High-risk myeloma is associated with global elevation
of miRNAs and overexpression of EIF2C2/AGO2
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MicroRNAs (miRNAs) are noncoding RNAs that regulate global gene
expression. miRNAs often act synergistically to repress target genes,
and their dysregulation can contribute to the initiation and progression of a variety of cancers. The clinical relationship between
global expression of miRNA and mRNA in cancer has not been
studied in detail. We used whole-genome microarray analyses of
CD138-enriched plasma cells from 52 newly diagnosed cases of
multiple myeloma to correlate miRNA expression proﬁles with a
validated mRNA-based risk stratiﬁcation score, proliferation index,
and predeﬁned gene sets. In stark contrast to mRNAs, we discovered
that all tested miRNAs were signiﬁcantly up-regulated in high-risk
disease as deﬁned by a validated 70-gene risk score (P < 0.01) and
proliferation index (P < 0.05). Increased expression of EIF2C2/AGO2,
a master regulator of the maturation and function of miRNAs and a
component of the 70-gene mRNA risk model, is driven by DNA copy
number gains in MM. Silencing of AGO2 dramatically decreased viability in MM cell lines. Genome-wide elevated expression of miRNAs
in high-risk MM may be secondary to deregulation of AGO2 and the
enzyme complexes that regulate miRNA maturation and function.
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icroRNAs (miRNAs) belong to a class of noncoding small
RNAs with mature sequences that contain ≈22 nucleotides
(1). As repressors of gene expression, miRNAs can bind to the
3′ untranslated region (3′UTR) of an mRNA and inhibit its
translation or induce its degradation (1).
Dysregulation of miRNA is involved in cancer initiation and
progression (2, 3), and miRNA expression proﬁles have prognostic
implications (4–6). Inhibiting miRNA has proved effective in vivo
(7) and therefore could be a novel therapeutic strategy for cancer
(8, 9). To date, few studies have investigated the roles of miRNA in
multiple myeloma (MM), a plasma cell dyscrasia that homes to and
expands in the bone marrow and produces disease manifestations
that include osteolytic bone destruction with hypercalcemia, anemia, immunosuppression, and end-organ damage (10). Several
miRNAs have been implicated in survival and growth of myeloma
cells and myeloma tumor growth. For instance, miR-21 is a target
of Stat3 and thus a critical component in IL-6/Stat3-dependent
survival and growth pathways of myeloma cells (11). In addition,
IL-6 inhibitor SOCS1 and p53 pathway component p300-CBPassociated factor are targets of multiple miRNAs, including
miR-106b-25 cluster, miR-32, miR-181a/b, and miR-19a/b (12);
suppression of these miRNAs inhibited myeloma tumor growth in
nude mice (12).
Applying miRNA expression proﬁles, Pichiorri et al. (12)
identiﬁed miRNAs that were differentially expressed in plasma
cells of healthy donors, subjects with a benign precursor to MM
(monoclonal gammopathy of undetermined signiﬁcance), and
patients with MM. In other miRNA expression proﬁling studies,
Roccaro et al. (13) determined that miR-15/16 were downregulated in relapsed/refractory MM and regulated tumor pro7904–7909 | PNAS | April 27, 2010 | vol. 107 | no. 17

liferation in MM cell lines, and Lionetti et al. (14) identiﬁed 16
miRNAs sensitive to DNA copy number.
To further investigate the potential involvement of miRNA
in MM, we performed integrative analyses of both miRNA
expression proﬁles and protein-coding gene expression proﬁles
(GEPs) of myeloma cells from newly diagnosed patients. Global
increases in miRNA expression were seen in cases with high-risk
MM, which sharply contrasts with discriminate expression
changes of only selected miRNAs that are seen in other cancers
(4, 5, 15). The association between poor prognosis and elevated
global expression of miRNAs was reinforced by our observation that viability of MM cell lines was dramatically reduced
upon silencing of EIF2C2/AGO2, a master regulator of miRNA
maturation and function (16–18). Our ﬁndings suggest that all
expressed miRNAs, instead of selected miRNAs, synergistically
function together to regulate MM disease progression.
Results
Overview of miRNA Expression Proﬁles. The miRNA expression
proﬁles were normalized based on spiked-in controls spotted in the
Agilent platform. Brieﬂy, the intensities of positive controls on each
array were averaged, and then miRNA signals were normalized by
equalizing these averages among all arrays (details in SI Text and Fig.
S1). Six miRNAs presented in the Agilent miRNA microarray—hsamiR-560, hsa-miR-565, hsa-miR-768–3p, hsa-miR-768–5p, hsa-miR801, and hsa-miR-128b—were not in miRBase (19) release 12.0 and
were discarded; 464 human miRNAs remained. A total of 95 human
miRNAs were identiﬁed as expressed, which we deﬁned as an
intensity >log2100 in at least one sample (from patients with MM or
healthy donors) (Dataset S1). Most human miRNAs were absent or
expressed at very low levels in our samples.
Total miRNA Expression Levels Were Higher in Myeloma Cells than in
Normal Plasma Cells. The total expression levels of miRNAs in

