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Chapter 4

Design of Ligand-Responsive MicroRNAs

This chapter was adapted with permission from Beisel CL, Culler SJ, Hoff KG, and
Smolke CD. Design of ligand-responsive microRNAs based on structural insights into

Drosha processing. The manuscript was in submission at the time of the thesis defense.
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ABSTRACT

MicroRNAs (miRNAs) are endogenous small RNAs that mediate gene silencing
in higher eukaryotes and play critical roles in regulating diverse cellular processes. Here,
we describe a strategy for engineering ligand-responsive miRNAs in mammalian cells
based on structural requirements for efficient Drosha processing — namely, the single-
stranded nature of the miRNA basal segments. We utilized a unique property of aptamer
binding, termed adaptive recognition, to introduce ligand control over structure within the
basal segments, rendering Drosha processing and subsequent gene silencing sensitive to
ligand concentrations. The generality of this strategy as a means of introducing ligand
control over gene silencing was demonstrated for three different aptamer-small molecule
ligand pairs. Furthermore, we explored the versatility of ligand-responsive miRNAs
through the engineering of miRNA clusters, cis-acting miRNAs, and self-targeting
miRNAs that combine cis and trans regulation. This versatility is an important property
for tailoring genetic regulatory systems to applications in biotechnology and medicine
that require finely tuned, combinatorial control of transgene or endogenous gene
expression. Finally, our synthetic ligand-responsive miRNAs suggests an as yet

undiscovered regulatory mechanism for small molecule control of natural miRNAs.
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INTRODUCTION

miRNAs comprise a conserved class of small noncoding RNAs that direct
targeted gene silencing through the RNA interference (RNAi) pathway in humans and
other eukaryotes (Bartel, 2004). Most miRNAs are encoded within long transcripts
transcribed from Pol II promoters (Cai et al, 2004; Lee et al, 2002). The primary (pri-)
miRNA is initially processed to an ~65 nucleotide (nt) precursor (pre-)miRNA by the
Microprocessor (Gregory et al, 2004; Han et al, 2004; Lee et al, 2003) composed of the
cleaving enzyme Drosha and the RNA binding protein DGCRS. Following pri-miRNA
cleavage and export from the nucleus, the pre-miRNA is processed by Dicer to a 22-25 nt
miRNA duplex. One of the duplex strands termed the mature miRNA is incorporated into
the RNA-induced silencing complex (RISC), which subsequently cleaves or
translationally represses the target transcript depending on the degree of complementarity
between the guide sequence of the miRNA and the target. miRNA-mediated gene
regulation has been implicated in diverse biological processes ranging from development
to angiogenesis and may be involved in the regulation of a majority of the human genome
(Friedman et al, 2009).

Engineered genetic systems that display ligand control of gene silencing mediated
by miRNAs will provide a powerful and versatile means to control transgene and
endogenous gene expression. In addition, the application of such control systems to
natural miRNAs will allow coordinated regulation of potentially hundreds of genes and
diverse cellular functions (Baek et al, 2008; Selbach et al, 2008). Recently, researchers
have designed synthetic RNA-based regulatory systems that integrate sensing and gene-

regulatory functions, where the former are encoded in RNA aptamer sequences that
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recognize small molecule ligands (Suess and Weigand, 2008). Such integrated ligand-
responsive RNA-based control systems offer several advantages over more traditional
protein-based regulatory systems in avoiding potential immunogenicity of heterologous
protein components and providing a more tunable control system. In addition, as
aptamers can be selected against a wide range of biomolecules (Ellington and Szostak,
1990; Osborne and Ellington, 1997; Tuerk and Gold, 1990), such integrated RNA
systems provide platforms for gene expression control in response to potentially any
molecular input.

Recently, integrated RNA-based control systems that mediate gene silencing
through the RNAi pathway in response to small molecule ligands were built from gene
regulatory functions encoded by intermediate substrates in the processing pathway, small
hairpin RNAs (shRNAs) (An et al, 2006; Beisel et al, 2008). The ligand-responsive
shRNA system designs linked small molecule RNA aptamers to shRNA elements to
modulate the extent of Dicer processing and subsequent gene silencing through ligand
binding events based on known structural requirements for efficient Dicer processing (An
et al, 2006; Beisel et al, 2008). However, sequence restrictions and in vivo toxicity of
shRNAs (Boudreau et al, 2009; Grimm et al, 2006; McBride et al, 2008) establish
significant hurdles toward broader implementation of these control systems. Recent
research indicates that such practical application issues may be avoided through the
implementation of integrated ligand-responsive miRNAs (Bauer et al, 2009; Boudreau et
al, 2009; McBride et al, 2008).

We have designed ligand-responsive miRNAs and demonstrated their

implementation in regulatory circuits that modulate and tune the resulting regulatory
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response. Our design is based on elucidated structural requirements for miRNA
processing, specifically that the bulge size in the miRNA basal segments dictates the
extent of Drosha processing and in vivo silencing. By integrating an aptamer into the
miRNA basal segments, we utilized aptamer-ligand binding interactions to increase the
local structure in that region, such that Drosha processing and subsequent gene silencing
were inhibited with increasing ligand concentration. The sequence flexibility of the basal
segments allows for the introduction of different aptamer sequences in this region,
resulting in a modular design framework that allows modification of the detected ligand
or target gene without compromising regulatory activity. We further engineered circuits
comprising clusters of ligand-responsive miRNAs, where the use of cis- or trans-acting
miRNAs at variable copy number provided tunable control of gene expression. We also
engineered a self-targeting ligand-responsive miRNA circuit based on combined cis and
trans regulation that resulted in more stringent regulatory properties, providing a novel
system for transgenic control. Our integrated ligand-responsive miRNA framework offers
considerable versatility for genetic control and will be broadly useful across applications

in biotechnology and medicine.

RESULTS
Extent of structure in the basal segments dictates Drosha processing and gene
silencing

miRNAs can be partitioned into four domains (Figure 4.1A) that exhibit unique
structural requirements for efficient Drosha processing and RISC activation (Boudreau et

al, 2008; Han et al, 2006; Zeng and Cullen, 2003, 2004, 2005; Zeng et al, 2005). For
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example, in vitro studies have shown that mutating the sequence of the basal segments to
form extensive base pairing interactions abolishes Drosha processing (Han et al, 2006;
Zeng and Cullen, 2005). These results indicate that efficient Drosha processing requires

