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ABSTRACT

Programmable transcription factors can enable pre-
cise control of gene expression triggered by a
chemical inducer or light. To obtain versatile trans-
gene system with combined benefits of a chemi-
cal inducer and light inducer, we created various
chimeric promoters through the assembly of dif-
ferent copies of the tet operator and Gal4 oper-
ator module, which simultaneously responded to
a tetracycline-responsive transcription factor and
a light-switchable transactivator. The activities of
these chimeric promoters can be regulated by tetra-
cycline and blue light synergistically or antagonisti-
cally. Further studies of the antagonistic genetic cir-
cuit exhibited high spatiotemporal resolution and ex-
tremely low leaky expression, which therefore could
be used to spatially and stringently control the ex-
pression of highly toxic protein Diphtheria toxin A
for light regulated gene therapy. When transferring
plasmids engineered for the gene switch-driven ex-
pression of a firefly luciferase (Fluc) into mice, the
Fluc expression levels of the treated animals directly
correlated with the tetracycline and light input pro-
gram. We suggest that dual-input genetic circuits us-
ing TET and light that serve as triggers to achieve
expression profiles may enable the design of robust
therapeutic gene circuits for gene- and cell-based
therapies.

INTRODUCTION

The development and progress in synthetic biology have
been facilitated by trigger-controlled genetic circuits capa-
ble of precisely fine-tuning the expression of transgenes, en-
abling the rational and predictable reprogramming of cells
for complex physiological activities or to interface with
complex metabolic pathways and potentially leading to
new strategies for cell-based therapies and diagnostics (1,2).
Similar to electronic circuits, cells operate as information-
processing systems that dynamically integrate and respond
to distinct input signals. Both intracellular information and
extracellular information are collected by sensors, which
communicate the input signal states into a network. This
network processes the data according to logic and arith-
metic operations, resulting in decisions that are finally ex-
ecuted by output signals. However, intrinsic noise is always
unavoidable and unpredictable for living cells, which en-
ables stochastic decision-making even if cells exposed to the
same inputs, leading to phenotypic diversification of com-
pletely identical cells (3).

Simple one-input one-output gene switches feature ro-
bust and predictable performances and have various
biotechnological and therapeutic applications; the triggers
include small chemicals (4-18), heat (19) or even light (20—
28). However, in certain cases, a single endogenous or en-
vironmental input does not provide sufficient information
to determine whether a transition should be observed in
a circuit state. In a pioneering example of the catabolic
sugar pathways of Escherichia coli, the activation of par-
ticular alternative sugar-metabolizing enzymes depends not
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only on whether an alternative sugar is present but also on
the absence of glucose (29). Therefore, multi-input cellu-
lar biosensors are essential to recognize complex conditions
under which an enhanced sensing specificity and accuracy
of the output response are necessary. However, the design
of the multi-input gene circuits is always time-consuming
and is characterized by trial and error mainly because of
the unpredictability resulting from cross talk, switchability
and diverse dynamics of each gene circuit. Several novel
bipartite transcription factors (30,31) or artificial regula-
tory networks (32-38) have been developed in mammalian
cells, whose functions were regulated by two or more dif-
ferent trigger molecules that provided novel control topolo-
gies and regulation dynamics of gene expression. Neverthe-
less, most of the developed multi-input controllers in mam-
malian cells are triggered by the same type of signals—e.g.
chemical and chemical (30-32,34-38). In recent years, sev-
eral light-switchable genetic circuits have been developed to
control diverse processes in living cells, and can serve as
a transient, non-invasive and reversible means of control
over gene expression with superb spatiotemporal resolution
(20-28). However, a multi-input genetic circuit simultane-
ously responding to a chemical inducer and light inducer,
which may have the combined benefits of chemical- and
light-induced transgene systems and can provide a novel
control topology that improves the regulation performance
and regulatory expression windows of the transgenes, has
not been developed yet.

Until now, most artificial transcription controllers are
based on a binary design concept by fusing prokary-
otic response regulators with mammalian transactiva-
tion or transrepression domains, which bind modulator-
specific operator-containing promoters in a small molecule-
adjustable manner. In the past 20 years, the most widely
used tetracycline (Tc)-responsive expression systems, fre-
quently referred to as the “Tet-On’ and “Tet-Off” systems,
consist of a bacterial repressor protein (TetR) and a trans-
activation domain. Both systems oppositely respond to the
presence of TETs (e.g. doxycycline, Dox), by either acti-
vating (Tet-On) or inactivating gene expression (Tet-Off)
(17,39). We previously developed a light-switchable trans-
gene expression system termed LightOn, which consists of
only one photoactive transactivator GAVPO. GAVPO can
homodimerize and bind to UAS¢ sequence upstream of a
minimal promoter and subsequently activate the transcrip-
tion of target genes upon blue light exposure. The LightOn
system allows good spatial, temporal and quantitative con-
trol of transgene expression in cultured cells and in mice
(26). Previous studies have shown that both the TET and
light inducers can be easily and safely introduced into liv-
ing organisms; therefore, the combination of TET and light
have enormous potential for the development of novel con-
trol topology for future gene- and cell-based therapies in
vivo.

In this study, we have pioneered synthetic versatile two-
input genetic circuits based on the synergistic or antagonis-
tic effect in a TET and blue light trigger-adjustable man-
ner, leading to a multitude of regulatory systems where reg-
ulation properties, background noise and maximal gene ex-
pression levels were highly diverse in combination with dif-
ferent chimeric promoters. The maximum induction ratios

could reach more than 1500-fold for the synergistic genetic
circuit and more than 1800-fold for the antagonistic genetic
circuit in transiently transfected cells, which can be used to
program the transgene expression level over a wide range.
The gene expression levels from both of the genetic circuits
can be quantitatively defined by modulating the Dox con-
centration and light irradiance. Further studies of the an-
tagonistic genetic circuit revealed high spatiotemporal reso-
lution and extremely low leakage, allowing spatial and strin-
gent control of toxin gene expression for safe and effective
gene therapy. When transferring the plasmids engineered
for the gene switch-driven expression of a firefly luciferase
(Fluc) into mice, the Fluc expression levels of the treated an-
imals directly correlated with the TET and light input. Fur-
thermore, gene expression in the antagonistic dual-input ge-
netic circuit can be locked in ‘OFF’ state even when cells
were illuminated with light. Thus, cells or animals being in-
vestigated do not have to be always kept in darkness before
or after gene induction, which is convenient and avoids re-
sulting in disrupted circadian behavior. On the other hand,
the synergistic genetic circuit offers the flexibility to switch
on gene expression with either Dox or light, which may be
very useful for animal studies. Taken together, such versatile
genetic circuits with the combined benefits of a chemical in-
ducer and light inducer would contribute well to synthetic
biology approaches and are expected to be of great interest
for gene- and cell-based therapies, tissue engineering and
biopharmaceutical manufacturing communities.

