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High levels of circulating miR-16 in the serum of multiple myeloma (MM) patients are
independently associated with longer survival. Although the tumor suppressor function of
intracellular miR-16 in MM plasma cells (PCs) has been elucidated, its extracellular role in
maintaining a nonsupportive cancer microenvironment has not been fully explored. Here, we
show that miR-16 is abundantly released by MM cells through extracellular vesicles (EVs) and that
differences in its intracellular expression as associated with chromosome 13 deletion (Del13) are
correlated to extracellular miR-16 levels. We also demonstrate that EVs isolated from MM patients
and from the conditioned media of MM-PCs carrying Del13 more strongly differentiate circulating
monocytes to M2-tumor supportive macrophages (TAMs), compared with MM-PCs without this
chromosomal aberration. Mechanistically, our data show that miR-16 directly targets the IKKa/p
complex of the NF-kB canonical pathway, which is critical not only in supporting MM cell growth,
but also in polarizing macrophages toward an M2 phenotype. By using a miR-15a-16-1-KO mouse
model, we found that loss of the miR-16 cluster supports polarization to M2 macrophages. Finally,
we demonstrate the therapeutic benefit of miR-16 overexpression in potentiating the anti-MM
activity by a proteasome inhibitor in the presence of MM-resident bone marrow TAM.

Introduction

Multiple myeloma (MM) is the second most frequent blood cancer in the USA after non-Hodgkin lymphoma
(1) and is characterized by the accumulation of over 10% of plasma cells (PCs) in the bone marrow (BM) (2,
3). In all cases, MM is preceded by a premalignant disease known as monoclonal gammopathy of undeter-
mined significance (MGUS) (4-7), and — independently of specific genetic and epigenetic changes — all PCs
at the beginning of the disease are dependent on the BM niche (8), which plays a pivotal role in the regulation
of their growth, survival, and eventual drug resistance (9, 10). Of all the different essential survival signals
activated in PCs by external BM stimulations, the NF-«B pathway and subsequent production of supportive
growth factors (e.g., IL-6, IL-8, TNF-a, and VEGF) and adhesion molecules, including CD44, CD184, and
ICAM-1, play central roles in PC proliferation and survival and in subsequent drug resistance and/or resis-
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tance to standard-of-care proteasome inhibitors (PIs) (11). NF-kB constitutive activity is found in the cancer
cells of MGUS and MM patients (12), and although the presence of promiscuous genetic mutations in the
NF-kB pathway can explain NF-«B activation in a subset of MM patients (20%) (13), it cannot account for
the majority of the MM cases with no genetic abnormalities (12, 14). The long arm of chromosome 13 (13q)
is variably deleted (Del. 13) in regions, which includes deletions in the region of the miR-16-15a cluster (15).
Dell3 occurs in almost 50% of newly diagnosed MM patients (16) and can reach up to 80% in patients with
active disease (17), but it is also present at lower percentages in patients with MGUS (18). However, Dell3
was seen to be correlated with the transformation of MGUS to MM, and it is found at a much higher frequen-
cy in patients with high-risk features such as t(4;14) (88%) and MAF (73%) translocations (19), highlighting
that progression of 13q abnormalities requires clonal evolution (20). The miR—15a/16-1 cluster is located in
the intronic region of the deleted in lymphocytic leukemia 2 (DLEU2) gene coding for mature miRNAs (i.e.,
miR-15a and miR-16-1), which has been shown to regulate the expression of pivotal oncogenes in cancer
initiation and progression, including BCL-2, MCL-1, and cyclin D (21-23). Recently, the possible role of this
class of miRNAs in regulating not only the cancer cell intracellular landscape, but also the tumor microen-
vironment by their secretion through extracellular vesicles (EVs) has been proposed (24, 25). We previously
showed that extracellular miR-16 is among the few microRNAs that can be used as a prognostic biomarker
in newly diagnosed MM patients treated with PI-based therapy (26). Previous studies have shown the role of
endogenous miR-16 in shifting macrophage (M®) polarization from a tumorigenic (tumor supportive M2) to
tumoricidal (antitumor M1) phenotype (27). Recently published data have revealed that, in MM, tumor-as-
sociated M® (TAMs) are recruited into the BM and protect cancer cells from chemotherapy-based apoptosis
(28), and increased levels of BM TAM in MM patients are associated with poor prognosis (29).

In this study, we investigate the possible consequences of loss of miR-16 associated with Dell3 in sup-
porting PC degeneration during disease development. Specifically, we explore whether loss of miR-16 in the
PCs can affect their fitness not only by changing the oncogenic landscape intracellularly, but also by affecting
the tumor microenvironment.

Results

EVs and intracellular miR-16 levels are correlated. We previously reported that extracellular levels of miR-
16 were significantly downregulated (P = 0.003) in the serum of MM patients carrying Dell3 in their
MM cells compared with levels in patients in whom Dell3 was not present (26), supporting the idea
that extracellular miR-16 levels may reflect the levels of miR-16 in cancer cells. We then performed
miRNA profiling of 4 different Dell3 MM cell lines (RPMI-8226, U266, MM. 1R, NCI-H929) and their
derived EVs (Figure 1A and Supplemental Table 1; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.129348DS1). miRNA analysis by Nanostring technology
showed that miR-16 was more enriched in the EVs compared with its endogenous levels (Figure 1B).
Conversely, the same magnitude of EV enrichment was not found for other miRNAs, including the
highly endogenously expressed miR—142-3p (Figure 1, B and C), as well as miR-9, the highly expressed
and well known cancer-associated biomarker released in EVs (Figure 1C and refs. 30, 31). EV miR-16
enrichment was not only observed in MM cells but, as expected, was also observed in the EV isolated
from healthy BM stromal cells (Figure 1D), aligning with previously published data that show that miR-
15a is highly released by normal stromal cells (24). We then decided to investigate whether differences
in chromosome 13 status could reflect changes in miR-16 extracellular enrichment, as supported by our
previously published study of MM patients (26). As expected, MM cell lines carrying Dell3 (OPM2,
LP-1, L363, U266, MM.1S, NCI-H929, RPMI-8226) have lower extracellular miR-16 compared with
that in the few MM cell lines carrying both 13q alleles (WT) (OCIMY-5, OCI-MY 1, MMM.1) (http://
www.keatslab.org) (Figure 1E).

