 

DICER, NOTCH1, IRF4, and ATR protein expression had not changed by 4 h post-treatment, 

whereas it had clearly decreased by 16 h (Figure 5D). This result prompted us to speculate 

that the effect of stress-dependent decay could be better detected after a longer time. 

Consequently, we analyzed protein levels of BLIMP1 (encoded by PRDM1), IKAROS 

(encoded by IZKF1) and CENPF, whose mRNAs did not display decay 4 h after treatment, 

after a long exposure (16 h) to thapsigargin.  As shown in Figure 5D, the levels of these 

proteins were also lower in thapsigargin-treated cells than in the untreated controls. The 

FAM168B and CDK12 proteins could not be analyzed because the commercial antibodies 

were no sufficiently specific. 

Finally, we decided to check the protein levels of the newly identified RIDD targets in 

another MM cell line with a different genetic background, like MM1S, after thapsigargin 

exposure for 4 and 16 h. Similar to the results obtained in H929, protein levels of RIDD 

substrates had not changed after 4 h, with the exception of KLF13 and CENPF, but had 

clearly decreased after 16 h of thapsigargin treatment (Figure 5D). Importantly, levels of 

GAPDH did not change during the course of the experiment, again revealing that GAPDH 

mRNA is not an IRE1 target, and that IRE1 is not a random non-specific RNase. 



 Results 

133 
 

Together, our results show that the mRNAs of KLF13, DICER, NOTCH1, IRF4, ATR, BLIMP1, 

IKAROS and CENPF genes are novel RIDD targets in MM and that the stress-induced 

degradation of these mRNAs is IRE1-dependent. 
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Figure 5. RIDD targets in MM. A Representative agarose gel electrophoresis of the PCR product 

surrounding the XBP1 splice site in H929. B BLOC1S1 mRNA measured by qRT-PCR. C mRNA levels 

of the indicated genes were determined by qRT-PCR. H929 cells were treated with different ER-

stress-inducers in the presence or absence of 4μ8c. D Levels of IRE1 substrates in H929 and MM1S 

after 4 h and 16 h of thapsigargin treatment. All results are presented as the means ± SD of three 

experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001). 
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Discussion 

IRE1 is a key component of cell fate switch because it produces either adaptive/pro-survival 

or death signals, depending on the intensity and duration of ER stress. This occurs through 

unconventional splicing of XBP1 mRNA, and by RIDD 29, 30. MM cells are characterized by a 

massive production of immunoglobulins that raise the baseline level of ER stress 21. This 

probably explains the sensitivity of myeloma cells to proteasome inhibitors (PIs) like 

bortezomib, which exacerbate ER stress 31. In this study, we have identified novel RIDD 

targets and their IRE1-cleavage sites in MM cell lines through a combination of in vitro 

cleavage assay and RNA-sequencing. We found that IRF4, PRDM1, IKZF1, KLF13, NOTCH1, 

ATR, DICER, RICTOR, CDK12, FAM168B, and CENPF mRNAs had the consensus sequence 

(CUGCAG) accompanied by a stem-loop structure essential for IRE1-mediated cleavage. In 

addition, we show that all these targets degraded in vivo after induction of ER stress by IRE1. 

The cleavage activity of IRE1 is a sequence-specific event occurring within the XBP1-like 

stem structure 16. The consensus sequence and the stem loop structure are also conserved 

in previously identified IRE1 targets, such as CD59, Sparc, and PER1, which also showed 

mRNA decay in an IRE1-dependent manner 17, 32, 33. In myeloma cells, the only RIDD target 

that had already been identified was BLOC1S1 mRNA, which contains an XBP1-like stem 

loop, and is degraded upon ER stress induction by IRE1 at guanine 444 18. While we also 

confirmed this finding, the novel contribution of our study is to identify several key genes 

in MM as RIDD targets by taking advantage of the greater potential and sensitivity of RNA-

seq. In addition, the IRE1-dependent degradation of these targets was demonstrated in in 

vivo studies.   

All the 11 targets identified in our study had at least one cleavage site. Notably, PRDM1 and 

ATR had two cleavages sites on their mRNAs, as described for XBP1. However, unlike XBP1, 

we did not detect a new mRNA product resulting from the removal of the sequence between 

the cutting sites (data not shown), which suggests that IRE1 cuts both sites only to promote 

mRNA degradation.  

RIDD activity becomes cytotoxic after prolonged and unmitigated exposure to ER stress 30. 

Some of the RIDD targets identified in this study, such as NOTCH1, KLF13, ATR, CENPF, IRF4, 

and IKZF1, encode proteins involved in the survival/proliferation of MM cells, so their ER 

stress-mediated degradation may promote cell death. For example, NOTCH1 inhibition in 

MM induces apoptosis and reduces the proliferation rate 34,35. NOTCH blockade also makes 

MM cells more sensitive to standard chemotherapies 34 and to pro-apoptotic compounds 

such as Bcl-2/Bcl-XL inhibitors 36. KLF13 belongs to the Krüppel-like factor (KLF) family, 

which is formed by zinc finger transcription factors that have been involved in proliferation, 
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differentiation, cell cycle progression, and apoptosis 37-39. The role of KLF13 in MM has not 

yet been established, but it is tempting to speculate that the UPR-mediated downregulation 

observed in our study might have diminished MM cell proliferation, giving time for the ER 

stress to have been alleviated. It had been previously shown that ER stress reduces DNA 

double-strand break (DSB) repair and increases radiosensitivity of tumor cells via 

proteasomal degradation of Rad51 40.  Here, we found that ATR, which has a well established 

role in the signaling and repair of DSBs 41 is a target of IRE1. We found that the mRNA 

encoding other proteins with essential roles in DNA damage signaling and repair, such as 

ATM, Rad50, and Xrn1 (Supplementary Table S1), were also downregulated upon treatment 

with the IRE1 recombinant enzyme. These results suggest that ER stress might prevent DSB 

repair by several means, which might act as part of a pro-apoptotic signaling mechanism 

that is triggered by severe DNA damage.   

Some other RIDD targets validated in this study, such as PRDM1, IRF4, and IKZF1, are mRNAs 

involved in B cell maturation. BLIMP1 and IRF4 along with XBP1 are the three pillars that 

maintain plasma cell differentiation status 42, and IKAROS is a transcription factor that 

regulates early-lymphoid cell development and promotes B-cell lineage maturation 43. 

Expression of BLIMP1 or XBP1 is sufficient to drive BC differentiation towards Ig-secreting 

PCs, although their expression is not required for PC survival 44,45. In contrast, the survival 

of PC critically depends on IRF4 46, and IKAROS knockdown inhibits proliferation and 

induces apoptosis of MM cell lines 47. In fact, IKAROS is one of the proteins most strongly 

downregulated after treatment with immunomodulatory drugs (IMiDs) and it must be 

degraded for these agents to exert their cytotoxic effect 48-50. Some studies have revealed 

that patients with a low level of IKZF1 expression had significantly better survival than 

those with a higher level of expression. It has also been suggested that MM cells with a low 

level of IKAROS expression are more sensitive to therapy 51,52. The analysis of the 

mechanisms regulating IKAROS expression may be particularly important for 

understanding how resistance to IMiDs develops 50. For our part, we found that IKAROS 

downregulation may be the result of the induction of ER stress.   

The relevance of XBP1s to MM pathogenesis has been previously reported 45. Two other 

studies have demonstrated that the blockade of IRE1-XBP1 axis by IRE1 alpha inhibitors 

induces anti-MM cytotoxicity and enhances sensitivity of MM cells to PI 53,54. Conversely, 

another study showed that silencing of either IRE1 or XBP1 not only failed to impair MM 

cell growth, but also promoted resistance to bortezomib 45. The authors found that the 

weaker response to bortezomib was related to maturation arrest in the plasma cells, as 

indicated by the repression of plasma cell maturation markers, the smaller quantity of 
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immunoglobulin produced, and the lower levels of UPR activation. In keeping with this, a 

low level of XBP1 gene expression in MM patients has been associated with poor response 

to bortezomib treatment 55. Our results are consistent with this line of research in the sense 

that the RNase activity of IRE1 induced degradation of proteins involved in MM cell 

proliferation. Therefore, the role of IRE1 in maintaining plasma cell differentiation and 

secretory immunoglobulin production in addition to the downregulation of proteins and 

transcription factors that sustain MM cell survival, suggests that IRE1 inhibitors may not be 

a proper approach for treating MM. Further research to test the potential of IRE1 activity as 

a predictive biomarker of sensitivity to anti-myeloma therapy is needed. 
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 Supplementary materials  

 

Supplementary Tables: 

Table S1. List of primer sequences used for RT-PCR analysis. F: Forward primer. 
R: Reverse primer. 