that the basal segments be single-stranded or unstructured.
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Figure 4.1 Extent of structure in the basal segments dictates miRNA processing and target gene
silencing. (A) General domains of a pri-miRNA. The upper stem encodes the mature miRNA
sequence. The lower stem is ~11 base pairs (bp) in length and designates the Drosha cleavage
site. The basal segments comprise the flanking sequences outside of the lower stem. (B) Sequence
and secondary structures of minimal pri-miRNAs used to examine the effects of bulge size in the
basal segments on Drosha processing in vitro. The minimal pri-miRNAs contain a mature
miRNA sequence that targets GFP (green text) and differ only in their basal segments. The bulge
sequences for each pri-miRNA are indicated in yellow boxes. Black and gray arrows indicate the
putative cleavage sites for productive and abortive processing, respectively, based on data from
the cleavage assay. (C) In vitro Drosha cleavage assay results on the minimal pri-miRNAs with
varying bulge sizes. Internally radiolabeled miRNAs were incubated with immunopurified
Drosha (Drosha) or mock preparations (Mock), and reaction products were resolved by PAGE.
Productive processing is expected to result in an ~61 nt pre-miRNA. Black and gray arrows mark
the presumed productive and abortive cleavage products, respectively, from Drosha cleavage as
indicated in (B). Gel images are representative of at least two independent experiments. (D)
Schematic of the in vivo miRNA expression and targeting system. GFP-targeting miRNAs were
placed within the 3 UTR of a transcript encoding DsRed-Express that was expressed from the
constitutive CMV promoter. (E) GFP silencing results from cell culture assays performed with
miRNAs exhibiting varying bulge sizes. The population median of GFP fluorescence from
transiently transfected HEK 293 cells stably expressing GFP was normalized to that from a
construct lacking a miRNA (No miRNA). Error bars represent the standard deviation of two

independent transfections.
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This requirement suggests a mechanism for regulating Drosha processing, and thus
RNAi-mediated gene silencing, by regulating the structure of the basal segments. To
utilize this mechanism as a design strategy, we more systematically examined the
relationship between bulge size in the miRNA basal segments, in vitro Drosha
processing, and in vivo gene silencing.

We performed in vitro Drosha cleavage assays that mimic the first step in miRNA
biogenesis to examine the relationship between bulge size and Drosha processing. RNAs
with varying bulge sizes in the basal segments (Figure 4.1B) were transcribed in vitro,
incubated with immunopurified Drosha, and resolved by PAGE (Figure 4.1C).
Decreasing the size of the loop from 18 to 8 nts greatly reduced the appearance of the 61
nt pre-miRNA (Figure 4.1B, black arrows) and increased abortive processing (Figure
4.1B, gray arrows). Abortive processing was previously observed and attributed to
DGCRS recognition of the terminal loop instead of the miRNA basal segments (Han et
al, 2006).

To examine the relationship between bulge size in the basal segments and gene
silencing, we developed a general cell culture assay for miRNA activity (Figure 4.1D).
miRNAs designed to target a transcript encoding the green fluorescent protein (GFP)
were inserted into the 3’ untranslated region (UTR) of a constitutively-expressed
transcript encoding the fluorescent protein DsRed-Express. Plasmid DNA encoding the
DsRed-Express construct was transfected into HEK 293 cells stably expressing GFP. The
level of miRNA-mediated gene silencing was determined by flow cytometry analysis,
where DsRed-Express levels were used to distinguish between transfected and

untransfected cells. Using the cell culture assay, miRNAs with the same bulges as in the
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in vitro experiments were tested for silencing efficiency. Flow cytometry results
supported the data from the in vitro Drosha cleavage assays, as smaller bulge sizes
showed reduced GFP silencing (Figure 4.1E). Therefore, proper Drosha processing and

gene silencing correlate with the size of the bulge in the miRNA basal segments.

Aptamer integration renders miRNA processing sensitive to a small molecule ligand
Aptamers often undergo transitions from unstructured to highly structured
conformations upon ligand binding, a phenomenon termed adaptive recognition
(Hermann and Patel, 2000). We developed a design strategy based on this phenomenon
and the dependence of Drosha processing on the structure of the basal segments to
introduce ligand control of miRNA-mediated gene silencing (Figure 4.2A). Through
integration of an aptamer into the basal segments of a miRNA, we anticipated that the
aptamer-ligand binding interactions would decrease the unstructured nature of that
region, thereby inhibiting proper processing and subsequent gene silencing (Figure 4.2B).
We first examined the ability of an aptamer to mediate ligand control of Drosha
processing. The theophylline aptamer (Jenison et al, 1994; Zimmermann et al, 2000) was
inserted in the basal segments domain directly adjacent to the miRNA lower stem (Figure
4.2C). The resulting miRNA (thl) was transcribed in vitro and subjected to the Drosha
cleavage assay in the presence or absence of theophylline. The primary products of
Drosha processing for thl and a control miRNA were both ~61 nts, the expected size for
the pre-miRNA (Han et al, 2006; Lee et al, 2003) (Figure 4.2D). In addition, the presence
of theophylline inhibited proper processing of the aptamer-containing miRNA, resulting

in an alternative cleavage pattern similar to that observed from miRNAs with smaller
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bulges (Figure 4.1C). The control miRNA exhibited negligible theophylline dependence,
suggesting that ligand binding to an aptamer located within the basal segments can

control Drosha processing.
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Figure 4.2 Ligand-responsive miRNAs enable ligand-mediated regulation of Drosha processing
and gene silencing. (A) A design framework for ligand-responsive miRNAs based on integrating
the aptamer binding core into the miRNA basal segments directly adjacent to the lower stem.
Drosha processing of the miRNA is inhibited through an increase in structure of the basal
segments domain resulting from the binding interaction between the aptamer and its cognate
ligand. (B) Proposed relationship between Drosha processing (dashed gray line), target gene
expression levels (black line), miRNA basal segments structure, and ligand concentration for a
ligand-responsive miRNA. Unstructured basal segments lead to efficient processing and gene
silencing, whereas structured basal segments, resulting from ligand binding and favored as the
ligand concentration increases, inhibit Drosha processing. (C) Sequence and secondary structures
of minimal GFP-targeting pri-miRNAs with a large bulge (m1) or the theophylline aptamer (th1)
inserted in the basal segments. Notation follows that indicated in Figure 4.1B. (D) In vitro Drosha
cleavage assay results for m1 and thl. Internally radiolabeled miRNAs were incubated with
immunopurified Drosha (Drosha) or mock preparations (Mock) in the presence or absence of 5
mM theophylline, and reaction products were resolved by PAGE. Black and gray arrows mark the
presumed productive and abortive cleavage products, respectively, from Drosha cleavage as
indicated in (C). Gel images are representative of at least two independent experiments. (E)
Theophylline response curves for constructs harboring a GFP-targeting miRNA with basal
segments containing the theophylline aptamer (thl, blue) or sequence similar to miR-30a (wt,
gray) (Figure S4.1). miRNAs were cloned into the plasmid constructs and characterized through
the cell culture assays described in Figure 4.1D. The population median of GFP fluorescence
from transiently transfected HEK 293 cells stably expressing GFP was normalized to that from a
construct lacking a miRNA (No miRNA) at each theophylline concentration. wt was used as a
negative control as it results in similar levels of GFP silencing in the absence of theophylline. (F)
GFP silencing results from cell culture assays performed on thl and wt transiently transfected in

the absence (white) or presence of either 5 mM theophylline (gray) or 1 mM caffeine (black).
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GFP levels were normalized to that from a construct lacking a miRNA (No miRNA) transfected
under the same conditions. Error bars represent the standard deviation of two independent

transfections.

