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Mapping the operational landscape of microRNAs in synthetic

gene circuits

Tyler Quarton'?, Kristina Ehrhardt'?, James Lee?, Srijaa Kannan®, Yi Li"2, Lan Ma' and Leonidas Bleris'*>

MicroRNAs are a class of short, noncoding RNAs that are ubiquitous modulators of gene expression, with roles in development,
homeostasis, and disease. Engineered microRNAs are now frequently used as regulatory modules in synthetic biology. Moreover,
synthetic gene circuits equipped with engineered microRNA targets with perfect complementarity to endogenous microRNAs
establish an interface with the endogenous milieu at the single-cell level. The function of engineered microRNAs and sensor
systems is typically optimized through extensive trial-and-error. Here, using a combination of synthetic biology experimentation in
human embryonic kidney cells and quantitative analysis, we investigate the relationship between input genetic template
abundance, microRNA concentration, and output under microRNA control. We provide a framework that employs the complete
operational landscape of a synthetic gene circuit and enables the stepwise development of mathematical models. We derive a
phenomenological model that recapitulates experimentally observed nonlinearities and contains features that provide insight into
the microRNA function at various abundances. Our work facilitates the characterization and engineering of multi-component
genetic circuits and specifically points to new insights on the operation of microRNAs as mediators of endogenous information and

regulators of gene expression in synthetic biology.

npj Systems Biology and Applications (2018)4:6; doi:10.1038/s41540-017-0043-y

INTRODUCTION

MicroRNAs (miRNAs) are endogenously expressed in animals,
plants, and viruses and regulate the expression of nearly 30% of all
protein-coding genes.? The means by which miRNA mediate
protein synthesis primarily depends on the degree of comple-
mentarity between the seed sequence of the miRNA and its target,
located in messenger RNAs (mRNAs).>* Once processed, a mature
miRNA embedded within an RNA-induced silencing complex
(RISC) guides the complex to a mRNA and binds to its
corresponding target through Watson—Crick base pairing.” In the
case of perfect or near perfect complementarity as observed in
plants, the endonucleolytic activity of an Argonaute protein
residing within the RISC complex initiates resulting in the cleavage
of the mRNA transcript through the RNA interference (RNAI)
pathway.®” In animals, the vast majority of miRNA-guided RISC
complexes bind to partially complementary mRNA target
sequences. This partial complementarity still causes mRNA
destruction through a variety of means including the blocking
of translation initiation, recruitment of translation blockers, the
deadenylation of the 3’ untranslated region, and/or the decapping
of the 5’ untranslated region.® Quantitative proteomic profiling in
human cells reinforced the view that the majority of all miRNA-
based protein regulation in mammals was due to mRNA
destabilization? whereas only 11-16% of miRNA-based regulation
was shown to be caused by ribosomal translational efficiencies.®

Gene networks have evolved to be able to exploit their
stochastic environment to their operational advantage'' where
miRNA are thought to have important role in conferring
robustness to endogenous processes.'? Mathematical models that

probe the properties of miRNA regulation have unveiled a
collection of nuanced regulatory effects.'>™'* Experimentally, gene
circuits equipped with endogenous miRNA sensors demonstrate
that both perfectly and partially complementary miRNAs reduce
noise for low expression genes, but increased noise for high
expression genes.'® Regulatory miRNA-based feedforward and
feedback loops, frequently observed motifs in mammalian cells,'”
are shown to provide genetic template adaptation,'® dosage
compensation,'® and noise buffering®>?' properties. In addition to
the more subtle aforementioned network regulatory effects,
miRNA that participate in positive feedback loops have been
show to directly control the p53-MDM2 core®? and state switching
between epithelial and mesenchymal states in metastasis.>* At an
additional layer of complexity, the network of miRNAs and their
target mRNAs allows for cross-regulation between different
endogenous mRNAs by sequestering the shared miRNAs. These
sequestering properties are largely determined by the relative
abundance and the binding strength of miRNA and mRNAs.**
The adoption of RNAi in synthetic biology led to significant
advancements in gene circuit functionality.>>*® Specifically,
engineered synthetic miRNAs are frequently used as regulators
in gene circuits.’** Additionally, gene circuits equipped with
passive miRNA sensing elements establish an interface between a
computing system and endogenous miRNAs. The first demonstra-
tion of an interface between siRNAs and engineered RNAI targets
established a universal logic evaluator capable of computing
conjunctive and disjunctive normal form expressions with up to
five input variables* Subsequently, endogenous miRNAs were
used as inputs in complex sensor/computation architectures that
differentiate between cancer and healthy cells**> A molecular
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Circuit architecture and function. a Biological schematic of the miRNA repression circuit. The CFP fluorescent protein is constitutively