 Primer name Primer sequance (5´-3´) 
VPS13C VPS13C F TGGACAGACTCAAAGCTCTCT 

VPS13C R CCTGGTTGATATCATTGTTATAAA 
ATM ATM F GCAGAAACACTCCCAGCTT 

ATM R AGGTGTTTGGTGAGAATGTCC 
BIRC6 BIRC6 F TCAAAGAGGGAACCTTCCAA 

BIRC6 R GGACATGGAGACTGAAGAAACA 
HUWE1 HUWE1 F TGATGAAGGTGAAGAGGGAGA 

HUWE1 R CATGTTGTCAAACTCAATGATGA 
 
CDK12 

CDK12 F CAGTTCACGCAGTCGTCATT 
CDK12 R GGGGCAGATTTTTCCAATTT 
CDK12 LOOP F TCTGGTTGAAGGCGATCTTT 
CDK12 LOOP R GTTTCAGGCCCATCAGTGTT 

VPS13D VPS13D F AGTGGGCATGGCAAATAGAG 
VPS13D R CAGAATTCCCAATGCTGACA 

GOLGB1 GOLGB1 F TGAGGAGAATATTGCTTCTTTGC 
GOLGB1 R CTCAGCTTTCAGCTCCTCCA 

 
 
FAM168B 

FAM168B F CTGTATGCAGCACCTCCTCA 
FAM168B R GTGACCCCGTTGCCTCTA 
FAM168B LOOP F ATTATTGGGGATTCCACAGC 
FAM168B LOOP R CAGGCAGTCCACAAAACAGA 

 
 
NOTCH1 

NOTCH1 F AGAATGACGCTCGTACCTGC 
NOTCH1 R ACAAGAGCCCGTTGAATTTG 
NOTCH1 LOOP F GCTGGAGGACCTCATCAACT 
NOTCH1 LOOP R TCTCCTCCCTGTTGTTCTGC 

UBR2 UBR2 F GGATCCTCTTGTTCATTTATCAGAA 
 UBR2 R TCTGCTGGCAATTCACTTTC 
mTOR mTOR F AGTCAAGAGGAGTCTACTCGC 

mTOR R GCCAAGATGCCACCTTTCCT 
 
DICER 

DICER F TGGCAAACAAGATCCAGAGCT 
DICER R AAACGAACCACCAAGTTGCA 
DICER LOOP F CCTCCAGCAGTCCCTAGGAT 
DICER LOOP R CCGGGAACATCACCTTACAC 

CUL9 CUL9 F CGGAGATCCCCACTTTTGT 
CUL9 R AGTATTCAGCATCAGGATCACG 

UBE4B UBE4B F  GGACTTGATTGGCCAGATTT 
UBE4B R  CTGGATTGGAGCCAGTGTTT 
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Table S1 

 

 

 

 

  

 Primer name Primer sequance (5´-3´) 
PMSE4 PMSE4 F CTCGAGTGGATGGAAGGAA 

PMSE4 R AGGCTTGTCAAAGCCACC 
CUL4B CUL4B F CTTCAACCTCGTCCTTCTGC 

CUL4B R GTTGCAGCAGTTGGTGAAGA 
UBR3 UBR3 F GGTTCGTCCCAAAACTTCAA 

UBR3 R GTCATCAAGCCAAGGAGGAT 
UBA6 UBA6 F ACAATGGGCACTAAGGGACA 

UBA6 R TCTCTTGCCCACTGTATGGT 
 
IKZF1 

IKZF1 F AGAGCAACAACGAGGAGCAG 
IKZF1 R ACGTGATCCAGGAAGAGCAC 
IKZF1 LOOP F CAGTCCCCAGAAGCAGAGA 
IKZF1 LOOP R GACTTTCCCCAACCAATTCA 

PSMD1 PSMD1 F CAAACAATGTGTGGAAAATGC 
PSMD1 R CTTCGTGTCTCCAGAGCAA 

CUL5 CUL5 F GTTAACCTTTGTTCTAATCCTGA 
CUL5 R TGTACACCATTTTGTTGTAAATACG 

 
IRF4 

IRF4 F GCTTGGGCACTGTTTAAAGG 
IRF4 R TTGTACGGGTCTGAGATGTCC 
IRF4 LOOP F TTGCACACACTTTCATGCAG 
IRF4 LOOP R TGCTGCCCAATACATATCC 

ERAP1 ERAP1 F GATGGGACACCATTTCCTTG 
ERAP1 R CTCTCTCCAGCTCCCTTCCT 

 
KLF13 

KLF13 F CCGCAGAGGAAGCACAA 
KLF13 R AAGGGCCTCTCACCTGTG 
KLF13 LOOP F AGCAAGAGACCGGAACATTG 
KLF13 LOOP R AGTCTGAGTTGGGGACATGG 

 
PRDM1 

PRDM1 F CCCAAAGAATGTCCCAAAGA 
PRDM1 R GGGCTCCCACGTCTTCTAA 
PRDM1 LOOP F TGCTCAACCCCACTTCTCTC 
PRDM1 LOOP R GCTACAGGCCTTGTCCTTCA 

 
RICTOR 

RICTOR F ACTCCAAATATGTTGACTTGATTG 
RICTOR R CTTTGGTTACTCCGACGAACA 
RICTOR LOOP F AGAAGCAGAGGCTGTGTTGG 
RICTOR LOOP R CCAGTAACTGCGGAACAGT 
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Table S1 

 Primer name Primer sequance (5´-3´) 
 
ATR 

ATR F TGCAGCTTCTGCTCTCATTC 
ATR R GTGTTCTCCAATACCGCAGCA 
ATR LOOP F ATGCTAACAGGTCCGAGTGG 
ATR LOOP R TGGTTTGATGCTATGCTCC 

AKAP9 AKAP9 F AGCCATCATTGCCTCTGAAA 
AKAP9 R TGTTCAGAATCAGGGCTCAG 

PCM1 PCM1 F ATGGAGAGCAGCCAGATTG 
PCM1 R GGAGGCTGAGAATCACGAAG 

 
CENPF 

CENPF F GATCAATTGAAGGAGCTCACA 
CENPF R GCCTGGTGTTTCTTTTCAGC 
CENPF LOOP F  GAAAAACAAGGTCAGTTGTCAGAA 
CENPF LOOP R GGGCTCTCAGCTTTTCAATG 

XRN1 XRN1 F GAGATGAATATGGATTACCCTCTCA 
XRN1 R TCAGTTACTGGTGTGGATACAGG 

KMT2C KMT2C F ATCAACCCAATCGCTCATTC 
KMT2C R CGGCTTGTTGAGGAAGCTCAC 

XBP1 3´region XBP1 F GTTGGGCATTCTGGACAACT 
XBP1 R CTTCCAGCTTGGCTGATGAC 

B2M B2M F CTCACGTCATCCAGCAGAGA 
B2M R CGGCAGGCATACTCATCTTT 

BLOC1S1 BLOC1S1 F CCCAATTTGC CAAGCAGACA 
BLOC1S1 R CATCCCCAATTTCCTT GAGTGC 

GAPDH GAPDH F GGGTGGAATCATATTGGAACATGTA 
GAPDH R CAGGGCTGCTTTTAACTCTGGTAA 

 

 

 

 

Table S2. List of differential usage of exons according to RNA-seq data can be 
consulted through the following link: 
(https://www.dropbox.com/sh/qdkoi4ky1tkzy5i/AAAXlseVTZh_I3qWmUz9TXqVa?dl=0) 

