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Abstract

Combinations of molecular signals such as transcription factors and microRNAs in cells are a
reliable indicator of multi-gene disorders. A system capable of detecting these conditions in-situ
may be used as a tool for diagnosis and monitoring of disease. Here, we engineer genetic circuits
that sense endogenous levels of the androgen receptor (AR), the glucocorticoid receptor (GR), and
the microRNA hsa-miR-21 (miR-21) in cervical cancer cells (HeLa). Furthermore, using the
mediator molecule human chorionic gonadotropin (hCG), we interface the intracellular
information to enzyme-linked immunosorbent assay (ELISA) test strips. We demonstrate that this
hybrid genetic circuit and test-strip interface can accommodate combinatorial, low-cost, and in-
situ reporting, a versatile profiling tool.
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1. Introduction

We report the implementation of a hybrid system engineered to detect combinations of
endogenous signals and transduce the information to an external sensor for in-situ and low-
cost reporting. The system consists of two autonomous units (sensing and reporting) that are
interfaced using a mediator protein molecule. The sensing unit is a genetic circuit that is
engineered to perform the endogenous signal sensing in live cells and conditionally produce
the mediator molecule which subsequently relays the measurement to the reporting unit. To
interface the output of the genetic circuit to the reporting unit we use a mediator that is
secreted from the cells and reacts specifically with a paper-based sensor. Specifically, the
sensing unit conditionally produces the human chorionic gonadotropin (hCG) f subunit.
hCG is a human hormone produced physiologically only when an ovum is fertilized by a
sperm. Accordingly, we adopted a variant of an ELISA-based test strip for sensing the hCG
protein.

A cell-free paper-based sensor was introduced recently (Pardee et al., 2014), a major
advance in the use of synthetic biology for diagnostics. Here, we propose a complementary
approach customized for use with human cells that, amongst other properties, bypasses any
sample preparation requirements. In sharp contrast to the current paradigm in bioanalytical
sensor engineering, where custom microfabricated devices are engineered and optimized to
detect a specific input (e.g., a protein), here the sensing is performed by the genetic circuits
invivo. A key advantage of the proposed system is that the endogenous signal sensing unit
can be reconfigured as needed and accommaodate multiple inputs. The sensing unit can be
modified merely by replacing the genetic circuit, notably permitting a range of
combinatorial information processing options (Guinn and Bleris, 2014, Benenson, 2012,
Rinaudo et al., 2007). Importantly, instead of detecting molecules of interest within a highly
complex and heterogeneous cell lysate, the reporting unit will only respond to the presence
of a predetermined agent of interest secreted by the cells. This represents a paradigm shift in
the area and could significantly diminish the specificity and selectivity issues that generally
hamper the reliability of biomolecular sensors.

Robust sensing of combinations of endogenous molecules in cells with genetic circuits is a
non-trivial task. A genetic circuit platform was introduced recently for detecting several
endogenous microRNAs (Xie et al., 2011). These engineered circuits exploit a miRNA-
mediated repression that involves the miRNA and RISC complex (miRISC) directing
endonucleolytic mMRNA cleavage, known to occur when perfect complementarity between
the miRNA target site and the miRISC group exist. On the other hand, reliable sensing of
endogenous transcription factors remains a largely unsolved problem. Results include RNA-
based (Culler et al., 2010, Kramer et al., 2005) systems that interface with a single
endogenous transcription factor.

Here, we developed molecular circuit architectures engineered to sense over-expressed
endogenous transcription factors (TFs) and microRNAs (miRNAs). Specifically, we detect
the human glucocorticoid receptor (GR), the human androgen receptor (AR), and the human
miRNA hsa-miR-21 (miR-21). We engineered genetic circuit architectures that can detect
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the endogenous TFs separately, in pairs via fan-in architectures, and in finally combinations
of TF and miRNA.

Combinations of intracellular molecular signals in cells are an excellent indicator of multi-
gene disorders, including cancers and hereditary diseases. Specifically, transcription factors
and miRNA are often misregulated simultaneously in disease states (Ribas et al., 2009).
Therefore, a system capable of detecting combinations of multiple molecular species may be
used in the future as a highly selective tool for diagnosis, prevention, and treatment
applications.

2. Methods

Cell Culture

HeLa cells were maintained at 37°C, 5% CO5 and 100% humidity. The cells were grown in
Dulbecco's modified Eagle's medium (DMEM, Life Technologies, #11965-118)
supplemented with 10% Fetal Bovine Serum (FBS, Atlanta Biologicals, #511550), 0.1 mM
MEM non-essential amino acids (Life Technologies, #11140-050), 0.045 units/mL of
Penicillin and 0.045 units/mL of Streptomycin (Penicillin-Streptomycin liquid, Life
Technologies, #15140-122). To pass the cells, the adherent culture was washed with DPBS
(Dulbecco's Phosphate-Buffered Saline, 1X with calcium and magnesium, Corning,
#21-030-CM) and then trypsinized with Trypsin-EDTA (Trypsin-EDTA (0.25%), phenol
red, Life Technologies, #25200-114) and finally diluted in fresh medium upon reaching 50—
90% confluence.

Transient Transfection

For transient transfections ~250,000 cells in 1 mL of complete medium were plated into
each well of 12-well culture treated plastic plates (Griener Bio-One, #665180) and grown
for 16-24 hours. For DNA jetPRIME transfection in 12-well plates, up to 1.85 pg of plasmid
was added to 75 pL of jetPRIME buffer and 2.4 pL jetPRIME reagent (Polyplus
transfection, #114-15). Transfection solutions were mixed and incubated at room
temperature for 10 minutes. The transfection mixture was then applied to the cells and
mixed with the medium by gentle shaking. When applicable, hydrocortisone (Alfa Aesar,
#A16292), dexamethasone (Enzo Life Sciences, #BML-EI1126-0001) and/or ponasterone A
(Enzo Life Sciences, #ALX-370-014-M005) were added immediately following
transfection.

Fluorescence Microscopy

All microscopy was performed 48 hours post transfection. The live cells were grown on 12-
well plates in the complete medium. Cells were imaged using the Olympus 1X81 microscope
and a Precision Control environmental chamber. The images were captured using a
Hamamatsu ORCA-03 Cooled monochrome digital camera. The filter sets (Chroma) are as
follows: ET436/20x (excitation) and ET480/40 m (emission) for TagCFP, and ET560/40x
(excitation) and ET630/75 m (emission) for mKate2. Data collection and processing was
performed in software package Slidebook 5.0. All images within a given experimental set
were collected with the same exposure times and underwent identical processing.
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Flow Cytometry

3. Results

48 hours post transfection cells from each well of the 12-well plates were washed with 1.0
mL of DPBS and then trypsinized with 0.3 mL 0.25% Trypsin-EDTA at 37°C for 5 minutes.
Trypsin-EDTA was then neutralized by adding 0.7 mL of complete medium. The cell
suspension was centrifuged at 1,000 rpm for 5 minutes and after removal of supernatants,
the cell pellets were resuspended in 0.5 mL DPBS. The cells were analyzed on a BD
LSRFortessa flow analyzer. TagCFP was measured with a 445-nm laser and a 470/20 band-
pass filter, and mKate2 with a 561-nm laser, 600 emission filter and 610/20 band-pass filter.
For all experiments ~50,000-100,000 events were collected. All wells within a given
experimental set had the same number of events collected with the same voltages and
underwent identical processing.

The flow cytometry data was processed using FlowJo. A FSC (forward scatter)/SSC (side
scatter) gate was generated using an untransfected negative sample with the magnetic gate
function in FlowJo and applied to all cell samples. To quantify the response of the sensors
within this work, we utilized the integrated mean fluorescence intensity (iMFI) as the
sample metric of choice, which is a weighted fluorescence intensity (Guinn and Bleris,
2014, Auslander et al., 2012). We set a fluorescence gate above the negative control
(untransfected) sample, calculated the mean fluorescence above the fluorescence gate, and
multiplied the mean by the frequency of cells within the fluorescence gate (cells above the
fluorescence gate divided by the total cells in the FSC/SSC gate).

The endogenous TFs of interest, AR and GR, are both widely studied mammalian proteins
that are misregulated in a variety of human disorders, and have been attributed to the
etiology of several diseases (Dehm and Tindall, 2007, Pace et al., 2007, Webster et al., 2001,
Sousa et al., 2000). Additionally, miR-21 is misregulated in a wide range of human
pathologies (Slaby et al., 2008, Talotta et al., 2008). AR is the mediator for androgens and is
known to be involved in prostate cancer; it is therefore a target of therapeutics (Libermann
and Zerbini, 2006, Darnell, 2002). GR is the mediator for glucocorticoids, which are
involved in many functions including development, metabolism and immune response (Lu
et al., 2006, Rhen and Cidlowski, 2005). AR and GR are members of the nuclear receptor
subfamily 3, group C. These receptors are localized in the cytoplasm with chaperone
proteins until they are bound by a steroid hormone. This ligand binding causes a
conformation change in the receptor, allowing dimerization and translocation into the
nucleus (Tsai and O'Malley, 1994). Once in the nucleus they regulate target gene
transcription by binding to hormone response elements and recruiting coregulators along
with the transcriptional machinery (Tsai and O'Malley, 1994).

We engineered an AR sensor by inserting two repeats of an androgen response element
(ARE) in front of a minimal CMV (minCMV) promoter both upstream of the fluorescent
reporter protein TagCFP (Figure 1a). In a similar manner, the GR sensor consists of four
repeats of the glucocorticoid response element (GRE) in front of a minCMV promoter both
upstream of the fluorescent reporter protein TagCFP (Figure 1b). After sensor construction,
we performed a titration of the ligands hydrocortisone and dexamethasone (both of which
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can act as AR and GR agonists) to induce AR or GR activity in HeLa cells and measured the
TagCFP reporter concentrations.

HeLa cells were plated on a 12-well plate, transfected with the sensors 24 hours later,
induced immediately post-transfection with hydrocortisone or dexamethasone, and were
grown an additional 48 hours, concluding with circuit characterization via fluorescence
microscopy and flow cytometry (Supplementary Experimental Table). We performed a
titration for both hydrocortisone and dexamethasone (0-100uM), to gauge optimal ligand
concentrations for AR or GR induction. We observed maximal TagCFP fluorescence
between 100nM-10uM dexamethasone for both the AR and GR sensors (Figure 1c-f).
Additionally, we observed non-basal fluorescence signal beginning at 20nM hydrocortisone
and 1nM dexamethasone for both the AR and GR sensors. We observe higher TagCFP
fluorescence when the cells were induced with dexamethasone compared to hydrocortisone
at all concentrations tested (Figure 1). Live cell and fluorescence gating as well as all values
of ligand titration for both the AR and GR sensors (for hydrocortisone and dexamethasone)
are shown in Supplementary Figures 1-4.

After validation of the AR and GR sensors, we coupled the AR sensor with an endogenous
miRNA. miRNAs are a class of short, 17-22 nt, noncoding RNAs that play roles in
regulating the expression of genes involved in various functions by binding to sequences in
an expressed messenger RNA (mRNA), resulting in decreased protein expression. miRNAs
have been shown to control the activity of nearly 30% of all protein-coding genes and
appear to play a regulatory role in nearly every cellular process (Baek et al., 2008, Tang et
al., 2008, Bartel, 2004, He and Hannon, 2004). Studies over the past decade have
demonstrated that differential expression of miRNAs in a given cell type play an important
role in the pathogenesis of various cancers (Du and Pertsemlidis, 2010, Pang et al., 2010,
Garzon et al., 2009). We selected hsamiR-21 (miR-21), which is upregulated in multiple
cancer types and was shown to be activated by AR in prostate cancer (Jazbutyte and Thum,
2010, Ribas et al., 2009).

Our sensors for endogenous miRNA use four fully complementary target sites located in the
3'UTR of a target protein (Xie et al., 2011). As illustrated in Figure 2a, the miR-21 target
sequence was incorporated into the 3'UTR of a transcriptional activator-like effector (TALE)
repressor gene, which in turn inhibits the reporter protein tagCFP. TALEs are DNA binding
proteins from the pathogenic plant bacteria, Xanthomonas, which can be engineered to
function in mammalian cells as transcription factors (Li et al., 2014, Moore et al., 2014,
Lienert et al., 2013, Li et al., 2012). Accordingly, increased levels of miR-21 will relieve the
TALE based repression of tagCFP. We observe that adding a TALE repressor module
without the microRNA targets, decreases the expression of the sensor in the ON state
(Figure 2b-c). When we add the TALE with the miRNA targets we partially recover the
system original ON state (Figure 2b-c). For the TF and miRNA combined sensing, we
found optimal expression of the system with hydrocortisone at a concentration of 100 nM.

We next engineered sensors that interface the two transcription factors. The first fan-in
circuit produces the mKate2 output signal only when both TFs are active. The second fan-in
circuit produces the output only when both TFs are absent. The fan-in AND circuit utilizes
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the Rheo system which consists of a heterodimer pair, the RheoActivator (RheoA) and the
RheoReceptor (RheoR) (New England Biolabs), which binds to the Gal4 enhancer and
activates transcription in the presence of a small molecule, ponasterone A (Kumar et al.,
2002). The first plasmid contains the ARE in front of the minCMV promoter, and
transcribes RheoA in response to AR. The second plasmid contains the GRE in front of the
minCMYV promoter, and transcribes RheoR in response to GR. The third plasmid contains
five copies of the Gal4 enhancer in front of the minCMV promoter, and transcribes the
fluorescent reporter protein mKate2 in response to the Rheo dimer (Figure 3a). This
architecture produces mKate2 fluorescence only when RheoA and RheoR are produced and
dimerize in the presence of Ponasterone A (Figure 3a). We induced the system with 5uM
hydrocortisone and 10uM ponasterone. All possible states of this sensor are shown in
Supplementary Figure 5.

Qualitative analysis using fluorescence microscopy shows mKate2 fluorescence only when
the fan-in AND sensor plasmids are used and induced with both hydrocortisone and
ponasterone A (Figure 3b). Analyzing the system quantitatively using flow cytometry
confirms the microscopy measurements (Figure 3c). We observe high mKate2 signal with
the fan-in AND sensor plasmids and both hydrocortisone and ponasterone A, and basal level
mKate2 signal in all other cases (Supplementary Figure 5).

The fan-in NOR circuit produces a TagCFP output signal when both AR and GR are absent.
The fan-in NOR sensor architecture makes use of the synthetic miRNA-FF4 (Kashyap et al.,
2013, Bleris et al., 2011, Leisner et al., 2010). The first plasmid contains the ARE minCMV
promoter controlling the transcription of the synthetic miRNA-FF4 after the neomycin
resistance gene. The second plasmid contains the GRE minCMV promoter controlling the
transcription of the synthetic mMiRNA-FF4 (Figure 3d). The third plasmid contains the UbC
promoter, which constitutively transcribes the fluorescent protein TagCFP which has three
perfectly complementary miRNA-FF4 target sites in its 3’ untranslated region (Guinn and
Bleris, 2014). This architecture only produces TagCFP fluorescence when miRNA-FF4 is
absent, which occurs when AR and GR are absent or at low levels within the nucleus. We
induced the system with 1uM dexamethasone.

Fluorescence microscopy and flow cytometry show that the AR and GR are able to repress
the output as single inputs or combined in the fan-in architecture (Figure 3e-f). In agreement
with Figures 1 and Supplementary Figures 1-4, which show that the AR effect is higher
than GR's effect on the sensors, we observe that AR is able to suppress 60% of the OFF state
while the GR is able to suppress approximately 35%. The cumulative effect of both AR and
GR shows a combined inhibition of approximately 65%. The optimization data and control
states of the system are shown in Supplementary Figure 6.

Lastly, we established the interface between the output of the genetic circuits and a
colorimetric reporter. We selected ELISA-based test strips used for detecting the pregnancy
marker, human chorionic gonadotropin. Physiologically, the hCG protein complex consists
of two subunits, a and B, but the B subunit is the molecular marker that leads to a positive or
negative test result on the test strip. Receiving two bands on the test strip (the control band
which is the top band and the test band which is the bottom band) indicates that hCGp is
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present in the sample while one band on the test strip (the control band only) indicates that
hCGp is absent (Figure 4a).

In principle, the reporting unit can be replaced with any desired biosensing modality (Zhou
etal., 2014). For example, using a functionalized sensor with a biotin surface (Duan et al.,
2012) would allow streptavidin to be used as the mediator molecule produced by the genetic
circuits. A simple modification on the mediator molecule (e.g. introducing the BM40 signal
peptide) will result to secretion of the selected protein. In our case, the mediator molecule
hCGSB, is excreted from the cell naturally. We envision high-throughput implementations
where live cells are introduced in a device together with the transfection reagents that carry
genetic circuits (Figure 4a). The delivered DNA will begin expressing the active
components which will interact with the intracellular milieu and respond by releasing only
when necessary, an agent that reacts with the selected functionalized reporting device.

Accordingly, we replaced the fluorescent reporters of our sensors with hCGp, allowing
colorimetric detection of the output. To validate the sensors, approximately HeLa cells were
plated on a culture dish, transfected 24 hours later, induced immediately post-transfection
with 1uM dexamethasone, and were grown an additional 72 hours. At 72 hours post-
transfection and induction, we immersed a test strip in the media and quantified the bands 10
minutes later.

As shown in the first panel of Figure 4b we first test the AR sensor. The first three test
strips are triplicate measurements of the AR sensor transfected, in the absence of
dexamethasone. There is a single band which is the control band produced when a sample is
added. The second set of test strips is the AR sensor transfected in the presence of
dexamethasone. This induces the AR to translocate to the nucleus, activate the AR sensor to
produce hCGp, which subsequently is exported in the media. In this case, we obtain two
bands for each strip; the control band and test band. The bottom bands are only present when
the marker of interest is present in the sample. This same set-up was performed for the GR
sensor shown in the next two sets of tests strips, showing proper signal production in the
case of active TFs. Lastly, we coupled both the AR and GR sensor into a fan-in OR gate.
Again as with the two sensors separately, we obtain only the control bands only when the
TFs are inactive and both control and test bands when the TFs are active.

Finally, we quantified the test-strip bands using ImageJ (Figure 4c-d, Supplementary
Figure 6 & 7). The histograms correspond to the relative intensity of the triplicate test strips
bands of Figure 4b. The orange bands are the AR sensor, the green bands are the GR
sensor, and the purple bands are the fan-in OR gate sensor. Comparing the test bands among
the AR sensor, the GR sensor, and the fan-in OR gate, we show between 45 and 77 fold
change for the ON-OFF states, with the strongest band observed when both AR and GR
sensors were introduced into the cells as an AR and GR fan-in OR logic gate (Figure 4b-d).

4. Conclusion

Here, we present a novel hybrid system engineered to detect combinations of intracellular
signals and transduce the information to a paper-based sensor for in-situ colorimetric
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reporting. We detect combinations of over-expressed endogenous transcription factors and a
miRNA. We demonstrate that TFs that translocate to the nucleus in response to signaling
mechanisms are excellent candidates for interfacing with genetic sensors. Additionally, we
show for the first time a coupling of endogenous TFs and miRNAs at the sensor that may
provide superior specificity for cellular classification.

In contrast to the current paradigm in biosensor engineering, where custom fabricated
devices are engineered and optimized to detect a specific input, here we propose a hybrid
system where the sensing is performed by reconfigurable genetic circuits. The following
properties differentiate it from available bioanalytical sensor and profiling platforms: (a) It is
low-cost, (b) there is no need for preprocessing (e.g., RNA extraction), (c) it has the capacity
to perform medium-sized profiling, and finally (d) it can report on combinations of
intracellular signals.

Looking ahead, there are several challenges and opportunities for this family of hybrid
biosensors. Firstly, the circuit components can be updated and optimized depending on the
sensing application and desired specifications. For example, here we utilized the Rheo
switch system, which requires ponasterone A, because it is well-characterized
heterodimerization system. To eliminate the ponasterone A requirement, instead of using the
Rheo system, a dimerization domain could be added to a split TALE, with one side having
the DNA binding domain and the other the activation domain (Truong et al., 2015, Reinke et
al., 2010). Secondly, the delay in detecting hCGp remains a limitation for in-situ sensing
applications. We predict that the time duration needed for signal detection can be
significantly reduced through circuit as well as assay modifications. For example, increasing
the number of response elements within the circuit could increase the recruitment of the
transcription factors to the sensor and increase the sensitivity to the endogenous inputs.
Custom genetic architectures can be incorporated to accelerate the response time of the
circuit (e.g. negative feedback (Shimoga et al., 2013, Rosenfeld et al., 2002)). Finally,
another option for increasing the sensitivity could be adopting commercially available
ELISA amplification methods or alternative reporters (Luk et al., 2009).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hydrocortisone and dexamethasone titration of the AR and GR sensor
(a) Genetic architecture of the AR fluorescent sensor. (b) Genetic architecture of the GR

fluorescent sensor. (¢) TagCFP iMFI of the AR sensor at different dexamethasone (yellow
bars) and hydrocortisone (gray bars) concentrations. Error bars show standard deviation of a
triplicate experiment. (d) TagCFP iMFI of the GR sensor at different dexamethasone
(yellow bars) and hydrocortisone (gray bars) concentrations. Error bars show standard
deviation of a triplicate experiment. (e) Flow cytometry scatter plots (forward scatter versus
TagCFP) and fluorescence microscopy showing the low and high concentration of
hydrocortisone (HC) and dexamethasone (Dex) on the AR sensor. The gray dots represent
the untransfected (control) well, and the blue dots are the transfected cells. (f) Flow
cytometry scatter plots (forward scatter versus TagCFP) and fluorescence microscopy
showing the low and high concentration of hydrocortisone (HC) and dexamethasone (Dex)
on the GR sensor. The gray dots represent the untransfected (control) well, and the blue dots
are the transfected cells.
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Figure 2. TF and miRNA coupled sensor
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(a) Biological schematic and genetic architecture of the AR sensor, the AR sensor with
TALE module, and the AR sensor with TALE module and miRNA module. The AR sensor
is targeted for repression by the TALE module, which is in turn regulated by the endogenous
miR-21 (the miRNA module). (b) Histograms of HeLa cells transfected with the AR sensor
and additional modules. The red population is the AR sensor alone, the green population is
the AR sensor with the TALE module, and the blue population is the AR sensor with the
TALE and miRNA module. (c) Fluorescence microscopy of the AR sensor alone and with
the different modules and bar graph showing TagCFP iMFI calculated from the flow
cytometry data. Error bars show standard deviation of a triplicate experiment.
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Figure 3. Fan-In Architectures
(a) Biological schematic and genetic architecture of the fan-in AND gene circuit. (b)

Fluorescence microscopy and histograms (flow cytometry) of the fan-in AND gene circuit
under different induction states. (¢c) mKate2 iMFI fold change for the fan-in AND gene
circuit under different induction states. (d-f) Same as a-c for the fan-in NOR gene circuit.
HC: induced with hydrocortisone; PonA: induced with ponasterone A. Dex: induced with
dexamethasone. Error bars show standard deviation of a triplicate experiment.
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Figure 4. Interface with ELISA test strips
(a) Example of the proposed system in a multi-well implementation, biological schematic

and genetic architecture of hCG system. (b) Experimental schematic of the AR, GR and fan-
in OR gene circuit interfaced with commercially available ELISA test strips. Images of the
ELISA test strips used for the measurements. (c) Histograms of the signal intensity obtained
from test strips. (d) Fold change of the test peak between induced and uninduced states of

the OR gene circuit.
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