We next examined whether theophylline regulation of Drosha processing resulted
in ligand-mediated control of gene silencing. Using the cell culture assay, we tested the
silencing efficiency of a GFP-targeting miRNA with a theophylline aptamer in the basal
segments (th1). Extensive base pairing below the bulge encoded in the aptamer sequence
was incorporated to ensure proper aptamer folding. We also included a GFP-targeting
miRNA with basal segments similar to the natural miRNA miR-30a as a control (wt,
Figure S4.1). Transient transfections were conducted in the presence of varying
concentrations of theophylline. Results show that both miRNA constructs silence GFP
with comparable strength in the absence of theophylline (Figure 4.2E). However, the
miRNA with the theophylline aptamer mediated a theophylline dose-dependent increase
in GFP expression levels, whereas silencing by the miRNA lacking the aptamer was
insensitive to theophylline. In addition, silencing by both miRNAs was insensitive to the
presence of caffeine (Figure 4.2F), a molecule that differs from theophylline by a single
methyl group and binds the theophylline aptamer with a 10,000-fold lower affinity
(Jenison et al, 1994). The results demonstrate that the observed effect of theophylline on
miRNA-mediated gene silencing is specific to the incorporation of the theophylline

aptamer in the basal segments of the miRNA.
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Framework modularity supports the integration of different aptamer and miRNA
targeting sequences

A desirable property of any ligand-responsive regulatory system is modularity.
Modular regulatory systems can be readily modified to change the targeted gene or
recognized ligand without complete redesign, facilitating the rapid implementation of
base designs in diverse applications with varying regulatory needs. While most ligand-
responsive RNA regulator designs can be readily modified to target different genes, only
a fraction of the developed designs have been shown to support direct insertion of
different aptamer sequences (Bayer and Smolke, 2005; Beisel et al, 2008; Win and
Smolke, 2007).

The targeted gene is specified by the mature miRNA sequence in a miRNA
regulatory element. Previous work has shown that modifying the mature miRNA
sequence in natural miRNAs is sufficient to target different genes (Zeng et al, 2002).
Since the aptamer and mature miRNA sequences do not overlap, we expected that each
of these elements can be changed independently without affecting the other’s function.
Using the cell culture assay, we tested two different mature miRNA sequences: one that
targets a different location in the GFP encoding transcript (th2) and the other that is
partially scrambled (th1’). Flow cytometry results showed GFP silencing and
theophylline-dependent up-regulation of gene expression by th2 and negligible silencing
by th1’ (Figure S4.2). Therefore, the mature miRNA sequence can be modified without
compromising the ligand control function encoded within the aptamer sequence.

To examine the modularity of the aptamer sequence, we tested two aptamers that

display different lengths and secondary structures: the tetracycline aptamer (Berens et al,
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2001) and the xanthine aptamer (Kiga et al, 1998). The binding core of each aptamer was
initially integrated adjacent to the lower stem in place of the bulge (Figure 4.3A), and the
resulting miRNAs were tested using the cell culture assay in the presence or absence of
the associated ligand. Hypoxanthine was used as a soluble alternative to xanthine that
binds the aptamer with comparable affinity (Kiga et al, 1998). Control miRNAs that
resulted in similar levels of gene silencing as the ligand-responsive miRNAs in the
absence of ligand were also tested to determine any non-specific impacts of ligand
addition on GFP levels. The miRNA harboring the tetracycline aptamer (tcl) down-
regulated GFP and mediated a tetracycline-dependent increase in GFP levels (Figure
4.3B). The control miRNA (m2) delivered a similar extent of silencing with negligible
tetracycline dependence, indicating that insertion of the tetracycline aptamer rendered
gene silencing sensitive to tetracycline. However, compared to the theophylline aptamer,
insertion of the tetracycline aptamer imparted reduced silencing and ligand sensitivity.
The altered silencing in the absence of ligand may be attributed to the nature of the
unbound aptamer structure, where the tetracycline aptamer folds into a preformed pocket
(Muller et al, 2006). The altered regulatory response may be attributed to aptamer
affinity, the relative membrane permeability of each small molecule, and the extent to
which each aptamer adopts a more structured conformation upon ligand binding.

In contrast, insertion of the binding core of the xanthine aptamer (xal) completely
abolished silencing (Figure 4.3C). The size of the bulge in the basal segments of xal was
similar to m4, the miRNA with the smallest bulge tested (Figure 4.1B), such that the
small size of the xanthine binding core may similarly prevent proper Drosha processing.

We speculated that an aptamer with a small binding core bulge can be made more
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unstructured by including additional bulges, thereby restoring proper processing. Most
aptamers selected in vitro contain loops that are separate from the binding core. To
decrease the structure of the basal segments without compromising binding activity, we
included the loop of the original xanthine aptamer and inverted the aptamer sequence to
ensure hypoxanthine binding was proximal to the lower stem (xa2). Results from the cell
culture assay showed significant GFP silencing and a hypoxanthine-dependent increase in
GFP levels (Figure 4.3C), whereas hypoxanthine had no effect on a control miRNA with
a similar silencing strength (m1). To further probe the specificity of ligand dependence,
we repeated the cell culture assays using tcl or xa2 with tetracycline or hypoxanthine.
Results showed that GFP levels increased only when each aptamer was paired with its

associated ligand (Figure 4.3D).

Engineering ligand-responsive miRNA clusters for tunable genetic control

Multiple miRNAs can be naturally found in clusters within a single transcript,
such as miR-17-92 (He et al, 2005) and miR-34b-34¢ (He et al, 2007). Each miRNA
within a cluster is individually processed such that cells can efficiently regulate multiple
miRNAs through a single promoter. This property provides a level of regulatory
efficiency that is currently unavailable to shRNAs, which must be paired with individual
promoters to increase copy number (Gonzalez et al, 2005) or achieve combinatorial
control (Beisel et al, 2008). By integrating multiple miRNAs into the same transcript,
researchers have exploited this architecture to target multiple genes or tune gene silencing

(Aagaard et al, 2008; Sun et al, 2006; Xia et al, 2006). Integrating ligand-responsive
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miRNAs into clusters would allow tuning of the regulatory response, simultaneous

regulation of different targets, and multi-input control.
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Figure 4.3 Ligand-responsive miRNAs can accommodate different aptamers to tailor the input-
responsiveness of the regulatory system. (A) Sequence and secondary structures of GFP-targeting
pri-miRNAs with the tetracycline (tcl) or xanthine (xal, xa2) aptamers inserted in the basal
segments. The aptamer binding core was inserted for tc1 and xal, whereas the binding core and

loop were inserted for xa2. Notation follows that indicated in Figure 4.1B. (B-D) GFP silencing
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results for tetracycline- (tcl) and hypoxanthine-responsive (xal, xa2) miRNA constructs
transiently transfected in the absence (white) or presence of either 100 uM tetracycline (gray) or 5
mM hypoxanthine (black). The GFP-targeting miRNAs were cloned into the plasmid constructs
and characterized through the cell culture assays described in Figure 4.1D. The population
median of GFP fluorescence from transiently transfected HEK 293 cells stably expressing GFP
was normalized to that from a construct lacking a miRNA (No miRNA) transfected under the
same conditions. m1 and m2 were used as negative controls as they result in similar levels of GFP
silencing as xa2 and tcl, respectively, in the absence of ligand. Error bars represent the standard

deviation of two independent transfections.