  

https://www.dropbox.com/sh/qdkoi4ky1tkzy5i/AAAXlseVTZh_I3qWmUz9TXqVa?dl=0
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Supplementary Figures 

 

 

Figure S1. Efficiency of cleavage reaction. A XBP1 and B BLOC1S1 mRNA levels measured by qRT-

PCR using the cDNAs synthesized with oligo (dT), and primers mapping the cleavage site of IRE1 

from mock and IRE1-treated samples.  
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Figure S2. Reactome pathway analysis using RNA-seq data. Bar chart representing the most 

significantly enriched pathways. FDR ≤ 0.05. 
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Figure S3 
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Figure S3 
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Figure S3 
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Figure S3 
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Figure S3 
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Figure S3. Validation of putative IRE1 substrates. Exon-usage plots of the 28 remaining putative 

mRNAs, showing the number of reads in mock (red) and IRE1-treated (blue) samples. The black 

arrows represent the site of primers used in the 5´ region of the putative IRE1-substrates. Red arrows 

represent the site of primers mapping the predicted cleavage site. Right panel of each exon-usage 

plot shows the abundance of mRNA in the corresponding target.  All results are presented as the 

means ± SD of three experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001). 
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Chapter I:  

 

1- DEPTOR mRNA is overexpressed in plasma cells compared with B lymphocytes.  
2- DEPTOR knockdown in myeloma cell lines induces dedifferentiation of myeloma cells, as 

demonstrated by the upregulation of PAX5 and BCL6, the downregulation of IRF4, and a 

clear reduction in cell size and endoplasmic reticulum mass.  
3- MiR-135b and miR-642a regulate DEPTOR expression in MM and their upregulation 

results in myeloma cell dedifferentiation.  
4- DEPTOR protein is differentially expressed among multiple myeloma patients. 

Progression free survival was significantly longer in MM patients with high DEPTOR 

expression than in those with low expression levels.  

 

Chapter II:  

 

5- IRE1 mRNA is overexpressed in plasma cells compared with B lymphocytes. 
6- IRE1 is a direct target of miR-124, miR-506, miR-326, and miR-488. 

7- IRE1 downregulation induced by shRNAs or ectopic transfection with miR-124 and miR-

506 lead to myeloma cell dedifferentiation. 

 

Chapter III:  

 

8- RNA sequencing shows that IRE1 RNase has a broad range of mRNA substrates in 

myeloma cells.  
9- IRE1 regulates several proteins of key significance in multiple myeloma survival and 

proliferation. 

10- The mRNAs of KLF13, DICER, NOTCH1, IRF4, ATR, BLIMP1, IKAROS, and CENPF genes are 

novel RIDD targets in multiple myeloma and the stress-induced degradation of these 

mRNAs is IRE1-dependent. 
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Nuevos conocimientos sobre la diferenciación de las células plasmáticas y la 
respuesta a las proteínas mal plegadas en el mieloma múltiple: papel de DEPTOR e 

IRE1 

Hipótesis 

La transición de células B (CB) a células plasmáticas (CP) implica profundas modificaciones 

transcripcionales que dan como resultado el fenotipo de CP, caracterizado por una 

capacidad de supervivencia a largo plazo, y la producción y secreción de anticuerpos. Los 

defectos en el desarrollo de las CP pueden provocar enfermedades graves. De hecho, la 

interrupción del proceso de diferenciación de la CB, como consecuencia de mutaciones en 

factores clave en su maduración, se ha asociado con la transformación maligna de las CB. 

Aunque el conocimiento de las bases moleculares que regulan la formación de la CP ha 

avanzado en los últimos años, muchos de los mecanismos implicados en el mantenimiento 

de las CP de larga duración, que son las células que se acumulan anormalmente en la medula 

ósea de los pacientes con MM, son aún desconocidos. Profundizar en el conocimiento de los 

factores implicados en la maduración de las CP podría ayudarnos a comprender la patogenia 

del MM y, por tanto, brindar nuevas perspectivas para el desarrollo de estrategias 

terapéuticas más efectivas que ayuden a bloquear la actividad tumoral de las CP en el MM. 

En un análisis previo de expresión génica mediante microarrays, habíamos observado que 

el ARNm que codifica DEPTOR e IRE1 estaba sobreexpresado en las CP normales y en las 

células del mieloma múltiple (MM) en comparación con los linfocitos B normales. Por este 

motivo, planteamos la hipótesis de que la expresión variable de las proteínas 

DEPTOR e IRE1 podría contribuir a inducir diferentes estados de maduración de las 

células del MM. DEPTOR es un inhibidor de mTOR que está sobreexpresado en los MM con 

translocaciones de CCND1 o CCND3, o MAF o MAFB. En estas células, se observó que se 

necesitaba una alta expresión de DEPTOR para mantener la activación de PI3K y AKT, y que 

la reducción de los niveles de DEPTOR conducía a la apoptosis. Sin embargo, no se ha 

descrito el posible papel de DEPTOR en la maduración de la CP. Se ha demostrado que el 

sensor de estrés en el retículo endoplásmico, IRE1, es necesario durante la diferenciación 

temprana y tardía de las CB. Por un lado, es fundamental en la etapa de células pro-B para 

la recombinación de los segmentos V(D)J de los genes de las inmunoglobulinas, y por otro 

lado, se ha demostrado que IRE1 es indispensable para la diferenciación terminal de la CB 

en CP a través de la activación de XBP1. 

En los últimos años, se ha descubierto que numerosos microRNAs participan en la 

maduración de las CB. Este hecho nos llevó a pensar que la expresión tanto de DEPTOR 
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como de IRE1 también podría estar regulada a nivel postranscripcional por 

microRNAs. 

Además de participar en la maduración de la CP, también se ha demostrado que IRE1 es 

capaz de degradar algunos ARNm de una manera diferente a como lo hace con XBP1. Este 

mecanismo conocido como “regulated IRE1-dependent decay (RIDD)” puede depender de 

la naturaleza de los estímulos de estrés y del tejido donde se produzca. Diferentes 

investigaciones sugieren que aún quedan muchas dianas de RIDD por identificar. En las 

células de mieloma, la única diana de RIDD que se ha identificado es el ARNm de BLOC1S1. 

Nuestra hipótesis era que podrían existir muchas otras dianas RIDD en el MM y que 

algunas de ellas podrían regular la supervivencia o proliferación de las células del 

MM. 

 

Objetivos 

1) Investigar el papel del gen DEPTOR en la diferenciación terminal de las células del 

mieloma múltiple. 

- Estudiar los efectos del silenciamiento de DEPTOR en el estado de maduración de 

las células mielomatosas. 

- Identificar microRNAs que modulen la expresión de DEPTOR en el MM y conocer 

su efecto sobre la maduración de la CP. 

- Correlacionar el pronóstico de los pacientes con MM con los niveles de la proteína 

DEPTOR. 

2) Descubrir la función de IRE1 en la maduración de las células del mieloma múltiple. 

- Analizar el efecto del silenciamiento de IRE1 en el estado de maduración de las 

células del mieloma. 

- Explorar la regulación epigenética de IRE1 por microRNAS. 

3) Identificar dianas de “regulated IRE1-dependent decay (RIDD)” en el MM mediante la 

secuenciación del ARN. 

- Analizar la presencia del sitio de escisión de IRE1 en las dianas de RIDD. 

- Investigar si las dianas identificadas se degradan tras la inducción del estrés en el 

retículo endoplásmico. 
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Resultados 

Capítulo I: 

En este capítulo, exploramos el papel de DEPTOR, un inhibidor de mTOR, en la 

diferenciación terminal de las células del mieloma múltiple (MM) y su repercusión 

potencial en la supervivencia de los pacientes. El silenciamiento de DEPTOR en las 

líneas celulares H929 y MM1S indujo la desdiferenciación de las células 

mielomatosas, como lo demostró el aumento de la expresión de los factores de 

transcripción PAX5 y BCL6, el descenso de la expresión del factor de transcripción 

IRF4, y la reducción en el tamaño celular y del retículo endoplásmico. Este efecto fue 

independiente de la señalización de mTOR, ya que los sustratos de mTOR no se 

vieron afectados por el descenso de DEPTOR. Además, se investigó la posibilidad de 

que DEPTOR estuviera desregulado en el MM por la acción de los miRNAs. Así, se 

observó que la expresión ectópica de los miR-135b y miR-642a en líneas celulares 

de MM disminuyó sustancialmente los niveles de la proteína DEPTOR y provocó la 

desdiferenciación de las células tumorales del MM.  