MiR-16 is downregulated in the BM-M® of MM patients. Because miR-16 has been shown to exert its anti-
MM activity in the context of the BM microenvironment (BM-ME) (32), and since PCs at the beginning of
the disease rely on exocrine IL-6 production from the BM-ME for their survival (33), we investigated which
cellular population is the main IL-6 producer in this setting. Cytokine arrays show that the BM CD14" frac-
tions from MM patients, which we found to be mainly enriched in M® (CD14*/CD68*, BM-M®) (Sup-
plemental Figure 1), are the main producers of NF-kB-dependent cytokines/chemokines, including IL-6,
IL-8, and TNF-a (Figure 2A), a group of cytokines that were significantly upregulated in the BM-M® of
MM patients (n = 4) as compared with those in cancer-free donors (n = 4, healthy donor [HD]) (Figure 2B).
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Figure 1. EVs and intracellular miR-16 levels are correlated. (A) Heatmaps showing microRNA expression profile as measured by the NanoString
nCounter System in MM cells (RPMI-8226, U266, NCI-H929, MM1.R) (left panel) and in extracellular vesicles (EV) secreted by those cells (right panel).
Each column represents 1 sample/cell line with red representing upregulated and blue representing downregulated. Each cell line was run at least in
triplicate. Heatmaps were performed using the G-plots package heatmap.2 program, and colored scales were generated using the Z score values. (B)
Pie charts showing the percent of the 59 highest intracellular microRNA expression levels and their corresponding EV secreted levels in the 4 cell lines
tested. The 12 highest microRNA expression levels among cell lines from miR-16 (blue) to miR-92a (orange) are highlighted in a colored spectrum. (C)
miR-16, miR-142-3p, and miR-9 expression levels in EVs released by U266, RPMI-8226, and NCI-H929 MM cell lines. Data are presented as fold change
(f.c.) over intracellular microRNA expression for each miRNA. (D) Parallel to C using HS-5 cell line. Values represent the mean + SD; P values were cal-
culated using ordinary 1-way ANOVA multicomparisons test. Each experiment was performed in triplicate. (E) gPCR showing miR-16 expression in EVs
released by Del13 MM cell lines (U266, NCI-H929, RPMI-8226, OPMZ2, LP-1, L363, MM.1S) and non-Del13 MM cell lines (OCIMY-5, OCIMY-I, MMM.1). Data
are presented as 2" values. Values represent the mean + SD; P values were calculated using 2-tailed unpaired t test. Each experiment was performed
in triplicate; the obtained P values are reported.
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We then asked whether this population could be affected by differential expression of EV miR-16. Our
data show that miR-16 is significantly downregulated in the MM-BM-M® (n = 7 pts) compared with that
isolated from healthy donors (n = 7 pts) (Figure 2C). To unequivocally evaluate the downregulation of miR-
16 in the BM compartment of MM patients, we also compared the miR-16 levels between MM-BM-M®
and their matched peripheral blood monocytes (PB-M) (n = 3 patients). We found a significant decrease in
miR-16 expression in MM-BM-M® as compared with their circulating fraction (Figure 2D).

To further assess whether miR-16 downmodulation may be associated with monocyte to M® differen-
tiation toward the M2-M® phenotype, we first induced differentiation of PB-M isolated from MM patients
in vitro in the presence of the M2 differentiation factor M® CSF (M-CSF) for 7 days. As expected, upon
M-CSF treatment, the cells appeared more filamentous, having an endothelial-like shape indicative of the
M2 phenotype, as compared with the control untreated undifferentiated (UI) cells (Figure 2E). A GFP
fluorescence latex beads-phagocytosis assay showed that cells treated with M-CSF were fully differentiated
(84% GFP*) as compared with UI cells (4.63% GFP*) (Figure 2F) and showed significant increases in the
mRNA expression of typical M2-M® expression markers, including CD163 and IRF4 (Figure 2, G and H).
‘We also observed that M2-M® had a significant decrease in miR-16 expression upon differentiation (Figure
2I). In summary, our findings show that miR-16 is downmodulated in the MM-BM-M®, and its downreg-
ulation in vitro is associated with an M2-M® phenotype.

Extracellular miR-16 impairs MM-EV—induced M2-M®. Because previously published data have shown
that, by producing soluble factors, MM cells can modify the BM niche and induce M® polarization toward
an M2 tumor-supportive phenotype (34), we investigated whether the BM acellular fraction (BM-ac), the
soluble portion of the BM, of MM patients could directly affect M® differentiation. We found that mono-
cytes isolated from MM patients (MM-PB-M) tend to differentiate to an M2-like M® when treated with
their matched BM-ac for 7 days (Figure 3A). Specifically, we observed that, after 7 days of incubation, the
shape of PB-M was filamentous and appeared similar to those differentiated with M-CSF (Figure 3A and
Figure 2E). miR-16 expression was markedly downregulated in the PB-M differentiated with the BM-ac
compared with that in the matched UI PB-M. miR-16 levels upon in vitro differentiation were fully compa-
rable with those in MM-BM-M® isolated from the same patient (Figure 3B). We then sought to identity the
component in the BM-ac that was responsible for inducing an M2-like phenotype. Our data show that EVs
isolated from the BM-ac of 4 MM patients induced differentiation of PB-M isolated from healthy donors to
M2-M® (n = 4), whereas no differentiation was observed when cells were incubated with the EV-depleted
fractions (Figure 3C and Supplemental Figure 2A). Our data show that these differentiated cells are effec-
tively M®, as they engulfed and digested fluorescent latex beads, as demonstrated by a phagocytosis assay
(Figure 3D). Interestingly, PB-M did not show any differentiation toward an M2 phenotype, as assessed by
the M2 markers CD163 and CD206, when treated with the conditioned media of the cultured total BM cel-
lular population isolated from 3 cancer-free donors (BM-HD), as compared with those isolated from MM
patients. In fact, almost all of the cells were dead after 7 days of treatment with the conditioned media of
BM-HD (Supplemental Figure 2B). To assess whether the EVs produced by MM cells are directly responsi-
ble for driving PB-M differentiation to M2-M®, we isolated EVs from the conditioned media of Dell3 MM
cells (NCI-H929 and MM.1S). We found that healthy PB-M treated with MM-derived EVs (MM-EVs) for 7
days tend to differentiate toward an M2 phenotype, as shown by the increased expression of the M2 marker
CD163 (Figure 3E). We have previously shown that newly diagnosed MM patients with Dell3 have lower
circulating miR-16 levels compared with those in patients with non-Dell3 (26), and other groups have found
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Figure 2. MiR-16 is downregulated in the BM-M® of MM patients (A) Cytokine array showing, under stimulated conditions (i.e., in the presence of sin-
gle-stranded RNA-mir-25 (ssRNA-miR-25), which stimulates TLR-7 and -8, the levels of NF-kB-induced, M2-associated cytokines (IL-6, IL-8, TNF-qa, and
VEGF) secreted by CD14* macrophages (BM-M®), and CD14- cells (BM-CD14 neg.) isolated from the BM of MM patients (n = 3). Data represent mean values
+ SD. Cells were incubated with ssSRNA-miR-25 for 24 hours prior to detection of cytokines. Cytokine levels were measured in pg/mL using a multiplex
cytokine assay. (B) gPCR showing mRNA expression levels of IL-6, IL-8, and TNF-o. in BM-M® isolated from MM patients (MM) or cancer-free donors (HD)
(n = 4/group). P values were calculated using 2-tailed multiple t test. (C) gPCR showing decreased miR-16 expression in BM-M® isolated from MM patients
as compared with that isolated from HD (n = 7/group). (D) Real-time PCR showing decreased expression of miR-16 in BM-M® compared with that in mono-
cytes isolated from the peripheral blood (PB-M) of the same MM patients (n = 3). Data are presented as 2"*" values. (E) Representative images captured
by light microscopy showing PB-M differentiated to M2-like M® (M2-M®) with macrophage CSF (M-CSF) treatment for 7 days (right panel) as compared
with undifferentiated PB-M (Ul) (left panel). Magnification x40. (F) Flow cytometric analysis showing phagocytosis of M2-M® in vitro. Phagocytosis assay
was performed using latex beads coated with GFP fluorescently labeled IgG antibody. The engulfed fluorescent beads were detected by flow cytometry.
Differentiated PB-M to M2-M® in the presence of M-CSF showed 84% GFP* cells in contrast to Ul cells that were only 4.63%. (G-1) Real-time PCR showing
increases in CD163 (G) and IRF4 (H) mRNA expression, as well as a decrease in miR-16 expression (I) in M2-M® as compared with Ul. CD163 and IRF4 levels
were presented as fold changes over Ul controls. miR-16 levels were presented as 22" values (n = 3 patients). Data reported in C, D, and G-I represent the
mean + SD; P values were calculated using a 2-tailed unpaired t test.

