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The therapeutic promise of small-RNA therapeutics is limited,
not only by the lack of delivery vehicles, but also by the inability
of the small RNAs to reach intracellular compartments where
they can be biologically active. We previously reported success-
ful delivery of functionally active miRNAs via receptor-medi-
ated endocytosis. This type of targeted therapy still faces a ma-
jor challenge in the delivery field: endosomal sequestration.
Here, a newmethod has been developed to promote endosomal
escape of delivered miRNA. The strategy relies on the differ-
ence in solute contents between nascent endosomes and the
cytoplasm; early endosomes are rich in sodium ions, whereas
the intracellular fluid is rich is potassium ions. Exploiting
this difference through favoring the influx of potassium into
the endosomes without the exchange of osmotically active so-
dium, results in an osmotic differential leading to the endo-
somes swelling and bursting. One molecule that is able to ex-
change potassium for an osmotically inactive hydrogen ion is
the ionophore nigericin. Through generating an intramolecu-
lar miRNA delivery vehicle, containing a ligand, in this case
folate and nigericin, we enabled the escape of folate-RNA con-
jugates from their entrapping endosomes into the cytoplasm
where they bound the RNA-induced silencing complex and
activated the RNAi response.
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INTRODUCTION
The therapeutic prospect of miRNA replacement therapies relies on
reintroducing small, synthetic RNA molecules that mimic endoge-
nous miRNAs in cells that have lost them, with the final goal of
restoring cellular pathways that could stop pathogenesis.1–3 However,
a major constraint in the transition of miRNA mimics, and other
small RNAs (small interfering RNA [siRNA]; antisense oligonucleo-
tides), into the clinic has been the lack of efficient delivery systems.
Encapsulation of small RNAs, for instance, has had mixed results in
the clinic with clinical trials showing toxicity and limited efficacy.4

Some problems that come with the use of encapsulating delivery
vehicles (e.g., liposomes, micelles, and polymers) include delivery-
associated toxicity, poor transfection efficiency, and nonspecific
biodistribution.5

Our previous work showed that these vehicle-related defects may be
overcome by eliminating the vehicle, attaching a miRNA to a folate
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ligand (FolamiR).6 This approach can deliver functionally active
miRNAs to cancer cells that overexpress the folate receptor (FR) via
receptor-mediated endocytosis with no signs of toxicity (maximum
tolerated dose, >26.64 mg/kg).6 Thus, in the absence of toxicity, the
main factors limiting dosage would be two-fold: (1) the internaliza-
tion kinetics of the folate-ligand bound to its receptor (endocytosis)
and (2) the rate at which the FolamiR can escape the endosome.7,8

We reasoned that, since the internalization kinetics of FolamiRs are
less amendable and already rapid,9–11 the development and inclusion
of an endosomal escape mechanism onto next-generation FolamiRs
could help overcome the rate-limiting step of endosomal escape,
providing higher efficacy and further reducing toxicity. The endoso-
mal escape of small RNAs (and other biologics) has been recognized
as a major hindrance in the path to translating RNA therapeutics into
the clinic. For that reason efforts have been focused on developing
strategies to enhance endosomal release and secure cytosolic deliv-
ery.12 Proteins and peptide-based agents (i.e., cell-penetrating pep-
tides [CPPs]) are often used to achieve cytosolic release of oligonucle-
otides.12 For instance, the EB1 peptide, derived from penetratin is a
CPP with endosomolytic properties that facilitate transport of active
siRNAs into cells.13 Similarly, the inclusion of the influenza-derived
fusogenic peptide diINF-7 has been shown to enhance endosomal
escape of siRNAs when complexed with lipid carriers.14 However,
the use of peptides is often toxic and may contribute to increased
immunogenicity,15 which is already a major concern in RNA thera-
peutics. Another approach to improving endosomal release of nucleic
acids is the use of “proton sponges” that can promote endosomal
swelling by inducing counterion uptake that leads to increased
osmotic pressure.16 The practicality of using this strategy in the
clinic is dampened by the large concentration of compound
needed to achieve efficient endosomal bursting.16 Photochemical
herapy: Nucleic Acids Vol. 16 June 2019 ª 2019 The Authors. 505
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Proposed Mechanism of Action of Endosomal Escape of RNA

Cargo Mediated by Ligand-Targeted Delivery of Nigericin

Internalization of folate-nigericin-RNA (Fol-Nig-RNA) conjugates is mediated by

endocytosis. (1) The nascent vesicle is rich in extracellular fluid with a high con-

centration of Na+ (blue shading), whereas the intracellular space contains high levels

of K+ (yellow shading). (2) Upon ligand-targeted delivery, nigericin, a K+/H+ anti-

porter, translocates to the endosomal membrane (following reduction of the

di-sulfide bond, red linker) causing an influx of K+ (green shading) in exchange

for H+. (3) The exchange of K+ for the osmotically inactive H+ leads to buildup of

osmotic pressure, which causes endosomal swelling and release of RNA cargo into

the cytosol.
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internalization (PCI) is another alternative to increase endosomal
escape of siRNAs, but this approach is greatly limited to specific sites
where light can be used to trigger endosome lysis, which reduces its
practical use in the clinic.17

We recently described a novel method of facilitating the escape of bi-
ologics from entrapping endosomes and, in that study, provided
preliminary evidence for the potential use of this method to improve
the escape of small RNAs from endosomes.18 The strategy relies
on the difference in solute contents between nascent endosomes
506 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
and the cytoplasm; endosomes are rich in sodium ions (Na+), whereas
the intracellular fluid is rich is potassium ions (K+). The method ex-
ploits this difference by using a small molecule, nigericin,19,20 that
exchanges K+ for an osmotically inactive proton (H+) to achieve a bal-
ance in charge without release of a compensatory solute (Na+), thus
causing an osmotic differential that leads to endosome swelling and
bursting.18

Herein, we show that this approach is useful in overcoming endoso-
mal entrapment of small RNAs delivered by folate. The data pre-
sented here suggest that ligand-targeted delivery of nigericin into en-
dosomes can facilitate the escape of RNA cargo (e.g., miRNAs,
siRNAs) from their entrapping endosomes, helping the small RNAs
to become available in the cytoplasm, engage the RNA-induced
silencing complex (RISC) and improve their RNAi activity (see pro-
posed model in Figure 1). Developing a highly specific delivery plat-
form (i.e., FolamiRs) with increased endosomolytic properties could
be useful in achieving significant therapeutic effects of therapeutic
miRNAs at low concentrations without unwanted toxicity for future
in vivo applications.