La cuantificación de la proteína DEPTOR en pacientes con MM puso de manifiesto 

que sus altos niveles de expresión se asociaban con una supervivencia libre de 

progresión más prolongada. Nuestros resultados demuestran por primera vez que 

la expresión de DEPTOR es requerida para mantener la diferenciación de las células 

del MM y que un alto nivel de su expresión se asocia con una supervivencia más 

prolongda. 

 

Capítulo II:  

La maduración de las células B conlleva una serie de procesos estrechamente 

controlados por determinadas vías de señalización, factores de transcripción y 

miRNAs. En este capítulo, investigamos el papel de IRE1 en la diferenciación 

terminal de las células del MM. El silenciamiento de IRE1 en las líneas celulares 

H929 y MM1S provocó la desdiferenciación de las células mielomatosas, como lo 

evidenció el aumento de expresión de PAX5 y BCL6. Además, los ensayos de 

luciferasa y de ganancia de función demostraron que los miR-124 y miR-506 

regulaban la expresión de IRE1 en el MM. La expresión ectópica de miR-124 y miR-

506 en las líneas celulares de mieloma disminuyó sustancialmente los niveles de 

proteína IRE1 y causó la desdiferenciación de las células de mieloma, como lo 
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demostró la disminución de la concentración de IRF4 e IgƘ, y la reducción en el 

tamaño celular y del retículo endoplásmico. Nuestros resultados muestran que la 

expresión de IRE1 consigue mantener la diferenciación de las células tumorales del 

MM.  

 

Capítulo III: 

IRE1 es un sensor de la respuesta a las proteínas mal plegadas con actividad de 

quinasa y endonucleasa. Desempeña un papel central en la respuesta al estrés en el 

retículo endoplásmico (RE) a través del “splicing” no convencional del ARNm de 

XBP1 y del proceso “regulated IRE1-dependent decay (RIDD)”. Se sabe que las 

células tumorales del MM poseen un nivel elevado de estrés basal en el RE, sin 

embargo, la actividad de RIDD no ha sido bien estudiada en esta enfermedad. Para 

investigar nuevas dianas de RIDD de posible relevancia para la supervivencia y/o 

proliferación de las células del MM, se combinaron el ensayo de escisión in vitro con 

técnicas de secuenciación de ARN. El análisis bioinformático reveló cientos de 

posibles sustratos de IRE1, de los cuales 32 fueron elegidos para la validación. 

Analizando la estructura secundaria de los sustratos de IRE1, se observó que las 

secuencias consenso de los mRNA de IRF4, PRDM1, IKZF1, KLF13, NOTCH1, ATR, 

DICER, RICTOR, CDK12, FAM168B y CENPF estaban acompañadas por una estructura 

“stem loop” esencial para la escisión mediada por IRE1. Además los niveles de 

ARNm y proteínas correspondientes a estas dianas se atenuaron de manera 

dependiente de IRE1 mediante el tratamiento con agentes inductores del estrés en 

el RE. Nuestros resultados demuestran por primera vez que IRE1 es un regulador 

clave de varias proteínas implicadas en la supervivencia y proliferación del MM. 
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Conclusiones 

Capítulo I: 

1- El ARNm de DEPTOR está sobreexpresado en las células plasmáticas en comparación con 

los linfocitos B. 

2- El silenciamiento de DEPTOR en las líneas celulares de mieloma múltiple induce la 

desdiferenciación de las células mielomatosas, como lo demuestra el aumento de la 

expresión de PAX5 y BCL6, el descenso de la expresión de IRF4 y una clara reducción del 

tamaño celular y del retículo endoplásmico. 

3- Los miR-135b y miR-642a regulan la expresión de DEPTOR en MM y su sobreexpresión 

da como resultado la desdiferenciación de las células del mieloma. 

4- La proteína DEPTOR se expresa de forma diferencial entre los pacientes con mieloma 

múltiple. La supervivencia libre de progresión fue significativamente más larga en pacientes 

con MM con alta expresión de DEPTOR que en aquellos con bajos niveles de expresión. 

Capitulo II: 

5- El ARNm de IRE1 está sobreexpresado en las células plasmáticas en comparación con los 

linfocitos B. 

6- IRE1 es una diana directa de los miR-124, miR-506, miR-326 y miR-488. 

7- El silenciamiento de IRE1 inducido por shRNA o la transfección ectópica con miR-124 y 

miR-506 conduce a la desdiferenciación de las células del mieloma. 

Capítulo III: 

8- La secuenciación del ARN muestra que la ARNasa IRE1 tiene una amplia gama de 

sustratos de ARNm en las células del mieloma. 

9- IRE1 regula varias proteínas de importancia clave en la supervivencia y proliferación del 

mieloma múltiple. 

10- Los ARNm de los genes KLF13, DICER, NOTCH1, IRF4, ATR, BLIMP1, IKAROS y CENPF son 

nuevas dianas de RIDD en el mieloma múltiple y la degradación de estos ARNm 

inducida por el estrés depende de IRE1. 
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DEPTOR maintains plasma cell
differentiation and favorably affects
prognosis in multiple myeloma
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and Norma C. Gutiérrez1,2,3*†

Abstract

Background: The B cell maturation process involves multiple steps, which are controlled by relevant pathways
and transcription factors. The understanding of the final stages of plasma cell (PC) differentiation could provide
new insights for therapeutic strategies in multiple myeloma (MM). Here, we explore the role of DEPTOR, an mTOR
inhibitor, in the terminal differentiation of myeloma cells, and its potential impact on patient survival.

Methods: The expression level of DEPTOR in MM cell lines and B cell populations was measured by real-time
RT-PCR, and/or Western blot analysis. DEPTOR protein level in MM patients was quantified by capillary
electrophoresis immunoassay. RNA interference was used to downregulate DEPTOR in MM cell lines.

Results: DEPTOR knockdown in H929 and MM1S cell lines induced dedifferentiation of myeloma cells, as
demonstrated by the upregulation of PAX5 and BCL6, the downregulation of IRF4, and a clear reduction in cell size
and endoplasmic reticulum mass. This effect seemed to be independent of mTOR signaling, since mTOR substrates
were not affected by DEPTOR knockdown. Additionally, the potential for DEPTOR to be deregulated in MM by
particular miRNAs was investigated. The ectopic expression of miR-135b and miR-642a in myeloma cell lines
substantially diminished DEPTOR protein levels, and caused dedifferentiation of myeloma cells. Interestingly, the
level of expression of DEPTOR protein in myeloma patients was highly variable, the highest levels being associated
with longer progression-free survival.

Conclusions: Our results demonstrate for the first time that DEPTOR expression is required to maintain myeloma
cell differentiation and that high level of its expression are associated with better outcome.
Primary samples used in this study correspond to patients entered into GEM2010 trial (registered at www.
clinicaltrials.gov as #NCT01237249, 4 November 2010).

