Integrative Approaches to Synthetic Biology in
Human Cells
Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:37945012

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .
Accessibility

Integrative Approaches to Synthetic Biology in Human Cells
A dissertation presented
by
Ryan Richardson
to
The Department of Molecular and Cellular Biology

in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of
Biochemistry

Harvard University
Cambridge, Massachusetts

December 2016

	
  

	
  

© 2016 Ryan Richardson
All rights reserved

	
  

Dissertation advisor: Pameral A. Silver

Ryan Richardson

Integrative Approaches to Synthetic Biology in Human Cells

ABSTRACT

Synthetic biology endeavors to develop systems and processes to aid in the rapid, predictable,
and reproducible design of biological systems not only for use as research tools and also but to
address unmet needs in industry and medicine. Borrowing heavily from other engineering
disciplines, synthetic biologists employ a variety of approaches in rational, computational, and
adaptive design to tackle a myriad of challenges with biology-based solutions. In this
dissertation, we combine these different frameworks in the development of novel tools to
explore transcriptional perturbation, cytokine signaling dynamics, and heterogeneous response
in human cells. In Chapter 2, we repurpose CRISPR/Cas9 as a modular platform for
simultaneous differential transcriptional regulation of multiple genes. In Chapters 3 and 4, we
explore design principles for engineering minimal sensors of interferon signaling and for
enhancing their signal and dynamic range, enabling investigation of the spatio-temporal
dynamics for the innate antiviral response. Finally, in Chapter 5, we use CRISPR/Cas9 to
engineer transcriptional positive feedback, creating a circuit that can record transient exposure
to an environmental stimulus while also exploring challenges associated with stable integration
of heterologous circuits in human cells. Importantly, the principles uncovered here in designing,
implementing, and evaluating these synthetic devices are generalizable and offer key insights
into the development and optimization of other sensors and circuits.
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Chapter 1

Introduction.

	
  

An interdisciplinary pursuit.
Synthetic biology lies squarely at the intersection of science, technology, and
engineering. As a scientific pursuit, synthetic biology holds the two broad aims of
rebuilding nature for greater understanding and redesigning nature to execute novel
functions. Following a bottom-up approach, biologists have created artificial systems
that mimic those found in nature, and in the process, uncovered underlying principles
and mechanisms of action. For example, development of synthetic transcription factors
for inducible recruitment of histone modification enabled investigation of the spatiotemporal dynamics of H3K9me3-mediated gene silencing in human cells (Hathaway et
al. 2012). Application of a top-down approach has led to the development of myriad
synthetic systems whereby existing biological systems were reconfigured for novel
behaviors including biofuel production and therapeutic effect (Fortman et al. 2008;
Fesnak et al. 2016).
With synthetic biology, there is also a significant focus on developing tools and
technologies that enable more rapid, flexible, and predictable design of biological
systems. For example, implementation of DNA assembly methods such as Biobrick
assembly, Gibson assembly and Golden Gate assembly have dramatically reduced the
time required to construct genetic circuits from constituent parts (Shetty et al. 2008;
Gibson et al. 2009; Engler et al. 2008).
Finally, as an engineering discipline, synthetic biology is focused on the process
of developing biological solutions for outstanding challenges in academic, industrial, and
societal spheres. Importantly, with an emphasis on quantitative and methodological
design, the pursuit of these solutions often leads to the discovery of generalizable
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design principles with applications that extend beyond the initial problem. For example,
efforts to optimize the efficiency and specificity of CRISPR/Cas9-mediated genome
editing, by extension, similarly facilitate its use for transcriptional regulation, DNA
modification, and locus tracking (Fu et al. 2014; Chu et al. 2015; Sander and Joung
2014).

Approaches to synthetic biology.
In application, the engineering process in synthetic biology manifests more directly as
the “design-build-test” cycle. To address the myriad of challenges in biology, synthetic
biologists employ a variety of approaches to conceptualize new biological solutions.
These solutions are then actualized through the construction of synthetic systems from
constituent parts. Finally, performance of the designed system is evaluated, with a
particular emphasis on quantitative metrics. The process does not end with the initial
prototype however, as the insights and findings gleaned here are translated back to the
original design, which is then tweaked and modified accordingly. This iterative process
is essential to optimize the synthetic system towards addressing the particular biological
function.
Here, I explore three such approaches to the design-test-build cycle as it is
applied in synthetic biology: rational design, computational design, and adaptive design.

Rational design.
As a scientific endeavor, biology likely grew from a fundamental desire to understand
the natural world around us. We have therefore amassed a tremendous understanding
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of biological systems at the macro- and microscopic level. Many synthetic biologist seek
to leverage this wealth of knowledge, taking known biological parts and pathways, and
combining them in novel ways to build synthetic systems that function in predictable
ways (Silver et al. 2014). This approach, termed rational design, relies on the key
engineering principles of abstraction, modularity, and standardization (Federici et al.
2013).
Abstraction is the process of reducing the complexity of a system to narrow it
down to a set of characteristics essential for a given process (Endy 2005). As applied to
synthetic biology, this means incorporating relevant features about individual
components into simplified representations of their function. For example, the Tet
operator is a defined sequence of nucleic acids to which the TetR protein binds
specifically (Kamionka et al. 2004). In the context of the larger, more complex systems
that take advantage of this DNA element, it is much easier to conceptualize this
biological part in terms of its defined function rather than that its constituent order of As,
Gs, Ts, and Cs. Invoking modularity, abstracted parts can be combined to form
functional subsystems, which are again abstracted and combine with other subsystems
to generate systems of capable of increasingly complex behaviors. Finally,
standardization dictates that to build systems that functional predictably, the underlying
constituent parts must similarly behave predictably, and thus need to be well
characterized. Furthermore, developing libraries of parts that are both compatible and
exchangeable facilitates fine-tuning of existing synthetic systems and offers greater
flexibility in designing novel circuits.
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Computational design.
As cells and genetic pathways are often equated to biological machines and genetic
circuits, parallels between synthetic biology and electrical and computer engineering
can similarly be made. Just as these disciplines use characterized parts like resistors
and capacitors to build complex electrical circuits that perform a designed function, the
focus of rational design in synthetic biology is to use standardized biological parts to
build biological circuits to perform a specified task. Importantly however, biology often
does not behave as deterministically as physical components may. Biological systems
can display stochastic behavior at the granular molecular level, while novel properties
can emerge from complex network interactions at the systems level (Elowitz et al. 2002;
Milo et al. 2002). Therefore, as biological function increases in complexity and size,
intuition quickly breaks down, which presents significant challenges for the rational
design approach.
To address these shortcomings, computational approaches can be used in the
design and characterization of synthetic biological devices. Mathematical models have
been developed that can reliably predict the dynamics of a synthetic networks.
Computer-aided models can simulate circuit behavior under a variety of different
conditions and combinations thereof, enabling researchers to explore a wide span of
parameter space in silico to identify the parameters that optimize circuit performance.
This type of parameter sensitivity analysis enables synthetic biologists to hone in on
functional designs, thereby dramatically reducing the iterative cycles of experimental
optimization that are often labor intensive and time consuming (Feng et al. 2004). In
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designing the represillator, a synthetic oscillator composed of a cyclical negative
feedback network, Elowitz and Leibler used computational modeling to investigate the
parameter space, discovering that oscillatory behavior was favored by high transcription
and translation rates, as well as comparable decay rates for the different proteins and
mRNA (Elowitz and Leibler 2000). Based on these findings, they selected strong
promoters with optimized ribosome binding sites, and used degradation tags to
standardize protein half lives. The resulting synthetic circuit showed periodic expression
of a reporter over ten hours (Elowitz and Leibler 2000).
Furthermore, for complex networks, by considering the individual interactions for
the constituent parts of a system, models can predict the behavior of a system as a
whole (Milo et al. 2002; Mangan and Alon 2003; Alon 2007). Implementation of these
architectures in synthetic circuits can enable emergent properties such as robustness to
perturbation and accelerated response time (Bleris et al. 2011; Mangan et al. 2006).
Mathematical models for synthetic biology are categorized as either deterministic
or stochastic. While deterministic models simulate systems with analytical equations
(typically ordinary or partial differential equations), stochastic models represent
molecular interactions using probabilistic equations. As biological systems are prone to
unexpected and irreproducible fluctuations, stochastic models can be particularly
insightful for understanding how this biological noise can impact synthetic systems.

Adaptive design.
The core weakness of both the rational design and computational approaches is their
reliance on pre-existing knowledge of biological parts and parameters. However, as
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researchers endeavor to expand upon the current base of knowledge, science often
operates at the edge of the unknown, where processes and mechanisms are not yet
fully elucidated. Thus, it can be difficult for rational design and computational efforts to
operate successfully at such extremes, as the detailed parts involved or the quantitative
principles are likely ill-defined.
Adaptive design seeks to obviate the vagaries of biology by filtering a diversity of
biological inputs through user-specified selective criteria. This approach is reminiscence
of

Darwinian

evolution

whereby

a

diverse

population

exposed

to

selective

environmental pressures can, over time, result in a few individuals optimized for that
given environment. In the same vein, researchers generate libraries of diverse biological
components such as DNA or protein, and, by establishing high-throughput methods for
screening the library, they can identify individuals that happen to display the right
characteristics. Thus, rather than prescribing a particular solution based on detailed
preexisting knowledge of biological processes, the adaptive design approach endeavors
to create frameworks that facilitate serendipitous discovery to optimize systems for
desired features.
A variety of methods exist for both generating library diversity and for
subsequently identifying candidates. Random mutations can be introduced into the
coding sequence of a protein of interest using error-prone PCR or chemical agents
(Nannemann et al. 2011). More targeted libraries can be constructed through the use of
high-throughput DNA synthesis and assembly. This strategy has been particularly
powerful in discovering underlying principles for cis-regulatory elements in transcription
factor binding sites and alternative splicing (Melnikov et al. 2012; Patwardhan et al.
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2012; Rosenberg et al. 2015). In contrast to these in vitro methods, native biological
systems can also be coopted to generate diversity. The phage-assisted continuous
evolution (PACE) platform takes advantage of the rapid life cycle and low fidelity
reproduction of bacteriophages to generate large-scale variation in living bacteria
(Packer and Liu 2015).
Libraries are evaluated using either selection or screening based approaches.
With selection, all library variants generated are assayed en masse for a desired
function, with performance of the synthetic system typically tied to fitness of the host or
another easily distinguished metric for extraction. In the case of PACE, the ability of the
bacteriophage to infect other cells and propagate was linked to the enzymatic activity of
an RNA polymerase (Packer and Liu 2015). In this way, variants displaying higher
activity spread through the culture more quickly than less active variants. If coupled to
fluorescent reporters, fluorescence activated cell sorting (FACS) can also be used to
artificially extract candidates that display specific expression characteristics.
With screening, library variants are characterized individually. Traditionally, this
typically necessitates the use of quantitative assays like biochemical assays and highcontent imaging. Recently however, DNA-barcoding methods have been developed that
allow for screening by high-throughput DNA or RNA sequencing techniques (Melnikov
et al. 2012; Patwardhan et al. 2012; Rosenberg et al. 2015).
Subjecting libraries to iterative cycles of selection or screening can lead to further
enrichment of the input library, and this forms the basis of a technique called directed
evolution. This principle underlies a technique called phage display, whereby a library of
diverse proteins expressed on the surface of bacteria viruses can be screened against a
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therapeutic target. Ecallantide (Kalbito, Dyax, Corp., Burlington, MA), a peptide drug
used to treat acute attacks of the rare autosomal dominant disease, hereditary
angioedema, was first identified discovered using a phage display screen (Nixon et al.
2014).

Integrative approaches.
While rational, computational, and adaptive design approaches have all been used to
develop synthetic systems, none is without limitations and challenges. Thus, synthetic
biologists increasingly use a combination of these approaches to further their efforts. In
engineering microbes to produce chemical precursors to the antimalarial drug
artemisinin, researchers first employed rational design, leveraging knowledge of the
biochemical processes and genetic components governing natural artemisinin
production in plants to port this biosynthetic pathway into bacteria and yeast (Martin et
al. 2003; Ro et al. 2006). While these early attempts led to successful production of
precursor chemicals, poor yield limited the utility of this approach. To improve upon the
yields, researchers used computational flux analysis frameworks to model the complex
interaction of both host and heterologous metabolic pathways (Suthers et al. 2007). This
approach was instrumental in identifying key bottlenecks in the biosynthetic process that
could be mitigated by modulating gene expression. Finally, promoter and RBS libraries
were used to fine-tune metabolic output (Anthony et al. 2009). Ultimately, the
combination of these efforts led to the development of engineered microbial strains that
could produce industrial-scale quantities of semisynthetic artemisinin (Paddon and
Keasling 2014).
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Practical application of synthetic biology.
Early synthetic circuits like the represillator, the toggle switch, and logic operators were
instrumental in pushing the boundaries of basic research, while also laying the
foundational principles of biological design and engineering (Elowitz and Leibler 2000;
Gardner et al. 2000; Silva-Rocha and de Lorenzo 2008). However, as the field has
matured, there has been a growing trend away from the development of such “toy”
systems that simply recapitulate natural biological systems with heterologous parts,
towards building systems of novel function for more practical application. Armed with an
ever-growing tool-kit of diverse biological parts and modules, increasing knowledge of
how to predictably design biology for a given function, and new techniques to quantify
and characterize performance, many synthetic biologists have turned their attention to
engineering systems that address key challenges in sustainability and health.
With estimates projecting an almost 40% increase in world population by 2050, it
has become increasingly evident that strategies are required to avoid depletion of
natural resources, and synthetic biology may offer a pathway to such alternative
approaches. As such, there is great interest in engineering production of industrially
relevant, high-value commodities like biofuels, pharmaceuticals, and biomaterials
(Weber and Fussenegger 2009). For example, a myriad of efforts have been made to
produce ethanol from a variety of microbes in order to reduce dependence on fossil
fuels as an energy source (Ingram et al. 1987; van Maris et al. 2007; Jarboe et al. 2007;
Fortman et al. 2008). In addition to engineered microbial semisynthesis of artemisinin,
scientists have engineered vanillin production in yeast towards the goal of reducing the
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burden on natural and synthetic sources (Hansen et al. 2009; Di Gioia et al. 2011;
Gallage and Møller 2015). Similarly, synthetic biology has been applied to the
production of the isoprenoid paclitaxel (Taxol), a cancer chemotherapy drug (Trosset
and Carbonell 2015). Taxol is difficult to synthesize chemically and extraction from its
natural producer, the Pacific yew, is very inefficient. By using a modular approach, the
expression of key enzymes in the biosynthesis of Taxol were optimized, achieving a
high titer of 1 g/L in E. coli (Ajikumar et al. 2010).
Synthetic biology also holds incredible potential for transforming health and
medicine. As a fundamental tenant of life, organisms must be able to sense and
respond to their environment. Synthetic biology can exploit these natural biosensors to
develop novel cell-based strategies for diagnosing and treating disease. By
manipulating the cI-Cro genetic circuit that controls the lytic versus lyogenic life cycle of
the bacteriophage lambda, Kotula and colleagues engineered a synthetic device in E.
coli capable of permanently labeling cells transiently exposed to a chemical inducer
(Kotula et al. 2014). Excitingly, the device could be reprogrammed to respond to and
record a diversity of environmental stimuli including inflammation in a rodent model.
Similar approaches using engineered bacteria have enabled the detection of tumor cells
in vivo and elevated glucose levels in the urine of diabetic patients (Danino et al. 2015;
Courbet et al. 2015).
As an extension of these living diagnostics, cells can be manipulated to respond
to environmental cues with therapeutic action. In addition to the semisynthesis of the
anti-malarial compound artemisin, the re-engineering of immune cells in the form of
chimeric antigen receptor T-cells (CAR T-cells) represents one of the most exciting
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realizations of synthetic biology. These artificial T-cell receptors use antibody fragments
to enhance recognition of tumor-specific antigens and couple this sensory input to
endogenous signaling pathways that promote immunological response against tumor
cells (Jackson et al. 2016; Fesnak et al. 2016). Adoptive transfer of CD19-targeting
CAR T-cells has generated complete remission in patients with refractory and relapsed
B cell malignancies, while NY-ESO-1-specific TCR-engineered T cells have generated
clinical responses in patients with advanced multiple myeloma and synovial cell
sarcoma (Brentjens et al. 2013; Davila et al. 2014; Robbins et al. 2011; Grupp et al.
2013; Rapoport et al. 2015). With the proof of concept established, engineered T cells
have matured as a potential therapeutic option to treat malignancies. Building on this
foundation, the field is broadening indications for current therapies, exploring new
targets and using new techniques to create even safer and more effective therapies.

Balancing hope and hype
While these and other applications of synthetic biology show great promise, several
challenges remain that impede progress towards engineering biology to address
challenges in industry and medicine. Despite tremendous strides in understanding
design principles, the complexity of biology still presents a significant hurdle.
Constructing synthetic systems that are robust to the imprecisions of biological noise
requires more quantitative investigation of these phenomena, and new biological parts,
modules and systems that can mitigate the effects. Similarly, as devices that interface
with host machinery become more prevalent, understanding how implementation of
these heterologous systems impacts host cell physiology and how to lessen the burden
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with orthogonal design will become important. Finally, as a fledgling field, many of the
processes and biological systems that have been developed are not economically
viable enough to compete with the alternative approaches they seek to replace. By
endeavoring to improve rapid design and optimization through rational, computation and
adaptive approaches, synthetic systems will become more efficient and effective. Thus,
while further work is necessary, synthetic biology and the promises it holds for
improving our well being, may soon only be hampered by the imagination and creativity
of the scientists behind these groundbreaking pursuits.
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Chapter 2

Engineering a Modular System for Multilayer
Transcriptional Control of Endogenous Genes.

	
  

Abstract
Perturbation analysis is a powerful tool for understanding biological systems. By
overexpressing or knocking down expression of a gene implicated in a pathway, one
can analyze the phenotype of the perturbed state and ascribe a function to the altered
gene. However, with the redundancy and crosstalk between networks found in more
complex biological systems, the current methods for perturbation quickly become
inadequate as they suffer from lack of scalability and precision. In this chapter, I
describe a novel system for multifactorial perturbation analysis in mammalian cells. The
system is based on the CRISPR/Cas system of bacterial adaptive immunity, and allows
for the simultaneous positive and negative regulation of multiple genes. Thie flexible,
modular design of this system presents a new paradigm for probing complex biological
systems.
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Introduction
The ability to regulate gene expression in a quantitative and user-defined manner is
crucial for mapping the genotype-phenotype relationship. It is also necessary for the
design and implementation of heterologous pathways with novel functions. However,
given that commonly used targeted perturbation methods like knockout, knockdown,
and overexpression are typically used to alter one or a few genes at once, current
methods quickly become inadequate in the face of complex biological processes. From
a systems-level perspective, the gene regulatory networks that govern cellular state
frequently rely on redundancy, wherein multiple nodes or networks perform overlapping
function, and exhibit pleiotropy, where hubs are linked to multiple distinct processes.
Thus, targeted perturbation of a few genes may not be enough to gain insight into the
genetic basis of complex pathways and phenotypes. Efforts to metabolically engineer
heterologous systems face a similar challenge as the often-unknown rate-limiting steps
and competing pathways make it difficult to rationally design fluxes. Thus, these
projects typically require multigene expression optimization, which is significant
technical challenge.
An ideal tool capable of addressing the complexity of biological systems would
permit targeted regulation of multiple genes over a wide dynamic range. Moreover,
being able to concurrently perform different modes of regulation would allow
investigators to more faithfully recapitulate the complex gene expression patterns seen
in natural systems. Finally, modularity and easy programming would facilitate a wide
range of applications. Towards these goals, I re-engineered CRISPR/Cas9 as a
modular platform for multilayer transcriptional control of endogenous genes.
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CRISPR/Cas (clustered regularly interspaced short palindromic repeats;CRISPRassociated proteins) is a diverse system found in most bacteria and archea that
provides defense against foreign genetic elements (Richter et al. 2012). This system of
adaptive immunity involves three stages: integration of small genetic sequences from
invading elements into the host genome; transcription of this CRISPR locus and
processing of the CRISPR RNA (crRNA); and finally interference via crRNA-guided
endonuclease cleavage of foreign DNA or RNA (Makarova et al. 2011). Type-II
CRISPR-Cas systems are distinct in that the crRNA complexes with a trans-encoded
small RNA (tracrRNA) to mediate recognition and cleavage of phage or plasmid DNA by
the Cas9 endonuclease (Chylinski et al. 2013). Importantly, in these systems, the
crRNA:tracrRNA complex and Cas9 are sufficient for DNA binding (Jinek et al. 2012).
Recently, several groups have demonstrated that CRISPR/Cas can be
repurposed as a tool for genome editing (Jinek et al. 2012; Gasiunas et al. 2012; Mali,
Yang, et al. 2013; Cong et al. 2013). Cong et al. engineered a human codon-optimized
Streptococcus progenies Cas9 protein (Sp hCas9) with a C-terminal nuclear localization
signal (NLS) along with a crRNA-tracrRNA fusion to serve as the targeting guide RNA
(gRNA) (Cong et al. 2013). Using these constructs they were able to induce both nonhomologous end joining and homology directed repair at an endogenous human locus.
In contrast to targeting by homing meganucleases, zinc finger nucleases (ZFNs), and
transcription activator-like effector nucleases (TALENs), the gRNA is compact and
easily programmable, which facilitates multiplexing for editing multiple loci at once.
These are both attractive features for building a large-scale perturbation tool.
Additionally, Qi et al recently demonstrated a CRISPR/Cas–based system for
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knockdown of endogenous genes called CRISPR interference (CRISPRi) (Qi et al.
2013). By targeting a nuclease-dead, mutant S. pyogenes Cas9 to either the promoter
or coding region of a gene, they were able to inhibit transcription in bacteria and human
cells. Here again, multiple gRNAs were used to simultaneously regulate multiple
endogenous genes, further establishing CRISPR/Cas9 as a flexible platform for
targeting several loci.
As an extension of these initial reports, I developed a companion platform by
redesigning CRISPRi as a system for RNA-guided transcriptional activation (CRISPRa).
To further expand this tool into a general platform for multigene regulation, I engineered
the gRNA into an RNA scaffold that specifies not only the target gene but also the mode
of transcriptional regulation. Introducing orthogonality to CRISPR/Cas9 in this manner
allows for independent transcriptional control of different gene targets. This level of
control plus the modularity, flexibility, and highly programmable nature of the system
make it well suited for use in perturbing endogenous gene networks and for optimizing
complex heterologous pathways.
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Results
dCas9/VP64 mediates RNA-dependent transcriptional activation
While CRISPR/Cas9 was originally described in S. pyogenes as a system enabling
immunity against foreign DNA elements, at its core, the system serves as an RNAguided nuclease, where site-specific binding to DNA is mediated by base
complementarity of the crRNA/tracrRNA that is complexed with the Cas9 nuclease
(Richter et al. 2012). I exploited this RNA-guided DNA binding function to engineer a
synthetic transcriptional activator by fusing the transcriptional activation domain VP64
(Beerli et al. 2000) onto a nuclease-dead, mutant Cas9 (dCas9; D10A, H840A) (Jinek et
al. 2012) (Figure 1a). In principle, once expressed, the dCas9 fusion will translocate to
the nuclease due to the presence of a nuclear localization signal (NLS) (Kalderon et al.
1984). In the nucleus, it can complex with the gRNA, enabling the protein to bind DNA
complementary to the 20-nt sequence specified by the gRNA (Figure 1b). Once bound,
the VP64 domain will interact with the pre-initiation complex to facilitate gene
expression.
To assess the ability of this system to mediate transcriptional activation, I used
an inducible reporter containing a TAL118 binding site upstream of a minimal CMV
promoter and a CFP gene (Lienert et al. 2013). The TAL118 binding site is a 20-nt
sequence that was computationally designed to be unique and distinct from the human
genome. A synthetic transcriptional factor, TAL118:VP64 (TAL:VP64), can bind this
sequence and activate gene expression, serving as a positive control for reporter
function (Lienert et al. 2013). To facilitate binding of dCas9:VP64 to this reporter, I
designed a guide RNA overlapping the TAL118 binding site. Importantly, to bind
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Figure 2.1. Repurposing CRISPR/Cas9 for transcriptional activation.

