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B cell maturation antigen is highly expressed on malignant
plasma cells in human multiple myeloma and has recently
emerged as a very promising target for therapeutic interven-
tions. Nucleic-acid-based aptamers are small oligonucleotides
with high selective targeting properties and functional advan-
tages over monoclonal antibodies, as both diagnostic and ther-
apeutic tools. Here, we describe the generation of the first-ever-
described nuclease resistant RNA aptamer selectively binding
to B cell maturation antigen. We adopted a modified cell-based
systematic evolution of ligands by exponential enrichment
approach allowing the enrichment for internalizing aptamers.
The selected 20Fluoro-Pyrimidine modified aptamer, named
apt69.T, effectively and selectively bound B cell maturation
antigen-expressing myeloma cells with rapid and efficient
internalization. Interestingly, apt69.T inhibited APRIL-depen-
dent nuclear factor kB (NF-kB) pathway in vitro. Moreover, the
aptamer was conjugated tomicroRNA-137 (miR-137) and anti-
miR-222, demonstrating high potential against tumor cells. In
conclusion, apt69.T is a novel tool suitable for direct targeting
and delivery of therapeutics to B cell maturation antigen-
expressing myeloma cells.

INTRODUCTION
Multiple myeloma (MM) is an aggressive hematologic disease that ac-
counts for 1% of all cancers and about 13% of all hematologic malig-
nancies. It is characterized by an abnormal proliferation and accumu-
lation of malignant immunoglobulin-producing plasma cells (PCs) in
the bone marrow (BM), associated with systemic signs including os-
teolytic bone lesions. Despite considerable recent advances in MM
therapy that have significantly improved the overall survival of pa-
tients, it still remains in most cases an incurable lethal disease. Indeed,
currently available standard-of-care therapies forMMpatients, which
include autologous or allogeneic stem cell transplantation, innovative
immunomodulatory agents, CD38- and SLAMF7-directed mono-
clonal antibodies (mAbs), proteasome inhibitors, and dendritic cell-
based vaccines, show effectiveness in a limited subset of patients.1,2

Thus, new effective treatments are urgently awaited to improve pa-
tient clinical outcome.

In recent years, among several new investigational therapeutic strate-
gies toward new targets,3–6 B cell maturation antigen (BCMA) has
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emerged as promising for immunotherapy against MM. Also known
as tumor necrosis factor receptor superfamily member 17
(TNFRSF17), BCMA is a member of the TNF receptor superfamily
and is functionally related to the transmembrane activator and cal-
cium modulator and cyclophilin ligand (TACI or TNFRSF13B)
and B cell activating factor receptor (BAFF-R or TNFRSF13C)
receptors. BCMA is found on the cell surface of late-stage normal
B lymphocytes and highly expressed on malignant PCs from MM
patients.7–9 The binding of its specific ligands, BAFF and the prolif-
eration-inducing ligand (APRIL or TNFSF13), induces activation of
canonical and non-canonical nuclear factor kB (NF-kB) pathway
and promotes long-lived PCs survival.10,11 Recently, it has been
demonstrated that BCMA also exists in a soluble form.12 Different
evidences showed that serum BCMA (sBCMA) is a promising
marker for monitoring the course of the disease in MM patients
and that it does not represent an obstacle to the success of the anti-
BCMA-targeted therapies.13

On the basis of these considerations, mAbs targeting BCMA have
been developed as tools for MM-targeted therapy. These mAbs
inhibit APRIL-dependent activation of downstream NF-kB and sup-
port immune-mediated killing of tumor cells.14,15 To improve the
antitumor potential of approaches targeting BCMA, a mAb has
been modified by conjugation to cytotoxic drugs, such as monome-
thylauristatin F, a potent inhibitor of tubulin polymerization.16,17

Moreover, BCMA/CD3 bispecific mAbs and T cells genetically engi-
neered to express chimeric antigen receptors (CAR-Ts) targeting
BCMA have demonstrated significant anti-MM activity and are
currently in early clinical trials.7,17–23

In last decades, nucleic acid aptamers have emerged as effective
therapeutics for a wide range of human pathologies, including solid
py: Nucleic Acids Vol. 18 December 2019 ª 2019 The Authors. 981
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Figure 1. Apt69 Binding and Internalization

(A) Apt69 was incubated at the indicated concentrations with COS-7 parental cells

or with COS7-BCMA cells for 30 min at 37�C. Binding values (mM) were measured

by qRT-PCR. (B) COS7-BCMA cells were incubated for 1 h with apt69 (200 nM) and

either analyzed (total) or subjected to high salt washing before harvesting (inter-

nalized). The quantities of total and internalized aptamer were evaluated by qRT-

PCR. Error bars show the mean ± SEM values.
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and hematological tumors.24 Aptamers are also called “nucleic acid
monoclonal antibodies” due to their capacity to fold in particular
three-dimensional shapes and to bind specific targets. They show
many advantages over monoclonal antibodies as diagnostic and
therapeutic tools, such as low immunogenicity, small size, high
batch fidelity, easy production, increased chemical stability, and
versatility. Interestingly, aptamers directed against cell surface re-
ceptors represent very attractive options for therapeutic targeted de-
livery.25,26 Indeed, upon binding, aptamers undergo intracellular
uptake mediated by the target receptor and have been used to drive
therapeutic molecules selectively to cells overexpressing the specific
target.