Keywords: DEPTOR, Multiple myeloma, Plasma cell development, B lymphocyte differentiation, miRNAs

Background
Multiple myeloma (MM) is a clonal disorder of B cells
(BCs) in the final stage of differentiation that accounts for
approximately 10% of all hematological cancers [1]. MM is
characterized by clonal accumulation of malignant plasma
cells (PCs) in the bone marrow, which secrete a

monoclonal immunoglobulin. Although several therapeutic
agents are available, MM remains incurable. Knowledge of
all the factors involved in PC differentiation could provide
new insights of relevance to therapeutic strategies for MM.
In fact, in some hematological neoplasms, the malignant
transformation of BC has been associated with the disrup-
tion of the B cell differentiation process, such as mutations
of certain key BC maturation factors [2–4]. The transition
from B lymphoid precursors to antibody-secreting PCs in-
volves several molecular and cellular modifications includ-
ing transcriptional changes, expansion of the cytoplasm
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and the secretory organelles to accommodate high-rate syn-
thesis of immunoglobulins, unfolded protein response
(UPR) activation, and changes in cell surface antigen
expression [5–8]. It has been demonstrated that the tran-
scriptomes of BC and PC are maintained by two groups of
transcriptional factors: those that promote the B cell
program, such as PAX5, BCL6, and BACH2, and those that
favor and facilitate PC differentiation, notably IRF4,
BLIMP1, and XBP1 [9]. Interestingly, many of these tran-
scription factors repress others required for the alternative
developmental state, thereby establishing mutually exclu-
sive gene expression programs [9–12]. Besides transcrip-
tional factors, other types of proteins and biochemical
pathways could be involved in the transformation of BC
into mature PC.
Using microarray expression data, we found that the

mRNA-encoding DEPTOR, an inhibitor of mTORC1
and mTORC2 kinases activities [13], was overexpressed
in normal PCs (NPCs) and myeloma cells compared
with normal B lymphocytes (NBLs) [14], which raised
the possibility that this protein contributes to PC differ-
entiation. The complete role of DEPTOR within the cells
has not yet been fully elucidated, although the involve-
ment of DEPTOR in several biological processes, such
as cell growth, apoptosis, and autophagy, has been
reported [15]. A potential role of DEPTOR as a tumor
suppressor or as an oncogene, depending on cell
context, has also been described. It is considered a
tumor suppressor, functioning by the inhibition of
mTOR, whose activity is frequently hyperactivated in
many human tumors. Indeed, DEPTOR has been found
to be downregulated in many types of human cancers.
However, it is also overexpressed in many other tumor
types, including chronic myeloid leukemia, and MM [13,
16]. The overexpression of DEPTOR in MM has been
associated with translocations involving MAF transcrip-
tion factors and CCND1 and CCND3 genes [13]. Fur-
thermore, DEPTOR seems to be overexpressed in MM
with copy number gains of 8q24 where DEPTOR is lo-
cated [17].
Here, we report for the first time that DEPTOR main-

tains the terminal differentiation of MM cells. Knock-
down of DEPTOR reverts the transcriptional program of
the PC to that characteristic of a BC. In addition, we
found that microRNA deregulation in MM, specifically
miR642a and miR135b downregulation, may also under-
pin the overexpression of DEPTOR.

Methods
Cell lines and primary samples
The human multiple myeloma cell lines (MMCL), NCI-
H929, MM1S, and U266 were acquired from the ATCC
(American Type Culture Collection), and the JJN3, RPMI-
8226, OPM-2, KMS12BM, KMS12PE, and HEK923 lines

were obtained from the Deutsche Sammlung von Mik-
roorganismen and Zellkulturen (DSMZ). Cell line identity
was confirmed periodically by STR analysis with the
PowerPlex 16 HS system kit (www.promega.com) and on-
line STR matching analysis (www.dsmz.de/fp/cgi-bin/
str.html). Cell lines were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum and antibiotics
(Gibco Life Technologies, Grand Island, NY, USA). Bone
marrow (BM) samples from ten healthy donors were
sorted by a FACSAria equipment into four BC popula-
tions: immature B cells (CD34−, CD19 +, CD10+, CD38+
+), naive B cells (CD19+, CD27−, CD10−), memory B cells
(CD19+, CD138−, CD27+, CD38+), and plasma cells
(CD38+++, CD138+, CD45low). Monoclonal antibodies
were purchased as follows: anti-CD45-FITC (clone D3/9)
and anti-CD19-PECy7 (clone A3-B1) from Immunostep
(Salamanca, Spain); anti-CD38-PerCP-Cy™5.5 (clone
HIT2), anti-CD34-APC (clone 8G12), and anti-CD27-
BV421 (clone M-T271) from BD Biosciences (San Jose,
CA, USA); anti- CD138-Pacific OrangeTM (clone B-A38)
from Exbio Praha (Vestec, Czech Republic); and anti-
CD10-PE (clone ALB1) from Beckman Coulter (Pasadena,
CA, USA). CD138+ plasma cells were isolated from BM
samples of 24 patients with newly diagnosed MM
included in the GEM2010 Spanish trial (bortezomib,
melphalan, and prednisone plus lenalidomide and dexa-
methasone), using an autoMACS separation system
(Miltenyi-Biotec, Auburn, CA, USA).

RNA extraction and quantitative real-time PCR analysis
RNA was extracted from the cell lines using an RNeasy
mini kit (Qiagen, Valencia, USA) according to the stand-
ard protocol. RNA integrity was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). Total RNA (1 μg) was reverse-
transcribed to complementary DNA (cDNA) using
High-Capacity cDNA Reverse Transcription Kits (Ap-
plied Biosystems, Foster City, CA, USA). Expression of
target genes was assessed using TaqMan qRT-PCR
assays (Applied Biosystems). Relative gene expression
was calculated by the 2−ΔCt method using GAPDH as
the endogenous control for normalization.
To detect mature miR135b and miR642a expression

levels, TaqMan quantitative real-time polymerase chain
reaction (qRT-PCR) micro RNA (miRNA) assay (Applied
Biosystems) was performed. The relative levels of ex-
pression of mature miR135b and miR642a normalized
with respect to the RNU43 endogenous control were
determined by the 2−ΔCt method. Each measurement
was performed in triplicate.

Transfections
Cell lines were transfected using the nucleofector II sys-
tem (Lonza, Allendale, NJ, USA) with the following
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programs: C-16 for H929 and JJN3, G-16 for MM1S,
and X-005 for U266. Cells were transfected with on-
TARGET plus™ control pool or on-TARGET plus
SMART pool Human DEPTOR (Dharmacon, Lafayette,
CO, USA); pre-miR™ miRNA precursors pre-miR-135b,
pre-miR-642a, and pre-miR™ miRNA negative non-
targeting control#1 (Ambion, Austin, TX, USA); and
microRNA inhibitors, hsa-miR-135b-5p miRCURY
LNA™ microRNA inhibitor, hsa-miR-642a-5p miRCURY
LNA™ microRNA inhibitor, and miRCURY LNA™ micro-
RNA inhibitor negative control A (Exiqon, Woburn,
MA, USA). Small interfering RNA (siRNA) and miRNA
concentration of 25 nM was used in all the experiments.

Cell cycle analysis
Cells were washed in PBS and fixed in 70% ethanol for
later use. Cells were rehydrated with PBS, resuspended
in 500 μl of PI/RNase staining solution (Immunostep),
and incubated for 20 min at RT in the dark. Samples
were analyzed using a FACSCalibur flow cytometer.

Apoptosis and cell proliferation assays
Apoptosis was measured using an annexin V-fluorescein
isothiocyanate/propidium iodide (PI) double staining
(Immunostep) according to the manufacturer’s procedure.
Cell viability was evaluated with the CellTiter-Glo® lumi-
nescent cell viability assay based on the amount of ATP
present (Promega), in accordance with the manufacturer’s
protocol.

Immunophenotyping
MM cell lines were immunophenotyped on a FACS-
Canto II cytometer (Beckton Dickinson Biosciences)
using the following monoclonal antibodies: CD138-
OC515 (Cytognos S.L., Salamanca, Spain), CD38-APC-
H7 (BD Biosciences), and sIgk-PB (Vestec, Czech Re-
public). Data analysis was performed using the Infinicyt
software (Cytognos S.L.). A minimum of 105 events were
stored. Median fluorescence intensity of each marker
was analyzed.

Luciferase reporter assay
The double-stranded oligonucleotides corresponding to
the wild-type or mutant miR135b and miR642a binding
sites in the 3′-untranslated region (3′UTR) of DEPTOR
were synthesized (Additional file 1: Table S1) (Sigma-Al-
drich, St Louis, MO, USA) and ligated between the PmeI
and Xbal restriction sites of the pmirGLO vector
(Promega, Madison, WI, USA). Oligonucleotide
sequences are detailed in Additional file 1: Table S1.
Luciferase assays in HEK293 cells were performed as
previously described [18].