MATERIALS AND METHODS
DNA cloning

The construction of expression vectors is given in detail in
Table 1.

Reagents and materials

All restriction enzymes, T4 ligase and T4 polynucleotide ki-
nase were purchased from Fermentas (Thermo Scientific).
Fetal bovine serum (FBS), Opti-MEM and 0.25% trypsin-
EDTA were obtained from GIBCO. Tetracycline-screened
FBS, antibiotic-free high-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM) and 10 000 U/ml penicillin and
10 000 wg/ml streptomycin were purchased from HyClone.
Lipofectamine 2000 was purchased from Invitrogen. The
Gaussia luciferase assay kit was purchased from NEB. D-
Luciferin was purchased from Sigma-Aldrich. Human em-
bryonic kidney 293 cells (HEK293), human cervical carci-
noma cells (HeLa) and MDA-MB-468 cells were obtained
from ATCC. Four-week-old male ICR mice (=20 g body
weight) were purchased from SLRC Laboratory Animals.

Cell culture and transfection

Human embryonic kidney 293 cells (HEK293), human
cervical carcinoma cells (HeLa) and MDA-MB-468 cells
were cultivated in high-glucose DMEM (HyClone) supple-
mented with 10% fetal bovine serum (FBS) (GIBCO) and
1% of 10 000 U/ml penicillin and 10 000 pwg/ml strepto-
mycin (Hyclone) at 37°C and 5% CO,. Before transfection,
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Table 1. Plasmids designed and used in this study

Plasmid

Description

Reference or source

pTetR-VP16
prTetR-VP16
pTRE2
pTRIPz
pGAVPO
pUS5-Gluc
pUS-Fluc
pUS-hrGFP

pCDNA3.1-hrGFP
pUS-mCherry

pU3-Gluc
pU2-Gluc
pU1-Gluc
pTetR-KRAB

pT6U1-Gluc

pT6U2-Gluc

pT6U3-Gluc

pT6US-Gluc

pUST1-Gluc

pUST2-Gluc

pUS5T4-Gluc

pUST6-Gluc

p(TU);-Gluc

p(TU)»-Gluc

Constitutive transactivator tTA expression vector

Constitutive transactivator rtTA expression vector

A Tc-response plasmid containing 7xtetO sequence and CMV minimal promoter

Entiviral vector containing 6xtetO sequence

Constitutive light-switchable transactivation factor GAVPO expression vector.

A reporter vector for LigthOn system containing 5XxUASg and Elb minimal promoter driven
expression of Gluc.

A reporter vector for LigthOn system containing SxXUASg and E1b minimal promoter driven
expression of Fluc.

A reporter vector for LigthOn system containing 5XUASg and Elb minimal promoter driven
expression of hrGFP.

Constitutive hrGFP expression vector.

A reporter vector for LigthOn system containing SXUASg and E1b minimal promoter driven
expression of mCherry.

A reporter vector for LigthOn system containing 3xUASg and E1b minimal promoter.

A reporter vector for LigthOn system containing 2xUASg and E1b minimal promoter.

A reporter vector for LigthOn system containing 1XUASg and Elb minimal promoter.
Constitutive transsilencer TetR-KRAB (tTS) expression vector. TetR was PCR-amplified
from pTetR-VP16 using oligonucleotides TetR /rTetR-F (5'- cccgaattcaccatgtctagattagataaa
-3’) and TetR /rTetR-R (5'-cactgacactgctagggacccactttcacattt-3'), and then was fused to
KRAB commercially synthesized by Shanghai generay Biotech Co.,Ltd using overlap PCR.
The fused fragment was restricted with EcoRI/Sall and cloned into the corresponding sites
(EcoRI/Sall) of pTetR-VP16.

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and
1xUASG adjacent to E1b minimal promoter. 6xTetO was PCR-amplified from pTRIPz using
oligonucleotides 6xTetO-F (5'-gcectcgaggtecgaggttctagacgag-3') and
6xTetO-R(5'-gggagegetcaccatgtctagactggacaagag-3'), restricted with Xhol/Eco47I11 and
cloned into the corresponding sites (Xhol/Eco47III) of pU1-Gluc.

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and
2xUASg adjacent to E1b minimal promoter. Similar to pT6U1-Gluc, 6xTetO was inserted
into the Xhol/Eco4711I sites of pU2-Gluc.

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and
3xUASG adjacent to E1b minimal promoter. Similar to pT6U1-Gluc, 6xTetO was inserted
into the Xhol/Eco4711I sites of pU3-Gluc.

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and
5xUASg adjacent to E1b minimal promoter. 5XUASg was cut off from pUS5-Gluc by
Kpnl/Nhel digestion and inserted into the corresponding sites (EcoR1/Sall) of pT6U3-Gluc.
Tetracycline and blue light-responsive Gluc expression vector containing 1xTetO and
5xUASg adjacent to E1b minimal promoter. The oligonucleotides 1xTet-F
(5'-ctagcggctegagtttactcectatcagtgatagagaacgtatgaget-3') and
1xTet-R(5-catacgttctctatcactgatagggagtaaactcgagecg-3') were annealed, phosphorylated and
then inserted into the Nhel/Sacl sites of pU5-Gluc.

Tetracycline and blue light-responsive Gluc expression vector containing 2xTetO and
5xUASG adjacent to E1b minimal promoter. The oligonucleotides 2xTet-F (5'- ctagcggctcga
gtttactcectatcagtgatagagaacgtatgtcegagtttactcectatcagtgatagagaacgatgtegacegaget-3') and
2xTet-R (5'-
cggtegacategttctetatcactgatagggagtaaactcgacatacgttetctatcactgatagggagtaaactegageeg-3')
were annealed, phosphatized and then inserted into the Nhel/Sacl sites of pUS5-Gluc.
Tetracycline and blue light-responsive Gluc expression vector containing 4xTetO and
5xUASG adjacent to E1b minimal promoter. 2xTetO was cut off from pUS5T2-Gluc by
Xhol/Sacl double digestion and inserted into the Sall/Sacl sites of pU5T2-Gluc to generate
pUST4-Gluc.

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and
5xUASg adjacent to E1b minimal promoter. 2xTetO was cut off from pUS5T2-Gluc by
Xhol/Sacl double digestion and inserted into the Sall/Sacl sites of pUS5T4-Gluc to generate
pUS5T6-Gluc.