In this work, we address the generation and the characterization of a
20Fluoro-Pyrimidine (20F-Py) RNA aptamer, named apt69.T, selec-
tively binding BCMA. We provide here proof-of-concept data that
support the apt69.T anti-BCMA aptamer as potential new tool for
the experimental treatment of MM.
982 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
RESULTS
Generation of Internalizing RNA Aptamers Targeting BCMA

In order to select aptamers specific for binding to BCMA receptor,
and able to internalize in a receptor-mediated manner as well, we
adopted a variant of the conventional cell-SELEX (systematic evolu-
tion of ligands by exponential enrichment)27 procedure (see Table
S1), introducing in the last three rounds a partitioning step of high-
salt-resistant aptamers thus enriching for aptamers capable of rapid
and selective cell internalization (cell-internalizing SELEX).28,29

As shown in Figure S1A, in the counter-selection step, a starting 20F-
Py RNA aptamer library pool was incubated with parental COS-7
BCMA-negative cells, and then, in the positive selection step, un-
bound aptamers were recovered and incubated with the same cell
line transiently transfected with BCMA receptor (COS-7-BCMA).
Overexpression of BCMA in COS-7 parental cells upon transfection
was confirmed by western blot analysis (Figure S1B). Following 11
rounds of cell-SELEX (rounds 1–8 followed by intracellular rounds
9–11), the final aptamer pool was cloned and 11 aptamer sequences,
each present in two or three copies in the alignment (Figure S1C),
were validated for the binding activity on BCMA-expressing cells.

As assessed by qRT-PCR-based binding assay, among the 11 analyzed
aptamers, the apt69 and the apt29 showed the capacity to discrimi-
nate COS-7-BCMA cells from parental COS-7 cells at 100 nM con-
centration (Figures S2A and S2B). Further investigations revealed
that apt69 holds the best binding ability and is able to effectively
discriminate COS-7-BCMA cells from parental COS-7 cells in a
dose-dependent analysis (Figure 1A). Specificity of the binding was
also confirmed comparing apt69 binding ability with that of an
unrelated control aptamer (UnrelApt) on COS-7-BCMA cells (see
Figure S3). Further, the ability of the apt69 to internalize into
BCMA expressing target cells has been evaluated by qRT-PCR to
be ~16.8% of the total aptamer bound (Figure 1B). Based on the ob-
tained results, apt69 was chosen for further characterization.
Aptamer Truncation

We thus proceeded by reducing apt69 to a length compatible with
chemical synthesis. Based on bioinformatic prediction of its second-
ary structure (RNAstructure, https://rna.urmc.rochester.edu and
RNAfold, http://rna.tbi.univie.ac.at), we designed a shorter apt69
version in which the two central stem loops were preserved while
the entire 50 and part of the 30-constant regions were removed (Fig-
ure 2A). The resulting 50-mer aptamer, named apt69.T, was then vali-
dated in vitro for target binding.

As assessed by qRT-PCR-based binding assay, the shorter aptamer
apt69.T preserves the ability to selectively bind to COS-7-BCMA cells
andefficientlydiscriminates themfromparentalCOS-7cells (Figure2B)
with an apparent dissociation constant (KD = 79.4 nM) (Figure 2C).
Further, we also determined the BCMA-dependent binding of the
apt69.T to human malignant myeloma cells. As shown, the apt69.T re-
vealed that it preferentially binds human B lymphocytes from MM,

https://rna.urmc.rochester.edu
http://rna.tbi.univie.ac.at
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Figure 2. Apt69.T Specificity

