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Abstract 

 

Multiple myeloma is characterized by frequent chromosomal alterations. Deletion of 

chr 13, especially band 13q14, is commonly observed in early stages of MM, 

suggesting the presence of tumor suppressor genes within this region. Here, we 

functionally validate the role of the microRNAs-15a/16-1 cluster, centered at the 

deleted region, as TSGs and delineate their downstream target genes in MM. Using 

“sponge” lentiviral vectors to competitive stably inhibit mature microRNAs in vitro 

and in vivo, we have documented enhanced proliferative and invasive capacity of cells 

with stably inhibition of miR-16. Importantly, miR-16 inhibition decreased animal 

survival in a xenograft model of MM by increasing tumor load and host angiogenesis. 

Expression profiling analysis of miR-16-deficient cells identified a large number of 

downstream target genes including FGFR1, PI3KCa, MDM4, VEGFa, as well as 

secondary affected genes such as JUN and Jag1. We validated designated genes 

showing binding sites within the conserved 3'-UTR and also within the mRNA coding 

region as direct miR-16 targets, thus indicating that the miRNAs may have many 

more targets than anticipated by conventional prediction methods. This loss-of-

function system, which mimics the 13q chromosomal deletion, provides a valuable 

tool to investigate their function in MM pathogenesis and their potential use as 

therapeutic targets.  
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Introduction 

Multiple myeloma (MM) is a mature B cell neoplasm characterized by clonal 

proliferation of plasma cells in bone marrow (BM), which is typically preceded from 

Monoclonal Gammopathy of Undetermined Significance (MGUS). MM is 

characterized by multiple chromosomal aberrations 1, 2seen in more than 50% of 

patients at diagnosis.  The most common one is deletion of 13q14 3. Interestingly, this 

region overlaps with a minimal common region (MCR) deletion identified in chronic 

lymphocytic leukemia (CLL) and in other lymphoid malignancies 2, 4-7. Using high-

resolution analysis of array comparative genomic hybridization (aCGH), we and 

others 4, 8 have identified a 10 MB MCR that is consistently deleted at 13q14, its 

presence correlating with high risk of recurrent patients. Being lost at the initial stages 

of the disease as well as in MGUS, this region, suspected to harbor tumor suppressor 

genes (TSGs), was associated with the downregulation of several resident genes 

including miR-15a and -16.  

MicroRNAs are small regulatory RNAs that regulate gene expression by inducing 

translational inhibition and degradation of their target mRNAs 9, 10. They regulate 

various biological processes by posttranslational regulation about 30% of all genes 11. 

When studied in CLL 12-15, miR-15a/16-1 cluster is believed to be one of the deleted 

TSGs residing at the 13q14 MCR. Over-expression of miR-16 in a megakaryocytic 

leukemia cell line caused induction of apoptosis and downregulation of BCL2 15, 16. In 

MM, endogenous low levels of miR-15a/16-1 have been correlated with high risk 

staging, and in an overexpressing system using gain-of-function (GOF) approaches 

they were shown to induce growth arrest 17, 18. Nonetheless, being lost in CLL, MM 

and other hematological malignancies, their functional role has not been studied using 

loss-of-function (LOF) approaches in any of the lymphoid malignancies as it has been 

in prostate cancer, in which 13q14 deletion is found at progression 19. Moreover, a 

systematic, unbiased approach to determine their direct and secondary targets has not 

been undertaken and only few very selective targets have been studied. Screening of 

HeLa cells by transient antisense inhibition of miRNAs did not reveal an effect of 

miR-15a/16-1 on growth and apoptosis, therefore biological consequences of 

miRNAs depletion may be time-dependent and cell type-specific 20. A recently 

reported murine CD19-Cre inducible knockout miR-15a/16-1 cluster shows the 
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development of a B cell lymphoproliferative disorder resembling CLL 21. Thus, study 

of the biological role(s) of miR-15a/16-1 as putative TSGs in MM needs to be 

investigated in the appropriate developmental stage of the B cells (e.g plasma cells or 

post germeinal center B cells vs CD19 positive B cells) and in a proper 

clinicopathologic context (e.g LOF vs GOF system).  

We describe the generation of an in vivo system for the long term, stable knockdown 

of miR-15a/16-1 in MM cells to recapitulate the conditions seen in 13q14 deleted MM 
9, 19. Using this system, we show that inhibition of miR-15a/16-1 promotes 

proliferation, as well as pro-angiogenic and invasive properties of MM cells, by 

directly up-regulation of numerous oncogenes and altering multiple signaling 

pathways. This pleiotropic effect in gene expression is cell type specific and mediated 

via binding not only to conserve sites in the 3'-UTR but also through binding to sites 

located within the coding region. Thus, we have generated a valuable preclinical 

system to investigate the functional role of miR-15a/16-1 in disease pathogenesis and 

their potential use as therapeutic targets in MM. 