produced and is used to quantify the plasmid copy number. The synthetic miRNA-FF4 is produced in response to Dox and is quantified by
mKate2 fluorescence. The miRNA-FF4 represses the mRNA of the output fluorescent protein, YFP. b Functional graph representation of the
circuit. Each observed fluorescent quantity is assumed to be a function of the underlying activity of the circuit elements. ¢ Visual
representation of function-dependent output space of circuit. The green and red surfaces represent the expected output space of the circuit

in the absence and presence of miRNA regulation, respectively

diagnostics circuit was engineered to sense both endogenous
miRNA and transcription factor abundances and perform logic
operations.2® There are a number of recent papers that explore a
combination of theoretical and experimental avenues to optimize
design parameters for genetic circuits operating in cells.333774°

As a general observation, the relative abundance of miRNA and
their associated target mMRNA markedly impacts protein repression
and genetic circuit functionality. Here, we shed new light on the
relationship between input genetic template abundance, miRNA
concentration, and output under miRNA control. We use the
complete operational landscape of a synthetic gene circuit and we
derive a phenomenological model that provides insight into the
miRNA function at various abundances.

RESULTS

We engineered a custom genetic circuit that consists of the
following components (Fig. 1a): (a) an inducible synthetic miRNA
co-expressed with an mKate2 fluorescent protein, (b) the
constitutively produced fluorescent protein TagYFP (YFP) contain-
ing synthetic miRNA targets, and (c) the constitutively produced
fluorescent protein TagCFP (CFP). mKate2 and its accompanying
synthetic miRNA-FF4'8*! are under direct transcriptional control
via an inducible TRE promoter. The TRE promoter is activated by
the endogenously expressed transcription factor rtTA complexed
with a small molecule, doxycycline (Dox). On the same plasmid,
we engineered the miRNA-FF4 sensing element by placing three
adjacent FF4 targets®* in the 3’ untranslated region (UTR) of the
fluorescent protein YFP, which is constitutively produced by the
cytomegalovirus (CMV) promoter. The plasmid also harbors a
constitutively produced fluorescent protein CFP. The CFP levels
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primarily depend on the plasmid copy number while the mKate2
fluorescence is proportional to mMiRNA-FF4 levels, as they are
produced from the same transcript (Supp. Fig. 1). As a control, we
engineered an additional circuit which was an exact replicate of
the fully operational circuit in all aspects apart from the exclusion
of miRNA-FF4 targets on the 3’ UTR of YFP (Supp. Fig. 2).

The expression of the fluorescent proteins can be viewed as a
collection of interdependent functions whose arguments are
composed of quantities corresponding to the various abundances
of active circuit elements (Fig. 1b). From this perspective, CFP
fluorescence is functionally mapped to plasmid copy number,
mKate2 fluorescence is a function of both Doxycycline concentra-
tion and plasmid copy number, and YFP fluorescence is a function
of both miRNA concentration and plasmid copies. From this
function-based vantage point, we aim to quantitatively map the
complete three-dimensional fluorescent expression space, or
operational landscape, of the plasmid’s output with respect to
its constituent circuit elements (Fig. 1¢) and decouple the
respective contributions.