(A) Secondary structure of apt69 full-length aptamer (left)

and apt69.T truncated version (right) predicted by

RNAstructure Fold. (B) Binding of apt69.T on COS-7

parental cells and COS7-BCMA. Cells were incubated

with 200 nM apt69.T for 30 min at 37�C. Binding values

(mM) were evaluated by qRT-PCR. Error bars show the

mean ± SEM values (C) Determination of the dissociation

constant (KD) of apt69.T on COS7-BCMA cells. Parental

COS-7 and COS7-BCMA cells were incubated at 37�C
with increasing concentrations of the aptamer. The

binding data obtained by qRT-PCR were fitted, and KD

was calculated. In all binding assays, the background

values obtained with an unrelated aptamer were sub-

tracted from the values obtained with the apt69.T. Error

bars show the mean ± SEM values. (D) Apt69.T (400 nM)

was incubated for 15 min with U266 (BCMA+), NCI-H929

(BCMA+), and CCRF-CEM (BCMA�) cells. Binding

values (mM) were evaluated by qRT-PCR. Error bars show

the mean ± SEM values. Statistics were calculated using

Student’s t test, *p < 0.05. (E) Aptamer-mediated pull-

down. U266 cells were incubated with the indicated

concentration of biotinylated apt69.T or a control aptamer

(scraCL4). Cell lysates were purified on streptavidin beads

and immunoblotted with anti-BCMA antibody. 5 mg of

total cell extracts (Input) were loaded as a reference.
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U266, andNCI-H929BCMA-expressing cells, as comparedwithT lym-
phoblastoid cell line (CCRF-CEM) acute lymphoblastic leukemia T
lymphoblasts that do not express detectable levels of BCMA (Figure 2D,
left and right panels). On the other hand, the CCRF-CEM cells express
TACI30 but neither BCMA nor BAFF-R,31 while U266 (BCMA+) cells
express TACI, but not BAFF-R;32 andNCI-H929 (BCMA+) cells donot
express TACI and show a moderate expression of BAFF-R.15 Results
shown well support the binding of apt69.T to BCMA expressed on
the cell surface of MM cells, but not, or poorly, to the functional related
receptors for either APRIL and BAFF or TACI and BAFF-R. Finally, we
confirmed binding of the apt69.T to BCMAby performing an aptamer-
mediated affinity pull-down assay. To this end, MM U266 BCMA-
expressing cells were treated with biotin-tagged apt69.T and total cell
extracts purified on streptavidin-coated beads, followed by immuno-
Molecular Therap
blotting with anti-BCMA antibody. As shown
in Figure 2E, the apt69.T is able to interact with
BCMA, whereas no binding was obtained with
anunrelated 20F-PyRNAaptamer usedas a nega-
tive control.

Taken together, these data indicate that the
short version of apt69, the apt 69.T, is a highly
specific affinity ligand for the BCMA receptor.

Apt69.T Serum Stability and Functional

Activity

An important obstacle to the development of
RNA-based drugs is represented by their rapid
clearance and poor stability in the circulation. Indeed, RNA is highly
sensitive to the degradation by the presence of nucleases in serum.
Apt69.T contains 20F-Py modifications that confer to the aptamer
increased resistance to nuclease degradation.33 In order to evaluate
apt69.T serum stability, we incubated the aptamer in 80% human
serum at 37�C for increasing times, up to 72 h. Then, the integrity
of RNA samples was analyzed by denaturing PAGE (Figure 3A, left
panel). As shown, the aptamer remained almost stable up to 8 h
and then gradually degraded. Then, in order to calculate the approx-
imate half-life, band intensities have been quantified by using ImageJ
program (Figure 3A, right panel). The estimated half-life for the
apt69.T in 80% human serum is calculated to be ~20 h. Further, in
order to investigate whether the apt69.T binding causes functional
inhibition of the ligand-dependent BCMA activity, we evaluated the
y: Nucleic Acids Vol. 18 December 2019 983
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Figure 3. In Vitro Aptamer Activity

(A) Apt69.T serumstabilitywasmeasured by incubating the

aptamer at 4 mM in 80% human serum for indicated times.

At each time point, RNA-serum samples were collected

and evaluated by electrophoresis with 15% denaturing

polyacrylamide gel. Gel was stained with ethidium bromide

and visualized at the Gel Doc EZ Imager (left panel); bands

were quantified by using ImageJ program and pixel in-

tensity for each time point is reported in the graph (right

panel). (B) To evaluate apt69.T inhibition of APRIL-induced

NF-kB canonical pathway, we supplemented NCI-H929

cells starved with RPMI medium with 0.25% FBS for 24 h.

Cells were treatedwith apt69.T (400 nM) for 30min at 37�C
and then stimulatedwith human recombinant APRIL ligand

(400 ng/mL) for indicated times in thepresenceor not of the

aptamer. Total cell lysates (4 mg) were immunoblotted with

anti-phospho-p44/42 MAPK (Thr202/Tyr204), anti-phos-

pho-NF-kB-P65 (Ser536), anti-ERK 1, anti-NF-kB-P65,

and anti-vinculin antibodies.
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APRIL-dependent activation of NF-kB pathway upon aptamer treat-
ments. In order to exclude any interference from the TACI receptor,
of which APRIL is a shared ligand, we decided to perform this analysis
on NCI-H929 B cells that express a high level of BCMA but do not
express TACI.30 Starved NCI-H929 cells were treated for 30 min
with 400 nM of apt69.T and then stimulated with human APRIL
ligand for 5 or 10 min in the presence or not of the aptamer. We
noticed that the apt69.T is able to reduce APRIL-induced phosphor-
ylation of p65 reaching a reduction of ~50% following 10 min of stim-
ulation. We also observed a clear inhibition of downstream effectors
extracellular signal-regulated kinase (ERK) 1/2 phosphorylation (Fig-
ure 3B), up to 75% at 10 min of APRIL stimulation.

Taken together, these data indicate that the apt69.T is able to inhibit
BCMA downstream pathway.

Apt69.T Internalization into BCMA-Expressing Cells and

Targeted Delivery of miRNAs and miRNA Antagonists

In order to verify that the truncation process does not alter the capacity
of the aptamer to internalize into target cells, we then analyzed the
in vitro aptamer uptake in BCMA-expressing MM cells. As assessed
by binding for high-salt-resistant aptamer, we observed that apt69.T
rapidly internalizes into U266 and H929 cells, showing approximately
35%of internalization following 15min treatment in both cell lines (Fig-
ure 4A, left and right panel). Aptamer internalization was further
984 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
increased following longer incubation times,
reaching to~50% following2 hof exposition (Fig-
ure S4). Taking into account that the apt69.T half-
life is of about 20 h (Figure 3A), apt69.T may
represent a promising carrier for targeted therapy
in MM.

Emerging evidence demonstrates that ap-
tamers, thanks to their advantageous proper-
ties over monoclonal antibodies, are ideal carrier molecules for
selective delivery of a potential huge variety of therapeutics. As
proof-of-concept study, we studied the potential delivery of
non-coding RNAs (ncRNAs) or synthetic oligonucleotides (ONs),
such as small interfering RNAs (siRNAs), microRNAs (miRNAs),
and miRNA antagonists that have been widely demonstrated
to exert anti-tumor activity in different tumors, including
MM.4,25,34–41 As shown in Figure 4B, by using a stick-end based
approach, previously described for the targeted delivery of RNA
therapeutics,25,36,42 we designed two different conjugates. In the
first, the passenger strand of the mature human miR-137 was con-
jugated with the 30 end of the apt69.T, reported to be a tumor sup-
pressor miRNA in MM.43,44 In the second, the apt69.T was instead
conjugated to a single strand antagonist of miR-222, an oncogenic
miRNA found overexpressed in MM.45 U266 cells, expressing basal
low levels of miR-137, comparable to that expressed by CCRF-
CEM, were treated with aptamer 69.T-miR-137 stick conjugate
(indicated as apt69.T-137). The apt69.T-137 conjugate demon-
strated that it induces a strong upregulation of the miR-137 in
BCMA-expressing-U266 cells. A minimal increase of cellular
miR-137 expression is also observed in CCRF-CEM cells, probably
due to a slight aspecific cell uptake. However, induced miR-137
expression level was ~170-fold lower than that observed in
BCMA-expressing U266 cells (Figure 4C). We then explored the
effect of apt69.T-137 conjugate on myeloma cell growth and
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Figure 4. Apt69.T Aptamer Internalization and

miRNA/anti-miR Delivery In Vitro

(A) Internalization of apt69.T on U266 (left) and H929

(right) (BCMA+) cells. Apt69.T (200 nM) was incubated for

15 min with cells and then cells were recovered following

three washings with PBS (total) or with PBS 0.5 M NaCl

(internalized) in order to remove aptamer on the cell sur-

face. The quantities of total and internalized aptamer were

evaluated by qRT-PCR. Error bars show the mean ± SEM

values. (B) Schematic representation of the apt69.T-miR-

137 conjugate (top) and apt69.T-anti-miR-222 (bottom).

(C) U266 (BCMA+) or CCRF-CEM (BCMA�) cells were

treated (400 nM) with indicated molecules. miR-137 level

relative to cells treated with control aptamer (scraCL4)

was evaluated by qRT-PCR following 48 h. Bars show the

mean ± SD values. (D) U266 (BCMA+) and CCRF-CEM

(BCMA�) cells were treated (400 nM) with indicated

molecules. 72 h post-treatment, cell viability was

measured by MTT assay. Error bars show the mean ± SD

values. (E) NCI-H929 (BCMA+) or CCRF-CEM (BCMA�)

cells were treated (400 nM) with indicated molecules.

miR-222 level relative to cells treated with control conju-

gate (SCRA-222) was evaluated by qRT-PCR following

72 h. Error bars show the mean ± SD values.
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observed a clear reduction (~40%) of cell viability in BCMA-ex-
pressing-U266 cells, following 72 h treatment with 400 nM
apt69.T-137 conjugate (Figure 4D).

Further, NCI-H929 BCMA-expressing cells and CCRF-CEM
control cells, showing similar measurable miR-222 basal levels,
were treated with the apt69.T-anti-miR-222 stick conjugate
(indicated as apt69.T-222), and miR-222 levels were measured
by qRT-PCR. An evident downregulation of miR-222 expression
levels (~80%) was observed in NCI-H929 cells, while no detectable
effect was observed in CCRF-CEM BCMA-negative cells (Fig-
ure 4E). Collectively, these data indicate that apt69.T can be
developed as an efficient and specific delivery carrier of therapeutic
RNAs.

DISCUSSION
MM is an incurable malignancy and much effort has been devoted
over the years in the translational research for the identification of
novel agents specifically targeting tumor cells, including the use of nu-
cleic-acid-based agents.37,39,46–51 However, differently from other
nucleic acid-based molecules, aptamers are emerging as innovative
potential therapeutic tools due to their three-dimensional shapes
Molecular Therap
that confer monoclonal antibody-like proper-
ties for the binding to specific cell surface
antigens.

Here we reported the generation of a novel
unique 20Fluoro-Pyrimidine modified ap-
tamer directed against BCMA. The aptamer
we selected, named apt69.T, resulted to hold
excellent serum stability with an estimated half-life of ~20 h in
80% human serum and showed effective binding to human
BCMA on MM cells in vitro (Figures 2B–2E and 3A). Interestingly,
the apt69.T inhibited APRIL-dependent BCMA downstream
NF-kB pathway (Figure 3B) and was rapidly internalized into
target-expressing cells, providing therefore an effective tool for de-
livery of therapeutics, as demonstrated by miRNAs and miRNA
antagonists delivery (Figures 4A–4E).

To our knowledge, our aptamer is the first-ever-described aptamer-
targeting BCMA. This antigen is a well-recognized target whose
expression is highly restricted to terminally differentiated B cells
and overexpressed in malignant MM cells, where it plays a role
for cell survival. Monoclonal antibodies and CAR-Ts directed
against BCMA have been developed and validated both in vitro
and in vivo, providing a proof of principle that targeting BCMA is
a reliable approach for MM treatment.14–17,20,22,52–54 However, their
clinical applications have been associated with some difficulties and
safety issues.55 In this light, nucleic acid aptamers show recognition
and affinity properties similar to those of mAbs but are character-
ized by a cheaper and cost-effective production and have a poten-
tially very low toxicity. Even if aptamer toxicity or immunogenicity
y: Nucleic Acids Vol. 18 December 2019 985
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has not yet been deeply explored, it is well known that antibodies
against synthetic oligonucleotides are not generally produced and
that the Toll-like receptor-mediated innate immune response,
commonly activated by non-self nucleic acids, is abrogated by
20-modified nucleotides containing aptamers.56,57 These observa-
tions suggest a safety profile of aptamers that warrants further
investigation.

To date, an increasing number of aptamers provide innovative tools
for cancer therapy. In some cases, they can be used as inhibitory
molecules, and in other cases, thanks to their excellent targeting
and internalization properties, they can be used as carriers for second-
ary therapeutic agents.

The apt69.T we selected has been isolated by using a protocol adapted
from Giangrande PH group to select internalizing aptamers in
non-adherent cell lines.25 The aptamer demonstrated the capacity
to bind with a good affinity and specificity BCMA on MM cells
in vitro. Moreover, the apt69.T seems to be a very interesting molecule
because it seems to hold both inhibitory and carrier capabilities.
Indeed, it revealed the ability to inhibit APRIL-induced NF-kB
pathway and also to effectively deliver double-strand miRNA and sin-
gle-strand miRNA antagonist molecules in BCMA-expressing MM
cells. Taken together, our findings indicate that the apt69.T is a
very promising tool for MM-targeted therapy, providing therefore
proof-of-concept evidence and a framework for the future develop-
ment of novel and effective aptamer-based targeted therapies for
MM patients.

MATERIALS AND METHODS
Cell Cultures and Transfection

Cell lines were purchased from the ATCC (LG Standards, Milan,
Italy). COS-7 cells were grown in DMEM, whereas human U266,
NCI-H929, and CCRF-CEM cells were grown in RPMI. Media
were supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 100 U/mL penicillin/streptomycin. All cell culture reagents
were purchased from Sigma (St. Louis, MO, USA).

The day before transfection, cells were seeded in 10% FBS. All trans-
fections were performed using the serum-free Opti-MEM and Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA), according
to the manufacturer’s protocol. BCMA plasmid was provided by
OriGene Technologies (9620 Medical Center Drive, Suite 200, Rock-
ville, MD 20850, USA).

Cell-SELEX Procedure

The starting aptamer pool used in the SELEX procedure was
composed by RNA sequences modified with 20F-Py (TriLink
BioTechnologies, San Diego, CA, USA) containing a central 40 bp-
long randomized region and two 23 bp-long fixed regions for RT-
PCR. The forward selection primer (FSP) sequence was: 50-TAGG
GAAGAGAAGGACATATGAT-30; the reverse selection primer
(RSP) was: 50-TCAAGTGGTCATGTACTAGTCAA-30. Parental
COS-7 (BCMA�) cells were used in the counter-selection step, while
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COS-7 transiently transfected with human BCMA were used in the
positive selection step (COS-7-BCMA). The RNA pool was first incu-
bated with COS-7 cells (counter-selection step), and then unbound
aptamers were incubated with COS-7-BCMA cells (selection step).
Bound aptamers were recovered and RT-PCR and in vitro transcrip-
tion was performed. After eight rounds of selection and counter-se-
lection, three additional rounds of selection were performed, intro-
ducing a step of high salt washings with Dulbecco’s phosphate-
buffered saline (DPBS) 0.5 M NaCl downstream of the selection
step, in order to remove aptamers on the cell surface not able to inter-
nalize into target cells. The enrichment for nonspecific ligands has
been avoided by modulating the stringency at each SELEX round in
different ways; for example, by using poliinosinic acid as an unspecific
competitor during the incubation step, reducing the target concentra-
tion, increasing the number of counter-selection steps, and increasing
the number of washings after selection. Following a total of 11 SELEX
rounds, the resulting pool has been cloned and ~100 individual clones
were sequenced.

Bioinformatics Analysis

Single aptamer sequences obtained were analyzed by using Multiple
Sequence Alignment tool (ClustalW2) to identify aptamer sequence
similarities.

Aptamer secondary structures were predicted by using RNAstructure
Fold algorithms.

Aptamer Sequences

apt29:

50-GGGAAGAGAAGGACAUAUGAUCCUAGUCUUGAAUGCA
CCUCGGGUCAGAAGGGGUUCCAGCUUGACUAGUACAUGA
CCACUUGA-30

apt69:

50-GGGAAGAGAAGGACAUAUGAUCAGUGCAAGACGUUCG
CAGAUUAGCGAAAAGAGGGUCUCAUUGACUAGUACAUGA
CCACUUGA-30

apt69.T:

50-AGUGCAAGACGUUCGCAGAUUAGCGAAAAGAGGGUCUC
AUUGACUAGUAC-30

apt69.T (Biotin):

50-AGUGCAAGACGUUCGCAGAUUAGCGAAAAGAGGGUCU
CAUUGACUAGUAC{BioBB}-30

Scrambled CL4 (scraCL4):

50-UUCGUACCGGGUAGGUUGGCUUGCACAUAGAACGUGU
CA-30
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scraCL4 (Biotin):

50-UUCGUACCGGGUAGGUUGGCUUGCACAUAGAACGUGU
CA{BioBB}-3’

Unrelated Control Aptamer (Indicated as UnrelApt):

50-GGGAGGACGAUGCGGAUCAGCCAUGUUUACGUCACUC
CU-30

apt69.T Stick:

50-AGUGCAAGACGUUCGCAGAUUAGCGAAAAGAGGGUCU
CAUUGACUAGUACXXXXGUACAUUCUAGAUAGCC-30

SCRA Stick (Indicated as SCRA):

50-GGCGCUAGAACCUUCUAAGCGAAUACAUUACCGCXXXX
GUACAUUCUAGAUAGCC-30

miR-137 Passenger Stick:

50-GGUGACGGGUAUUCUUGGGUGGAUAAUAGGCUAUCUA
GAAUGUAC-30

miR-137 Guide:

50-UGUUAUUGCUUAAGAAUACGCGUAGUCUU-30

anti-miR-222 Stick:

50 ACCCAGUAGCCAGAUGUAGCUGGCUAUCUAGAAUGU
AC 30;

Scra Aptamer (Indicated as aptScra):

50-GCUCAACGUUGACAACAAAUGACGAXXXXGUACAUUCU
AGAUAGCC-30

All RNA sequences contain 20F-Py. Long aptamers (apt29 and apt69)
were produced by in vitro transcription using the correspondent
DNA as template in the presence of 20F-Py (tebu-bio SRL, Magenta,
Milan, Italy). apt69.T, apt69.T stick, miR-137 passenger stick, and
miR-137 guide were synthesized by TriLink Bio Technologies (San
Diego, CA, USA) or Synthetic and Biopolymer Chemistry Core at
the Beckman Research Institute of City of Hope (Duarte, CA,
USA). Stick sequences (underlined) consist of 20F-Py and 20-oxy-
gen-methyl purines. The italic X indicates a covalent spacer, a
three-carbon linker ([CH2]3).

Before treating cells, aptamers were subjected to a short denaturation-
renaturation step by incubating 5 min at 85�C, 5 min on ice, and
10 min at 37�C.
Binding Assays by qRT-PCR

24 h following transient transfection of COS-7 cells with human
BCMA, parental COS-7 cells and COS-7-BCMA cells were seeded
in 6-well plates (1.6 � 105 cells/well). The next day, cells were treated
with the indicated concentrations of the aptamer for 30 min at 37�C
in serum-free medium.

For binding on U266, NCI-H929, and CCRF-CEM, 4� 105 cells/well
were pretreated for 30 min at 37�C with 0.4 mg/mL tRNA and then
treated with 200 nM aptamer for 15 min at 37�C in serum-free me-
dium. Unbound RNA was removed by washing 3 times with ice-
cold DPBS. Bound RNA was recovered by TRIzol containing 0.5
pmol/mL of CL4 aptamer (CL4: 50-GCCUUAGUAACGUGCUUU
GAUGUCGAUUCGACAGGAGGC-30) used as a reference control.

The amount of recovered RNA was determined by performing a two-
step qRT-PCR protocol. In step one, recovered RNAwas reverse tran-
scribed using an RNA-dependent DNA polymerase encoded by Mo-
loney Murine Leukemia Virus (MMuLV) and specific 30 primers. The
primers used for the RT step were as follows: RSP (for both apt29 and
apt69) 50-TCAAGTGGTCATGTACTAGTCAA-30; primer apt69.T
Rv 50-GTACTAGTCAATGAGACCCT-30; primer CL4 Rv 50-GCC
TCCTGTCGAATCG-30.

The protocol used for RT was as follows: heating step at 65�C for
5 min, annealing step at 22�C for 5 min, extension at 42�C for
30 min followed by end extension at 48�C for 30 min and enzyme
inactivation at 95�C for 5 min. In step two, the products from the
RT reaction were PCR amplified with iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA). The qPCR protocol used was: heating
of the RT products at 95�C for 2 min, followed by 40 cycles of heating
at 95�C for 30 s, annealing at 55�C for 30 s, extending at 60�C for 30 s.
A melt curve stage by heating at 60�C–95�C was performed. Primers
used for the qPCR were as follows: FSP Seq 50-TAGGGAAGAG
AAGGACATATGAT-30; RSP 50-TCAAGTGGTCATGTACTAGT
CAA-30; primer apt69.T Fw 50-AGTGCAAGACGTTCGCAGA-30;
primer apt69.T Rv 50-GTACTAGTCAATGAGACCCT-30; primer
CL4 Fw 50-GCCTTAGTAACGTGCTTT-30 primer CL4 Rv 50-GCC
TCCTGTCGAATCG-30.

Data were normalized to the CL4 reference control and to cell num-
ber, as determined by counting cells cultured in conjunction with
each experiment.

For binding-affinity evaluation, parental COS-7 or COS-7-BCMA
cells were incubated with the indicated concentrations of the
apt69.T aptamer for 30 min at 37�C in serum-free medium. Linewea-
ver-Burk analysis was performed for the apparent binding constant
(KD) calculation.

Internalization Assays by qRT-PCR

BCMA+ cells (COS-7-BCMA, U266, or H929) were incubated for
indicated times with 200 nM aptamer in serum-free medium. After
treatment, cells were washed DPBS or with DPBS 0.5MNaCl in order
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remove not internalized aptamers. Binding was evaluated by qRT-
PCR and the percentage of internalized aptamers on the total bound
was calculated.
Aptamer Stability in Human Serum

apt69.T aptamer was incubated 4 mM in 80% human serum from 1 h
to 72 h. Type AB Human Serum provided by Euroclone (category
ECS0219D) was used. At each time point 4 mL (16 pmol RNA) was
withdrawn and incubated for 1 h at 37�C with 5 mL of proteinase K
solution (600 mAU/mL) in order to remove serum proteins that
interfere with electrophoretic migration. Following proteinase K
treatment, 18 mL denaturing RNA dye (Invitrogen, Waltham, MA,
USA) were added to samples that were then stored at �80�C. All
time point samples were separated by electrophoresis into 15% dena-
turing polyacrylamide gel. The gel was stained with ethidium bromide
and visualized by UV exposure.
Western Blot Analysis