 

Materials and Methods 

Cells and stable cell line production. CD138+ and CD138- BM mononuclear cells 

were prepared using CD138 microbeads (Milteny Biotech) 22. Approval for these 

studies was obtained from DFCI Institutional Review Board. Informed consent was 

obtained from all patients in accordance with the Declaration of Helsinki 22. MM cell 

lines were collected from different sources 23. The GFP-sponge16 or GFP-sponge 

CXCR4 DNA fragment was removed from the previously described vector 9 using 

BamH1 and ApaI sites and cloned into lentiviral pHAGE-CMV/UBC-GFP vector. 

Cells were infected using lentiviral particles and sorted by using the GFP marker as 

previously described4, 24, 25. The pRS-miR-15a/16-1 and control vectors were kind 

gifts from Dr. George A. Calin15, 16.  

Gene expression profiling (GEP), aCGH and miRNA analyis. GEP and aCGH 

data for MM primary tumors were previously described 4. RNA from MMS1 and 

RPMI cells expressing control sponge or sponge16 were hybridized on an Affymetrix 

U133A 2.0 array chip24, 25. Statistical analyses were done in R consulate 

(http://www.r-project.org) using Bioconductor software 26. Probe-set expression 

values were generated using "plier" 
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(http://bioconductor.org/packages/1.8/bioc/html/plier.html). Moderated t-test was 

applied and a p-value cutoff of 0.05 after multiple testing adjustments with BH 

method was used 27. Annotations were analyzed by DAVID tool 

(http://david.abcc.ncifcrf.gov/summary.jsp) 28, 29. MiRNA predicted targets  was 

determined by using the algorithms TargetScan (http://genes.mit.edu/targetscan/), 

PicTar (http://pictar.bio.nyu.edu/) and RNAhybrid (http://bibiserv.techfak.uni-

bielefeld.de/rnahybrid/)30. All gene expression data is available on GEO under 

accession number GSE24522. 

Functional assays. [3H]-thymidine uptake was measured alone or in the presence of 

BM stromal cells 22. Viability was assessed with CellTiter-Glo Luminescent Cell 

Viability Assay (Promega) 31, with 2-5x103cells/well for growth measurement after 4 

days of culture or 104cells/well for 36-48 h for chemotherapeutic testing. Cell cycle 

was monitored by PI staining and flow cytometric analysis. Invasion assays and 

VEGF secretion were performed as previously described 24, 25. 

 
Quantitative reverse transcription polymerase chain reaction (q-RT-PCR).  

cDNA was made using SuperScript cDNA synthesis kit (Invitrogen) and q-RT-PCR 

reactions using SYBR master mix (Fermentas) with designated primers relative to β-

Actin expression (SI table 4) by Mastercycler thermocycler (Eppendorf) in triplicates. 

For primary MM samples, reactions were performed using the miScript kit (Qiagen) 

with a miR-16-specific primer relative to snoRNA (Promega) expression.  

Northern blots (NB), immunoblots (IB) and in situ hybridization (ISH) analysis. 

NB,  IB and ISH were performed as previously described 9, 24, 25, 32. Antibodies from 

Cell Signaling included: AKT (#9272), p-AKT (#4051), c-Jun (#9165), p-PDK1 

(#3061), p-PKC α/β (#9375), p-MARCKS (#2741), p-P70S6 (#9205), p-GSK-3α/β 

(#9327), PI3Kα (#4249) MAPK1/2 (#9102); BD biosciences: Bcl2 (551109); Santa 

Cruz: MDMX (#28222), MDM2 (#965), Notch (#6014), Jagged1 (#8303), p-ERK 

(#7383), Flg (#121), Actin-HRP (C-11), Cyclin D1 (H-295) and secondary antibodies 

conjugated to HRP. ISH was performed with LNA-miR-16   5’- DIG-

cgcCaatAtTtAcGtgCtGcTa-3’ as probe and LNA-scrambled   5’- DIG-

cAttAatGtcGGAcaActCaat-3’ as negative control (Shanghai Chaoshi Bio). 
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miRNA reporter assays. cDNA fragments of target genes were amplified using the 

designated primers (SI Table 4) to generate 250-600bp fragments, cloned to the 

downstream of the stop codon of the Rluc reporter using XhoI/ApaI sites. 

Mutagenesis of the miR-16 reporter plasmids were carried out with a QuikChange 

Lightning Muti Site-Directed Mutagenesis Kit (Stratagene) using designed 

oligonucleotides (SI Table 4). All plasmids were verified by sequencing. Luciferase 

reporters for miR-16 target genes were assayed and normalized relative to the control 

reporter and PGL luciferase measurements 9. Experiments were done in triplicate and 

repeated three times. 

 

Xenograft murine model, histology and immunohistochemistry (IHC). RPMI 

treated GFP+ cells (0.7x106) were i.v. injected into 6 week-old NOD.CB17-

PrkdcSCID/J irradiated mice (Jackson Labs). Experiments were approved by the 

standards of the Institutional Animal Care and Use Committee at the DFCI. Tissue 

sections were stained as previously described 24, 25, using antibodies for PI3K α 

(#4249, Cell Signaling) and CD31 (RAM34, eBiosciences). 