In order to probe the impact of plasmid and miRNA copy
number to the expression of the output protein, we partitioned
the three-dimensional space generated from flow cytometry
measurements of the circuit's three fluorescent proteins. We
quantitatively characterize the impact of plasmid copy number
and miRNA concentration on the regulated expression of the
output protein by exploring the features resulting from the
mapped output surface in this expression space. The approach we
employed generated a broadly-bounded expression space with
fine-grained resolution which facilitated the development of a
descriptive phenomenological model of the circuit output.

Published in partnership with the Systems Biology Institute
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Fig.2 Dox titration cluster plots. Each sphere is a cluster of cells resulting from the k-means clustering algorithm. The color of a cluster is a
blend of yellow, red, and blue in proportion to the cluster’s mean values of YFP, mKate2, and CFP fluorescent arbitrary units, respectively. The

diameter of a cluster is proportional to the number of cells it contains

We performed a Dox titration (0.001-1 ng/mL) in HEK293 Tet-
On (HEK293t) cells which contain a constitutively produced rtTA
stably integrated into their genome. Approximately 150 thousand
cells were plated per well and were transiently transfected 24 h
later. Immediately following transfection, the cells were induced
with Dox and were allowed to grow an additional 48 h before
obtaining measurements using flow cytometry.

An initial qualitative assessment of the cytometry data in a
three-dimensional fluorescence space for the selected concentra-
tions of Dox generally confirmed our expectations for mKate2 and
CFP, where mKate2 was seen to be proportionally expressed with
respect to CFP, while also revealing a unique copy number and
miRNA concentration dependent YFP (output) expression (Fig. 2)
that was not observed in the control (Supp. Fig. 3).

Pairwise expression relationships

To understand how the combined influences of plasmid copies
and miRNA concentration effect the output protein’s expression,
we examine the pairwise relationships between each of repre-
sentative fluorescent signals (Fig. 1c). In order to discretize CFP
fluorescence to define the plasmid copies, we partitioned the
cytometry data into fixed bins of CFP fluorescence intensity (100
arbitrary units) and statistically averaged the YFP and mKate2
expression values of the cells collected in each bin, respectively.
For example, the first bin, whose width corresponds to CFP
fluorescent values ranging from 0-100 a.u. collects all the single
cell whose observed CFP expression falls within the aforemen-
tioned range. These cells, which also express YFP and mKate2, are
reduced to a single data point by averaging the observed
expressions of YFP and mKate2. This procedure is repeated for
each bin of CFP fluorescence with a minimum of 100 cells to
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ensure reliable statistics. Effectively, this binning process con-
denses the three-way fluorescence expression of single cell sub-
populations into representative data points partitioned with
respect to their plasmid copy number.'®

The binned data confirmed that miRNA-FF4 concentration and
plasmid copies share a linear relationship at all Dox concentrations
in both the circuit and its control (Fig. 3a, Supp. Fig. 4). We
observed the YFP fluorescence trending from an initially
uninhibited linear response at 0 ng/mL Dox to a saturating-like
response at 1ng/mL Dox, where at high plasmid copies, the
output’s expression becomes increasingly invariant to plasmid
copy numbers'® (Fig. 3b, Supp. Fig. 5 where a strict linear
response was observed in the control (Supp. Fig. 6). The relative
expression of mKate2 in each bin grew exponentially as a function
of increasing Dox for both the circuit and its control whereas the
relative expression of YFP exhibited saturation in the absence of
Dox (Fig. 4a, Supp. Fig. 7). Additionally, we confirmed the output
decrease in the presence of increasing miRNA concentration,
where the output was seen to be inversely proportional to miRNA
concentration at a given plasmid copy number (Fig. 4b) as
compared to the output’'s miRNA independence observed in the
control (Supp. Fig. 8).