CD138+ plasma cell samples of 52 patients newly diagnosed with
MM (Table 1) were compared to those in samples from two
healthy donors. The total miRNA expression level, which was
determined by the mean expression levels of 95 expressed
miRNAs, was higher in samples from patients with MM than in
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Clinical features
Age ≥ 65 years
Albumin ≥ 3.5 g/dL
B2M ≥ 3.5 mg/dL
B2M ≥ 5.5 mg/dL
CRP ≥ 8 mg/L
Hemoglobin ≥ 10 g/dL
Creatinine ≥ 2 mg/dL
LDH ≥ 190 U/L

n/N (%)
17/52
38/52
29/51
17/51
1/52
36/51
5/51
8/51

(32.7)
(73.1)
(56.9)
(33.3)
(1.9)
(70.6)
(9.8)
(15.7)

B2M, β2 microglobulin; CRP, C-reactive protein; LDH, lactate dehydrogenase.

samples from healthy donors (P = 0.01, one-sided Wilcoxon test;
Fig. 1A). Among 40 miRNAs with expression levels that were
signiﬁcantly different [statistical analysis of microarray (SAM)
(20); false discovery rate (FDR) < 0.1) in myeloma cells from
levels in healthy cells, 39 were consistently expressed at higher
levels in samples from patients newly diagnosed with MM than in
samples from healthy donors; only one of the 40 miRNAs was
expressed at lower levels in samples from patients than in samples from healthy donors (Fig. 1B and Table S1). Furthermore,
with quantitative PCR (qPCR), 10 randomly selected miRNAs
(miR-15b, miR-16, miR-17–5p, miR-19b, miR-21, miR-22, miR29c, let-7a, let-7d, and let-7f) were measured in puriﬁed plasma
cells from three healthy donors and 10 patients with MM (miR19b and let-7f were analyzed in cells from two healthy donors
because of limited cells for all 10 analyses). All miRNAs except
one were expressed at higher levels in plasma cells from patients
than from healthy donors (Fig. S2). These data consistently
suggest that higher total expression levels of miRNAs might be
associated with MM disease initiation.
Surprisingly, although chromosome 13 is deleted in ≈50% of
patients with MM (21, 22), two of the nine expressed miRNAs
mapping to chromosome 13 were expressed at signiﬁcantly higher
levels in myeloma samples than in normal samples (FDR < 0.1),
and the other seven were expressed at marginally higher levels in
myeloma samples than in normal samples (Fig. 1B and Table S1).
This observation was consistent with a recent study reporting that
four miRNAs from chromosome 13 (miR-15a, miR-19b, miR20a, and miR-92a) were expressed at higher levels in samples
from MM patients than in those from healthy donors; none were
expressed at lower levels (12). Of note, our list of differentially
expressed miRNAs did not completely overlap with that of
Pichiorri et al. (12) (Table S1). This discrepancy may be due to