 

Results 

An in vitro system to functionally characterize miR-15a/16-1 in MM. To 

investigate the involvement of miR-15a/16-1 in various cellular functions, we first 

carried out LOF studies by using a lentiviral system to stably transduce and GFP label 

MM cells with the miR-16 sponge to knockdown expression of  miR-15a/16-1 (sp16 

cells) or a sponge control (spCX cells), which has a CXCR4 non-miR binding 

sequence 9. Since sponges act as target mimics specific to miRNAs seed, the miR-16 

sponge should sequester and inhibit both miR-16 and its seed family member miR-

15a. Given that primary MM cells from patients are not easily amenable for functional 

studies, selected MM cell lines with (i.e. RPMI) or without (i.e. MMS1) 13q14 

deletion were transduced and sorted for GFP expression. In MM cell lines as well as 

in 293T cells, the sp16 long term cultured cells were able to suppress the levels of 

miR-16  by ~50%, as evaluated by NB (Fig. 1A) as well as their repressive activity, 

by functional luciferase reporter assays (Fig. 1B). The amount of supression was 

reproduced in several MM cell lines tested (SI Fig. 1A). As controls, miR-16 was 

upregulated in cell lines by overexpression (pRS16) construct 15, 16, compared with 

RETRACTED O
N APRIL

 26, 2
011

For personal use only.on April 30, 2017. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


 7 

their mutated controls (pRSmut) (SI Fig. 1B). In SI-Fig 1C and D, we documented 

that the suppression is specific for both miR-15a and miR-16, not occuring with a 

miRNA from a different seed family, such as miR-20. In addition, as expected, this 

activity had also an inhibitory effect on miR-15b, a superfamily member (SI Fig. 1D).  

 

miR-15a/16-1 inhibition enhances proliferation of MM cells in vitro. To determine 

the functional role of miR-15a/16, MMS1 cells were transduced using the above 

described lentiviral system. Sp16 cells  showed a significant increase in growth rates 

(1.5-2 fold) compared with controls, as measured by cell counting (Fig. 1C), viability 

assay (Fig. 1D) or [H]3 thymidine uptake (Fig. 1E). We also compared the spCX 

control cells with cells transduced with a lentiviral vector expressing GFP-only under 

the same promoter, and found no differences in cell growth and proliferation assays 

(SI Figs. 1E and F). The growth and pro-survival effect associated with miR-15a/16-1 

knockdown was confirmed in several MM cell lines, in a transformed B cell line 

(SKW6.4), and in 293T cells (Fig. 1F). Our functional studies show that no matter 

which cell line is used, the proliferation advantage of miR-16 downregulation is 

always manifested, providing confirmatory evidence of the role of miR-16 as a tumor 

suppressor gene. As a control for possible off-target effects of the sponge, 

reconstitution of miR-16 expression in sponge-expressing cells, by enforced 

expression with the pRS16 vector, counteract the growth-enhancing effects (Fig. 1G). 

The growth increase observed in sp16 cells was associated with a significant increase 

in S and G2/M phases in MMS1 and other cell lines (SI Fig. 1G). In accord with 

previous studies, we observed that miR-16 target genes including BCL2 15, Cyclin D1 
6 and CDC25a 33 are upregulated in sp16 cells (SI Fig. 1H). 

 

GEP analysis in miR-15a/16-inhibited cells. To further delineate the role of miR-

15a/16-1 in MM and to gain additional insight into the possible target genes regulated 

by this cluster, we performed GEP analysis in two MM cell lines. Since our sponge 

downregulates the miRNAs, we focused on the upregulated probes as potential miR-

15a/16-1 targets. Principal Component Analysis (PCA) of Affymetrix chips revealed 

replicates of the samples, with clear grouping by cell type (MMS1 vs RPMI) as well 

as treatment (sp16 vs spCX) (SI Fig. 2). Most variance was detected between the two 

cell lines, and the effect of sponge treatment was more pronounced in MMS1 than 

RPMI cells. Using a Limma moderated t-test with adjusted P value < 0.05, we 
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identified the top 100 genes that were differentially upregulated in sp16 cells as 

compared to spCX cells (Fig. 2A, left). Using functional annotation groups by the 

DAVID online tool 28, 29, highly significant GO clustering of genes related to growth 

and cell cycle was observed among upregulated genes (SI Table 1 and Fig. 2A, right). 