miRNA repression efficiency

In order to examine the copy number dependence on miRNA-
based output suppression, we compared the relative change of
mean regulated output expression of each of the Dox induced
cells as compared to the uninduced state at each copy number
bin. The above-mentioned binning procedure was applied to both
the circuit and its corresponding control.

npj Systems Biology and Applications (2018) 6
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Circuit response. a mKate2 fluorescence increases as CFP increases in a Dox dependent manner. b YFP has a nonlinear saturation at

higher CFP fluorescence where the degree of saturation is Dox dependent. The error bars correspond to the standard deviation of an

experimental triplicate

As an example, the efficiency of miRNA repression at the lowest
copy numbers, i.e., the subpopulation of cells which fell within the
first bin, was calculated by taking the ratio of the circuit's YFP
value at its first bin to the control’s YFP value at its first bin and
subtracting the resulting fraction from 1. In the extreme case, if
there was no difference in YFP expression between the circuit and
the control, the ratio would equate to 1, which would correspond
to an efficiency of 0 and the effects that miRNA had on the circuits
output expression at that copy number would be conclusively
null. On the other hand, if there was a dramatic difference
between the YFP expression of the circuit as compared to the
control at that bin, the ratio would be effectively 0 which reflects
an efficiency of 1 where the presence of miRNA in the circuits
environment had a significant effect on the circuit’s output protein
expression.

As such, the efficiency of repression, p, for each bin was
calculated as

UYFPyd
MCYFPy ¢

R
E 4 feyp

d refer to the bin (1, 2, ..., 80) and Dox (0, 0.001, 0.01, 0.1, T ng/mL)
concentrations, respectively, n refers to the total number of cells,
iyep and i.ygp are the YFP fluorescence values of the circuit and
control of cell j, respectively, and ¢ is an term which corrects for
the absolute difference in expression levels of the circuit and the
control, given as the relative difference in expression of the
control and circuit of each bin at 0 ng/mL Dox

1_ boz ivrp
Npo Zlbo iYFP

Initially, miRNA repression efficiency increased as copy numbers
increase, reaching a maximum at copy numbers corresponding to
~1000 a.u. for each dox case. As plasmid copy number continues
to increase, the repression efficiency gradually decreases (Fig. 5a).
The behavior of the repression efficiency, n, was best fit with a two
parameter exponentially decaying, saturating function, modeled
as

n(c) =e gz (1)

where y is the decay constant, w controls the rate of saturation
with respect to ¢, which represents the plasmid copies. Using
Pearson'’s correlation, the coefficient of determination (R-Squared)

— &€ where indices b and

E =
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values obtained from the fits for the 1, 0.1, and 0.01 ng/mL Dox
concentrations were all above 0.95 where the 0.001 ng/mL Dox
induced group had an R-Squared value above 0.8. Interestingly,
the decay constant y was found to be the same at all Dox
concentrations, thus attributing the differences in behavior of the
repression efficiency at different Dox concentrations to variations
in the parameter w.

Complete operational space of circuit

In order to obtain a complete representation of the circuit to
capture the collective effects of plasmid copies and miRNA
concentration on the output, we superimposed the data collected
from all Dox concentrations then condensed the resulting data by
employing a k-means clustering®* algorithm for both the circuit
and its control (Fig. 5b, Supp. Fig. 9). From this perspective, we
were able to visualize the circuits operational expression profile at
all levels of miRNA concentration and plasmid copies. By coupling
the individual pairwise relationship (Fig. 2) along with the
uncovered repression efficiency (Eq. 1), we constructed a model
whose intention is to represent the complete operational output
space of the circuit,, as a function of plasmid copies and miRNA

concentration, u, given as m(c,u) = am +B=a; VC T +B
which simplifies to,
n(c,p) = e”yi” +8 2

where a is a proportionality constant, 8 is a parameter which
represents the basal expression of the output, and y, ¢, and w are
the same parameters previously discussed (Eq. 1).