Tetracycline and blue light-responsive Gluc expression vector containing 1xTetO and
1xUASG (1xTU) adjacent to E1b minimal promoter. The
oligonucleotide(5'-ggtaccctgagetggatgagecgegetegagtttacteectatcagtgatagagaacgtatgteeggagt
actgtcetceggtegactategtagtccagegetacgagete-3') was commercially synthesized by Shanghai
generay Biotech Co.,Ltd and was inserted into the Kpnl/Sacl sites of pU5T2-Gluc.
Tetracycline and blue light-responsive Gluc expression vector containing 2xTU adjacent to
E1b minimal promoter. IxXTU was cut off from p(TU);-Gluc by Xhol/Sacl double digestion
and inserted into the Sall/Sacl sites of p(TU);-Gluc to generate p(TU),-Gluc.

Clontech, CA
Clontech, CA
Clontech, CA
Open Biosystems
(26)

(26)

(26)

(26)

(26)
(26)

(40)
(40)
(40)
This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work
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Table 1. Continued

Plasmid Description

Reference or source

p(TU)3-Gluc

Tetracycline and blue light-responsive Gluc expression vector containing 3xTU adjacent to

This work

E1b minimal promoter. IxXTU was cut off from p(TU);-Gluc by Xhol/Sacl double digestion
and inserted into the Sall/Sacl sites of p(TU),-Gluc to generate p(TU)3-Gluc.

p(TU)4-Glue

Tetracycline and blue light-responsive Gluc expression vector containing 3xTU adjacent to

This work

E1b minimal promoter. IxXTU was cut off from p(TU);-Gluc by Xhol/Sacl double digestion
and inserted into the Sall/Sacl sites of p(TU)3-Gluc to generate p(TU)4-Gluc.

pTRE2-Gluc
pT6U3-DTA

Gluc gene amplified from pU5-Gluc was cloned into BamHI/HindIII sites of pTRE2.
Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and

This work
This work

3xUASG adjacent to E1b minimal promoter, the reporter gene is DTA. DTA gene was
commercially synthesized by Shanghai generay Biotech Co.,Ltd and cloned into
HindIII/BamHI sites of pT6U3-Gluc to generate pT6U3-DTA.

pUS-DTA

A reporter vector for LigthOn system containing SXUASg and E1b minimal promoter driven

This work

expression of DTA. Gluc gene in pU5-Gluc was replaced by DTA by HindIII/ BamHI

digestion.
pT6U3-Fluc

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and

This work

3xUASG adjacent to E1b minimal promoter, the reporter gene is Fluc. Fluc gene was
PCR-amplified from pUS5-Fluc using oligonucleotides Fluc-F (5'-
cccaagcttcaccatggaagacgecaaaaacat-3') and Fluc-R (5'- cceggatecttacacggegatcetttecge-3'),
restricted with HindIII/BamHI and cloned into the corresponding sites (HindII1/BamHI) of

pT6U3-Gluc.
pT6U3-mCherry

Tetracycline and blue light-responsive Gluc expression vector containing 6xTetO and

This work

3xUASG adjacent to E1b minimal promoter. Gluc gene of pT6U3-Gluc was replaced by

mCherry by HindI11/BamHI digestion.

TetR, E.coli Tnl10-derived repressor of the TET resistance gene; VP16, Herpes simplexvirus-derived transactivation domain; rTetR, amino acid exchanges
in the TetR, reversing the response of the presence of the allosteric effector Dox; GAVPO, a light-switchable transcription factor consisting of DNA
binding domain of Gal4, a light-oxygen-voltage (LOV) domain—containing protein VIVID and p65 activation domain from NF-kB. GLuc, Gaussia princeps
luciferase; Fluc, Firefly luciferase. mCherry, a red fluorescent protein; KRAB, Krueppel-associated box domain of the human kox-1 gene; tTA, TET-
dependent transactivator; rtTA, TET-dependent transactivator shows reverse response to the presence of Dox relative to tTA; UASg, upstream active
sequence, an enhancer to which GAL4 specifically binds to activate gene transcription. TetO, operator sequence can be recognized and bond by tTA and
rtTA to activate gene transcription; DTA, a segment of the diphtheria toxin (tox), inhibits protein synthesis in cells; hrGFP, humanized Renilla reniformis

green fluorescent protein.

the cells were plated in high-glucose DMEM supplemented
with 10% tetracycline-screened FBS (Hyclone).

All cells were transfected using Lipofectamine 2000 (In-
vitrogen). In detail, the cells were seeded onto a 24-well plate
and cultivated overnight to be 70%-90% confluent at the
time of transfection. For each well, 0.6 wg of vector DNA
for the synergistic and antagonistic dual-input genetic cir-
cuits (0.2 wg of pGAVPO, 0.2 ng of reporter plasmid and
0.2 pg of pTetR-VP16 or prTetR-VP16 or pTetR-KRAB)
or 0.4 g of vector DNA for the LightOn system (0.2 pg
of pGAVPO and 0.2 g of reporter plasmid) or 0.4 wg of
vector DNA for the Tet-On and Tet-Off system (0.005 g
of reporter plasmid and 0.2 pg of prTetR-VP16 or pTetR-
VP16 supplemented with 0.195 wg of pCDNA3.1 empty
vector to 0.4 pg of total vector DNA, which could result in
higher on/off ratios in our experiment) and 1.2 pl of Lipo-
fectamine 2000 reagent were diluted in 50 wl of Opti-MEM
(GIBCO) and then mixed after a 5-min incubation. After
a 20-min incubation at room temperature, the DNA-lipid
complex was added to the cells. For other plate formats, the
cell number and amount of reagents were scaled up accord-
ing to the growth area.

Light irradiation and doxycycline addition

Unless indicated, the transfected cells were kept in the dark
for 8 h, and then were illuminated by 1.4 W-m~2 (average ir-
radiance) blue light from an LED lamp (460-nm peak) from
below or remained in the dark for 24 h before characteriza-
tion. The LED lamps were controlled with a timer to adjust

the overall dose of blue light illumination during the spec-
ified period. Neutral density filters were used to adjust the
light irradiance. Doxycycline (Sigma) was dissolved in water
at the concentration of 1.5 mg-ml~! and added into the cul-
ture 8 h after transfection. To spatially control gene expres-
sion in cultured mammalian cells, single layers of the en-
gineered HEK 293 cells cultured on glass-bottomed dishes
were illuminated with a spatial pattern using a photomask
printed with a specific image for 48 h.