	
  25	
  

Figure 2.1 (continued). (a,b) Overview of the CRISPRa system for transcriptional
activation. Once expressed, a nuclease-dead, mutant Cas9 (dCas9) complexes with a
small, non-coding guide RNA (gRNA), enabling site-specific DNA binding to the
promoter of an inducible CFP reporter and subsequent transgene expression via the
fused transcriptional activator domain (VP64). (c) Flow cytometry scatterplots and bar
graph quantifying CFP median fluorescence intensity (MFI) of U2OS cells transiently cotransfected with indicated components of CRISPRa. “TAL:VP64” is a synthetic
transcription factor that was previously described shown to activate this reporter.
“Cas9:NLS” has a nuclear localization signal (NLS) but no transcriptional regulatory
domain. gRNAs designed to specifically target (ON) and not target (OFF) the CFP
reporter were used. (d) dCas9:VP64 and CFP reporter were co-transfected with gRNAs
targeting different sequences in the promoter region of the reporter. (e) Cells were
transfected with reporter and titrated amounts of gRNA and 100ng dCas9:VP64, or
titrated amounts of dCas:VP64 and 100ng ON-target gRNA. (f-g) CRISPRa was used to
induce CFP reporters with minimal promoters containing different core elements. Fold
increase shows the relative activation of the reporters by ON vs OFF target gRNAs. At
least 10,000 cells were analyzed for each transfection. Values shown are the means of
biological triplicates, with error bars representing standard deviation.
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effectively, S. pyogenes Cas9 requires that the three nucleotides in the target DNA
downstream of the 20-base targeted site (protospacer adjacent motif, PAM) follow the
pattern –NGG (Mojica et al. 2009). After identifying a series of gRNAs that fit this
criterion (Appendix A Figure 1), I cloned these into expression vectors. Similarly, I
designed and cloned a gRNA targeting a binding site for TAL8 as an off-target control
(OFF) for the TAL118 reporter.
Alone, the reporter showed low basal expression, but was robustly induced (15fold) with addition of the TAL:VP64 synthetic transcription factor (Figure 1C). Cotransfection of dCas9:VP64 and ON-target gRNA led to similarly strong reporter
activation (12-fold induction). Importantly, using an OFF-target gRNA or removing the
activation domain (dCas9:NLS) resulted in a loss of induction, highlighting the
importance of both the RNA-mediated gene targeting and transcriptional activation via
VP64. These results demonstrate that CRISPR/Cas9 can be re-engineered as a system
for RNA-dependent transcriptional activation (herein termed CRISPRa) achieving
comparable

gene

expression

to

the

state-of-the-art

programmable

synthetic

transcription factors.

CRISPRa enables tunable gene activation
The promoter of the CFP reporter contains many additional sequences that could be
targeted by CRISPRa (Appendix A Figure 1A), however, it was unknown whether
targeting these sites would result in comparable activation. To test this, I co-transfected
dCas9:VP64 in parallel with five additional gRNAs. Three out of the six gRNAs designed
to target the reporter showed robust reporter activation (Figure 1D). gRNA #1 and

	
  27	
  

gRNA #2 led to comparable levels of inductions, while CFP expression with gRNA #3
was about 37% lower. gRNA #1 was used for all subsequent transcription activation
experiments. It may be noted that induction in this experiment is markedly lower than in
the previous experiment. This is likely a function of the minimal CMV promoter being
exchanged for one from herpes simplex virus 1 (HSV), however this is not expected to
impact the relative comparison between the different gRNAs.
Next, I investigated how the relative concentration of gRNA and dCas9:VPR
impacts reporter induction. To address this, I titrated the relative amount of dCas:VP64
and gRNA used for transfection (Figure 1E). When dCas9:VPR was held constant at
100ng, reporter expression increased with increasing amounts of gRNA (blue line).
Conversely, when the gRNA plasmid concentration was held constant, reporter
expression decreased with increasing amounts of dCas9:VPR. These data suggest that
formation of the dCas9:VPR:gRNA complex and subsequent activation of gene
expression is favored when the ratio of gRNA to dCas9:VPR is high.
Finally, as alluded to above with the characterization of the gRNA variants, the
promoter is another control point for modulating gene expression with CRISPRa. Fold
induction in gene expression is a function of the ratio between the induced and basal
states. Thus, two promoter characteristics, leakiness and maximal transcriptional
output, become essential when considering the overall inducibility of gene expression.
To investigate this, I constructed four CFP reporters that differ only in the composition of
the minimal promoter and measured the basal output and dCas9:VPR:gRNA-mediated
output by flow cytometry (Figure 1F). Reporter expression in the induced state (blue) is
positively correlated with the complexity of the minimal promoter, with the most complex
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minimal promoter, CMV74, showing 53 fold higher CFP fluorescence than the simplest
minimal promoter, HSVt. CMVt and CMV53 showed 22-fold and 33-fold higher
expression respectively. Importantly however, leakiness also scaled with promoter
complexity, with CMV74, showing 6 times the leakiness of HSVt, with CMVt and CMV53
displaying lower leakiness (2x, 2.7x) in the absence of ON target gRNA. Taking both
characteristics into account, the poorest performing reporters were those containing
HSVt or CMV74 minimal promoters due to low maximal output and high background
expression respectively. CMV53 showed the best inducibility (24 fold) because of low
leakiness and high expression when induced.
All together, these results demonstrate that CRISPRa is a highly flexible system,
enabling gene induction that can be fine tuned using a variety of different approaches.

Simultaneous activation and repression of different genes with CRISPRai
An ideal perturbation tool would allow for both positive and negative regulation of gene
expression, which could be achieved by concurrent implementation of the CRISPRa
and CRISPRi systems. However, since both tools were constructed using S. pyogenes
CRISPR/Cas as a platform, CRISPRi and CRISPRa would be incompatible if
implemented in the same cell, as any individual gRNA would direct both activating and
inhibiting factors to the same target site. An alternative would be to use orthologous
CRISPR/Cas systems for both the inhibitor and activator. While CRISPR/Cas systems
are wide-spread throughout bacteria and archea, none of these orthologs have been
characterized to the same degree as S. pyogenes CRISPR/Cas (Makarova et al. 2011).
I addressed this challenged by engineering orthogonality into the S. pyogenes
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CRISPR/Cas system, functionalizing the gRNA to specify both gene targeting and
regulatory action. To do so, I made use of orthogonal sets of RNA aptamers and RNAbinding domains (RBDs) derived from bacteriophages (Keryer-Bibens et al. 2008). By
fusing the aptamer to the gRNA, and transcriptional regulatory domains to the RBD, I
created a synthetic RNA scaffold capable of interacting with both a DNA binding
element and a regulatory element in order to modulate transcription at a specific site
(Figure 2). Since the aptamer/binding protein pairs are orthogonal, by fusing different
regulatory domains to the different binding proteins, the system enables differential
regulation of multiple genes simply by expressing a targeting gRNA fused to the
aptamer for the appropriate regulation modality. The modularity of this paradigm will
thus allow for flexible, multi-layered transcriptional control.

Gene activation with CRISPRai
As is often the case with protein engineering, fusions of different RNAs can often lead to
malfunction or misfolding of the individual RNA domains (Reddy Chichili et al. 2013).
Thus, it was important to demonstrate that the fusion of the guide RNA and an RNA
aptamer did not impair the independent function of either domain. Towards this goal, I
transiently co-transfected dCas9:VP64 and the CFP reporter with 3 sets of gRNAaptamer fusions and quantified the CFP expression by flow cytometry (Figure 3).
Surprisingly, for three different RNA aptamers (MS2, PP7, λ box B), fusion onto the 3’
end of the targeting gRNA abolished reporter activation (Figure 3a-d). Introduction of a
short, 6-base linker between the gRNA and 2x aptamer did not restore activation by
dCas9:VP64. Despite this, for MS2 and PP7, co-transfection of dCas:NLS, the
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Figure 2.2: Overview of CRISPRai, a system for multiplexed differential gene
regulation. (a-c) Schematics of components for dCas9-mediated transcriptional
activation (a, b left) and transcriptional repression (c, b right). A single dCas9:NLS
component facilitates both regulatory functions. The modified gRNA defines both targetspecificity, via the 20 base targeting sequence, and regulatory action, through the
added RNA aptamer that recruits its cognate RNA binding domain (RBD) fused to a
transcriptional regulatory domain for activation (VP64) or repression (KRAB). Both sets
of apatmer and RBD (A,B) are orthogonal such that only the cognate pairs interact.
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Figure 2.3 (continued). (a-d) Bar graphs quantifying fold increase of CFP median
fluorescence intensity (MFI) of U2OS cells transiently co-transfected with an inducibleCFP reporter and indicated dCas9, gRNAs, and RBD fusions. RNA aptamer/RBD pairs
were derived from bacteriophages MS2 (b), PP7 (c), λ (d). (e) Reporter activation by
gRNAs functionalized with varied apatmer copy number. At least 10,000 cells were
analyzed for each transfection. Values shown are the means of biological triplicates,
with error bars representing standard deviation.
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gRNA/aptamer fusion, and the cognate RBD:VP64 fusion led to robust activation that
was comparable to the level of induction seen with CRISPRa (Figure 3b, c). With MS2,
inclusion of the linker decreased activation by about 40%, whereas for PP7, there was a
roughly 20% increase in reporter activation. Critical towards the goal of multiplexing,
these two aptamer/RBD pairs were shown to be orthogonal (Appendix A Figure 2)
Inclusion of two addition MS2 aptamer sites onto the gRNA did not significantly impact
CFP expression (Figure 3e). Activation was not seen however with the λ aptamer, RBD
pair (Figure 3d).
These results demonstrate that similar to CRISPRa, CRISPRai is able to robustly
activate gene expression. Since the gRNA/RNA aptamer fusion can simultaneously bind
both the dCas9:NLS protein and the cognate RBD:VP64 fusion, this scaffolding function
enables an additional layer of flexibility and control necessary for multiplexed regulation
of multiple genes.

Gene repression with CRISPRai
By targeting dCas9 to the promoters of transcriptionally active genes, Qi and colleagues
demonstrated that CRISPR/Cas9 can be used to repress gene expression by interfering
with RNA polymerase (Qi et al. 2013). Transient co-transfection of dCas9:NLS and a
targeting gRNA led to a 40% reduction of a constitutively expressed GFP reporter in a
dose-dependent manner (Figure 4a, b). Surprisingly, direct fusion of KRAB, a commonly
used domain for transcriptional repression, onto dCas9 did not significantly improve the
amount of repression. In their experiments, however, Qi et al separated dCas9 from the
KRAB domain via a BFP linker. Unlike the direct KRAB fusion, transient transfection of
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Figure 2.4. Functionalized gRNA demonstrates modest gene repression using modular
components.
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Figure 2.4 (continued). (a-c) Bar graphs quantifying fold change of GFP median
fluorescence intensity (MFI) of U2OS cells transiently co-transfected with constitutive
GFP reporter and indicated dCas9 and gRNA. NLS alone (grey) or repressor domain
KRAB (white) were fused directly to dCas9 (b) or via a BFP linker (c), and indicated
amounts were transfected. (d-f) U2OS cells transiently co-transfected with an GFP
reporter and indicated dCas9, gRNAs, and RBD fusions. RNA aptamer/RBD pairs were
derived from bacteriophages MS2 (e) and PP7 (f). At least 10,000 cells were analyzed
for each transfection. Values shown are the means of biological triplicates, with error
bars representing standard deviation.
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this dCas9:BPF:KRAB construct did show improved GFP repression compared to the
NLS only contrl (Figure 4c).
Having confirmed that CRISPRi can be used to reduce gene expression, I next
investigated whether repression would be similarly seen with the modular, gRNAfunctionalization approach. Co-transfection of dCas:NLS, the gRNA/aptamer fusion,
and the cognate RBD fusion led to a modest 20% reduction in GFP expression for both
MS2 and PP7 (Figure 4d-f). As with dCas9, direst fusion of KRAB onto the RBDs did
not have a significant effect on repression. Inclusion of a short, 6-base linker between
the gRNA and 2x aptamer similarly did not have a significant effect.
These results demonstrate that similar to CRISPRi, CRISPRai is able to repress
gene expression, albeit modestly. While further optimization may be necessary to
improve the fold-repression, I have shown that the gRNA-functionalization approach
central to the CRISPRai system can mediate both transcriptional activation and
repression using a single dCas9. This provides a direct path to concurrent differential
regulation of distinct genes.
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Discussion
In this study, I demonstrate that CRISPR/Cas9 can be used as a flexible platform for
RNA-guided transcriptional regulation in mammalian cells. I first showed that fusion of
the transcription activation domain, VP64, to a nuclease-dead mutant Cas9 leads to
robust activation of a transiently transfected CFP reporter. Importantly, this CRISPRa
system activated gene expression to a degree comparable to that of a TALE-based
synthetic transcription factor. Supplanting zinc fingers, TAL were considered to be the
state-of-the-art for designer DBDs. Unlike zinc fingers, binding of TALEs is mediated by
highly modular subunits, which makes this a highly programmable platform (Moscou
and Bogdanove 2009). Additionally, several groups have developed assembly pipelines
to streamline the construction of custom TALE (Schmid-Burgk et al. 2013; Reyon et al.
2012; Zhang et al. 2013).
However, CRISPR/Cas9 presents a new gold standard for synthetic DBDs
because it is even easier to design de novo targeting of a gene of interest (O’Connell et
al. 2014). While TALEs use specific protein modules to bind specific nucleotides, with
CRISPR/Cas9, targeting is mediated by a 100-base RNA (Horvath and Barrangou
2010). By modifying only the first 20 nucleotides, which can be accomplished using any
of an array of standard cloning techniques, one can rapidly design gRNAs to target
genes of interest. This effectively democratized use of custom DBDs for targeted
modification or transcriptional regulation, and the number of labs that use
CRISPR/Cas9-based systems in a variety of model organisms has grown exponentially
since this study (Ledford 2015).
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Optimizing Cas9 binding
In this study, I identified key factors, including gRNA sequence, Cas9:gRNA ratio, and
promoter strength, that modulate the level of reporter activation by CRISPRa. At the
time of this study, rules governing the RNA-directed binding of Cas9 to DNA had not
been elucidated. Inclusion of a 3’NGG PAM in the targeted site was one of the few
known requirements for S. pyogenes Cas9 (Mojica et al. 2009). In assaying
dCas9:VP64 activation of reporter expression, I thus tested six different gRNAs for their
ability to direct Cas9 to the promoter. Though all six have multiple putative binding sites
within the promoter of the CFP reporter, only gRNAs #1, 2, and 3 led to reporter
activation.
While the U6 promoter is commonly used to drive heterologous expression of
small RNAs in human cells, a unique characteristic of the pol III promoter U6 is that the
first transcribed base must be a G. When used to transcribe gRNAs, this subsequently
means that the first base in the gRNA will be a G (Goomer and Kunkel 1992). If the G is
not complementary to the binding site in the target DNA, this may impact the efficiency
of binding, although it has been reported that this additional base may be of little
consequence (Cong et al. 2013). Indeed Hsu and others show through systematic
mutational analysis of gRNAs, that the bases farthest from the PAM sequence were
least essential for binding (Hsu et al. 2013). Interestingly, in my study, although addition
of a non-targeting G to gRNA1 (#1+5’G) abolished targeting and reporter activation,
gRNA2 and gRNA3 are able to activation the reporter despite the non-targeting first
base.
While several tools now exist that can identify potential gRNAs in a target
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sequence, most of these simply identify putative gRNAs based on the PAM
requirement. Many also consider the potential for binding additional, unwanted sites, as
off-target effects were of significant concern during the early phases of CRISPR/Cas9
development (Cho et al. 2014; Fu et al. 2013). However, recent work has highlighted
the importance of chromatin context for in vivo targeting, and also thermodynamic RNAfolding for proper complex formation with Cas9 (Thyme et al. 2016; Montague et al.
2014; Wong et al. 2015). More sophisticated algorithms and tools (Maeder et al. 2013;
Larson et al. 2013) have subsequently been developed that consider these additional
factors (Montague et al. 2014). Databases for genome-wide, experimentally validated
gRNAs also exist (Sanjana et al. 2014). However, for novel targets, it will likely remain
necessary to assay several gRNAs for optimal activity.
In this study, titration of Cas9 and gRNA revealed that activation is favored by a
high gRNA:Cas9 ratio. Unlike ZF- and TAL-based synthetic transcription factors, Cas9
protein is not capable of binding DNA on its own, and requires molecular interaction with
the gRNA to form a DNA-binding complex (Qi et al. 2012). Simple Michaelis-Menton
kinetics dictates that the relative concentrations of both species should impact the
formation of this complex and subsequent gene activation. Recently, analysis of
complex formation and DNA-binding using FRET-based probes demonstrated that
complex formation is the rate limiting step with CRISPR/Cas9, and that increasing the
relative amount of gRNA significantly speeds up the reaction (Farasat and Salis 2016)

Perturbation analysis of gene function using engineered CRISPR/Cas9 systems.
While comprehensive knockout libraries exist for particular bacteria and yeast strains,
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the collections for higher eukaryotes are much less exhaustive. With the high efficiency
of DNA-binding and facile programmability, CRISPR/Cas9 is an optimal platform to fill
this gap in tools for perturbing gene expression. During the course of this study and
hence, several groups published designs for CRISPR/Cas9 activators and inhibitors
(Sander and Joung 2014; Konermann et al. 2015; Maeder et al. 2013; Kabadi and
Gersbach 2014; Gilbert et al. 2014; Gilbert et al. 2013; Qi et al. n.d.; Zalatan et al. 2015;
Larson et al. 2013; Cheng et al. 2016; Xu et al. 2016). Larson and colleagues described
the first use of CRISPR/Cas9 to repress gene expression, a system they termed
CRISPRi (Larson et al. 2013). They demonstrated that by recruiting a nuclease-dead
Cas9 to the promoter of actively transcribed genes, they could inhibit transcription by
blocking RNA polymerase. Fusion of the commonly-used Krüppel associated box
(KRAB) repressor domain to dCas9 via a BFP linker led to improved repression (Qi et
al. 2013). Similarly, dCas9 has been reconfigured as a transcriptional activator via the
addition of various activation domains (Chavez et al. 2016; Briner et al. 2014; Maeder et
al. 2013). Importantly, both repression and activation platforms were demonstrated to
regulate endogenous gene expression (Maeder et al. 2013; Larson et al. 2013).
Furthermore, several groups have constructed pooled libraries of gRNAs that can
be virally delivered for genome-wide screening of gene activation or repression (Gilbert
et al. 2014; Horlbeck et al. 2016; Wang et al. 2014; Sanjana et al. 2014)(Goode et al.
2016; Ziller et al. 2015). These systems are commercially available and reasonably
priced, thereby lowering the previously high technical and financial barriers to
performing this type to large-scale perturbation analysis. Although similar studies can be
performed using siRNA/shRNA libraries, knockdown via CRISPRi is more robust
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because it targets transcription at its source and can target non-coding RNAs,
demonstrating higher versatility (Sanjana et al. 2014).

CRISPR/Cas9 as a platform for multiplexed gene regulation.
Despite these advantages, however, each of these systems is limited to only a single
regulatory function. Many cellular processes like differentiation involve the concerted
repression and activation of multiple genes (Goode et al. 2016; Ziller et al. 2015). To
facilitate the study of such complex systems, I developed CRISPRai for multi-modal
transcriptional regulation of multiple genes. The system fuses RNA aptamers to the 3’
end of the gRNA, thus functionalizing the gRNA to not only specify gene targeting, but
also regulatory function when co-expressed with cognate RBDs fused to transcriptional
regulatory domains. By using different, orthogonal sets of aptamer/RBDs, one can
simultaneously perform differential regulation of disparate loci. The modularity of this
system adds to its versatility, as many different mechanisms of transcriptional regulation
can be employed, such as histone modification and DNA methylation, given fusion of
the appropriate regulatory domain the RBD.
I first demonstrated utility of this system by activating a co-transfected reporter
plasmid. Interestingly, compared to the unmodified gRNA, addition of the 2x aptamer
abolishes reporter activation by dCas9:VP64. I hypothesized that aptamer fusion
disrupted folding of the gRNA, and subsequently examined whether addition of cognate
RBD fused to NLS alone could rescue dCas9:VP64-dependent activation. While I
hypothesized that this strategy may have had a stabilizing effect on the gRNA structure,
this approach was similarly unfruitful (Appendix A Figure 2). Paradoxically, transferring
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the VP64 from dCas9 to the RBD restored activation. It is possible that the former
combinations suffered from steric issues. Subsequent to the work in this study, the
structure of Cas9 in complex with crRNA/tracRNA was elucidated, which may offer
insight into this phenomenon (Nishimasu et al. 2014). As the C-terminus of Cas9 and
the 3’ end of the gRNA are in close proximity, fusion of the aptamer and its
subsequently recruitment of its cognate RBD may impair function of the nearby VP64.
Parallel to this study, the Church lab also demonstrated gene activation via RNAscaffolding, further validating this approach (Mali, Aach, et al. 2013).
Finally, I showed that this modular approach could similarly be used to repress
gene expression. Interestingly, inhibition of the GFP reporter was significantly improved
with the inclusion of a BFP linker between dCas9 and the repressive KRAB domain.
However, the level of repression was decreased when functionalized gRNA was used in
conjunction with the cognate RBD:KRAB fusion. As discussed above with the
RBD:VP64 fusion, steric hinderance may play a role here as well. Furthermore, it is
possible that folding of the RBD is impaired by fusion with the large KRAB domain.
Thus, while only modest inhibition was seen using CRISPRai, optimization of the fusion
proteins, potentially by including a BFP linker between the RBD and KRAB domain, may
provide a path towards enhancing repression.
Since this study, at least two approaches to multiplexed regulation have been
developed using CRISPR/Cas9. Concurrent with this work, Zalatan and colleagues
developed a system very similar to CRISPRai (Zalatan et al. 2015). Their approach also
combined fusion of RNA aptamers onto gRNAs to create CRISPR scaffold RNAs
(scRNAs) with fusion of regulatory domains onto their cognate RBDs. They tested three
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aptamer/RBD pairs (MS2, PP7, and com) and demonstrated activation using each.
Interestingly however, they noted that repression did not work when KRAB was fused to
MS2 or PP7. They speculated that because MCP and PCP form dimers, this may have
interfered with KRAB function. Finally, they show activation of CXCR4 and repression of
B4GALNT1, demonstrating simultaneous regulation at two endogenous loci in human
cells.
Taking a different approach, Kiani et al. showed that the regulatory function of
Cas9/VPR could be modulated by the gRNA (Kiani et al. 2014). gRNAs with containing
targeting sequencing between 17 and 20 nts directed efficient cleavage of target DNA.
However, 14-16 nt gRNAs could still mediate binding of Cas9, but inhibited nuclease
activity. By directing Cas9/VPR to different positions in the promoter, they could either
inhibit or activate gene expression.
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Conclusions
Although perturbation of gene expression is an indispensible tool for assessing function,
traditional methods cannot address the intricacy of many biological systems. Compared
to many approaches for manipulating gene regulation, a CRISPR/Cas9-based system is
well suited for complex network analyses as it is easy to program, highly modular, and
capable of simultaneously regulating many genes. By using different regulatory
domains, one can utilize a variety of different regulation modalities (histone modification,
DNA looping, etc.) and these can be employed concurrently using different orthogonal
aptamer-RNA binding domain pairs. While I developed this system for use in
mammalian cells, in principle, it could work in any model organism, and thus is poised to
be a new paradigm in studying complex biological processes and manipulating synthetic
circuits.
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Materials and Methods
Plasmid design and construction
Cas9:NLS was a gift from George Church (Addgene plasmid #41815). The two dCas9
point mutations (D10A and H841A) and VP64 or KRAB fusions were added via
GIBSON assembly (Gibson et al. 2009). dCas9:BFP:KRAB was a gift from Lei Qi
(Addgene plasmid #46910). gRNA backbone was a gift from George Church (Addgene
plasmid #41824), and the 20 nt targeting sequence modified using GIBSON
assembly. MS2, PP7, and λ aptamers and RBDs were a gift from Gairik Sachdeva.
Aptamers were added to the 3’ end of the gRNA via GIBSON assembly. VP64 and
KRAB were fused onto the RBDs via GIBSON assembly. TAL118 activator was
assembled via Golden Gate Assembly (Engler et al. 2008), and CFP and GFP reporters
by BioBricks Assembly (Shetty et al. 2008) as previously described (Lienert et al. 2013).

Cell culture
The human osteosarcoma-derived epithelial cell line U2OS (ATCC no. HTB-96) was
maintained in Dulbecco’s Minimum Essential Medium (DMEM; Life Technologies)
supplemented with 10% fetal bovine serum (FBS; Life Technologies) and 1% penicillin
and streptomycin (Life Technologies) at 37°C and 5% CO2. Cells were transiently
transfected in triplicate using Lipofectamine LTX & Plus Reagent (Life Technologies)
following manufacturer’s recommendations. Typically, ~20,000-22,500 cells/cm2 were
seeded in 12-well plates the day before to ensure 50-70% confluence for transfection. A
total of 1ug DNA was transfected per well. Empty vector was used to keep the total
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amount of DNA constant. A constitutively expressed mCherry construct was included to
control for transfection efficiency.

Flow Cytometry
For experiments involving gene activation, cells were analyzed 48 hours posttransfection to allow for nuclear uptake and subsequent transcription and translation.
For experiments involving gene repression, cells were analyzed 96 hours posttransfection to allow for chromatin modification by KRAB and to account for the long
half-life of GFP. Briefly, cells were trypsinized, pelleted, and resuspended in Dulbecco’s
phosphate-buffered saline (DPBS; Life Technologies) containing 0.1% FBS. At least
10,000 live cells were analyzed using a LSRII cell analyzer (BD Biosciences). CFP was
measured with a 405 nm laser and a 525/50 emission filter. eGFP was measured with a
488 nm laser and a 525/50 emission filter. mCherry was measured with a 594 nm laser
and a 630/22 emission filter. Data were analyzed with FlowJo (Flowjo LLC). Live cells
were gated by size and granularity using FSC-A vs SSC-A. Singlets were gated using
SSC-A vs SSC-H. Data is reported as the median fluorescence intensity (MFI) of the
positive population. Values shown are the means of triplicate transfections, with error
bars representing standard deviation.
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Chapter 3

Engineering Multi-threshold Sensors of Cytokine
Signaling

	
  

Abstract
Interferons serve a key role in the cellular response to viral attack. Interferon-mediated
transcription modulates the activity of hundreds of genes with differential effects over a
wide range of IFN concentrations. However, transcriptional reporters currently used to
investigate IFN signaling are unable to cover the full dynamic range of IFN responses.
To address this gap, we developed interferon sensors with varying sensitivities. By
modulating the copy number, core components of the minimal promoter, and the affinity
of a key transcription factor binding site, we quantitatively shape the response of
reporters over a range of interferon doses. The sensors provide single-cell resolution of
interferon regulated gene expression, enabling investigation of underlying heterogeneity
in a population treated with interferon.
Most recent version
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Introduction
Interferons (IFNs) are cytokines important for mediating defense against viral pathogens
and for modulating the activity of immune cells (Samuel 2001; Sadler and Williams
2008; Schoggins et al. 2011; Jiang et al. 2010; Gough et al. 2012; González-Navajas et
al. 2012). There are three distinct classes of IFNs (Samuel 2001). In humans, the type I
IFN class is largely comprised of 13 partially homologous IFNα subtypes and a single
IFNβ. The type II IFN class consists of a single gene product, IFNγ, which is produced
mainly by immune cells. The final class of type III IFN contains IFNλ1, IFNλ2 and IFNλ3
(also known as IL-29, IL-28A and IL-28B, respectively) (Samuel 2001)..
These glycoproteins bind to surface receptors and activate signal transduction
through the JAK/STAT pathway (Wesoly et al. 2007). For all type I IFNs, engagement of
the type I IFN surface receptors, IFNAR1 and IFNAR2, leads to phosphorylation of the
signal transducer and activator of transcription (Stat) proteins Stat1 and Stat2 by the
Janus kinases (JAKs) Jak1 and Tyk2 (Au-Yeung et al. 2013). pStat1 and pStat2
complex with the IFN regulatory factor (IRF) IRF9 in the cytoplasm to form the trimeric
transcription factor ISGF3 (Kessler et al. 1990). ISGF3 then translocates to the nucleus
where it binds a specific cis-regulatory element termed the IFN stimulated response
element (ISRE) and regulates the expression of hundreds of IFN-stimulated genes
(ISGs) (Cheon et al. 2013; Sadler and Williams 2008).
In addition to the pleiotropy exhibited by IFN signaling, distinct phenotypes are
observed over a wide range of signaling (Levin et al. 2011; Hwang et al. 2013). Antiviral
effects are typically seen in the low pM range whereas antiproliferative and apoptotic
effects can be seen in the nM range (Apelbaum et al. 2013; Kotredes and Gamero
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2013; Bekisz et al. 2010; Samuel 2001; Kalie et al. 2007). Due to their impact on viral
defense and anti-proliferation, type I IFNs have gained clinical relevance for the
treatment of conditions ranging from viral infection, to cancer, multiple sclerosis,
atherosclerosis and diabetes (Friedman 2008). IFNα was once the gold standard for
treatment of patients with hepatitis C viral infection but is known to cause of a variety of
side effects including nausea, fatigue and depression (Zheng et al. 2014). To mitigate
these off-target effects and to develop better, more targeted IFN-based therapies for a
wider range of applications, we need better tools for examining IFN biology.
Genetic reporters that parallel endogenous transcriptional changes in response
to signal transduction offer an invaluable approach to studying cell signaling. For
investigating IFN signaling, several labs have developed sensors that use ISRE
sequences to couple endogenous signaling to transcription of reporter genes (Bürgi et
al. 2012; Mahmoud et al. 2011; Meager 2002; Yahya et al. 2015). However, these tend
to have many copies of the ISRE, leading to high sensitivity, but also saturated
response across a wide range of doses. Given the different effects of IFN exposure over
a broad range of concentrations, this saturation obscures differentially responding
populations.
In this study we aim to develop multiple threshold sensors for investigating IFN
signaling. With such a genetic device, we can investigate IFN signaling with single cell
resolution, exploring its heterogeneous action, and more finely parsing the dose
dependent effects of this pleiotropic cytokine.
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Results
Modulating responsiveness of IFNα signaling sensors
To develop IFN sensors with different sensitivities, we created a small library of dual
luciferase reporters (Figure 3.1A). The reporter was constructed to contain two separate
expression units: one constitutively expressing Firefly luciferase to control for
transfection efficiency, and the second for conditional expression of Renilla luciferase.
To enable IFN-inducible expression of the Renilla cassette, we used the WT interferonstimulated response elements (ISRE) from the promoter of ISG54, one of many antiviral
genes which are rapidly unregulated by type I IFN (Bluyssen et al. 1994). Intuitively,
increasing the number of ISREs from 2x to 4x and 6x should increase the binding
efficiency of ISGF3 thereby decreasing the threshold to interferon inducible expression.
Additionally, recent reports suggest that aside from the ISRE, specific elements of the
core promoter including the TATA box, GC box, CAAT signal, AP-1 site, mediate
strength and leakiness of the promoter in the presence and absence of interferon
respectively (Mahmoud et al. 2011). By varying the nature of the minimal promoter
(HSK-TK TATA box vs. CMV TATA box [CMVT]) and the length of the minimal promoter
(CMV74, CMV53, CMVT) we aimed to create a small library of promoters that display
different dynamics with hIFNa treatment. As Stat signaling is present in virtually all cell
types, we used the common osteosarcoma cell line, U2OS, to characterize the library.
We investigated the effects of ISRE copy number and minimal promoter length
on the sensitivity to IFN and observed dramatic differences in IFN-inducible expression
but also basal expression (Figure 3.1B,C). Increasing copy number led to a dosedependent increase in sensor response, with 6x copies showing the highest responses
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and 2x the lowest. Importantly, the increase in IFN-dependent expression was
accompanied by an increased in IFN-independent expression, with the 6x variants
again showing the highest leakiness in the absence of IFN.
With the minimal promoters, CMV53 outperformed the shorter CMV t and HSV t
variants, as well as the more complex CMV74 variant in terms of IFN-inducible
expression and leakiness. It displayed the highest response when coupled to 6 copies
of the ISRE, though basal expression was also high for this variant. HSVt-based
reporters showed the lowest output and intermediate levels of leakiness. While the
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Figure 3.1. Engineering IFNα signaling sensors by varying the number of ISRE and
minimal promoter composition.
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Figure 3.1 (continued). A small library of IFN-responsive promoters was constructed
by varying the copy number of an interferon-sensitive response element (ISRE) derived
from ISG54 and by using various minimal promoters. (a) Schematic of dual luciferase
reporter for assaying ISRE response. The plasmid contains two expression cassettes:
one for the constitutive expression of Firefly luciferase and the other for IFN-inducible
expression of Renilla luciferase. (b) Minimal promoters containing different core
regulatory elements. (c) U2OS cells were transiently transfected with ISRE-dual-Luc
sensors, treated with indicated doses of hIFNa for 24 hours, and then luminescence
was assayed. Renilla luminescence was normalized to Firefly luminescence and values
shown are the means of biological triplicates, with error bars representing standard
deviation.
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intermediate response to IFN, they also had high basal expression even in the absence
of ISREs. The best performing CMVt and CMV53 variants showed ~30 fold increase in
gene expression due to high inducibility and low bass expression.
Taken together, these results indicate that we can tune the sensitivity of IFNresponsive sensors by modulating both the ISRE copy number and the complexity of
the minimal promoter.

A computational platform for modulating binding affinity of cis-regulatory elements.
While increasing copy number and tuning the minimal promoter resulted in more
sensitive reporters, in order to engineer less sensitive reporters, we investigated the
effect of modifying the ISRE sequence on IFN-responsiveness. The WT ISG54 2xISRE
contains four symmetric half sites for ISGF3 to bind (Bluyssen et al. 1994). Previous
studies have shown that mutating any of these half sites WT ISG54 reduced IFNdependent expression by 80% (Bluyssen et al. 1994). However, we sought to explore
the impact of additional mutations to enable a finer degree of tunable IFN-inducible
expression. To address this we developed an algorithm to generate a high diversity of
potential ISRE variants (Figure 3.2). A position weight matrix (PWM) for pStat1:pStat2
generated by ChIP-chip analysis of IFN-treated cells was used a model for ISREs
(Hartman et al. 2005). All 13-mers were scored against this PWM using the cumulative
log likelihood (Figure 3.2A,B). About 200,000 sequence scored > 0 indicating they were
more similar to the PWM than background (Figure 3.2D). Sequences were randomly
sampled across this truncated distribution to generate putative ISRE variants (Figure
3.2E).
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Figure 3.2: Workflow for generating novel ISRE variants. A bioinformatics approach
was developed to generate libraries of ISRE variants. (a,b) All 13-mers were scored
against the position weight matrix for Stat1:Stat2 (MA0517.1) by summing the log
likelihoods at each position. (c,d) The resulting distribution was truncated at 0, and
sequences were chosen at random. (e) Sample ISRE variants. Computational derived
variants I26 and I50 are shown compared to ISG54 ISRE (H0) and a null sequence
(N1). Boxes highlight putative ISRE half sites. (f) A library of IFN-regulated sensors was
subsequently constructed by cloning ISRE variants upstream of a minimal promoter
driving conditional expression of mCherry.
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To evaluate the function of these computationally derived variants, the
sequences were synthesized and cloned upstream of a minimal promoter driving
mCherry expression (Figure 3.2F). A small library of 2x variants was generated by
permuting three 1xISRE variants from the algorithm. I26 was hypothesized to be a low
quality ISRE, due to the T to G mutation in the second half site. I50 was hypothesized to
be a medium quality ISRE, because, while it also has a mutation in the second half site,
the mutation is at a position of lower sequence information. H0 is the maximum-scoring
consensus sequence and N1 is a putative null sequence, chosen for its low scoring in
both 5’ and 3’ directions.
The 2xISRE sensor library was tested in the hepatocyte cell line HepG2 for its
clinical relevance as a model for hepatitis infection and treatment by hIFNa (Wilson and
Stamataki 2012). To mitigate integration context dependent effects and facilitate direct
comparison of the variants, sensors were genomically integrated at single copy in a sitespecific manner using an engineered HepG2 cell line with a genomically encoded Bxb1
recombinase site knocked into the AAVS1 locus (Duportet et a. 2014). The IFN doseresponse of the 2x ISRE variants correlated well with their PWM scores (Figure 3.3,
3.4). I26 was likely non-functional as the I26_I26 sensor was unresponsive to IFN
stimulation (Figure 3.4A). I50 variants displayed intermediate response, and,
unsurprisingly, the consensus H0 variants were most sensitive, responding to as little as
1IU/mL of hIFNa2a (Figure 3.4B,C). Interestingly, sensor performance was not
dependent on the relative position of the 1xISREs. For example, I50_H0 and H0_I50
had similar response curves, with both showing about 10% of cells activating at the
highest dose. Despite the clear differences in amplitude of response to IFN, when the
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dose-response curves were normalized to the maximum response for the respective
2xISRE sensor variants, the curves collapse to the same shape (Figure 3.4D). The two
outliers here, I25_H0 and I50_I26, correspond to the lowest responding variants.
These results suggest that while the quality of the ISRE site influences the
amplitude and dynamic range of response to IFN, the underlying relationship to the
input remains the same. It does, however, offer a lever for tuning the signal to noise of
IFN sensors.

I50-I26

H0-I26

I26-I50

I50-I50

H0-I50

I26-H0

I50-H0

H0-H0

[hIFNa]
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Figure 3.3: Characterization of stably integrated 2xISRE sensors. Histograms showing
IFN dose-dependent changes in transcriptional output for one control (N1-N1) and nine
2xISRE variants. The stably transfected HepG2 cell lines were treated with various
doses of hIFNa for 24 hours, and sensor response was assayed by flow cytometry.
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Figure 3.4: Quality of ISRE site modulates dynamic range but not dose-response.
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Figure 3.4 (continued). (a-c) Line graphs quantifying % of mCherry positive cells for
cell lines containing indicated 2xISRE sensors treated with a range of hIFNa doses. (d)
Subset of dose-response data from (a-c) normalized to the maximum response for each
circuit variant. Grayscale corresponds to relative maximum response. At least 10,000
cells were analyzed for each transfection and condition. Values shown are the means of
biological triplicates, with error bars representing standard deviation.

Modulating copy number, core promoter, and ISRE site quality fine-tune sensor output.
To develop reporters with high dynamic range but also differing sensitivities to IFN, we
construct a new sensor library by varying ISRE quality, copy number and minimal
promoter (Figure 3.5, 3.6). Interestingly, the variants with the same copy number
showed similar response, with the 6xISRE variants again showing greater sensitivity to
IFN, achieving up to 90% response (Figure 3.6A). While one 6x variant, I50_I26,
clusters with the 2xISRE variants, the previous results suggested that the I26 1xISRE
variants is likely non-functional, so this 6xISRE variant may simply be a 3xISRE. While
the CMV53 promoter marginally increased sensitivity, promoter and ISRE quality
appeared to impact sensitivity less than copy number (Figure 3.6C). In contrast, copy
number, minimal promoter, and ISRE quality all contributed to the dynamic range of
sensor response (Figure 3.6B,E). Increasing copy number led to a 6- and 13-fold
increase in IFN-dependent reporter fluorescence for H0_H0 t6 and CMV53 variants
respectively. While the promoter showed little impact for 2xISRE variants, between
6xISRE(3xH0_H0) CMVt6 and 6xISRE(3xH0_H0) CMV53 there was a 1.8-fold increase
in sensor output. Modulating ISRE quality for the 6xISREs led to a comparable 1.3-fold
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improvement between I50_H0 and H0_H0 (Figure 3.6E).
Interestingly, unlike the prior results with transient transfection of sensors with
different promoters, leakiness was much less apparent with the genomically integrated
IFN-sensors. Thus, if leakiness is mitigated by integration, the CMV74 promoter may
offer enhanced dynamic range over the CMV53-based sensors.