Applying the Pictar and Targetscan analyses, 16% of the top 100 genes were 

predicted to be direct targets of the miR-16 family (whereas a random list predicted 

by the same analysis 7%, p=0.02). Furthermore, when testing for a possible 7-bp seed 

binding of miR-16 to the full-length mRNA of those genes using the RNAhybrid 

module 30, we found that 59% of genes were predicted targets of miR-16, some at 

multiple sites (SI Table 2). Using a less stringent cutoff with a logFC of more than 0.2 

in both cell lines for top up-regulated genes, we identified multiple pathways involved 

in tumor growth, oncogenesis, invasiveness and progression. The pathway that was 

most prominently affected is the MAPK signaling pathway (SI Table 3); however, 

several other genes that synergize with this pathway, such as PI3K pathway, VEGF 

related genes, FGFR1, and PKC were also affected, in addition to TP53 via the 

MDM4 oncogene. Apart from these signaling pathways, other genes and pathways 

involved in tumor progression including Jag1, JUN, NEDD9, Snai2, and VEGFa were 

also significantly up-regulated. Intriguingly, β-globin and δ-globin were among the 

most up-regulated genes.  

 

Validation of GEP analysis. The microarray profiling results and the effect of sp16 

treatment on the expression of target genes and pathways were further validated by 

qRT-PCR (Fig. 2B and SI Fig. 3A). Most of the up-regulated genes were reproducibly 

validated in both cell lines; in addition, some were down-regulated in cell lines 

overexpressing miR-16 (pRS16), further supporting them as direct targets of miR-

15a/16.  Nevertheless, those that were not predicted targets of the miRNAs had 

variable expression in the control over-expressing cells, and thus were not 

correspondingly down-regulated. As shown in Fig. 2C, most of the genes up-regulated 

at the mRNA level were up-regulated at the protein level as well.  As expected, some 

of the downstream pathway proteins were regulated in a correlative manner including: 

i) p-PDK1 for PIK3Ca; ii) p-ERK, p-PKC, and p-Marcks for FGFR1 and PI3K 

pathways; iii) MDM2 for MDM4; iv) Cleaved Notch for JAG1; v) prominent up-

regulation of c-JUN, which is affected through several of these pathways.  In 
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experiments to confirm the reproducibility and significance of our observations, most 

of the up-regulated proteins in MMS1 and RPMI8226 miR-15a/16-inhibited cells 

were also up-regulated in OPM1 and KMS34 MM cell lines, as well as in a 

transformed B-cell line (SKW6.4) sp16-treated cells, (SI Fig. 3B). However, some of 

these proteins were differentially expressed in 293T sp16 cells, suggesting that the 

effect of miRNA downregulation is cell type-specific. In addition, and as expected if 

the changes in gene expression were specific to the levels of miR-15a/16, most of 

these proteins were down-regulated in the over-expressing cell lines (SI Fig. 3C). 

Since these results have implicated the miR-15a/16-1 cluster in the regulation of 

several genes involved in tumor progression, invasiveness, and angiogenesis, we 

further validated these findings functionally by measuring VEGF secretion in MMS1 

cells. Secretion of VEGF was enhanced under inhibition of miR-15a/16-1 and reduced 

in the overexpressing control cells (Fig. 2D).  We also tested the invasive capacity of 

the cells in matrigel, and found that sp16 cells show a three-fold increase in 

invasiveness (Fig. 2E). In addition, because the growth of MM cells is enhanced by 

the BM microenvironment 22 we confirmed that, although attenuated, the proliferative 

advantage of the sp16 cells is maintained even in the presence of BM stromal cells 

(Fig. 2F). To further show the functional relevance of these up-regulated pathways, 

cells were incubated in the presence of LY249002, a pan-PI3K inhibitor, or 

enzastaurin, a pan-PKC inhibitor (Fig. 2G). Both agents exerted a low, albeit 

significant, inhibitory effect in the sp16 cells as compared with their controls, 

consistent with their partial addiction to these pathways. In contrast, sp16 cells were 

not more sensitive, but were in fact more resistant, to the conventional MM therapies 

of adriamycin and melphalan (SI Figs. 4A and B). Another common treatment used in 

MM is the proteasome inhibitor bortezomib, which showed a significant inhibitory 

activity on the sp16 cells as compared with their spCX controls (SI Fig. 4C). 

Overall, these results implicate miR-15a/16-1 in the regulation of multiple pathways 

and genes, contributing to their pleiotropic oncogenic properties. Our LOF system 

allowed the functional examination of specific drugs for the treatment of malignancies 

with defined loss of tumor-suppressor miR-15a/16.  

 

miR-15a/16-1 directly target genes both in the 3' UTR and in the coding region. 