that increased levels of the EV miR-15a (miR—15a/16-1 cluster) can inhibit MM cell growth (24). We then
decided to investigate whether high levels of ectopic extracellular miR-16 can impair monocyte to M2-M®
differentiation. When PB-M isolated from healthy donors were treated with EVs isolated from the condi-
tioned media of either MM. 1S or NCI-H929 and concomitantly incubated with a double-stranded miR-16
mimic encapsulated in lipid rafts (ds-miR-16), we observed lower CD163 surface expression as compared
with that in PB-M treated with EVs in the presence of double-stranded miR-223 mimic (EV+miR-223) or
scramble (EV+Scr) (Figure 3F and Supplemental Figure 2C). Interestingly, a higher increase in CD163
levels was observed for both UI and differentiated PB-M when treated with a miR-223 mimic, a miRNA
that is known to be implicated in maintaining M® in an M2-like phenotype (Figure 3F and Supplemental
Figure 2C; ref. 35). In support of these data, the EV-treated monocytes appeared less filamentous, and
few or no detectable endothelial-shaped cells were present upon treatment with double-stranded miR-16
(ds-miR~-16), in contrast to that from scramble sequences (Figure 3G and Supplemental Figure 2D). Taken
together, our data show a functional effect of miR-16 in impairing M2-M® differentiation.

EV isolated from MM cells carrying Del13 strongly induce M® polarization. Because we showed that high levels of
ectopic extracellular miR-16 impair monocyte to MM-EV—driven M2-M® differentiation, we decided to inves-
tigate whether differences in miR-16 EV enrichment could differentially impact this effect. We isolated EV from
MM cells carrying either a well-characterized Del13 (OPM2, LP-1, L363) or intact WT alleles (OCIMY-5, OCI-
MY1, MMM.1). These EVs were found to express different miR-16 copy numbers (Figure 1E). In agreement
with our data, we found that EVs isolated from Dell3 cell lines induced significantly higher levels of M® differ-
entiation to an M2-like phenotype compared with EVs isolated from cells carrying the WT allele, as assessed by
levels of M2 markers such as the mannose receptor (CD206) and CD163 as early as 4 days of PB-M treatment
using the same primary CD14* cells across cell lines (P < 0.01) (Figure 4, A—C). We then investigated whether
EVs from patients carrying Del13 could also induce monocyte differentiation. We found that the BM-ac isolated
from patients carrying Dell3 significantly induced more PB-M differentiation toward an M2 like phenotype as
compared with that from patients carrying the WT form (n = 3/group) (Figure 4, D-F).

Evaluation of M® polarization in a miR—15a/16-1-KO model. To further examine the in vivo effects of
miR-16 on M® polarization, we used a miR—15a/16-1-KO mouse model that was thoroughly established
by Klein et al. (21), which resembles the human miR-15a/16-1 cluster deletion by carrying the corre-
sponding alteration on mouse chromosome 14qC3. Since markers of differentiation were not observed
at basal levels (data not shown; ref. 27), primary basal state spleen M® (M0-M®) (Supplemental Figure
3A) were isolated from miR—15a/16-1-null or WT B6 mice and induced to differentiate to M2-like cells
following M-CSF and IL-4 treatment ex vivo (27). In response to IL-4 treatment, M0-M® isolated from
miR-15a/16-1-null mice presented a significantly more pronounced M2 phenotype compared with that
in the WT mice, as measured by the expression of mouse M2 markers such as CD206 and C-type lectin
(Dectin-1) at an early (48 hours) (Figure 5, A, C, E, and G) or late (6 days) differentiation time (Figure 5,
B, D, F, and H). As early as 48 hours, miR-15a/16-1-null M® expressed an average of a 10-fold increase
(6.25% % 1.6%) in CD206 (Figure 5, A and C) and an almost 5-fold increase (23.5% * 8%) in Dectin-1
(Figure 5, E and G) as compared with levels from WT mice, which were 0.6% * 0.4% and 4.9% =+ 0.7%,
respectively (P = 0.001, CD206; P = 0.008, Dectin-1; n = 4/group). Isotype controls for each panel of the
MO population at respective time points of 2 days (Figure 5, A and E) and 6 days (Figure 5, B and F) were
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Figure 3. Extracellular miR-16 impairs MM-EV-induced M2-M®. (A) Representative images captured by light microscopy showing PB-M isolated from a
MM patient differentiated to M2-M® in the presence of the matched BM acellular fraction (matched BM-ac) (right panel), in contrast to undifferentiated
PB-M (UI) (left panel). (B) gPCR showing decreased expression of miR-16 in PB-M isolated from MM patient and differentiated to M2-M® in the presence
of the matched BM acellular fraction (PB-M + BM-ac), as well as in total M® isolated from the BM of the same patient (MM-BM-M®), as compared with
undifferentiated PB-M using samples obtained from n = 3 MM patients. Values represent the mean + SD; P values were calculated using ordinary 1-way
ANOVA multicomparison. (C) Representative images captured by light microscopy showing differentiation of PB-M obtained from a HD incubated with EV
isolated from the BM-acellular fraction of a MM patient (BM-ac) (left panel) or EV-depleted BM-ac (right panel) (n = 4 patients; see Supplemental Figure
2B). (D) Representative images showing phagocytosis of latex beads coated with GFP fluorescently labeled IgG antibody by PB-M differentiated to M2-M®
when incubated with EV isolated from the BM-ac of a MM patient (+) (right panel), whereas no phagocytosis was observed when PB-M were incubat-

ed with the EV-depleted BM-ac (-) (left panel). (E) Flow cytometric analysis showing percent increase in expression of M2-M® surface marker (CD163)

on PB-M treated with EV isolated from the conditioned media of a MM cell line, NCI-H929, for 7 days (EV) (upper right panel) and compared with cells
incubated with EV-depleted acellular fraction (Ctl) (upper left panel). The same effect was seen using EV isolated from another MM cell line (MM.1S) (lower
panel). Gating strategy was set using IgG anti-PE antibody isotype control. (F) Flow cytometric analysis showing percent surface expression of CD163 on
PB-M differentiated with EV isolated from the conditioned media of MM.1S cells and concomitantly incubated with either ds-miR-16 (middle right panel),
ds-miR-223 (lower right panel), or scramble control (Scr) (upper right panel). CD163 percent surface expression on undifferentiated cells (Ul) incubated with
the microRNAs cited above are also shown (left panels). Gating strategy was set using IgG anti-PE antibody isotype control. (G) Representative images
captured by light microscopy showing impairment of PB-M differentiation to M2-M® in the presence of ds-miR-16. PB-M were incubated with the EV
isolated from MM.1S, along with ds miR-16 (right panel) or Scr control (left panel) for 7 days. All magnifications x40.

given. miR-15a/16-1-null M0-M® differentiated to M2-M® also show significant mRNA deregulation of
M2-effector functional markers such as IL10" and IL12%° (Supplemental Figure 3, B and C).

MiR-16 directly regulates the expression of IKKo./f} complex. We have shown that cytokines and growth factors
— direct targets of the NF-xB canonical pathway, which is dependent on the IKKo/f kinase complex (36) —
are the main players secreted by MM-BM-M®. Previous studies have also shown that the canonical (classical)
NF-kB pathway is an important regulator of the TAM transcriptional program (37), whereas the noncanonical
pathway is mainly involved in immune cell differentiation and organogenesis (38). We then proceeded to investi-
gate whether ectopic expression of miR-16 could regulate the IKK complex in primary samples. Our data show
that, when M® isolated from MM patients were treated with ds-miR-16, the expression levels of both IKKa
and -B were significantly downmodulated, in contrast to treatment with Scr control (Figure 6A). The same effect
was seen when a M®-like malignant cell line, U-937, or a human stromal cell line, HS-5, were transfected with
ds-miR-16 (Figure 6, B and C). We also found that M® isolated from miR—-15a/16-1-KO mice had significantly
higher endogenous IKKa/f expression levels as compared with WT M® both at the protein and mRNA levels
(Figure 6, D-F, and Supplemental Figure 4A). Interestingly, given the importance of the IKKf subunit in sig-
naling the NF-kB canonical pathway (36), differentiation of PB-M to M2-like M® using M-CSF showed signifi-
cantly higher expression of IKKp as compared with cells differentiated to M1-like M® (Supplemental Figure
4B). NF-«B pathway activation is not only associated with the production of MM-supportive cytokine/chemok-
ines by the BM-ME, but it is also involved in MM cell autologous survival and proliferation (14). Because Del13
containing the miR—15a/16-1 cluster (15) is observed in a high percentage of MM patients (17), we assessed
whether MM-PCs carrying this genetic abnormality could show significant changes in the mRNA expression
of the IKK complex. Using the MMRF CoMMpass IA13 dataset, we modeled the occurrence of Dell3 as
a function of sex, age, 13q14 deletion, and expressions of ENSG00000213341 (IKKA), ENSG00000104365
(IKKB), ENSG00000231607 (DLEU2), and ENSG00000075624 (ACTB). The gene ACTB (actin) was chosen
as a housekeeping gene not expected to be correlated to the Dell3. We found a significant increase in IKKa
mRNA expression (model coefficient = 0.13, P < 0.001) in the MM-PCs isolated from 355 newly diagnosed
patients carrying Dell3, compared with levels in 330 patients without this aberration. As expected, a strong cor-
relation between the presence of Dell3 and a decrease in miR—15a/16-1 host gene (DLEU2) mRNA expression
in CD138 + MM cells carrying Dell3 was also observed (model coefficient = —0.08, P < 0.001). In support of
these data, miR-16 ectopic expression inhibited IKK complex expression in multiple MM cell lines (MM.1S,
NCI-H929, U266), and this effect was not only restricted to IKKa, but also to IKKf (Figure 6, G and H).
Because we did not find significant upregulation of IKKf at the mRNA level in MM-PCs with Del13, we inves-
tigated whether this subunit could instead be regulated at the translational level or be a miR-16 indirect target. By
using TargetScan software prediction (39), we found a highly conserved microRNA responsive sequence (MRE)
in the 3'UTR of IKKP at position 603—-610. To assess whether miR-16 could affect IKK[ expression by directly
binding its 3'UTR and subsequently affect protein translation, we cloned a specific region containing nucleotides
487-736 of the IKKf 3'UTR that covers the predicted miR-16 targeting sequence in a commercially available
luciferase construct, pGL4.11. Luciferase reporter assays showed that miR-16 significantly downregulated the
activity of the reporter linked to IKKp 3'UTR in U266 and HS-5 cell lines, compared with Scr control (Figure
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Figure 4. EV isolated from MM cells carrying Del13 strongly induce M® polarization. (A and B) Representative flowsight cytometric analysis overlaid
with the respective isotype control (Iso-C) showing comparable CD163 and CD206 percent surface expression on differentiated PB-M isolated from a
healthy donor upon treatment with the EV isolated from Del13 cell lines (L363, LP-1, OPM2) (A) or no Del13 cells (OCIMY-5, OCIMY-1, MMM.1) (B) for 4
days. Gating strategy was set using a mix of 1gG anti-FITC and IgG anti-APC antibodies isotype control. (C) Bar dot plots showing average CD163 and
CD206 percent surface expression on differentiated PB-M treated with EV-Del13 cell lines (red, n = 3) or EV-no-Del13 cell lines (green, n = 3). Each dot
plot represents a flowsight cytometric analysis percent reading. Statistical comparisons for each surface marker were performed only between Del13
and no-Del13 cell lines. Values represent the mean + SD; P values were calculated using the 2-tailed unpaired t test. Percent of untreated PB-M sur-
face markers expression are indicated in blue and were only used as internal control. (D and E) Representative flowsight cytometric analysis overlaid
with the respective isotype control (Iso-C) showing comparable CD163 and CD206 percent surface expression on differentiated PB-M isolated from a
healthy donor upon treatment with the BM-acellular fraction (BM-ac) of MM patients carrying Del13 (HTB-191, HTB-192, HTB-193) (D) or BM-ac of MM
patients with no Del13 (HTB-194, HTB-195, HTB-196) (E) for 4 days. Gating strategy was set using a mix of 1gG anti-FITC and IgG anti-APC antibody
isotype controls. (F) Bar dot plots showing average CD163 and CD206 percent surface expression on differentiated PB-M treated with BM-ac of MM
patients with Del13 (red, n = 3) or no-Del13 (green, n = 3). Percent of untreated PB-M surface markers expression are indicated in blue. Each dot plot
represents a flowsight cytometric analysis percent reading. Statistical comparisons for each surface marker were performed only between Del13 and
no-Del13 patients. Values represent the mean + SD; P values were calculated using 2-tailed unpaired t test.
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Figure 5. Evaluation of M® polarization in a miR-15a/16-1-KO model. (A and B) Representative flowsight cytometric analysis with overlaid isotype con-
trol (Iso-C) showing comparable CD206 percent surface expression on differentiated MO-M® isolated from WT or miR-15a/16-1"- B6 mouse spleens treat-
ed ex vivo with M-CSF (100 U/mL) and IL-4 (20 ng/mL) for 48 hours (A) or 6 days (B). Gating strategy was set using an IgG anti-Alexa Fluor 488 antibody
isotype control. (C and D) Bar dot plots showing average CD206 percent surface expression on differentiated M® isolated from WT and miR-15a/16-17/
mice treated for 48 hours (n = 4 mice/group) (C) or 6 days (1 = 3 mice/group) (D). (E and F) Parallel to A and B, except that the surface marker analyzed
was Dectin-1and the gating strategy was set using an IgG anti-APC antibody isotype control. (G and H) Parallel to C and D, except that percents of Dectin-1
expression were recorded. Values represent the mean + SD; P values were calculated using 2-tailed unpaired t test. P values are reported in the figures.
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lation of IKKa expression in MM cell lines (MM.1S and NCI-H929) transfected with
ds-miR-16 as compared with Scr control for 48 hours. (H) Western blot analysis
showing protein downregulation of IKKa and -p by miR-16 in 3 MM cell lines
(U266, MM.1S, and NCI-H929); GAPDH was used as loading control. (1) Lucifer-
ase reporter assay revealed direct downregulation of IKKB 3'UTR transcriptional
activity by miR-16. pGL4.11 luciferase vector containing the 3'UTR of IKK( was
transfected in U266 or HS-5 for 18 hours, followed by a second transfection with
ds-miR-16 or Scr control for an additional 12 hours. Transfection efficiency was
controlled by cotransfection with TK promoter-Renilla vector. Data are presented
as percent of Scr control. When not otherwise specified in the legend, the report-
ed P values were calculated using 2-tailed unpaired t test. Each of the reported
experiments was performed in triplicate. For C and H, the data presented are
representative of 2 independent experiments.
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Figure 7. 36. MiR-16 increases MM cell sensitivity to bortezomib by impairing NF-kB signaling. (A) Western blot analysis showing decrease in P65 nuclear
protein in NCI-H929 upon transfection with ds-miR-16 or Scr Control for 48 hours. Histone Deacetylase 1 (HDAC1) was used as nuclear loading control. (B)
Single cell flow cytometric analysis showing decrease in nuclear p65 protein expression in MM cells upon transfection with ds-miR-16 as compared with
Scr control (upper panel). Percent of normalized P65 frequency in 1 x 10 cells transfected with ds-miR-16 or Scr control are shown (lower panel). (C) Lucif-
erase reporter assay showing decrease in NF-«B transcriptional activity in U-937 cells by miR-16 as compared with Scr control. (D) Parallel to C, except that
luciferase activity was assessed in HS-5 cells, no stimulation was induced, and an additional transfection with pGL3 vector containing a trimer of mutated
NF-kB binding sites sequence (mut 3xNF-kB) was performed. Data are presented as percent of WT 3xNF-«B Scr control. (E) Cytokine array showing
concentrations of cytokines/chemokines IL-6, IL-8, TNF-a, and INF-y released by BM-M® isolated from MM patient upon treatment with ds-miR-16 or Scr
sequences encapsulated in liposomes for 48 hours. (F) Luciferase reporter assay showing decrease in NF-kB transcriptional activity in U266 upon transfec-
tion with miR-16 as compared with Scr control. Cells were transfected with pGL3 luciferase vector containing a trimer of consensus WT NF-kB binding sites
for 6 hours and were then treated with 5 nM bortezomib (bortez), 10 uM BAY11-7082, or vehicle control (veh) for 12 hours. Data are presented as percent of
Scrveh control. (G) Representative flowsight showing apoptosis analysis by Annexin-V/PI double staining. Annexin-V/PI staining was performed on MM.1S
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cells upon transfection with miR-16 or Scr sequences and treated with bortez 2.5 nM or veh DMSO control for 48 hours. The percentages of Annexin-V-pos-
itive cells are shown in the upper left quadrants. (H) Luciferase assay showing percent of viable MM.1S GFP/Luc* cells in suspension upon treatment with
bortez or DMSO veh control, cocultured with BM-M® isolated from a patient for 48 hours. (I) Luciferase assay showing percentage of viable MM.1S GFP/
Luc* cells in suspension upon treatment with bortez or DMSO veh control cocultured with BM-M® isolated from a MM patient and treated with ds-miR-16
or Scr sequences for 48 hours. Values represent the mean + SD for each experiment performed in triplicate. When not otherwise specified in the legend,
the reported P values were calculated using 2-tailed unpaired t test.

6]). In support of IKKp-specific miR-16 targeting, a reporter vector carrying an IKKf 3'UTR miR-16 mutated
seed sequence was not significantly affected by miR-16 ectopic expression (Supplemental Figure 4, C and D),
supporting the idea that miR-16 can directly regulate IKKp. Taken together, our data indicate that the mecha-
nism of action through which miR-16 produces its effects is the direct targeting of the IKK /3 complex.

MiR-16 increases MM cell sensitivity to bortezomib by impairing the NF-k B signaling pathway. Because IKKo-1K-
Kp targeting (downregulation) may result in decreasing the degradation of the NF-«B inhibitor (IxBa) with
subsequent inhibition of p65/p50 transcriptional activation (40), we investigated whether differential miR-16
expression may regulate this process. Western blot data and single cell flow cytometry show that miR-16
inhibits p65 translocation to the nucleus (Figure 7, A and B). To determine whether miR-16 inhibits NF-kB
transcriptional activity, we performed transient assays using a reporter plasmid containing 3 tandem WT
P65/P50-binding sites upstream of a luciferase gene. U-937 cells were transfected with the reporter, and
NF-«B activation was induced by treatment with tissue plasminogen (TPA). We found that, whereas scramble
induced an almost 3-fold change, miR-16 induced a 2-fold change in NF-«xB binding activity (Figure 7C).
Additionally, the same effect of miR-16 was seen when ectopically expressed in HS-5, which is known to
have a constitutively active NF-kB pathway (around 2-fold decrease in activity; ref. 41) (Figure 7D). However,
miR-16 did not block the activity of a reporter containing 3 tandem mutated NF-«B sites, indicating that it
specifically inhibits the canonical NF-kB pathway and that the inhibition does not block general transcription-
al responses (Figure 7D). These results demonstrate that miR-16 not only acts to inhibit the NF-«B signaling
pathway, but also the ability of NF-kB to activate gene expression in the BM-ME, both in the M® compart-
ment and stromal cells. As a result, miR-16 significantly downregulated the release of NF-kB—dependent
M2-like tumor—promoting cytokines/chemokines, IL-6, IL-8, and TNF-a, from BM-M® and upregulated the
levels of IFN-y (Figure 7E). IFN-y has been previously shown to prevent the generation of TAM (42).

Because NF-«B is highly activated in MM cells (12), we tested the combinatorial effect of miR-16 with a
PI (bortezomib) or the NF-kB inhibitor BAY11-7082 in MM cells. We found that ectopic expression of miR-
16 had a significant additive effect in inhibiting NF-kB transcriptional activity when MM cells were treated
with bortezomib or BAY11-7082 (Figure 7F). At the molecular level, combination treatment of miR-16 and
bortezomib increased cytoplasmic levels of IkBa, the inhibitor of NF-kB, in 3 MM cell lines tested (MM.1S,
NCI-H929, and RPMI-8226) after 8 hours of treatment (Supplemental Figure 5A). To evaluate the clinical
relevance of our findings, we examined whether miR-16 can sensitize MM-PCs and/or resident M® of the
BM-ME to bortezomib. We first examined the combinatorial effect of miR-16 with low doses of bortezomib
on an MM cell line, MM.1S, in vitro. We found that cotreatment of miR-16 and bortezomib induced an
additive decrease in cell viability in a dose-dependent manner (Supplemental Figure 5B). Ectopic expression
of miR-16 alone did not induce cell death in MM. 1S, whereas in combination with low doses of bortezomib,
miR-16 sensitized MM cells to early apoptosis, as the combination treatment increased annexin V—positive
cells from 5.5% to 20%, in contrast to results from Scr control (Figure 7G). However, in the context of the
BM-ME, it has been previously shown that M2 M® support MM cell survival and render them resistant to up
to 5 nM bortezomib in culture (28, 43). Treatment of MM cells alone with low doses of bortezomib induced
a decrease in cell viability, whereas in the presence of resident M®, the sensitivity was significantly abrogated
(Figure 7H). For that reason, we investigated whether the combination treatment of miR-16 and bortezomib
would sensitize MM. 1S to bortezomib in the presence of BM-resident M® isolated from a MM patient. To spe-
cifically measure the viability of MM cells in coculture systems, we used MM cells that constitutively express
the luciferase gene (MM. 1S GFP/Luc"), and we measured their viability by luciferase activity (Figure 7, H and
I). Coculturing GFP/Luc* MM. 1S with BM-M® showed that the presence of M® induced resistance of MM
cells to cell death (Figure 7H). However, the attenuation of bortezomib-based anti-MM activity by M® was sig-
nificantly reversed by ectopic overexpression of miR-16 in both M® and MM cells (Figure 7I). Taken together,
our results show that miR-16 inhibits NF-«B transcriptional activity both in MM cells and the BM-ME and
potentiates the activity of a PI in a cross-talk manner by affecting both MM cells and BM-resident M®.
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Discussion

The BM-ME plays an important role in MM progression and response to therapy (9). MM cells interact with the
BM-ME components in a paracrine manner, either by direct cell-to-cell interaction or indirect communication
through release of soluble factors, as well as EVs (44). Here, we show that EVs released by MM cells induce
monocyte differentiation toward an M2 phenotype. Our previous results showed that EVs released by MM
cells are enriched in the MHC-1 antigen presenting complex and its binding protein, $2-M (26, 45, 46), and
recent published data reported that this complex plays a pivotal role in inducing cancer cell protection from M®
phagocytosis (47). Here, we found that EVs isolated from MM patients’ BM-ac induce monocyte polarization
toward an M2 phenotype. It has been reported that EVs derived from MM cells carrying miR-21 and miR-146a
induce mesenchymal stromal cell proliferation and transformation, resulting in MM cell growth promotion and
migration (48). We and others have shown that MM patients with high levels of circulating miR-16 have longer
survival and that circulating miR-16 levels were reduced in the serum of MM patients carrying Dell3 in their
cancer cells as compared with levels associated with non-Del13 or normal PCs (26, 49), supporting that changes
in chromosome 13 status may not only affect the intracellular landscape of cancer cells, but also their tumor ME.
Although a negative correlation between miR—15a/16-1 levels and the expression of the MM supportive cyto-
kine IL-6 has been reported (24, 50), the molecular mechanisms behind this effect were not clearly investigated
(50). We demonstrate that extracellular miR-16 can impair the ability of MM EVs to differentiate monocytes to
M2-M® and that ectopic expression of miR-16 directly downmodulates NF-«B signaling. Specifically, we found
that miR-16 is not only able to target IKKa as previously reported (51), but it is also the key catalytic kinase of
the NF-kB canonical pathway, IKKf, in MM cells and also in M® and BM stromal cells. We demonstrate that
ectopic expression of miR-16 impairs monocyte differentiation to M2-M® and the subsequent release of M2-as-
sociated cytokines/chemokines such as IL-6, IL-10, IL-8, and TNF-o, (Figure 8). We also show that Dell3, in
addition to affecting the intracellular genetic landscape of MM cells as previously reported (16, 17), also impacts
the surrounding BM-ME, creating a clonal advantage of cancer cells carrying this deletion versus the WT form.
The importance of miR-16 in impairing M2-M® differentiation through IKKf targeting is also supported by
previously published data showing that the NF-«kB canonical pathway alone is essential to maintain an M2 phe-
notype, as only the M isolated from IKK{-KO mice could be reeducated to have antitumor activity, in contrast
to those isolated from WT mice (52). By using a miR—15a/16-1-KO mouse model (21), we also show that miR—
15a/16-1-KO M® had a significantly stronger M2 phenotype, as indicated by the M2 surface markers CD206
and Dectin-1, compared with that in WT mice. These findings are also consistent with recently published data
in which a miR—15-16—-double KO model exhibits myeloid disorders (53). Finally, we showed the clinical benefit
of miR-16 in sensitizing MM cells to bortezomib treatment. Our findings align with a clinical study that showed
exosomal miR-16 downregulation in patients with bortezomib resistance (54). We found that miR-16 not only
directly sensitized MM cells to bortezomib in an autologous manner, but also reverted their PI resistance when
myeloma cells were cocultured in the presence of TAMs isolated from the BM aspirates of MM patients, further
supporting that TAMs provide a survival benefit to MM cells (43). In summary, we show that EVs released
by MM cells can affect the tumor ME by modulating the polarization of circulating monocytes to M2-M®,
which fully resembled the BM-M® characteristics found in patients. Our data also show that miR-16 can down-
modulate the NF-kf pathway in PCs and the microenvironment, in which activation is critical for maintaining
MM-PC survival during early-stage disease (14). Our data provide the scientific rationale for the manner in
which miR-16 downmodulation provides a survival advantage to specific PC clones during MM progression.

Methods
Supplemental methods are available online with this article.

Primary samples. Primary samples (total BM aspirates and peripheral blood samples) from MM patients
and healthy donors were obtained from The Ohio State University and City of Hope Leukemia Tissue
Banks. Specifically, the cellular fraction of total BM aspirates was isolated using Ficoll-Paque Plus (catalog
17144003, GE Healthcare) following the manufacturer’s instructions.

Cell lines. MM cell lines (MM.1S, NCI-H929, U266, and RPMI-8226), the U-937 M® cell line, the
BM stromal cell line HS-5, and the HeLa cell line were purchased from ATCC. The GFP*/Luc* MM.1S
stable line was a gift from Irene Ghobrial (Dana-Farber Cancer Institute, Boston, Massachusetts, USA).
OPM2, LP-1, L363, OCIMY-I, OCIMY-5, and MMM.1 MM cell lines were provided by Jonathan J. Keats
(https://www.keatslab.org/). MM and U-937 cell lines were cultured in RPMI-1640 medium supplement-
ed with 10% FBS (catalog 019K 8420, MilliporeSigma), 100 IU/mL penicillin, and 100 ng/mL streptomy-
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Figure 8. lllustrative diagram showing plasma cells carrying Del13 (PCs Del13) secrete extracellular vesicles (EV) containing cargoes that induce monocyte
differentiation toward M2 tumor-supporting M (TAM). Mechanistically, a lack of significant amounts of miR-16 in EV prevents targeting the IKKo/f complex,
resulting in an increase in the NF-«B canonical pathway. Upregulation of the NF-«kB pathway leads to enhanced secretion of M2 tumor effector chemokines/
cytokines, including IL-6, IL-8, IL-10, and TNF-o, resulting in an increase in TAM levels and in PC clonal expansion. However, normal PCs or PCs carrying WT
chromosome 13 (PCs Chr.13 WT) have higher levels of miR-16 in their EV that target the IKKo/f complex, resulting in a decrease in the NF-kB canonical pathway
and impairment of monocyte differentiation toward the M2-M subset of the microenvironment and, thus, PC clonal expansion.

cin (catalog 15140-122, Gibco). The HS-5 cell line was cultured in DMEM supplemented with 10% FBS,
100 IU/mL penicillin, and 100 pg/mL streptomycin. HeLa cells were cultured in EMEM supplemented
with 10% FBS, 100 IU/mL penicillin, and 100 pg/mL streptomycin.

Cell transfection. HS-5 or HeLa cell lines were transfected with Lipofectamine 3000 Transfection Reagent
(catalog L3000-008, Invitrogen) following the manufacturer’s instructions. MM cell lines were transfected
by electroporation using the Nucleofector4D system (Lonza). Specific nucleofection solutions and programs
were optimized for each cell line. Briefly, on day 1, two batches of 6 x 10° cells were each resuspended in 100
uL of the nucleofector SF solution containing 50 pmol microRNA hsa—miR-16-5p mimic (Thermo Fisher
Scientific, catalog 4464066) or scramble control (Thermo Fisher Scientific, catalog 4464058) and transferred
to a cuvette. Each electroporated batch of cells were then kept in culture in 10 mL complete growth media
for the next day. On day 2, the 2 batches of cells were combined and transfected again following the same
procedure. On day 3, cells were harvested for further experiments. Program DS-137 was used for MM.1S
cells, program DN-100 for U266, program DS-150 for RPMI-8226, and program CM-138 for NCI-H929.
All MM cell lines were transfected 2 times unless indicated otherwise in the figure legends. The U-937 cell
line was transfected by electroporation using the Nucleofector4D system (Lonza) according to the manu-
facturer’s instructions. Primary cells were transfected using DOTAP Liposomal Transfection Reagent (cat-
alog 144189-73-1, Sigma-Aldrich) according to the manufacturer’s instructions. The hsa-miR—223 mimic
microRNA used was hsa—miR-223-5p mimic (Thermo Fisher Scientific, catalog 4464066).
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mRNA and miRNA expression. Quantitative PCR (qPCR) was performed with the TagMan meth-
od (Applied Biosystems), according to the manufacturer’s instructions, and analyzed with the 7900HT
Sequence Detection System (Applied Biosystems). The appropriate TagMan probes for mRNA and miR-
NA quantification were purchased from Applied Biosystems, and all reactions were performed in triplicate.
The following probes were used: hsa-miR—16-5p (477860_mir), hsa-miR—142-3p (000464_mir), hsa-miR-9
(000583 _mir), hsa-CD163 (Hs00174705_m1), hsa-IRF4 (Hs00180031_m1), hsa-CD80 (Hs01045161_m1),
hsa-IKKao (Hs00989497_m1), hsa-IKKB (Hs01559460_m1), mm-IL-10 (MmO01288386_m1), mm-IL-12
(Mm00434169_m1), mm-IKKa (Mm00432529 _ml), and mm-IKKf (Mm01222247 ml). GAPDH
(Hs99999905_m1) was used as a reference for human mRNA data normalization, while small endogenous
nucleolar RNA RNU44 (001094) was used for miRNA normalization. Simultaneous quantification of
ornithine decarboxylase antizyme 1 (OAZ1) (Mm00814770_g1) was used as a reference for mouse mRNA
data normalization. The relative expression levels were calculated by the comparative Ct method (User Bul-
letin #2; Applied Biosystems). EV miRNA isolation for gPCR analysis was done using the exoEasy Maxi
Kit (catalog 76064, QIAGEN) according to the manufacturer’s instructions.