Natural miRNAs in clusters range from being directly adjacent to one another (He
et al, 2005) to being separated by hundreds of nucleotides (He et al, 2007). The
variability in spacing may be important in Drosha processing and gene silencing,
although the effect of spacing on miRNA activity has not been assessed to date.
Therefore, we examined the relationship between the spacer length connecting two
ligand-responsive miRNAs and the resulting gene silencing and ligand control. We
inserted a second copy of the theophylline-responsive, GFP-targeting miRNA (thl)
upstream from the first copy in the 3° UTR of the transcript encoding DsRed-Express
with different spacer lengths (Figure 4.4A) and performed the cell culture assay with
theophylline. To keep the local sequence around each miRNA consistent, the spacer
sequences were identical to the sequence downstream of the first miRNA up to the
poly(A) signal. Spacer lengths were measured between the bottoms of each stem below
the aptamer and ranged from 2 to 112 nt. Adjacent placement of the miRNAs

compromised both silencing and the response to theophylline potentially due to disrupted
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miRNA folding or steric hindrance of Drosha processing, whereas increased spacer
length restored and even exceeded the silencing activity and theophylline-dependence
from a single copy (Figure 4.4B). The results suggest that separating the identical

miRNAs a minimal distance improves processing and gene silencing.
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Figure 4.4 Synthetic ligand-responsive miRNA clusters allow tuning of the regulatory response.
(A) Schematic of a synthetic miRNA cluster in which multiple ligand-responsive miRNAs are
placed in the 3> UTR of a transgene encoding transcript. The spacer sequence downstream of
each miRNA (indicated in red) was kept consistent, and the spacer length (L) was varied between
2 and 112 nts. Multiple copies (from 1 to 4) of a single miRNA were sequentially inserted. (B)

The impact of spacer length between two theophylline-responsive GFP-targeting miRNAs (2X,



126

th1) on gene silencing in the presence (gray) or absence (white) of 5 mM theophylline. The GFP-
targeting miRNAs were cloned into the plasmid constructs and characterized through the cell
culture assays described in Figure 4.1D. GFP levels are reported as described in Figure 4.3. The
GFP silencing from a single-copy theophylline-responsive miRNA construct (1X, thl) is shown
for comparison. (C) The impact of ligand-responsive miRNA copy number on gene silencing and
dynamic range. Multiple copies (#X) of the GFP-targeting (th1) or non-targeting (th1’, Figure
S4.2) theophylline-responsive miRNAs were cloned into the plasmid constructs described in
Figure 4.1D using the largest spacer length tested (112 nt). GFP levels were characterized and
reported as described in (B), and the dynamic range is reported as the ratio of GFP levels in the

presence and absence of theophylline.

Gene silencing and the dynamic range increased when two copies of a ligand-
responsive miRNA were separated by the longest spacer tested (112 nt). As miRNAs in
natural clusters are individually processed, we expected that inserting additional copies
separated by appropriate spacer lengths would further improve silencing and the
theophylline response. Constructs harboring up to four copies of the theophylline-
responsive, GFP-targeting miRNA (th1) or four copies of the non-targeting variant (th1’)
separated by the longest spacer sequence were subjected to the cell culture assay. GFP
silencing increased with each additional copy of th1l, whereas four copies of thl’ had no
effect on GFP levels (Figure 4.4C). The addition of each miRNA copy provided more
miRNAs for Drosha processing, resulting in greater production of mature miRNAs. The
presence of additional miRNA copies also increased the number of opportunities to
inhibit Drosha processing, thereby increasing the dynamic range (measured as the ratio

between the expression activity in the presence and absence of theophylline).
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Therefore, changing the copy number of ligand-responsive miRNAs provides one
approach to coordinately tune gene silencing and the dynamic range. The diminished
GFP levels in the presence of theophylline may be attributed to the inability to access
higher theophylline concentrations due to cytotoxicity (Beisel and Smolke, 2009) and

incomplete inhibition of Drosha processing when theophylline is bound to the aptamer.

Ligand-responsive miRNA clusters can regulate endogenous genes

Most of the synthetic ligand-responsive RNA-based regulatory systems are
encoded in the target transcript, providing regulation in cis (Desai and Gallivan, 2004;
Ogawa and Maeda, 2008; Suess et al, 2004; Suess et al, 2003; Thompson et al, 2002;
Win and Smolke, 2007; Yen et al, 2004). However, the regulation of endogenous genes
through cis regulatory strategies is currently limiting due to the lack of directed
recombination technologies. To test whether ligand-responsive miRNAs provide a trans
regulatory strategy for the effective regulation of endogenous genes, we cloned a miRNA
that targets the endogenous La gene (Lal) into the 3> UTR of a transcript encoding
DsRed-Express (Figure 4.5A). Under transient transfection conditions, Lal resulted in
only 40% knockdown as measured by qRT-PCR (data not shown). To improve silencing,
we cloned four copies of Lal or a La-targeting miRNA harboring the theophylline
aptamer (La2) separated by the longest spacer sequence into the 3° UTR of the transcript
encoding DsRed-Express. We made HEK 293 stable cell lines with single integrands of
these constructs in the same genomic locus to reduce variability in the bulk qRT-PCR
measurements. The resulting lines were grown in the presence or absence of theophylline

for over one week and assayed for relative La transcript levels by qRT-PCR. Four copies
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of either Lal or La2 resulted in relatively strong silencing of the La target, and only La2
mediated a theophylline-dependent increase in La transcript levels (Figure 4.5B). The
results demonstrate that ligand-responsive miRNAs can control endogenous genetic
targets, providing a control strategy that does not physically disrupt the locus of the target

gene.

Ligand-responsive miRNAs can control gene expression in cis

Drosha cleavage separates the pre-miRNA from upstream and downstream
sequences. When the miRNA is located in the 3° UTR of a transcript, Drosha cleavage is
anticipated to separate the coding region from the poly(A) tail, resulting in the prevention
of translation and facilitation of mRNA degradation (Dreyfus and Regnier, 2002; Sachs
and Varani, 2000). Drosha was recently shown to cleave a naturally-occurring pseudo-
miRNA in the transcript of DGCRS to regulate the activity of the Microprocessor (Han et
al, 2009). In addition, a recent study showed that introducing a 3 UTR-encoded miRNA
down-regulated expression from the transcript harboring the miRNA (Stern et al, 2008).
As such, transcripts containing 3’ UTR-encoded ligand-responsive miRNAs are expected

to be down-regulated in a ligand-dependent manner.
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complementary to the La transcript is indicated in red. Sequences similar to miR-30a (Lal) or the
theophylline aptamer (La2) were inserted into the miRNA basal segments. miRNAs were cloned
into the plasmid constructs described in Figure 4.1D at the indicated copy numbers using the
largest spacer length tested (112 nt). The resulting constructs were stably transfected into HEK
293-Flp-In cells. (B) Relative La transcript levels for stable cell lines expressing the La-targeting
miRNA constructs in the presence (gray) or absence (white) of 1.5 mM theophylline. La
transcript levels were measured through qRT-PCR and normalized to GAPDH encoding

transcript levels as an internal control. Relative levels are normalized to that of cells stably



130

transfected with the construct lacking a miRNA (No miRNA) grown under the same conditions.

Error bars represent the calculated error of quadruplicate qRT-PCR wells of each sample.