The above results prompted us to investigate whether miR-15a/16-1 affected putative 

target genes in a direct manner. Since FGFR1 was predicted to have a conserved miR-
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16 binding site in its 3'-UTR (Fig. 3A), we cloned this DNA fragment into the R-

luciferase vector, and probed its expression in 293T cells (Fig. 3B). The relative 

luciferase expression was higher in sp16 cells as compared with their controls, and 

lower in pRS16 cells as compared with their controls, implying that FGFR1 is a direct 

target of miR-16. Since many more genes, including PI3Kα, PI3KC2A and MDM4, 

were predicted direct targets of miR-16 by its binding within the coding region of the 

mRNA (Fig. 3A), we cloned one putative binding sites for PI3Kα, one for PI3KC2A, 

and one for MDM4 into the R-luciferase vector, and show that the level of luciferase 

activity was also directly affected by miR-15a/16-1 levels (Fig. 3B). The specificity of 

miRNAs interaction was further corroborated by using reporter vectors containing 

mutated predicted binding sites, which showed no reporter activity in miR-16 

knockdown as well as overexpression cells once mutated (Fig. 3B). Taken together, 

our results support pleiotropic effects of miR-16 by its binding to multiple genes at 3'-

UTR regions, as well as within coding regions. 

 

miR-15a/16-1 inhibition decreased survival in a xenograft mouse model of MM. 

To investigate the impact on survival in vivo, sp16 or spCX cells were injected into 

sub-lethally irradiated mice. Transplanted animals were evaluated over time and 

survival was plotted for Kaplan-Meier analysis. All animals developed hind limb 

paralysis or died from day 25 to day 104. The median survival for mice injected with 

sp16 or spCX cells was 31 days versus 80 days, respectively (p<0.0001) (Fig. 4A).  

Interestingly, sp16 cells not only grew more rapidly, but also spread to more 

anatomical sites, evidenced by frequent intraparenchymal GFP-positive nodules (Fig. 

4B). Although both control and miR-15a/16-1 downregulated cells homed to the BM, 

sp16 cells exhibited enhanced metastatic potential (Fig. 4C) consistent with our in 

vitro data. Histological examination of GFP-positive tissues (Fig. 4D) confirmed the 

presence of an increased tumor burden in the BM that extended into the peridural 

space, accounting for the onset of limb paralysis. Importantly, it was evident by both 

GFP whole-body imaging and IHC analysis that sp16 cells, but not control cells, 

produced tumor invasion to other organs including liver. Tumors in mice transplanted 

with sp16 cells had more blood vessels and showed increased expression of PI3Kα, in 

agreement with our in vitro results. ISH of miR-16 GFP-positive cells revealed 

sustained miR-16 suppression over time. These results confirm the relevance of miR-
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15a/16-1 inhibition in promoting tumor progression by enhancing tumor cell survival, 

metastasis and angiogenic properties of MM cells. 

 

miR-16 levels correlate with 13q14 deletion and targets gene expression. In order 

to characterize the relevance of our findings to primary MM patient samples, we 

correlated miR-16 q-PCR data with FISH data of 13q14 deletion. As shown in Fig. 

5A, patients’ samples with 13q14 deletion have lower levels of miR-16 as compared 

with patients without the deletion (mean 0.3267 ± 0.1334 vs mean 1.000 ± 0.5031), 

(p=0.014). In Addition, miR-16 ISH of primary MM samples showed similar results 

(Fig. 5B). We also examined the samples, in accord to our findings of VEGF up-

regulation, for blood vessels formation, and found that albeit no change in numbers, 

the 13q14 deleted samples evidently had more prominent and larger blood vessels 

(Fig. 5C). We next used our previously published GEP data on MM patient samples 

for which we have aCGH data 4 to compare gene expression levels of the target genes 

described above. Interestingly, for some of the genes analyzed individually, such as 

JUN, Jag1, and MDM4, PI3KCA, and FGFR1, there was a weak statistically 

significant or a trend towards higher expression levels in patient samples with 13q14 

deletion versus those without (data not shown). However, when looking at the target 

genes as a gene set and applying the geneset enrichment analysis algorithm, no clear 

statistical differences in the expression of  miR-15a/16-1 target genes identified in our 

LOF system as well as according to predictive algorithms was observed between MM 

primary samples with or without 13q14 deletion.  (data not shown).  

 

Discussion 

The miR-15a/16-1 cluster is believed to be a TSG residing at the 13q14 MCR 4, 8, 19. 

In CLL, these two miRNAs were shown to have reduced levels in more than 50% of 

patients, and to correlate with a distinct signature tied to prognosis. At the functional 

level, it has been documented that over-expression of miR-16 causes induction of 

apoptosis and growth arrest 15, 16, 18. In prostate cancer, they were lost along cancer 

progression and their downregulation caused cellular overgrowth 19. Although lost in 

CLL, MM and other hematologic malignancies and suspected to function as TSGs, 

with the exception of a recent work done in mice21, the biological role of these 

miRNAs has not been investigated by a LOF approach, which corresponds with the 

clinicopathologic features seen in CLL and MM.  In addition, neither were their 
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targets studied comprehensively by using GEP analysis. Here, using a stable 

knockdown in MM cell lines, we have determined the biological functions of miR-

15a/16-1 in the appropriate clinical-pathologic context by mimicking their chronic 

loss, by a ~50% knockdown, as it happens in monoallelic 13q14-deleted MM. 