Fig. 1. Expression levels of 95 expressed miRNAs in plasma cells from
patients with MM compared with those from healthy donors. (A) Global
expression of miRNAs in normal samples (n = 2) was signiﬁcantly lower (P =
0.01) than in MM samples (n = 52). (B) Scatter plot of mean expression levels
of miRNAs in MM samples compared with normal samples. Red triangles
mark nine miRNAs on chromosome 13. Red circles mark 39 miRNAs statistically signiﬁcantly up-regulated in MM. Blue circle marks one miRNA statistically signiﬁcantly down-regulated in MM. Dashed line represents y = x.
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use of different statistical methods (SAM in the current study and
t test in Pichiorri et al. study), different sample sizes, and different
experimental platforms.
Total miRNA Expression Level Was Associated with GEP-Deﬁned Risk
Score and Proliferation Index. We previously used GEPs to deﬁne

risk scores and proliferation indexes for MM disease prognosis
according to expression levels of 70 and 11 genes, respectively
(23) (SI Text). Higher risk scores and higher proliferation indexes
were associated with shorter survival of MM patients. Taking
advantage of paired miRNA and GEPs for each of 52 patients, we
investigated the potential association between global miRNA
expression levels and prognosis by linking total miRNA expression in an individual patient’s sample with the risk score and
proliferation index deﬁned by the GEP of the same sample. Total
miRNA expression level was signiﬁcantly associated with risk
score (P = 0.003) and proliferation index (P = 0.03). A high risk
score and a high proliferation index were both signiﬁcantly
associated with an unfavorable clinical outcome. This observation
suggests that high expression levels of total miRNA potentially
confers an inferior clinical outcome.
Total miRNA Expression Level Was Associated with High-Risk Cancer
Gene Sets. Gene set enrichment analysis (GSEA) (24) was used to

identify the gene sets that were signiﬁcantly associated with total
miRNA expression level. We calculated the correlations between
total miRNA expression level and expression levels of individual
protein-coding genes and then used GSEA to associate the correlations with gene sets. GSEA used the Molecular Signatures
Database (MSigDB; http://www.broad.mit.edu/gsea/msigdb) containing ﬁve categories: positional gene sets, curated gene sets, motif
gene sets, computational gene sets, and gene ontology gene. Table
2 lists some of the most signiﬁcant and interesting gene sets in each
category (full list in Dataset S2).
Remarkably, the gene set “CANCER_UNDIFFERENTIATED_META_UP” was the most highly enriched in the category of
curated gene sets. This gene set contained genes up-regulated in
multiple types of undifferentiated cancers (Table 2) (25). Consistent with this gene set, the ninth most enriched gene set was
Table 2. Enriched gene sets by GSEA*
P value
c2: Curated gene sets
CANCER_UNDIFFERENTIATED_
META_UP
HUMAN_MITODB_6_2002
MITOCHONDRIA
STEMCELL_EMBRYONIC_UP
STEMCELL_NEURAL_UP
TARTE_PLASMA_BLASTIC
ZHAN_MM_CD138_PR_VS_REST
STEMCELL_HEMATOPOIETIC_UP
c4: Computational gene sets
GNF2_CCNA2
GNF2_CCNB2
GNF2_CDC2
GNF2_CDC20
GNF2_CENPF
GNF2_PCNA
GNF2_RRM1
GNF2_SMC4L1
MORF_AATF
MORF_AP2M1

ES

FDR

Rank

<1E-16

0.57

<1E-14

<1E-16
<1E-16
<1E-16
<1E-16
<1E-16
1.45E-14
1.13E-07

0.25
0.24
0.20
0.20
0.41
0.66
0.09

<1E-14
<1E-14
<1E-14
<1E-14
<1E-14
1.62E-12
3.27E-06

3
4
7
8
9
14
54

<1E-16
<1E-16
<1E-16
<1E-16
<1E-16
<1E-16
<1E-16
<1E-16
<1E-16
<1E-16

0.60
0.62
0.59
0.65
0.59
0.62
0.56
0.52
0.34
0.32

<1E-15
<1E-15
<1E-15
<1E-15
<1E-15
<1E-15
<1E-15
<1E-15
<1E-15
<1E-15

1
2
3
4
5
6
7
8
9
10

1

*Selected; see Dataset S2 for a full list. ES, enrichment score (statistic generated by GSEA to measure an overlap between two gene sets); FDR, false
discovery rate.
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Table 1. Clinical features of 52 patients with MM