To assess the capacity for ligand-responsive miRNAs to regulate gene expression
in cis, we measured expression levels for the transcripts harboring the ligand-responsive
miRNAs targeting GFP and La. DsRed-Express levels were quantified by flow cytometry
under similar conditions as the trans-targeted gene silencing experiments. The effects of
increasing copy number of the miRNA on cis regulation were examined for the thl and
th1’ series. DsRed silencing increased with increasing copy number of the theophylline-
responsive, GFP-targeting miRNA (thl), and two copies were sufficient to introduce
ligand regulation (Figure 4.6A). Similar effects were observed with four copies of the
non-targeting miRNA (th1’), indicating that transcript silencing and ligand control are
independent of downstream processing. Transcript analysis confirmed that the
predominant regulatory mechanism of ligand-responsive miRNAs in cis is mRNA
destabilization (Figure S4.3). A similar analysis on the stably integrated La-targeting
miRNAs indicated that four copies of Lal or La2 resulted in significant DsRed-Express
down-regulation (Figure 4.6B). In addition, the miRNA containing the theophylline
aptamer (La2) conferred an increase in DsRed levels in the presence of theophylline that
was not observed for the construct lacking the theophylline aptamer (Lal). These results
suggest that ligand-responsive miRNAs can regulate transcripts in cis by modulating

Drosha cleavage.
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Figure 4.6 Ligand-responsive miRNAs can control transgene expression in cis. (A) Schematic of
DsRed regulation in cis through miRNA cleavage. Drosha processing of the miRNA located in
the 3° UTR separates the coding region from the poly(A) tail, thereby inactivating the transcript.
(B) The impact of ligand-responsive miRNA copy number on expression of the transgene through
regulation in cis in the presence (gray) or absence (white) of 5 mM theophylline. DsRed-Express
levels of the constructs tested in Figure 4.4C were characterized through identical cell culture
assays. The population mean of DsRed-Express fluorescence from transiently transfected HEK

293 cells stably expressing GFP was normalized to that from a construct lacking any miRNAs

(No miRNA) transfected under the same conditions. Error bars represent the standard deviation of
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two independent transfections. (C) Flow cytometry histograms for DsRed-Express levels from the
La-targeting miRNAs. The stable cell lines tested in Figure 4.5B were grown in the presence
(red) or absence (black) of 1.5 mM theophylline for over a week prior to flow cytometry analysis.

Histograms are representative of two independent experiments.

Self-targeting miRNAs combine trans and cis regulation for a tighter control system

Ligand-responsive miRNAs can regulate genes in trans through RISC targeting
and in cis through Drosha cleavage. A control system based on combining both modes of
regulation into ‘self-targeting miRNAs’ may offer tighter regulation while still operating
within the 3> UTR of the transgene encoding transcript. We developed a dual-acting
miRNA circuit based on the insertion of ligand-responsive miRNAs or miRNA clusters
into the 3> UTR of a targeted GFP transcript (Figure 4.7A), where ligand-responsive
control of Drosha cleavage is expected to impact direct destabilization of the cleaved
transcript and subsequent RISC-mediated inactivation of other target transcripts. The
resulting constructs were stably integrated into a single genomic locus in HEK 293 cells
to ensure consistent expression for all constructs. Cells were grown in the presence or
absence of theophylline for over a week and analyzed by flow cytometry. The self-
targeting miRNAs (combined cis and trans mechanism; thl) improved both GFP
silencing and the dynamic range as compared to their non-targeting counterparts (cis
mechanism; th1”) (Figure 4.7B, Figure S4.4). Similar effects were observed for the self-
targeting miRNA clusters. These results demonstrate the diverse tuning capabilities when
encoding ligand-responsive miRNAs in a transcript 3> UTR by implementing self-

targeting and non-targeting miRNAs at different copy numbers.
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Figure 4.7 Self-targeting miRNAs provide an enhanced regulatory response. (A) Schematic of
the miRNA regulatory circuit associated with self-targeting miRNAs. Self-targeting miRNAs are
located in the 3 UTR of the trans targeted transcript encoding GFP such that Drosha cleavage
and RISC targeting down-regulate expression. Both events are inhibited by ligand binding to the
aptamer contained in the miRNA basal segments. (B) Relative GFP levels for cells stably
expressing the self-targeting miRNA constructs grown in the presence (gray) or absence (white)
of 1.5 mM theophylline for over a week. Gene silencing from one (1X) or four (4X) copies of a
theophylline-responsive self-targeting miRNA (th1) and one or four copies of a theophylline-
responsive non-targeting miRNA (th1’) were determined, where multiple copies were separated
by the largest spacer length (112 nt). One copy of a self-targeting miRNA with basal segments
similar to miR-30a (wt) was used as a negative control. The dynamic range is reported as the ratio

of GFP levels in the presence and absence of theophylline. (C) Temporal response of the relative
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GFP levels to a change in ligand concentration for cell lines stably expressing ligand-responsive
miRNAs. Representative time course data is shown for cells expressing the miRNA construct
containing four copies of thl. Cells were grown in the presence of 1.5 mM theophylline for six
days and then transferred to media without theophylline for six days. (D) Normalized GFP levels
for cell lines stably expressing ligand-responsive miRNAs over time in changing concentrations
of ligand. Normalized time course data are shown for cells expressing the miRNA constructs
containing four copies of th1’ (red), one copy of thl (blue), or four copies of thl (black). Time
course data were normalized to zero when theophylline was added at the beginning of the time
course and one when theophylline was removed in the middle of the time course to compare the
dynamics of the approach to steady-state between ligand-responsive miRNAs acting through
different regulatory mechanisms. Error bars represent the standard deviation of cells grown in two

separate culture wells.

We performed time course studies on the dual-acting miRNA circuits to examine
the dynamic properties of these regulatory systems. Cells lines were grown in the
presence of theophylline for six days and then grown in media without theophylline for
another six days. Cell lines harboring thl or thl’ in single or four copies exhibited
increasing GFP levels when grown in the presence of theophylline and reached steady-
state levels by day 6 (Figure 4.7C). GFP levels decreased upon removal of theophylline
and returned to original levels after 4-6 days of growth in the absence of theophylline,
indicating that the genetic control exerted by ligand-responsive miRNAs is reversible.

We further examined the effects of miRNA copy number and regulatory
mechanism (cis, dual cis/trans) on the dynamics of the ligand-responsive miRNA

regulatory response (Figure 4.7D). Time-course data for thl, thl (4 copies), and thl’ (4
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copies) were normalized to lie between zero and one, marking the steady-state levels in
the absence or presence of theophylline, respectively. Cells with four copies of the non-
targeting miRNA (th1’) approached steady-state faster than the self-targeting miRNA
(th1), especially upon the addition of theophylline. Cells with either one or four copies of
the self-targeting miRNA approached steady state at similar rates. The different rates of
approach to steady-state between the non-targeting and self-targeting miRNAs can be
explained by the machinery involved in each response. Transcripts harboring the non-
targeting miRNAs are regulated directly by Drosha processing, which is rapidly
modulated by ligand binding and release. The approach to steady-state is thus set by the
rates of transcription and translation when theophylline is added and by GFP turnover
and dilution when theophylline is removed. Conversely, transcripts harboring self-
targeting miRNAs are regulated by both Drosha processing and subsequent RISC
targeting. Therefore, the approach to steady-state levels following theophylline addition
is anticipated to be slower since transcript levels will continue to increase after the
turnover of activated RISC (Bartlett and Davis, 2006). However, the response to
theophylline removal is more similar for non-targeting and self-targeting miRNAs due to
the small time lag between Drosha processing and RISC activation in comparison to GFP
turnover and dilution. The particular response dynamics associated with the cis and
cis/trans regulatory mechanisms offer yet another design parameter when specifying the

regulatory performance of ligand-responsive miRNAs.
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DISCUSSION