Chemiluminescence assays

The Synergy 2 multi-mode microplate reader (BioTek) was
used to measure the chemiluminescence and fluorescence of
samples. A Gaussia luciferase assay kit was used to assay
secreted Gluc activity in cell culture supernatants accord-
ing to the manufacturer’s protocol (NEB). Ten-microliter
cell culture supernatants were transferred to each well of a
white 384-well plate (Greiner), and 10 pl of coelenterazine
solution (1 wM coelenterazine, 0.1 M Tris-HCI buffer at pH
7.4, and 0.3 M sodium ascorbate) was added. Light emis-
sion was recorded as relative light units.

Imaging

For live-cell fluorescence microscopy, images were acquired
using an S Plan Fluor ELWD 20x, 0.45 numerical aperture
(NA) objective and a digital sight camera on an Eclipse Ti
inverted microscope system (Nikon), using an FITC filter
for hrGFP. For mCherry and hrGFP imaging of cultured



cells with a spatial pattern, a Kodak In-Vivo Multispectral
System FX (Carestream Health) was used with 550-nm ex-
citation and 600-nm emission filters for mCherry and 480-
nm excitation and 535-nm emission filters for hrGFP.

Mice

All procedures involving animals were approved by the In-
stitutional Animal Care and Use Committee of Shanghai
and were conducted in accordance with the National Re-
search Council Guide for Care and Use of Laboratory An-
imals. Four-week-old male ICR mice (20 g body weight)
purchased from SLRC Laboratory Animals, were used for
some experiments. Unless otherwise mentioned, mice were
subjected to intravenous co-injection of 100 pg of pT6U3-
Fluc, 10 g of pPGAVPO and 10 pg prTetR-VP16 or 100 g
pTetR-KRAB in 2-3 ml (12% of the body weight in grams)
of Ringer’s solution (147 mM NaCl, 4 mM KCI, 1.13 mM
CaCl,) within 5-7 seconds. We removed the abdominal fur
of the injected mice using a shaver and 8% sodium sulfide.
Mice were then rested in cages with glass bottoms and illu-
minated from below using a blue LED lamp (90 mW.cm~?2)
or in the dark. Next, 50 mg/kg Dox dissolved in saline was
administered i.p. (41). Imaging of firefly luminescence was
carried out 12 h after intravenous injection of plasmids by
tail intravenous injection of D-luciferin (150 pg/g of body
weight, i.p.) under ether anesthesia (42). Images were ac-
quired using the In-Vivo Multispectral System FX system
(Kodak) 10 min after injection of D-luciferin.

Measurement of DTA-mediated protein synthesis inhibition
and cell death

The HEK?293 cells were transfected with 1.4 pg of plasmids
(0.2 pg of pPCDNA3.1-hrGFP, 0.073 pg of pGAVPO, 0.73
g of pTetR-KRAB and 0.4 pg of pT6U3-DTA or pT6U3
empty plasmid) per well in a 12-well plate, and cultured un-
der blue light irradiance with Dox or in the dark without
Dox. For the LightOn system-controlled DTA expression, 1
g of the plasmids (0.2 pg of pPCDNA3.1-hrGFP, 0.4 pg of
pGAVPO and 0.4 pg of pUS5S-DTA or pUS5 empty plasmid)
was used for the transfection, and the cells were then grown
in the dark or under blue light irradiance. The fluorescence
intensity of hrGFP was detected 48 h after transfection us-
ing fluorescence microscopy with an FITC channel. After
imaging, the cells were harvested by Trypsin-EDTA treat-
ment and washed with phosphate-buffered saline (PBS).
Fluorescence of the cells was measured using a Synergy 2
Multi-Mode Microplate Reader (BioTek) with a 485/20 ex-
citation filter and a 528/20 emission filter. To detect the cell
death caused by DTA, HEK?293 cells were transfected with
3 g of plasmids (1.82 g of pGAVPO, 0.18 pg of pTetR-
KRAB and 1 pg of pT6U3-DTA for the antagonistic dual-
input genetic circuit) and 2 pg of plasmids (1 pg pPGAVPO
and 1 pg pUS5S-DTA for the LightOn system) per well in a
6-well plate and were cultured under blue light irradiance
with Dox or in the dark without Dox for 24 h. The cells were
then plated at a density of 10* cells in each well of a 96-well
plate and were cultured for another 72 h under the previ-
ous conditions. Phase imaging was performed by fluores-
cence microscopy, and quantitative analysis of cell viability
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was conducted using Cell Counting Kit-8 (Dojindo Labora-
tories, Gaithersburg, MD) according to the manufacturer’s
protocol. The absorbance at 450 nm was determined using
a microplate reader (BioTek).