Western blot
Protein extraction and Western blot analysis were carried
out as previously detailed [18]. The primary antibodies
used for immunoblotting were anti-DEPTOR, anti-AKT,
phospho-AKT (ser473), anti-p70 S6 kinase, anti-phospho-
p70 S6 (Thr389), anti-4E-BP1, anti-phospho-4E-BP1
(Thr37/46), anti-S6 ribosomal protein, anti-phospho-S6
ribosomal protein (Ser235/236) (Cell Signaling Technol-
ogy, Beverly, MA, USA), anti-IRF4, anti-Ig kappa light
chain, and anti-Ig lambda light chain (Santa Cruz Biotech,
Delaware, CA, USA). Anti-β-actin (Sigma-Aldrich) was
used as an internal control for protein loading. The mem-
branes were then washed and incubated with the second-
ary horseradish per-oxidase-linked anti-mouse IgG or
anti-rabbit IgG antibodies (PierceNet) (1:10000), anti-goat
IgG (Santa Cruz Biotech) (1:10000). Chemiluminescence
was detected using the Amersham ECL Plus™ Western
Blotting Detection Reagent (GE Healthcare).

Capillary electrophoresis immunoassay
Capillary electrophoresis immunoassay was performed
using the WES™ machine (ProteinSimple Santa Clara, CA,
USA) according to the manufacturer’s protocol. In brief,
4 μl of samples at a concentration of 0.1 mg/ml (or lower
when it was not possible to achieve 0.1 mg/ml) were
combined with a master mix (ProteinSimple) to a final
concentration of 1× sample buffer, 1× fluorescent molecu-
lar weight markers, and 40 mM dithiothreitol (DTT), and
then heated at 95 °C for 5 min. The samples, blocking re-
agent, wash buffer, primary antibodies (anti-DEPTOR and
anti-GAPDH at 1:100 concentration), secondary anti-
bodies, and chemiluminescent substrate were dispensed
into designated wells in the microplate provided by the
manufacturer. After plate loading, the fully automated
separation electrophoresis and immunodetection steps
were carried out in the capillary system. Data were ana-
lyzed with the inbuilt Compass software (ProteinSimple).
The signal from DEPTOR was normalized with respect to
the signal from GAPDH, making sure that the signals of
both proteins were within the linearity range.

Immunofluorescence staining
Cells were collected 48 or 72 h post-transfection,
washed with PBS, and stained for 30 min with 1 μM
ER-Tracker™ Red (Invitrogen). Cells were washed
again with PBS, fixed with 4% formaldehyde for
5 min at room temperature, placed on glass slides
coated with poly-L-lysine, and stained for 1 min with
DAPI II. The slides were then mounted using VEC-
TASHIELD Mounting Medium (Vector Laboratories,
Burlingame, CA, USA). Images were collected under
a Zeiss confocal microscope equipped with 636/1.4
Oil Plan-APOCRHOMAT DIC.
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Statistical analysis
The two-tailed Student t test or the two-tailed Welch t
test was used to analyze group differences in experi-
ments when data showed equal or unequal variances, re-
spectively. Data are reported as mean values ± standard
deviation (SD) of at least three determinations.
Progression-free survival (PFS) distribution curves

were plotted using the Kaplan–Meier method; the log-
rank test was used to estimate the statistical significance
of differences between the curves. The Cutoff Finder
web application (http://molpath.charite.de/cutoff ) was
used to determine the optimal cutoff, defined as that
yielding the most significant split discriminating shorter
and longer survival, and identified by testing all possible
cutoffs using the log-rank test [19]. Values of p < 0.05
were considered statistically significant. All statistical
analyses were conducted using the SPSS 21.0 program
(IBM Corp. Released 2012. IBM SPSS Statistics for
Windows, Version 21.0. Armonk, NY: IBM Corp).

Results
DEPTOR is overexpressed in plasma cells compared with
B lymphocytes
In order to confirm the previously observed overexpres-
sion of DEPTOR by microarray analysis in NPC and mye-
loma cells relative to NBL (GSE6691 at GEO repository)
[14] (Fig. 1a), we quantified DEPTOR mRNA levels by
qRT-PCR in four BC populations. To this end, immature,
naïve, memory B cells and PCs were sorted from BM sam-
ples obtained from healthy donors. DEPTOR expression
was found to be significantly higher in PCs than in all pre-
vious stages of differentiation (Fig. 1b), which suggested
that this protein could be involved in PC maturation.

DEPTOR knockdown induces dedifferentiation of
myeloma cells
To gain further insight into the potential role of DEPTOR
in PC differentiation, we knocked down its expression in
MMCLs by siRNA for 48 h and then assessed the

expression of key genes involved in B cell maturation by
qRT-PCR. Cell growth and apoptosis experiments re-
vealed that DEPTOR knockdown did not alter cell viabil-
ity (Additional file 1: Figure S1 a and b). However, we
found that PAX5 and BCL6, which both encode B cell
lineage-specific activator proteins and which are present
only at early stages of B cell differentiation [9], were in-
creased in DEPTOR-silenced cells (Fig. 2a). Conversely,
IRF4, an essential transcription factor for PC differenti-
ation [20], was downregulated after DEPTOR knockdown.
Reduced IRF4 levels were also confirmed by Western blot,
mainly in H929 cells (Fig. 2b). Additionally, immunophe-
notypic markers related to B cell differentiation, such as
CD19, CD38, CD138, and k light chain were also assessed.
Thus, expression levels of CD38, CD138, and k light chain
were found to be lower, while CD19 expression was higher
after DEPTOR silencing (Fig. 2a–c). Next, we analyzed the
effect of DEPTOR downregulation on myeloma cell
morphology. Clear reductions in cell size and endoplasmic
reticulum (ER) mass were found in both H929 and MM1S
as a consequence of DEPTOR downregulation (Fig. 3a–c).
To exclude the possibility that cell cycle profiles were re-
sponsible for the differences in size of myeloma cells, we
determined the percentage of cells in G1, S, and G2/M by
flow cytometry. No differences in cell cycle profiles were
observed between control and DEPTOR-silenced cells
(Fig. 3d). Next, we also determined whether the observed
reduction in cell size in DEPTOR-silenced cells could also
be detected by flow cytometry. A clear reduction in mean
FSC value was observed in DEPTOR-silenced cells
compared with control cells (Fig. 3e). Taken together,
these results indicate that DEPTOR downregulation in
MM cells induces a reversal of PCs to previous stages of
PC differentiation.

Dedifferentiation of myeloma cells induced by DEPTOR
silencing is independent of mTOR signaling
As DEPTOR has been described previously as an
mTORC1/mTORC2 inhibitor [13], we were interested

Fig. 1 DEPTOR expression. a DEPTOR expression in normal B lymphocytes (NBL), normal PC (NPC), and myeloma cells obtained from gene expression
arrays (GSE6691 at GEO repository). b DEPTOR expression detected by qRT-PCR in immature B cells, naive B cells, memory B cells, and NPC. (*p ˂ 0.05,
**p ˂ 0.01, ***p ˂ 0.001)
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to determine whether PC dedifferentiation observed
after DEPTOR silencing was induced through the
mTOR signaling pathway. For this purpose, mTORC1
and mTORC2 activity was monitored through the phos-
phorylation state of their substrates using the same
conditions of DEPTOR knockdown that induced PC
dedifferentiation. We found that the levels of mTOR
substrates were not changed by DEPTOR knockdown
under the conditions assayed (Fig. 4a). These results im-
plied that all the molecular and morphological changes
obtained after DEPTOR knockdown were independent
of the mTOR pathway. To confirm these findings, we
added rapamycin, a well-known mTORC1 inhibitor, in
the DEPTOR knockdown experiments. As shown in
Fig. 4b, levels of p-S6 were again found to be similar in
control and in DEPTOR knockdown cells, but lower in

cells exposed to rapamycin, showing that the downregu-
lation of IRF4 triggered by DEPTOR silencing was not
reverted by the addition of rapamycin. Therefore, the PC
state is maintained by DEPTOR independent of its role
as an mTORC inhibitor.

DEPTOR is a direct target of miR135b and miR642a
It has previously been shown that DEPTOR is overex-
pressed in the subset of MM carrying MAF/MAFB and
CCND1/CCND3 translocations. The influence of MAF/
MAFB on DEPTOR levels was confirmed by both
ectopic expression of MAFB and MAF silencing, which
induced DEPTOR upregulation and downregulation,
respectively [13]. We evaluated DEPTOR expression in a
panel of MM cell lines with different chromosomal
translocations (Fig. 5a). DEPTOR mRNA and protein

Fig. 2 DEPTOR knockdown modulates transcription factors and markers related to B cell maturation. a mRNA levels of the indicated genes in
H929 and MM1S determined by qRT-PCR 48 h after DEPTOR knockdown. b Western blot of DEPTOR, IRF4, and kappa and lambda light chain in
H929 and MM1S. c Flow cytometry analysis of CD38, CD138, and cytoplasmic kappa light chain in H929 after DEPTOR knockdown (siDEPTOR)
compared with non-targeting control (siNT); left panel: representative histograms; right panel: mean fluorescence intensity values (MFI). All results
are presented as the means ± SD of three different experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001)
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levels were detected in almost all cell lines analyzed, es-
pecially in RPMI-8226 and MM1S, which overexpress
MAF [21], but also in H929 and OPM2 carrying the
(4;14) translocation. Surprisingly, some MM cell lines
exhibited low levels of DEPTOR, like JJN3, even though
it carries a MAF translocation, and U266, which overex-
press cyclin D1 [22–26]. These results suggest that,
although DEPTOR levels may be influenced by MAF/
MAFB or cyclin D1/3 expression, additional mechanisms
may affect its expression. To address the possibility that
post-transcriptional regulation by microRNAs is in-
volved in DEPTOR expression, we looked for miRNA-
DEPTOR interactions in five databases (miRMap, PITA,
RNA22, RNAhybrid, and Targets scan), using a value of
p = 0.05 for miRNAs whose predicted binding site is the
3′UTR of DEPTOR (Additional file 1: Figure S2). A total
of 47 common miRNAs were predicted to target

DEPTOR from the five combined datasets. Of these,
miR135b and miR642a had been previously reported to
be downregulated in MM with different cytogenetic
abnormalities [27]. Underexpression of both miRNAs in
different MM patients compared with NPCs was
confirmed by qRT-PCR (Fig. 5b). According to the
prediction algorithms, miR642a and miR135b have one
putative site in the DEPTOR 3′UTR (Fig. 5c). To deter-
mine whether DEPTOR was a direct target of those miR-
NAs, we carried out luciferase reporter assays. The 3′
UTR of DEPTOR harboring the sequence complemen-
tary to the miR642a or miR135b seed sequence was
cloned in a reporter plasmid vector referred to as wild-
type (WT). In parallel, a 3′UTR DEPTOR fragment
containing mutant sequences (MUT) of the seed site of
the two miRNAs was cloned in the same reporter
plasmid. DEPTOR 3′UTR WT and MUT luciferase

Fig. 3 DEPTOR knockdown induces dedifferentiation of myeloma cells. a Giemsa stain of H929 and MM1S after DEPTOR knockdown. b
Immunofluorescence of H929 and MM1S cells stained with ER-Tracker™ Red dye. c Average maximum diameter of H929 and MM1S transfected
with non-targeting (siNT) and DEPTOR siRNA (siDEPTOR) measured from two independent experiments. At least 100 cells per experiment were
counted. d Cell cycle analysis 48 h after DEPTOR knockdown. The percentages of cells in different phases of the cell cycle are indicated. e Cell size
of H929 48 h after DEPTOR knockdown. Representative dot plots showing forward-scatter (FSC) versus side-scatter (SSC). All results are presented
as the means ± SD of three different experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001)
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constructs were then transfected into HEK293 cells
along with miR-135b/miR-642a or negative control (NC)
miRNA, and luciferase activity was determined. We
found that luciferase activity of cells cotransfected with
WT DEPTOR 3′UTR and miR135b or miR642a was sig-
nificantly lower (p < 0.01) than that exhibited by cells
transfected with NC control miRNA. Luciferase activity
of MUT constructs was not affected by miR135b or
miR642a overexpression (Fig. 5d).

miR135b and miR642a regulate DEPTOR expression in
MM
Once DEPTOR had been validated as being a direct target
of miR642a and miR135b, we speculated that differences
in DEPTOR levels among MM cell lines could be partly
related with the endogenous levels of these miRNAs. In
fact, using qRT-PCR, we found that JJN3 and U266, which
exhibited low levels of DEPTOR despite MAF or cyclin
D1 overexpression (Fig. 6a), expressed higher levels of
miR642a and miR135b than H929, which displayed high
levels of DEPTOR and carried t(4;14) (Fig. 6a). To test this
hypothesis, H929 was transfected with miR135b or
miR642a and NC miRNA precursors. Clearly, lower levels
of DEPTOR protein expression were found in miR135b
and miR642a transfected cells compared with control cells
72 h post-transfection (Fig. 6b). To gain further evidence
of the relationship between miR642a/miR135b expression
and DEPTOR levels, miR642a and miR135b were specif-
ically knocked down in U266 and JJN3 cell lines.
DEPTOR protein expression was significantly higher in
both cell lines after transfection with miR642a/miR135b
inhibitors (Fig. 6c). Taken together, these results

demonstrate that miR135b and miR642a modulate
DEPTOR expression through the consensus miR135b or
miR642a-binding sites in DEPTOR 3′UTR. These
miRNAs can subsequently participate in the regulation of
DEPTOR expression in MM.

Upregulation of miR135b and miR642a results in
myeloma cell dedifferentiation through the negative
regulation of DEPTOR
Next, we were interested to determine whether downregu-
lation of DEPTOR induced by the overexpression of miR-
135b or miR-642a also led to PC dedifferentiation.
Consistent with the finding after DEPTOR silencing by
siRNAs, the downregulation of DEPTOR by transfection
of H929 cells with miR135b or miR642a resulted in down-
regulation of IRF4 and k light chain proteins (Fig. 7a). In
addition, DEPTOR knockdown by miR135b and miR642a
overexpression led to the appearance of smaller, rounder
cells with a less cytoplasm and ER content than control
cells (Fig. 7b and c). These results and those obtained
from siRNA experiments clearly indicated that the
presence of DEPTOR is required to maintain myeloma
cells at the terminal stage of differentiation.

DEPTOR is differentially expressed in MM and its
upregulation is associated with longer survival and the
stage of PC maturity
DEPTOR mRNA is known to be differentially expressed
in MM patients [13, 28]. We confirmed these results
using two different microarray studies (GSE16558, and
GSE39925 at GEO repository) [27, 29]. Next, we decided
to quantify DEPTOR protein levels by capillary

Fig. 4 Dedifferentiation of myeloma cells after DEPTOR silencing is independent of mTOR signaling. a Levels of mTORC1 and mTORC2 substrates
after DEPTOR knockdown in H929 and MM1S. All experiments were carried out 48 h post-transfection. b Western blot of H929 transfected with
siNT or siDEPTOR and cultured with control medium and rapamycin at 10 nM
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electrophoresis immunoassay in myeloma cells from 24
MM patients treated according to the Spanish
GEM2010 trial. Consistent with the mRNA expression
data, we observed that levels of DEPTOR protein also
differed among the myeloma samples (Fig. 8a). Interest-
ingly, we found that the PFS was significantly longer in
MM patients with high expression levels of DEPTOR
than in those with low DEPTOR expression levels (p =
0.038) (Fig. 8b).
The differences in DEPTOR protein expression among

MM patients led us to hypothesize that DEPTOR levels
might be associated with the maturation state of mye-
loma cells of each patient, in line with our results from
MMCLs. As morphological characteristics of myeloma
cells are correlated with maturation stage [30], we exam-
ined the morphology of myeloma cells isolated from
three patients with high DEPTOR protein levels and
three with low protein levels. We observed that those

cells harboring high levels of DEPTOR had an eccentric
nucleus and large and extended cytoplasm, and were
bigger than those exhibiting low levels of the protein
(Additional file 1: Figure S3). These results support
those obtained from MMCLs and indicate that a suitable
level of DEPTOR is necessary for PC maturation.