The model is composed of three experimental observations;
namely, the output is proportional to plasmid copies (Fig. 3b),
inversely proportional to miRNA concentration at a given plasmid
copy number (Fig. 4b), and the effect of miRNA concentration is
scaled by an exponentially decaying saturating function (Fig. 5a).

The constructed model was then fit to the clustered data in
three-dimensional expression space of the superimposed, clus-
tered data with an R-Squared value of ~0.85 (Fig. 5b). Sensitivity
analysis of equation (2) revealed that the circuit output is
increasingly sensitive to changes in miRNA concentration as
plasmid copies increase (Supp. Fig. 10) but increasingly robust to
changes in plasmid copies as miRNA concentration increases
(Supp. Fig. 11).

Published in partnership with the Systems Biology Institute
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Fig. 5 a Copy number dependence of miRNA repression efficiency. The percent change of YFP fluorescence was calculated for each bin and
non-zero Dox concentrations with respect to the 0 Dox control circuit. The effective repression of YFP follows an exponentially decaying,
saturating function where YFP reaches a maximum at plasmid copy numbers corresponding to CFP fluorescent values of ~2000 (a.u.) and
exponentially decays as plasmid copy number increases. b Operational output space of circuit. Data from all Dox concentrations were
superimposed and clustered. The diameter of a cluster is proportional to the number of cells it contains and the color is a proportional blend
of yellow, red, and blue with respect to the cluster's mean YFP, mKate2, and CFP, respectively. The orange lamina represents a proposed
relationship of YFP expression as a function of mKate2 and CFP. The gray portion of the lamina along with the bounds of the plot are
exclusionary regions where YFP expression was not observed

DISCUSSION

Our analytical framework enabled us to uncover a unique,
previously unexplored effect which played an important role in
shaping the regulated protein’s expression behavior as its genetic
template increased that was not obvious using the traditional ODE
modeling approach (Supp. Fig. 12). Specifically, the observation
that miRNA repression drops in efficiency as plasmid copies
increases suggests that the rates of the biological processes which
generate the output protein’s mRNA and the miRNA effector do
not scale in tandem as functions of plasmid copies. By mapping

processing elements uniquely responsible for miRNA biogenesis
become saturated due to our circuit producing synthetic miRNA in
abundances which far exceed physiological concentrations.

This nuanced effect of miRNA repression at higher genetic copy
could be present either in naturally occurring copy number
variation genomic regions or consequentially through genomic
instability. From an engineering perspective, the consequence of
our work provides insight into the subtle behavior of plasmid
based, transient gene delivered treatments as the genetic load is
non-uniformly distributed among the impinged cells. Taking into
account the effects we present could also provide a blueprint from

the complete circuit's output, we observe that at higher plasmid
copies, the output can out produce the miRNA and eventually
overcome repression. One possible explanation is that some of the

Published in partnership with the Systems Biology Institute

which miRNA-based therapeutics would be optimized or utilized
the nonlinear repression efficiency for template quantity specific
gene suppression.

npj Systems Biology and Applications (2018) 6
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METHODS AND PROCEDURES
Recombinant DNA cloning

The restriction enzymes, polymerase, and T4 ligase enzyme used
for cloning and ligation were obtained from NEB. QIAGEN Plasmid
isolation, gel extraction and PCR purification kits were used. For
transformation, either NEB-5alpha competent E. coli (catalog
#C2987H) or competent DH5alpha cells (originally obtained from
Life Technologies) were prepared using the standard CaCl,
method of competent cell preparation. Bacterial culture media
and agar (BD Biosciences) were prepared according to manufac-
turer's instructions. Primers for the experiments were designed
using A Plasmid Editor (Ape-version 1.17) and synthesized from
Sigma. The primers received were diluted into stocks of 100 pmol/
pL. The plasmid was sequenced by Genewiz.