2xISRE(H0_H0) CMV53

[hIFNa]

2xISRE(H0_H0) CMVt6

fluorescence intensity

6xISRE(3xI50_I26) CMVt6
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6xISRE(3xH0_H0) CMV53

Figure 3.5: Characterization of minimal promoter and 6xISRE variants. Additional IFNsensors were generated by using different minimal promoters and by multimerizing the
2xISREs to 6xISRE. The sensors were subsequently stably integrated into the AAVS1
locus of a HepG2 landing pad cell. The cell lines were then treated with various doses
of hIFNa for 24 hours, and sensor response was assayed by flow cytometry.
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Figure 3.6: Modulating ISRE copy number and minimal promoter enables tuning of
stably integrated IFN sensors. Line graphs quantifying (a) % of mCherry positive cells
and (b) median fluorescence intensity (MFI) for cell lines containing indicated ISRE
sensors treated with a range of hIFNa doses. (c, d) Dose-response data from (a,b)
normalized to the maximum response for each circuit variant. (e) Comparison of basal
and maximal sensor response. At least 10,000 cells were analyzed for each transfection
and condition. Values shown are the means of biological triplicates, with error bars
representing standard deviation.
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Dynamics of IFN signal transduction
Exposure to type I IFN leads to the rapid phosphorylation of cytoplasmic Stat1 and
Stat2 (Cheon et al. 2013). These proteins then complex with IRF9 and translocate to the
nucleus, where this trimeric factor activates expression of ISGs (Kessler et al. 1990). In
order to understand the biological significance of our synthetic IFN sensors, we sought
to benchmark sensor output against changes in these endogenous signaling factors in
response to IFN. As a first step, we assayed the nuclear accumulation of these three
factors by immunofluorescence in WT HepG2 cells (Figure 3.7). In the basal state,
cellular levels of all three components were low (Figure 3.7A-C). However, within 30
minute of stimulation, pStat1 and pStat2 levels were increased and concentrated in the
nucleus (Figure 3.7A,B). These signals peaked during the early time points and decay
by 24 hours (Figure 8d). In contrast, IRF9 showed slower induction kinetics with nuclear
accumulation peaking at 24 hours. The delay may be due to need for new protein
synthesis, as the protein is largely absent in unstimulated cells.
These results demonstrate that IFN stimulation leads to different dynamics in
signal transduction. Performing this analysis in IFN sensor cells would allow us to
investigate how dynamics in the signaling components correlate with overall output at
the single cell level.
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Figure 3.7. Dynamics of IFN signal transduction. WT HepG2 cells were treated with 104
IU/mL hIFNa2a for indicated durations, after which cells were fixed and stained for (a)
pStat1, (b) pStat2, (c) IRF9, or an isotope control. (d) Histograms quantifying the
distribution of nuclear intensity for each signaling component. At least 1,000 cells per
well over multiple fields were analyzed for each condition.
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Discussion
In response to viral attack, IFNs regulate the expression of hundreds of genes involved
in mounting the antiviral response. In addition to the pleiotropy exhibited by IFN
signaling, distinct phenotypes are observed over a wide range of signaling. It is thus
difficult to examine IFN biology using traditional genetic sensors as these are unable to
reporter on the full dynamic range of signaling. Therefore, in this study, we developed
multiple threshold sensors for investigating IFN signaling. With such a genetic device,
we can investigate IFN signaling with single-cell resolution, and more finely parse out
the dose-dependent effects of this broadly acting cytokine.

A small library approach to engineering IFN sensors.
Initially, to develop Type I IFN responsive promoters with different sensitivities, we
made a small library of promoters by varying the copy number of the ISRE from ISG54
and the composition of the minimal promoter. While all promoters showed a IFN dose
dependent increase in luciferase expression, the strength of induction trended positively
with an increase in copy number potentially due to changes in avidity (Figure 3.1). The
CMVT and CMV53 variants showed the lowest basal expression and highest maximum
induction, leading to large dynamic range in response to IFN treatment. Interestingly,
the CMV74 promoter variants had the highest maximum induction but also significant
basal expression. Compared to the other variants tested, this promoter contains
regulatory elements for binding additional transcriptional regulators like Sp1 and AP-1.
We speculate that synergistic interaction between ISGF3 and additional transcription
factors may underlie the increased responsiveness of this promoter. In line with this,
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Sp1 has been demonstrated to function cooperatively with regulation of IFNƔ dependent
gene expression, and NF-κB protein complex is known to associate with ISREs to
promote transcriptional activation (Samten et al. 2008; Wang et al. 2016).
While this approach enabled us to engineer reporters with increased sensitivity,
to cover the full range of IFN signaling, we additionally sough to construct reporters with
lower sensitivity. To do so, we developed a computational approach scoring sequences
against the position weight matrix (PWM) for Stat1:Stat2 binding. Such models assume
that each nucleotide in a binding site contributes independently to the binding affinity of
the transcription factor. This, however, is likely a gross over-simplification as many
additional factors such as dinucleotide frequency, DNA conformation, and nucleosome
positioning also greatly impact transcription factor binding (Yang and Ramsey 2015;
Siddharthan 2010; Hu et al. 2011). More sophisticated neural network models are able
to capture many of these nuances a priori (Zeng et al. 2016). Surprisingly, despite these
limitations, performance of computationally derived putative ISRE sequences correlated
well with their scores from the PWM model (Figure 3.5). Introducing some of these more
complex models for transcription factor binding would likely improve this correlation, and
provide a generalizable platform for creating binding sites with tailored affinities.

Shaping sensor response to IFN.
Through our small library approach, we were able to investigate how different
components of the IFN sensors impact the relationship between IFN input and two
different metrics of reporter output: the proportion of cells responding above a
background threshold and the dynamic range of the signal. While initial analysis
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seemed

to

show

stark differences

in

the

percent

of

responding

cells

for

sensors differing in copy number, promoter, and ISRE quality, following re-scaling and
normalization, the curves collapse into two clusters differing only by copy number. This
suggests that at the transcriptional level, whether or not a gene responds to IFNstimulation is strongly influenced by avidity. However, as endogenous ISGs typically
have only one or two ISREs, they likely employ other mechanisms such as
chromatin modification, nucleosome occupancy and synergy with other transcription
factors to achieve this same effect (Chang et al. 2004). For our purpose
of building sensors that are specific to IFN and not influenced by other signaling
pathways, regulating ISRE copy number is the preferred method to modulate the
percent of responding cells.
In contrast, each component had a measurable impact on signal intensity.
Regulating the promoter and the ISRE quality each led to ~2-fold improvement in signal
intensity, whereas copy number increase led to a greater 6- to 13-fold improvement.
Interestingly however, when normalized and re-scaled, all sensors collapsed onto a
single curve. This suggests that while different characteristics of the synthetic sensor
can modulate the amplitude of transcriptional response to IFN, this modulation is only a
scalar, and does not impact the fundamental relationship between IFN concentration
and transcriptional response.
It would be interesting to speculate on how the different structural components of
the herein described IFN sensors influence transcription on a mechanistic level.
Considering a two-state, bursting model of transcription, the different sensor features
may differentially impact burst size or frequency (Raj et al. 2006; Bahar Halpern et al.
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2015). Understanding these mechanisms may enable more specific design of sensor
function. This is technically challenging however, requiring tracking of live cells
responding to IFN in real-time. Flow cytometry and similar endpoint assays have
inherent limits on the ability to investigate transcriptional dynamics, and we would need
a new approach to gain a better understanding of the mechanisms underlying IFNmediated transcriptional dynamics.

Towards single-cell analysis of IFN-mediated transcriptional dynamics.
At their simplest, reporter systems like the one described in this work can be used to
indicate the binary presence or absence of a transcriptional response. However, these
reporters can also be powerful tools for the more nuanced interrogation of quantitative
changes in transcriptional dynamics (Doupé and Perrimon 2014). To draw biological
significance from such experiments requires additional efforts to benchmark or create a
standard curve for the relationship between reporter function and the underlying biology.
For investigating the dynamics of IFN signaling, groups that have developed similar
ISRE-based sensors typically used bulk assays like Western blotting or qRT-PCR to
benchmark reporter activation with activation of endogenous ISGs (Meager 2002).
However, such techniques aggregate and average at the population-level, obscuring
interesting dynamics at the single-cell level. To address this challenge, we sought to
quantify the relationship of IFN-dependent activation of our reporter to IFN-dependent
changes in cell signaling with single-cell resolution. Towards this goal, immunostaining
for the components of the trimeric IFN-regulated transcription factor, ISGF3, in wild type
cells revealed different dynamics in nuclear accumulation of these three subunits
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(Figure 8). Additionally, image analysis of individual nuclei showed that, while all cells
respond to IFN, the response is heterogeneous, with IFR9 in particular showing a broad
distribution of nuclear accumulation at 24 hours of induction. While purely speculative,
we hypothesize that different suites of IFN-dependent genes may be turned on
depending on the integrated nuclear accumulation of pStat1, pStat2, and IRF9. Thus, it
would be particularly interesting to investigate how these dynamics change with IFN
dose and duration, and more specifically, whether this non-uniformly impacts the
expression of different genes.
The obvious extension here would be to use this pipeline to correlate the IFNdependent changes in ISGF3 components with induction of the IFN sensors. This
approach is not without technical limitations however. Ideally, we would correlate all
three

components

and

the

sensor

in

the

same

cell.

Practically

however,

the antibodies used in this study were all derived from the same species,
precluding concomitant staining. While methods for mitigating this obstacle exist
(e.g. primary conjugation; iterative stripping/bleaching and staining), they require
significant optimization and may not work well for low abundance signals. Despite the
limitations, pair-wise comparing is still likely to reveal interesting insights.
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Materials and Methods
Plasmids
2xISREs were synthesized as single-stranded sense and antisense oligos (IDT) and
annealed to create dsDNA. Minimal CMV promoters were constructed by PCR. ISREs
were multimerized and assembled with mCMV via Biobricks assembly (Shetty et al.
2008). These synthetic promoters were subcloned into the dual luciferase vector,
siCHECK2 (Promega), replacing the SV40 promoter upstream of the Rluc coding
sequencing via standard restriction digest and ligation.
For construction of landing pad plasmids, several parts were the kind gift of Ron
Weiss. ISREs, mCMV, mCherry, and mKate2 were typically generated via PCR or
synthesized as gBlocks (IDT) or annealed oligonucleotides (IDT). These fragments
were subsequently cloned into PCR-Blunt II-TOPO to create plasmid stocks
(Invitrogen). All parts and backbones were maintained as frozen plasmid stocks diluted
to 50ng/µl.
ISRE sensors were assembled using Golden Gate cloning (Engler et al. 2008). 2
µl of each part was combined with 0.5 µl of TypeIIS enzyme (Fast Digest Eco31I [BsaI],
or Fast Digest Esp3I [BsmbI]; Fermentas), 1 µl of high concentration (2,000,000
unit/mL) T4 DNA Ligase (NEB), 2 µl of T4 Ligase buffer (Promega), and ddH20 up to a
final total volume of 20 µl. For unknown reasons, the reaction is considerably less
efficient when NEB T4 Ligase buffer is used. The following reaction was performed in a
standard thermocycler: 1 step of 15 min at 37°C; then 50 cycles of [2 min at 37°C
followed by 5 min at 16°C]; 1 step of 15 min at 37°C, 1 step of 10 min at 50°C and 1
final step of 10 min at 80°C. 2 µl of the assembly was used for standard transformation
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of chemically competent E. coli. mMoClo TU backbones contain an RFP expression
cassette

enabling

red-

(vector

only)

white

(assembled

construct)

colony

screening. Gibson assembly of single Tus with a Bxb1 landing pad integration backbone
was described previously (Duportet et al. 2014).

Cell culture and reagents
HepG2 (ATCC no. HB-8065) and HepG2LP cells were maintained in Eagle’s Minimum
Essential Medium (EMEM; Life Technologies) supplemented with 10% fetal bovine
serum (FBS; Life Technologies) and 1% penicillin and streptomycin (Life Technologies)
at 37°C and 5% CO2. hIFNa2a (ProSpec) was used at indicated concentrations.

Transient transfections and stable integration
Transient transfection were performed in triplicate using Lipofectamine 3000 (Life
Technologies) following manufacturer’s recommendations. Typically, ~20,000-22,500
cells/cm2 were seeded the day before to ensure 50-70% confluence for transfection. A
total of 1 µg DNA was transfected per well for 12-well plates, 2.5 µg per well for 6-well
plates.
HepG2LP cells were generated as previously described (Duportet et al. 2014).
Briefly, HepG2 cells were transiently co-transfected with a donor plasmid and a
construct expressing ZFN targeting the AAVS1 locus. The donor plasmid contained an
expression cassette for Hygromycin and YFP, plus a single Bxb1 recombination site, all
flanked by 1-kB homology arms for the AAVS1 locus. Three days post-transfection,
integrants were selected with 1 µg/mL Hygromycin B (Sigma). Clones were isolated
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after two weeks of selection, and characterized via genotyping and flow cytometry for
YFP.
For landing pad integration, HepG2LP cells were transiently co-transfected with 1
µg of memory circuit plasmid DNA and 1 µg of a Bxb1 recombinase expression plasmid
in 6-well plates. 3 days post-transfection, cells were passaged to T25s and selection
was started the following day. 1 µg/mL puromycin (Sigma) was used to select integrants
and selection was maintained throughout subsequent culturing.

Luciferase Assay
~20,000-22,500 cells/cm2 U20S cells were seeded in 96-well plates the day before
transfection to ensure 50-70% confluence for transfection. A total of 100 ng DNA was
transfected per well 24 hours-post transfection, cells were treated with hIFNa2a at
indicated concentrations for 24 hours. Dual-Glo Luciferase Assay (Promega) was
performed according to manufacturer’s specifications. Relative Rluc activity was
calculated as the ratio of Renilla luminescence from the experimental reporters to inwell Firefly luminescence. Values shown are the means of quadruplicate transfections,
with error bars representing standard deviation.

In silico generation of ISRE variants
A custom Matlab script (Mathworks) was used to calculate the cumulative log odds
ratio 𝑆𝑐𝑜𝑟𝑒 =

!!,!
!
!!! 𝑙𝑜𝑔 !
!

for 13-mers against a position weight matrix for Stat1:Stat2

binding (MA0517.1)(Hartman et al. 2005).
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Flow Cytometry
Cells were trypsinized, pelleted, and resuspended in Dulbecco’s phosphate-buffered
saline (DPBS; Life Technologies) containing 0.1% FBS. At least 10,000 live cells were
analyzed using a LSRII cell analyzer (BD Biosciences). mCherry and mKate2 were
measured with a 594 nm laser and a 630/22 emission filter. Data were analyzed with
FlowJo (Flowjo LLC). Live cells were gated by size and granularity using FSC-A vs
SSC-A. Singlets were gated using SSC-A vs SSC-H. Single color controls were used for
compensation. Data is reported as the median fluorescence intensity (MFI) of the
positive population. Values shown are the means of triplicate transfections or
treatments, with error bars representing standard deviation.

Immunofluorescence, microscopy and image analysis
Cells were treated with 104 IU/mL hIFNa2a for the indicated times then fixed in 4%
paraformaldehyde (Sigma) in PBS (pH 8.0) for 15 minutes at room temperature,
washed three times in PBS, and then permeabilized with ice-cold 100% methanol
(Fisher Scientific) for 10 minutes at -20 °C. Following PBS wash, cells were blocked for
1 hour in blocking buffer containing 5% normal goat serum (Cell Signaling
Technologies) and 0.3% Triton X-100 (Sigma) in PBS. Cells were incubated overnight
at 4 °C with primary antibodies diluted in antibody dilution buffer containing 1 %BSA
(Sigma) and 0.3% Triton X-100 in PBS. Phospho-Stat1 [Tyr701] (1:200), Phospho-Stat2
[Tyr690] (1:200), IRF-9 (1:3500), and rabbit mAb isotope control (1:3200) (Cell
Signaling Technologies). Following three PBS washes, cells were incubated with anti-
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rabbit IgG Alexa Fluor® 488 Conjugate (Cell Signaling Technologies) diluted 1:1000 in
antibody dilution buffer for 90 minutes at room temperature. Nuclei were labeled with
Hoechst 33342 (1:10,000 in PBS) (Invitrogen) for 10 minutes followed by three PBS
washes.
Fluorescence microscopy was performed using the Cytell Cell Imaging System
(GE Heatlhcare) with a 10x/0.45NA objective. Hoechst was measure with the 390 nm
excitation, 430 nm emission filter set, and Alexa 488 with the 473 nm excitation, 525 nm
emission filter set. Nuclear pixel intensity was extracted using a custom Cell Profiler
pipeline (Broad Institute) and analyzed in Matlab.

	
  79	
  

References
Apelbaum, A., Yarden, G., Warszawski, S., Harari, D. and Schreiber, G. 2013. Type I
interferons induce apoptosis by balancing cFLIP and caspase-8 independent of death
ligands. Molecular and Cellular Biology 33(4), pp. 800–814.
Au-Yeung, N., Mandhana, R. and Horvath, C.M. 2013. Transcriptional regulation by
STAT1 and STAT2 in the interferon JAK-STAT pathway. JAK-STAT 2(3), p. e23931.
Bahar Halpern, K., Tanami, S., Landen, S., Chapal, M., Szlak, L., Hutzler, A., Nizhberg,
A. and Itzkovitz, S. 2015. Bursty gene expression in the intact mammalian liver.
Molecular Cell 58(1), pp. 147–156.
Bekisz, J., Baron, S., Balinsky, C., Morrow, A. and Zoon, K.C. 2010. Antiproliferative
Properties of Type I and Type II Interferon. Pharmaceuticals (Basel, Switzerland) 3(4),
pp. 994–1015.
Bluyssen, H.A., Vlietstra, R.J., van der Made, A. and Trapman, J. 1994. The interferonstimulated gene 54 K promoter contains two adjacent functional interferon-stimulated
response elements of different strength, which act synergistically for maximal interferonalpha inducibility. European Journal of Biochemistry / FEBS 220(2), pp. 395–402.
Bürgi, M. de L.M., Prieto, C., Etcheverrigaray, M., Kratje, R., Oggero, M. and BollatiFogolín, M. 2012. WISH cell line: from the antiviral system to a novel reporter gene
assay to test the potency of human IFN-α and IFN-β. Journal of Immunological Methods
381(1-2), pp. 70–74.
Chang, H.-M., Paulson, M., Holko, M., Rice, C.M., Williams, B.R.G., Marié, I. and Levy,
D.E. 2004. Induction of interferon-stimulated gene expression and antiviral responses
require protein deacetylase activity. Proceedings of the National Academy of Sciences
of the United States of America 101(26), pp. 9578–9583.
Cheon, H., Holvey-Bates, E.G., Schoggins, J.W., Forster, S., Hertzog, P., Imanaka, N.,
Rice, C.M., Jackson, M.W., Junk, D.J. and Stark, G.R. 2013. IFNβ-dependent increases
in STAT1, STAT2, and IRF9 mediate resistance to viruses and DNA damage. The
EMBO Journal 32(20), pp. 2751–2763.
Doupé, D.P. and Perrimon, N. 2014. Visualizing and manipulating temporal signaling
dynamics with fluorescence-based tools. Science Signaling 7(319), p. re1.
Duportet, X., Wroblewska, L., Guye, P., Li, Y., Eyquem, J., Rieders, J., Rimchala, T.,
Batt, G. and Weiss, R. 2014. A platform for rapid prototyping of synthetic gene networks
in mammalian cells. Nucleic Acids Research 42(21), pp. 13440–13451.
Engler, C., Kandzia, R. and Marillonnet, S. 2008. A one pot, one step, precision cloning
method with high throughput capability. Plos One 3(11), p. e3647.
Friedman, R.M. 2008. Clinical uses of interferons. British Journal of Clinical
	
  80	
  

Pharmacology 65(2), pp. 158–162.
González-Navajas, J.M., Lee, J., David, M. and Raz, E. 2012. Immunomodulatory
functions of type I interferons. Nature Reviews. Immunology 12(2), pp. 125–135.
Gough, D.J., Messina, N.L., Clarke, C.J.P., Johnstone, R.W. and Levy, D.E. 2012.
Constitutive type I interferon modulates homeostatic balance through tonic signaling.
Immunity 36(2), pp. 166–174.
Hartman, S.E., Bertone, P., Nath, A.K., Royce, T.E., Gerstein, M., Weissman, S. and
Snyder, M. 2005. Global changes in STAT target selection and transcription regulation
upon interferon treatments. Genes & Development 19(24), pp. 2953–2968.
Hu, G., Schones, D.E., Cui, K., Ybarra, R., Northrup, D., Tang, Q., Gattinoni, L., Restifo,
N.P., Huang, S. and Zhao, K. 2011. Regulation of nucleosome landscape and
transcription factor targeting at tissue-specific enhancers by BRG1. Genome Research
21(10), pp. 1650–1658.
Hwang, S.-Y., Hur, K.-Y., Kim, J.-R., Cho, K.-H., Kim, S.-H. and Yoo, J.-Y. 2013.
Biphasic RLR-IFN-β response controls the balance between antiviral immunity and cell
damage. Journal of Immunology 190(3), pp. 1192–1200.
Jiang, D., Weidner, J.M., Qing, M., Pan, X.-B., Guo, H., Xu, C., Zhang, X., Birk, A.,
Chang, J., Shi, P.-Y., Block, T.M. and Guo, J.-T. 2010. Identification of five interferoninduced cellular proteins that inhibit west nile virus and dengue virus infections. Journal
of Virology 84(16), pp. 8332–8341.
Kalie, E., Jaitin, D.A., Abramovich, R. and Schreiber, G. 2007. An interferon alpha2
mutant optimized by phage display for IFNAR1 binding confers specifically enhanced
antitumor activities. The Journal of Biological Chemistry 282(15), pp. 11602–11611.
Kessler, D.S., Veals, S.A., Fu, X.Y. and Levy, D.E. 1990. Interferon-alpha regulates
nuclear translocation and DNA-binding affinity of ISGF3, a multimeric transcriptional
activator. Genes & Development 4(10), pp. 1753–1765.
Kotredes, K.P. and Gamero, A.M. 2013. Interferons as inducers of apoptosis in
malignant cells. Journal of interferon & cytokine research  : the official journal of the
International Society for Interferon and Cytokine Research 33(4), pp. 162–170.
Levin, D., Harari, D. and Schreiber, G. 2011. Stochastic receptor expression determines
cell fate upon interferon treatment. Molecular and Cellular Biology 31(16), pp. 3252–
3266.
Mahmoud, L., Saif, M. Al-, Amer, H.M., Sheikh, M., Almajhdi, F.N. and Khabar, K.S.A.
2011. Green fluorescent protein reporter system with transcriptional sequence
heterogeneity for monitoring the interferon response. Journal of Virology 85(18), pp.
9268–9275.

	
  81	
  

Meager, A. 2002. Biological assays for interferons. Journal of Immunological Methods
261(1-2), pp. 21–36.
Raj, A., Peskin, C.S., Tranchina, D., Vargas, D.Y. and Tyagi, S. 2006. Stochastic mRNA
synthesis in mammalian cells. PLoS Biology 4(10), p. e309.
Sadler, A.J. and Williams, B.R.G. 2008. Interferon-inducible antiviral effectors. Nature
Reviews. Immunology 8(7), pp. 559–568.
Samten, B., Townsend, J.C., Weis, S.E., Bhoumik, A., Klucar, P., Shams, H. and
Barnes, P.F. 2008. CREB, ATF, and AP-1 transcription factors regulate IFN-gamma
secretion by human T cells in response to mycobacterial antigen. Journal of
Immunology 181(3), pp. 2056–2064.
Samuel, C.E. 2001. Antiviral actions of interferons. Clinical Microbiology Reviews 14(4),
pp. 778–809, table of contents.
Schoggins, J.W., Wilson, S.J., Panis, M., Murphy, M.Y., Jones, C.T., Bieniasz, P. and
Rice, C.M. 2011. A diverse range of gene products are effectors of the type I interferon
antiviral response. Nature 472(7344), pp. 481–485.
Shetty, R.P., Endy, D. and Knight, T.F. 2008. Engineering BioBrick vectors from
BioBrick parts. Journal of Biological Engineering 2, p. 5.
Siddharthan, R. 2010. Dinucleotide weight matrices for predicting transcription factor
binding sites: generalizing the position weight matrix. Plos One 5(3), p. e9722.
Wang, W., Xu, L., Brandsma, J.H., Wang, Y., Hakim, M.S., Zhou, X., Yin, Y., Fuhler,
G.M., van der Laan, L.J.W., van der Woude, C.J., Sprengers, D., Metselaar, H.J., Smits,
R., Poot, R.A., Peppelenbosch, M.P. and Pan, Q. 2016. Convergent Transcription of
Interferon-stimulated Genes by TNF-α and IFN-α Augments Antiviral Activity against
HCV and HEV. Scientific reports 6, p. 25482.
Wesoly, J., Szweykowska-Kulinska, Z. and Bluyssen, H.A.R. 2007. STAT activation and
differential complex formation dictate selectivity of interferon responses. Acta biochimica
Polonica 54(1), pp. 27–38.
Wilson, G.K. and Stamataki, Z. 2012. In vitro systems for the study of hepatitis C virus
infection. International journal of hepatology 2012, p. 292591.
Yahya, S. Al-, Mahmoud, L., Zoghaibi, F. Al-, Tuhami, A. Al-, Amer, H., Almajhdi, F.N.,
Polyak, S.J. and Khabar, K.S.A. 2015. Human Cytokinome Analysis for Interferon
Response. Journal of Virology 89(14), pp. 7108–7119.
Yang, J. and Ramsey, S.A. 2015. A DNA shape-based regulatory score improves
position-weight matrix-based recognition of transcription factor binding sites.
Bioinformatics 31(21), pp. 3445–3450.

	
  82	
  

Zeng, H., Edwards, M.D., Liu, G. and Gifford, D.K. 2016. Convolutional neural network
architectures for predicting DNA-protein binding. Bioinformatics 32(12), pp. i121–i127.
Zheng, L.-S., Hitoshi, S., Kaneko, N., Takao, K., Miyakawa, T., Tanaka, Y., Xia, H.,
Kalinke, U., Kudo, K., Kanba, S., Ikenaka, K. and Sawamoto, K. 2014. Mechanisms for
interferon-α-induced depression and neural stem cell dysfunction. Stem cell reports
3(1), pp. 73–84.

	
  83	
  

Chapter 4
	
  

Engineering Sensors to Investigate the Dynamics of
the Innate Antiviral Response

	
  

Abstract
Interferons play a central role in mounting the cellular response to viral invasion.
Originally characterized for their ability to interfere with viral infection, these cytokines
are applied clinically to conditions like hepatitis infection. However, as these small
proteins can modulate the expression of hundreds of genes, the pleiotropic action of
IFN leads to serious sides effects that limit its clinical utility. A more thorough
understanding of this signaling pathway may lead to improved IFN-based therapies. In
this Chapter, we discuss the development and optimization of genetic sensors for IFN
signaling, and its potential in exploring the spatio-temporal progression of transcriptional
changes in response to viral infection.
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Introduction
To combat the ever-present threat of viral attack, cells have evolved innate mechanisms
of antiviral defense. Interferons (IFNs), particularly the type I IFNs (IFNα and IFNβ), play
a central role in regulating this phenotype in many vertebrate species (Samuel 2001;
Biacchesi et al. 2012; Varela et al. 2014). In human cells, viral particles are initially
detected by dsRNA receptors like retinoic acid-inducible gene I (RIG-I) and Melanoma
Differentiation-Associated protein 5 (MDA5) in the cytoplasm, while endocytosed
viruses are detected by a variety of Toll-like receptors (TLRs) like TLR3 (Luthra et al.
2011; Choi et al. 2009). Although activation of these receptors leads to signaling
through distinct pathways and adapters, they converge on the phosphorylation of IFN
regulatory factor 3 (IRF3) (Tenoever et al. 2007). This leads to subsequent dimerization
of IRF3 which then translocates to the nucleus where it complexes with the coactivator
CBP/P300 to activate the expression of IFNβ (Honda and Taniguchi 2006). Once
expressed, the secreted cytokine binds to the type I IFN receptors (IFNAR1 and
IFNAR2) mediating both paracrine and autocrine activation of signaling through
JAK/STAT pathways (Au-Yeung et al. 2013). Phosphorylation of Stat1 and Stat2 in this
manner leads to the upregulation of hundreds of IFN-stimulated genes (ISGs), which
mediate the antiviral response and other effects (Sadler and Williams 2008; Cheon et al.
2013; Samuel 2001; Schoggins et al. 2011). Among these ISGs is IRF7, which can
modulate transcription of IFNβ and IFNα, further potentiating the antiviral response
through a positive feedback loop (Lin et al. 2000).	
  
Due to their immunomodulatory and anti-proliferative effects, type I IFNs are
used to treat a variety of human diseases including multiple sclerosis and metastatic
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renal-cell carcinoma (Friedman 2008). However, despite the clear implications for
mitigating viral infection, type I IFN is largely only used in the antiviral treatment of
chronic infection with hepatitis B or C virus (HBV, HCV) (Jazwinski and Muir 2011). This
limited use stems from the side-effects of these pleiotropic cytokines which range from
flu-like symptoms of fatigue, fever, headache, and muscle pains to more serious
neurobehavioral effects of anxiety, depression, and even suicide (Zheng et al. 2014;
Valentine and Meyers 2005). A more thorough understanding of IFN signaling may lead
to the development of more targeted therapeutics that can obviate many of the side
effects seen with current application of IFN.
Towards this effect, we developed genetic sensors to investigate two phases of
IFN signaling: the initial upregulation of IFNβ in response to virus, and the subsequent
impact of secreted IFNβ on the activation of downstream genes that mediate the
antiviral response. We tested this system in the human hepatocyte cell line, HepG2,
which serves as a model for HBV/HCV infection. We also optimized the reporters for
improved sensitivity, signal intensity, and temporal response. This system enables the
examination of IFN signaling dynamics with single-cell resolution and ultimately could
be use as a platform for identifying novel antiviral compounds.
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Results
Investigating antiviral response with genetic sensors.
Cellular response of hepatocytes to attack by viruses like Hepatitis C displays two
distinct phases. In the first phase of the antiviral response, virus is recognized by host
machinery leading to the upregulation of type I interferons such as IFNβ. The cytokine
secreted by infected cells interacts with surface receptors of neighboring cells where
signal transduction through the Jak/Stat pathway results in activation of antiviral genes.
To better understand the progression of signaling events, we developed a synthetic
system to investigate the spatio-temporal progression of IFN with single-cell resolution
(Figure 4.1A). The genetic circuit contains two sensors to report on each phase of the
antiviral response. The IFNβ reporter uses a fragment of the human IFNB1 promoter to
drive expression of a fluorescent protein when the cell upregulates this cytokine in
response to viral invasion. The IFN sensor uses the interferon-sensitive response
element (ISRE) from ISG54, a prototypical interferon-stimulated gene, to drive IFNinducible expression of a reporter gene. Combination of these two sensors allows
visualization of initial interferon activation and its subsequent downstream effects on
gene expression (Figure 4.1B) (Bluyssen et al. 1994).
To develop the pIFNβ reporter, we analyzed the promoter region of IFNB1 across
all sequenced mammalian genomes (Figure 4.2A). Alignment identified distinct regions
of high sequence conservation, which were subcloned to generate three pIFNβ
reporters. EBFP2-expressing pIFNβ reporter variants were evaluated by co-transfection
with a mCherry-expressing IFN sensor into HepG2 cells followed by stimulation with the
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Figure 4.1: Genetic sensors for investigating spatio-temporal response to viral
attack (a) Schematic for dual sensor constructs. The IFNβ reporter indicates activation
of gene expression for the cytokine IFNβ by expressing a blue fluorescent protein
(BFP). The IFN sensor reports on the activation of similar IFN-stimulated genes (ISGs)
by expressing a red fluorescent protein (RFP). (b) Dual sensors capture two-stage
antiviral response. A human cell line engineered with the two-component sensor is
challenged with virus. Infected cells naturally respond by upregulating expression of
type I IFNs including IFNβ, and this response is captured by the IFNβ reporter, which
expresses BFP. The infected cell begins to secrete IFNβ, which diffuses and interacts
with receptors on the surface of neighboring cells (autocrine activation). Receptor
activation and subsequent signal transduction through the Jak/Stat pathway results in
the upregulation of ISGs, many of which have antiviral effects. This second stage of
response to viral invasion is marked RFP expression from the IFN sensor. Coexpression of both BFP and RFP indicate paracrine activation of the infected cell.
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type I interferon hIFNa2a (hIFNa), the TL4 agonist, lipopolysaccharide (LPS), or the TL3
agonist,

polyinosinic:polycytidylic

acid

(pIC)

(Figure

4.2B-D).

Stimulation

of

macrophages and dendritic cells with LPS or the dsRNA analog pIC is known to result
in the induction of IFNβ via distinct pathways (Li et al. 2005).
As expected, treatment with hIFNa, led to robust induction of the IFN sensor. All
three IFNβ reporters also responded to hIFNa stimulation similarly, but to a lesser
degree (1.2 to 1.5 fold) than the IFN sensor. pIC treatment induced expression for both
the IFN sensor and the IFNβ reporters, and the response here was lower than that for
hIFNa. Interestingly, none of the four reporters were responsive to LPS stimulation,
although it is known that these cells are ten times less sensitive to LPS than lipofected
pIC (Zhang et al. 2009). As performance among the three different length promoter
fragments was largely comparable across the different stimuli, we proceeded with the
shortest fragment in an attempt to minimize activation by signaling unrelated to viral
invasion.
As transient transfection of DNA is immunogenic and results in high background
in the absence of stimulation, we sought to stably integrate the two sensors. In order to
facilitate later genomic integration of the sensors, we assembled them together onto a
single plasmid separated by insulator sequences, and investigated the effect of this
coupling on sensor performance (Figure 4.2E). The coupled sensors functioned
comparably to the uncoupled versions. While the coupled pIFNβ reporter showed lower
induction to hIFNa treatment, it may be desirable to make the sensors function more
orthogonally to hIFN versus pIC treatment. This may better demarcate the two phases
of the antiviral response: initial detection and cytokine expression as indicated by the
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hIFNa

Figure 4.2 (continued). (a) Three different length truncations of the human IFNB1
5’UTR (-1872, ‘Long’; -1381, ‘Medium’; -351, ‘Short’) were chosen based on alignment
to all available sequences for mammalian IFNB1 genes. (b-d) BFP reporters using
the IFNB1 promoter

truncations

were

cotransfected

with

an

IFN

sensor

(2xISRE:CMV:mKate2) into the human hepatocyte cell line HepG2, and subsequently
treated for 24 hours before being assayed by flow cytometry. (e-g) The IFNβ reporter
and IFN sensor were assembled onto a single plasmid and transfected into HepG2,
Caco2 (human colorectal adenocarcinoma), and U2OS (human osteosarcoma). ‘-‘
untreated control; ‘hIFNa’ treatment with 104 IU/mL hIFNa2a; ‘LPS’ treatment with 100
ng/mL TLR4 agonist E.coli-derived lipopolysaccharide; ‘pIC’ treatment with 10 µg/mL
lipofected TLR3 agonist polyinosinic:polycytidylic acid. At least 10,000 cells were
analyzed for each transfection and condition. Values shown are the means of biological
triplicates, with error bars representing standard deviation.
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pIFNβ reporter, and the antiviral response as indicated by the ISRE sensor.
We tested the coupled sensors in additional cell types. In both the human
colorectal adenocarcinoma cell line Caco2, and the human osteosarcoma line U2OS,
the IFN sensor responded to hIFNa treatment, but to a much lesser extent than the
hepatocyte cell line. Furthermore, the IFNβ reporter was unresponsive to either hIFNa
or pIC in these cells. Reports suggest that these tissues may express TLR3, the cellular
target of pIC, at lower levels than in the liver (Anon 2008; He et al. 2010; Wesoly et al.
2007; van Boxel-Dezaire et al. 2006).
These results demonstrate that we successfully engineered sensors that are
reliably induced under conditions that mimicked the two phases of antiviral response.
Function of the coupled sensors in other cell types correlated well with known
differences in expression of signaling components, further validating the biological
significance of these synthetic circuits.

A multimerized pIFNβ reporter shows higher sensitivity to pIC
In line with our previously described efforts to engineer the IFN sensor (Chapter 3), we
sought to improve the sensitivity of pIFNβ reporter. We first tested a commercially
available pIFNβ reporter purported to show robust response to viral infection (Figure
4.3A). This reporter contains a slightly larger fragment of the IFNB1 promoter and more
of the 5’UTR than the largest fragment we tested. Flow cytometry results indicated that
while this reporter construct was more sensitive to pIC than hIFNa, the fold increase in
activation was on par with the reporters we had designed.
The next variant we tested contained a 300bp fragment of the IFNB1 promoter.
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Figure 4.3: Optimizing IFNβ reporter for enhanced response. Additional human IFNB1
promoters were evaluated for their response to IFN and the TLR3 agonist pIC. (a) A
reporter commercially available from GeneCopoeia driving EGFP expression from a
1.5Kb fragment (-1444:+71) from human IFNB1 was transiently transfected into Hepg2
cells and response to indicated treatments assayed by flow cytometry. (b) A previously
described reporter driving expression of a modified Firefly luciferase (Luc+) from one or
two copies of a 0.3Kb fragment (-281:+19) from human IFNB1. Hepg2 cells were
transiently transfected with the reporters than passaged to a 96-well plate for treatment
and subsequent luciferase assay. For both assays, at least 10,000 cells were analyzed
for each transfection and condition. Values shown are the means of biological
triplicates, with error bars representing standard deviation.
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Although this fragment was very similar to the Short variant that we previously
investigated, this construct had been validated by several labs to be specifically
inducible by pIC (Li et al. 2005; Lin et al. 2000). Serendipitously, the plasmid we
received form the original developer had a complete duplication of the 300bp promoter
fragment (pIFNβ:Luc+). We repaired the construct by removing the duplicated
sequence, and characterized the response both reporters to hIFNa and pIC (Figure
4.3B). pIFNβ:Luc+, with a single copy of the IFNB1 promoter truncation, was specifically
induced by pIC and not hIFNa, but this activation was comparable our own
pIFNβ(Short) reporter. Surprisingly however, the 2x variant outperformed all of the
variants we had tested to that point, leading to 15-fold induction in response to pIC
(Figure 4.3B).

Optimizing dual sensors for tracking signaling dynamics.
An ideal reporter for tracking signaling dynamics should exhibit high signal to noise, and
be responsive to change in upstream signaling. We addressed these challenges
through two approaches: enhancing transcriptional output through the addition of an
intron, and destabilizing output proteins by adding a degradation tag.
Several studies have demonstrated enhancement of transcription by the
presence of introns, and we evaluated whether this strategy could further improve the
IFNβ reporter (Nott et al. 2003; Le Hir et al. 2003). To do so, we constructed new dual
sensor variants that contained either the previously characterized ISV8 intron (INT, I
variants) or a control sequence (UTR, U variants) in the 5’UTR upstream of the coding
sequence of mNeonGreen (mNG) (Figure 4.4A). mNeonGreen is a fast maturing and
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Figure 4.4: Maximizing sensitivity and minimizing leakiness for coupled dual sensors.
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Figure 4.4 (continued). (a) Schematic of dual sensor constructs, each containing an
IFNβ reporter driving inducible expression mNeonGreen (mNG) expression, an IFN
sensor driving inducible expression of mKate2 (mK2) and a module constitutively
expressing mTagBFP2 (mTB) with a nuclear localization tag (NLS) for nucleus tracking.
The IFNβ reporters contain either an intron (INT, I variants) or a benign sequence (UTR,
U variants) upstream of the mNG coding sequence. mNG and mK2 are fused to either
NLS alone (N variants) or NLS and a protein degradation tag (PEST, P variants). (b-g)
Dual sensors were transiently transfected into H2pG2 cells, treated as indicated for 24
hours, and then assayed by flow cytometry. (b) Scatterplots of flow cytometry,
overlaying the three conditions for each sensor. Sensor performance was evaluated on
the % positive response (c,e) and median fluorescence intensity (MFI) (d,f,g) for the
indicated fluorescent proteins. At least 10,000 cells were analyzed for each transfection
and condition. Values shown are the means of biological triplicates, with error bars
representing standard deviation.
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very bright green fluorescent protein which was anticipated to improve the signal
intensity of the reporter and also to shorten the delay between endogenous signaling
events and reporter activation (Shaner et al. 2013). For similar reasons, mCherry was
swapped for mKate2 (mK2) in the IFN sensor (Shcherbo et al. 2009).
Notably, both mNG and mK2 are very stable proteins with long half-lives, which
can obscure rapid fluctuations in upstream signaling when used as sensor outputs. To
improve the temporal sensitivity of the reporters, we constructed additional variants that
fused protein degradation signal domain, PEST, onto the C-termini of the fluorescent
proteins (NP variants) and compared these to fluorescent proteins containing only an
NLS (N variants). The PEST sequence derived from ornithine decarboxylase has been
shown to shorter the half-life of GFP from 26 hours to 5.5 (Corish and Tyler-Smith
1999).
Additionally, each of the four variants contains a module that constitutively
expresses a nuclear localized mTagBFP2 to facilitate tracking of nuclei for downstream
applications. For transient assays, this module also enabled us to better control for
transfection efficiency.

Intron-mediated enhancement improves IFNβ reporter sensitivity.
When assayed by transient transfection into HepG2 cells, both INT and UTR variants
were responsive to hIFNa and pIC, showing slightly higher fluorescence with pIC
stimulation (Figure 4.4C,D). Looking more closely however, INT variants showed higher
responsiveness compared to UTR variants, both in terms of capturing the percent of
cells that responding to treatment and in the intensity of the fluorescent signal. Versus
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the 28-34% response to pIC reported by DS-UNP and DS-UN, the intron containing
reporters showed 36-45% response to the same stimulus. With the DS-IN and DS-INP,
the responsive cells were also 1.2-1.4 fold brighter than the corresponding UTR
variants. These results suggest that adding an intron to the IFNβ reporter can improve
its sensitivity and dynamic range.

Degradation tag improves signal to noise by lowering background expression.
As an unintended consequence of improved sensitivity, DS-IN also showed higher
background expression in the absence of stimulus compared to the intron-less DS-UN
(17% vs 12%) (Figure 4.4C,D). This effect was mitigated with NP variant sensors that
contained the PEST degradation tag, as these showed significantly fewer responding
cells (2-3%) and 12-30% lower fluorescence intensity. IFN sensors showed similar
reductions in basal activation and intensity of mK2 when fused to PEST (Figure 4.4E,F).
However, concomitant with a reduction in background was a reduction under induction
conditions. Addition of the degradation tag resulted in a 20% reduction in cells
responding to either hIFNa or pIC for UTR reporters and a 20-36% reduction for INT
reporters. This was mirrored by a similar drop in the fluorescent intensity.
Despite the reduced output, as an added benefit of lowering background, NP
variants demonstrated higher fold induction than N variants. DS-UNP showed 8-fold
induction when stimulated with either hIFNa or pIC, compared to the 2.8-fold induction
of DS-UN. The impact was more dramatic for the INT variants as DS-INP showed 13- to
16-fold induction contrasted to the 2.6-fold induction of DS-IN.
Taken all together, these results suggest that of the four variants tested, the
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addition of both an intron and degradation tags resulted in an optimal dual sensor. This
construct demonstrated superior dynamic range through enhanced sensitivity due to the
intron and lower background due to the degradation tag. We anticipate that the dynamic
range of DS-INP will be further improved when the construct is stably transfected by
	
  

virtue of even lower background.	
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Discussion	
  
Signaling mediated by IFNs is a core component of the native response to viral attack in
human and other mammals, but has recently seen waning clinical relevance in the
treatment of viral infection due to unintended side effects. To improve the therapeutic
impact of IFN, we sought a quantitative understanding of the kinetics and spatial
progression of IFN signaling. Towards this goal, we developed a combination of genetic
sensors that indicate both the initial upregulation of type I IFNs upon recognition
of the virus and the subsequent down stream action of these cytokines on expression of
antiviral genes.

Developing a robust IFNβ reporter.
As we had already explored optimization of the IFN sensor (detailed in Chapter 3),
much of the burden for this project rested in developing the IFNβ reporter.
Computational investigating of IFNB1 promoter regions in mammals revealed a few
highly conserved segments that we hypothesized were critical for induction of this gene
in response to virus. While the three responded comparably to conditions simulating
viral invasion, the extent of reporter activation, in terms of both the fraction of
responding cells and the magnitude of the signal, were small. This may underscore celltype differences the regulation of IFNB1, particularly the expression level of the Toll-like
receptors, which recognize pathogenic molecules (Leifer and Medvedev 2016). Indeed,
our investigation of the reporter activity in different cell-types revealed differing
sensitivities to hIFNa and pIC treatment.
While the ~5-fold induction of these IFNβ reporters was on par with similar
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published reporters, we sought to improve upon this result (Bürgi et al. 2012; Mahmoud
et al. 2011; Luthra et al. 2011). We obtained a reporter from another lab that
serendipitously contained a duplication of a 300bp fragment from the IFNB1 promoter.
Compared to a single copy of this fragment, which performed similarly to the other
variants we tested, the duplication led to a 3.5-fold improvement. While one group has
reported duplication of a viral promoter sequence to improve transcriptional output 10fold in plants, this is not a commonly used method for improving sensitivity (Kay et al.
1987).

An optimized system for live-cell imaging
Towards our goal of quantifying the spatio-temporal progression of the antiviral
response, we sought to further optimize the dual sensor system for use in live-cell
imaging, improving both the signal to noise ratio and the temporal responsiveness of the
reporter. We first exchanged the fluorescent proteins EBFP in the IFNβ reporter and
mCherry in the IFN sensor for mNeonGreen and mKate2 respectively. Both of the
fluorescent proteins are much brighter than their counterparts, leading to improved
detection, and offer fast maturation and folding kinetics. The latter properties are
particularly important, as this will shorten the delay between endogenous signaling and
reporter output. Furthermore, in line with reports that splicing enhances transcription,
addition of an intron to the 5’UTR of the IFNβ reporter led to a 20-40% improvement in
signal intensity (Nott et al. 2003; Le Hir et al. 2003). We also added a degradation tag to
both fluorescent proteins, which had a two-pronged effect. Firstly, while the tag reduced
maximum reporter output, by reducing basal activation in the absence of stimulus, we
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were able to improve the dynamic range of the reporters. Secondly, as mNeonGreen
and mKate2 are known to be very stable proteins, if upstream signaling dynamics
change on a time-scale faster than the turnover of these proteins, the effects will be
muted in the fluorescence signal. Addition of the degradation tag thus had the further
benefit of reducing the protein half-life, thereby improving the temporal sensitivity of the
reporters to changes signaling dynamics.

Future directions
The dual sensor system detailed in this study has the potential to illuminate previously
undescribed aspects of the innate antiviral response. While we made efforts to
implement this system in HepG2 cells, as a model for Hepatitis C infection, it would be
interesting to explore the signaling dynamics in additional cell types such as dendritic
cells and macrophages, which more strongly activate the type I IFN response. Taken a
step further, just as no man is an island, in vivo, cells also act in concert. Therefore,
integration of these sensors in advanced cell culture platforms like the “-on chip”
systems could provide a more representative picture of the interaction between multiple
cell types during viral attack.
Such systems could be used to understand the spatio-temporal characteristics of
the antiviral response. For example, it is currently unknown how far and how fast the
antiviral response propagates from a single infected cell. Towards this effort, we
explored two methods for labeling infected cells. The first uses an NHS ester dye to
directly label viral particles (Figure 8A). This approach is flexible because the virus,
Sendai, and the dyes are both commercially available. The variety of NHS ester dyes
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offers many options for multi-color probing, and in our case, the Alexa-647 variant is
expected to work well with the dual sensor. The second approaches uses recombinant
vesicular stomatitis virus expressing BFP (Figure 8B). This strategy offers higher signal
and more sustained labeling of infected cells compared to the viral-particle labeling
approach. However, the product is not commercially available, and would require the
capacity for virus production.
The dual sensors could also be used to investigate heterogeneity in response to
viral attack. In particular, given that the primary infected cells also expression IFN
receptors, it would be interesting to examine autocrine response and its implications for
signal propagation in tissues. Indeed, autocrine activation of macrophages but not
dendritic cells has been show to potentate cytokine release (Zhou et al. 2010).
Lastly, in addition to enabling exploration of the basic biology underlying the
progression of antiviral response, the dual sensors could also function as the basis for a
novel drug-screening platform. Using high content imaging platforms, one could screen
a library of compounds for their ability to impact any aspect of the spatial or temporal
response to viral attack. This could open the path towards novel single-agent or
combination antiviral therapies.
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Figure 4.5: Visualizing viral infection. (a) Representative fluorescence microscopy
images of HepG2 cells infected with Alexa-647 labeled Sendai Virus (SeV). Arrows
indicate viral particles. (b,c) HEK293 and HepG2 cells were infected with a recombinant
vesicular stomatitis virus that expresses BFP (rVSV-BFP) and indicated multiplicity of
infection (MOI). At least 10,000 cells were analyzed for each transfection and condition.
Values shown are the means of biological triplicates, with error bars representing
standard deviation.
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Materials and Methods
Plasmids
IFNβ (2x): Luc was the kind gift of Rongtuan Li (IFNβ-pGL3) and is as previously
described except that it carries an unannotated duplication of the IFNβ promoter (Lin
2000). IFNβ:eGFP was purchased from GeneCopoeia (HPRM25597).
For construction of landing pad plasmids, several parts were the kind gift of Ron
Weiss. ISREs, IFNβ fragments, mCMV, mCherry, mKate2, mNeonGreen, and
mTagBFP2 were typically generated via PCR or synthesized as gBlocks (IDT) or
annealed oligonucleotides (IDT). These fragments were subsequently cloned into PCRBlunt II-TOPO to create plasmid stocks (Invitrogen). All parts and backbones were
maintained as frozen plasmid stocks diluted to 50 ng/µl.
Transcriptional units were assembled using Golden Gate cloning (Engler et al.
2008). 2 µl of each part was combined with 0.5 µl of TypeIIS enzyme (Fast Digest
Eco31I [BsaI], or Fast Digest Esp3I [BsmbI]; Fermentas), 1 µl of high concentration
(2,000,000 unit/mL) T4 DNA Ligase (NEB), 2 µl of T4 Ligase buffer (Promega), and
ddH20 up to a final total volume of 20 µl. For unknown reasons, the reaction is
considerably less efficient when NEB T4 Ligase buffer is used. The following reaction
was performed in a standard thermocycler: 1 step of 15 min at 37°C; then 50 cycles of
[2 min at 37°C followed by 5 min at 16°C]; 1 step of 15 min at 37°C, 1 step of 10 min at
50°C and 1 final step of 10 min at 80°C. 2 µl of the assembly was used for standard
transformation of chemically competent E. coli. mMoClo TU backbones contain an RFP
expression cassette enabling red- (vector only) white (assembled construct) colony
screening. Gibson assembly of single and multiple TUs with a Bxb1 landing pad
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integration backbone was described previously (Duportet et al. 2014).

Cell culture and reagents
HepG2 (ATCC no. HB-8065) and HepG2LP cells were maintained in Eagle's Minimum
Essential Medium (EMEM; Life Technologies). Caco2 (ATCC no. HTB-37) were
maintained in EMEM supplemented with Glutamax and non-essential amino acids (Life
Technologies). U-2OS (ATCC no. HTB-96) were maintained in Dulbecco's Minimum
Essential

Medium

(DMEM;

Life

Technologies). All

cultures

were

additionally

supplemented with 10% fetal bovine serum (FBS; Life Technologies) and 1% penicillin
and streptomycin (Life Technologies) at 37°C and 5% CO2. hIFNa2a (ProSpec), LPS
(Escherishia coli serotype 0128B12, Sigma) and Poly(I:C) HMW (Invivogen) were used
at 104 IU/mL, 100 ng/mL, and 10 µg/mL respectively. IFN and LPS were added directly
to media while pIC was lipofected.
Cells were transiently transfected in triplicate using Lipofectamine 3000 (Life
Technologies) following manufacturer’s recommendations. Typically, ~20,000-22,500
cells/cm2 were seeded the day before to ensure 50-70% confluence for transfection. A
total of 1 µg DNA was transfected per well for 12-well plates, 2.5 µg per well for 6-well
plates.
HepG2LP cells were generated as previously described (Duportet et al. 2014).
Briefly, HepG2 cells were transiently co-transfected with a donor plasmid and a
construct expressing ZFN targeting the AAVS1 locus. The donor plasmid contained an
expression cassette for puromycin and YFP, plus a single Bxb1 recominbation site, all
flanked by 1-kB homology arms for the AAVS1 locus. Three days post-transfection,
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integrants were selected with 1 µg/mL puromycin (Sigma). Clones were isolated after
two weeks of selection, and characterized via genotyping PCR and flow cytometry for
YFP. Genotyping PCR was performed using the following primer sets: AAVS1F1
GGCCCTGGCCATTGTCACTT + LPR1 GCGCCAACTCGAATTCATTG; AAVS1R2
ccggaccactttgagctcta + LPF2 CGCCAACTCGAATTCATTGC.

Flow Cytometry
Cells were trypsinized, pelleted, and resuspended in Dulbecco’s phosphate-buffered
saline (DPBS; Life Technologies) containing 0.1% FBS. At least 10,000 live cells were
analyzed using a LSRII cell analyzer (BD Biosciences). EBFP2 and mTagBFP2 were
measured with with a 405 nm laser and a 450/50 emission filter. eGFP and
mNeonGreen was measured with a 488 nm laser and a 525/50 emission filter. mCherry
and mKate2 was measured with a 594 nm laser and a 630/22 emission filter. Data were
analyzed with FlowJo (Flowjo LLC). Live cells were gated by size and granularity using
FSC-A vs SSC-A. Singlets were gated using SSC-A vs SSC-H. Single color controls
were used for compensation. Data is reported as the median fluorescence intensity
(MFI) of the positive population. Values shown are the means of triplicate transfections
or treatments, with error bars representing standard deviation.

Viral infection and microscopy
Sendai virus (Charles River Laboratories) was labeled using Alexa Fluor 647 NHS Ester
(Molecular Probes) according to manufacturer’s recommendations. rVSV-BFP was the
kind gift of Connie Cepko. For infection, cells were washed twice in serum-free media

	
  
108	
  

(Opti-mem; Life Technologies), then incubated with virus diluted in serum-free media for
1 hour at 37C. Cells were then washed twice in serum-containing media. Fluorescence
images were acquired using a Nikon Ti equipped with a 20X oil objective and standard
filter sets for DAPI and Cy3.
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Chapter 5

Engineering Synthetic Memory in Human Cells
Using CRISPR/Cas9.

	
  

Abstract
In many biological systems, particularly during development and stress-response,
transient signaling events can have lasting impacts long after the stimuli have been
removed. Synthetic memory devices have been used to track these long-term effects in
eukaryotes and prokaryotes, and are especially powerful tools for investigating
populations that respond heterogeneously. In this study, we aim to improve on these
devices, re-engineering them for enhanced flexibility, sensitivity, robustness. Our
platform uses intron-derived guide RNAs and a Cas9 activator to create a stable
positive transcriptional feedback loop initiated by a pulse of stimulus. We demonstrate
the ability of our modular device to track transient exposure to doxycycline in human
cells, and explore alternative design features to improve the system. Finally, we develop
a mathematical framework to enable future optimization of the device.

	
  
114	
  

Introduction
Human memory is a complex process by which neural encoding leads to the ability to
recall events from the past (Liu et al. 2012; Ison et al. 2015). By definition, these events
are fleeting in nature, but through sustained memory are able to continue to shape who
we are. Similar to this macroscopic view, memory of past, transient events can influence
behavior at the microscopic level. Cellular memory exists as the sustained response to
transient signals, and can manifest via several mechanisms (Inniss and Silver 2013;
Burrill and Silver 2010). Memory can be encoded at the genetic level as evidenced with
VDJ recombination in developing lymphocytes. Through the stochastic and transient
activity of DNA recombinases, these cells generate and stably encode large sequence
diversity in the genes of immunoglobulins and T cell receptors (Tonegawa 1983) . This
diversity is a defining feature of the adaptive immune system, which enables immune
response to novel pathogens (Market and Papavasiliou 2003). At the epigenetic level,
memory can be encoded based on the topology of transcriptional networks as
evidenced by the bistable transcriptional switch that regulates the lytic and lysogenic life
cycles of the bacteriophage lambda (Ptashne 2011). Covalent modification of DNA or
proteins as seen with parent-specific genomic imprinting of IGF2 can similarly lead to
long lasting changes in gene expression (Bartolomei and Ferguson-Smith 2011; Peters
2014).
Mirroring these natural memory systems, biologist have created synthetic
systems that can record memory of transient signaling events (Ajo-Franklin et al. 2007;
Burrill and Silver 2011; Burrill et al. 2012; Farzadfard and Lu 2014; Siuti et al. 2013;
Shipman et al. 2016; Perli et al. 2016). Recombinases like Cre and Flp have long been
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used by developmental biologist to induce permanent genetic labeling for cell tracking
(Fuchs and Horsley 2011). Recently, researchers developed a platform in E. coli to
record transcriptional events via precise and stable integration of ssDNA into the
genome (Farzadfard and Lu 2014; Perli et al. 2016).
Transcription-based memory devices have also been developed by several labs
(Chang et al. 2010; Mangan and Alon 2003; Alon 2007; Ajo-Franklin et al. 2007;
Gardner et al. 2000). One such circuit, dubbed the “Toggle-Switch”, mimicked the
lambda phage switch, employing a mutually inhibitory arrangement of repressors to
generate two stable states (Gardner et al. 2000). Switching between states could be
accomplished through transient induction of the active repressor. In a similar approach,
researchers engineered bacteria to monitor and record inflammation in the mammalian
gut (Kotula et al. 2014) . Moreover, our lab described a series of memory devices in
eukaryotes based on positive transcriptional feedback (Burrill et al. 2012; Burrill and
Silver 2011; Ajo-Franklin et al. 2007). Triggering of the device by a transient signaling
event induced the expression of a synthetic transcription factor that positively regulated
its own expression (Figure 5.1A,B). While these devices were successfully employed to
investigate heterogeneous response to transient hypoxia and DNA damage, they lack in
both sensitivity to induction and fidelity of the memory state (Burrill et al. 2012).
Furthermore, the reliance on ZFN-based synthetic transcription factors limits the
redesign and scalability of these circuits (Kabadi and Gersbach 2014; Gaj et al. 2013).
To address limitations of the transcriptional feedback memory devices, like the
ones previously developed in our lab, I engineered a novel device based on the
CRISPR/Cas9 system. In prototyping a circuit in human cells that could stably response
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to transient chemical treatment, I explored design parameters that maximized sensitivity
to the input stimulus. Complementary to this experimental approach, I developed a
mathematical framework to inform future optimization efforts. Once optimized, the
flexible, modular nature will enable facile repurposing of this system to address a variety
of biological applications and in the creation of orthogonal circuits for multiplexed
memory.
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Figure 5.1: Engineering synthetic memory using transcriptional feedback.
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Figure 5.1 (continued). (a,b) Two-module architecture for synthetic memory. (a) The
system is composed of two inducible, single-input transcriptional modules: the trigger
and a memory loop. (b) A transient stimulus induces binding of an endogenous
transcriptional activator to its cognate cis-regulatory element (CRE) upstream of a
minimal promoter in the trigger module. This results in expression of a synthetic
transcriptional factor (sTF) (ZF:RFP:VP64) which subsequently binds to its cognate
binding site upstream of a minimal promoter in the memory module. The memory
module also expresses a sTF (ZF:YFP:VP64) which is capable activating its own
promoter. Upon removal of the initial stimulus, while expression of the first sTF is lost,
expression of the second is maintained through a positive feedback loop. (c,d) Singlemodule architecture for synthetic memory. (c) The system is composed of a
constitutively expressed actuator and an inducible, dual-input memory loop. (d) A
transient stimulus induces binding of an endogenous transcriptional activator to its
cognate CRE upstream of a minimal promoter in the memory module. This results in
expression of a fluorescent protein and an intronically encoded guide RNA (igRNA). The
igRNA complexes with the constitutively expressed Cas9 activator (dCas9:VPR) which
subsequently binds to its cognate binding site upstream of a minimal promoter in the
memory module. Upon removal of the initial stimulus, expression of the fluorescent
reporter is maintained through a dCas9:VPR-igRNA positive feedback loop.
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Results
CRISPR memory circuit retains memory to transient stimulus
While previous designs of transcriptional memory devices relied on ZF- or TALE-based
synthetic transcription factors, we hypothesized that a similar CRISPR/Cas9-based
device would offer more robust maintenance of the memory state and easier
reprogramming. As proof-of-concept, I developed a CRISPR memory circuit responsive
to doxycycline (Figure 5.2A). The circuit is composed of three separate transcriptional
units: the Actuator, the Synthetic TF, and the Memory module. The Actuator unit
constitutively expresses a nuclease-dead mutant S. pyogenes Cas9 (dCas9; D10A,
H840A)(Jinek et al. 2012) fused to the strong transcriptional activator VPR (Chavez et
al. 2015). dCas9:VPR binds DNA in a site-specific manner and activates transcription
when provided a targeting guide RNA (gRNA). The Synthetic TF unit constitutively
expresses the reverse Tet transactivator, rtTA3, which can bind Tet operator sequences
(TetO) and activate nearby transcription only in the presence of the small molecule
doxycycline (Das et al. 2004). The Memory module consists of a synthetic promoter with
binding sites for rtTA3 and dCas9:VPR (gRNA binding site, GRBS) placed upstream of
a minimal CMV promoter. This promoter can drive the expression of a fluorescent
protein (FP) mini-gene comprised of two FP exons separated by an intronic element.
The intron contains a guide RNA (igRNA) that is released upon mRNA splicing (Kiani et
al. 2014). I constructed two versions of the memory module, with either an mKate2 or
mNeonGreen mini-gene (mK2 BB, mNG AA), as well as controls where the GRBS and
igRNA are mismatched (mK2 AB, mNG BA). These controls are expected to be
inducible by doxycycline, but to not show memory, as the igRNA will not direct Cas9 to
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Figure 5.2: Memory of drug exposure using CRISPR/Cas9.
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mNG AA

Figure 5.2 (continued). (a) Schematic of CRISPR-based doxycycline memory
circuits and controls. The memory device is composed of three distinct transcriptional
units: the Actuator, which constitutively expresses the Cas9 activator (dCas9:VPR); the
Synthetic Transcription Factor unit, which constitutively expresses the doxycycline
response activator rtTA3; and the Memory module, containing binding sites for the
Actuator (gRNA binding sites, GRBS, A or B) and the sTF (TetO) to drive inducible
expression of a fluorescent protein (mKate2, mK2, or mNeonGreen, mNG) containing a
igRNA (A or B). All three modules are assembled together in a single plasmid separated
by insulator elements (Ins). For the control circuits (mK2 AB and mNG BA), the GRBS
in the memory subunit does not match the igRNA, preventing activation by the Actuator.
(b,c) Characterization of CRISPR memory circuits. HEK293 cells were transiently
transfected with the indicated plasmids, then maintained without doxycycline for 4 days
(- Dox), with 1 µg/mL dox for 4 days (+ Dox), or with dox for 24 hours followed by a 3
day washout (+ Dox 24 hrs, - Dox 72 hrs). Output from activation of the memory module
was assayed by flow cytometry. (b,c left) Bar graphs showing median fluorescent
intensity. (b,c right) Relative expression calculated as the percent change in expression
between the constitutively treated and transiently treated conditions. At least 10,000
cells were analyzed for each transfection and condition. Values shown are the means of
biological triplicates, with error bars representing standard deviation.
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auto-activate its promoter. The three transcriptional units were assembled together into
a single vector to mitigate the variability in efficiency observed with co-transfection of
multiple plasmids (Duportet et al. 2014).
In principle, in the presence of doxycycline, rtTA3 activates the Memory module,
driving expression of the FP and igRNA (Figure 5.1C,D). The igRNA then forms a
complex with dCas9:VPR which can then bind to the Memory module and also promote
its expression. Upon the removal of doxycycline, expression of the Memory module is
maintained by a positive feedback loop mediated by dCas9:VPR and igRNA. To test for
this memory phenotype, circuits were transiently transfected into HEK293 cells, given a
24-hour pulse of doxycycline, followed by 72-hour washout, and assessment by flow
cytometry (Figure 5.2B,C). As expected, both memory (mK2 BB, mNG AA) and
mismatch control (mK2 AB, mNG BA) circuits were responsive to doxycycline.
Interestingly, for both mK2 and mNG versions, the memory circuits exhibited more than
50% lower expression than their mismatch counterparts (Figure 5.2B,C left). Washout of
doxycycline after 24-hour exposure led to a 30-60% reduction in fluorescence intensity
compared to constitutive treatment after 3 days. Importantly however, this reduction was
significantly more pronounced with the mismatch controls (56% for mK2 AB, 47% for
mNG BA) compared to the memory circuits (42% for mK2 BB, 35% for mNG AA).
These results suggest that after removal of doxycycline, the memory circuit is
able to maintain more sustained expression of the memory module than the mismatch
control, demonstrating memory of the transient stimulus.
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Genomically integrated CRISPR memory circuits are unresponsive
Practical applications of synthetic circuits typically require stable maintenance of genetic
circuits in the cell type of interest. I therefore tested whether the memory circuit would
work when stably integrated into the genome. For this purpose, I integrated the circuits
into HEK293LP (Duportet et al. 2014). This cell line contains a mono-allelic genomically
encoded Bxb1 recombinase site present in the AAVS1 locus, traditionally considered to
be a “safe harbor” site in the human genome. After integration and selection, the
population will be polyclonal but isogenic. Importantly, this integration method enables
one to compare different circuits in the same genomic context.
Following integration however, memory circuits and controls showed minimal
response (<0.5% FP+) to doxycycline treatment (Figure 5.3A). In contrast to the
transient transfection where circuits are present at up to several thousands of copies
per cell, with landing pad integration, the circuits are present at one copy per cell
(Cohen et al. 2009). This will lead to lower expression of all circuit components, which
may impact circuit function. To investigate whether the circuit was limited by the
expression of one of the subunits, I over-expressed each component individually via
transient transfection into the stable cell lines (Figure 5.3). Over-expression of Cas9,
(Figure 5.3B) did not significantly impact responsiveness to doxycycline, suggesting that
level of this component were not limiting for the induction phenotype. In contrast, overexpression of rtTA3 led to a 2-5 fold increase in responsiveness, indicating that this
component may be limiting induction (Figure 5.3C). Similar to the results from transient
transfection of the circuits, the mismatch controls displayed higher responsiveness than
the memory circuits when transiently transfected with rtTA3. Finally, transfection of an
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igRNA expression construct, led to doxycycline-independent activation of the memory
module for only a subset of the cell lines (Figure 5.3D).
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Figure 5.3: Characterization of genomically integrated CRISPR memory circuits.
Memory circuits and controls were integrated into a recombinase-based landing pad
present in the AAVS1 locus of HEK293LP cells at single copy. These polyclonal but
isogenic cell lines were transiently transfected with (a) empty vector, (b) hEF1a
dCas9:VPR, (c) PGK rtTA3, or (d) hEF1a mNG igRNA B (for mK2-based memory
circuits) or hEF1a mK2 igRNA A (for mNG-based memory circuits). 24 hours posttransfection, these cells were passaged to multiple wells and treated with or without
doxycycline for 24 hours after which fluorescence was assayed by flow cytometry. At
least 10,000 cells were analyzed for each transfection and condition. Values shown are
the means of biological triplicates, with error bars representing standard deviation.

	
  
124	
  

Optimizing promoter architecture for improved sensitivity
In addition to the suboptimal level of rtTA3, the poor response of the memory module to
doxycycline could have also stemmed from a suboptimal promoter architecture. To
improve the promoter’s sensitivity to doxycycline, I redesigned the memory module
(v2.0), swapping the TetO and GRBS and thereby positioning the TetO closer to the
minimal promoter (Figure 4A). As before, transiently transfected v2.0 memory circuits
and controls were responsive to doxycycline (Figure 5.4B). In contrast to the v1.0
design, the memory and control circuits exhibited similar expression levels (Figure 5.4B
left). Washout of doxycycline after 24-hour exposure led to a reduction in fluorescence
intensity compared to constitutive treatment (Figure 5.4B right). Importantly however,
this reduction was significantly more pronounced with the mismatch controls (72% for
mNG BA) compared to the memory circuits (45% for mNG AA).
Upon integration however, v2.0 circuits were similarly unresponsive to doxycyline
treatment. I again transiently over-expressed each component in the stable LP cell lines
to identify the limiting factor (Figure 5.4D-G). Here, over-expression of dCas9:VPR,
improved the percent of responding cells by up to 3 fold for mK2 BB and, paradoxically,
1.5 fold for mK2 AB mismatch control (Figure 5.4E). With the mNG circuits, the
improvement was much more modest, and seemed to be doxycycline-dependent, which
again was puzzling. As with the v1.0 circuits, over-expression of rtTA3 led to an
increase in responsiveness, suggesting that, as before, the levels of this component are
limiting for induction (Figure 5.4F). However, the v2.0 design showed higher
responsiveness (3.5-8.5 fold) than v1, and in this case, the memory circuits performed
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better than the controls. In contrast to v1.0, transfection of an igRNA expression
construct did not lead to significant induction in any of the cell lines (Figure 5.4G).
These results argue that while the change in promoter architecture between v1.0
and v2,0 circuits did improve responsiveness to doxycycline, it was not enough to
mitigate the low levels of rtTA3. Moreover, despite over-expression, a maximum of only
8% response was seen, which suggests that some other factor may underlie the relative
unresponsiveness of these genomically integrated memory circuits.
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Figure 5.4: Promoter redesign does not improve responsiveness of genomically
integrated CRISPR memory circuits.
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Figure 5.4 (continued). (a) Schematic of memory module for memory circuits v2.0. In
v2.0 circuits, the Tet operator and gRNA binding sites within the memory module are
swapped, placing the TetO closer to the minimal promoter. (b, c) Characterization of
CRISPR memory v2 circuits. HEK293 cells were transiently transfected with the
indicated plasmids, then maintained without doxycycline for 4 days (- Dox), with 1
µg/mL dox for 4 days (+ Dox), or with dox for 24 hours followed by a 3 day washout (+
Dox 24 hrs, - Dox 72 hrs). Output from activation of the memory module was assayed
by flow cytometry. (b,c left) Bar graphs showing median fluorescent intensity. (b,c right)
Relative expression calculated as the percent change in expression between the
constitutively treated and transiently treated conditions. (d-g) Memory circuits and
controls were integrated into a recombinase-based landing pad present in the AAVS1
locus of HEK293LP cells at single copy. These polyclonal but isogenic cell lines were
transiently transfected with (d) empty vector, (e) hEF1a dCas9:VPR, (f) PGK rtTA3, or
(g) hEF1a mNG igRNA B (for mK2-based memory circuits) or hEF1a mK2 igRNA A (for
mNG-based memory circuits). 24 hours post-transfection, these cells were passaged to
multiple wells and treated with or without doxycycline for 24 hours after which
fluorescence was assayed by flow cytometry. At least 10,000 cells were analyzed for
each transfection and condition. Values shown are the means of biological triplicates,
with error bars representing standard deviation.
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Dual selection mitigates gene silencing
Anecdotal reports from the Weiss lab, from whom I obtained the rtTA3 part, suggested
that when integrated into the landing pad and despite the presence of insulating
sequences, rtTA3 expression cassettes were susceptible to DNA methylation and gene
silencing (personal communications). In a similar vein, studies have suggested that
genomically integrated, Tet-regulated promoters are subject to silencing via DNA
methylation and histone deacetylation, effects that could spread several kilobases and
influence neighboring genes (Yu et al. 2016; Bencsik et al. 2016). Importantly, silencing
could be partially reversed through the application of sodium butyrate, a well-known
inhibitor of histone deacetylases, or Decitabine, an inhibitor of DNA methyltransferases.
To investigate whether DNA methylation was similarly playing a role in mediating the
non-responsiveness of integrated memory circuits, I treated stable v2.0 memory cell
lines with the increasing concentrations of Decitabine (Figure 5.5). While Decitabine
treatment alone did not cause activation of either cell line tested, when combined with
doxycycline, there was a dose-dependent increase in the percentage of FP+ cells. This
trend declined at higher doses, likely due to the toxic effects of globally inhibiting DNA
methylation.
To mitigate the apparent impact of DNA methylation, a second selection marker,
blasticidin, was added, and the subunits rearranged such that the entire circuit would be
flanked by a puromycin cassette at the 5’end and blasticidin at the 3’ end (Figure 5.6A).
Following integration and dual selection for puromycin and blasticidin, these cell lines
showed a significant improvement in doxycycline responsiveness (Figure 5.6B).
Whereas vX.0 circuits only showed 0.5% cells responding to doxycycline, vX.1 circuits
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show between 18-60% response (Figure 5.6B, right). As seen previously, the
distribution of responses is more consistent between memory and control circuits for
v2.1 cell lines than for v1.1 cell lines (Figure 5.6B, left).
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Figure 5.5: DNA methylation silences integrated CRISPR memory circuits. Memory
circuit cell lines were treated with a DNA methyltransferase inhibitor, Decitabine, at
indicated doses for 4 days, then with 1 µg/mL doxycyline for 24 hours. Fluorescence
was then assayed using flow cytometry. At least 10,000 cells were analyzed for each
transfection and condition. Values shown are the means of biological triplicates, with
error bars representing standard deviation.
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Heterogeneous induction does not stem from memory circuits
Despite the improvement in responsiveness to doxycycline, no circuit showed close to
100% response. To investigate whether this heterogeneous response was a function of
the circuits, I induced the stable cell lines, FACS sorted the FP positive (FACS+) and
negative populations (FACS-), and then stimulated both with a second treatment of
doxycycline (Figure 5.6C). If heterogeneity stemmed from stochastic properties of the
circuit, re-induction of the FACS- population should look similar to the response profile
of the FACS+ population. However, the data showed that for all eight vX.1 circuits, the
FACS- population remained refractory to doxycycline treatment (Figure 5.6D). In
contrast, following re-induction after 2 weeks without doxycycline, the FACS+
populations largely remained responsive to doxycycline (Figure 5.6E).
Taken all together, these results suggest that while dual selection increases the
response of the integrated memory circuits, and despite the isogenic nature of the LP
integration, the cell populations exhibits heterogeneity in responsiveness to doxycycline.
This heterogeneity, however, is likely not a function of the memory circuits, but rather a
continued impact by DNA methylation and gene silencing.
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Figure 5.6: Enrichment of responsive populations by dual antibiotic selection and FACS
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Figure 5.6 (continued). (a) Schematic of dual selection design for memory circuits
vX.1. The Synthetic TF module was modified to include a co-expressed blasticidin
resistance gene. The module was relocated to the 3’ end of the circuit such that the
entire circuit is flanked by selection cassettes with puromycin resistance from the
integration vector at 5’ end (not shown). (b) Dual selection improves doxycyline
responsiveness. Following dual selection of landing pad integrants, memory circuit cell
lines were treated with doxycyline for 24 hours and assayed by flow cytometry. (b, left)
Scatterplots showing fluorescence in response to treatment. (b, right) Bar graphs
quantifying % mKate2 or mNeonGreen cells. (c) Re-induction of FACS sorted memory
cell lines. Positive cells from (b) were isolated by FACS. (d) Four days post-sort, FACScell lines (mK2, left; mNG, right) were re-induced with doxycycline for 24 hours, then
assayed by flow cytometry. (e) Two weeks post sort, cell lines (mK2, left; mNG, right)
were treated with or without doxycycline for 24 hours, then assayed by flow cytometry.
At least 10,000 cells were analyzed for each transfection and condition. Values shown
are the means of biological triplicates, with error bars representing standard deviation.
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Characterizing induction phenotype of integrated memory circuits
To more thoroughly characterize the memory circuits, I quantified response over a
range of doxycycline concentrations and over different durations of exposure (Figure
5.7, 5.8). Qualitatively, all circuits showed progressive induction beginning with as little
as 0.01 ug/mL doxycycline for 24 hours or 1 ug/mL over 2 hours. Maximum output was
achieved with exposure to 1 ug/mL doxycycline over 24 hours. Interestingly, under nonsaturating conditions, the circuits do not exhibit switch-like behavior. While a bimodal
distribution is hallmark for genes that show a strong switching phenotype, here, all
memory circuits exhibited sub-populations with intermediate expression (Figure
5.7)(Alon 2007).
As these cell lines were known to be heterogeneous mixtures of responsive and
unresponsive cells, it is difficult to directly compare their absolute responses. To
address this, I normalized the response curves to the maximum output for each circuit
to allow for more direct comparison of the different variants (Figure 5.8B,D,F,H). With
this rescaling, circuit activity clustered largely as a function of the promoter architecture
(v1 versus v2). With regards to dose-response, v2 memory cells appeared to be more
sensitive to doxycycline input, with half-maximal induction observed in the 0.01-0.05
ug/mL range, compared to v1 variants ranging from 0.03-0.20 ug/mL (Figure 5.8B,D).
This suggests that positioning the TetO closer to the minimal promoter increases the
ability of rtTA3 to activate transcription in response to doxycycline. Curiously, while
memory and control circuits behaved similarly for mNG v1, and v2, there was a
significant difference for mK2 v2 (Figure 5.8D).
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Figure 5.7: Characterizing induction of integrated CRISPR memory circuits. Cell lines
previously selected for responsiveness by FACS were characterized for their (a) dose
response to 24-hour treatment with different concentrations of doxycyline and (b)
temporal response to treatment with 1 µg/mL doxycyline for different time periods. (a,b)
Histogram overlays showing fluorescence response of treated cells as assayed by flow
cytometry.
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Figure 5.8: Induction kinetics of integrated CRISPR memory circuits. Line graphs
quantifying % of mKate2 or mNeonGreen cells for (a-d) doxycycline dose-reponse and
(e-h) time-course of v1.1, v2.1 stable memory cell lines. (b,d) Dose-response data from
(a,c) normalized to the maximum response for each circuit variant. (f,h) Time-course
data from (e,g) normalized to the maximum response for each circuit variant.
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With regards to exposure duration-dependent changes in circuit induction, again
responses clustered by promoter architecture (Figure 5.8F,H). v2 memory cells induced
much more quickly than v1 circuits, showing half-maximal induction with 4-6 hours,
compared to 16 hours for v1 circuits. Here again, only mK2 v2 circuits showed
differential response between memory and control circuits, with the memory device
appearing to respond more quickly (Figure 5.8H).
These

results

indicate

that

for

these

memory

circuits,

the

induction

characteristics are a function of the TetO and its proximity to the minimal promoter.
While most memory and control circuits with a given promoter architecture function
similarly, mK2 BB v2 was more sensitive to input dose and length of exposure than mK2
BA v2. Given that these circuits only differ in the position of the gRNA binding site
(GRBS), it is tempting to speculate that the difference is due to positive feedback with
the memory circuit (Figure 5.4A).

Integrated memory circuits do not show memory.
To investigate the memory phenotype, I treated populations of v2 memory cells lines
with saturating induction conditions (1 ug/mL for 24 hours), then removed the stimulus
and replated the cells into multiple wells. Similar to the transient assays, I quantified
changes in fluorescence over multiple days (Figure 5.9). With this experiment, a
complete memory phenotype would manifest as constitutive FP expression in the
absence of inducer. Incomplete memory would present as a decline in fluorescence
over time, but one that was markedly slower than the control circuit. Finally, decline in
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fluorescence over time with no discernable difference between memory and control
circuits would indicate a complete lack of the positive feedback loop and memory.
Following induction, all four v2 memory circuits showed steady decline in MFI of
the positive population over time (Figure 5.9A), with fluorescence largely gone by day 8
post-induction. This strongly argues against a complete memory phenotype.
While the control circuits, mK2 AB and mNG BA, appeared to lose fluorescence
faster than their counterparts, they also started with lower MFI. To more directly
compare the rate of fluorescence loss, I background subtracted and normalized the data
to the maximum value for each given circuit (Figure 5.9B,C). With normalization, the
decay curves for memory and control circuits collapse, indicating no significant
difference in the rate at which fluorescence was lost. This demonstrates a complete lack
of the positive feedback loop and hence no memory with the integrated v2 CRISPR
memory devices.
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Figure 5.9: Stably integrated v2.1 memory circuits do not show prolonged memory of
transient doxycycline exposure. Stable cell lines were treated with saturating induction
conditions (1 µg/mL doxycyline for 24 hours), after which doxycycline was removed and
cells were assayed by flow cytometry at the indicated time points. (a) Overlaid
histograms showing decline in fluorescence with increasing time post-induction. (b-c)
Median fluorescence intensity (MFI) of the positive populations were normalized to the
highest value for the respective circuits. Values shown are the means of biological
triplicates, with error bars representing standard deviation.
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A computational framework for a CRISPRR/Cas9- memory device
Given the paradoxical performance of the CRISPR/Cas9 memory device with transient
versus stable transfection, we developed a mathematical framework to gain further
insight into this synthetic system. (Figure 5.10) This simplified model used ordinary
differential equations (ODEs) to simulate the network interactions between Cas9/VPR,
gRNA, rtTA3, doxycycline and the memory module. The dynamics of both Cas9/VPR
and rtTA3 were assumed to be functions of production, via transcription from their
constitutive promoters with subsequent protien translation and also dissociation from
their respective ligands, and degradation, via estimated protein half-life and complex
formation with their respective ligands. (Figure 5.10 Eq 1,3). Conversely, the dynamics
of their complexed forms, Cas9/VPR:gRNA and rtTA3:dox, were modeled as production
via association with ligand, and degradation, via protein turnover and disassociation
from ligand (Figure 5.10 Eq 2,4). Finally, igRNA dynamics were described as
degradation due to RNA half-life and association with Cas9/VPR, with production as a
function transcription due to promoter leakiness (L), activation via Cas9/VPR:igRNA
(A1), and activation via rtTA3:dox (A2) (Figure 5.10 Eq 5). Activation by both Cas9/VPR
and rtTA3 were described as Hill functions (Figure 5.10 Eq 7,8)(Alon 2007).
Transcription of the igRNA was assumed to be independent for these three
mechanisms, and thus their interaction is modeled as an OR gate (Figure 5.10 Eq 6).
This insured that production was bounded by the maximal transcription rate, k10, even
during induction conditions where both rtTA3:dox and Cas9/VPR:igRNA were be able to
activate transcription. Lastly, the term SE described the fraction of transcribed igRNA
that is properly spliced.
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Figure 5.10: A computational framework for a CRISPR/Cas9-based memory device.
Ordinary differential equations simulate the interaction of species in the memory device
following mass action kinetics. Dynamics for the free activators, dCas9/VPR and rtTA3,
are modeled with constitutive protein production (k1, k5) and degradation (k2, k6), as well
as complex dissociation (k4, k8) and formation (k3, k7). Dynamics of the activators in
complex with their ligands, dCas9/VPR:igRNA and rtTA3:dox, are modeled with
complex formation (k3, k7) and dissociation (k4, k8), as well as constitutive protein
degradation (k2, k6). Dynamics for the free igRNA are modeled with constitutive RNA
degradation (k9), complex formation (k3) and dissociation (k4), and transcription from the
minimal promoter (k10) induced by dCas9/VPR:igRNA (A1), rtTA3:dox (A2), or leaky
promoter activity (L). SE is the fraction of correctly spliced igRNA.
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igRNA production rate is a key parameter for the memory state.
Using this mathematical framework, we explored the memory phenotype for parameters
that approximated both the stably integrated and transiently transfected memory circuits
(Figure 5.11, Table 5.1). We used the steady-state concentration of total igRNA (i.e both
free and bound by Cas9/VPR) as a proxy for the memory state. In this manner, the
memory state is defined by a steady state concentration is that is greater zero.
We first explored the performance of the stably integrated memory device using
parameters from the literature (Figure 5.11A, Table 5.1). Under these conditions,
introduction of a transient but saturating pulse of doxycycline (red arrow) led to rapid
formation of rtTA3:dox complex and a concomitant drop in the concentration of free
rtTA3. This in turn caused a similar spike in the amount of total igRNA, the majority of
which is bound to Cas9/VPR. This spike however, was transient, and following the
removal of doxycycline, dropped to zero, indicating an absence of memory.

Table 5.1: Model parameters
Parameter

Optimized
Units
Stable

Stable

Transient

Description

References

k1

3.38E-01

-

-

proteins/s

production rate of dCas9/VPR

(Darzacq et al. 2007; Schwanhäusser et al. 2011)

k2

3.97E-05

-

-

1/s

degradation rate of dCas9/VPR

(Kim et al. 2014)

k3

1.00E-03

-

10x

1/(molecule*s)

[dCas9/VPR:igRNA] assocation rate

(Mekler et al. 2016)

k4

1.24E-02

-

-

1/s

[dCas9/VPR:igRNA] dissociation rate

(Wright et al. 2015)

k5

3.38E-01

-

-

proteins/s

production rate of rtTA3

(Darzacq et al. 2007; Schwanhäusser et al. 2011)

k6

3.97E-05

-

-

1/s

degradation rate of rtTA3

(Kim et al. 2014)

k7

2.00E+06

-

-

1/(molecule*s)

[rtTA3:dox] assocation rate

(Sotiropoulos and Kaznessis 2007)

k8

1.00E-03

-

-

1/s

[rtTA3:dox] dissociation rate

(Sotiropoulos and Kaznessis 2007)

k9

2.78E-03

-

10x

1/s

degradation rate of igRNA

(Clement et al. 1999)(Brinkman et al. 2013)

k 10

2.40E-03

450x

12x

transcripts/s

maximum production rate igRNA

(Darzacq et al. 2007)(Ede et al. 2016)

k 11

6.02E+02

-

-

molecules

specific activity constant for dCas9/VPR:igRNA

(Richardson et al. 2016)

k 12

1.20E+03

-

-

molecules

specific activity constant fo rtTA3/dox

(Kamionka et al. 2004)

L

0.00E+00

-

-

molecules

promoter leakiness

SE

1.00E+00

-

-

dimensionless

splicing efficiency

N1

1.00E+00

-

-

dimensionless

cooperativity term for dCas9/VPR:igRNA

N2

1.00E+00

-

-

dimensionless

cooperativity term for rtTA3:dox
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Figure 5.11: Transcription rate is a key determinant of the memory state.
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Figure 5.11 (continued). An ODE model was run using parameters to approximate
behavior of the memory device when stably integrated at single copy (a) and when
transiently transfected at high copy number (b). (c) Improving association of dCas9/VPR
and igRNA, igRNA half-life, and igRNA production for the stably integrated circuit leads
to memory.
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Next, we explored the performance of the transiently transfected memory device
using the model (Figure 5.11B). It has been reported that transient transfection of DNA
results in hundreds to thousands of plasmid copies per cell (Cohen et al. 2009). We
thus approximated transient transfection by increasing the maximum production rate for
igRNA, k10, by 450-fold. We assumed that Cas9/VPR and rtTA3 were already at
saturation, and indeed, increasing the production terms here had no impact (data not
shown).
As with the simulation of the stably integrated system, the doxycycline pulse
caused a spike in rtTA3:dox, and igRNA, which again was mostly bound to Car9/VPR.
Upon removal of doxycycline, total igRNA maintained a steady-state value of about
1700 copies, suggesting that memory can be achieved under these conditions.

RNA stability and kinetics of complex formation also impact the memory state.
While the mathematical framework suggests that increasing the maximum igRNA
production rate by 450-fold may lead a functional memory device, experimentally, it
would be an impractical if not impossible feat to enhance transcription of the stably
integrated memory device to this degree. Thus, to gain insight into mechanisms for
optimization, we explored additional parameter space (Figure 5.11C, Table 5.1).
Unsurprisingly, increasing the concentration of Cas9/VPR or rtTA3 by either increasing
production or decreasing degradation did not impact acquisition of the memory state, as
these components were already at saturation (data not shown). Similarly, improving
formation of the rtTA:dox complex had no effect. However, in conjunction with a more
modest 12-fold increase the maximum rate of igRNA production, improving the
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association of Cas9/VPR and igRNA by 10-fold and the half-life of igRNA by 10-fold
resulted in a steady state concentration of about 65 copies of total igRNA, indicating
memory.
These results suggest qualitatively that improving igRNA production, stability and
its association with Cas9/VPR may increase the potential for a stably integrated
CRISPR/Cas9-base circuit to maintain a positive feedback loop. Thus, to optimize the
stably integrated memory device, it may be more feasible experimentally to make more
modest improvements in multiple parameters rather than increasing a single parameter
by 450-fold.

Modifying core promoter optimizes maximum production rate
Following the model’s suggestion that the maximal rate of igRNA production strongly
influences the memory phenotype, I sought to manipulate this experimentally by
evaluating different minimal promoters. I constructed a series of four mNG BA control
subunits, each with a different length truncation of the CMV promoter (Figure 12A). To
characterize these promoters, I transiently co-transfected each with the Actuator and a
Trigger subunit that constitutively expresses mK2 and igRNA B and assayed the mNG
output by flow cytometry. In the absence of trigger, the promoters displayed differing
levels of leakiness, with CMV53 showing the lowest, the longest CMV truncation,
CMV94, showing the highest background expression, and CMVt6 and CMV74 with
intermediate levels (Figure 5.12B left, C gray). Co-transfection of the trigger induced
robust mNG expression from all four promoters, with CMV53 showing the lowest,
CMV94, showing the highest, and CMVt6 and CMV74 with intermediate levels (Figure
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5.12B right, C yellow). Owing to the low background and despite low expression,
CMV53 showed the largest fold induction. Conversely, despite high expression, due to
high background, CMV94 showed the lowest fold induction.
These results demonstrate that modifying the minimal promoter can modulate
both the leakiness of igRNA expression and its maximum expression, two metrics that
were identified by the model as having a strong impact on the memory phenotype. It is
important to note however, that these minimal promoters may behave differently when
integrated into the genome. Particularly, the leakiness may not be as prominent as was
with these transient assays.
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Figure 5.12: Minimal promoter modulates leakiness and maximum production rate
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Figure 5.12 (continued). (a) Schematic of control v1 Memory modules (mNG BA)
constructed with minimal promoters derived from different length truncations of the CMV
promoter (CMVt6, CMV53, CMV74, CMV94). (b,c) HEK293 cells were transiently cotransfected with dCas9:VPR Actuator, each of the respective Memory modules, and +/trigger then mNeonGreen output was assayed by flow cytometry 24 hours later. (c) Bar
graphs quantifying total % mNG+ for -trigger transfections and %mNG+/mK2+ for
+trigger transfections. At least 10,000 cells were analyzed for each transfection and
condition. Values shown are the means of biological triplicates, with error bars
representing standard deviation.
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Discussion
In this study, I demonstrate that CRISPR/Cas9 can be used as a modular platform for
recording transient signaling events in single cells. The construction and prototyping of
doxycycline-inducible memory circuits highlighted the unique characteristics and
challenges of integrating synthetic circuits in mammalian cells, with important insights
for optimization of such devices. With transient transfection, the different iterations of
the memory devices all showed more sustained expression after a transient pulse of
stimulus compared to control circuits. However, initial attempts at genomically
integrating the circuits resulted in stable cell lines that were unresponsive to induction
by doxycycline. With low-copy integration, stochastic expression and noise can quickly
overwhelm synthetic systems, which are often not as robust as their endogenous
counterparts (Elowitz and Leibler 2000; Potvin-Trottier et al. 2016). Importantly
however, the lower expression level of memory circuit components from the single-copy
integration could only partially explain the lack of sensitivity to doxycycline. Chemical
inhibition of DNA methyltransferase activity revealed that, despite integration into the
permissive environment of the AAVS1 locus, epigenetic modification of the circuit was
leading to gene silencing and poor performance. This silencing was partially mitigated
by more stringent antibiotic selection following integration. However, while these cell
lines show a much stronger response to doxycycline, re-induction experiments showed
that the initial populations were a heterogeneous mixture of potential responders and
obligate non-responders.
While the responding population could be enriched by FACS sorting, this strategy
introduces a philosophical dilemma. Though several platforms exist for genomically
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integrating transgenes into mammalian cells (e.g random insertion, virus- or transposonmediated delivery, etc.) many of these methods result in random integration site and
random copy number (Kim and Eberwine 2010). Local chromatin environment and copy
number can both significantly impact the performance of genomically integrated circuits,
which becomes particularly problematic when attempting to compare the performance
across different circuit variants. Typically, researchers will isolate clones that
demonstrate optimal behavior, but this creates additional artificial differences between
integration of different circuits. Characterization of synthetic systems thus selected may
not reflect the behavior of the engineered circuit, but rather the behavior of the
engineered circuit only in the particular genomic context of that clone. This is particularly
problematic when trying to investigate the heterogeneous or stochastic nature of a
circuit (Elowitz et al. 2002; Eldar and Elowitz 2010).
I therefore chose the landing pad-based system for genomic integration because
it results in single-copy integration at a defined locus, thereby mitigating differences in
chromatin context and copy number (Duportet et al. 2014). Integration into these cells,
and subsequent antibiotic selection, results in a polyclonal, but ultimately isogenic
population. Thus, the landing-pad systems allows for direct comparison of circuit
variants across integrations, and a more accurate assessment of heterogeneity (Guye
et al. 2013).
However, if FACS selection is required to optimize the memory device, this
seemingly precludes investigation of the true heterogeneity of the synthetic circuit. It
may be that the accurate characterization of a synthetic circuit is at odds with the goal of
a building a functional device, but it is important to consider how a balance may be
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achieved.

Optimizing circuits for sensitive induction and robust memory
I also developed a mathematical framework for exploring the CRISR/Cas9-based
memory device in silico. Importantly, the model was not trained on experimental data,
and all parameters were based on values found in the literature. While the model
therefore cannot be used for quantitative assessment, it still serves as a general
framework for understanding the network interactions, providing qualitative insight for
future optimization. The steady state concentration of igRNA is a function of its
maximum production rate, its stability and its ability to complex with Cas9, and
improving these parameters has a significant impact on the memory phenotype. I
demonstrated that the maximum production rate could be manipulated experimentally
by modifying the minimal promoter. By regulating the core elements of minimal
promoters, one can fine-tune the output of these transcriptional units. However,
increased output also led to significantly higher background, which the model suggests
may cause aberrant activation of the memory device. Thus, these factors need to be
properly balanced in order to optimize the circuit’s performance.
igRNA stability may be more difficult to improve experimentally. While gRNAs
expressed from a Pol III promoter have a half-life less than 1 hour, introns are typically
even less stable, and are rapidly degraded after splicing (Hendel et al. 2015; Clement et
al. 1999). However, there are reports of extremely long-lived intron. The HSV LAT
introns have a non-canonical branch point that resists debranching and extends their
half lives to about 15 hours (Brinkman et al. 2013). However, debranching is an
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important mechanism for releasing small non-coding RNAs from introns, and may play a
similar role for igRNA function (Winter et al. 2009).
The intronic nature of the gRNA has further implications for its ability to complex
with Cas9. Several studies have demonstrated that for Cas9-mediated genome editing,
the rate-limiting step is the formation of the Cas9-RNA complex (Mekler et al. 2016).
Mutational analysis of the Cas9-binding apatamer highlights the importance of gRNA
structure for complex formation (Konermann et al. 2015; Thyme et al. 2016). However, it
is currently unknown in what form the igRNA exists once transcribed. Does it remain in
the lariat structure following splicing? Is it processed by the debranching enzyme and
liberated by ribonucleases similar to how some microRNAs, snoRNAs, and longnoncoding RNAs are formed? The former may inhibit binding of Cas9 while the latter
may promote it. Further study is necessary to in order to optimize this aspect.
Due to the low number of inducible cells, I focused on analyzing the v2 circuits
for memory. While there was no discernible difference between memory and control
circuits here, it is tempting to speculate on the performance of v1 circuits in this assay.
Characterization of the induction phenotype for v1 and v2 circuits showed that
sensitivity to activation by rtTA3 was a function of the operator’s distance from the
minimal promoter, with induction being optimal when the two abutted. The same
phenomenon may hold true for the memory phenotype, that proximity of the GRBS to
the minimal promoter may modulate the robustness of memory. This establishes a
seeming conflict between sensitivity to induction and strong memory if both are optimal
when closest to the minimal promoter. Perhaps, with input of experimental data, the
mathematical framework will inform on how to best design the synthetic promoter to
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balance these two conflicting factors. Another option could be to interweave the two cisregulatory elements, alternating one after the other. With such a design, no single
operator would be more than 20nt from the minimal promoter, potentially mitigating
proximity effects. However, this architecture may promote binding competition between
rtTA3 and dCas9/VPR and may prove difficult to clone due to the repetitiveness.
Though it is clear that rational design is not sufficienct in this case, through a
combination an iterative design-build-test strategy in conjunction with a better-informed
model, I am hopeful that the circuit can be made functional.

Novel characteristics and future directions.
It is important to acknowledge that this is not the first demonstration of a synthetic
memory device based on transcriptional positive feedback. Indeed, Burrill et al.
developed such a device using ZF-based synthetic transcription factors, and others
have been constructed using TALE activators (Burrill et al. 2012; Burrill and Silver 2011;
Chang et al. 2010). The CRISPR/Cas9-based memory device that I developed in this
study has several key differences compared to these previously described systems.
Firstly, many of these other devices use a two-stage architecture where the
signal is sensed by a trigger element that secondarily activates the memory element.
While this allows for separate tracking of the triggering stimulus and the memory
response, it also introduces significant delay in establishing memory because it relies on
the transcription and translation of the synthetic transcription factor. In contrast, the
CRISPR/Cas9 system that I described in this study uses a single element for both
sensing the signal and mediating memory. While this does not allow for distinct
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visualization of triggering and memory, the system should engage memory much more
quickly because it relies only on transcription of the igRNA, obviating the delay incurred
with production of new proteins. Integrated memory circuits showed response to
treatment with doxycycline for as little as 2 hours and saturation by 12 hours.
Importantly, the response was monitored at the protein level, and accounting for
translation, protein maturation, and assay limit of detection, suggests that the
transcriptional response was likely much faster.
Furthermore, my design enables a high degree of flexibility, greatly expanding
the potential applications. While I prototyped the system using doxycycline as the
stimulus, the device an easily interface with endogenous signaling pathways by
modifying the CRE in the memory module. Additionally, with CRISPR/Cas9, it is much
easier to redesign the system to target new regions than it is for ZF- or TALE-based
synthetic transcription factors. Thus by simply changing the CRE and modifying the
GRBS and igRNA to be orthogonal, one can create parallel memory circuits capable of
recording different stimuli within the same cell. Just as many mammalian genes contain
multiple introns, it may be possible to engineer a mini-gene that expresses multiple
igRNA from a single transcript. The additional igRNAs could target the same promoter,
thereby strengthening the positive feedback loop, or they could act on a secondary
target. In this way, one could use a transient signal to achieve a sustained
transcriptional response in an endogenous gene regulatory network. Such a system
could have interesting applications in directed differentiation and tissue engineering.
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Materials and Methods
Part construction and plasmid assembly
Several parts and vectors were the kind gift of Ron Weiss. Novel parts were typically
generated via PCR or synthesized as gBlocks (IDT). These fragments were
subsequently cloned into PCR-Blunt II-TOPO to create plasmid stocks (Invitrogen). All
parts and backbones were maintained as frozen plasmid stocks diluted to 50ng/µl.
Transcriptional units were assembled using Golden Gate cloning (Engler et al.
2008). 2 µl of each part was combined with 0.5 µl of TypeIIS enzyme (Fast Digest
Eco31I [BsaI], or Fast Digest Esp3I [BsmbI]; Fermentas), 1 µl of high concentration
(2,000,000 unit/mL) T4 DNA Ligase (NEB), 2 µl of T4 Ligase buffer (Promega), and
ddH20 up to a final total volume of 20 µl. For unknown reasons, the reaction is
considerably less efficient when NEB T4 Ligase buffer is used. The following reaction
was performed in a standard thermocycler: 1 step of 15 min at 37°C; then 50 cycles of
[2 min at 37°C followed by 5 min at 16°C]; 1 step of 15 min at 37°C, 1 step of 10 min at
50°C and 1 final step of 10 min at 80°C. 2 µl of the assembly was used for standard
transformation of chemically competent E. coli. mMoClo TU backbones contain an RFP
expression cassette enabling red- (vector only) white (assembled construct) colony
screening. Gibson assembly of single and multiple TUs with a Bxb1 landing pad
integration backbone was described previously (Duportet et al. 2014).

Cell culture
HEK293 (ATCC no. CRL-1573) and HEK293LP (gift from Ron Weiss) were maintained
in Dulbecco's Minimum Essential Medium (DMEM; Life Technologies) supplemented
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with 10% fetal bovine serum (FBS; Life Technologies) and 1% penicillin and
streptomycin (Life Technologies) at 37°C and 5% CO2. Decitabine (5-Aza-2′deoxycytidine, Sigma) was diluted in acetic acid (Sigma) and added to media at
indicated concentrations.
Cells were transiently transfected in triplicate using Lipofectamine 3000 (Life
Technologies) following manufacturer’s recommendations. Typically, ~20,000-22,500
cells/cm2 were seeded the day before to ensure 50-70% confluence for transfection. A
total of 1 µg DNA was transfected per well for 12-well plates, 2.5 µg per well for 6-well
plates.

Flow Cytometry and FACS
Cells were trypsinized, pelleted, and resuspended in Dulbecco’s phosphate-buffered
saline (DPBS; Life Technologies) containing 0.1% FBS. At least 10,000 live cells were
analyzed using a LSRII cell analyzer (BD Biosciences). mTagBFP2 was measured with
a 405 nm laser and a 525/50 emission filter. mNeonGreen was measured with a 488 nm
laser and a 525/50 emission filter. mKate2 was measured with a 594 nm laser and a
630/22 emission filter. Data were analyzed with FlowJo (Flowjo LLC). Live cells were
gated by size and granularity using FSC-A vs SSC-A. Singlets were gated using SSC-A
vs SSC-H. Single color controls were used for compensation. Data is reported as the
median fluorescence intensity (MFI) of the positive population. Values shown are the
means of triplicate transfections or treatments, with error bars representing standard
deviation.
Sorting of YFP negative for selection following landing pad integration, and of
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mKate2 or mNeonGreen positive cells following circuit induction was performed on a
Sony SH800 cell sorter. YFP and mNeonGreen were measured with a 488 nm laser
and a 525/50 emission filter. mKate2 was measured with a 561 nm laser and a 665/30
emission filter.

Transient transfection and doxycycline treatment
For experiments combining transient transfection with doxycycline treatment, plasmids
were transfected into 6-well plates, and 24 hours post-transfection, these transfected
cell were passaged to multiple wells of a 12-well plate coated with poly-L-lysine (Sigma)
for drug treatment. This method ensures that the transfection efficiency is constant
across different treatment conditions for a given transfected construct.

Landing pad integration
HEK293LP cells were transiently co-transfected with 1 µg of memory circuit plasmid
DNA and 1 µg of a Bxb1 recombinase expression plasmid in 6-well plates. 3 days posttransfection, cells were passaged to T25s and selection was started the following day.
1 µg/mL puromycin (Sigma) was used for single-marker selection and was
supplemented with 8 µg/mL blasticidin (Sigma) for dual-marker selection. Selection was
maintained throughout. Following selection, stable cell lines were FACS sorted to
remove residual parental LP cells (YFP+).
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ODE modeling of memory device
All parameters were estimated based on reports from the literature. Protein production
rates k1 and k5 were estimated based on median rates for transcription and translation
in human cells (Darzacq et al. 2007; Schwanhäusser et al. 2011). Protein degradation
rates k2 and k5 were estimated based on the half life of electroporated Cas9 protein
(Kim et al. 2014). Association and dissociation rates for dCas9/VPR and igRNA were
estimated based on in vitro analysis of complex formation kinetics (Mekler et al. 2014;
Wright et al. 2015). Association and dissociation rates for rtTA3 and doxycycline were
reported previously (Sotiropoulos and Kaznessis 2007). igRNA half-life, k9, was
estimated based on the median half-life of gRNAs or the HSV-LAT intron (Clement et al.
1999; Brinkman et al. 2013). The maximum transcription rate for igRNA was estimated
based on the rate for the full CMV promoter (Darzacq et al. 2007; Ede et al. 2016). The
specific activity constants for both dCas9/VPR:igRNA and rtTA3:dox (k11 and k12
respectively) were calculated based on reported KD for binding of these complexes to
their cognate sequences and the average size of a HEK cell nucleus (Richardson et al.
2016; Kamionka et al. 2004).
All mathematical modeling was performed using MATLAB (The MathWorks).
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Chapter 6

Conclusion.

	
  

Discussion
In this dissertation, we discussed several approaches to tackling a variety of
engineering challenges in biology. In Chapter 2, we showed that through abstraction, a
system for bacterial immunity from foreign genetic elements could be viewed more
fundamentally as an RNA-guided DNA binding domain, and as a protein chassis to
which different modular domains could be added to modify its functionality. While this
rational design approach led to a functional prototype of a CRISPR/Cas9-based
transcriptional

activator,

the

project

ran

into

difficulty

with

engineering

the

complementary gene repression system. This highlights the key pitfalls of the rational
design approach, namely, that success with this effort is predicated on a threshold of
preexisting knowledge and characterization of the system. In other words, to build
systems from standardized parts, those parts must first be known quantities. If there are
outstanding questions about how they function, it becomes increasingly difficult to
engineer systems with deterministic outcomes. At the time of the experiments in
Chapter 1, while several labs were publishing on different efforts to co-opt the
CRISPR/Cas9 for genome editing and the fledgling attempts at gene regulation were
being made, there were still several key unknowns about how the system functioned.
Indeed, as the initial excitement over CRISPR/Cas9 came to a head, serious concerns
were raised questioning the fidelity of the system and its propensity for off-target
modification. While these questions were subsequently addressed, it was as if the cart
had been put before the horse.
In retrospect, given the unknowns about the Cas9 system, particularly with
regard to the gaps in knowledge of protein structure, RNA folding, and the RNA-protein
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interactions, a more fruitful approach to tackle the task of re-engineering the system
may have been an adaptive design approach. If a library of equally sufficient complexity
can be reasonably constructed and evaluated, the adaptive design approach is well
suited to addressing challenges where there are unknowns sufficient to make the
rational design approach untenable.
This caveat is not trivial however, and was realized in our attempts to engineer
genetic sensors in Chapter 3. The computational approach of designing millions of
putative sensor elements in silico grew out of a desire to apply an adaptive design
approach whereby we would screen tens of thousands of barcoded ISRE variants for
the behavior we wanted using an RNA-seq approach pioneered at the Broad Institute
and elsewhere ((Melnikov et al. 2012; Patwardhan et al. 2012). At the time, we did not
appreciate that with scaling our capacity, we also scaled the technical challenges. Given
the size and length of the library we designed, we ran against technical limitations of the
fidelity of large-scale oligo synthesis, generating a library of mutant sequences that was
of little utility. Importantly, while the adaptive design approach proved unsuccessful, a
hybrid approach that used a dramatically scaled-back, low-complexity library informed
by both computation and rational design, ultimately bore fruit. These efforts are the ones
detailed in Chapter 3.
Temporally, the final chapter in this dissertation largely succeeded the others and
likely benefited from the accumulated wisdom of its predecessors. While the project did
not achieve its intended goal of developing, characterizing, deploying an improved
memory device, I think it offers the greatest insight into what the current trajectory is,
and what the likely future of synthetic biology will be. In this chapter, we explored an
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integrative approach to synthetic biology. The initial prototypes of the CRISPR/Cas9
memory device were designed and constructed based on a rational design approach
and knowledge of how the standardized parts would likely function when combined in a
novel way. This led way to a more adaptive approach, whereby we iterated on the first
design, expanding on the original architecture in the hopes that we could build enough
variants to address the challenges we saw. In the final phase of the project, we explored
a computational framework to generate insights where the other approaches failed.
Looking forward at the future of this field, as costs in gene synthesis and
sequencing continue to plummet, as more well-characterized parts are freely shared
within the community, and as computational efforts become more sophisticated and
more accurately capture the nuances of complex biologies, I think that integrative
approaches that leverage the strengths of all three paradigms to mitigate their individual
weakness will usher in a new era of functional synthetic biology.
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Appendix A

Supplemental Material for Chapter 2
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gRNA
1 (ON)
1+ 5’G
2
3
4
5
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OFF

Sequence*
GTGGATTCTAGTAAATATGG
gGTGGATTCTAGTAAATATGG
gTAGTAAATATGGGGGTTTAG
gAGTGGATTCTAGTAAATATG
gTTAGTGGATTCTAGTAAATA
gTAGTGGATTCTAGTAAATAT
gACCAGGATGGGCACCACCC
gTATATCTAGTAAGTTGGAT

PAM
GGG
GGG
AGG
GGG
TGG
GGG
TGG
GGG

Target
CFP (TAL118 BS)
CFP (TAL118 BS)
CFP (TAL118 BS)
CFP (TAL118 BS)
CFP (TAL118 BS)
CFP (TAL118 BS)
GFP ORF
TAL8 BS

# binding sites
5
5
6
5
5
5
1
0

* g denotes non-template nucleotide

120

b
5'

AtccactaaacccccatatttACTAGAAtccactaaacccccatatttACTAGAAtccactaaacccccatatttACTAGAAtccactaaacccccatatttACTAGAAtccactaaacc
TAL BS

TAL BS

TAL BS

TAL BS

TAL BS

gRNA #1
gRNA #2
gRNA #3
gRNA #4
gRNA #5

5'

162

cccatatttACTAGAAtccactaaacccccatatttACTAGA
TAL BS

TAL BS

Figure A.1: gRNAs and inducible reporter. (a) gRNAs used in this study. The
protospacer adjacent motify (PAM) refers to the 3 nucleotides in the target sequence 3’
to the targeted region. Streptococcus progenies Cas9 requires a PAM following the NGG pattern. The U6 RNA pol III promoter adds a non-templated 5’ guanine. This
guanine is present in the binding site for gRNA #1, but not the other gRNAs. (b)
Schematic of gRNA binding sites overlapping the TAL118 binding sites in the promoter
of the inducible CFP reporter.
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Figure A.2: Extended controls for CRISPRai-mediated transcriptional activation. Bar
graph quantifying fold increase of CFP median fluorescence intensity (MFI) of U2OS
cells transiently co-transfected with an inducible-CFP reporter and indicated dCas9,
gRNAs, and RBD fusions. At least 10,000 cells were analyzed for each transfection.
Values shown are the means of biological triplicates, with error bars representing
standard deviation.
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