RESULTS
Evidence of Endosomal Entrapment of Folate-miRNA

Conjugates

We previously reported that miRNAs conjugated to folate retain
their activity in cells in culture and in vivo, suggesting that some of
the delivered miRNA is available in the cytosol for loading into the
RISC. Regardless, receptor-mediated endocytosis is a well-docu-
mented mechanism for uptake of ligand conjugates that interact
with cell surface receptors. To determine if folate conjugates are
sequestered within the endosomes, confocal imaging of cells was per-
formed after treatment of cells with folate cyanine 5 (Cy5). As indi-
cated in Figure 2A, defined punctate spots were observed, some of
which co-localized with the early endosome marker Rab5.21 To
determine if entrapment of FolamiR-34a in the endosomes is a
rate-limiting effect that reduces the overall activity of the miRNA,
FolamiR-34a-treated cells were exposed to chloroquine, which causes
protonation in acidic environments of the late endosomes. Proton-
ation results in H+, Cl�, and water entering into the endosome, re-
sulting in osmotic swelling and eventual rupture.12 miRNA activity
in the presence and absence of chloroquine was monitored using a
miR-34a sensor stably integrated into the genome of the FR-positive
(FR+) cell line, MB-231. The sensor contains a miR-34a binding site
downstream of luciferase, resulting in luciferase repression in the
presence of active miR-34a. Twenty-four hours after administering
FolamiR-34a, minimal reporter silencing was observed, as we have
previously reported at this early time point6 (Figure 2B). However,
in the presence of chloroquine, silencing of the miR-34a reporter
was more robust, resulting in �40% reduction in luciferase activity.
Collectively, these data suggest that folate-miRNA conjugates are
taken up via the process of receptor-mediated endocytosis and that
some of the miRNA remains entrapped within the endosome.
Thus, endosomal escape of FolamiRs is a major limitation to
achieving robust miRNA activity.
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Figure 2. Sequestration of Folate Conjugates Inside the Endosome

(A) MB-231 FR+ cells transiently expressing the early endocytic marker GFP-Rab5b

were treated with Fol-Cy5. Confocal images were acquired 30 min after treatment.

Three representative images are shown. (B) MB-231 FR+miR-34a sensor cells were

treated with folate conjugates, followed 4 h later by treatment with 10 mM chloro-

quine. After 48 h, sensor activity was measured. The experiment corresponds to

three biological replicates with at least three technical replicates per treatment (error

bars: mean ± SD; *p < 0.05, one-way ANOVA with post hoc Bonferroni correction).

FolamiR-NC: folate conjugated to a negative control RNA
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Folate-Nigericin-miRNA Conjugation and Stability in Serum

We reasoned that intramolecular inclusion of a small molecule
that can facilitate endosomal escape of the folate-conjugated
miRNA will enhance the cytosolic distribution and activity of
the miRNA. To address this possibility, the small-molecule iono-
phore nigericin was conjugated to the folate-miRNA conjugate.
Since nigericin needs to dissociate from the folate carrier and
localize to the endosomal membrane to induce endosome swelling
(exchanging intracellular K+ for endosomal H+), an intramolecular
disulfide linkage was incorporated between nigericin and the
folate-RNA conjugate (Figure 3A). Folate-nigericin-miRNA conju-
gation was achieved as previously described6 by using click chem-
istry,22 and conjugation was verified by PAGE analysis (Figure 3B)
and MALDI spectral analysis (not shown). Disulfide linkage reduc-
tion was verified by PAGE analysis by a band-size shift after
tris(2- carboxyethyl)phosphine (TCEP) treatment (Figure 3B,
lane 4). To test the stability of the disulfide linkage, FolamiR-
34a, with an intramolecular conjugation to nigericin (Fol-Nig-
34a), was exposed to 50% serum. There were no signs of Fol-
Nig-34a reduction for 4 h (Figure 3C), leaving open the possibility
that premature reduction upon systemic delivery could occur after
4 h. Our previous results using FolamiRs in vivo determined that
less than 4 h is enough time for the folate conjugates to localize
and be internalized into the intended tissues.6

Folate-Nigericin-miRNA Conjugate Uptake Is Mediated by the

Folate Receptor

Because of the high affinity of the ionophore nigericin for cellular
membranes, it was important to verify that uptake of folate-nigeri-
cin-miRNA (Fol-Nig-miRNA) conjugates is mediated by the FR. For
that purpose, expression of the FR in MB-231 cells and KB cells was
verified by flow cytometric analyses, as previously reported,6,23 using
Fol-Cy5 (Figure 4A). Next, to visualize cellular uptake of miR-34a in
the absence or presence of nigericin, an Atto-647N fluorophore was
attached to the 50 end of the miR-34a-5p strand generating Fol-34a-
Atto647N and Fol-Nig-34a-Atto647N. The specificity of cellular up-
take of Fol-34a-Atto647N and Fol-Nig-34a-Atto647N conjugates
was determined in the presence or absence of folate-glucosamine as
a competitor (Figures 4B and 4C). Both conjugates were taken up by
MB-231 and KB cells, only in the absence of folate-glucosamine, sug-
gesting that the uptake is FR mediated. Furthermore, minimal uptake
in the absence of folate conjugation (gymnotic uptake) was observed
(Figure 4D; duplex miR-34a-Atto647N). Taken together, these results
suggest that Fol-Nig-miRNA uptake is mediated by the FR.

Ligand-Targeted Delivery of Nigericin Causes Endosomal

Release of miR-34a

To track the release of cargo from endosomes, Cy5 was delivered with
either a folate-only or a folate-nigericin carrier, and the fluorescent
cellular distribution was used as a surrogate for cargo localization.
For that purpose, FR+ MB-231 cells were incubated with 50 nM of
Fol-Cy5 or Fol-Nig-Cy5 and imaged every 2 min over the course of
1 h. Representative images of the cells at 15 min after treatment are
presented in Figure 5A. The intracellular distribution of Cy5 was
noticeably different in the absence of nigericin. Cells treated with
Fol-Cy5 showed fluorescent signal in the cell membrane and
individual punctate spots throughout the cytoplasm, indicative of en-
dosomal localization.11 In contrast, cells treated with Fol-Nig-Cy5
showed perinuclear distribution as string-like dispersions with fewer
clearly distinguishable punctate spots and more diffuse cytoplasmic
localization.

Next, to monitor the localization of miR-34a delivered via folate
conjugation in the absence or presence of nigericin, FR+ KB cells
were incubated with 50 nM of Fol-34a-Atto647N or Fol-Nig-34a-
Atto647N and imaged every 2 min for 3 h. As early as 30 min after
treatment, noticeably larger vesicles were observed in the cells
treated with Fol-Nig-34a-Atto647N conjugate, compared with the
vesicles of cells treated with Fol-34a-Atto647N (Figure 5B, quanti-
fied in Figure 5C). Interestingly, the total number of fluorescent
punctate spots detected in cells treated with Fol-Nig-34a-Atto647N
was reduced compared with those in cells treated with Fol-34a-
Atto647N (Figure 5D), which could suggest that miR-34a-Atto647N
delivered with the folate-nigericin carrier is not entrapped within
the endosomes and that the larger size of the fewer vesicles is indic-
ative of endosomal swelling. Taken together, these data suggest that
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 507
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Figure 3. Evaluation of Folate-Nigericin-miRNA

Conjugation and Stability in Serum

(A) Scheme of folate-nigericin-miR34a (Fol-Nig-34a)

conjugation. (B) Gel-Red-stained polyacrylamide gel.

Each lane was loaded with 200 pmol unconjugated oligo

(Duplex) or folate miRNA. PAGE results suggested suc-

cessful conjugation of folate-miRNA compounds, as

visualized by the shift in mobility. The band shift in lane 4

indicates reduction of the disulfide bond between

nigericin and folate miRNA. TCEP, reducing agent Tris

(2-carboxyethyl)phosphine. (C) Gel-Red-stained poly-

acrylamide gel after resolution of folate-nigericin-miRNA

after 50% serum exposure for different periods of time.