Discussion
In this study, we showed that DEPTOR, a protein over-
expressed in MM [13], maintains PC differentiation. We
also found that miR135b and miR642a, downregulated
in the disease, modulate DEPTOR levels in MM cells.
Initial studies of PC maturation reported that the final

step of PC differentiation was irreversible [9, 31–33].
However, recent studies have revealed that alterations in
IRE1, XBP1, FOXP1, PAX5, or BCL6/MTA3 may repro-
gram PCs to previous stages of differentiation [34–37].
In keeping with these reports, we found that DEPTOR

A

C

D

B

Fig. 5 DEPTOR expression is controlled by miR135b and miR642a in MM. a DEPTORmRNA levels measured by qRT-PCR (upper panel). Levels of DEPTOR in
MM cell lines detected by Western blot (lower panel). b miR135b and miR642a expression in NPC and MM patients measured by qRT-PCR. microRNA
expression was normalized to RNU43 (2−Δct). Two-tailed Welch’s t test p values for miR135b and miR642a were calculated (0.0081 and 0.0001, respectively).
c Schematic diagram of the miR642a and miR135b predicted site on the DEPTOR 3′UTR, dark squares on DEPTOR 3′UTR WT, and DEPTOR 3′UTR MUT
represents fragments cloned in pmiRGlo plasmid. d Luciferase activity in HEK293 cells cotransfected with pre-miR-NC or pre-miR135b/ miR642a and
plasmid pmiR-Glo with the putative miR135b/miR642a binding site of DEPTOR cloned downstream of the luciferase reporter gene. Luciferase activity was
normalized using Renilla. All results are presented as the means ± SD of three different experiments. (*p ˂ 0.05, **p ˂ 0.01, ***p ˂ 0.001)
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knockdown changed the transcriptional program associ-
ated with PC differentiation through the upregulation of
PAX5 and BCL6, which maintain the B cell program,
and downregulation of IRF4, a factor that favors PC
differentiation [12]. The main function of PC is the
production of immunoglobulins at high rate, and for this
to happen, PCs must display a highly specialized
morphology with expanded cytoplasm and a more

sophisticated ER network compared with B cells [38].
Our results demonstrated a clear loss of cell size and ER
mass in both H929 and MM1S as a consequence of
DEPTOR downregulation. Taking these results together,
we propose that DEPTOR maintains the state of PCs,
and its deficiency in PCs results in PC dedifferentiation.
Accordingly, DEPTOR levels increased during the differ-
entiation of human PCs from B cells. Peterson et al.

Fig. 6 miR642a and miR135b regulate DEPTOR expression in MM. a miR-135b and miR-642a expression in MM cell lines measured by qRT-PCR.
microRNA expression was normalized with respect to RNU43 (2−Δct). b Western blot of DEPTOR in H929 cells 72 h post-transfection with NC or
miR-135b/miR-642a. c Western blot of DEPTOR in U266 and JJN3 transfected with NC or miR135b/miR642a inhibitors. (*p ˂ 0.05,
**p ˂ 0.01, ***p ˂ 0.001)

Fig. 7 Upregulation of miR135b and miR642a results in myeloma cell dedifferentiation through negative regulation of DEPTOR. a Western blot of
DEPTOR, IRF4, and kappa light chain in H929 cells 72 h post-transfection with NC or miR-135b/miR-642a. b Giemsa stain of H929 cells transfected
with NC or miR-135b/miR-642a. c Immunofluorescence of H929 cells stained with ER tracker
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showed that DEPTOR overexpression is necessary to
maintain PI3K and AKT activation and that a reduction
in DEPTOR levels leads to apoptosis [13].
Here, we found that DEPTOR inhibition, at the times

and under the conditions assayed, did not affect cell sur-
vival, but reverted the commitment of PCs. A few earlier
studies have found a connection between DEPTOR
levels, mTORC1/mTORC2 activities, and cell differenti-
ation. It has been reported that DEPTOR maintains stem
cell pluripotency by limiting mTOR activity in undiffer-
entiated embryonic stem cells (ESCs) [39], whereas dif-
ferentiation of mouse ESCs is associated with decreased
DEPTOR levels. In T cells, it has been demonstrated that
mTOR drives T cell differentiation and function [40, 41].
In B cells, one study has analyzed the consequences of B
cell-specific loss of the mTOR negative regulator TSC1
[42]. The authors showed that deletion of TSC1 in mur-
ine B cells and subsequent TORC1 activation led to im-
pairment of B cell maturation. This work appears to be
in agreement with our findings, in the sense that B cells
would need an mTORC1 inhibitor to promote PC differ-
entiation. However, we unexpectedly found that
mTORC1/mTORC2 activities were not modified by DEP-
TOR silencing under our experimental conditions. The in-
dependence of mTORC1 activity was corroborated by the

addition of rapamycin, an mTORC1 inhibitor that did not
revert the PC dedifferentiation induced by DEPTOR
knockdown. We hypothesize that DEPTOR may regulate
B cell differentiation through mTOR-independent path-
ways. Their molecular connections with PC differentiation
need to be elucidated.
DEPTOR has been found to be overexpressed in many

tumor types, including breast cancer, prostate cancer,
chronic myeloid leukemia, lung cancer, and MM [16]. In
the latter, DEPTOR overexpression was associated with
cyclin D1/D3 upregulation and especially with the pres-
ence of MAF/MAFB translocations [13]. The involvement
of miRNAs in the pathogenesis and biology of myeloma
has been suggested by several groups [27, 43, 44]. Here,
we found that DEPTOR expression is also controlled by
two miRNAs, miR135b and miR642a, both of which are
downregulated in several MM patients [27]. Using lucifer-
ase reporter assays and gain-of-function experiments, we
showed that transfection of miR135b and miR642a de-
creased DEPTOR levels in myeloma cells. Moreover, in-
hibition of miR135b and miR642a in two MMCLs
exhibiting high levels of expression of both miRNAs and a
low level of expression of DEPTOR, despite displaying
MAF or cyclinD1 upregulation, resulted in DEPTOR over-
expression. We observed that DEPTOR downregulation

Fig. 8 DEPTOR is differentially expressed in MM and its overexpression is associated with longer survival. a Levels of DEPTOR in MM patients assessed
using capillary electrophoresis immunoassay. b Kaplan–Meier curves for progression-free survival (PFS) in 24 MM patients treated according to GEM2010
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induced by miR135b and miR642a ectopic expression also
reverted the transcriptional program of the myeloma cells
and reduced cell size and ER mass, similarly to the results
obtained from DEPTOR silencing by siRNA. These find-
ings emphasize the role that these miRNAs play in regu-
lating DEPTOR expression.
It was of particular note that DEPTOR protein levels

in myeloma cells varied from patient to patient, and that
its upregulation was clearly associated with longer PFS.
Interestingly, high levels of DEPTOR expression have
previously been associated with the prediction of
response to thalidomide in MM [28]. This observation is
consistent with the fact that the patients included in our
study received a treatment regimen that contained lena-
lidomide, a thalidomide-like drug. On the other hand,
we have shown that DEPTOR induces PC maturation,
and it has been reported that the maturation of myeloma
cells is associated with sensitivity to anti-myeloma
agents [30, 34, 45–47], including lenalidomide [45]. In
fact, plasma cell maturity seems to be an indicator of
good prognosis in MM [47].

Conclusions
Overall, our results show that high levels of DEP-
TOR result in more mature myeloma cells that
would be more sensitive to therapeutic agents. They
suggest the merit of further investigations to test the
potential of DEPTOR levels as an indicator of mat-
uration and as a predictive biomarker of sensitivity
to anti-myeloma therapy.
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SD. Proliferation of cells transfected with siNT was taken as 100%, and values
obtained in DEPTOR-silenced cells were normalized accordingly. b Percent-
age of apoptosis after DEPTOR knockdown in H929 and MM1S. Right panel
shows representative dot plots. Figure S2. Bioinformatic identification of
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of miRNAs predicted to target DEPTOR by the indicated five databases.
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