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c Synthetic regulatory RNAs can statically and dynamically control gene expression.
c We review current developments in the design of synthetic regulatory RNAs.
c We review applications of synthetic RNA tools in biological systems design.
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a b s t r a c t

The engineering of biological systems requires a set of molecular tools that can be predictably applied to the

design of sophisticated genetic systems. Recent advances in the field of RNA synthetic biology, particularly in

the design of synthetic regulatory RNAs for the static and dynamic control of gene expression, have increased

our ability to efficiently build various biological systems capable of performing programmed cellular

behaviors. Furthermore, implementing these synthetic regulatory RNAs in biological systems highlights the

potential for designing synthetic cell systems for chemical synthesis, environmental, agricultural, and medical

applications. In this paper, we review current developments in synthetic regulatory RNAs for the static and

dynamic control of gene expression and the potential applications of these tools.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The field of synthetic biology has fostered numerous efforts to
redesign existing biological systems or synthesize new ones to serve
specific purposes (Keasling, 2012; Lynch and Gill, 2012). Building a
synthetic system requires optimization of genetic parts, devices, and
systems as well as molecular tools for controlling gene expression in
a predictable and quantitatively controllable manner (Yadav et al.,
2012). Imbalances within systems can often lead to failed perfor-
mance of the designed programs. Therefore, recent research in this
area has focused on the development of new regulatory tools that
can be utilized to design and optimize biological systems (Seo et al.,
2012).

Natural RNA regulators that work in a variety of organisms
through different mechanisms have been steadily discovered (David
ll rights reserved.
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son and Ellington, 2005; Doudna and Cech, 2002; Gottesman, 2004;
Kim et al., 2009; Serganov and Patel, 2007; Yao et al., 2007). The
functional diversity of RNAs has accelerated the use of such molecules
as versatile substrates for programming various functions inside cells
(Chang et al., 2012; Michener et al., 2012). These functional RNAs are
cis- and trans-acting regulatory elements that control gene expression
without being affected by environmental/physiological changes (sta-
tic) or by sensing those changes in conditions (dynamic). In this
paper, we review recent developments in the design of synthetic
regulatory RNAs as static and dynamic expression controllers for
engineering biological systems, and discuss future perspectives in this
area (Fig. 1).
2. Designing synthetic regulatory RNAs

2.1. Designing cis-acting regulatory RNAs to control gene expression

Several studies have shown that structural elements around
the translation-initiation region (TIR) of mRNA determine the
amount of protein produced from a particular mRNA sequence in
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Fig. 1. Conceptual diagram of RNA synthetic biology. Various orthogonal RNA

regulators, including cis-acting static regulatory RNA, cis-acting dynamic regula-

tory RNA, trans-acting static regulatory RNA and trans-acting dynamic regulatory

RNA, can be designed and assembled to construct genetic circuits, metabolic

pathways, and complex networks. These systems can be further utilized for

biosynthesis, environmental/agricultural, and health/medical applications.

Fig. 2. Synthetic cis-acting regulatory RNAs. (a) Insertion of libraries of tunable

intergenic regions (TIGRs) with various mRNA secondary structures and RNase

cleavage sites (blue square) in a synthetic operon can lead to combinatorial

engineering of static gene expression. (b) Riboswitches can be used for transcrip-