TCEP (5 mM) is included as a positive control.
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ligand-targeted delivery of nigericin promotes escape of cargo from
entrapping endosomes.

Ligand-Targeted Delivery of Nigericin Promotes miR-34a

Targeting, CytosolicDistribution ofmiR-34a, andEngagement in

the RISC

To validate that nigericin can mediate endosomal escape, we used a
functional assay to monitor RNAi activity after delivery of miR-34a.
508 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
Luciferase reporter assays were performed in
MB-231 cells that express a sensor for miR-
34a.6 The Renilla level in these cells correlated
inversely with miR-34a activity. These cell-
based experiments indicated a rapid reduction
in luciferase activity in Fol-Nig-34a-treated cells
as soon as 18 h after treatment (reaching �40%
knockdown) and reaching 85% after 48 h (Fig-
ure 6A). This reduction in luciferase activity did
not occur via gymnosis (Figure 6A, gray bars),
nor was it observed in Fol-Nig-NC-treated cells,
suggesting that the effect is specific to the pres-
ence of miR-34a and is not due to a side effect
caused by potential nigericin-mediated toxicity.
To eliminate that possibility, we conducted
cellular toxicity assays, and the results showed
that the first signs of toxicity related to nigericin
compounds (folate-nigericin) were visualized at
concentrations >1,000 nM (Figure 6B), well
above the 50 nM concentration used for the
functional assays. Next, we reasoned that, since
the RISC programming is triggered by the
appearance of double-stranded RNA in the
cytosol (i.e., miRNA) and Argonaute (Ago) pro-
teins localize diffusely in the cytosol and nu-
cleus,24,25 loading of miR-34a-5p into Ago
would be indicative of cytosolic release. We first
tested if miR-34a was enriched in the cytosol
when cells were exposed to Fol-Nig-34a. Mem-
brane-enclosed organelles and membrane-
depleted (cytosolic) fractions were purified
from post-nuclear supernatants (PNSs) obtained from homogenized
cells. As shown in Figure 6C, cytosolic fractions were depleted of the
endocytic marker EEA-1. miR-34a levels were measured in the result-
ing cytosolic fractions and were normalized to a ubiquitious cytosolic
miRNA, miR-375. Treatment of cells with Fol-Nig-34a resulted in a
3.8-fold enrichment of miR-34a in the cytoplasm relative to Fola-
miR-34a-treated cells (Figure 6C), suggesting that inclusion of niger-
icin promotes the endocytic release of miR-34a. To further test the
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Figure 4. Folate-Nigericin-miRNA Conjugate Uptake Is Mediated by the

Folate Receptor

(A) Confirmation of folate receptor expression in MB-231 breast cancer cells and in

KB carcinoma cells. Histograms represent overlaid flow cytometry data as a per-

centage of unstained and folate-cyanate 5 (Fol-Cy5) cells. Displacement of Fol-34a-

Atto647N (B) or Fol-Nig-34a-Atto647N (C) binding from MB-231 and KB cells

(50 nM, 4�C) in the presence of 100-fold excess of folate-glucosamine conjugate.

Histograms represent overlaid flow cytometry data as a percentage of unstained

and Fol-34a-Atto647N- or Fol-Nig-34a-Atto647N-stained cells. (D) Folate-nigericin

miRNA conjugate uptake is not mediated by gymnosis. MB-231 or KB cells were

treated with Fol-34a-Atto647N, Fol-Nig-34a-Atto647N, or duplex miR-34a-

Atto647N in the absence of transfection reagent. Histograms represent overlaid

flow cytometry data as a percentage of unstained or Fol-34a-Atto647N-, Fol-Nig-

34a-Atto647N-, or miR-34a-Atto647N-stained MB-231 and KB cells (50 nM, 4�C).
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hypothesis that nigericin facilitates the release of RNA cargo into the
cytoplasm, we performed RNA immunoprecipitation (RIP) assays by
immunoprecipitating Ago proteins26,27 in cells treated with FolamiR-
34a or Fol-Nig-34a (Figure 6D). The results show that miRNA-34a-
5p is more abundant in Ago RIP after folate-nigericin delivery
(�6-fold) compared with delivery using the folate-only conjugation
(Figure 6D, compare miR-34a qunatification: blue bar to red bar).
Ago did not pull down RNU6B, as expected, but was associated
with the positive control let-7b, validating the assay. To validate
that binding of miR-34a to Ago was required for the miR-34a tu-
mor-suppressive effect mediated by Fol-Nig-34a delivery, Ago2 was
knocked down and cell proliferation was monitored (Figure 6E).
The results show that Fol-Nig-34a only reduces cellular proliferation
when Ago2 is present, indicating that Fol-Nig-34a cellular effects are
mediated in part by the RNAi pathway. These results were also repro-
ducible using a Fol-Nig-siRNA conjugate against Ras homolog gene
family, member A (siRhoA), a known target that affects cell prolifer-
ation in MB-231 breast cancer cells28 (Figure 6F). Taken together,
these results support the hypothesis that a partial decrease in lucif-
erase activity is RNAi-mediated and that the inclusion of nigericin
in the folate carrier can help miR-34a escape from endosomes and
become available in the cytosol to associate with Ago.

Inclusion of Nigericin in the Folate Carrier Enhances miRNA

Activity

To test the hypothesis that the incorporation of nigericin in the folate
carrier can lead to enhanced miR-34a activity in culture, time-
response studies were conducted comparing FolamiR-34a and
Fol-Nig-34a. The results show a difference in luciferase repression
between FolamiR-34a (�30% reduction in Renilla activity) and
Fol-Nig-34a (�85% reduction in Renilla activity, Figure 7A) that
could indicate that FolamiR-34a gets entrapped inside endosomes
by folate-targeted endocytosis. This could also explain why miR-
34a delivered by folate alone is not abundant in Ago RIP (Figure 6D).
Similarly, delivery of siRhoA by folate-nigericin results in higher anti-
proliferative activity compared with delivery using the folate-only
carrier (Figure 7B).

To verify that the released miR-34a can repress endogenous targets,
MB-231 cells were exposed to FolamiR-34a or Fol-Nig-34a and sur-
face expression of PD-L1, a miR-34a target,29 was monitored by
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 509
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Figure 5. Ligand-Targeted Delivery of Nigericin

Promotes Cargo Escape from Endosomes

(A) Representative confocal images of MB-231 cells

treated with Fol-Cy5 or Fol-Nig-Cy5 (50 nM) at 15 min

after treatment. (B) Representative confocal images of KB

cells treated with Fol-34a-Atto647N or Fol-Nig-34a-

Atto647N at 30 min after treatment. Comparison of fluo-

rescent object size (C) and number (D) between Fol-34a-

Atto647N- or Fol-Nig-34a-Atto647N-treated KB cells at

different time points (n = 4; error bars, mean ± SD).

Segmentation and quantification of subcellular vesicles

was performed using the segmentation and quantification

of subcellular shapes (Squassh) protocol.33,34 Statistical

analysis was performed with Student’s t test (*p < 0.05,

**p < 0.01, ***p < 0.001; ns, not significant).
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flow cytometry. Only in the presence of Fol-Nig-34a was PD-L1
downregulated (Figure 7C). The effect observed was nearly identical
to that observed following transfection with miR-34a mimics. Impor-
tantly, there was no reduction in PD-L1 in FR-negative (FR–) A549
cells (Figure 7D), unless cells were transfected with miR-34a mimics,
suggesting dependency of the FR on this response. This dependency
was verified inMB-231 cells after treatment with excess folate-glucos-
amine, whichmitigated the effect (Figure 7E). Nigericin inclusion also
promoted miR-34a-dependent reductions in MET, an additional
miR-34a target (Figure 7F).

Folate-miRNA Delivery Does Not Alter Endogenous miRNA

Activity, nor Does It Result in Cytokine Release

To confirm that the folate-delivered miRNAs do not interfere with
endogenous miRNA targeting, due to sequestering miRNA biogenesis
or targeting machinery, the level of the miR-21 target PTEN was eval-
uated. Importantly, PTEN was not de-repressed in the presence of
either miR-34a conjugate (Figure 7F). Using a more quantitative
approach, it was determined that neither conjugate could alter let-7
activity. Cells overexpressing a let-7 reporter were treated with either
FolamiR-34a or Fol-Nig-34a and sensor activity was monitored. In
the absence of any treatment, a wild-type let-7 sensor was reduced
510 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
to �85% of the activity obtained from a sensor
with a mutated let-7 targeting site (Figure 7G,
left). This suggested that let-7 levels were prom-
inent in these cells and that any alterations in
let-7 targeting would be observed. Importantly,
sensor activity remained consistent after treat-
ment of cells with FolamiR-34a or Fol-Nig-
34a (Figure 7G, right), suggesting that the
miR-34a effect is specific and does not alter
the targeting efficacy of other endogenous
miRNAs.

Because exogenously delivered miRNAs have
been met with unforeseeable negative events
in the clinic due to immunostimulation, cyto-
kine release in the presence of miR-34a conju-
gates was measured. Supernatants from human peripheral blood
mononuclear cells (PBMCs) were harvested following their exposure
to a high dose (100 nM) of folate-miR-34a conjugates and various cy-
tokines levels were measured. Only the positive control, PBMCs
treated with lipopolysaccharides (LPS) generated an increase in tu-
mor necrosis factor alpha (TNF-a), interferon gamma (IFN-g), and
interleukin 6 (IL-6, Figure 8). There was no evidence of elevation of
expression of any of the cytokines measured following 4 or 24 h of
exposure of the cells to free nigericin, Fol-DBCO (the folate precur-
sor), FolamiR-34a, or Fol-Nig-34a.

Taken together, these results support the hypothesis that rapid release
of miRNA cargo from endosomal vesicles mediated by nigericin can
improve miR-34a activity in culture.

DISCUSSION
Development of an effective delivery strategy for targeted, tissue-spe-
cific delivery of miRNAs is critical if the promise of miRNAs in the
clinic is to be realized. Although the field of RNA medicine has had
some recent breakthrough approvals with RNAi drugs, such as
Onpattro (patisiran), which is targeted to the liver, advancement
of miRNA-based therapeutics, specifically those for treating cancer
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Figure 6. Nigericin Mediates Endosomal Escape of miRNA Cargo

(A) Effect of Fol-Nig-34a on miR-34a sensor silencing in cells in culture. Fol-Nig-34a data points were normalized to Fol-Nig-NC (negative control: scrambled miRNA).

Nontransfected miR-34a duplex-treated cells were normalized to untreated cells. Each experiment corresponds to n = 3, four technical replicates per treatment, 50 nM;

statistical analysis performed with one-way ANOVA and Bonferroni correction (*p < 0.05, ***p < 0.001, ****p < 0.0001; error bars: mean ± SD). (B) Effect of free nigericin and

folate-nigericin on MB-231 cell growth. Data points were normalized to vehicle (DMSO). Error bars, mean ± SD; n = 6. (C) Accumulation of miR-34a in organelle-depleted

cytosolic fraction after treatment with folate conjugates. miR-34a wasmeasured via qRT-PCR from organelle-containing fractions, or organelle-depleted (cytosolic) fractions.

Data are normalized to total cellular miR-34a. Western blots for the endocytic protein EEA-1 indicate that the cytosolic fractions were depleted of early endosomes. Statistical

(legend continued on next page)
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lags behind. MiRagen is the only company that currently has a
miRNA mimic in the clinic, miR-29a for the treatment or prevention
of pathologic fibrosis (MRG-201). In this case MRG-201 is delivered
topically to the eye (not yet in clinical trial) or is injected intrader-
mally at the wound. Unfortunately, in the context of most cancers,
systemic administration of the therapeutic is essential to reach not
only the primary tumor but also any metastatic lesions. In this case,
the delivered RNAs are subject to serum nucleases and are heavily
diluted in circulation. To overcome these barriers, the affinity be-
tween the RNA and the target cell needs to be high, and the RNA
needs to reach the target tissue rapidly and/or needs to be heavily pro-
tected in circulation. Two phase I studies were conducted delivering
therapeutic miRNAs systemically within protective vehicles. The
first, conducted by MiRNA Therapeutics delivered miR-34a mimics
encapsulated within lipid nanoparticles, termed Smarticles that
depend on the low pH of the tumor microenvironment for uptake.30

Although efficacy was observed in some patients in the phase I trial,
because of several severe immune-related toxic events, the trial was
terminated early. The final findings of the study have yet to be pub-
lished; however, toxicity can be attributed to either the vehicle or
the miRNA. The second study that entered into phase I trial relied
on epidermal-growth-factor-receptor (EGFR)-targeted minicells for
delivery of miR-16 mimics.31,32 TargomiRs, as they were named, suc-
ceeded in a phase I study, delivering a miRNA mimic inside of a pro-
tective vehicle. Although the trial showed promise, it still is not clear if
the miR-16 mimic was actually delivered to the tumor site and if
miR-16 targets were downregulated.32 There is speculation that an
immune-related response of TargomiRs may be responsible for the
anti-tumor response that was due to the miRNA or the vehicle itself,
as the vehicle was previously reported to contribute to immunologic
effects in patients.32 Regardless, the successful completion of the trial
in 2017 is a benchmark in the miRNA therapeutics field. In the realm
of miRNAmimic delivery, one thing can be agreed upon: eliminating
the vehicle, reducing the overall concentration of the RNA being
delivered, and/or modifying the RNA bases has the ability to over-
come toxicity. Previously, we provided evidence of a novel way to
deliver miRNAs free from a toxic delivery vehicle, and because of
highly specific uptake into the tumor tissue, dosing was greatly
reduced in comparison to other delivery vehicles, such as the Smar-
ticle.2,6 Herein, we have provided additional evidence that dosing
can be even further reduced and efficacy increased if more of the
miRNA can escape from the entrapped endosomes.

