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Conditional Regulation of Gene Expression
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RNA switches that modulate gene expression with small mole-
cules have a number of scientific and clinical applications.
Here, we describe a novel class of small regulatory on switches
based on the ability of a ligand-bound aptamer to promote
stem formation between a microRNA target sequence
(miR-T) and a complementary competing strand. Two on
switch architectures employing this basic concept were evalu-
ated, differing in the location of a tetracycline aptamer and
the region of a miR-21 target sequence (miR-21-T) masked
by its competing strand. Further optimizations of miR-21-T
and its competing strand resulted in tetracycline-regulated on
switches that induced luciferase expression by 19-fold in
HeLa cells. A similar switch design based on miR-122-T
afforded 7-fold regulation when placed in tandem, indicating
that this approach can be extended to additional miR-T.
Optimized on switches introduced into adeno-associated virus
(AAV) vectors afforded 10-fold regulation of two antiviral
proteins in AAV-transduced cells. Our data demonstrate that
small-molecule-induced occlusion of a miR-T can be used to
conditionally regulate gene expression in mammalian cells
and suggest that regulatory switches built on this principle
can be used to dose expression of an AAV transgene.
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INTRODUCTION
Systems that permit external regulation of gene expression can be
applied in many scientific and medical contexts. These include con-
struction of synthetic biological networks;1 regulation of proliferation
and protein expression in cells engineered for therapeutic applica-
tions, including tumor eradication;2 and control of expression of
biologics delivered by gene therapy vectors.3 One approach to such
regulation has been inspired by natural riboswitches, structured
non-coding RNA domains that bind specific metabolites to control
gene expression. A riboswitch consists of a small molecular ligand-
binding domain (also called aptamer) and an effector domain.
Many natural riboswitches utilize ligand-induced base pairing to acti-
vate their effector domains, and this mechanism has been successfully
utilized to engineer artificial riboswitches functional in yeast or
mammalian cells.4–11 Engineered switches have been used to
modulate replication of oncolytic viruses8 and T cell proliferation6
Mo
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and typically use self-cleaving ribozymes for their effector domains.
One optimization of this approach, in which an aptamer is used to
control a ribozyme, affords approximately 30-fold regulation in cell
culture and 5-fold regulation in vivo.11 Another approach relevant
here uses aptamers fused to an short hairpin RNA (shRNA) element,
allowing a small molecule to regulate Dicer-mediated cleavage,
thereby activating expression of the shRNA target gene.12,13 However,
the dynamic ranges of these switches have been relatively narrow,
limiting their utility. Alternative effector domains may provide
more versatile regulation with wider regulatory ranges, ultimately
enabling more practical uses of these switches.

In this study, we describe an efficient class of on switches that utilize a
cell’s endogenous microRNA-mediated silencing machinery to regu-
late gene expression. RNA silencing requires an RNA-induced
silencing complex (RISC), which recognizes its target mRNA through
base pairing interactions between a RISC-associated microRNA and
its microRNA target sequence (miR-T).14 As target site accessibility
determines the efficiency of RISC-mediated target recognition and
silencing,15 we hypothesized that base pairing induced by a ligand-
bound aptamer would limit accessibility of the miR-T, prevent
silencing, and enable target gene expression (Figure 1). Here, we
prove this principle and demonstrate one application of these on
switches, namely regulation of a gene therapy transgene.

RESULTS
Two Types of MicroRNA Target-Based On Switches

The silencing efficiency of a microRNA limits the maximum
efficiency of the miR-T-based on switches. We thus selected target
sequences of five ubiquitously expressed microRNAs (let-7a, let-7b,
miR-21, miR-22, and miR-23; Figure 2A)16–18 and determined, in
lecular Therapy Vol. 26 No 5 May 2018 ª 2018 The Author(s). 1277
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Figure 1. Representation of a MicroRNA-Target-

Based On Switch

We designed a series of on switches based on the ability

of a ligand-bound aptamer to promote occlusion of a

microRNA target sequence (miR-T). In the absence of

ligand, the miR-T (red), included at the 30 UTR of a gene-

of-interest (GOI) mRNA, is exposed to the RNA-induced

silencing complex (RISC) (light green), and translation of

the GOI is suppressed. The aptamer ligand (orange)

induces a conformational change in the aptamer (blue),

promoting the formation of a stem composed of a

competing strand (green) and part of the miR-T. Because

this region of the miR-T is occluded, the RISC complex

cannot access the miR-T and the GOI is expressed.
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three cell lines, their respective efficiencies in mediating silencing of a
Gaussia luciferase (GLuc) reporter gene. Introduction of the miR-21
target sequence (miR-21-T) into the 30 UTR of the GLuc reporter
gene consistently resulted in more efficient silencing activity. We
therefore used miR-21-T for most of our subsequent studies. To
test whether aptamer-promoted stem formation could be used to
occlude a miR-T and inhibit microRNA-induced silencing, we intro-
duced a tetracycline (Tet)-binding aptamer (Figure S1A) and a
competing strand adjacent to the miR-21-T. This Tet aptamer19,20

has been shown to bind Tet with high affinity21 and undergo signif-
icant conformational changes in its presence.22 Two basic designs
were investigated. In the first case, diagrammed in Figure 2B, the
aptamer (blue) and a miR-T competing strand (green) were placed
at the 30 of miR-21-T (red). In this 30-type design, the Tet-bound
aptamer stabilizes an extended stem, including the 30 region of
miR-21-T and the competing strand. In the second case, the aptamer
and its competing strand were placed at the 50 of the miR-21-T
(50-type; Figure 2C).

We first sought to optimize the competing strands of 30-type on
switches. 30-type on switches with competing strands of various
lengths, or bearing increasing numbers of mismatches, were investi-
gated by measuring basal GLuc expression in the absence of Tet
(blue bars), induced expression in the presence of Tet (gray bars),
and by calculating fold increase due to Tet (red bars). We observed
that a competing strand of 10 nt and three transition mismatches,
present in on switch tac6, consistently exhibited the highest dynamic
range of this class in the three cell lines tested (Figures 2B and S1B),
approximately 3-fold in HeLa cells. A similar pattern was observed
with 50-type on switches (Figures 2C and S1C). Specifically, the on
switch tac29, with a 10-nt competing strand and three transition
mismatches, again exhibited the widest dynamic range, approxi-
mately 6-fold in HeLa cells. We also characterized 30- and 50-type
on switches with let-7a and miR-22 target sequences (not shown).
In general, the dynamic ranges of these switches were lower due to
the lower silencing activities of their respective microRNAs. We
1278 Molecular Therapy Vol. 26 No 5 May 2018
conclude that the length of the competing
strand, the number of mismatches, and the
overall microRNA activity within the cells
determine the efficiency of miR-T-based on switches. To validate
the mechanism by which these on switches control gene expression,
we examined the ability of Tet to regulate association of a soluble
form of tac29 to bind bead-bound miR-21. We observed that Tet
could significantly limit binding of tac29 to miR-21 in this cell-free
system (Figure 2D) and infer that it does so by promoting the
occlusion of the miR-21-T region of tac29.

Optimizations of Combined 30- and 50-type On Switches

We then sought to combine 30 and 50 types into dual-type on switches
(Figure 3A). The dual-type on switch tac52 combines tac1 and tac24,
without any competing-strand mismatches. On switch tac53 com-
bines tac6 and tac29, among the most efficient 30- and 50-type on
switches, respectively. We also explored variants of tac53, whose 30

competing strand was shortened by one (tac57) or two (tac58) nucle-
otides. On switch tac52 provided a lower dynamic range than its tac1
and tac24 constituents, likely because the miR-21-T was largely
occluded, even in the absence of Tet. However, both tac53 and
tac57 outperformed their tac6 and tac29 constituents, exhibiting
12-fold and 13-fold dynamic ranges in HeLa cells, respectively. We
conclude that dual-type on switches can provide wider dynamic
ranges than switches composed of a single aptamer and competing
strand.

We hypothesized that introduction of complementary sequences at
the base of the 30 and 50 competing strands might stabilize a confor-
mation induced by aptamer binding (Figure 3B). We therefore tested
tac53 variants bearing one of four complementary “lock-stem”

sequences (yellow), separated by two- or three-uracil linkers. Four
such variants—tac60, tac63, tac64, and tac65—consistently exhibited
modestly wider dynamic ranges than tac53, suggesting that, in the
presence of Tet, these lock-stem sequences helped stabilize a confor-
mation in which miR-21-T is occluded. We also explored the impact
of single-transition mutations in miR-21-T on the efficiency of
miR-21 silencing. We observed that some transitions modulated the
efficiency of silencing (Figure S2A), and we accordingly introduced



Figure 2. Characterization of Two On Switch Designs

(A) miR-Ts of five microRNAs reported to be ubiquitous were introduced into the 30 UTRs of a Gaussia luciferase (GLuc) reporter gene, as shown. miR-T sequences are

provided at the left. Plasmids expressing these GLuc genes were co-transfected into 293T, Huh7, or HeLa cells with a plasmid expressing Cypridina luciferase (CLuc), used

as a transfection control. Bars indicate GLuc expression normalized to GLuc expression without amiR-T, and numbers above the bars indicate fold inhibition, again relative to

the GLuc-only control. (B) A representation of a 30-type on switch is shown, in which the ligand-bound aptamer induces stem formation between the 30 region of the miR-T

and a competing strand. The miR-21 target sequence (miR-21-T) is shown in red, with competing-strand sequences of individual switches shown underneath. Light blue

indicates a mismatch between the miR-21-T and the competing strand. HeLa cells were transfected with plasmids encodingGaussia luciferase (GLuc) bearing the indicated

(legend continued on next page)
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some of these transitions into miR-21-T of tac53 (Figure 3C). We
observed that transitions that increased the efficiency of silencing
also increased the dynamic range of the corresponding tac53-variant
tac74, whereas those transitions that impaired silencing resulted in
decreased dynamic ranges (e.g., tac72 and tac73). We also investi-
gated the impact of deletions of miR-21-T by comparing the
50-type on switch tac29 with tac29 variants bearing progressively
shorter miR-21-T (Figure S2B). We observed that tac70, a tac29
variant with an 18-nt miR-21-T, exhibited a greater than 12-fold
dynamic range, the maximum dynamic range of any 30- or 50-type
switches. We conclude that alteration of the miR-T can improve
the dynamic ranges of these on switches.

We then sought to combine features of the dual-type on switches
exhibiting the widest dynamic ranges. We observed that a modified
switch tac199, which is derived from tac57 and includes the transition
mismatch present in the target sequence of tac74, exhibited a wider
dynamic range than either original on switch (Figure 3D). Further,
when we introduced the lock stems of tac63 and tac64 into tac199,
generating tac209 and 210, we observed an additional increase in
dynamic range to 19-fold (Figure 3E). We then compared the five
dual-type and the two 50-type on switches with the widest
dynamic ranges in a single assay, confirming that the dual-type
switch tac210 provided the widest dynamic range of the on switches
constructed here (Figure 3F).

Further Improvement and Generalization of miR-T-Based

Regulation

We then explored the ability of exogenously expressed miR-21 to
improve the narrow regulatory range of tac210 in 293T cells, which
afforded less efficient regulation of miR-21-T-based on switches
(Figures 2A, S1B, and S1C). Expression of one, two, or three pri-
mary miR-21 sequences expanded the regulatory range to 6-fold,
indicating that low level of miR-21 limits the range of tac210 in
293T cells (Figure 4A). Thus, this class of on switches could be
adapted to cells lacking a particular microRNA by expressing
that microRNA exogenously. To assess the generality of these
switches, we developed a 30-type switch, tac122, using the target
region of miR-122. This microRNA is primarily expressed in
hepatic cells, and we accordingly used the hepatic cell line Huh7.
A miR-122 target site (miR-122-T) limited expression of a GLuc
reporter gene by 23-fold (Figure 4B), substantially less than that
observed using miR-21-T in HeLa cells (119-fold; Figure 2A).
Accordingly, tac122 afforded only 4-fold regulation in Huh7,
but regulation could be doubled by placing additional tac122
on switch at its 30 UTR. GLuc expression was compared in the presence and absence o

(“basal expression”), and gray bars indicate GLuc expression in the presence of Tet (“

relative to that of a control GLuc plasmid lacking any regulatory elements. Red bars in

experiment is shown similar to that shown in (B) except that the aptamer and the compe

by ligand-induced stem formation, as diagramed. (D) Magnetic beads conjugated to stre

In the absence of Tet, a soluble switch sequence based on tac29 associated with this mi

the miR-21-T region is partially occluded after Tet association. Asterisk indicates at p valu

replicates for (A)–(C) and two for (D). Each experiment was performed at least twice wi
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sequences in tandem (Figure 4C). These data show that these on
switch designs can be generalized to other microRNA target
sequences and cell types and identify two ways of increasing
the regulatory efficiency of these switches. Specifically, one can
increase expression of the relevant microRNA, and one can place
these on switches in tandem.

On Switch Regulation of Adeno-associated Virus Transgenes

We finally explored the ability of tac199 and tac210 to regulate
expression of a transgene delivered by an adeno-associated virus
(AAV) vector. The on switch tac199 afforded 14-fold regulation of
GLuc in AAV-transduced HeLa cells (Figure 5A) and afforded
9-fold regulation of the HIV-1 entry inhibitor CD4-Ig in the same
setting (Figure 5B). The on switch tac210 regulated AAV-mediated
expression of CD4-Ig and the HIV-1-neutralizing antibody VRC01
11-fold and 7-fold, respectively (Figures 5C and 5D). Thus, the on
switches described here can be used to regulate the expression of
AAV transgenes.

DISCUSSION
The RNAi pathway has been exploited both scientifically and
clinically, most notably through the use of shRNA and microRNA
to suppress expression of cellular and viral genes.23,24 Here, we
describe a novel class of RNA switches that conditionally regulate
gene expression in mammalian cells through occlusion of a miR-T
(Figures 1 and 2D). We assessed a number of designs using this basic
idea and identified switches that provided up to 19-fold regulation of
gene expression in HeLa cells. We observed that the dynamic ranges
of these switches are dependent on the efficiency of RISC-mediated
silencing (Figures 2A, 2B, S2B, and S2C). In addition, they depend
on free access to the miR-T in the absence of Tet (affecting basal
expression) and on efficient masking of the miR-T in its presence
(affecting Tet-induced expression). Thus, the annealing energy of
the competing strand has an optimum between two extremes, which
we approximated in this system with a 10-nt competing strand
bearing three transition mismatches with its miR-T (Figures 2B
and 2C). We observed that combinations of two such switches,
simultaneously occluding the 50 and 30 regions of the miR-T, could
be more efficient than any single switch (Figure 3A). We also
observed better regulation by locking the ends of the annealing
strands with short complementary sequences (lock stems; Figure 3B).
Interestingly, the efficiency of silencing could be improved by single
transitions in the miR-21-T (Figure S2A), an observation used to
further improve the regulatory range of these switches (tac74 in
Figure 3C).
f 100 mM tetracycline (Tet). Blue bars indicate GLuc expression in the absence of Tet

induced expression”). Values on left vertical axis indicate percent GLuc expression

dicate the fold upregulation of expression induced by Tet (“regulatory fold”). (C) An

ting strand are placed at 50 of the miR-21-T, and a 50 region of miR-21-T is occluded

ptavidin were bound to a biotinylated single-stranded DNA encodingmature miR-21.

R-21 sequence is shown. Tet inhibited specifically inhibits this association, indicating

e of 0.0113 (Student’s two-tailed t test). Data points represent a mean ± SD of three

th similar results.



Figure 3. Optimization of On Switches

(A) An experiment similar to those in Figure 2B except that 50-type and 30-type on switches are combined to generate dual-type on switch variants. (B) An experiment is shown

similar to those in Figure 2B except that a complementary “lock stem” (yellow), followed by a 2- or 3-uracil linker, was placed adjacent to the competing strands in the dual-

type on switch tac53. (C) An experiment is shown similar to those in Figure 2B except that the miR-21-T region of the dual-type on switch tac53 was modified with single

transitions (blue). (D) The dual-type on switch tac199, modified from tac57 so that its miR-21-T region is that of tac74, is compared with tac57 and tac74. (E) The dual-type on

switches tac209 and tac210 are based on tac199, modified to include the lock stem regions of tac63 and tac64, respectively, and are compared with tac199. (F) A direct

comparison of on switches with the greatest dynamic ranges among 50-type and dual-type on switches is shown. Data points in all studies represent a mean ± SD of three

replicates and were performed at least twice with similar results.
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Figure 4. Further Improvement and Generalization of miR-T-Based Regulation

(A) On switch regulation can be improved with exogenous miR-21. One, two, or three artificial primary miR-21 constructs, driven by a U6 promoter, were included in plasmid

expressing GLuc regulated by the dual-type on switch tac210. Plasmids, including primary miR-21 sequences or tac210 alone, were transfected into 293T cells, and

luciferase activity was measured as in Figure 2B. (B) An experiment similar to those in Figure 2A is shown, except that the efficiency of miR-122-T was characterized in Huh7

cells. (C) An experiment is shown similar to those in Figure 2B, except that miR-122-T was used as a target sequence and 1, 2, or 3 tandem 30-type switches were

characterized. Data points in all studies represent a mean ± SD of three replicates and were performed at least twice with similar results.

Molecular Therapy
The miR-T-based switches we described here have several properties
that make them very useful for conditional control of gene expression
in scientific and medical applications. First, they are relatively small,
typically no more than a few hundred nucleotides, and can therefore
be easily introduced into vectors, such as those based on AAV,
with strict packaging limits.25 Second, unlike Tet-On systems,
they do not require expression of an exogenous foreign protein
that is likely to elicit cell-based immunity to transgene-expressing
cells.26 Finally, they are programmable. They can be tailored to
many aptamer-ligand pairs and to diverse miR-T, including
those responsive to exogenously expressed, non-native microRNAs
(Figures 4A and 4B).
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There are several approaches that might further increase the utility
of these on switches. For example, we observed that more efficient
silencing activity leads to wider dynamic ranges. Thus, HeLa cells,
with high levels of miR-21 activity, exhibited greater regulatory
ranges than did 293T or Huh7 cells, each with less efficient
miR-21 activities (Figures 2B, 2C, S1B, and S1C). Moreover,
when miR-21 was introduced into 293T cells exogenously, the
dynamic range of these on switches increased (Figure 4A). This
observation suggests that exogenous expression of microRNAs
can be used to increase the efficiency of this system as well as
make its activity less cell type dependent. Our system might be
further improved by simultaneously controlling expression of these



Figure 5. Dual-type On Switches Regulate the Expression of AAV-Expressed Transgenes

(A) Tac199 and the dual-type control construct tac75 bearing a control sequence in the place of the miR-21-T and its complementary competing strands were used to

regulate a GLuc reporter gene in AAV-transduced HeLa cells and analyzed as in Figure 2B. (B and C) Tac199 (B) or tac210 (C) were incorporated into the 30 UTR of an

expression cassette for the HIV-1 entry inhibitor CD4-Ig. (D) Tac210 was also introduced into 30 UTR of the expression cassette of the HIV-1-neutralizing antibody VRC01,

bearing VRC01 heavy and light chains separated by a furin cleavage site and the P2A ribosomal skip sequence. Adeno-associated virus (AAV) vectors bearing these

cassettes were produced in 293T cells, and filtered viral stocks were used to transduce HeLa cells in the presence of the indicated Tet concentrations. Proteins were

precipitated by Protein-A Sepharose beads and analyzed by western blot, and band intensities were quantified by Quantity One 1-D software. Data are presented as a

mean ± SD of two independent wells from the same experiment and are representative of at least two independent experiments with similar results.

www.moleculartherapy.org
exogenous microRNAs, using one of several reported RNA-based
systems for doing so.5,12,13,27 We also observed that our best
switches induced only 20% of luciferase activity observed in the
absence of a regulatory switch (Figures 3D and 3E), suggesting
that the RISC can outcompete the competing strand for access
to the miR-T. It is possible that an aptamer ligand with better
access to the nucleus could promote masking of the miR-T before
it encounters the cytoplasmic RISC. Finally, Tet is not an ideal
aptamer ligand in other respects as well. Its bioavailability is
poor in some tissues, including muscle, a relatively safe target
tissue used in many gene therapy applications. Moreover, its
long-term use is associated with several unwanted side
effects. Given the number of switches that now use aptamers, the
development of aptamers to more bioavailable, better tolerated
small molecules is clearly warranted.
In summary, we have described a new class of efficient on switches
and shown that these switches can regulate expression of proteins
delivered by AAV vectors. We therefore propose that, with further
optimizations, these switches can be used to regulate long-term
expression of therapeutically useful biologics and perhaps in other
scientific and clinical settings.

MATERIALS AND METHODS
Cell Lines and Reagents

HEK293T (ATCC CRL-3216, VA, USA), HeLa (ATCC CCL-2), and
Huh7 cells (Life Technologies, Thermo Fisher Scientific, Carlsbad,
CA, USA) were maintained in growth media composed of DMEM
(Life Technologies) supplemented with 2mMglutamine (Life Technol-
ogies), 1% non-essential amino acids (Life Technologies), 100 U/mL
penicillin and 100 mg/mL streptomycin (Life Technologies), and
Molecular Therapy Vol. 26 No 5 May 2018 1283
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10% FBS (Sigma-Aldrich, St. Louis, MI, USA) at 37�C in 5% CO2. To
assess the effect of Tet treatment on on-switch activity, medium
was changed to growth medium containing 10% Tet-free FBS
(Takara Bio USA, Mountain View, CA, USA), to which varying
concentrations of Tet were added. 40 mM HEPES (Life Technologies)
was supplemented to the medium to provide extra buffering
capacity. Tet solution was prepared by dissolving the Tet hydro-
chloride (Sigma-Aldrich) into water (Sigma-Aldrich) to the final
concentration 20 mM. This solution was centrifuged at 3,000 � g
at room temperature for 30 min, and the bottom 1 mL was discarded
after centrifugation. Gaussia luciferase (GLuc) assay buffer consists of
7.5 mM sodium acetate, 250 mM sodium sulfate, 250 mM sodium
chloride, and 4 mM coelenterazine native (Biosynth Chemistry and
Biology, Itasca, IL, USA) at pH 5.0.

Plasmids

GLuc-reporter plasmids in which miR-T sequences were included at
their 30 UTRs were generated by PCR amplification of a GLuc gene
with the reverse primers, including miR-T sequences (Table S1).
Inserts for creation of GLuc constructs bearing miR-T on switches
were synthesized by Integrated DNA Technologies (IDT, Coralville,
IA, USA). Sequences of switches are shown in Table S2. Ligation
was performed using In-Fusion HD Cloning Kit (Takara Bio USA)
according to manufacturer’s instructions. Constructs combining
GLuc bearing on switch tac210 with a cassette for primary miR-21
(pri-miR-21) production were generated by inversely inserting the
synthesized U6 promoter and 1–3 copies of pri-A5fmiR-21 into the
BglII site of the GLuc-tac210 plasmid. Pri-A5fmiR-21 comprises
miR-21 andmiR-21* inserted into the frame of a previously described
artificial pri-microRNA.28 Construct and pri-A5fmiR-21 sequences
are illustrated in Figure 3F. A plasmid expressing Cypridina luciferase
(CLuc), used in these studies as the transfection control, was pur-
chased from New England Biolabs (NEB) (Ipswich, MA, USA).
AAV-vector plasmids expressing HIV entry inhibitors, including
miR-T on switches, were constructed from the pAAV-MCS plasmid
(Agilent Technologies, Santa Clara, CA, USA).