Whereas down-regulation of miRNAs is usually done by antisense inhibitors labeled 

with Locked Nucleic Acids (LNAs) or 2-O'-me, these approaches require high 

concentrations of the inhibitor to achieve a short-lived induced miRNAs repression 

and they need several rounds of transfection for long term in vivo experiments9. Using 

both in vitro and in vivo functional assays, we demonstrated that miR-15a/16-1 

inhibition promotes tumor progression by enhancing proliferation of MM cells, either 

alone or in the context of BM stromal cells, as well as by increasing their invasive and 

pro-angiogenic capacity. Thus, we confirmed the functional role of miR-15a/16-1 as 

TSGs in MM. Since 13q14 deletion is an early event in MM pathogenesis, detected in 

more than 50% of patients at diagnosis and in MGUS 1, 2, 5, our findings may explain 

the role of miR-15a/16-1 not only in disease progression, but also in tumor initiation 

upon 13q14 deletion.   

Using GEP of miR-15a/16-inhibited cells, we defined a large number of primary and 

secondary target genes mediating the pleiotropic effect of miR-15a/16-1 in MM 

progression. We identified and validated multiple signaling pathways and oncogenes 

influencing cell cycle and growth that were up-regulated at both the mRNA and 

protein levels in miR-15a/16-inhibited cells. We showed that FGFR1, VEGF and their 

downstream effectors PI3K, MAPK and PKC are positively regulated. Other 

pathways involving TP53 and Notch, as well as genes like c-JUN, were also up-

regulated by inhibition of miR-15a/16. These growth signaling pathways have been 

shown individually to be of high significance in proliferation and survival of MM 

cells and other cancers 34-41. Various agents that specifically target these growth 

signaling pathways have been shown to have a therapeutic effect in MM 36. For 

example, we found that miR-15a/16-inhibited cells are more sensitive to specific 

inhibitors of PI3K and PKC pathways, thus confirming their partial addiction to these 

signaling pathways, underscoring their relevance to miR-15a/16-1 downregulation. 

The observation that this susceptibility was relatively mild supports the view that 

many pathways are being up-regulated in parallel and that addiction for each pathway 

is only partial. Our LOF system could be utilized to screen for better inhibitors and 

drug combinations to treat tumors with defined miR-15a/16-1 loss. Additionally, the 
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pleiotropic effects of miR-15a/16-1 make the miRNAs themselves an attractive 

therapeutic strategy for cancers associated with 13q14 deletion if appropriate systems 

of cell targeted delivery are developed. In contrast to conventional monotherapy 

regimens, the use of miR-15a/16-1 as a single therapeutic agent may provide the 

benefit of multidrug therapies 41. In addition, over-proliferating miR-15a/16-1-

inhibited cells were not more sensitive, but rather more resistant, to adriamycin and 

melphalan MM therapies, consistent with previous reports of miR-16 influencing 

chemotherapy resistance 19, 42. Moreover, miR-15a/16-1-inhibited cells showed 

enhanced susceptibility to the proteasome inhibitor bortezomib, which overcomes 

conventional drug resistance in preclinical studies 36 and the adverse prognosis 

associated with 13q14 deletion43 in treated MM patients. Our findings are therefore in 

agreement with these clinical reports, attesting to the faithfulness of our preclinical 

model for 13q14-deleted MM. 

We also showed that miR-15a/16-1 inhibition affects tumor cell growth and migration 

as well as tumor metastatic and angiogenic potential through up-regulation of genes 

including NEDD9, SNAI2, MALAT1 and VEGF 44-46. In agreement with previous 

studies reported in other cell types47, we functionally validated the role of miR-

15a/16-1 in VEGF production by MM cell lines, as well as host angiogenesis in 

patient samples. Furthermore, we demonstrated enhanced cell invasiveness of miR-

15a/16-inhibited cells both in vitro and in vivo using the xenograft model of MM 

where a significantly decreased in survival of transplanted animals was observed due 

to increased tumor burden and metastatic potential both within bone and at 

extramedullary organs. Among other up-regulated genes in miR-15a/16-inhibited 

cells, we found β-globin and CD7, which are not usually present in MM cells. This 

may reflect a de-differentiation process secondary to the miRNAs down-regulation. 

The finding of numerous genes regulated by miR-15a/16-1 is not surprising. Previous 

studies found a few genes affected including BCL2 15, 16, Wnt3a 19 and AKT 18. We 

identified 16% of the up-regulated genes by GEP to be predicted as direct targets by 

Pictar and Targetscan, which have conserved binding sites in the 3’-UTR of the 

mRNA. This number is consistent with previously published GEP studies done with 

miRNAs treated cells 16. We also used the RNA hybrid module 28, 29, which examines 

miR-16 pairing to the entire mRNA sequence, and found that many more of the top 

up-regulated genes have putative miR-16 binding site(s). We validated this finding by 
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cloning the miR-15a/16-1 target site of four different genes into luciferase vectors, 

which reported accordingly both to miR-15a/16-1 inhibition and over-expression. 