Vehicle-free delivery can be achieved with the use of small ligands.
The addition of a ligand to a small RNA promotes its cellular uptake
and trafficking, and although this is a key advantage in achieving the
required specific biodistribution, it often suffers from a major limita-
tion, endosomal entrapment. Upon binding to the membrane recep-
analysis was performed with the two-tailed unpaired t test (n = 3; **p < 0.01; error bars:

34a or Fol-Nig-34a (100 nM). Transfected miR-34a mimic was used as the delivery con

repeated twice. Error bars, mean ± SD. Verification of Ago pulldown for Ago RIP exp

transfected with the indicated siRNA (siAGO or control, siLuc) and treated with the indic

were conducted in six replicates. Statistical analysis was performed with two-way ANO
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tor, these ligands and the associated RNA cargo are internalized by
receptor-mediated endocytosis and loaded into early endosomes.
The contents of the endocytic vesicles are then sorted and trafficked
intracellularly en route to the lysosome, which is where the nucleic
acid cargo will be degraded or recycled back into the extracellular
space. Recycling may account for the strong localization of FolamiRs
to the plasma membrane in the absence of nigericin that we observed
by confocal microscopy (Figure 2A). To avoid these therapeutically
limiting effects, the ligand-RNA conjugates need to escape from the
endosome into the cytoplasm where they can engage the RISC and
modulate gene expression. Thus, the clinical application of small-
RNA therapeutics requires the development of delivery strategies
that not only direct tissue-specific internalization, but also effectively
traffic the small RNA to the cytoplasm reaching biologically relevant
doses.

Our previous research showed that it is possible to deliver a miRNA
mimic to cancerous cells by simply conjugating the passenger strand
to a folate ligand, with no signs of toxicity at the therapeutic dose
tested.6 Because folate conjugates are internalized via endocytosis,
endosomal sequestration could be a limiting step in achieving signif-
icant clinical effects. We reasoned that the inclusion of an intramo-
lecular endosomal escape mechanism could ensure robust cytosolic
delivery of the RNA cargo and lead to enhanced miRNA activity.
This approach relies on the use of a small molecule, nigericin, that
upon cellular internalization gets cleaved from the folate carrier
and localizes to the endosomal membrane, where it exchanges K+

and water for an osmotically inactive proton (H+), causing endoso-
mal swelling.18 To be effective, nigericin release has to occur in a
controlled manner and only within the endosomes. Our preliminary
evidence suggests that Fol-Nig-miRNA molecules are stable in 50%
serum for at least 4 h, which, according to our previous observations,
would be enough time for the conjugate to be internalized in the
target cells.6 Premature cleavage and release of nigericin in circula-
tion is a concern, and further in vivo experiments are needed to eval-
uate this possibility.

The evidence presented here supports a new method of endosomal
release of small RNAs that can be advantageous therapeutically.
The aims of this strategy are to decrease the dosage of mimics needed
to achieve effective gene modulation and minimize unwanted
toxicity. The data support that ligand-targeted delivery of nigericin
into endosomes can facilitate the escape of RNA cargo (e.g., miRNAs
and siRNAs) from their entrapping endosomes, helping the small
RNAs to become available in the cytoplasm, engage the RISC, and
improve their RNAi activity. Thus, it is possible that with the help
of nigericin, therapeutically relevant small RNAs could be delivered
at low quantities and still show effective targeting.
mean ± SD). (D) qRT-PCR results following Ago RIP from cells treated with FolamiR-

trol (6 nM). RNU6B, nontargeted control; let-7b, positive control. Experiments were

eriments on right. *Nonspecific band. (E and F) Cell proliferation of MB-231 cells

ated folate-nigericin conjugate (E) Fol-Nig-34a and (F) Fol-Nig-siRhoA. Experiments

VA and Bonferroni correction (****p < 0.0001; error bars: mean ± SD).
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Figure 7. Incorporation of Nigericin into the Folate Carrier Enhances miRNA Activity In Vitro

(A) Targeted silencing of the miR-34a Renilla sensor using Fol-Nig-34a in cells in culture. Error bars, mean ± SD. Each experiment corresponds to n = 3; four technical

replicates per treatment. (B) Effect of cellular proliferation in the presence of siRhoA conjugated to folate-only or folate-nigericin carrier. Statistical analysis performed with

two-way ANOVA and Bonferroni correction (*p < 0.01, ***p < 0.001, ****p < 0.0001; error bars: mean ± SD). (C) Flow cytometry analysis of PD-L1 surface expression in FR+

MB-231 cells treated with the indicated folate-conjugate (100 nM) or transfected with the same dose of the indicated miRNA mimics. Histograms represent overlaid flow

cytometry data as a percentage of unstained and PD-L1-stained cells. Representative assay on the left. Quantified data from three biological replicates on the right. Error

(legend continued on next page)
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We anticipate that, since nigericin is a small molecule that is nontoxic
at the doses used and easy to conjugate to a small RNA using a variety
of self-cleavable linkers, it will be easy to translate into the clinic. The
challenge of the field of small-RNA delivery is to continue to design
and optimize delivery mechanism at all stages, from the delivery pro-
cess, to cytosolic release, to uptake into the RISC andmRNA cleavage,
such that small RNAs can be delivered to the intended tissues at low
effective doses in the absence of unwanted toxicity. There is scientific
awareness of the potential of miRNA therapeutics, but with the lack of
effective cytosolic release strategies, small-RNA therapeutics are pre-
determined to bottleneck in the clinic. Although these molecules have
yet to reach in vivo experiments, the rigorous understanding of the
safety and efficacy profiles of this new delivery and release platform
could eventually enable the transition of ligand-RNA conjugates
from the bench to the bedside.

MATERIALS AND METHODS
Cell Culture

MDA-MB-231 cells (MB-231 and HTB-26), KB carcinoma cells
(CCL-17), and A549 lung epithelial carcinoma cells (CLL-185), my-
coplasma-free, as determined by testing for mycoplasma contamina-
tion via the MycoAlert Mycoplasma Detection Kit (Lonza), were
grown in RPMI 1640 medium with no folic acid (Life Technologies),
supplemented with 10% fetal bovine serum (FBS; Sigma), penicillin
(100 U/mL), and streptomycin (100 mg/mL) (HyClone, GE Health-
care Life Sciences), and maintained at 37�C in 5% CO2. Authentica-
tion of MB-23, KB, and A549 cells was performed using short tandem
repeat profiling (American Type Culture Collection [ATCC]).