Transient Transfection and Luciferase Assays

To compare the inhibition effect of miR-T introduced into the 30

UTR region of the GLuc reporter, cells seeded in 96-well plates
were co-transfected with 10 ng of plasmids encoding GLuc with or
without miR-T sequences, together with 5 ng of plasmid expressing
CLuc, using 0.5 mL Lipofectamine 2000 (Thermo Fisher Scientific)
according to manufacturer’s instructions. After a 4-hr incubation,
medium of transfected cells was changed to growth medium con-
taining 10% FBS. Medium was refreshed 24 hr post-transfection,
and supernatant was harvested at 48 hr post-transfection for mea-
surement of luciferase activity. To investigate the regulatory effect
of miR-T on switches, cells seeded in 96-well plates were co-trans-
fected with 10 ng plasmids encoding GLuc, with or without miR-T
on switches, and 5 ng plasmid expressing CLuc using 0.5 mL
Lipofectamine 2000, according to manufacturer’s instructions. After
a 4-hr incubation, medium of transfected cells was changed to
growth medium containing 10% Tet-free FBS. Three hours later,
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transfected cells were cultured with Tet-free medium supplemented
with 0, 3, 10, 30, or 100 mM Tet. Medium was refreshed at 24 hr
post-transfection, and the supernatant was harvested at 48 hr
post-transfection for measurement of luciferase activity. To measure
GLuc luciferase activity, 20 mL of cell culture supernatant from each
sample was transferred to a black opaque assay plate (Corning, New
York, USA), and then 100 mL/well of GLuc assay buffer was added by
the injector of the multi-label plate reader (PerkinElmer, USA). To
measure CLuc activity, the Cypridina Luciferase Flash Assay Kit
(Pierce, Thermo Fisher Scientific) was used, and the measurement
was performed according to manufacturer’s instructions. Briefly,
20 mL of cell culture supernatant from each sample was transferred
to a black opaque assay plate (Corning), and then 50 mL/well of CLuc
assay buffer was added by the injector of the multi-label plate reader
(PerkinElmer, Waltham, MA, USA). Statistical analyses were per-
formed using GraphPad Prism 6.0, and data were presented as
mean ± SD.

In Vitro Occlusion of miR-T by Competing Strands

In this experiment, the wash steps and coupling of biotinylated
DNA to streptavidin beads were performed according to the
manufacturer’s instructions. Briefly, the beads (Dynabeads MyOne
Streptavidin C1, Life Technologies) in the vial were resuspended,
and desired volume was transferred to a tube and washed 3� with
equal volumes of binding and washing (B&W) buffer (5 mM Tris-
HCl [pH 7.5], 0.5 mM EDTA, and 1 MNaCl). For RNA applications,
beads were washed twice with equal volume of Solution A (diethyl-
pyrocarbonate [DEPC]-treated 0.1 M NaOH and DEPC-treated
0.05 M NaCl) followed by one more wash with equal volume of
Solution B (DEPC-treated 0.i M NaCl). Washed beads were then
suspended in equal volume of 2� B&W buffer (10 mM Tris-HCl
[pH 7.5], 1 mM EDTA, and 2 M NaCl) and aliquoted for different
coupling applications. Synthesized 50-biotin-modified miR-21 or
control-miR DNA sequences (10 mM in DEPC-H2O) were added
to prepared beads and incubated at 300 rpm, 25�C for 15 min on
ThermoMixer (Eppendorf, Hamburg, Germany). After coupling,
the biotinylated oligo-coated beads were separated magnetically
for 2 or 3 min and washed 3� with B&W buffer as well as one
more wash with equal volume of TNaK buffer (20 mM Tris-HCl
[pH 7.5], 5 mM KCl, and 140 mM NaCl).29 Beads were then sus-
pended in 2� volume of TNaK buffer. 40 mL beads from previous
step was aliquoted to each tube and suspended with equal volume
of strand replacement buffer (TNaK buffer supplemented with
1 mM 22-nt-randomized DNA oligo, including the same percentage
of four bases with miR-21-T, IDT, 5 mM MgCl2, as well as 0.5 mL
RNase inhibitor). The tac29 RNA oligo with 50-ATTO 608N fluoro-
phore modification was synthesized by IDT. The delivered tac29 was
resuspended in DEPC-H2O, and 40 nM was added to the prepared
beads from previous step with or without the presence of 100 mM
Tet. The reactions were covered and incubated at 300 rpm, 25�C
for 2 hr on ThermoMixer. After the incubation, beads in each tube
were washed 3� with 100 mL TNaK buffer and suspended in
100 mL TNaK buffer for flow analysis, and fluorophore signal was
analyzed with Accuri (BD Biosciences, Franklin Lakes, NJ, USA).
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AAV Production and Transduction