We have developed a novel mode of RNA-based gene regulation in mammalian
cells based on synthetic ligand-responsive miRNAs. Ligand-responsive miRNAs function
through ligand-mediated regulation of Drosha processing of a pri-miRNA based on
modulation of the structured nature of the basal segments region through aptamer-ligand
binding interactions. The use of theophylline, tetracycline, and hypoxanthine as effective
ligands in this work supports the ability to utilize diverse molecules to control miRNA
activity, such as metabolites, metals, and proteins, against which aptamers have been
selected (Lee et al, 2004). Beyond in vitro selected aptamers, aptamers present in natural
riboswitches have also been integrated into RNA-based ligand control systems (Barrick
and Breaker, 2007). While most aptamers conform to a standard bulge-loop structure, a
significant number adopt alternative structures, such as pseudoknots (Lorsch and Szostak,
1994; Mannironi et al, 1997; Tuerk et al, 1992; Wilson et al, 1998) or dangling ends
(Koizumi and Breaker, 2000), that may be incompatible with the ligand-responsive
miRNA framework. To address such broader implementation challenges, future work
may focus on the development of modified frameworks that accept more diverse aptamer
structures, the modification of aptamer selection procedures to preferentially select bulge-
loop structures, or the selection of aptamers within RNA-based regulatory systems to
identify sequences that function as integrated sensing components (Weigand et al, 2008).

We showed that ligand-responsive miRNAs can be readily altered to target
different genes by changing the mature miRNA sequence. A future extension of our
system will be the incorporation of natural miRNA sequences to exploit natural

regulatory networks. Natural miRNAs are key players in diverse cellular processes and
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help enact global changes in gene expression by simultaneously targeting hundreds of
genes. Therefore, ligand-responsive miRNAs can be directly interfaced with the
regulatory architecture controlling complex cellular processes. By implementing ligand-
responsive miRNAs that respond to endogenously-expressed molecules, these regulatory
molecules will provide a platform for reprogramming cellular state according to the
intracellular environment, supporting autonomous approaches to tissue engineering and
disease treatment.

We also found that gene silencing and ligand responsiveness were dependent on
the spacer length between miRNAs in synthetic miRNA clusters. The variable spacing
within natural-occurring miRNA clusters suggests that secondary structure of the
intervening sequence may be a key factor in miRNA processability and that spacing may
be an evolutionary factor to tune miRNA processing and subsequent gene silencing
activity. Future studies that correlate the secondary structures of natural miRNA clusters
with the extent of processing of each miRNA will provide further insight into this
relationship. From this enhanced understanding, molecular engineers may be able to
design synthetic cluster expression platforms that will minimize the cluster length, while
maximizing the processing of the encoded miRNAs (Aagaard et al, 2008). Scalable
synthetic cluster expression platforms will also be important tools in the development of
sophisticated gene regulatory circuits based on simultaneous implementation of multiple
ligand-responsive miRNAs to achieve finely tuned, combinatorial gene expression
control schemes. Such scalable systems will require an understanding of how to engineer
molecular platforms that effectively insulate the function of individual miRNA elements

within larger clusters and thus an enhanced understanding of RNA structure-function
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relationships. However, the practical size of an engineered miRNA cluster may be limited
by downstream bottlenecks in the linear pathway of miRNA biogenesis, such as Drosha
cleavage, nuclear export, Dicer processing, and RISC loading and targeting.

The linear pathway of miRNA biogenesis offers multiple points at which to
engineer ligand-responsive control of RNAi-mediated gene silencing. Besides regulation
of Drosha cleavage, RNA-based regulatory frameworks have been reported that regulate
nuclear export (Beisel et al, 2008) and Dicer processing (An et al, 2006; Beisel et al,
2008). Since miRNA biogenesis spans the nuclear and the cytoplasmic compartments of
the cell, specific regulatory approaches may be more appropriate for a given application
depending on the localization properties of the ligand. Furthermore, more sophisticated
regulatory strategies can be designed that combine regulatory modes to coordinately
modulate multiple points in the processing pathway by integrating aptamers to the same
ligand or different ligands.

The synthetic ligand-responsive miRNA systems reported here may foreshadow a
prevalent strategy used by natural systems to achieve sophisticated control over miRNA
regulatory networks. The successful design of such synthetic systems may suggest
relevant architectures to assist in the identification of natural counterparts. Researchers
have previously identified mechanisms that modulate miRNA activity based on binding
interactions between RNA binding proteins and miRNA loops (Guil and Caceres, 2007)
and target sites (Kedde et al, 2007), lending further support to the likelihood of an as yet
undiscovered natural regulatory strategy based on small molecule control of miRNA

activity.
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MATERIALS AND METHODS

Plasmid construction. The coding region of DsRed-Express was initially cloned with the
consensus Kozak sequence (CGCCACC) into the Nhel/Xhol restriction sites of
pcDNA3.1(+). pcDNA3.1(+) contains the constitutive CMV promoter upstream of a
multicloning site. Ligand-responsive and control miRNAs reported in Table S4.1 were
cloned into Xbal/Apal downstream of each coding region. To construct synthetic miRNA
clusters, additional miRNAs were digested with Avrll/Xhol and iteratively inserted into
Xhol/Xbal within the miRNA-containing plasmid. For the 2-nt spacer, the second
miRNA (th3) was separately prepared and inserted. For all other spacer lengths, the
original miRNA was amplified with a common forward primer and a reverse primer that
hybridizes different distances downstream of the miRNA: Sp.fwd, 5’-
GTTCCTGTAGACGGCTCTC-3’; Spl.rev, 5’-AATACCTAGGCTGATCAGCGGGT
TT-3’; Sp2.rev, 5’-AA TACCTAGGAGGGGCAAACAACAG-3’; Sp3.rev, 5’-AATA
CCTAGGAAAGGACAGTGGGAGTG-3’. To make stable cell lines, the coding region
of DsRed-Express was replaced with EGFP and the entire transcript was excised with
Nhel/Nsil and cloned into the same sites in pcDNAS/FRT (Invitrogen). Prior to insertion,
the Nsil site was introduced into this plasmid at position 1524 using site-directed
mutagenesis. All restriction enzymes and T4 DNA ligase were purchased from New

England Biolabs. All constructs were sequence-verified (Laragen).

RNA preparation. Internally radiolabeled RNAs were transcribed in vitro from an
annealed template containing the T7 promoter (5’-TTCTAATACGACTCACTATAGGG

-3, where G is the first transcribed nucleotide) using the Ampliscribe T7 transcription kit
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(Epicentre) according to the manufacturer’s instructions with [a-**P]-GTP. Following
transcription and DNase treatment, the transcription product was purified through a
NucAway clean-up column (Ambion) according to manufacturer’s instructions and gel-

purified by PAGE.