Preparation of Pyridyldisulfide Amide, a Derivative of Nigericin

Folate-ethylenediamine (EDA), folate-Cys, and folate-dibenzocy-
clooctyne (DBCO) synthesis was performed as previously described.6

Fol-Nig synthesis was performed as described in Rangasamy
et al.18 Nigericin-free acid (0.035 mmol), Py-SS-(CH2)2NH2

(0.052 mmol), hexafluorophosphate azabenzotriazole tetramethyl
uronium (HATU; 0.052 mmol), and N,N-diisopropylethylamine
(DIPEA; 0.069 mmol) were dissolved in anhydrous CH2Cl2
(2.0 mL) and stirred under argon at room temperature over-
night. The progress of the reaction was monitored by liquid
chromatography–mass spectrometry (LC-MS). After complete con-
version of the nigericin-free acid, the crude reaction mixture was sub-
jected to purification by reverse-phase high-performance liquid chro-
matography (RP-HPLC; mobile phase A, 10 mM ammonium acetate,
pH 7; organic phase B, acetonitrile; method: 0%–100% B in 35 min at
bars: mean ± SD. (D) Quantified flow cytometry data from three biological replicates of A

same dose of the indicated miRNAmimics. Error bars: mean ± SD. (E) Surface expressio

in the presence or absence of excess competitor, folate-glucosamine. Expression after t

per experiment; error bars: mean ± SD). (F) MB-231 cells were treated with the indicate

later and were resolved by SDS-PAGE. The following proteins were detected by immun

untreated is shown below the MET and PTEN blots. (G) MB-231 cells were transfected w

WT and mutant sensor are depicted on the left (n = 3; error bars: mean ± SD). Senso

repression in the presence of folate conjugates is represented relative to a mutant senso

and Bonferroni correction unless otherwise indicated (*p < 0.1, **p < 0.01, ***p < 0.00
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13 mL/min) and furnished nigericin-SS-amide derivative at a 55%
yield, confirmed by LC-MS (mobile phase A, 10 mM ammonium bi-
carbonate, pH 7; organic phase B, acetonitrile; method: 0%–100% B in
15 min; retention time, 9.15 min; M + NH4

+, 910.5).

Preparation of the Fol-Nig Conjugate

Fol-Nig synthesis was performed as previously described.18 DIPEA
was added dropwise to a stirred solution of folate-Cys (0.004 g,
0.007 mmol, 1.5 equiv) and pyridyldisulfide, an amide derivative of
nigericin (0.004 g, 0.005 mmol, 1.0 equiv), in DMSO. The reaction
mixture continued to be stirred at room temperature. The progress
of the reaction was monitored by LC-MS. After complete conversion
of Fol-Nig, the crude-reaction mixture was purified by RP-HPLC
(mobile phase A, 10 mM ammonium acetate, pH 7; organic
phase B, acetonitrile; method: 0%–40% B in 35 min at 13 mL/min)
and furnished folate-nigericin at a 65% yield, confirmed by LC-MS
(mobile phase A, 10 mM ammonium bicarbonate, pH 7; organic
phase B, acetonitrile; method: 0%–100% B in 7 min; retention time,
4.0 min; M + H+ = 1,440.0).

Preparation of Fol-Nig-DBCO

Folate-Nig-DBCO synthesis was performed as previously described.18

DIPEA (0.0013 g, 0.010 mmol, 1.5 equiv) was added dropwise to a
stirred solution of Fol-Nig (0.010 g, 0.0069 mmol, 1 equiv) and N-hy-
droxysuccinimide (NHS)-DBCO (0.003 g, 0.0076 mmol, 1.5 equiv) in
DMSO. The reaction mixture was continuously stirred at room tem-
perature. The progress of the reaction was monitored by LC-MS.
After complete conversion of Fol-Nig-DBCO, the crude reaction
mixture was purified by RP-HPLC (mobile phase A, 10 mM ammo-
nium acetate, pH 7; organic phase B, acetonitrile; method: 0%–50% B
in 35 min at 13 mL/min) and furnished Fol-Nig amide at a 65% yield,
confirmed by LC-MS (mobile phase A, 10 mM ammonium bicarbon-
ate, pH 7; organic phase B, acetonitrile; method: 0%–100% B in
12 min; retention time, 3.9 min; M + H+ = 1,728.4).

Preparation of Fol-Nig-34a Conjugate

miRNA duplexes were constructed as previously described.6 Briefly, a
bi-orthogonal click reaction was performed between Fol-Nig-DBCO
and the azide-modified antisense miR-34a (or scrambled miRNA).
The click reaction was performed at a 1:10 molar ratio (azide oligo:
Fol-Nig-DBCO) at room temperature in water for 8 h and then cooled
to 4�C for 4 h. Unconjugated Fol-Nig-DBCO was removed from the
reaction, using Oligo Clean and Concentrator (Zymo Research) per
the manufacturer’s instructions. Conjugation was verified by using
549 cells treated with the indicated folate conjugate (100 nM) or transfected with the

n of PD-L1 wasmeasured by flow cytometry after treatment of cells with Fol-Nig-34a

reatment with Fol-Nig-NC was included as a control (n = 3, three technical replicates

d conjugates or transfected with the indicated mimics. Lysates were obtained 48 h

oblot: MET, PTEN, and GAPDH. Fold change, normalized to GAPDH and relative to

ith either a wild-type (WT) or mutant let-7 sensor. Relative firefly activity between the

r expressing cells were treated with the indicated folate-conjugates. The effect of

r (n = 3; error bars: mean ± SD). Statistical analysis performed with one-way ANOVA

1, ****p < 0.0001).
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Figure 8. Innate Immune Response of Folate Conjugates in PBMCs

PBMCs were treated with 100 nM of the indicated molecules for either 4 or 24 h.

Supernatants obtained were evaluated for the relevant cytokines: (A) tumor necrosis

factor alpha (TNF-a), (B) interferon gamma (IFN-g), and (C) interleukin 6 (IL-6). Su-

pernatants from cells exposed to lipopolysaccharides (LPS) were included as the

positive control. Statistical analysis was performed with one-way ANOVA and

Bonferroni correction (n = 3; ns, not significant). Error bars: mean ± SD.
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15% Tris-acetic acid-EDTA (TAE) native PAGE andMALDI spectral
analysis. After conjugation, the miR-34a sense strand was annealed to
the Fol-Nig-miR-34a antisense conjugate. Fol-Nig-DBCO-miR-34a
antisense and miR-34a sense were mixed in an equal molar ratio
(1:1, final concentration, 20 mM each) in annealing buffer: 10 mM
Tris buffer, pH 7 (Sigma), supplemented with 50 mM NaCl (Sigma),
and 1 mM EDTA (Sigma), and incubated at 95�C for 5 min; cooled
slowly to room temperature; and then stored at �80�C. This com-
pound is referred to as Fol-Nig-34a. For siRNA experiments, the
previously reported oligonucleotides targeting the siRhoA gene28

were used: sense 50-GACAUGCUUGCUCAUAGUCTT-30, antisense
30-TTCUGUACGAACGAGUAUCAG-50. For cellular uptake exper-
iments, an Atto-647N fluorophore was attached to the 50 end of the
miR-34 antisense oligo and was used in the annealing step, generating
the following compounds: Fol-34a-Atto647N and Fol-Nig-34a-
Atto647N.

Stability Assay in Serum

Stability assays were performed as previously described.6 Briefly, Fol-
Nig-34a conjugates were incubated in 50% FBS (Sigma) in water at
37�C for the indicated times. RNA samples were collected and
analyzed by using 15% TAE PAGE. The reducing agent TCEP was
used as a positive control for nigericin reduction (5 mM, 20 min at
room temperature).