AAV vectors carrying various expression cassette and on switch
variants were produced using AAV Helper-Free System (Agilent
Technologies) according to manufacturer’s instructions. Briefly,
70%–80% confluent HEK293T cells in 100-mm plate were co-trans-
fected with 10 mg pAAV vector encoding GLuc, HIV entry inhibitors
CD4-Ig, or VRC01 with on switches, 10 mg pAAV-RC/1, and 10 mg
pHelper using the CalPhos Transfection Kit (Takara Bio USA).
VRC01 includes both heavy- and light-chain genes separated by
sequence encoding the porcine teschovirus-1 2A (P2A) peptide that
promotes ribosomal skipping and a furin cleavage site to remove
the P2A peptide.30 After a 6 hr incubation at 37�C, medium was
removed and replaced with 10 mL fresh growth medium. After
another 48 hr incubation at 37�C, AAV vector was harvested by
collecting cell supernatant filtered with a 0.45-mm filter (Millipore,
Billerica, MA, USA) to eliminate cell debris. To transduce cells with
AAV vectors, HeLa cells were seeded in 12-well plates one day prior
to transduction to achieve 80%–90% confluence at transduction. Cells
were transduced by adding 1mL clarified virus stock and centrifuging
at 1,250 � g at 25�C for 45 min, followed by incubating at 37�C for
another 3 hr 15 min. After transduction, medium of transduced cells
was changed to growth medium containing 10% Tet-free FBS.
After another 3-hr incubation, transduced cells were cultured with
Tet-free medium supplemented with 0, 3, 10, 30, or 100 mM Tet.
Medium was refreshed at 24 hr post-transduction, and the
supernatant was harvested at 48 hr post-transduction for luciferase
measurement or western blot analysis.

Immunoprecipitation and Western Blot Analysis

Supernatants of HeLa cells expressing the HIV-1 entry inhibitor
CD4-Ig or the HIV-1-neutralizing antibody VRC01 were harvested
and clarified by centrifuging at 3,000 � g, 4�C for 5 min. Clarified
supernatant was transferred to a new tube and incubated with
20 mL of 50% (V/V) Protein-A Sepharose beads (GE Healthcare,
Chicago, IL, USA) at 4�C overnight. After two washes with ice-cooled
PBS without calcium and magnesium, beads were heated to 95�C in
2� reducing Laemmli sample buffer and eluant was analyzed by
10% SDS-PAGE (Novex 10% Tris-Glycine Mini Gels, Invitrogen,
Thermo Fisher Scientific). Proteins were transferred to a polyvinyli-
dene fluoride membrane (Invitrolon PVDF/Filter Paper, Invitrogen),
which was then blocked with PBS containing 5% fetal calf serum
(FCS) and 0.05% Tween 20. Proteins were visualized by horseradish
peroxidase (HRP)-conjugated goat-anti-human-immunoglobulin
G (IgG) (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Bands on the blots were imaged with an ImageQuant LAS
4000 Mini imager (GE Healthcare), and their intensities were quan-
tified by Quantity One 1-D software (Bio-Rad, Hercules, CA, USA).
Statistical analysis was performed with GraphPad Prism 6.0, and
data were presented as mean ± SD.

Statistical Analysis

All analyses were performed using GraphPad Prism 6.0 software, and
the significance of in vitro miR-21-T occlusion assay was assessed by
Student’s two-tailed t test.
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