Cell culture and transfection

HEK293 TET-On Advanced cells (Clontech, Catalog #630931) were
maintained at 37 C, 100% humidity and 5% CO,. The cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-
gen, Catalog #11965-118) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, Catalog #26140-079), 0.1 mM non-
essential amino acids (Invitrogen, Catalog #11140-050), 0.045 ug
mL™" of penicillin and 0.045 mgmL™" of streptomycin antibiotics
(penicillin-streptomycin liquid, Invitrogen, Catalog #15140-122)
and sterilized using a filter (Corning, Catalog #431097). To pass the
cells, the adherent culture was trypsinized with 0.25% Trypsin with
EDTAX4Na (Invitrogen, Catalog #25200-114) and diluted in fresh
medium upon reaching 50-90% confluence.

For transient transfections, ~150,000 cells in 1 mL of complete
medium were plated into each well of 12-well culture treated
plastic plates (Griener Bio-One, catalog #665180) and grown for
20-24 h. For JetPrime transfection, 500 ng of the plasmid and 250
ng of untranslatable “junk” DNA was added to 75 pL of JetPrime
buffer and 1.75 pL JetPrime (Polyplus Transfection, catalog #114-
15). Transfection solutions were mixed and incubated at room
temperature for 10 min. The transfection mixture was then applied
to the cells and mixed with the medium by gentle shaking. When
applicable, doxycycline (Clontech, catalog #631311) was added
immediately following transfection.

Flow cytometry

Approximately 48 h post transfection cells from each well of the
12-well plates were trypsinized with 0.2 mL 0.25% Trypsin-EDTA at
37 °C for 3 min. Trypsin-EDTA was then neutralized by adding 0.7
mL of complete medium. The cell suspension was centrifuged at
4000 rpm for 1 min and after removal of supernatants, the cell
pellets were resuspended in 0.5mL PBS buffer (Dulbecco’s
Phosphate Buffered Saline; Mediatech, catalog #21-030-CM). 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,
mKate2 with a 561-nm laser, 600 emission filter and 610/20 band-
pass filter, and YFP with a 488-nm laser, a 525 emission filter and
545/35 band-pass filter. For all experiments performed 100,000
events were collected. A FSC (forward scatter)/SSC (side scatter)
gate was generated using a un-transfected negative sample and
applied to all cell samples. We use a compensation matrix on our
flow cytometry data to remove cross-talk observed between the
three fluorescent proteins (Supp. Fig. 13). Data processing was
performed in FlowJo 7.6.5. All experiments were performed in
triplicates.

Data availability

The data that supports the findings of this study are available from
the corresponding author, L. B. (bleris@utdallas.edu), upon
reasonable request.

npj Systems Biology and Applications (2018) 6

ACKNOWLEDGEMENTS

This work was funded by the US National Science Foundation (NSF) CAREER grant
1351354, NSF 1361355, and the University of Texas at Dallas.

AUTHOR CONTRIBUTIONS

K. E, T. Q, and L. B. designed experiments. K. E,, J. J, S. K, Y. L. performed the
experiments. T. Q. analyzed the data and developed the models. T. Q., L. M., and L. B.
wrote the paper, L. B. supervised the project.

ADDITIONAL INFORMATION

Supplementary information accompanies the paper on the npj Systems Biology and
Applications website (https://doi.org/10.1038/541540-017-0043-y).

Competing interests: The authors declare no competing financial interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1. Bartel, D. P. & Chen, C. Z. Micromanagers of gene expression: the potentially
widespread influence of metazoan microRNAs. Nat. Rev. Genet. 5, 396-400
(2004).

2. Bartel, D. P. MicroRNAs: target recognition and regulatory functions. Cell 136,
215-233 (2009).

3. Pillai, R. S., Bhattacharyya, S. N. & Filipowicz, W. Repression of protein synthesis by
miRNAs: how many mechanisms? Trends Cell. Biol. 17, 118-126 (2007).