Preparation of Fol-Cy5 Dye Conjugate

Fol-Cy5 synthesis was performed as previously described.18 DIPEA
(0.0004 g, 0.0032 mmol, 2 equiv) was added dropwise to a stirred
solution of Fol-EDA (0.0008 g, 0.0016 mmol, 1 equiv) and NHS-
Cy5 (0.001 g, 0.001 mmol, 1.1 equiv) in DMSO. The reaction mixture
continued to be stirred at room temperature. The progress of the re-
action was monitored by LC-MS. After complete conversion of Fol-
Cy5, the crude reaction mixture was purified by RP-HPLC (mobile
phase A: 10 mM ammonium acetate, pH 7; organic phase B: aceto-
nitrile; method: 0%–50% B in 35 min at 13 mL/min) and furnished a
Fol-Cy5 dye conjugate at a 85% yield, confirmed by LC-MS (mobile
phase A: 10 mM ammonium bicarbonate, pH 7; organic phase B:
acetonitrile; method: 0%–50% B in 12 min; retention time,
2.40 min; M + H+ = 949.2).

Preparation of Fol-Nig-Cy5 Dye Conjugate

Fol-Nig-Cy5 synthesis was performed by adding DIPEA (0.0004 g,
0.0032 mmol, 2. equiv) dropwise to a stirred solution of Fol-
Nig (0.0023 g, 0.0016 mmol, 1 equiv) and NHS-Cy5 (0.001 g,
0.0016 mmol, 1 equiv) in DMSO. The reaction mixture continued
with stirring at room temperature. The progress of the reaction was
monitored by LC-MS. After complete conversion of Fol-Nig-Cy5,
the crude reaction mixture was purified by RP-HPLC (mobile phase
A: 10 mM ammonium acetate, pH 7; organic phase B, acetonitrile;
method: 0%–50% B in 35 min at 13 mL/min) and furnished Fol-
Nig-Cy5 at a 65% yield, confirmed by LC-MS (mobile phase A:
10 mM ammonium bicarbonate, pH 7; organic phase B: acetonitrile;
method: 0%–100% B in 12 min; retention time, 7.05 min; M + H+ =
1,906.0).
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Flow Cytometry

Flow cytometry was performed as described previously.6 FR+ human
MB-231 cells, KB carcinoma cells, or FR– A549 cells were detached
by trypsinization, washed twice in ice-cold PBS (pH 7.4), and resus-
pended to a density of 1 � 107 cells/mL in serum-free medium
(SFM). Cell viability was determined by trypan blue exclusion, and cells
were used only if the viability was >80%. Next, flow cytometric analyses
were performed according to standard protocols. The cell suspension
(100 mL) was incubated with Fol-34a-Atto647N, Fol-Nig-34a-
Atto647N, or Fol-Cy5 (50 nM) in the absence or presence of 10- to
100-fold molar excess of folate-glucosamine conjugate. For detection
of PD-L1, cells were treated with the indicated folate conjugates, or
transfected withmiR-34a mimics, as described previously.6 Forty-eight
hours later, the cells were collected and incubated with a 1:100 dilution
of anti-PD-L1 antibody (0.5 mL/50 mL cold PBS; 13684; Cell Signaling)
for 1 hon ice.Unboundantibodywas removedbywashing the cellswith
ice-cold PBS. The cells were then incubatedwith 0.5 mLAlexa Fluro 647
secondary antibody (A-21244; ThermoFisher) for detection. Theywere
incubated at 4�C for 20 min, washed twice with ice-cold PBS, and
analyzed by flow cytometry, using the LSR Fortessa flow cytometer
(BD Biosciences, San Jose, CA, USA). Data were analyzed using FlowJo
software v10 (Tree Star, Ashland, OR).

Live-Cell Imaging

Briefly, 8-well chambered slides with a glass coverslip bottom
(Lab-TekTM Chambered Coverglass; Thermo Fisher Scientific,
Denmark) were pre-treated with poly-D-lysine (0.1 mg/mL;
Sigma-Aldrich) for 5 min, washed with PBS, and air-dried for
5 min. KB or MB-231 cells were plated onto prepared slides 1 day
before the experiment at 2 � 104 cells/well and maintained in
RPMI 1640 medium without folic acid (Life Technologies), supple-
mented with 10% FBS (Sigma), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Hyclone, GE Healthcare Life Sciences) at 37�C in 5%
CO2. For endosome co-localization studies, 1 mg plasmid encoding a
GFP-Rab5b fusion protein (plasmid 61802; Addgene21) was trans-
fected with Lipofectamine 2000 into MB-231 FR+ cells, 24 h before
the cells were harvested, and re-seeded into chambered slides. The
slides were placed in a Nikon A1Rsi confocal microscope with a
resonant scanner and piezo z-drive (Nikon Instruments Inc.) and
a 20� objective Plan Apo 0.75 NA, equipped with a live imaging
chamber (INU-TIZ-F1; Tokai Hit Corp., Japan), with temperature
set to 37�C and continuous bubbling of 5% CO2 in water. Image
acquisition using NIS-elements software 4.5 (Nikon Instruments
Inc., Japan) on a single focal plane was conducted for 3 h after
addition of Fol-Cy5, Fol-Nig-Cy5, Fol-34a-Atto647N, and Fol-
Nig-34a-Atto647N conjugates (50 nM). Images were further
analyzed by using ImageJ 2.0.0 (NIH).

Segmentation and Quantification of Subcellular Vesicles

Segmentation and quantification of subcellular vesicles was per-
formed with the segmentation and quantification of subcellular
shapes (Squassh) protocol33,34 in the Mosaic plugin in ImageJ V2.0
(NIH), using the following segmentation parameters: regularization,
0.1, and minimum object intensity, 0.160.
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Live-Cell Proliferation Assay

MB-231 cells were transduced with 1% V/V NucLight Red Lentivirus
(4476; Essen Bioscience), seeded on 96-well plates at 2,000 cells/well
(3603; Corning), and incubated at 37�C with 5% CO2 overnight. The
next day, new medium containing different concentrations of the
following reagents was added to the wells: vehicle (DMSO), nigericin,
and Fol-Nig. The plate was placed in an IcuCyte S3 instrument (Essen
Bioscience), and each well was imaged every 4 h for 24 h, using a stan-
dard-mode scan with a 10� objective and phase and red-filter acqui-
sition. Each treatment consisted of three wells with five fields of view
per well. Cell proliferation was quantified by counting the number of
fluorescent nuclei over 24 h, using the Incucyte S3 Software (Essen
Bioscience). Data were exported and analyzed, using GraphPad Prism
v.7. Cell growth is represented as percentage of confluence relative to
time 0. To determine the dose that causes growth inhibition of at least
50% (GI50), the 24 h data points were selected and normalized to
vehicle-treated cells.