TARTE_PLASMA_BLASTIC, which is overexpressed in plasmablasts (a type of undifferentiated plasma cell) (Table 2) (26). Further supporting the association of up-regulated total miRNA level
and undifferentiated cells, a few gene sets related to stem cells (the
most undifferentiated cells) were signiﬁcantly enriched. Speciﬁcally,
STEMCELL_EMBRYONIC_UP, STEMCELL_NEURAL_UP,
STEMCELL_HEMATOPOIETIC_UP, and STEMCELL_COMMON_UP, which contained genes up-regulated in at least one of
three distinct types of stem cells (27), were ranked as the seventh,
eighth, 54th, and 208th most enriched gene sets, respectively. Of
note, the other stem cell signature, STEMCELL_COMMON_DN,
which contained genes down-regulated in all of three types of stem
cells, was not signiﬁcantly enriched. Taken together, these observations strongly indicate that high total miRNA expression level
may be associated with the high-grade undifferentiated stage of
cancer, which tends to behave more aggressively than the low-grade
counterparts (25).
Supporting the observed association of high expression of total
miRNA with proliferation index, the 14th most enriched gene set
was ZHAN_MM_CD138_PR_VS_REST (Table 2), which is upregulated in the proliferation molecular subgroup of MM (28).
Furthermore, in the category of computational gene sets, the
majority of the 10 most enriched sets (Table 2) were composed
of cell-proliferation genes. Of note, hundreds of cancer-related
gene sets in the category of computational gene sets were signiﬁcantly associated with high miRNA expression (Dataset S2).
Our analysis revealed that high expression of total miRNAs
was associated with a variety of high-risk gene sets, where were
observed signatures of undifferentiated cancer cells and cell cycle.
Expression of Individual miRNAs Was Associated with GEP-Deﬁned
Risk Score and Proliferation Index. We investigated associations of

each of the 95 expressed human miRNAs with risk score and
proliferation index. Consistent with the observations above, no
individual miRNA was signiﬁcantly negatively associated with
either GEP-deﬁned risk score or proliferation index; however, 28
miRNAs signiﬁcantly (FDR < 0.1) were positively associated with
risk score and two miRNAs with proliferation index (Table 3).
The two miRNAs associated with proliferation index were also
associated with risk score. Remarkably, among the 10 expressed
miRNAs that mapped to chromosome 13, eight miRNAs were
signiﬁcantly positively associated with risk score and one with
proliferation index.
In addition to the statistically signiﬁcant positive associations
with risk score and proliferation index, many more positive
associations (risk score, n = 77; proliferation index, n = 77) were
identiﬁed than negative associations (risk score, n = 18; proliferation index, n = 18). Not all associations were statistically
signiﬁcant; the difference in positive and negative associations (77
vs. 18) was signiﬁcant (P = 1.3E-9; one-sided proportional test).
Furthermore, the means of Pearson’s correlation coefﬁcients
were 0.19 for risk score and 0.13 for proliferation index, both of
which were signiﬁcantly greater than expected by permutation
test (P < 1E-10; one-sided t test). These observations suggested
that although some individual miRNAs alone could not signiﬁcantly contribute to disease progression, their collective synergy might signiﬁcantly contribute to MM disease progression.

Table 3. Association of expression level of individual miRNAs,
risk score (RS), and proliferation index (PI)
Pearson’s correlation
coefﬁcient

P value

FDR

0.54
0.55
0.57
0.55
0.54
0.53
0.52
0.51
0.49
0.48
0.46
0.44
0.44
0.42
0.40
0.40
0.39
0.38
0.38
0.38
0.35
0.35
0.33
0.33
0.31
0.31
0.31
0.30

3.13E-05
2.68E-05
8.68E-06
2.83E-05
4.31E-05
5.20E-05
8.12E-05
1.30E-04
2.37E-04
3.53E-04
6.24E-04
1.07E-03
1.02E-03
1.70E-03
3.14E-03
3.43E-03
4.25E-03
5.10E-03
5.37E-03
5.84E-03
1.11E-02
1.12E-02
1.77E-02
1.77E-02
2.49E-02
2.45E-02
2.71E-02
2.86E-02