To evaluate aptamer inhibition of APRIL-induced NF-kB signaling,
we seeded NCI-H929 cells in 6-well plates (3 � 105 cells/well) and
starved them with 0.25% FBS RPMI medium for 24 h. Cells were
treated with apt69.T (400 nM) for 30min at 37�C and then stimulated
with 400 ng/mL of human recombinant APRIL ligand (R&D Systems,
Minneapolis, MN, USA) for 5 and 10min in the presence or not of the
apt69.T. Total cell lysates were prepared in JS buffer (50 mM HEPES
[pH 7.5], 150 mM NaCl, 1% glycerol, 1% Triton X-100, 1.5 mM
MgCl2, 5 mM EGTA, 1 mM Na3VO4, protease inhibitors) and then
boiled in SDS/b-mercaptoethanol sample buffer. Proteins were
separated by electrophoresis and then blotted onto a nitrocellulose
membrane (GE Healthcare, Chicago, IL, USA) by an electrophoretic
transfer. After blocking with 5% BSA in Tris-buffered saline (TBS)
containing 0.1% Tween-20, membranes were incubated at 4�C over-
night with the following primary antibodies: anti-phospho-p44/42
mitogen-activated protein kinase (MAPK) (Thr202/Tyr204), anti-
vinculin (Cell Signaling Technology, Danvers, MA, USA); anti-phos-
pho-NF-kB-P65 (Ser536), anti-NF-kB-P65 (Elabscience Biotech-
nology, Houston, TX, USA); anti-ERK 1 (Santa Cruz Biotechnology,
Stockton, CA, USA).
Aptamer-Mediated Pull-Down

1� 106 U266 cells were incubated in serum-free medium at 37�C for
30 min with 400 nM of apt69.T biotinylated at the 30 end or with simi-
larly biotinylated scraCL4 sequence, used as a control. Following
three washings with DPBS, cells were lysed with 10 mmol/L Tris-
HCl pH 7.5 containing 200 mmol/L NaCl, 5 mmol/L EDTA, 0.1%
Triton X-100, and protease inhibitors.

Cell extracts (800 mg in 0.8 mL lysis buffer) were purified by incu-
bating with 480 mL streptavidin beads (ThermoFisher Scientific) for
2 h with rotation. Following incubation, beads were washed three
times with DBPS and bound proteins were recovered by adding
Laemmli buffer and then analyzed by immunoblotting with anti-
BCMA antibody (Novus Biologicals, CO, USA).
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Aptamer-miRNA/anti-miR Conjugate Production

To prepare aptamer-miRNA conjugates, we annealed the miR-137
passenger and guide by incubating in annealing buffer (20 mM
2-[4-(2- hydroxyethyl) piperazin-1-yl] ethane sulfonic acid [HEPES]
pH 7.5, 150 mM NaCl, 2 mM CaCl2) for 10 min at 95�C, 10 min at
55�C, and then 20 min at 37�C. The stick aptamer was refolded
(5 min 85�C, 5 min on ice, 10 min at 37�C) and then equal amounts
of stick aptamer and annealed passenger-guide strands were incu-
bated at 37�C for 30 min to allow conjugation through the comple-
mentary stick sequences.

To prepare aptamer-anti-miR conjugates, we refolded the stick ap-
tamer as indicated above and incubated the anti-miR-stick at 95�C
for 10 min in the annealing buffer. Then, an equal amount (ratio
1:1) of stick aptamer and anti-miR-stick was annealed by incubation
at 37�C for 30 min.

The annealing efficiency was evaluated on a 12% non-denaturing
polyacrylamide gel.

miRNA and anti-miR Delivery Assays

1.4� 105 cells were seeded in 6-well plates and treated with 400 nM of
apt69.T-137 (apt69.T-miR-137 conjugate), apt69.T-222 (apt69.T-
anti-miR-222 conjugate), control chimera (SCRA-222), or control ap-
tamer (scraCL4) for 48 or 72 h. Cells were then washed with ice-cold
DPBS and total RNA was extracted with Total RNA Purification
Plus Kit (Norgen Biotek,ON, Canada). 500 ng of total RNA was
then reverse transcribed with miScript Reverse Transcription kit
(QIAGEN, Milan, Italy), according to the manufacturer protocol.
Amplification, to evaluate miRNA expression level, was performed
by using the miScript-SYBR Green PCR Kit and specific miScript
Primer Assay (QIAGEN, Milan, Italy). U6 RNA was used as a house-
keeping control gene.

Cell Viability

7� 103 cells were seeded in 96-well plates and treated with 400 nM of
scraCL4, apt69.T, aptScra-137 (scrambled stick aptamer conjugated
with miR-137), or apt69.T-137. Cell viability was measured by meth-
ylthiazolyldiphenyl-tetrazolium bromide (MTT) assay (category
number M 5655, Sigma, St. Louis, MO, USA), according to manufac-
turer instructions.
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