Drosha cleavage assays. In vitro assays were conducted as described previously (Lee
and Kim, 2007). Briefly, the Drosha complex was immunopurified from 293T cells
transiently transfected with pCK-Drosha-FLAG and pCK-DGCRS8-FLAG (9:1 mass
ratio). Two days post-transfection, cells were lysed using M-PER (Pierce) according to
the manufacturer’s instructions and the resulting supernatant was incubated with Anti-
FLAG M2 affinity beads (Sigma Aldrich) for at least 1 hr at 4°C with rotation. The beads
were then washed with the lysis buffer (20 mM Tris-HCI pH 8.0, 100 mM KCI, 0.2 mM
EDTA) five times and evenly divided for the in vitro assays (two in vitro reactions from a
10 cm transfection dish). Radiolabeled RNAs (~10° cpm, 3 pl) were combined with 0.75
pul RNasin (Promega), 3 pl reaction buffer (64 mM MgCl,), 8.25 ul water, and 15 pl
immunopurified Drosha complex. After an incubation of 90 min at 37°C, the reaction
was terminated with the addition of 0.5 M sodium acetate and 0.02% sodium dodecyl
sulfate (SDS), phenol:chloroform extracted, and ethanol precipitated. Samples were then
resuspended in 15 pl RNA loading buffer (95% formamide, 0.02% SDS, 0.025%
bromophenol blue, 0.025% xylene cyanol FF) and resolved on a 12.5% denaturing

polyacrylamide gel. The RNA decades ladder (Ambion) was used as a size marker.
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Cell culture and transfection. 293 and Flp-In-293 cells were maintained in DMEM
supplemented with 10% FBS at 37°C in a 5% CO,-humidified incubator. Transient
transfections were conducted with Fugene 6 (Roche) according to the manufacturer’s
instructions one day after seeding. Immediately prior to transfection, the media was
supplemented with the appropriate ligand at the specified concentration. The media was
replaced two days post-transfection. Three days post-transfection, the cells were
trypsinized and subjected to flow cytometry analysis on a Cell Lab Quanta SC MPL
(Beckman Coulter) and the resulting data was analyzed using the Flowjo software (Tree
Star). Cells were initially gated for viability by electronic volume and side scatter. GFP
and DsRed fluorescence of viable cells were measured through a 525 nm and 760 nm
band pass filter, respectively, after excitation with a 488 nm laser. Moderate to high
DsRed levels served as a transfection control to gate between transfected and
untransfected cells. Transfected cells could be distinguished from untransfected cells
even when four miRNAs were present in the 3’UTR of the DsRed-Express encoding
transcript (data not shown). GFP levels were calculated as the median fluorescence of the
transfected population divided by that of the untransfected population (Beisel et al,
2008). All ratios were normalized such that the value for DsRed-Express lacking a
miRNA under the same conditions was set to 100%. Reported DsRed measurements are
the mean value of the transfected population normalized to the construct lacking a
miRNA set to 100%, where the mean value was selected based on the high variability
associated with transient plasmid-based expression of fluorescent proteins.

Stable transfection of 293-Flp-In cell lines was performed using the Flp-In

recombinase system (Invitrogen) according to the manufacturer’s instructions to generate
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isogenic stable cell lines. Integrands were selected using 200 pg/ml hygromycin B
(Invitrogen), whereas stable cell lines were maintained in 50 pg/ml hygromycin B. The
procedure described above for the fluorescence expression analysis of transiently
transfected cell populations was used to analyze the stable cell lines with notable
exceptions. Normalization of flow cytometry data to untransfected cells was not
performed as all cells express the integrated construct, and all data was normalized to
cells lacking a miRNA and grown in the absence of theophylline. Normalization to cells
grown under the same conditions was not performed since theophylline differentially
affected the two negative controls: no miRNA and a self-targeting miRNA lacking the
theophylline aptamer. The different effects may be attributed to differences in
perturbations induced by theophylline stress on unregulated genes and genes regulated by

a self-targeting miRNA as observed for other cellular stressors (Figure S4.5).

gRT-PCR. The following oligos were used for qRT-PCR. La protein (Acc # X13697):
La fwd, 5>-GGTTGAACCGTCTAACAACAG-3’; La rev, 5>~ ATGTCATCAAGAGTT
GCATCAG-3’; GAPDH (Acc # NM_002046): GAPDH_fwd, 5’-GAAGGTGAAGGTC
GGAGTC-3’; GAPDH rev, 5’-GAAGATGGTGATGGGATTTC-3’; DsRed-Express:
DsRed.fwd, 5’-AAGAAGACTATGGGCTGGGA-3’; DsRed.rev 5’-CGATGGTGTAGT
CCTCGTTG-3’; and the Neomycin resistance gene: NeoR.fwd, 5’-ACCTTGCTCCTGC
CGAGAAAGTAT-3’; NeoR.rev, 5’-ATGTTTCGCTTGGTGGTCGAATGG-3".
Transcript levels were measured by qRT-PCR under either transient or stable transfection
conditions. For transient transfections 293 cells were washed with 1X PBS three days

post-transfection and total RNA was extracted using the RNeasy Mini kit (Qiagen)
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according to the manufacturer’s instructions. For stable transfections, cell lines were
grown for over a week in the presence or absence of 1.5 mM theophylline prior to total
RNA extraction. Total RNA samples were treated with DNase I at 37°C for 20 minutes
and purified using a NucAway column (Ambion). Up to 5 pug of purified RNA was
reverse-transcribed using Superscript III reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions using the reverse primers for each pair of gene target and
loading control (DsRed/NeoR, La/GAPDH) followed by the recommended incubation
with RNase H. gqRT-PCR was conducted with the resulting cDNA on the iCycler iQ
system (BioRAD) according to the manufacturer’s instructions. Samples were prepared
in quadruplicate using the 1Q SYBR green supermix and data were analyzed using the
iCycler 1Q software. The mean of the resulting Cr values for the target gene of each
sample were subtracted from the mean Cr value for the control gene. The resulting values
were then converted from log, to linear scale and normalized to the value for the sample
lacking any miRNA transfected with the same concentration of ligand. The reported

sample error was calculated using the following expression:

1
AVE(Cont)—AVE(Target)+E[SD(Cont)+SD(Target)] 5 AVE(Cont }-AVE(Target)

2
Sample Error = [2 AVE(Cont }AVE(Target)J- (4.1)

Neg

where AVE and SD are the respective average and standard deviation of each
quadruplicate sample, Cont and Target are the loading control and target, respectively,
and Neg is the sample lacking a miRNA transfected with the same ligand concentration

as the sample in question.
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Figure S4.1 Sequence and secondary structures of miRNAs targeting GFP. Basal segments
contain sequences that are similar to miR-30a (wt) or the theophylline aptamer (th1). The aptamer
insertion site is indicated by the yellow box according to Figure 4.3A and the mature miRNA

sequence complementary to the GFP transcript is indicated in green text.
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Figure S4.2 Ligand-responsive miRNAs can accommodate different mature miRNA sequences
to tailor the gene silencing output of the regulatory system. (A) The mature miRNA sequence
contained within the upper stem of thl was modified to target a different sequence within the
GFP mRNA (th2) or abolish targeting (th1’). All miRNAs contain the theophylline aptamer in the
basal segments. The aptamer insertion site is indicated by the yellow box according to Figure
4.3A, and mature miRNA sequences are indicated in green text. The GFP-targeting miRNAs
were cloned into the plasmid constructs and characterized through the cell culture assays
described in Figure 4.1D. (B) GFP silencing results for theophylline-responsive miRNA