4. Carthew, R. W. & Sontheimer, E. J. Origins and mechanisms of miRNAs and siR-
NAs. Cell 136, 642-655 (2009).

5. Winter, J,, Jung, S., Keller, S., Gregory, R. |. & Diederichs, S. Many roads to maturity:
microRNA biogenesis pathways and their regulation. Nat. Cell. Biol. 11, 228-234
(2009).

6. Mello, C. C. & Conte, D. Revealing the world of RNA interference. Nature 431,
338-342 (2004).

7. Fire, A. et al. Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature 391, 806-811 (1998).

8. Ameres, S. L. & Zamore, P. D. Diversifying microRNA sequence and function. Nat.
Rev. Mol. Cell. Biol. 14, 475-488 (2013).

9. Baek, D. et al. The impact of microRNAs on protein output. Nature 455, 64-71
(2008).

10. Guo, H. Ingolia, N. T, Weissman, J. S. & Bartel, D. P. Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature 466, 835-840
(2010).

11. Baldzsi, G, Van Oudenaarden, A. & Collins, J. J. Cellular decision making and
biological noise: from microbes to mammals. Cell 144, 910-925 (2011).

12. Ebert, M. S. et al. Roles for microRNAs in conferring robustness to biological
processes. Cell 149, 515-524 (2012).

13. Osella, M., Bosia, C,, Cor4, D. & Caselle, M. The role of incoherent microRNA-
mediated feedforward loops in noise buffering. PLoS. Comput. Biol. 7, e1001101
(2011).

14. del Rosario, R. C. H.,, Damasco, J. R. C. G. & Aguda, B. D. MicroRNA inhibition fine-
tunes and provides robustness to the restriction point switch of the cell cycle. Sci.
Rep. 6, 32823 (2016).

15. Mukherji, S. et al. MicroRNAs can generate thresholds in target gene expression.
Nat. Genet. 43, 854-859 (2011).

16. Schmiedel, J. M. et al. MicroRNA control of protein expression noise. Science 348,
128-132 (2015).

17. Tsang, J.,, Zhu, J. & van Oudenaarden, A. MicroRNA-mediated feedback and
feedforward loops are recurrent network motifs in mammals. Mol. Cell. 26,
753-767 (2007).

18. Bleris, L. et al. Synthetic incoherent feedforward circuits show adaptation to the
amount of their genetic template. Mol. Syst. Biol. 7, 519-519 (2011).

19. Acar, M., Pando, B. F., Arnold, F. H., Elowitz, M. B. & van Oudenaarden, A. A general
mechanism for network-dosage compensation in gene circuits. Science 329,
1656-1660 (2010).

20. Strovas, T. J., Rosenberg, A. B., Kuypers, B. E.,, Muscat, R. A. & Seelig, G. MicroRNA-
based single-gene circuits buffer protein synthesis rates against perturbations.
ACS Synth. Biol. 3, 324-331 (2014).

21. Li, X. et al. A MicroRNA imparts robustness against environmental fluctuation
during development. Cell 137, 273-282 (2009).

Published in partnership with the Systems Biology Institute


https://doi.org/10.1038/s41540-017-0043-y

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Moore, R, Ooi, H. K., Kang, T., Bleris, L. & Ma, L. MiR-192-mediated positive
feedback loop controls the robustness of stress-induced p53 oscillations in breast
cancer cells. PLoS. Comput. Biol. 11, e1004653 (2015).

Lee, J. et al. Network of mutually repressive metastasis regulators can promote
cell heterogeneity and metastatic transitions. Proc. Natl. Acad. Sci. 111,
E364-E373 (2014).

Yuan, Y. et al. Model-guided quantitative analysis of microRNA-mediated reg-
ulation on competing endogenous RNAs using a synthetic gene circuit. Proc. Natl.
Acad. Sci. USA 112, 3158-3163 (2015).