7.42E-04
7.42E-04
7.42E-04
7.42E-04
8.19E-04
8.24E-04
1.10E-03
1.55E-03
2.50E-03
3.36E-03
5.39E-03
7.83E-03
7.83E-03
1.15E-02
1.99E-02
2.04E-02
2.37E-02
2.68E-02
2.68E-02
2.77E-02
4.84E-02
4.84E-02
7.00E-02
7.00E-02
9.11E-02
9.11E-02
9.55E-02
9.71E-02

0.45
0.44

7.81E-04
1.13E-03

5.36E-02
5.36E-02

Association with RS
hsa-miR-106a
hsa-miR-17–5p
hsa-miR-18a
hsa-miR-20a
hsa-miR-142–3p
hsa-miR-20b
hsa-miR-25
hsa-miR-106b
hsa-miR-142–5p
hsa-miR-103
hsa-miR-19a
hsa-miR-107
hsa-miR-125a
hsa-miR-92
hsa-miR-15a
hsa-miR-181b
hsa-miR-19b
hsa-miR-16
hsa-miR-29b
hsa-let-7i
hsa-miR-148a
hsa-miR-331
hsa-let-7c
hsa-miR-193b
hsa-miR-21
hsa-miR-99a
hsa-miR-26b
hsa-miR-125b
Association with PI
hsa-miR-107
hsa-miR-18a
FDR, false discovery rate.

the unsupervised clustering could not stratify the patient samples
according to high or low proliferation index.
CDKN1A/p21Waf1/Cip1 Was a Target of Multiple miRNAs. We investigated the targets of the expressed miRNAs in Tarbase, a
comprehensive database for experimentally supported animal

Unsupervised Clustering Stratiﬁed Patients According to High Risk
and Low Risk. We applied unsupervised hierarchical clustering

analysis to miRNA expression proﬁles. The 52 patients clearly
separated into two clusters on the basis of expression levels of 95
expressed miRNAs (Fig. 2 and Table S2). The patients in cluster
1 had signiﬁcantly higher GEP-deﬁned risk scores than those in
cluster 2 (P = 0.02; one-sided t test), suggesting that overall
miRNA expression proﬁles were associated with risk scores. Of
note, proliferation indexes were not signiﬁcantly different
between the clusters (P = 0.4; two-sided t test), indicating that
7906 | www.pnas.org/cgi/doi/10.1073/pnas.0908441107

Fig. 2. Unsupervised hierarchical clustering of samples from 52 MM patients
based on miRNA expression proﬁles. (A) Patients’ samples were clearly grouped into two clusters. Colored bars indicate the patients’ GEP-deﬁned risk
scores (Table S2 lists miRNAs up- or down-regulated in the two clusters). (B)
GEP-deﬁned risk scores were signiﬁcantly different between the two clusters.
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miRNA targets (29). We found that CDKN1A/p21Waf1/Cip1 was
an experimentally supported target of four distinct miRNAs
(miR-106a, miR-106b, miR-17–5p, and miR-20b) among the 95
miRNAs expressed in myeloma cells; interestingly, all four
miRNAs were associated with risk score (Table 3). No other
single gene was targeted by more than three of the expressed
miRNAs, according to Tarbase. Western blotting and luciferase
reporter assays conﬁrmed that p21Waf1/Cip1 was repressed in
the JJN3 myeloma cell line after transfection of mimics of miR106a, miR-106b, miR-17–5p, and miR-20b (Fig. S3 A and B).
P21Waf1/Cip1 is a cyclin-dependent kinase inhibitor and functions as a regulator of cell cycle progression at G1, and numerous
studies have reported it as a tumor suppressor gene in MM (30–
32). In 272 patients newly diagnosed with MM, p21Waf1/Cip1
expression level was highly signiﬁcantly associated with overall
survival (P = 1E-11; hazard ratio = 0.12) (Fig. S3C).
Silencing of EIF2C2/AGO2 and DICER1 Arrested Growth and Promoted
Apoptosis in Myeloma Cell Lines. Consistent with the multiple lines
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of evidence that global increased expression of miRNAs in MM
is associated with disease outcome, we previously reported that
AGO2, a master regulator of miRNA genesis and functionality
(16–18) and of B-cell differentiation (18), was an important
marker for MM disease prognosis in the model for GEP-deﬁned
risk score (23). Furthermore, AGO2 is sensitive to DNA copy
number, and the copy number of its locus is signiﬁcantly associated with disease outcome (33) (Fig. S4).
To validate the functional roles of AGO2 in myeloma cells, we
used two AGO2 shRNAs to knock down AGO2 in two myeloma
cell lines (H929 and OCI-My5); Western blots conﬁrmed AGO2
knockdown in both cell lines (Fig. 3D). We used qPCR to
measure changes in expression of eight randomly selected
miRNAs on chromosomes 8, 9, 11, 13, 17, 22, and X before and
after AGO2 silencing. All of the miRNAs were down-regulated