Thus, we showed that many different genes are being affected and this regulation is 

mediated through the miR-16 specific binding to both the 3'-UTR and/or coding 

regions. This finding, rarely reported for miRNA direct targeting 48-50, supports the 

notion that each miRNA has many more targets than are assessed by these 

bioinformatics algorithms 51. We also found that the sponge had an inhibitory effect 

on miR-15b, another superfamily member.  As in many biological systems, there is a 

redundancy among miRNA superfamily. However, very little is known about the 

biological significance of this redundancy in CLL or MM, where there are no reported 

recurrent genetic alterations involving chromosome 3 where the miR-15b/16-2 cluster 

resides 5.  

When looking at the protein level, we found that the effect of miR-15a/16-1 

knockdown is cell type-specific. Some were affected only in MM cell lines, and most 

were altered in a transformed B cell line (skw6.4) but not in 293T kidney-derived 

cells. For instance, the protein levels of Jag1/Notch and MDM4 were differentially 

regulated among different cells, whereas other genes, such as PI3Kα and c-JUN, were 

consistently up-regulated in most cells. Divergent regulation of target genes by a 

single miRNA might be explained at least in part by the fact that protein expression is 

regulated both at the transcriptional and post-transcriptional levels by many other 

regulatory proteins. Our results suggest differential regulation of both miRNA target 

genes and of the miRNAs themselves at various levels. 

Finally, by measuring miR-16 levels in primary MM patient samples, we showed that 

their levels are lower in 13q14 deleted patients, and correlated with more prominent 

blood vessel formation.  Previous studies have shown conflicting results regarding 

miR-15a or 16 expressions in MM cells and cell lines17, 52-54. These discrepancies are 

not entirely clear but maybe explained by the use of different statistical methods, 

sample sizes, and experimental platforms, as well as differences in patients samples.  

Since there is a tremendous heterogeneity within myeloma, it is difficult to compare 

these reports. Moreover, when we looked at the expression of miR-15a/16-1 target 

genes in clinically annotated MM primary samples, no significant statistical 

differences in the expression of miR-15a/16-1 target genes was observed between 

MM primary samples with or without 13q14 deletion. These results may be due to the 
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fact that the frequency of 13q14 deletion in each patient sample is extremely variable, 

sometimes present in less than 50% of cells in the tumor. In addition, miRNA primary 

and secondary targets may be regulated by many other mechanisms and it would be 

very difficult to show a direct effect of miR-15a/16-1 in primary patient samples. MM 

primary samples may have acquired a large repertoire of genetic alterations during 

clonal evolution which may influence the expression of miR-16 or its targets. 

Therefore, it seems reasonable that a more accurate assessment of miR-16 expression 

and target levels in relation to 13q14 status could be obtained in MGUS samples, 

where initially deletion of 13q14 takes place and when the degree of clonal 

heterogeneity is likely less complex3-5, 55.  Our results are in line with the recently 

reported murine genetically knockdown model 21, where the deletion of the miR-

15a/16-1 cluster caused the development of clonal lymphoproliferation in 5-20% of 

the animals, only after 15-18 months. What determines whether loss of miR-15a/16-1 

causes CLL or MM depends most likely on where during the development of B-cells 

a somatic mutation that inactivates miR-15a/16-1 takes place. If the somatic deletion 

takes place during early B-cell development such as in CD19-positive B cells, the 

deletion most likely will cause CLL. If the somatic deletion takes place in terminally 

differentiated B cells (CD19-negative B-cells) or plasma cells, the deletion most 

likely will promote MM development. In addition, there are other factors apart for the 

miRNAs driving tumorgenesis. There are many genetic changes differentiating MM 

and CLL (and within the diseases themselves)56 and different antigenic stimuli (as 

shown by IgH rearrangements) causing the diseases. Most of all, unlike CLL, to date, 

there are very few bona fide murine models for MM57. This hints to a different 

mechanism which cannot be as easily recapitulated in animal model. 

In conclusion, stably inhibiting miR-15a/16-1 in MM cells allowed us to elucidate the 

mechanisms underlying the functional role of miR-15a/16-1 as TSGs. The pleiotropic 

effects of miR-15a/16-1 on multiple signaling pathways involved in MM progression, 

as well as chemotherapy resistance, underscore the potential use of these miRNAs as 

therapeutic strategies for MM in particular and other cancer with 13q14 deletion in 

general 41. Importantly, our in vivo miR-15a/16-1 LOF system provides a preclinical 

model for designing and assessing therapeutic targeting of multiple signaling 

pathways in MM. 
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Figure legends: 