Monocyte differentiation. CD14* cell isolation from primary samples, either BM or peripheral blood,
was done using CD14 microbeads (catalog 130-050-201, Miltenyi Biotec) according to the manufacturer’s
instructions. Isolated cells were differentiated for 7 days with granulocyte M® CSF (GM-CSF) (20 ng/
mL) or M® CSF (M-CSF) (20 ng/mL) added every 2 days to generate in vitro M1 or M2-M®, respectively.
Differentiation of CD14" cells using EV isolated from MM cells was done at a ratio of 1:8 in culture for
the time indicated in the figure legends. Differentiation of CD14* cells with the BM-ac or BM conditioned
media was done at the ratio of 1 x 10° CD14" cells/1 mL of BM-ac in culture for the times indicated in
the figure legends. Formally, we categorized the BM-ac as the human BM plasma, which mainly consists
of dissolved proteins (e.g., chemokines, cytokines, growth factors), hormones, carbon dioxide, and EVs. It
makes up approximately 55% of the whole BM suspension. This whole BM plasma is isolated from a single
donor. Briefly, the plasma is separated out from the whole BM by centrifugation (2,000 g for 20 minutes
at room temperature) in anticoagulant (EDTA) coated vials. The upper, lighter yellowish layer, which is
the plasma, is collected and immediately frozen at —80°C in order to preserve its contents. We instead used
the term “BM conditioned media” when the entire BM cellular populations were cultured in exosome-free
media, and the supernatant was collected after 48 hours of culture.

Animal models. Mice were housed under a 12-hour light-dark cycle with food and water ad libitum.
miR-15a/16-1-KO mice (C57BL/6 background) were a gift from R. Dalla-Favera (Columbia University,
New York, New York, USA) (21). Monocytes/M® were isolated using the CD11b microbeads isolation kit
(catalog 130-049-601, Miltenyi Biotec).

Isolation and ex vivo treatment of mouse spleen M®. Spleenocytes were isolated from healthy C57BL/6 WT
or miR-15a/16-1-KO mice (21), and M0 M® were isolated using anti-mouse F4/80 MicroBeads isolation
kit (catalog 130-110-443, Miltenyi Biotec) according to the manufacturer’s instructions. F4/80* cells were
cultured ex vivo at a density of 1 X 10° cells/mL in DMEM/F12-10 supplemented with 10% FBS and 100
U/mL of recombinant murine M-CSF (catalog 315-02, PeproTech) and incubated at 37°C with 5% CO,.
To induce M differentiation to the M2 phenotype, at 8 hours after isolation, 20 ng/mL of murine IL-4
was added and replenished every 2 days. Cells were harvested at both 48 hours and 6 days of culture for
detection of CD206 and Dectin-1 surface markers by flow cytometry.

EV isolation. The method used for isolation of cell line-derived EVs was previously described by Théry
et al. (55). In short, serum-starved cells and media were centrifuged at 300 g for 10 minutes at 4°C. Super-
natant was collected and centrifuged again at 2,000 g for 20 minutes at 4°C. The cell pellets were frozen
and stored at —80°C for later use. Supernatant was harvested and vacuum ultracentrifuged at 10,000 g for
30 minutes at 4°C to remove residual cell debris. Supernatant was collected and ultracentrifuged at 100,000
g for 70 minutes at 4°C under vacuum. The resulting supernatant was discarded. Pellets from multiple
tubes were resuspended in 1 mL of PBS, pooled into a single tube, and ultracentrifuged at 100,000 g as
described previously (45). Supernatant was eliminated, and pellets of vesicles were resuspended in the
desired amount of PBS and used for monocytes treatment.

miRNA microarray analysis. Intracellular or EV miRNA levels were measured as previously
described (26). Briefly, 1 pg RNA isolated from cells or EVs released by cells was analyzed by NanoS-
tring assay performed as described by the manufacturer (NanoString Technologies Inc.). NanoString
raw data, which were proportional to copy number, were log-transformed and normalized by the quan-

insight.jci.org  https://doi.org/10.1172/jci.insight.129348 16


https://doi.org/10.1172/jci.insight.129348

. RESEARCH ARTICLE

insight.jci.org

tile method. P values were used to rank miRNAs of interest, and correction for multiple comparisons
was done using the Benjamini-Hochberg method.

DNA constructs. A trimer of WT human NF-kB binding site (WT3XNF-kB) and a trimer of human mutated
NF-«B binding site in pGL3 luciferase vectors were gifts from Denis Guttridge (The Ohio State University).
For generation of a human 3'UTR IKK@ luciferase reporter construct containing a miR-16-5p WT binding
site, 249 bp were amplified and cloned into the Xbal site of pGL4.11 luciferase construct (Promega) using the
following primers: (forward) 5-ATCTAGATCCCTGTCCTCTCTCACTTTAC-3' and (reverse) 5-ATCTGAG-
GCTCTCCCATCCTGGTTACTAT-3'.

A mutated 3'UTR IKKf construct was generated by mutating the miR—16-5p binding site using QuikChange
Site-Directed Mutagenesis Kit (Agilent Technologies) according to the manufacturer’s instructions and the fol-
lowing primers: (forward) 5-CTTCCTCTTTTTATTTCACTGGATCCAAAATTGTGTTTTTACCTAC-3'
and (reverse) 5'-GTAGGTAAAAACACAATTTTGGATCCAGTGAAATAAAAAGAGGAAG-3'.

Mutations involve introduction of the Bam HI sites underlined above.

Statistics. All quantitative data were presented when indicated as the mean + SD, and at least 3 experi-
ments were performed. GraphPad Prism 8 was used for data analysis. Experimental data with a normal distri-
bution between 2 comparison groups were analyzed by unpaired 2-tailed ¢ test. One-way ANOVA was used to
analyze experiments with multiple comparisons (>2 groups). The post-test value is reported for each analysis.

Study approval. All animal studies were approved by the City of Hope TACUC. Our studies involving
human subjects (NCT01408225) were approved by the IRB of The Ohio State University or City of Hope
and conformed to the tenets of the Declaration of Helsinki. Participants provided informed written consent.
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