after AGO2 silencing in both cell lines (Fig. 3A). Expression of
AGO2 did not, however, signiﬁcantly correlate with total
expression of miRNAs in the primary tumor samples (P > 0.05).
This suggested that AGO2 might not be the only factor regulating global expression of miRNAs in myeloma cells.
Cell survival experiments showed that AGO2 silencing did not
inhibit cell proliferation until day 3 in H929 cells and day 4 in
OCI-My5 cells; nevertheless, a dramatic decrease in cell viability
was observed in cells expressing AGO2 shRNA (on day 4 in
H929 cells and day 5 in OCI-My5 cells), as compared with
control cells (58–60% vs. 93–96%; P < 0.05). On day 6, most cells
expressing AGO2 shRNA had died, but control cells continued
to proliferate (Fig. 3B).
We further investigated the effects of silencing AGO2 on cellcycle progression by using ﬂow cytometry analysis on day 4 in
H929 cells and on day 5 in OCI-My5 cells after doxycycline
induction. Silencing of AGO2 signiﬁcantly enhanced G0 to G1
phase accumulation and led to cell-cycle arrest in both myeloma
cell lines (Fig. 3C). We also used Western blotting to examine
effects of AGO2 silencing on cell-cycle proteins p21Waf1/Cip1,
p27Kip1, CDK2, and CCND1 (Fig. 3D). Silencing of AGO2
enhanced protein expression of cyclin-dependent kinase inhibitors p21Waf1/Cip1 and p27Kip1. These proteins might then
inhibit CDK2 and CCND1 expression, which are important for
the G1- to S-phase transition. Our results suggested that AGO2
silencing resulted in enhanced cell-cycle arrest that was mediated
by dysregulated p21Waf1/Cip1, p27 Kip1, CDK2, and CCND1.
Induction of p21Waf1/Cip1 expression might result from
decreased activity of miR-106a, miR-106b, miR-17–5p, and miR20b following AGO2 silencing, as discussed above.
Flow-cytometric cell-cycle analysis showed that silencing of
AGO2 increased sub-G0 DNA content and induced strong
apoptosis compared with that in controls (47.9% vs. 1.33% in
H929; 47.39% vs. 1.17% in OCI-My5; Fig. 3C). Western blot