RESULTS AND DISCUSSION
Synergistic control of gene circuits by TET and light

In the TET systems, Tc responsive transactivators rtTA
or tTA bind to fetO with or without TET, respectively,
resulting in activation of transcription (17,39). Similarly,
in the LightOn system, the light-switchable transactivator
GAVPO bound to the UAS; element and activated tran-
scription under blue light (26). To make promoters that
respond simultaneously to TET and light, we assembled
different copies of the fet operator (tetO) and UASg ele-
ment upstream of the £/bh minimal promoter, using Gaus-
sia luciferase (Gluc) as a reporter. In these chimeric pro-
moters, the tetO sequence was upstream of UASq (U5Tn),
or vice versa (76 Un), or these sequences were alternated
with each other (Figure 1A). Under such a configuration,
the Tc-responsive transactivator and GAVPO can be acti-
vated by chemical and light, respectively, bind to their cog-
nate sequences, and demonstrate a synergistic dual-input
control of transgene expression. An ‘OR’ like gate is pre-
dicted for the synergistic effect based on rtTA and GAVPO
when TET or light is present as two inputs. For tTA and
GAVPO based synergistic control, illumination with blue
light or the absence of TET would initiate the transcription
of downstream genes (Figure 1B). We next tested the effects
of doxycycline (Dox, a synthetic tetracycline derivative) and
blue light on transgene activation in HEK293 cells with
transient co-transfection of a Tc-responsive transactivator
plasmid (encoding tTA or rtTA), a light-switchable trans-
activator plasmid (encoding GAVPO) and a reporter plas-
mid (encoding Gluc under the control of different chimeric
promoters). In the ‘OR’ like gate configuration, the data
showed that most combinations of chimeric promoters and
activators showed robust synergistic dual-input control of
transgene expression, with maximum induction occurring
when the cells were activated by Dox and light simulta-
neously; however, leaky expression and maximal induction
levels varied markedly (Figure 1C). For pUS5Tn reporters,
with increasing copy numbers of 7efO inserted downstream
of UAS¢ copies, Dox-triggered Gluc expression increased,
whereas light-induced Gluc expression decreased, likely due
to the increasing spacer length between the UAS and min-
imal promoter (Figure 1C). Similar results were obtained
for pT6Un, showing that Dox-triggered Gluc expression
decreased, while light-induced Gluc expression increased,
with increasing copies of UASgs in pT6Un. For p(TU)n,
both Dox- and blue light-induced transcription increased
with increasing ‘TU’ units. Among them, the 76 U3 chimeric
promoter showed the maximum range of transcription con-
trol and balanced activation by Dox and light. The maxi-
mum induction ratio could reach more than 1500-fold (Fig-
ure 1C, Supplementary Figure S1), which can be used to
program the transgene expression level over a wide range.
The tTA- and GAVPO-based synergistic dual-input gene
circuit exhibited similar results for most of the chimeric
promoters; however, the 76 U2 chimeric promoter had the
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Figure 1. Synergistic dual-input genetic circuits triggered by TET and light in mammalian cells. (A) Design of the synergistic controllers by GAVPO and
tTA or rtTA triggered by TET and blue light. Three types of promoter configurations were constructed: (i) pU5Tn (n = 1, 2, 4, 6), six copies of tetO were
placed at the 5 end of different copies of the UASg element adjacent to the E1b minimal promoter; (ii) pT6Un (n = 1, 2, 3, 5), where five copies of the
UAS element are placed at the 5’ end of different copies 7efO adjacent to the minimal promoter and (iii) p(TU)n (n = 1, 2, 3, 4), the operator region
comprises fetO alternating with UA S, and the copy number differs from one to four. The Gluc gene was used as the reporter gene and placed downstream
of the E1b minimal promoter. Expression of the light-switchable transactivator GAVPO, Tc-responsive transactivators tTA and rtTA were all driven by the
strong human cytomegalovirus (CM V) promoter. (B) Schematic representation of synergistic dual-input genetic circuits. Binding of the transactivator tTA
and rtTA to the zetO in the absence and presence of Dox, respectively, or the binding of GAVPO to the UASg upon blue light exposure would result in gene
activation. (C) Validation of the synergistic dual-input genetic circuits with different chimeric promoters. HEK293 cells were transiently co-transfected
with a Tc-responsive transactivator plasmid (encoding tTA or rtTA), a light-switchable transactivator plasmid (encoding GAVPO), and a reporter plasmid
(encoding Gluc under the control of different chimeric promoters). Gluc expression at different conditions was scored in the culture supernatant after 24
h. (D) Qualitative expression by modulating light irradiance and Dox concentration. The engineered cells were cultured at different light irradiances (0-1.4
W/m?) and Dox concentrations (0—1000 ng/ml). Gluc activity was determined after 24 h. The data in (C) and (D) were collected from three independent
experiments.



maximum induction ratio, ~300-fold, and balanced acti-
vation by the two activators instead of 76 U3 (Figure 1C,
Supplementary Figure S1). The synergistic control of gene
expression by TET and light was also observed in other
cell lines (Supplementary Figure S2). Therefore, such syn-
ergistic control of the dual-input gene circuits enable im-
proved ranges of transcription control compared with the
one-input genetic circuit (Supplementary Figure S3), and
offer the flexibility to switch on gene expression with either
Dox or light.

Previous studies have shown that the expression levels of
a transgene can be modulated by altering the Dox concen-
tration and light irradiance in the TET and LightOn sys-
tems. To determine the combined regulation characteris-
tics of the dual-input gene switch, transiently transfected
HEK?293 cells were cultured under different light irradiance
and Dox concentrations. The result indicated that the engi-
neered cells produced and secreted Gluc at levels in a light
irradiance- and Dox concentration-dependent manner, al-
lowing highly precise control of the transgene expression by
combining the Dox concentration and light irradiance (Fig-
ure 1D). Taken together, our data suggest that the syner-
gistic dual-input genetic circuit allows tunable, flexible and
qualitative control of transgene expression with improved
ranges of transcription control.

Antagonistic dual-input expression of the genetic circuit by
TET and light

In the antagonistic dual-input genetic circuit by TET and
light, the Tc-responsive activator was replaced by the Tc-
responsive transsilencer tTS (Figure 2A). tTS was obtained
by fusing the KRAB domain of the human kox-1 gene
to TetR, which can actively suppress background expres-
sion from tetO-containing minimal promoters in the ab-
sence of Dox (43). We hypothesized that the light-switchable
transactivator GAVPO binds to UAS; to activate tran-
scription under blue light illumination, whereas the bind-
ing of tTS to retO would counteract the activation of the
chimeric promoters by GAVPO in the absence of Dox.
Thus, gene expression would only occur upon blue light il-
lumination when tTS was released from rerO, demonstrat-
ing an antagonistic dual-input control by tTS and GAVPO.
An ‘AND’ like gate is predicted for the antagonistic ef-
fect when Dox and light were used as the two inputs (Fig-
ure 2B). The antagonistic efficiencies were measured for
different chimeric promoters in HEK?293 cell transiently
co-transfected with the Tc-responsive transsilencer plasmid
(encoding tTS) and light-switchable transactivator plasmid
(encoding GAVPO). The results showed that, in most of the
chimeric promoters, the binding of tTS to zetO could effi-
ciently repress the leakage under the darkness, or gene ac-
tivation when cells were illuminated by blue light. Among
these chimeric promoters, 76 U3 exhibited the most signifi-
cant antagonistic effect by tTS, as shown by the more than
10-fold reduction of Gluc expression in the absence of Dox
upon blue light exposure (Figure 2C, Supplementary Fig-
ure S4), compared with cells kept in the presence of Dox
upon light exposure. Such antagonistic effects were also ob-
served in other cell lines as well when using pT6U3-Gluc
as the reporter (Supplementary Figure S5). Further studies
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showed that the antagonistic efficiencies of tTS increased
with higher mass ratios of the tTS-encoding plasmid to
GAVPO-encoding plasmid following transfection, proba-
bly due to the high levels of transsilencer expression. The
antagonistic efficiency could reach ~30-fold when the mass
ratio increased from 1:1 to 10:1 (Figure 2D, Supplementary
Figure S6). The increased mass ratios further reduced the
leakage under the non-induced conditions (Dark Dox-), en-
abling stringently controlled transgene expression (Figure
2D).

The kinetics of the antagonistic dual-input genetic circuit
was also investigated. The engineered HEK293 cells were
cultured in the non-inducing conditions (Dark Dox+, Dark
Dox- or Light Dox-) for the first 14 h, and then were trans-
ferred to inducing conditions (Light Dox+) or kept in non-
inducing conditions as the controls. The results showed that
Gluc activities maintained at low levels in the first 14 h and
increased rapidly after transferring cells to blue light illumi-
nation with Dox addition (Figure 2E, F and G), while much
lower Gluc production was observed in the cells kept in non-
inducing conditions. We further tested the OFF kinetics of
the antagonistic dual-input genetic circuit. Gluc expression
increased significantly in the first 14 h when cells were cul-
tured in inducing conditions (Light Dox+). The cells were
then transferred to non-inducing conditions or kept in in-
ducing conditions as the control. The results demonstrated
that removal of light or Dox led to a plateau in the amount
of Gluc protein (Figure 2H). In contrast, cells always kept
in inducing conditions maintained rapid Gluc production
during the time course (Figure 2H). For the cells transferred
to darkness without Dox, tTS bound to tetO to repress
the continuous mRNA synthesis by the activated GAVPO
(half-life for the activated GAVPO was ~2 h (26)), which
further accelerated the shutdown of mRNA synthesis and
protein production. The data showed that Gluc release sig-
nificantly dropped 2 h after the system was turned OFF
(Supplemental Figure S7A and B), however the small in-
crease of Gluc level continued for another 20 h (Figure 2H,
Supplemental Figure S7A). Such a delay of OFF kinetics is
due to slow degradation of the Gluc mRNA transcript and
the time for Gluc protein to secrete out of the cells. We pre-
viously showed that OFF kinetics can be accelerated signif-
icantly by modifying the 3’ untranslated region of the Gluc
reporter gene by inserting the conserved AU-rich element
(ARE) from the gene encoding GM-CSF, which mediates
selective degradation of mRNA (26,44). Such approach can
also be applied to the dual-input genetic circuits to acceler-
ate the OFF kinetics.

Further studies showed that for the antagonistic dual-
input genetic circuit, short-term exposure of the cells to blue
light resulted in little changes of Gluc expression compar-
ing with the cells kept in the dark without Dox addition.
By contrast, the LightOn system controlling Gluc expres-
sion exhibited significant activation even under short-term
exposure to ambient light (Supplementary Figure S8).

We next tested the dose-dependent induction of Gluc pro-
duction by controlling the light irradiance and Dox concen-
tration. Our results showed that Gluc production increased
along with increased light irradiance and Dox concentra-
tion (Figure 2I). To spatially control the gene expression in
cultured cells, we illuminated the engineered HEK?293 cells
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Figure 2. Design and validation of the antagonistic dual-input genetic circuits in mammalian cells. (A) The VP16 transactivation domain of tTA was
replaced with the Krueppel-associated box domain (KRAB) of human kox-1, resulting in trans-silencer TetR-KRAB (tTS). (B) Schematic representation
of the antagonistic control triggered by TET and light. GAVPO bound to UASg to activate transgene expression upon light illumination, whereas the
binding of tTS to 7erO could counteract the activation by GAVPO in the absence of Dox. Therefore, only when tTS was released from TetO in the
presence of Dox, gene expression occurred upon light illumination. (C) Validation of the antagonistic dual-input genetic circuit with different chimeric
promoters. HEK293 cells were transiently co-transfected with a reporter plasmid (encoding Gluc under the control of different chimeric promoters), the
Te-responsive transsilencer plasmid (encoding tTS) and light-switchable transactivator plasmid (encoding GAVPO). Gluc expression at different conditions
was determined in the culture supernatant after 24 h. (D) The antagonistic efficiencies of different mass ratios of the tTS-encoding plasmid pTetR-KRAB to
the GAVPO-encoding plasmid pGAVPO. HEK 293 cells were transiently co-transfected with different ratios (w/w; 0.8 g of total DNA) of pTetR-KRAB
to pGAVPO, and Gluc activity was scored in the culture supernatant after 24 h. The data are shown as the mean + SD (n = 3). (E-G) ON kinetics of the gene
expression from the antagonistic controller. The engineered HEK 293 cells were cultured in the non-inducing conditions (Dark Dox+, Dark Dox- or Light
Dox-) for the first 14 h, and then were transferred to inducing conditions (Light Dox+) or kept in non-inducing conditions as the controls. Gluc activities
were determined at the indicated time points. (H) OFF kinetics of the gene expression from the antagonistic controller. The engineered HEK 293 cells
were cultured in inducing conditions (Light Dox+) for the first 14 h, and then were transferred to non-inducing conditions or kept in inducing conditions
as the control. Gluc activities were determined at the indicated time points. The data in (E-H) are shown as the mean + SD (n = 3). (I) Quantitative
expression by modulating the light irradiance and Dox concentration. The engineered cells were cultured at different light irradiances (0-1.4 W/m?) and
Dox concentrations (0-1000 ng/ml). The data in (C) and (I) were collected from three independent experiments. (J) Spatial control of gene expression by
the antagonistic dual-input genetic circuit. Ten hours after transfection, the engineered cells were cultured at different conditions with a spatial pattern
using a printed mask with a specific image (left panel) for 48 h before the image of mCherry fluorescence was taken (middle and right panel). The orange

circle indicated the glass bottom of the dish, where the cells were attached. Scale bar, 1 cm.

using the red fluorescent protein mCherry as the reporter
under a specific pattern. Only cells exposed to Dox and light
illumination exhibited the pattern of the original image used
as a mask (Figure 2J). Collectively, these data suggest that
the antagonistic dual-input genetic circuit provides a versa-
tile tool allowing convenient, tunable, quantitative and spa-
tial control of transgene expression.

In vivo study of the synergistic and antagonistic dual-input
expression

To assess the synergistic and antagonistic dual-input ge-
netic circuits in mice, the reporter plasmid (encoding fire-
fly luciferase (Fluc) under the control of 76U3 chimeric
promoter), pGAVPO and Tc-responsive transactivator or
transsilencer plasmid (encoding rtTA or tTS) were trans-
ferred into mice livers through a hydrodynamic procedure.
The mice were exposed to blue light illumination or kept
in darkness, with or without Dox intake, and the correlat-
ing Fluc levels in the livers were measured. Similar to the
results from the cultured cells, the synergistic effects by the
rtTA and GAVPO transactivators were observed using in
situ imaging of Fluc expression. The intake of Dox or illu-
mination with blue light could result in notable expression
of the Fluc reporter, while maximum Fluc expression was
achieved when mice were fed under blue light illumination
with Dox intake (Figure 3A and B). Fluc expression in mice
injected with tTS- and GAVPO-encoding plasmids showed
that the trans-silencer tTS could also efficiently counter-
act the activation of GAVPO under blue light irradiance
by more than 10-fold in mice. The intake of Dox enabled
the release of tTS from tetO, mitigating the antagonistic ef-
fect and resulting in Fluc expression under blue light ex-

posure (Figure 3C and D). Notably, the antagonistic dual-
input genetic circuit still exhibited extremely low leakage in
mice kept under non-inducing conditions, which showed no
significant differences with that of the control mice injected
with Ringer’s solution without any plasmids (Figure 3C and
D, Supplementary Figure S9), indicating stringent control
of transgene expression in mice. Taken together, these data
suggest that the synergistic and antagonistic dual-input ge-
netic circuits can also efficiently and stringently regulate
transgene expression in mice, providing potential applica-
tion for in vivo gene therapy.

Stringent control of toxin expression by the antagonistic dual-
input genetic circuit

Diphtheria toxin A (DTA), a segment of the diphtheria
toxin (tox), catalyzes ADP-ribosylation and inactivation of
the elongation factor 2 (eEF2), resulting in protein syn-
thesis inhibition and cell death even at extraordinary low
concentrations (45,46). DTA has been used in gene ther-
apy studies (47). As a proof-of-principle demonstration of
the potential of the antagonistic dual-input genetic circuit
for the stringent regulation of toxin gene expression for
gene therapy, the regulation and induction of the DTA gene
were examined in transient transfection assays involving co-
transfection of a reporter plasmid (encoding DTA under
the control of 76 U3 chimeric promoter), pPGAVPO, pTetR-
KRAB and an ‘indicator’ plasmid (encoding green fluores-
cent protein hrGFP under the control of the CMV pro-
moter). The rationale for the indicator plasmid is that the
degree of expression of the hrGFP gene provides a highly
sensitive means of measuring the DTA protein effective-
ness to abolish protein synthesis and cause cell death. The
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Figure 3. In vivo study of the synergistic and antagonistic dual-input genetic circuits. Mice were co-transfected with 100 g of pT6U3-Fluc, 10 pg of
pGAVPO and 10 pg of prTetR-VP16 (A) or 100 pg of pTetR-KRAB (C) via a hydrodynamic procedure. The mice were then fed in cages with glass
bottoms in darkness without (Dark Dox-) or with (Dark Dox+) Dox, or in 90 mW.cm~2 blue light irradiance without (Light Dox-) or with (Light Dox+)
Dox. Mice got injection of only Ringer’s solution without any plasmids and kept in darkness without Dox addition were used as the control. I situ imaging
of firefly luminescence was carried out 12 h after intravenous injection of plasmids by tail intravenous injection of D-luciferin (150 wg/g of body weight, i.p.)
under ether anesthesia. (B) and (D), a region of interest (ROI) was drawn around each liver location, and the number of photons/second was calculated.

The data are shown as the mean + SD (n = 3-4).

empty pT6U3 vector was used to replace pT6U3-DTA as
the negative control. The results of fluorescence microscopic
analysis showed a significantly reduced hrGFP expression
when cells were cultured under blue light irradiance with
Dox addition, whereas the hrGFP fluorescence of the cells
in the dark without Dox was almost the same with control
cells (Figure 4A and B). By contrast, the LightOn system-
controlled DTA expression exhibited more marked light-
induced inhibition of protein synthesis; however, significant
background inhibition was also observed when cells were
kept in the dark (Supplementary Figure S10A and B). Spa-
tial inhibition of protein synthesis was also achieved with
local illumination using a spatial pattern by the antagonistic
dual-input genetic circuit (Figure 4C). In contrast, we found
LightOn system had significant leak expression of DTA in
the non-inducing conditions, which resulted in marked in-
hibition of GFP expression even in the dark regions of the
culture (Supplementary Figure S10C). These data indicated
that the antagonistic dual-input genetic circuit has much
lower leakage of DTA expression under non-inducing con-
ditions compared with the LightOn system. Similar results
were obtained in the cell viability analysis, indicating that,
for the antagonistic dual-input genetic circuit, marked cell
death occurred when DTA was induced by Dox and light,
whereas cells remained viable under darkness without Dox

(Figure 4D and E). For the LightOn system, leaked expres-
sion of DTA in cells under darkness led to 40% reduction
of cell viability, while induction of DTA when the cells were
illuminated further reduced cell viability (Supplementary
Figure S10D and E). Taken together, these data demon-
strate that the antagonistic dual-input genetic circuit can be
used for extremely stringent control of therapeutic gene ex-
pression for gene- and cell-based therapies with precise spa-
tiotemporal resolution.