Depletion of Membrane-Bound Vesicles and Cytoplasmic

miR-34a Quantification

MB-231 cells (3 � 106) were seeded in a 10 cm plate. Twenty-four
hours later, the cells were treated with 100 nM FolamiR-34a or Fol-
Nig-34a for 18 h. Treated cells were homogenized, using a standard
homogenization protocol.35 In brief, cells were washed twice with
ice-cold PBS (pH 7.4) and were scraped directly into PBS+ solution
(PBS containing 5 mM NaF and 0.5� protease inhibitors). The cells
were centrifuged at 400 g for 5 min at 4�C. Supernatants were
removed, and pelleted cells were homogenized by using a 25-gauge
needle in 500 mL homogenization buffer (250 mM sucrose, 3 mM
imidazole [pH 7.4], 1 mM EDTA, 0.03 mM cycloheximide, 1� pro-
tease inhibitors, and 1� phosphatase inhibitors). PNSs, containing
cytosol and membrane fractions (mitochondria, Golgi, endosomes,
and endoplasmic reticulum, among others) were collected by centri-
fugation at 2,000 g for 10 min at 4�C. To remove membrane-contain-
ing organelles, samples were fractionated by ultracentrifugation at
100,000 g for 1 h at 4�C. The supernatant was collected in a new
1.5 mL tube and centrifuged again at the same speed for another
hour at 4�C, to further purify the cytosol fraction. RNA was isolated
from the resulting cytosolic fractions using Qiazol reagent (QIAGEN)
followed by ethanol precipitation. RT was performed using the
miRscript II RT kit (QIAGEN) with HiFlex buffer. Real-time PCR
was conducted using miScript SYBR Green PCR Kit (QIAGEN)
with the following primers: miR-375 (non-target RNA, MiScript
primer assay; QIAGEN), and mir-34a-5p (MiScript primer assay;
QIAGEN). Real-time PCR data were analyzed using the 2�DDCt

method and expressed as fold enrichment.

RNA Immunoprecipitation Assay

RNA precipitation assays were performed as previously
described.26,27 Briefly, MB-231 cells transfected with a miR-34a
mimic were used as the control. MB-231 cells (7 � 105 cells/well)
were seeded into 6-well plates and maintained overnight in RPMI
1640 medium with no folic acid (Life Technologies), supplemented
with 10% FBS (Sigma), 100 U/mL penicillin, and 100 mg/mL
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streptomycin (Hyclone, GE Healthcare Life Sciences) at 37�C in 5%
CO2. The next day, medium was replaced with 800 mL of fresh com-
plete medium. Transfection of miR-34a mimic (final concentration,
6 nM; Ambion) was performed with Lipofectamine RNAimax (Life
Technologies) by mixing 100 mL SFM containing mir-34a mimic
(Ambion) and 100 mL SFM with 7.5 mL Lipofectamine RNAimax
(Life Technologies), incubated at room temperature for 5 min, and
then added to the wells. The cells were incubated for 4 h at 37�C in
5% CO2, and the medium was replaced with 2 mL of fresh complete
medium. For FolamiR-34a or Fol-Nig-34a treatments, MB-231 cells
(8 � 105 cells/well) in complete medium were seeded into 6-well
plates containing FolamiR-34a or Fol-Nig-34a diluted in 1 mL SFM
(RPMI) to a final concentration of 100 nM. After 24 h, the cells
were put on ice, washed twice with ice-cold PBS, and immersed in
1 mL PBS. Cells were cross-linked at 400 mJ/cm2 and then again at
200 mJ/cm2 in a UV cross-linker (XL-1000; SpectroLinker). Cells
were scraped directly into lysis buffer (1� PBS, 1% vol/vol NP40 sub-
stitute, 0.5% wt/vol sodium deoxycholate, and 0.1% wt/vol SDS).
Next, the lysates were centrifuged in a prechilled tabletop ultracentri-
fuge at 21,000 g for 20 min at 4�C. Cleared lysates were incubated with
Dynabead Protein A beads (Life Technologies) prepared with 2A8
anti-Ago26,36 (MABE56; Millipore) or normal mouse IgG (12-371;
Millipore) for 90 min at 4�C, washed, and resuspended, as previously
described.26 RNA was isolated using Qiazol reagent (QIAGEN) fol-
lowed by ethanol precipitation. RT was performed using the
miRscript II RT kit (QIAGEN) with HiSpec buffer. Real-time PCR
was conducted using miScript SYBR Green PCR Kit (QIAGEN)
with the following primers: RNU6B (non-target RNA, MiScript
primer assay; QIAGEN), let-7b-1 (positive control, MiScript primer
assay; QIAGEN), and mir-34a (MiScript primer assay; QIAGEN).
Real-time PCR data were analyzed using the 2�DDCt method37,38

and expressed as fold enrichment.

Ago2 Knockdown

GeneSolution siRNAs (1027416; QIAGEN) were used to knockdown
Ago2, according to the manufacturer’s instructions. Briefly, MB-231
cells were transfected with 25 pmol siRNAs using 7.5 mL Lipofect-
amine RNAimax (Life Technologies) in 6 wells (80% confluence).
Protein knockdown was measured after 48 h. siLuc2 was used as a
negative control.

Protein Isolation and Western Blotting

MB-231 cells were collected in RNAlater (Life Technologies) and
stored at �80�C. Frozen cells were placed in 2 mL collection tubes
containing radioimmunoprecipitation assay buffer (1� PBS, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1� protease inhib-
itor). Cells were incubated for 10 min on ice and centrifuged for
10min at 4�C (20,000 g), supernatant was collected, and 50 mg protein
was resolved on 12% TGX gels (Bio-Rad) and transferred to polyviny-
lidene difluoride (PVDF) membranes. The Revert Total Protein
Staining kit (Li-Cor) was used as the protein loading control, accord-
ing to the manufacturer’s instructions. The following primary anti-
bodies were used for detection: 2A8 anti-Ago (1:1,000, MABE56;
Millipore), anti-MET (1:1,000, 4560; Cell Signaling), anti-PTEN
(1:1,000, 9559; Cell Signaling), anti-EEA-1 (1:1,000, 2411; Cell
Signaling), and anti-GAPDH (1:1,000, 2118; Cell Signaling). Protein
detection was performed after incubation with secondary antibodies
(Li-Cor), membranes were washed, and signal was acquired using
Li-Cor Odyssey CLX (Li-Cor).

Cytokine Analysis

Cell culture supernatants from human peripheral blood mononuclear
cells [(PBMCs) American Type Culture Collection (ATCC)] treated
with 100 nM folate conjugates were used to test for the production
of cytokines, tumor necrosis factor alpha (TNF-a), interferon gamma
(IFN-g), and interleukin-6 (IL-6) concentrations using ELISA Max
Deluxe Kit (Biolegand), according to the manufacturer’s instructions.
Briefly, 2 � 105 PBMCs seeded into a 96-well plate were treated with
100 nM folate conjugates. Cell culture supernatants were collected at
4 and 24 h after treatment. One day prior to the assay, the respective
capture antibodies were coated onto 96-well plates. The following
day, all samples and standards were added to the plate and incubated
for 2 h at room temperature. Supernatants were removed, and the
wells were washed. Detection antibody was added, and the plates
were incubated for 1 h at room temperature. The wells were washed
again and incubated with Avidin-horseradish peroxidase solution for
30 min at room temperature. After a final wash, substrate solution
was added, and the plates were incubated for 15 min at room temper-
ature. Stop solution was added, and absorbance data were acquired at
450 and 560 nm using a GloMax plate reader (Promega). The 560 nm
reading was subtracted from the 450 nm reading. Cytokine standard
curves were used to calculate the cytokine concentrations (pg/mL) in
the cell culture supernatant. Cell culture supernatants from LPS
(0.2 mg/mL)-treated PBMCs were used as positive controls.
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