Fig. 3. Effects of silencing of AGO2 on myeloma cells. (A) All eight randomly selected miRNAs were down-regulated after AGO2 knockdown. Error bars
indicate standard error. (B) Cell proliferation and viability in OCI-My5 and H929 cells. Error bars indicate standard error. (C) Silencing of AGO2 induced cell
cycle arrest and apoptosis. (D) Western blot analysis of proliferation- and apoptosis-associated proteins.
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analyses of apoptotic mechanisms showed strong activation of
caspase-3, -8, and -9 in cells expressing AGO2 shRNA (Fig. 3D),
which indicated that AGO2 knockdown induced apoptosis via
activation of caspase signaling. The results suggested that
silencing of AGO2 induced apoptosis mediated by activation of
caspase-3, -8, and -9.
To further validate that total miRNA expression elevation
drives MM disease progression, we knocked down DICER1,
another master regulator of miRNA genesis that cleaves doublestranded RNA precursors, generating short RNAs that are then
transferred to Argonaute proteins (34). Two DICER1 shRNAs
were used to knock down DICER1 in OCI-My5. Western blots
conﬁrmed DICER1 knockdown in OCI-My5 (Fig. S5A). Similar
to the results of AGO2 knockdown, DICER1 knockdown
decreased the viability of the cells, signiﬁcantly enhanced G0- to
G1-phase accumulation, led to cell-cycle arrest, and greatly
increased apoptosis (Fig. S5 B and C).
Discussion
Multiple lines of evidence from integrating miRNA expression
proﬁles and mRNA expression proﬁles suggest that overall
expression of miRNAs contribute to the progression of MM.
Furthermore, among 28 individual miRNAs signiﬁcantly associated with GEP-deﬁned risk score and two signiﬁcantly associated with proliferation index, all were positively correlated with
risk score and proliferation index. Surprisingly, miRNAs mapping to chromosome 13 were signiﬁcantly positively associated
with risk score and proliferation index, even though one allele of
chromosome 13 was deleted in ≈50% of MM samples (21, 22).
Our results and reports from Pichiorri et al. (12) suggested that
miR-15a was up-regulated in newly diagnosed MM. On the other
hand, Roccaro et al. (13) reported miR-15a was down-regulated
in relapsed/refractory MM and regulated tumor proliferation in
MM cell lines. Notably, Lionetti et al. (14) observed signiﬁcant
correlation between expression of miR-15a and the corresponding
DNA locus in MM cell lines, which are more similar to MM cells
in advanced-stage disease, but no signiﬁcant correlation in newly
diagnosed MM. Taken together, these studies suggest that miR15a potentially plays different roles in primary tumors and
advanced tumors, and may acquire more roles as the disease
develops. These hypotheses warrant further study.
We did not identify a signiﬁcant association between p53 and
miR-34a, miR-29a, miR-29b, miR15a, and miR-16 (P values:
0.43, 0.82, 0.57, 0.14, and 0.17, respectively). However, expression of MYC was signiﬁcantly positively associated with expression levels of miR-17–5p, miR-18a, miR-19b, and miR-20a (P
values: 0.015, 0.014, 0.018, and 0.007, respectively). consistent
with reports that MYC can regulate the miR-17–92 cluster on
chromosome 13 (35). Therefore, up-regulation of MYC might
contribute to unregulated expression of the miR17-92 cluster
(35), but it is not likely to contribute greatly to global up-regulation of miRNAs in high-risk MM because MYC was also
reported as a repressor of global miRNA expression (36).
AGO2 was reported as a pivotal factor in miRNA maturation
(16–18) and B-cell differentiation (18), and our in vitro experiment ﬁndings suggest that silencing of AGO2 might globally
impair miRNA expression in MM cell lines. However, expression
of AGO2 did not signiﬁcantly associate with global miRNA
expression. This suggested that AGO2 was not the only regulator
of global up-regulation of miRNAs in high-risk MM but that
multiple factors might contribute.
Kumar et al. (37) and Merritt et al. (38) suggested that
impaired processing of miRNAs might be associated with highrisk lung cancer and ovarian cancer, respectively. Our ﬁnding
that globally up-regulated miRNA expression was associated
with high-risk MM contrasts with their ﬁndings and, therefore,
strongly suggests that the global function of miRNAs in cancers
could be context-dependent.
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Finally, silencing of AGO2 and DICER1, two key regulators for
both miRNA maturation and functionality, signiﬁcantly decreased
viability of myeloma cells. This conﬁrmed that the association of
total miRNA expression level and disease progression was not an
artiﬁcial phenomenon resulting from coexpression of miRNAs and
oncogenes. The ﬁndings shed light on a potential therapeutic
strategy to block the pathways of miRNA maturation and functionality, such as AGO2 or DICER1 knockdown.
Materials and Methods
Study Subjects. Bone marrow aspirates were obtained from 52 patients newly
diagnosed with MM. All subjects provided written informed consent,
acknowledging the investigational nature of the protocol and the availability
of other treatment options, as required by the Institutional Review Board and
the Food and Drug Administration and in line with the Helsinki Declaration.
Each sample was split into two, one for mRNA expression proﬁling and the
other for miRNA expression proﬁling.
mRNA Puriﬁcation and Microarray Hybridization. Myeloma plasma cells were
isolated from heparinized bone marrow aspirates by CD138-based immunomagnetic bead selection (AutoMacs; Miltenyi) (39). mRNA puriﬁcation, cDNA synthesis, cRNA preparation, and hybridization to the Human Genome U133Plus 2.0
GeneChip microarrays (Affymetrix) were performed as previously described (23, 28).
Data are accessible through NCBI GEO database with accession number GSE17306.
miRNA Puriﬁcation and Microarray Hybridization. Total RNA was isolated with
TRIzol reagent (Invitrogen) from CD138-selected plasma cells that had been
snap-frozen and stored in liquid nitrogen. miRNA microarray proﬁling was
conducted with the Human miRNA Microarray platform (Agilent) according
to the Agilent version 2.0 protocol for target labeling, hybridization,
washing, scanning, and image analysis (details in SI Text). Total gene signal
from GeneView data ﬁles extracted with default settings in Agilent Feature
Extraction was used as signal for miRNAs. (Data are accessible through NCBI
GEO database with accession no. GSE17306.)
Microarray Data Analyses. The miRNA expression data were normalized so
that the average values of positive controls (n = 15) on each array were equal.
Affymetrix U133Plus 2.0 gene expression data were normalized with MAS5
using default parameters in Affymetrix GeneChip operating software. All
statistical analyses were performed with the statistics software R (Version
2.6.2; available from http://www.r-project.org) and R packages developed by
BioConductor project (available from http://www.bioconductor.org). SAM
algorithm (20) (a variant of the t test that adds a constant to stabilize variation of genes expressed at low levels) from R package siggenes was used to
determine miRNAs with differential expression in MM samples and normal
samples. GSEA (24) was used to identify gene sets that were signiﬁcantly
associated with total miRNA expression level (details in SI Text).
Analysis of miRNA by qPCR. Total RNA was extracted by TRIzol (Invitrogen)
and reverse-transcribed in 10-μL reactions in an Applied Biosystems 9700
thermocycler (Applied Biosystems). TaqMan miRNA assays were used to
detect and quantify mature miRNAs by ABI PRISM 7900 analytical thermocycler (Applied Biosystems) according to the manufacturer’s recommendations. Normalization was performed with mean values of RNU43,
RNU44, RNU48, and Z30 (details in SI Text).
Western Blotting. Western blotting was carried out with the Western Breeze
Chemiluminescent Immunodetection protocol (Invitrogen). The following
primary antibodies were used: anti-AGO2, anti-DICER1, anti-β-actin; anticaspase-3, -8, and -9; anti-p21Waf1/Cip1; anti-p27Kip1; anti-CDK2; and antiCCND1 (Cell Signaling Technology).
EIF2C2/AGO2 and DICER1 Knockdown. Two synthetic double-stranded oligonucleotides speciﬁc for AGO2 (5′-GATCCCCGCAAGGATCGCATCTTCAAGGTTC
AAGAGACCTTGAA GATGCGATCCTTGCTTTTTA-3′ and 5′- GATCCCCGCAGGACA
AAGATGTATTAAATTCA AGAGATTTAATACATCTTTGTCCTGCTTTTTA-3′) and
two synthetic double-stranded oligonucleotides speciﬁc for DICER1 (5′-GATCCC
CAGAGGTACTTAGGAAATTTTTCA AGAGAAAATTTCCTAAGTACCTCTTTTTTA-3′
and 5′-GATCCCCAAGAATCAGCCT CGCAACAAATTCAAGAGATTTGTTGCGAGG
CTGATTCTTTTTTTA-3′) were synthesized; a nonsense scrambled oligonucleotide
(5′-GATCCCCGACACGCGACTTGTACCACTTC AAGAGAGTGGTACAAGTCGCGTG
TCTTTTTA-3′) was obtained from OligoEngine. Double-stranded shRNA oligonucleotides were cloned into lentiviral pLVTH vectors (kindly provided by Didier
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cells/mL. Cell number and viability were determined by trypan blue exclusion
at various time intervals.

Cell Cycle and Apoptosis Analysis. Cell cycle and apoptosis were determined by
ﬂuorescence-activated cell sorting (FACS) (SI Text).
Cell Proliferation Assay. H929 and OCI-My5 myeloma cell lines infected with
AGO2 or DICER1 shRNAs and controls were seeded at a density of 3 × 105
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