DISCUSSION

Continuous expansion of the gene circuits is required for
the rational design of highly complex devices that can pro-
gram and probe diverse mammalian cell behaviors. Cells
receive various cellular and environmental signals, which
are often combinatorially processed to generate specific ge-
netic responses. To date, available gene switches typically
use a single type of control input that either induces or re-
presses the gene switch and modulates the expression of a
single or set of target genes. Several bipartite transcription
factors have been developed to sense two separate small-
molecular chemical input signals and switch genes on or
off. Pioneering examples include the following: (i) synthetic
mammalian trigger-controlled bipartite transcription fac-
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Figure 4. Stringent control of toxin DTA expression by the antagonistic dual-input genetic circuit. (A) Fluorescence imaging of hrGFP expression. HEK293
cells were co-transfected with pT6U3-DTA, pGAVPO, pTetR-KRAB and pCDNA3.1-hrGFP, and cultured in the darkness without Dox, or upon blue
light exposure with Dox. An empty plasmid pT6U3 was used to replace pT6U3-DTA as the negative control. Imaging of hrGFP was conducted 48 h
after transfection by fluorescence microscopy using the FITC channel. Scale bar, 50 wm. (B) Quantitative analysis of hrGFP expression. The transfected
cells after imaging were digested with trypsin-EDTA and washed with phosphate-buffered saline (PBS). Fluorescence was determined using a Microplate
Reader (BioTek) with 485/20 excitation filter and a 528/20 emission filter. The data were normalized to the cells transfected with control vector and kept
in darkness without Dox. The data are shown as the mean & SD (n = 3). (C) Spatial control of DTA expression for local inhibition of hrGFP expression.
The engineered cells, transfected with pT6U3-DTA, pGAVPO, pTetR-KRAB and pCDNA3.1-hrGFP, were illuminated by blue light with a spatial pattern
using a printed mask with a specific image (local illumination) or with no pattern (global illumination) in the presence of Dox, or were kept in darkness
without Dox addition (Dark). The image of hrGFP fluorescence was taken 48 h after transfection. The orange circle indicated the glass bottom of the dish,
where the cells were attached. An empty plasmid pT6U3 was used to replace pT6U3-DTA as the negative control. Scale bar, 1 cm. (D) Phase imaging of
cells transfected with the pGAVPO, pTetR-KRAB and pT6U3-DTA or pT6U3 empty vector. The engineered cells were cultured in blue light irradiance
with Dox or in darkness without Dox, and then were plated with a density of 10* cells in each well of a 96-well plate after 24 h. The cells were cultured for
another 72 h, and phase imaging was performed. Scale bar, 100 wm. (E) Quantitative analysis of cell viability by CCK-8. Briefly, 10 pl of CCK-8 solution
was added to each well and incubated for 2 h at 37°C. The absorbance at 450 nm was determined using a microplate reader (BioTek). The data were
normalized to the cells transfected with control vector and kept in darkness without Dox. The data are shown as the mean &+ SD, n = 3.
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tors, which are based on artificial TetR and GntR family-
derived bipartite transcription factors, and exhibit control
dynamics reminiscent of double-pole double-throw relay
switches by TET and c-butyrolactones, phloretin, or vanil-
lic acid (30); and (ii) an antagonistic dual-input expression
device based on the CbaR-derived transactivator or trans-
silencer triggered by the food additives benzoate and vanil-
late (31). In contrast to the development of artificial regula-
tors with novel regulatory characteristics, the combination
of heterologous transcription controls in mammalian cells
may improve the regulation performance and regulatory ex-
pression window of the transgenes. Several investigations
aimed to construct artificial regulatory networks containing
multiple small-molecular chemical inputs are based on de-
veloped heterologous transcription factors. However, most
of the developed multi-input controllers in mammalian cells
are triggered by the same type of signals, while only a few
utilized two different types of triggers. Chemical- and light-
induced genetic devices have been widely used to switch
transgene expression for the study of diverse life processes;
however, a multi-input genetic circuit simultaneously reg-
ulated by a chemical and light has not been developed yet,
which may have the combined benefits of a chemical inducer
and light inducer and can provide novel control topologies
with improved regulation performance and regulatory ex-
pression windows.

In the present study, several versatile dual-input genetic
circuits triggered by tetracycline and light were constructed.
In the first synergistic dual-input genetic circuit, the bind-
ing of either GAVPO or tTA or rtTA to the operator re-
gion of chimeric promoters could efficiently induce gene
expression, which offers flexibility to switch on gene ex-
pression with either Dox or light and may be very useful
for animal studies. The maximum induction ratio reached
more than 1500-fold. The second antagonistic control im-
pact exhibits a more than 1800-fold maximum induction
ratio and high spatiotemporal resolution. Gene expression
levels from both of the genetic circuits can be quantita-
tively defined by modulating the Dox concentration and
light irradiance. The LightOn system has been well stud-
ied previously and shows relatively low leakage, and has
been used in regulating transgene expression both in cul-
tured cells and in mice. However, the developed antagonis-
tic dual-input genetic circuit exhibits much lower leakage
than the LightOn system in the non-inducing conditions,
allowing extremely stringent control of transgene expres-
sion, even with the highly toxic DTA gene, which is difficult
for other gene circuits in mammalian cells. Furthermore,
for almost all of the developed light-regulated gene expres-
sion systems, cells or animals being investigated have to be
always kept in darkness or at least avoid the exposure to
light of specific color, which is inconvenient and may result
in disrupted circadian behavior. However, gene expression
in the antagonistic dual-input genetic circuit can be locked
in ‘OFF” state even when cells were illuminated with light.
Therefore, it is not necessary to keep the samples always in
darkness before or after gene induction, which offers great
convenience for manipulating the samples and avoids dis-
rupted circadian behavior

Both fluorescent protein and luciferase were used in our
studies to report the level of gene expression. Though the

former allows single-cell analysis, the latter is more suitable
for in vivo studies. Usually, mammalian cells are transiently
transfected with plasmids, which leads to a broad range of
transgene expression (48). In contrast, stable chromosomal
integration of genetic payloads can help achieve long-term,
defined and reproducible expression of transgene. On this
end, genomic integration of synthetic circuits is still one of
the key challenges for mammalian synthetic biology. Con-
ventional integrative gene transfer methods are limited by
the consequences of random and multi-copy integration
that contribute to unstable or silenced transgene expres-
sion (49). Though Several approaches allows loci-specific
integration of exogenous DNA sequences have been devel-
oped (50-52), the choice of a suitable genomic acceptor site
for the optimal design of the transgene cassette to ensure
robust expression without perturbing nearby endogenous
transcription remains to be investigated (53). Moreover, it is
hard for stable cells to quantitative express the transcription
factors, which is directly relevant to the induction character-
istics, e.g. balanced regulation, induction ratio or leak ex-
pression in the currently developed genetic circuits, as well
as in many previously reported circuits. Therefore, though
construction of a stably-integrated cell line with appropri-
ate expression of the transcription factors is attractive, it is
quite challenging and labor-intensive. To date, the majority
of synthetic gene networks in mammalian cells are done in
transfected cells, but not stable cell lines (54).

The developed dual-input controllers offer additional ad-
vantages when used in vivo. First, tetracycline as an effector
molecule has well-established pharmacological features and
is broadly distributed in various tissues following ingestion.
Regulation of gene expression in the brain has also been
achieved by replacing tetracycline with its derivatives, such
as minocycline, which has a higher ability to penetrate the
blood-brain barrier. Second, light is an ideal inducer of gene
expression because it is easy to obtain, is highly tunable, is
non-toxic and, most importantly, has high spatiotemporal
resolution. Light-based photodynamic therapy (PDT) has
been a promising new clinical treatment of cancers. Laser
light can be directed through fiber optic cables (thin fibers
that transmit light) to deliver light to areas inside the body.
Thus, the developed dual-input controllers combining the
TET and light can also be easily and safely applied in gene
therapy in vivo.

Overall, as a new addition to the synthetic biology tool-
box, we have shown that the TET- and light-triggered dual-
input gene circuits combining the benefits of a chemical in-
ducer and light inducer have different regulation proper-
ties compared with the existing regulatory systems. Accord-
ingly, these versatile transgene systems have a significant po-
tential in the design of novel and extremely compact gene
network topologies that may foster advances in gene- and
cell-based therapies.
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