constructs (thl, th2, or th1’) transiently transfected in the absence (white) or presence of either 5
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mM theophylline (gray) or 1 mM caffeine (black). The population median of GFP fluorescence
from transiently transfected HEK 293 cells stably expressing GFP was normalized to that from a
construct lacking a miRNA (No miRNA) transfected under the same conditions. Error bars

represent the standard deviation of two independent transfections.
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Figure S4.3 Ligand-responsive miRNAs control gene expression in cis through transcript
destabilization. Multiple copies (#X) of the GFP-targeting (th1) theophylline-responsive miRNAs
were cloned into the plasmid constructs described in Figure 4.1D using the largest spacer length
tested (112 nt). wt was used as a negative control to allow direct comparison to Figure 4.4B. HEK
293 cells stably expressing GFP were transiently transfected with these constructs in the presence
(gray) or absence (white) of 5 mM theophylline. DsRed transcript levels were measure through
gRT-PCR and normalized to transcript levels of the Neomycin resistance gene expressed from the
same transfected plasmid. Relative levels were normalized to that of cells transfected with the
construct lacking any miRNAs (No miRNA) grown under the same conditions. Error bars

represent the calculated error of quadruplicate qRT-PCR wells for each sample.
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Figure S4.4 Flow cytometry histograms for HEK 293-Flp-In cells stably expressing the self-
targeting miRNA constructs. miRNAs were located in the 3° UTR of the trans-targeted transcript
encoding GFP. Constructs harboring no miRNAs (No miRNA), one copy of a self-targeting
miRNA with basal segments containing sequences similar to miR-30a (wt), one (1X) or four (4X)
copies of a theophylline-responsive self-targeting miRNA (thl), and one or four copies of a
theophylline-responsive non-targeting miRNA (th1’) were characterized, where multiple copies

were separated by the largest spacer length tested (112 nt). Stable cell lines were grown for over
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one week in the presence (red) or absence (black) of 1.5 mM theophylline prior to flow cytometry

analysis.
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Figure S4.5 Self-targeting miRNAs confer differential response to cellular stress. miRNAs were
located in the 3> UTR of the trans-targeted transcript encoding GFP. Constructs harboring no
miRNAs (No miRNA), one copy of a self-targeting miRNA with basal segments containing
sequences similar to miR-30a (wt), one (1X) or four (4X) copies of a theophylline-responsive
self-targeting miRNA (thl), and one or four copies of a theophylline-responsive non-targeting

miRNA (th1’) were characterized, where multiple copies were separated by the largest spacer
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length tested (112 nt). Stable cell lines were grown for over one week in the presence (gray) or

absence (black) of 1 pug/ml cisplatin, 900 pg/ml G418, or 500 uM tetracycline prior to flow

cytometry analysis. The right column reports the ratio of GFP levels in the presence and absence

of theophylline. Error bars represent the standard deviation of cells grown in two separate culture

wells.

Table S4.1 Sequences for ligand-responsive and control miRNAs. Each sequence is written 5’ to

3’ and represents the final construct cloned into Xbal and Apal within pcDNA3.1(+). th3 was

cloned into Xhol and Xbal in pcDNA3.1(+) already containing thl to test the efficacy of two

miRNAs separated by a minimal spacer. Color codes: gray, restriction sites; blue, aptamer; green,

designed guide strand sequence. The database # is included for plasmid requests.

Name Sequence Aptamer Data#l;ase

TCTAGAGTTTGACAGTGAGCGAGCACAAGCTGGAGTACAACTAT

wit AGTGAAGCCACAGATGTATAGTTGTACTCCAGCTTGTGCCTGCC pCS351
TACTGCCTCGGACTGAATTCATAGGGCCC
TCTAGAACGGGAAGTAATTACAGTGAGCGAGCACAAGCTGGAGT

m1 ACAACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCTTG pCS1246
TGCCTGCCTACTGCCACATAGGGCCC
TCTAGAACGGGAAACACAGTGAGCGAGCACAAGCTGGAGTACAA

m2  CTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCTTGTGCC None pCS1215
TGCCTACTGCCTCGGGCCC
TCTAGAACGGGAAACACAGTGAGCGAGCACAAGCTGGAGTACA

m3  ACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCTTGTG pCS1241
CCTGCCTACTGCCGGGCCC
TCTAGAACGGGAAACACAGTGAGCGAGCACAAGCTGGAGTACAA

m4  CTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCTTGTGCC pCS1242

TGCCTACTGGGGCCC
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Table S4.1 cont’d

Name

Sequence

Database

Aptamer "

th1

th?1’

th2

th3

TCTAGAACGGGTCCTGATACCAGCGTGAGCGAGCACAAGCTGGA
GTACAACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCT
TGTGCCCGCCTACGCCCTTGGCAGCAGGGCCC
TCTAGAACGGGTCCTGATACCAGCGTGAGCGAGCACAAGCTAT
CAACATGAGGTAGTGAAGCCACAGATGTACCTCATGTTGATAG
CTTGTGCCCGCCTACGCCCTTGGCAGCAGGGCCC

TCTAGAACGGGTCCTGATACCAGCGTGAGCGCCAAGAAGATGG
TGCGCTCCTGGAGTGAAGCCACAGATGTCCAGGAGCGCACCAT
CTTCTTGTCGCCTACGCCCTTGGCAGCAGGGCCC

TCTAGACGCCAGAATGATACCAGCGTGAGCGAGCACAAGCTGGA
GTACAACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCT
TGTGCCCGCCTACGCCCTTGGCAGCATTCTGGCGCCTAGG

pCS1183
pCS1258
Theophylline

pCS1664

pCS1229

tc1

TCTAGAACGGGTCCTAAAACATACCGTGAGCGAGCACAAGCTGG
AGTACAACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGC
TTGTGCCTGCCTACGGAGAGGTGAAGAATACGACCACCTAGGGC
CcC

Tetracycline pCS1217

xa1l

xa2

TCTAGAACGGGTCCGTGTATTACCTGAGCGAGCACAAGCTGGAG
TACAACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCTT
GTGCCCGCCTAGGTCGACGGGLCC
TCTAGAACGGGTCCGAGGTCGACGTGAGCGAGCACAAGCTGGAG
TACAACTATAGTGAAGCCACAGATGTATAGTTGTACTCCAGCTT
GTGCCCGCCTACGTGTATTACCCAGGGCCC

pCS1218
Xanthine
pCS1244

La1

La2

TCTAGAGTTTGACAGTGAGCGCTGGAAATCAGTGAAGATAAAAT
AGTGAAGCCACAGATGTATTTTATCTTCACTGATTTCCATTGCC
TACTGCCTCGGACTGAATTCATAGGGCCC
TCTAGAACGGGTCCTGATACCAGCGTGAGCGCTGGAAATCAGT
GAAGATAAAATAGTGAAGCCACAGATGTATTTTATCTTCACTG
ATTTCCATCGCCTACGCCCTTGGCAGCAGGGCCC

None pCS1676

Theophylline pCS1677