Figure 1.  miR-15a/16-1 inhibition enhances MM cell growth. Cells stably 

expressing the miR-16-binding GFP sponge (sp16) show decreased expression of 

miR-16 by NB (A) and enhanced miR-16 target luciferase reporter activity (B) as 

compared with a control GFP sponge (spCX). (C) miR-15a/16-1 knockdown induces 

a significant increase in MMS1 and RPMI 8226 cell growth, viability (D) and 

proliferation (E) as evaluated by trypan blue exclusion, CellTiter-Glo luminescent 

assay, and [H]3 uptake, respectively. Experiments were done in quadruplicate, and a 

representative case of four independent assays is shown.  (F) miR-15a/16 knockdown 

increases the viability of OPM1, RPM1 8226, KMS34, and XG1 MM cell lines, as 

well as SKW6.4 transformed B cell line and 293T cells. Experiments were done in 

quadruplicate, and a representative case of three independent assays is shown. (G) 

miR-15a/16 knockdown increases the viability of MMS1 cells, an effect that is 

abrogated by transfection of the miR-15a/16 overexpression plasmid (pRS16), but not 

the miR-15a/16 mutant (pRSmut) plasmid. 

 

Figure 2. Identification of novel miR-15a/16-1 target genes in MM and their 

validation. (A) GEP identifies a subset of upregulated genes in cells stably expressing 

the miR-16 sponge (sp16) as compared with a control sponge (spCX). Three 

independent samples for each cell line were cultured and processed in parallel for total 

RNA extraction and GEP using Affymetrix GeneChip. The top 100 upregulated genes 

(red color) common to both cell lines are shown in a heat map on the left. Examples 

of the genes, according to their predicted miR-16 binding site(s) are listed on the 

right. (B) Validation of upregulated genes between sp16 and spCX cells using qRT-

PCR and IB (C) analysis. Also compared were stably selected miR-16-overexpressing 

cells (pRS16) with their control mutants (pRSmut). Experiments were performed in 

triplicate, repeated three times, and one representative assay is shown in each case. 

(D) Increased VEGF levels in cell supernatants of MMS1 sp16 as compared with 

spCX cells measured by ELISA. Note a decrease in supernatants from cells with miR-

16 overexpression (pRS16) compared to the control mutant (pRSmut) cells. (E)  

Increased invasion of RPMI sp16 as compared with spCX cells as evaluated by 

invasion assay using Matrigel Boyden chambers and (F) increased proliferation even 

when incubated in the presence of BM stromal cells (BMSC) [H]3 thymidine uptake 
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respectively. (G) Viability assays showing that sp16 cells are more susceptible to 

treatment at the designated concentrations with enzastaurin, a pan-PKC inhibitor or 

LY249002, a pan-PI3K inhibitor. 

 

Figure 3. miR-15a/16-1 directly targets different genes both in the 3' UTR and in 

the coding region. (A) Base-pairing of miR-16 to the target mRNAs at different sites, 

as predicted by the RNAhybrid module (miR-16 strand in green, putative target 

mRNA in red). All hybridizations have at least seven base-pairs at nucleotides 2-8 of 

the miR-16 seed region, with an energy (mfe) expenditure of at least < -20 kcal/mol.  

(B) Stable 293T cell lines were transfected with a reporter plasmid (Rluc) driving 

luciferase expression with control binding sites (RlucCX), two miR-16 binding sites 

(Rluc16), or a target gene fragment containing the predicted miR-16 binding site (W), 

or a binding site mutant(M). Relative luciferase activity was enhanced in sp16 cells as 

compared with spCX cells, and conversely, was repressed in the miR-16-

overexpressing cells (pRS16) compared with their controls (pRSmut).  

 

Figure 4. miR-15a/16-1 inhibition decreases survival and increases metastasis in 

a xenograft mouse model of MM. (A) Kaplan Meyer plot showing decreased 

survival of mice injected with RPMI8226 sp16 as compared with spCX cells (n=10). 

(B) Injection of sp16 cells caused increased tumor burden, with more GFP-positive 

tumor nodules and involved tissues as evaluated by whole body imaging. (C) A 

representative mouse GFP image showing multiple tumor nodules in bones and liver, 

distinct from the main developing tumor (white arrows), in animal injected with sp16 

cells but not with spCX cells. (D) H&E, IHC and ISH analysis of mouse tissues 

shows: i) infiltration of spCX and sp16 cells in the BM, with more infiltration to the 

liver of sp16 cells, ii) more blood vessels (CD31 staining, black arrows) and higher 

PI3Kα expression within the sp16 tumor nodules, and iii) persistence of miR-16 

knockdown in the sp16 tumors. 

 

Figure 5. Lower miR-16 levels correlate with 13q14 deletion and higher 

expression levels of target genes. (A) qRT-PCR of miR-16 levels measured in 19 

MM patients’ CD138+ cells purified mRNA, show lower mean expression in samples 

with 13q14 deletion. (B) Representative miR-16 ISH analysis of MM primary BM 
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samples (n=8), showing lower expression in samples with 13q14 deletion. Only 

samples with >80% MM cell infiltration were used. (C) Representative IHC analysis 

of MM primary BM samples (n=8), showing more prominent and larger blood vessel 

(CD34) formation in samples with 13q14 deletion. Only samples with >80% MM cell 

infiltration were used.   
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