
Engineering Gene Circuits for Mammalian
Cell–Based Applications

Simon Ausländer1 and Martin Fussenegger1,2

1Department of Biosystems Science and Engineering, ETH Zurich, CH-4058 Basel, Switzerland
2Faculty of Science, University of Basel, CH-4058 Basel, Switzerland

Correspondence: fussenegger@bsse.ethz.ch

Synthetic gene switches are basic building blocks for the construction of complex gene
circuits that transform mammalian cells into useful cell-based machines for next-generation
biotechnological and biomedical applications. Ligand-responsive gene switches are cellular
sensors that are able to process specific signals to generate gene product responses. Their
involvement in complex gene circuits results in sophisticated circuit topologies that are
reminiscent of electronics and that are capable of providing engineered cells with the
ability to memorize events, oscillate protein production, and perform complex informa-
tion-processing tasks. Microencapsulated mammalian cells that are engineered with
closed-loop gene networks can be implanted into mice to sense disease-related input
signals and to process this information to produce a custom, fine-tuned therapeutic response
that rebalances animal metabolism. Progress in gene circuit design, in combination with
recent breakthroughs in genome engineering, may result in tailored engineered mammalian
cells with great potential for future cell-based therapies.

The engineering of mammalian cells holds
great promise for cell-based technologies,

such as stem cell reprogramming, biopharma-
ceutical manufacturing, and for cell-based ther-
apies and diagnostics (Weber and Fussenegger
2012). The manipulation of complex, multicel-
lular processes involving metabolic pathways,
protein secretion, and production, and cell dif-
ferentiation and development allows their pre-
cise control, improvement, and adaption and
could promote the power of engineered mam-
malian cells in future cell-based applications.
Central to synthetic biology-inspired engineer-
ing approaches are tailor-made gene controllers
that enable cells to interact and respond to spe-

cific signal inputs and that can be rewired into
programmable gene circuits to execute defined
functions (Benenson 2012; Ausländer and Fus-
senegger 2013). When integrated into mamma-
lian host cells, programmable gene circuits may
enable the temporal control of stem cell re-
programming, advance cell-based therapies by
arming autologous cells with closed-loop ther-
apeutic gene circuits, and enhance the cellular
production capacity in biopharmaceutical man-
ufacturing.

Synthetic biology exploits the vast diversity
of functional components found in the genetic
material of all life forms. Because the cellular
language of DNA, RNA, and protein is universal
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throughout all kingdoms of life, bioengineers
can exchange these biological components be-
tween organisms to provide cells with a novel,
customized function. For example, ligand-
binding sensors are engineered to modulate
diverse biological activities (Wieland and Fus-
senegger 2010; Ausländer and Fussenegger
2013), enzymes from different organisms are
coupled to produce new biomolecules (Müller
et al. 2012), and programmable DNA-binding
proteins are harnessed for gene-editing purpos-
es (Gaj et al. 2013). Moreover, we are beginning
to create synthetic components that are not
found in nature, expanding the set of appropri-
ate biological components, and equipping en-
gineered cells with special functionalities for
useful applications. Synthetic nucleotides and
amino acids are already being incorporated
into cell-produced genomes (Malyshev et al.
2014) and proteins (Mandell et al. 2015; Rovner
et al. 2015), respectively, and synthetic RNA
sensors are being used to control gene expres-
sion in living mammalian cells (Culler et al.
2010; Saito et al. 2010; Ausländer et al. 2014c).
However, the implementation of new biological
components often requires precise connection
and dosing of endogenous and synthetic com-
ponents to assemble a functional system. The
efficient engineering of mammalian cells re-
mains a challenge because bioengineers often
cannot predict the behavior of a cell on compo-
nent integration. Additionally, technical barri-
ers and an as-yet limited understanding of the
entire living mammalian cell must be overcome.

Living cells continuously sense and respond
to environmental and endogenous signals and
drive cellular programs that adapt cellular be-
havior, for example, regulate cell death, fine-
tune metabolic pathways, or differentiate into
specified cell types. Fundamental to this adapt-
ability is the dynamic regulation of gene-expres-
sion patterns. Mammalian cells use various
complex mechanisms to influence the rates of
transcription and translation of individual or
multiple genes, enabling global or local alter-
ations in cellular gene-expression patterns. Us-
ing an engineering approach, synthetic biology
aims to control gene expression in a predictable
manner by enabling bioengineers to program

engineered cells to perform specific tasks.
Central to this concept are programmable gene
switches that are able to execute the gene regu-
latory function of heterologous or endogenous
genes in a ligand-dependent manner (Benenson
2012; Ausländer and Fussenegger 2013). In
principle, these gene switches can be exploited
to execute information-processing tasks in liv-
ing cells. Sensor units measure input signals and
process the input state by rendering a defined
output, that is, the gene-expression level. To run
cellular programs that are more complex, mul-
tiple gene switches are combined to assemble
gene circuits with specified network topologies.
The design of such complex gene circuits is chal-
lenging because they must function precisely
and specifically in the complicated cellular en-
vironment without influencing essential endog-
enous processes. For example, gene circuits are
designed to improve, tune, or adapt the switch-
ing performance of target genes (Deans et al.
2007; Lapique and Benenson 2014; Prochazka
et al. 2014) or to perform specific tasks such as
biocomputing (Xie et al. 2011; Ausländer et al.
2012a) and oscillatory functions (Tigges et al.
2009), as well as recording environmental and
endogenous events in synthetic memory devices
(Burrill et al. 2012). Moreover, engineered cell–
cell communication devices enable mammalian
cells to interact and assemble synthetic multicel-
lular systems (Bacchus et al. 2012). Basic gene
switches and complex gene circuits have great
potential for biomedical applications because
they enable encapsulated, engineered cells to
sense specific input signals in the body and to
control the expression of specific outputs, that
is, proteins, to initiate a therapeutic interven-
tion (Ausländer et al. 2012b).

Here we describe a synthetic biology-in-
spired approach for engineering mammalian
cells. We cover classic and emerging design strat-
egies for synthetic gene switches and their dif-
ferent modes of action. In addition, we focus on
different blueprints for connecting basic gene
switches to build more complex gene circuits
with preset network topologies. We also intro-
duce advanced genome-engineering technolo-
gies that have the potential to revolutionize the
manipulation and regulation of gene expression
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via the incorporation of synthetic DNA-encod-
ed gene circuits. Finally, we review recent prog-
ress in cell-based applications in biomedicine
and biotechnology and provide a perspective
regarding future applications for mammalian
cell–based technologies.

GENE SWITCHES

Gene expression in mammalian cells is divided
into multiple steps and can be briefly described
as follows: Transcription factors are recruited to
regulatory sites to activate or repress the tran-
scription of target genes, thereby controlling
the production of nascent messenger RNA
(mRNA) transcripts. In the nucleus, posttran-
scriptional modifications produce a mature
mRNA molecule. A 50 cap and 30 poly(A) tail
are attached to the nascent mRNA molecule,
and introns are removed during the splicing
process. Then mRNA is exported into the cy-
toplasm and subject to translation. In this sec-
tion, we review synthetic gene switches that can
intervene and control mammalian gene expres-
sion at different levels and that can serve as basic
components for gene circuit design.

Transcriptional Gene Switches

In principle, a transcription factor consists of a
DNA-binding domain (DBD) and a transcrip-
tional modulator. When bound to the corre-
sponding DNA target sequence, transcription
factors recruit either positive or negative regu-
latory proteins, depending on the transcription-
al modulator, to either induce or repress, respec-
tively, the transcription of the target gene. The
activity of transcription factors can be regulated
by their availability at the DNA target site.
Although transcription factors with a program-
mable DBD such as transcription activator-like
effector (TALE) or zinc-finger (ZF) proteins
cannot be controlled by a ligand, others possess
ligand-responsive DBDs that modulate their af-
finity for a cognate DNA target sequence. An-
other mechanism to link signal sensing to a
transcriptional response is based on the rewir-
ing of endogenous signaling pathways that con-
trol the expression of target genes. For example,

G protein–coupled receptor (GPCR)-depen-
dent signaling pathways control the activity of
transcription factors. Ligand binding to GPCRs
induces signal transduction based on second
messenger molecules and phosphorylation cas-
cades that culminate in transcription factor
activity. The number of divergent classes of
transcription factors that have different charac-
teristics with potential advantages or disadvan-
tages for custom applications in mammalian
cells is increasing.

Prokaryotic regulator protein families are
a widespread class of sensor proteins (e.g.,
.200,000 prokaryotic regulator protein-like se-
quences have been identified) that enable cells to
adapt rapidly to environmental and metabolic
changes by controlling the transcription of tar-
get genes depending on specific input signals
(Ramos et al. 2005; Cuthbertson and Nodwell
2013). Most prokaryotic regulator proteins con-
sist of an amino-terminal DBD that recognizes a
unique DNA operator sequence and a carboxy-
terminal sensory domain (SD) that specifically
binds to a ligand molecule (Fig. 1A) (Cuthbert-
son and Nodwell 2013). Their diversity and sen-
sory capacity render these proteins attractive for
mammalian gene regulation and gene circuit
design (Wieland and Fussenegger 2012). In a
synthetic biology-inspired approach, prokary-
otic regulator-based systems can be transferred
easily into mammalian cells when DNA opera-
tor and protein sequence information and
ligand identity are known. In brief, a transcrip-
tional modulator (e.g., VP16, Krüppel-associat-
ed box [KRAB]) is fused to the transcriptional
regulator (TR) protein, and DNA operator re-
peats are attached to suitable minimal or con-
stitutive promoter sequences that drive target
gene expression (Fig. 1A). Because the ligand-
binding domain is part of the protein, the bind-
ing of the ligand to the regulator dimer leads to
the dissociation of the operator–dimer com-
plex, thus influencing gene-expression rates.
Based on this design strategy, mammalian cells
have been engineered with various synthetic sys-
tems to sense different ligand inputs (e.g., anti-
biotics, Gossen and Bujard 1992; Fussenegger
et al. 2000; Urlinger et al. 2000; Weber et al.
2002, 2003; and small molecule ligands, Ned-
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dermann et al. 2003; Weber et al. 2006, 2009;
Hartenbach et al. 2007; Gitzinger et al. 2009,
2012; Kemmer et al. 2010; Bacchus et al. 2013)
and proven to be useful tools for diverse biolog-
ical applications. Moreover, a synthetic system
that enables dual-input gene-expression control
was developed using a single engineered pro-
karyotic regulator protein fused to the transre-
pressor domain KRAB, termed KRAB–CbaR
(Xie et al. 2014). The first input, benzoic acid,
is able to induce target gene expression, whereas
the second input, vanillic acid, leads to an in-
crease in the affinity of KRAB–CbaR to the
CbaR-specific DNA operator sequence, further
enhancing target gene repression. Furthermore,
chemical- or light-inducible dimerization sys-
tems (DSs) provide a second layer of gene con-
trol, for example, interaction partner A (IPA) is
fused to the DBD of a prokaryotic regulator
protein, and the interaction partner B (IPB) is
connected to a TR, resulting in a split transcrip-
tion factor (Fig. 1B). For example, the inter-
action of Arabidopsis thaliana–derived protein
partners phytochrome-interacting factor 6
(PIF6) and phytochrome B (PhyB) can be trig-
gered and reverted in a red- and far-red-con-
trolled manner, respectively. This interaction
has been combined with the prokaryotic repres-
sor protein TetR to generate a synthetic light-
dependent gene-regulation system (Müller et
al. 2013a). The same approach was also used
in the design of ultraviolet (UV)-responsive
(Müller et al. 2013b) and fatty acid-inducible
(Rössger et al. 2013b) gene-regulation systems.
The following are characteristics of prokaryotic
regulator-based systems: (1) orthogonality to
mammalian cells, (2) high diversity of different
prokaryotic regulators that bind to various li-
gands, (3) a plasticity simplifying gene switch
design, (4) high specificity that enables the us-
age of multiple synthetic systems in single cells,
and (5) robust switching performance in mam-
malian cells.

Another widespread family of ligand-re-
sponsive gene switches is based on a family of
integral eukaryotic membrane proteins called
GPCRs (,800 members in the human genome)
(Heng et al. 2013). GPCRs detect, first, messen-
gers (extracellular signal inputs) and activate a

signaling cascade that includes the production
of second messengers to transduce information
into the cell and to modulate cellular processes
such as gene transcription (Fig. 1C). Specified
cell types in the human body use GPCRs to
respond to changes in hormone levels, metabo-
lite concentrations, and other disease-related li-
gand molecule alterations. Therefore, GPCRs
are extraordinarily suited for sensing therapeu-
tic-relevant signal molecules in the appropriate
physiological or pathological range and are of-
ten used in mammalian cell–based biomedical
applications. Many mammalian cell lines ex-
press the components required to assemble
intracellular signaling pathways, making the re-
wiring of custom GPCR sensory proteins to syn-
thetic promoters straightforward. A synthetic
GPCR-based gene-regulation system consists
of a constitutive GPCR-expression unit and a
target gene-expression unit. The latter harbors
a synthetic promoter sequence with cognate
DNA response elements (CRE, SRE, NFAT-RE)
that recruit signaling pathway-specific tran-
scription factors. Thus far, synthetic GPCR-
based gene control systems have been engineered
that respond to metabolites, hormones, and
drug ligands, including luteinizing hormone
(Kemmer et al. 2011), histamine (Ausländer
et al. 2014b), dopamine (Rössger et al. 2013a),
and guanabenz (Ye et al. 2013), in addition to
other signals, such as pH changes (Ausländer
et al. 2014a), heat (Stanley et al. 2012), and
blue light (Ye et al. 2011). The orthogonal usage
of multiple GPCRs in individual cells is impeded
if they use the same signaling pathway. However,
GPCRs can also be engineered to rewire their
signaling pathway to synthetic or alternative en-
dogenous signaling pathways or to respond to
synthetic ligands. For example, a set of GPCR-
based designer receptors activated exclusively
by designer drugs (DREADDs) have been engi-
neered to activate GPCR signaling cascades
selectively using the pharmacologically inert
molecule clozapine-N-oxide (CNO) (Urban
and Roth 2015). This tool has been used for
modulating cell type-specific GPCRs in neuro-
science (Wess et al. 2013) and for engineering a
synthetic cell motility device in mammalian cells
(Park et al. 2014). Another class of synthetic
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GPCR hybrids is based on so-called OptoXRs,
which consist of engineered intracellular loops
that are used to rewire GPCR signaling pathways,
providing spatiotemporal light-responsive acti-
vation control (Airan et al. 2009). The following
are characteristics of GPCR systems: (1) high
compatibility with mammalian cells, (2) high
diversity in sensing various disease-related li-
gands, (3) a simple gene switch design, (4) low
connectivity of multiple GPCRs, and (5) robust
switching performance in mammalian cells.

Stimulator of interferon genes (STING) is
an endogenous, intracellular sensor protein
that detects cytosolic DNA and intracellular
pathogens by binding to cyclic dinucleotides
(c-di-GMP, cGAMP). The activation of STING
initiates a signaling cascade that leads to the
nuclear translocation of interferon-regulatory
factor 3 (IRF3), a transcription factor that spe-
cifically binds IRF3 DNA response elements to
induce target gene expression. Although mam-
malian cells produce the cGAS protein, which
synthesizes cGAMP on the detection of cytosol-
ic DNA, c-di-GMP is only produced in specific
prokaryotic cells. For example, the phototrophic
bacterium Rhodobacter sphaeroides possesses a
multidomain protein consisting of a diguany-
late cyclase (DGCL) that synthesizes c-di-GMP,
a phosphodiesterase (PDE) that breaks down c-
di-GMP and a red-light sensor that controls
the cyclase activity of DGCL. The integration
of an engineered PDE-deficient variant of this
protein into mammalian cells enables the red-
light-responsive synthesis of c-di-GMP, thus re-
wiring the endogenous STING-dependent sig-
naling pathway to activate synthetic target gene
expression (Fig. 1D) (Folcher et al. 2014). This
example shows the ability of synthetic biol-
ogy-inspired concepts to enable the successful
transfer and usage of prokaryotic second mes-
senger molecules, such as c-di-GMP, in mam-
malian cells.

Because the aforementioned transcription
factors bind to defined, invariable DNA se-
quences, correct insertion in proximity to pro-
moter sequences is crucial, thus limiting their
usage to regulate endogenous genes without la-
borious genetic engineering. Recent progress in
genome engineering has produced advanced

gene-editing systems capable of targeting and
modifying any DNA sequence in the genome
(Gaj et al. 2013). These systems are based on
programmable, sequence-specific DNA-bind-
ing modules that can be equipped with non-
specific nucleases that cleave their target in prox-
imity to the DNA-binding site. The three most
popular gene-editing systems differ in their
composition and characteristics. ZF proteins
are commonly found in eukaryotes, and TALEs
are derived from plant pathogens, for example,
Xanthomonas (Gaj et al. 2013). To engineer
these proteins and to determine their specific
function, effector proteins such as nucleases or
transcriptional regulators are fused to the cus-
tomized DBD (Hsu et al. 2014). ZFs and TALEs
consist of modular amino acid repeats that rec-
ognize either three (ZFs) or one (TALE) base
pair(s) and that can be connected to one another
to bind to DNA sequences of increased lengths.
This modularity enables the engineering of
specific ZFs or TALEs that bind to pre-defined
sequences with high specificity within large ge-
nomes to execute defined functions. In contrast
to ZFs and TALEs, the clustered regulatory in-
terspaced short palindromic repeat (CRISPR)/
CRISPR-associated (Cas)-based gene-editing
system facilitates DNA recognition and binding
using RNA (Doudna and Charpentier 2014).
This system is derived from bacteria, in which
it is involved in the cellular defense mechanism
against viruses and plasmids. This system is
based on the DNA endonuclease protein Cas9
and an engineered guide RNA (gRNA) that con-
sists of two essential elements: a 20-nt-long RNA
sequence that matches the target site and a struc-
tured RNA element that binds to the Cas9 effec-
tor protein and that facilitates DNA binding and
cleavage. The recognition and binding of the
gRNA is based on Watson–Crick base pairing,
which allows for simple, predictable, and effi-
cient reengineering of the gRNA to target any
DNA sequence of interest. Moreover, the usage
of multiple gRNAs enables multiplexed applica-
tions of the CRISPR/Cas system to manipulate
distinct genomic sites simultaneously (Cong
et al. 2013). The replacement of the nuclease
domain with a transcriptional activator or re-
pressor protein allows the three gene-editing

S. Ausländer and M. Fussenegger

6 Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a023895

 on April 28, 2021 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


systems to synthesize gene controllers with the
potential ability to target any stretch of DNA
sequence in the genome and thus to regulate
the expression of any endogenous gene of in-
terest (Doudna and Charpentier 2014). These
systems, which have attracted great interest in
synthetic biology, have been used to control het-
erologous gene expression and to design logic
gates. Thus far, however, only a few options are
available that enable the linkage of these synthet-
ic gene controllers to sensor units to achieve
ligand responsiveness. One option is to use
chemical- or light-inducible DS, which consist
of two proteins that interact in a ligand- or light-
controllable manner (Fig. 1B). Coupling one of
the DS proteins to a ZF or TALE and the other to
a transcriptional regulatory protein results in
ligand- or light-regulated recruitment of the
transcriptional regulatory protein to the DNA-
bound ZF or TALE and thus control of gene
expression (Beerli et al. 2000; Polstein and Gers-
bach 2012; Konermann et al. 2013; Mercer et al.
2014). Based on the same concept, the CRISPR/
Cas9 system has been engineered with light- or
rapamycin-inducible dimerization domains en-
abling optogenetic or chemical control of RNA-
guided gene regulation, respectively (Polstein
and Gersbach 2015; Zetsche et al. 2015). The
CRISPR/Cas9 system has been further adapted
to allow for RNA-mediated recruiting of tran-
scriptional regulators to specific genomic sites.
In this adapted system, natural RNA-protein in-
teractions are exploited by fusing different pro-
tein-binding RNA motifs to specific gRNAs that
determine the genomic target locus (Zalatan
et al. 2015). Because different transcriptional
regulators can be fused to different RNA-bind-
ing proteins, simultaneous activation and re-
pression of CRISPR-based gene regulation is
possible. More recently, it has been shown that
the CRISPR/Cas9 system is a highly flexible
platform that accepts not only simple protein-
binding aptamers but also much more complex
RNA structures, such as long noncoding RNAs
(lncRNAs) or fluorescent aptamers (Shechner
et al. (2015). This powerful technology known
as CRISPR-Display enables the expression of
multiple gRNAs in single cells where each
gRNA shows a different function. This enables,

for example, the simultaneous activation and
repression of multiple endogenous genes and
at the same time the fluorescence-based visual-
ization of genomic loci, thus providing new op-
portunities for basic research as well as synthetic
biology.

Posttranscriptional Gene Switches

Transcriptional gene regulation relies on tran-
scription factors that control the production of
mRNAs and thus the amount of transcripts that
are subject to translation. An additional layer of
gene-expression control is provided by post-
transcriptional regulatory modes that fine-
tune and balance global gene expression. These
control modes act on target mRNA transcripts
and influence their stability, splicing, and trans-
lation. The versatility, modularity, and pro-
grammability of RNA render it attractive for
the synthetic biology–inspired engineering of
new functionalities (Saito and Inoue 2009; Gra-
bow and Jaeger 2014). Synthetic RNA devices
are engineered from basic RNA modules that
provide diverse functionality. Natural and syn-
thetic RNA aptamers bind to ligands with high
specificity and give RNA the ability to sense
small molecules, metabolites, and proteins (Fa-
mulok et al. 2007). Moreover, aptamers are
often able to transmit the binding state via
structural changes within the RNA molecule
itself (Wunnicke et al. 2011). This ability can
be exploited to manipulate the function of other
RNA modules (e.g., short interfering RNAs
[siRNAs] or ribozymes) in a ligand-respon-
sive manner (Wieland and Fussenegger 2010).
Endogenous gene-regulation pathways, such as
RNA interference (RNAi) and mRNA splicing,
can also be rewired and placed under the control
of synthetic regulators.

The mammalian RNAi pathway enables se-
quence-specific gene knockdown targeted by
21- to 23-nt RNA species called siRNAs (Mittal
2004). The programming of these siRNAs is
simple and enables the targeting of virtually any
mRNA sequence. Ligand-responsive ribozymes
(aptazymes) have been fused to siRNA precur-
sors to block siRNA maturation to construct
ligand-responsive siRNA-based gene switches
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in mammalian cells (Fig. 2A) (Kumar et al.
2009; Nomura et al. 2012). The addition of
the small-molecule ligand theophylline or gua-
nine induces ribozyme self-cleavage and releas-
es the respective siRNA precursor, which further
matures into a functional siRNA molecule that
can repress target gene expression. Ribozymes
are potent building blocks for the engineering
of RNA-based devices because of their efficient
self-cleavage activity, which can be exploited to
control the function of other RNA molecules.
To regulate the self-cleavage activity of ribo-
zymes by ligands, aptamers can be assembled
into ribozymes, rendering them ligand-respon-
sive molecules (Wieland et al. 2012). The inte-
gration of these engineered ribozymes into
mRNA transcripts leads to ligand-dependent
cleavage of the target mRNA and thus control
over gene expression (Win and Smolke 2007;
Ausländer et al. 2010; Nomura et al. 2012,
2013). Recently, a new design strategy for pro-
tein-responsive ribozymes and their implemen-
tation into gene circuits has been described (Fig.
2B) (Ausländer et al. 2014c). In another study, a
novel design of aptamer–siRNA fusions en-
abled siRNA-processing control in mammalian
cells (Fig. 2C) (Kashida et al. 2012). Protein-
binding RNA aptamers (e.g., U1A protein-
U1A RNA motif ) have been engineered into
siRNA precursors that can replace RNA stem
loops that are essential for siRNA processing.
Protein binding to the aptamer blocks efficient
processing and thus impedes gene knockdown.
Protein-responsive aptamers can also be inte-
grated into the 50 untranslated regions (UTRs)
of mRNAs to control translational initiation
in a protein-dependent manner (Fig. 2D) (Saito
et al. 2010). This simple approach was first
shown using the L7Ae protein-C/D box RNA
motif, which was engineered into reporter
mRNA transcripts. In subsequent studies, fur-
ther advancements have been made to tune
input–output functions and to use multiple
protein-responsive aptamers for the robust con-
trol of endogenous pathways and gene circuits
(Saito et al. 2011; Goldfless et al. 2012; Stapleton
et al. 2012; Endo et al. 2013). In a similar ap-
proach, protein-binding aptamers (MS2, p65,
p50, and b-catenin aptamers) have been intro-

duced into the proximity of splicing recognition
sites of an alternative exon element of mRNA
precursors (Fig. 2E) (Culler et al. 2010). How-
ever, the alternative splicing pattern was influ-
enced by the cognate protein ligands and varied
in terms of exon inclusion or exclusion for dif-
ferent protein ligands. Because p65 and b-cat-
enin proteins are downstream modulators from
signaling pathways, alternative splicing regula-
tion could be rewired using the cognate induc-
ers tumor necrosis factor a (TNF-a) or LTD4.
Aptamer–aptamer fusions have been developed
to control the function of an engineered, bacte-
rial repressor-based transcription factor (Fig.
2F) (Ausländer et al. 2011). The TetR-binding
aptamer is able to bind to the DBD of the TetR-
VP16 fusion protein, thereby releasing DNA
operator-bound TetR and blocking gene ex-
pression. By rational design, the TetR-binding
aptamer was fused to and placed under the con-
trol of a theophylline-binding aptamer, leading
to an RNA-based transcriptional gene-regula-
tion system.

ENGINEERING GENE CIRCUITS

Synthetic biology is an engineering discipline
that aims to find solutions for biological ques-
tions by creating and developing new biological
machines and systems that are based on biomol-
ecules and synthetic materials to perform cus-
tomized tasks. Network abstractions of other
engineering disciplines can be used to describe
synthetic biology-inspired biological systems.
For example, “circuit topology” specifies the in-
terconnection of all components in a circuit and
is commonly used in electronics. Circuit topol-
ogy can also be applied in biology to show
synthetic biological networks and to describe
input–output functions. Gene circuits with dif-
ferent topologies, such as oscillators (Tigges
et al. 2009), logic gates (Kramer et al. 2004;
Rinaudo et al. 2007; Win and Smolke 2007,
2008; Ausländer et al. 2012a, 2014a), hysteresis
(Kramer and Fussenegger 2005), band-pass
(Greber and Fussenegger 2010), time delay (We-
ber et al. 2007; Lapique and Benenson 2014),
bow-tie (Prochazka et al. 2014), and memory
devices (Burrill et al. 2012) have already been
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constructed in living mammalian cells. Because
the above-described synthetic gene switches are
able to process input information and to pro-
duce a specific output, they are well-suited
building blocks for the design of programmable
gene circuits reminiscent of electronic circuits.
In a seminal publication, Kramer et al. (2004)
described the design of various gene circuits
with two and three inputs that process a single
output reporter protein and set the basis for
programmable gene circuits. Bacterial repres-
sor-based transcriptional systems were cascaded
to imitate the input–output function of logic
gates found in electronics. Different combina-
tions of small molecule ligands controlled the
DNA binding of synthetic repressor proteins,
resulting in a specific output. Based on the
concept of programmable gene circuits, many
different biological types of engineering deci-
sion-making systems have been developed in
mammalian cells. These systems differ in their
component composition and complexity, in-
put–output identity and performance charac-
teristics. Gene circuits can also be based on the
sole application of posttranscriptional gene
switches such as engineered ligand-responsive
ribozymes (Win and Smolke 2008). However,
the combination of both transcriptional and
posttranscriptional systems promises to ad-
vance gene circuit design because it enables
gene control at both the DNA and RNA levels.
The leakiness of a gene switch could be signifi-
cantly improved by combining RNAi methods
with common transcriptional control (Deans
et al. 2007). The linkage of transcriptional and
posttranscriptional control was also applied to
design gene circuits that mimic half-adder cir-
cuits capable of performing basic arithmetic
(Ausländer et al. 2012a) and showing oscillatory
gene-expression behavior (Tigges et al. 2009) in
mammalian cells. For the design of a three-input
AND gate, an engineered protein-responsive
hammerhead ribozyme that regulates mRNA
stability was combined with a protein-respon-
sive aptamer that blocks translation (Fig. 3A)
(Ausländer et al. 2014c). Coupled to three dif-
ferent transcriptional systems, each of the three
small molecule ligands controlled the produc-
tion, the stability, or the translation of the re-

porter mRNA. This concept simplifies gene
circuit design because it enables the combina-
tion of multiple gene switches to act on individ-
ual transcripts. The eligibility of a biological
component for gene circuit design is deter-
mined by its performance, connectivity, pro-
grammability, and orthogonality. Specifically,
synthetic gene switches must function in a com-
plex cellular environment without influencing
either endogenous or other synthetic compo-
nents. In a recent publication, sets of different
building blocks were used to resemble logic
gates in mammalian cells (Fig. 3B) (Ausländer
et al. 2014a). In particular, a GPCR-based CO2/
Hþ-inducible gene-regulation system was com-
bined with bacterial repressor- and protein
dimerization–based systems to build gas-in-
ducible gene circuits. Gene circuits have also
been designed to detect siRNA states in mam-
malian cells (Rinaudo et al. 2007; Tigges et al.
2009; Leisner et al. 2010; Xie et al. 2011; Lapique
and Benenson 2014; Prochazka et al. 2014).
siRNA or miRNA target sites are integrated
into synthetic components to process siRNA in-
formation logically, enabling either the pro-
gramming of the resulting gene circuit by the
exogenous application of siRNA molecules,
the intracellular, ligand-inducible production
of siRNA ligands or endogenous miRNA spe-
cies. Gene circuit performance can be improved
with the addition of regulatory connections and
new circuit designs. Site-specific recombinases,
which have the ability to excise, flip, or invert
DNA sequences, have been established as pow-
erful building blocks for genome engineering
and transcriptional gene control in mammalian
cells (Nern et al. 2011). Site-specific recombina-
tion sites are engineered to flank genes, pro-
moters, or transcriptional blockers to influence
gene expression and to introduce regulatory
knots to decouple inputs and outputs (Lapique
and Benenson 2014; Prochazka et al. 2014).
When integrated into gene circuits in a bow-
tie topology, recombinases can act as a “knot”
to transmit the circuit’s information and thereby
improve the performance of gene circuits signif-
icantly by reducing component leakage and in-
put and output decoupling, as well as the timely
production of individual components induced
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by gene flipping (Fig. 3C) (Prochazka et al.
2014). The production of an output protein
within gene circuits is used to wire different
gene switches within the circuit or to have a
convenient readout protein for output quanti-
fication. Engineered mammalian cells harbor-
ing different gene circuits can communicate
with each other when the sender cell population

produces a signaling molecule that can be
sensed by the receiver cell population. For ex-
ample, sender cells can produce the enzyme
tryptophan synthase that converts indole into
L-tryptophan, which, in turn, can be detected
by receiver cells that measure tryptophan levels
using a transcriptional controller (Bacchus et al.
2012). The combination of this system with a
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a three-input AND gate. Mammalian cells engineered with this gene circuit can be programmed with the three
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second synthetic cell–cell communication sys-
tem based on the communication molecule ac-
etaldehyde resulted in a two-way multicellular
communication network that could temporally
program endothelial cells to form blood vessels.
Although the above-described gene circuits are
based on ligand-responsive gene switches, li-
gand-unresponsive components can also be
connected to build gene networks that can be
controlled by the presence or absence of their
components. For example, TALE- or ZF-based
transcription factors have been used to build
basic logic gates in which component-encoding
plasmids serve as input signals (Lohmueller
et al. 2012; Lienert et al. 2013).

ENGINEERING MAMMALIAN CELLS FOR
BIOMEDICAL APPLICATIONS

Reporter genes are used as output proteins for
the design and characterization of new gene
switches and circuits because they provide in-
formation regarding switching performance.
The replacement of the reporter gene with out-
put proteins that induce cell apoptosis or differ-
entiation or that have a therapeutic effect allows
for the use of gene circuit-engineered mamma-
lian cells in biomedical applications. The design
of a cell classifier circuit based on the input level
detection of different miRNA species allows for
the differentiation of different cell types (Xie
et al. 2011). TetR- and LacI-based transcription-
al regulation systems control the expression of
mRNA transcripts that sense specific miRNA
inputs and that are logically connected to pro-
duce the proapoptotic factor human Bcl-2-as-
sociated X protein (hBax). Cell death is only
induced in cancer cells that express a specific
miRNA pattern. Via a similar strategy, tran-
scription factor patterns that are present only
in cancerous cells can be detected by their cog-
nate promoter target sequences (CXCL1, SSX1,
and H2A1) to drive the expression of split tran-
scription factor units (Gal4-Coh2 and DocS-
VP16 fusion proteins) (Nissim and Bar-Ziv
2010). When both units are expressed, Coh2
and DocS heterodimerization results in up-
stream activation sequence (UAS)-binding of
Gal4 and VP16-dependent activation of the ad-

jacent promoter. The output protein thymidine
kinase type 1 derived from the Herpes simplex
virus converts the prodrug ganciclovir into a
toxic molecule that induces cell death. A thera-
peutic application of the above-described cir-
cuits would require an efficient and complete
delivery of all DNA components into a patient’s
target cells.

In contrast, therapeutic cell implants consist
of engineered mammalian cells that integrate
into the metabolic processes of an organism
such that these cells are able to produce a ther-
apeutic effector (Ausländer et al. 2012b; Weber
and Fussenegger 2012). Inert carriers such as
alginate- or cellulose-based capsules permit
the diffusion of nutrients and output molecules
while protecting the engineered cells from host
immune system attacks. Moreover, these cap-
sules serve as an interface between bodily fluids
and engineered cells and enable the detection of
disease-related input signals and the incorpora-
tion of cell-produced therapeutic effectors into
circulation. Encapsulated cells that contain li-
gand-responsive gene switches have shown the
ability to regulate the production of therapeutic
proteins in a ligand-dependent manner in mice.
Although small molecules that are not found
in an organism (e.g., antibiotics, Weber et al.
2002; and drugs, Ye et al. 2013) they must be
invasively administered, gene-control systems
based on radio waves (Stanley et al. 2012), light
(Ye et al. 2011; Folcher et al. 2014; Kim et al.
2015), food additives (Gitzinger et al. 2012;
Rössger et al. 2013b), and skin cream (Gitzinger
et al. 2009), providing more convenient, nonin-
vasive options to manipulate gene expression.
Accordingly, recent work has shown the use of a
brain–computer interface to control the illumi-
nation of red-light-emitting diodes (LEDs) to
control gene expression in living cells (Folcher
et al. 2014). These engineered mammalian cells
contain a red-light-responsive gene-expression
system that allows for the fine-tuning of target
protein production.

Human diseases often originate from an
imbalance of metabolites, hormones, or other
disease-related factors. Healthy individuals
manage this balance via specified closed-loop
circuits that are generally dysfunctional in sick
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Figure 4. Gene circuits for biomedical applications. (A) Closed-loop gene circuit designed to detect elevated uric
acid levels. Uric acid is transported by URAT1 into the cell, where it binds to the engineered uric acid sensor
mUTS. This interaction induces the transcription of the secreted enzyme mUox, leading to decreased uric acid
levels and thereby closing the gene circuit loop. (B) Closed-loop gene circuit designed to detect elevated fatty
acid levels. Fatty acids bind to the engineered fatty acid lipid-sensing receptor (LSR) and induce transcription of
the secreted hormone pramlintide, leading to decreased fatty acid levels and thereby closing the gene circuit loop.
(C) Closed-loop gene circuit designed to detect decreased blood pH levels. Protons bind to the G protein–
coupled receptor (GPCR) TDAG8, triggering a signaling pathway that induces transcription of the secreted
hormone insulin. This cascade results in restored blood pH levels, thereby closing the gene circuit loop. (D)
Closed-loop gene circuit designed to detect elevated thyroid hormone levels in Graves disease. Thyroid hor-
mones T3 and T4 are transported into the cell and bind the synthetic thyroid-sensing receptor (TSR) that
induces transcription of the engineered thyroid-stimulating hormone (TSHAntag) receptor. TSHAntag competes
with endogenous TSH receptor for thyroid hormone and autoantibody binding, thereby restoring the thyro-
trophic feedback control of the hypothalamus–pituitary–thyroid axis. (E) Antipsoriatic cytokine converter, a
closed-loop gene circuit converting the presence of proinflammatory cytokines tumor necrosis factor (TNF) and
interleukin 22 (IL22) levels to production of the antiinflammatory cytokines IL4 and IL10 with AND-gate-
expression logic. TNF activates the endogenous TNF receptor on the cell surface, and induces the NF-kB
signaling pathway. This leads to the expression of the hIL22RA, which heterodimerizes with endogenous
hIL10RB to form a functional IL22 receptor. In the presence of IL22, IL22 receptor activates the STAT3 signaling
pathway that drives the expression of the secreted, antiinflammatory cytokines mIL4 and mIL10. These cyto-
kines attenuate psoriasis-associated skin inflammations. (F) Gene circuit designed to sense blood-derived
histamine. Histamine binds to the GPCR HRH2 and triggers a signaling pathway that induces the transcription
of a reporter protein that enables the readout of allergic reactions using engineered mammalian cells. TNFR,
Tumor necrosis factor receptor; PKA, protein kinase A.
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patients. Prosthetic cell implants consist of en-
gineered mammalian cells that can sense alter-
ations in metabolite levels and, accordingly, that
can produce a therapeutic response to counter-
act the disease (input) state, thus emulating
closed-loop circuits (Ausländer et al. 2012b;
Weber and Fussenegger 2012; Ausländer and
Fussenegger 2013). Thus far, prosthetic cell im-
plants have been developed to target (1) gouty
arthritis, scoring elevated uric acid concentra-
tions and producing a secreted version of the
urate oxidase that converts uric acid to allanto-
in, thereby restoring uric acid homeostasis in
the blood (Fig. 4A) (Kemmer et al. 2010); (2)
obesity, measuring increased blood fatty acid
levels and expressing the anorectic peptide hor-
mone pramlintide, thereby reducing caloric
food intake and body weight (Fig. 4B) (Rössger
et al. 2013b); (3) diabetic ketoacidosis, sensing
reduced blood pH levels and producing the hor-
mone insulin, thereby restoring blood glucose
and pH homeostasis (Fig. 4C) (Ausländer et al.
2014a); (4) Graves disease, sensing thyroid hor-
mone levels and producing an engineered vari-
ant of the human thyroid-stimulating hormone
(TSH), thereby restoring the thyrotrophic feed-
back control of the hypothalamus–pituitary–
thyroid axis (Fig. 4D) (Saxena et al. 2016); and
(5) psoriasis, sensing proinflammatory cyto-
kines TNF as well as interleukin 22 (IL22) and
producing anti-inflammatory cytokines IL4
and IL10 only in the presence of both input
signals (AND-gate-expression logic), thereby
preventing or attenuating psoriatic flares (Fig.
4E) (Schukur et al. 2015). In response to these
disease states, specific therapeutic effectors are
produced by the engineered cell implants to
treat the respective medical condition in a
closed-loop manner.

Engineered cells are useful for both thera-
peutic and diagnostic applications because they
are able to sense disease-relevant molecules in
the physiological range. A prime example is the
design of histamine-responsive mammalian
cells that can be used to profile the histamine
levels of allergen-treated immune effector cells
in human whole blood (Fig. 4F) (Ausländer
et al. 2014b). These mammalian cells have
been engineered with the histamine-sensing

GPCR HRH2 and with a cognate synthetic re-
sponse cassette that consists of an HRH2 signal-
ing–induced promoter and a reporter gene for
simple readout. By treating human blood with a
variety of allergens and by subsequently detect-
ing immune cell–derived histamine using these
engineered cells, researchers were able to gener-
ate personalized allergy profiles of human pa-
tients.

CONCLUDING REMARKS

The design of novel, synthetic gene controllers is
of central importance in synthetic biology be-
cause they are the basic building blocks for the
construction of complex gene circuits. Artificial
gene circuits transcend the usage of mere tran-
scriptional regulators and combine RNA- and
protein-based switches to increase their com-
plexity and functionality. Using the design of
cell–cell communication systems, circuits that
are more complex are envisaged to distribute
complexity into simpler tasks that, when com-
bined, form designer cell implants capable of
autonomously sensing and treating multiple
diseases. Engineered mammalian cells have
also proven to be useful for diagnostic purposes
because of their ability to detect disease-rele-
vant molecules in the physiological range. Re-
cent advancements in genome-editing technol-
ogies may soon enable the stable integration of
multicomponent gene circuits, resulting in
next-generation engineered mammalian cells
with the potential to accelerate the transfer of
cell-based treatment strategies into clinical set-
tings.
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