tional/translational ON/OFF control of gene expression in response to various

small molecules and proteins. Aptamers evolved from SELEX can be utilized to

construct artificial riboswitches. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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prokaryotes (Kudla et al., 2009; Park et al., 2007; Seo et al., 2009).
Both the sequence itself and secondary structure within the TIR
control the binding affinity as well as accessibility of the ribosome
to the mRNA (de Smit and van Duin, 1990, 1994a, 1994b, 2003).
When these structural elements do not respond to specific
environmental/physiological signals, they can be used as cis-
acting static controllers to regulate gene expression levels. The
potential of controlling these regulatory elements in the post-
transcriptional process was demonstrated by a combinatorial
engineering approach, in which libraries of tunable intergenic
regions (TIGRs) with various mRNA secondary structures and
RNase cleavage sites were generated for static gene expression
control in Escherichia coli (Fig. 2a) (Pfleger et al., 2006). However,
since the regulatory ranges of these libraries are unpredictable,
a method for designing structural elements with a defined
regulatory repertoire is required to efficiently utilize these func-
tional characteristics for static gene expression control.
In addition to cis-acting static controllers, RNA molecules can also
serve as cis-acting dynamic controllers containing sensors that
respond to intracellular metabolites (Liang et al., 2011). One example
of such a cis-acting dynamic controller is the riboswitch that is
discovered and characterized across numerous prokaryotes and
eukaryotes (Fig. 2c). Riboswitches are noncoding, cis-acting regulatory
elements found in the 50-untranslated regions (50-UTRs) of mRNAs
that typically sense ligands such as small molecules through aptamer
domains. Binding of a ligand to the aptamer domain of a riboswitch
leads a conformational change in the mRNA that consequently control
the expression of downstream genes through different types of
regulatory mechanisms, including premature transcription termina-
tion, sequestration of ribosome-binding sites (RBS); a subset of these
riboswitches is the self-cleaving ribozymes (that is, RNA enzymes for
nucleotide splicing and phosphodiester bond cleavage and formation)
(Breaker, 2011; Montange and Batey, 2008; Serganov and Patel,
2007). Besides the naturally existing riboswitches, artificial ribos-
witches have been designed and constructed by rational approaches
for gene expression control (Beisel et al., 2011; Wieland et al., 2009;
Win and Smolke, 2007). Moreover, several studies have shown that
these types of regulatory mechanisms could be easily modulated to
generate synthetic riboswitches with naturally existing aptamer
domains using a high-throughput screening method (Muranaka
et al., 2009; Nomura and Yokobayashi, 2007; Sharma et al., 2008).
In addition, artificial aptamers specific for target chemicals can be
constructed using the powerful SELEX (systematic evolution of
ligands by exponential enrichment) technique (Stoltenburg et al.,
2007). Although the application of SELEX to design new types of
aptamers can be limited by the technology used to immobilize target
molecules to a support resin, a recent study showed the potential of
using grapheme oxide for immobilization-free screening of aptamers
(Park et al., 2012). This approach would further increase our ability to
rapidly and simply screen functional aptamers without the need for
specialized instruments; such aptamers selected in vitro can be used
to generate synthetic riboswitches that work in vivo using various
high-throughput screening methods (Lynch and Gallivan, 2009;
Muranaka et al., 2009; Sinha et al., 2010).

Although these cis-acting dynamic RNA controllers could be
generated through either rational design or high-throughput
screening methods as described above, the availability of quanti-
tative models to design the functionality of these devices would
allow the development of programmable engineering pathways
and complex circuits (Benenson, 2009; Carothers et al., 2010;
Holtz and Keasling, 2010). A recent report described the devel-
opment of a design-driven approach using mechanistic modeling
and kinetic RNA folding simulations to quantitatively program
gene expression in two different manners: one is a dynamic,
ligand-controlled regulation based on a aptazyme that fuses
aptamers with ribozymes to create allosteric RNA enzymes and
the other is a static regulation based on a ribozyme (Carothers
et al., 2011). Advances in the computer-aided design (CAD) of
RNA should make expanding the use of synthetic regulatory RNA
devices that respond to various intracellular chemicals practic-
able, allowing more complex biological systems to be built.

2.2. Designing trans-acting regulatory RNAs to control gene

expression

Small, non-coding RNA (ncRNA) molecules such as antisense
RNA (in prokaryotes and eukaryotes), small interfering RNA
(siRNA, in eukaryotes), and microRNA (miRNA, in eukaryotes)
are responsible for various cellular functions. These functional-
ities arise from the ability of RNA to form complex structures (i)
by interactions with DNA and other RNA through intramolecular
Watson–Crick base-pairing and (ii) by interactions with proteins
or small molecules through physical forces such as electrostatic,
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hydrogen bonding, and van der Waals forces (Eddy, 2001; Sharp,
2009). These trans-acting regulatory RNAs control gene expres-
sion through a wide array of regulatory mechanisms, including
static and dynamic trans-activation and trans-repression of both
transcription and translation processes (Isaacs et al., 2006). These
dynamic RNA functions have expanded our ability to construct
and design various trans-acting regulatory RNAs for synthetic
biology applications.

Trans-acting regulatory RNAs can function to activate or repress
translation of mRNA molecules by ribosomes. Isaacs et al. (2004)
designed artificial riboregulators that regulate gene expression in
prokaryotes by trans-activating RNAs during the translation process
(Fig. 3a) (Isaacs et al., 2004). Although previous studies have focused
on achieving gene repression using antisense RNA or trans-acting
ribozymes (Wagner and Flardh, 2002); this study designed cis-
repressed and trans-activated RNA pairs to activate static gene
expression by causing an alteration in the stem-loop structure only
in the presence of trans-activating RNA molecules. Although this
system controls gene expression in a static manner, placing trans-
acting regulatory RNAs under the control of transcriptional sensors
can result in indirect dynamic control just like natural Hfq-bnding
small RNAs that gave an insight into this system (Valentin-Hansen
et al., 2004). Another approach for dynamically controlling gene
expression during the translation process employs a ligand-
controlled trans-acting riboregulator, called an antiswitch (Fig. 3b)
(Bayer and Smolke, 2005). These antiswitches were engineered to
control translation in Saccharomyces cerevisiae through a conforma-
tional change that affects the ability of the antisense portion to bind a
target region in the mRNA depending on the presence of small
molecules. Two types of antiswitches – trans-activating and trans-
repressing RNA molecules – successfully activated and repressed
mRNA translation, respectively, in the presence of their cognate small
molecules.
Fig. 3. Synthetic trans-acting regulatory RNAs. (a) Cis-repressed mRNA can specifical

interactions, a structural rearrangement that exposes the sequestered RBS to enable tr

circle) exposes the antisense domain, allowing it to interact with its mRNA target and re

molecule (yellow triangle) causes sequestration of the antisense domain, thereby acti

transcription by recruiting transcription machinery. Variable regions can be engineered

molecules. (d) The absence of antisense RNA sequesters the intrinsic terminator, allowin

intrinsic transcription terminator, causing repression of transcription. (For interpretatio

version of this article.)
Trans-acting regulatory RNAs can also function to activate or
repress transcription of DNA molecules. In eukaryotes, transcrip-
tion factors comprising DNA-binding and activating/repressing
domains first bind to specific sites on the DNA through their DNA-
binding domain, and then initiate transcription through specific
interactions with other localized proteins that are modulated by
the activating/repressing domain. Buskirk et al. (2003) used a
yeast three-hybrid system containing the HIS3/lacZ reporter
under the control of promoters with LexA binding sites and a
LexA–MS2 fusion protein that binds the RNA transcription acti-
vator to evolve RNA-based transcription activators (Fig. 3c). The
evolved RNA showed up to a 53-fold higher activation ratio than a
control system that used a Gal4 activation domain. In addition to
a trans-acting RNA activator for static control, they created an
artificial trans-acting RNA activator for dynamic control of gene
expression by fusing a small molecule-binding aptamer to the
evolved RNA and optimizing the linker region (Buskirk et al.,
2004). Using a similar approach, Kehayova and Liu (2007) evolved
a trans-acting RNA repressor with a potency comparable to that
produced by binding of Sir1, a known silencing protein, to a
promoter region. These results highlight the value of RNA mole-
cules as tools for both static and dynamic regulation of the
transcription process. Another recent study by Lucks et al.
(2011b) reported the design of orthogonal variants of a natural
antisense RNA/transcriptional attenuator pair that originated
from the Staphylococcus aureus plasmid pT181 to simultaneously
control the transcription of multiple genes in E. coli (Fig. 3d)
(Lucks et al., 2011b). Furthermore, these authors showed that
transcription attenuators could be placed in tandem on the same
transcript to perform genetic logic, and demonstrated that an
RNA-mediated transcriptional signal cascade was possible when
these attenuators were engineered to regulate the transcription of
antisense signaling RNAs.
ly interact with trans-activating RNA through subsequent RNA–RNA linear loop

anslation. (b) In the case of an ‘‘off’’ antiswitch, binding of a small molecule (red

press translation. Conversely, in the case of and ‘‘on’’ antiswitch, binding of a small

vating translation. (c) Engineered RNA-based transcription activators can initiate

to control the activation ratio and confer dynamic control over the system by small

g transcription of the downstream gene. The presence of antisense RNA exposes an

n of the references to color in this figure legend, the reader is referred to the web
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Recently published studies have further demonstrated the
potential of designing RNA-based regulatory tools to modulate
gene expression and construct higher-order biological systems.
Qi et al. (2012) demonstrated a set of design principles for
engineering naturally occurring trans-acting ncRNAs to respond
to molecular signals such as small molecules and proteins by
fusing ncRNAs to RNA aptamers, allowing the activity of ncRNAs
to be modulated in a ligand-inducible manner. They showed that
these engineered trans-acting dynamic regulators, which have
architecture similar to that of a natural riboswitch, could regulate
both transcription (pT181 ncRNA) and translation (IS10 ncRNA) in
E. coli in response to their cognate molecular signals. This
approach further expands our ability to engineer ligand-sensing
regulatory system modules for use at molecular and network
levels. Mutalik et al. (2012) rationally designed families of highly
specific and non-cross-reacting (orthogonal) trans-acting RNA
regulators of translation using sequence-activity modeling based
on experimental data. They designed antisense-mediated transla-
tion system variants based on IS10 ncRNA to quantify more than
500 interactions in E. coli, and developed a model representing the
key determinants of RNA-RNA-interaction specificity based on the
data set to design other orthogonal RNA regulators. This approach
would facilitate the use of orthogonal trans-acting RNA regulators
in next-generation synthetic biology applications, such as con-
trolling the expression of multiple genes in operons, executing
different modes of RNA computation to establish a hierarchical
order of regulation, and understanding the network architecture
of natural small RNAs and the evolutionary aspects underlying
their architectures (Benenson, 2009; Nandagopal and Elowitz,
2011; Smolke and Keasling, 2002).

As the work done by Carothers et al. (2011) that can design
cis-acting regulatory RNAs (ribozyme- or aptazyme-regulated),
the earlier work done by Beisel et al. (2008) described the
development of a method to design of ligand-regulated RNA
interference (RNAi) for programmable control of gene expression
by a combined experimental and mathematical modeling
approach. They could design trans-acting regulatory RNAs which
is a ligand-controlled small hairpin RNA (shRNA) for multi-input
control with an optimized dynamic range. Since the RNAi works
in eukaryotes, development of a predictive design method can
provide san advanced component for the construction of complex
biological systems that can facilitate the usage of RNAi in disease
therapeutics.
Table 1
Implementation of synthetic regulatory RNAs to engineer biological systems.

Application areas RNA devices Host cel

Biosynthesis application cis-regulatory RNA (TIGRs) E. coli

cis-repressed mRNA/trans-activating

RNA

E. coli

Ribozyme-based cis-regulatory RNA S. cerevis

Ribozyme-based cis-regulatory RNA S. cerevis

Environmental and agricultural

applications

cis-regulatory RNA (Riboswitch) E. coli

cis-repressed mRNA/trans-activating

RNA

E. coli

Health and medical application Ribozyme-based alternative RNA

splicing

HEK293

Protein-responsive RNA switch HeLa

Drug-responsive cis-regulatory RNA CTLL-2, p

human T

Synthetic RNA-based regulatory circuit

(classifier)

DAOY, H

MCF-7,

SH-SY5Y
3. Implementing synthetic regulatory RNAs to engineer
biological systems

3.1. Biosynthesis applications

A variety of synthetic regulatory RNA types have been imple-
mented to manipulate and optimize biological systems in bio-
synthesis applications (Table 1). As discussed above, libraries of
cis-acting synthetic regulatory RNAs (TIGRs) have been incorpo-
rated between the coding sequences of a polycistronic operon
encoding enzymes in the mevalonate pathway (Pfleger et al.,
2006). By balancing the expression levels of each gene in the
operon, the resulting engineered strain was capable of producing
mevalonate with a 7-fold higher titer than that yielded by the
wild-type strain. Recently, Collins and colleagues (Callura et al.,
2012) reported using cis-repressed mRNA/trans-activating mRNA
pairs to construct a genetic switchboard that independently
controls the expression of multiple genes. By building a metabo-
lism switchboard that regulates four metabolic genes in central
carbon metabolism, these authors successfully shunted carbon
flow in glucose-utilization pathways (Embden–Meyerhof, Entner–
Doudoroff, and pentose phosphate). These results illustrate that
synthetic regulatory RNAs can be used to construct higher-order
systems with a broad range of practical applications in biosynth-
esis including biofuels and chemicals (Nakagawa et al., 2011;
Peralta-Yahya et al., 2011).

Cis-acting dynamic controllers, such as RNA switches, have been
utilized to monitor metabolite accumulation within cells. Win and
Smolke (2007) developed a modular (that is, portably switchable
across systems) and extensible (that is, universally applicable to a
wide array of molecules) RNA-based system as a noninvasive sensor
of metabolite accumulation and controller for optimizing flux and
product yield in yeast. In this example, a xanthine-responsive,
ribozyme-based device was constructed and used to regulate a
reporter gene to monitor the conversion of xanthosine to xanthine.
Recently, Michener and Smolke (2012) utilized these kinds of con-
trollers for a high-throughput enzyme evolution system in S. cerevi-

siae. Using this system, they could quantitatively screen large enzyme
libraries of caffeine demethylase and obtain a variant whose activity
was increased 33-fold. Since various selection strategies can modify
RNA switches to recognize new small molecules, these RNA-based
screening systems can be applied to the evolution of a broad range of
enzymes and metabolic pathways.
ls Programmed behaviors Reference

Mevalonate pathway optimization Pfleger et al. (2006)

Genetic/metabolism switchboard Callura et al. (2012)

iae Noninvasive sensors for metabolite

production

Win and Smolke

(2007)

iae High-throughput enzyme evolution Michener and Smolke

(2012)

Sensing and destroying atrazine Sinha et al. (2010)

Programming kill switch Callura et al. (2010)

Cell-fate decision depending on disease

marker

Culler et al. (2010)

L7Ae-dependent apoptosis Saito et al. (2011)

rimary

CM

T-cell proliferation control Chen et al. (2010)

EK293, HeLa,

, SKBR3, T47D

miRNA profile-dependent apoptosis of

cancer cells

Xie et al. (2011)
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3.2. Environmental and agricultural applications

Environmental remediation of pollutants is a critical aspect of
sustainability. Recently, Sinha et al. (2010) designed a cis-acting
synthetic RNA device (riboswitch) that is responsive to the toxic
environmental pollutant, atrazine, and used this device to express
the cheZ gene and thereby control motility of E. coli toward
atrazine. The presence of atrazine allowed cells to move along
the pollutant gradient to its source and convert atrazine into the
less harmful product, hydroxyatrazine. This riboswitch approach
will accelerate the development of reprogrammed microorgan-
isms that can sensitively detect other environmental pollutants
and directly metabolize them into non-toxic materials. However,
a critical factor in considering the environmental release of
engineered organisms is managing microbial physiology for the
control of cellular growth. In this context, the use of cis-repressed
mRNA/trans-activating mRNA pairs can be expanded to enable
tight regulation of toxic protein expression and program a ‘‘kill
switch’’ in bacteria (Callura et al., 2010). Rewiring additional
inputs in a logic circuit that produces a cell lysis output would
provide the safety mechanism necessary to allow the controlled
release of engineered organisms into natural environments.

3.3. Health and medical applications

Health and medical applications are among the most intriguing
implementations of RNA synthetic biology, holding the promise of
new therapies for the treatment of infectious diseases and cancer
(Ruder et al., 2011). Because RNA molecules detect various small
molecules as well as proteins as part of their complex functions in
nature, designing RNA-based therapeutic system that respond to a
specific subset of such signals can lead to specific therapeutic
activities, eradication of disease phenotypes, and elimination of
diseased cells. A recent study reported the development of an RNA
control device that can regulate cell-fate decisions by detecting an
increased abundance of particular proteins and regulating the expres-
sion of a target gene through alternative RNA splicing (Culler et al.,
2010). In response to the disease-associated markers NF-kB and
b-catenin, this synthetic RNA device controls the expression of a
suicide gene encoding herpes simplex virus-thymidine kinase (HSV-
TK), which confers sensitivity to the apoptosis-inducing actions of the
pro-drug ganciclovir. Similarly, Saito et al. (2011) designed protein-
responsive RNA switches for ON/OFF translational control of two
distinct apoptosis pathways in target human cells in response to the
heterologously expressed ribosomal protein, L7Ae. Also, Chen et al.
(2010) devised a drug-responsive, ribozyme-based synthetic regula-
tory RNA linked to growth-related cytokine targets to control mouse
and human T-cell proliferation. Because a major challenge associated
with T-cell therapy is ensuring sufficient proliferation of T cells in the
host to eradicate the diseased cells, this RNA-based regulatory system
might advance cellular therapies and other applications in health and
medicine. Additionally, a scalable transcriptional/posttranscriptional
synthetic regulatory circuit, called a classifier, was developed to sense
miRNA profiles indicative of a disease state and activate cell death
(Xie et al., 2011). In this application, an engineered HeLa cancer cell
classifier selectively identified HeLa cells and triggered apoptosis
without affecting non-HeLa cell types, demonstrating the ability of a
customized classifier to selectively kill cancer cells.
4. Future directions in RNA synthetic biology

As discussed above, there has been an enormous increase in
our options for both static and dynamic control of gene expres-
sion using cis- and trans-acting synthetic regulatory RNAs. Also,
as mentioned earlier, layering control elements can modulate the
mode of action of regulatory RNAs, for example, static control by
trans-acting RNAs can be placed under the control of transcrip-
tional sensors to result in indirect dynamic control and further
increase the complexity of the constructed biological system. The
elucidation of a wide array of RNA functions has enabled us to
engineer these RNA molecules for applications in diverse biolo-
gical systems. However, significant challenges remain before
next-generation, RNA synthetic biology-based programmable
biological systems can be realized.

Enlarging the diversity of existing functional RNAs will require
high-throughput in vitro selection methods coupled to in vivo

screening/selection methods to effectively examine large
sequence spaces for novel activities. These experimental data
might, in turn, yield novel insights that provide additional design
principles. In addition, because detailed information about struc-
tures and mechanisms of these RNA-based regulators in vivo is
invaluable, further advances in high-throughput RNA structure
characterization methods such as SHAPE-Seq, which combines
selective 20-hydroxyl acylation analyzed by primer extension
(SHAPE) chemistry with multiplexed, hierarchical bar coding
and a deep sequencing strategy to characterize in vivo target
structures, would facilitate design procedures by identifying
flexible and/or rigid regions for intramolecular interaction
(Aviran et al., 2011; Lucks et al., 2011a; Tran and Disney, 2012).
Although there have been successful examples for rational design
of RNA regulators, computational models and CAD tools will be
further required to build more sophisticated systems based on
various types of orthogonal RNA devices so that an automated
system can convert the desired biological systems into DNA
sequences. When this point is reached, synthetic regulatory RNAs
can be utilized to design biological systems with novel functions
through expanded signal integration and the creation of advanced
logic gates, global regulation of many targets in response to
customizable cellular signals at the gene-network level, and
transmission of signals between networks to execute more
complicated programmed regulations. Thus, future advances in
RNA synthetic biology will expand our ability to build synthetic
biological systems for biosynthesis, environmental, agricultural,
health, and medical applications.
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