Ruder, W. C, Lu, T. & Collins, J. J. Synthetic biology moving into the clinic. Science
333, 1248-1252 (2011).

Weber, W. & Fussenegger, M. Emerging biomedical applications of synthetic
biology. Nat. Rev. Genet. 13, 21-35 (2012).

Leisner, M., Bleris, L., Lohmueller, J., Xie, Z. & Benenson, Y. MicroRNA circuits for
transcriptional logic. Methods Mol. Biol. 813, 169 (2012).

Benenson, Y. Synthetic biology with RNA: progress report. Curr. Opin. Chem. Biol.
16, 278-284 (2012).

Guinn, M. & Bleris, L. Biological 2-input decoder circuit in human cells. ACS Synth.
Biol. 3, 627-633 (2014).

Kashyap, N., Pham, B., Xie, Z. & Bleris, L. Transcripts for combined synthetic
microRNA and gene delivery. Mol. Biosyst. 9, 1919 (2013).

Bloom, R. J. et al. Synthetic feedback control using an RNAi-based gene-reg-
ulatory device. J. Biol. Eng. 12, 279-284 (2015).

Deans, T. L., Cantor, C. R. & Collins, J. J. A tunable genetic switch based on RNAIi
and repressor proteins for regulating gene expression in mammalian cells. Cell
130, 363-372 (2007).

Beisel, C. L., Bayer, T. S., Hoff, K. G. & Smolke, C. D. Model-guided design of ligand-
regulated RNAi for programmable control of gene expression. Mol. Syst. Biol. 4,
224 (2008).

Rinaudo, K. et al. A universal RNAi-based logic evaluator that operates in mam-
malian cells. Nat. Biotechnol. 25, 795-801 (2007).

Xie, Z., Wroblewska, L., Prochazka, L., Weiss, R. & Benenson, Y. Multi-Input RNAi-
based logic circuit for identification of specific cancer cells. Science 333,
1307-1311 (2011).

Published in partnership with the Systems Biology Institute

Mapping the operational landscape of microRNAs
T Quarton et al.

36. Ehrhardt, K., Guinn, M. T., Quarton, T., Zhang, M. Q. & Bleris, L. Reconfigurable
hybrid interface for molecular marker diagnostics and in-situ reporting. Biosens.
Bioelectron. 74, 744-750 (2015).

37. Nevozhay, D., Zal, T. & Balazsi, G. Transferring a synthetic gene circuit from yeast
to mammalian cells. Nat. Commun. 4, 1451 (2013).

38. Egbert, R. G. & Klavins, E. Fine-tuning gene networks using simple sequence
repeats. Proc. Natl. Acad. Sci. USA 109, 16817-16822 (2012).

39. Schreiber, J., Arter, M., Lapique, N., Haefliger, B. & Benenson, Y. Model-guided
combinatorial optimization of complex synthetic gene networks. Mol. Syst. Biol.
12, 899 (2016).

40. Mohammadi, P. et al. Automated design of synthetic cell classifier circuits using a
two-step optimization strategy. Cell. Syst. 4, 207-218.e14 (2017).

41. Leisner, M,, Bleris, L., Lohmueller, J,, Xie, Z. & Benenson, Y. Rationally designed
logic integration of regulatory signals in mammalian cells. Nat. Nanotechnol. 5,
666-670 (2010).

42. Bishop, C. M. Neural networks for pattern recognition. J. Am. Stat. Assoc. 92, 482
(1995).

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2018

npj Systems Biology and Applications (2018) 6


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mapping the operational landscape of microRNAs in synthetic gene circuits
	Introduction
	Results
	Pairwise expression relationships
	miRNA repression efficiency
	Complete operational space of circuit

	Discussion
	Methods and procedures
	Recombinant DNA cloning
	Cell culture and transfection
	Flow cytometry
	Data availability

	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS




