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SUMMARY

Synthetic receptors provide a powerful experimental
tool for generation of designer cells capable of moni-
toring the environment, sensing specific input
signals, and executing diverse custom response pro-
grams. To advance the promise of cellular engineer-
ing, we have developed a class of chimeric receptors
that integrate a highly programmable and portable
nuclease-deficient CRISPR/Cas9 (dCas9) signal
transduction module. We demonstrate that the core
dCas9 synthetic receptor (dCas9-synR) architecture
can be readily adapted to various classes of native
ectodomain scaffolds, linking their natural inputs
with orthogonal output functions. Importantly, these
receptors achieved stringent OFF/ON state transition
characteristics, showed agonist-mediated dose-
dependent activation, and could be programmed to
couple specific disease markers with diverse, thera-
peutically relevant multi-gene expression circuits.
The modular dCas9-synR platform developed here
provides a generalizable blueprint for designing
next generations of synthetic receptors, which will
enable the implementation of highly complex combi-
natorial functions in cellular engineering.

INTRODUCTION

Signal integration and transduction by cell-surface receptors is a

complex, multi-layered process leading to allosteric activation of

downstream mediators, which in turn elicit a predefined cellular

response (Lim et al., 2014). The modular architecture of most

transmembrane receptors provides a unique opportunity for

engineering novel sensor/effector circuits, enabling the evolution

of custom cellular functions for research and therapeutic appli-

cations (Lienert et al., 2014; Lim, 2010; Lim and June, 2017).

By modifying either the input-sensing ectodomains or the intra-

cellular signaling modules, rationally designed programmable

synthetic receptors can be used to assemble unconventional

signaling cascades orthogonal to endogenous pathways. So

far, the design of such chimeric receptors relied mainly on two

basic conceptual frameworks: (1) coupling synthetic (or altered)

ligand-binding domains with native signal transduction modules
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(Conklin et al., 2008), or (2) fusing native or engineered ligand-

sensing ectodomains with artificial transcription factors (Barnea

et al., 2008; Morsut et al., 2016).

Perhaps one of the most remarkable implementations of the

first strategy is the development of chimeric antigen receptors

(CARs) (Gill and June, 2015; Kershaw et al., 2013; Lim and

June, 2017). In general, CAR designs rely on coupling an extra-

cellular antibody single-chain variable fragment (scFv) recog-

nizing a cancer-specific antigen with the native intracellular

signaling unit of a T cell receptor (TCR), via a transmembrane

(TM) domain (Kershaw et al., 2013; Srivastava and Riddell,

2015). Importantly, transgenic expression of CARs has been

successfully used to establish adoptive T cell immunotherapies

targeting various forms of hematological cancers (Gill and

June, 2015; Grupp et al., 2013; Turtle et al., 2016). An elegant

integration of both user-specified sensing and signaling domains

has been recently reported for engineering synthetic Notch

receptors (synNotch) (Morsut et al., 2016). These chimeric

receptors consist of customized scFv or nanobody extracellular

domains, the minimal Notch transmembrane core activation

mechanism, and artificial transcription factor endodomains.

This versatile modular receptor architecture was adapted to

respond to numerous membrane bound endogenous and syn-

thetic ligands and drive the expression of a range of user-defined

transgenes in various cell types, including primary human T cells

(Morsut et al., 2016; Roybal et al., 2016a, 2016b).

Although advances in receptor engineering have significantly

expanded our ability to program novel cellular functions, their

diversification is restricted by a relatively limited number of

response modules. In the majority of current chimeric receptor

paradigms, signal transduction is mediated either by endoge-

nous intracellular modules from orthogonal receptors or by

effectors fused to predefined DNA binding domains (Lienert

et al., 2014; Lim, 2010; Lim and June, 2017). Therefore, most

of these synthetic receptors can only activate native signaling

pathways or drive the expression of pre-integrated transgenes.

A self-contained modular receptor design capable of directly

and precisely engaging any endogenous gene circuit would

vastly expand the promise of cellular engineering and simplify

the implementation of complex synthetic signaling cascades.

The nuclease-deficient type-II CRISPR-associated Cas9 pro-

tein (dCas9) has emerged as a uniquely versatile molecular

scaffold for the assembly of synthetic effector proteins

including programmable transcription factors (TF) (Dominguez

et al., 2016; Jusiak et al., 2016). The first integration of a
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dCas9-TF signal transduction module in the design of synthetic

receptors has been recently reported using the modular extra-

cellular sensor architecture (MESA) technology (Schwarz et al.,

2017). Although this study demonstrated the potential of engi-

neering novel cellular functions, MESA receptors displayed

significant ligand-independent activation and relatively modest

agonist-mediated induction. The utility of artificial signaling

pathways for cellular reprogramming largely depends on reach-

ing optimal OFF/ON state-transition characteristics for all

system components. Consequently, by analogy to native re-

ceptors, a critical consideration when engineering chimeric

receptors is attaining minimal baseline activity in the absence

of a cognate ligand and eliciting a robust cellular response

upon agonist stimulation.

Here, we report a modular receptor framework leveraging the

evolutionarily optimized ligand-sensing capacity of native recep-

tors and the programmability of dCas9 transcription factors. The

resulting synthetic dCas9-based receptors (dCas9-synR) can in

principle integrate a broad variety of input signals (soluble

proteins, peptides, lipids, sugars, small molecules) and regulate

any cellular pathway by simply defining the dCas9-associated

single guide RNAs (sgRNAs). Using an iterative optimization

approach, we have engineered dCas9-synRs that display mini-

mal OFF-state baseline activation and robust ON-state ligand-

induced signal transduction. To demonstrate that the ensuing

core architecture and signal release mechanism can be stan-

dardized across multiple classes of sensing domains, we

created prototype RTK-based (dCas9-synRTK) and GPCR-

based (dCas9-synGPCR) chimeric receptors. We show that

both classes of synthetic receptors can couple a variety of solu-

ble inputs with highly specific and robust induction of target

genes in an agonist dose-dependent manner. In addition, we

demonstrate parallel ligand-mediated activation of multiple

endogenous genes and provide strategies for multifactorial

‘‘AND gate’’ control of custom cellular responses. Finally, we

demonstrate that synthetic dCas9-synRs can be programmed

to drive therapeutically relevant gene expression circuits in the

presence of various classes of input signals including proteins,

lipids, and sugars. The performance of dCas9-synR receptors

and their unique versatility in redirecting cellular information

flow makes them ideally suited for engineering designer thera-

peutic cells capable of sensing specific disease markers, and

in turn, driving custom transcriptional programs.

RESULTS

dCas9-TF Membrane Tethering and Protease-Mediated
Release
We reasoned that a generalizable dCas9-based chimeric recep-

tor architecture should satisfy at least two essential conditions.

First, the membrane-tethered dCas9-TF signal-transduction

module should display minimal OFF-state baseline activity. Sec-

ond, the basic receptor scaffold should contain a customizable

and broadly applicable intracellular signal-release mechanism

that can be engaged upon ligand binding to the extracellular

sensing domain. The NIa tobacco etch virus (TEV) protease has

been adapted as a highly efficient and versatile tool for studying

protein-protein interactions and receptor functions in mamma-
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lian cells (Barnea et al., 2008; Kroeze et al., 2015; Wehr et al.,

2006). Therefore, we sought to evaluate the potential of using a

TEV-released output module for the implementation of dCas9-

synRs (Figure 1A). To this end, we first designed aminimal mem-

brane tethered chimeric protein (TMt-NLS-dCas9VP64) by graft-

ing a dCas9-VP64 activator to the platelet-derived growth factor

(PDGF) receptor transmembrane domain via a short linker con-

taining a canonical TEV cleavage site (TCS) (Figure 1B). In this

instance, dCas9-VP64 was flanked by two nuclear localization

sequences (NLS) and fused to a HA-epitope tag for subcellular

visualization. This construct also encoded an N-terminal cleav-

able signal peptide (Igk) required for membrane translocation.

Anti-HA immunofluorescence analysis of HEK293T cells ex-

pressing TMt-NLS-dCas9VP64 revealed a cellular distribution

characteristic of transmembrane proteins (Figure 1C, �TEV).

Accordingly, co-expression of TEV protease resulted in highly

efficient release of dCas9-VP64 from the membrane tether and

subsequent nuclear localization (Figure 1C, +TEV).

To assess the performance of this minimal design, we em-

ployed a well-established fluorescence reporter assay for

measuring the activity of dCas9-VP64 transcriptional activators

using a single sgRNA (Farzadfard et al., 2013; Ferry et al.,

2017; Nissim et al., 2014) (Figure S1). The output of this assay

can be converted into an activation score, which integrates

both the percentage of activated cells and reporter fluorescence

intensity (Figure S1; Experimental Procedures) (Xie et al., 2011).

Surprisingly, expression of TMt-NLS-dCas9VP64 together with an

sgRNA targeting the reporter sites (sgEYFP) revealed robust

activation of EYFP expression both in the presence and absence

of TEV protease (Figures 1D and 1E). Because TMt-NLS-

dCas9VP64 is expressed under a strong CBh constitutive

promoter, this unexpected leakiness might be a consequence

of extensive protein production. To address this possibility, we

created a clonal cell line containing a genomically integrated

TMt-NLS-dCas9VP64[Dox] transgene under the inducible TREtight

promoter (Figure S2A). Analysis of dCas9-VP64-mediated

reporter expression relative to promoter induction levels re-

vealed TEV-independent activation even at very low doxycycline

concentrations, which was not observed with control sgRNAs

(sgSCR) (Figure S2B). Although the fold induction was higher in

the presence of TEV protease, this result suggests that the

observed TMt-NLS-dCas9VP64 background activity is largely

independent of the protein levels.

Design and Optimization of a Split dCas9-Based Signal
Transduction Module
Because dCas9-VP64 was engineered as a highly potent tran-

scription factor, the breakdown and reassembly of the nuclear

envelope during cell division may allow ectopic activation of

target genes. This hypothesis is supported by the observation

that the NLS appears to be dispensable for the activity of wild-

type (WT) Cas9 in rapidly dividing cells (Oakes et al., 2016). If

this was the case, actively transporting the ‘‘un-cleaved’’

dCas9-VP64 out of the nucleus should reduce TEV-independent

background activity by limiting the duration of ectopic localiza-

tion. To test this possibility, we inserted a nuclear export

sequence (NES) between the TCS and the transmembrane

tether, while also removing the dCas9-VP64 NLS tags (TMt-
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NES-dCas9VP64) (Figure 1F). As expected, immunofluorescence

analysis revealed cell membrane distribution of HA-dCas9-VP64

and apparent exclusion from the nucleus both in the presence

and absence of TEV protease (Figure 1G). Notably, this new

configuration displayed substantially reduced background activ-

ity in the absence of TEV and a 35-fold increase in reporter

activation score upon TEV expression (Figures 1H and 1I). Con-

firming the specificity of this effect on TEV-mediated cleavage, a

control construct lacking the TCS (TMt-NESDTCS-dCas9VP64) or

delivery of a catalytically dead TEV protease (TEVC151A) did not

show any activity above baseline levels (Figures S2C and S2D).

The ability of this construct to drive reporter gene expression

even in the absence of an NLS tag is consistent with previous re-

ports (Oakes et al., 2016) and our observation that low levels of

dCas9-VP64 are sufficient to promote active transcription.

To further reduce OFF-state background activation and

improve system performance, we next engineered the dCas9-

VP64 effector complex. Full length Cas9 can be readily split

into N-terminal and C-terminal fragments and reassembled to

reconstitute an active protein in mammalian cells (Nguyen

et al., 2016; Nihongaki et al., 2015; Wright et al., 2015; Zetsche

et al., 2015). To evaluate if a split dCas9 architecture could be

successfully integrated with our TMt scaffold to enhance its

OFF/ON state transition characteristics, we separated the

dCas9-VP64 as previously reported (Zetsche et al., 2015) and

tethered both fragments to the plasma membrane. Using TCS

linkers, we grafted the N-terminal fragment onto TMt-NES and

the C-terminal fragment (containing the VP64 effector domain)

directly onto the TMt, to generate TMt-NES-dCas9(N) and

TMt-NLS-dCas9(C)VP64, respectively (Figure 1J). Both con-

structs carried an N-terminal extracellular myc-tag to visualize

membrane localization, while dCas9(N) also encoded an HA-tag

for monitoring successful re-assembly events (Figure 1K).

Because it was reported that spontaneous dCas9 self-assembly

can be a relatively inefficient process (Zetsche et al., 2015), we

reintroduced the NLS tags on the C-terminal fragment to

promote nuclear translocation of the membrane-released,

reconstituted dCas9-VP64 effector complex. To evaluate the

performance of this system, we first co-transfected TMt-NES-

dCas9(N), TMt-NLS-dCas9(C)VP64, and an sgSCR-expressing
Figure 1. Engineering a Programmable dCas9-VP64-Based Signal Tran

(A) Conceptual framework for the implementation of a basic CRISPR-TF membra

(B) Molecular structure of the TMt-NLS-dCas9VP64 chimeric construct.

(C) Anti-HA confocal imaging of HEK293T cells transfected with TMt-NLS-dCas9

(D and E) TMt-NLS-dCas9VP64 system performance and OFF/ON state transiti

protease. Representative flow cytometry scatterplots (D) and quantification of EYF

TMt-NLS-dCas9VP64, EYFP reporter, sgEYFP guide RNA, and TEV protease.

(F) Schematic representation of TMt-NES-dCas9VP64 variant.

(G) Immunofluorescence imaging of cells expressing TMt-NES-dCas9VP64 staine

(H and I) Representative flow cytometry scatterplots of reporter expression (EY

quantification of corresponding activation scores (see Experimental Procedure

activation and fold induction following membrane release.

(J) Strategy for engineering a split dCas9-VP64 signal transduction module.

(K) Structure of split TMt-NES-dCas9(N) and TMt-NLS-dCas9(C)VP64 chimeric con

to facilitate future implementation of endogenous gene expression programs.

(L) Confocal imaging of the constructs in (K) in the presence and absence of TEV

(M and N) Analysis of TMt-dCas9(N/C)VP64-induced reporter expression by flow

In all cases the EYFP activation score was calculated from three biological replicat

images, the dashed yellow line represents nucleus (based on DAPI staining). Sca
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plasmid in the presence and absence of TEV protease and

stained cells with anti-myc and anti-HA antibodies (Figure 1L).

As expected, the extracellular myc-tag was detected on cell

membranes reflecting successful translocation of both TMt-

NES-dCas9(N) and TMt-NLS-dCas9(C)VP64 proteins. The

HA-tagged dCas9(N) fragment, however, was localized to the

nucleus only in the presence of TEV protease, suggesting spon-

taneous re-assembly of full-length dCas9-VP64 following mem-

brane release (Figure 1L). Analysis of EYFP reporter expression

using the TMt-dCas9(N/C)VP64 and the sgEYFP guide RNA

revealed minimal OFF-state activity, indicating that this configu-

ration prevents TEV-independent target gene induction, even in

rapidly dividing HEK293T cells (Figures 1M and 1N). Importantly,

delivery of TEV protease rendered a 234-fold increase in output

reporter activation score, demonstrating robust and specific

ON-state transition (Figures 1M and 1N). Therefore, this opti-

mized TMt-dCas9(N/C)VP64 core scaffold architecture was

used for the subsequent design of all dCas9-synR receptors.

Engineering a Programmable dCas9-synRTK Chimeric
Receptor Scaffold
Having optimized a versatile response module and signal-

release mechanism, we next sought to create chimeric dCas9-

based receptors capable of converting natural extracellular

inputs into custom transcriptional outputs. Receptor tyrosine

kinases (RTKs) are a well-characterized class of single trans-

membrane-domain receptors that play essential roles in regu-

lating a variety of cellular functions and have been directly linked

to a spectrum of diseases, including cancer, inflammation, and

diabetes (Lemmon and Schlessinger, 2010). Most members of

this family share a conserved receptor topology, respond to

extracellular growth factor signaling, and are activated by

ligand-induced dimerization (Lemmon and Schlessinger, 2010).

Therefore, we reasoned that chimeric dCas9-synRTKs could

enable a vast spectrum of research and therapeutic applications

aiming to rewire the cellular information flow.

To engineer a prototype dCas9-synRTK, we selected the

vascular endothelial growth factor receptor (VEGFR) family,

which contains three closely related members (R1–R3) charac-

terized by extracellular domains composed exclusively of
sduction Module

ne tethered module and TEV-based signal release mechanism.

VP64.

on characteristics measured in the presence or absence of transgenic TEV

P reporter activation score (E) 48 hr after co-transfection of plasmids encoding

d with anti-HA antibody.

FP channel) plotted against sgRNA transfection (mCherry channel) (H) and

s and Figure S1) (I). NES membrane tethered dCas9-VP64 variant baseline

structs. TMt-NLS-dCas9(C)VP64 plasmid contains theMCP-P65-HSF1 cassette

protease, stained by anti-myc and anti-HA antibodies.

cytometry (M) and quantification of corresponding EYFP activation score (N).

es (n = 3 from one experiment, mean ± SD; a.u., arbitrary units). For all confocal

le bar, 10 mm. See also Figures S1 and S2.



immunoglobulin homology repeats (Olsson et al., 2006). VEGF

ligands are soluble, dimeric molecules broadly expressed in

various tissues during development and substantially enriched

in tumors where they promote angiogenesis (Olsson et al.,

2006). VEGFA has been shown to bind with high affinity to

VEGFR1 and VEGFR2 homodimers and to VEGFR1/2 hetero-

dimers (Simons et al., 2016). We reasoned that utilizing VEGFR

dimerization as a means of controlling TEV activity could yield

a self-contained, tightly regulated signal-release mechanism. It

was previously reported that the TEV protease could also be

segregated in N- and C-terminal inactive fragments and reas-

sembled by complementation into a catalytically active enzyme

(Wehr et al., 2006). To this end, we first inserted the N-TEV and

C-TEV fragments upstream of NES-dCas9(N) and NLS-

dCas9(C)VP64, respectively, via a flexible linker (Figure S3A). To

identify the most favorable dCas9-synVEGFR architecture, we

then grafted the TEV(N)-NES-dCas9(N) and TEV(C)-NLS-

dCas9(C)VP64 intracellular modules to the native VEGFR1(FLT1)

and VEGFR2(KDR) ectodomains via their respective transmem-

brane helix (Figure S3A; Experimental Procedures). The resulting

constructs were delivered to HEK293T cells in a combinatorial

fashion and the activity of each homo- and hetero-dimer variant

was measured in the presence or absence of transgenically

expressed VEGFA121. This analysis revealed that the VEGFR2:

TEV(N)-NES-dCas9(N)/VEGFR1:TEV(C)-NLS-dCas9(C)VP64 het-

erodimer displayed the strongest overall output induction

(EYFP activation score) and the highest VEGFA121-dependent

ON/OFF fold differential (5.53) (Figure S3B). To simplify nomen-

clature, these chimeric receptors were subsequently termed

dCas9(N)-synVEGFR2 and dCas9(C)-synVEGFR1, respectively.

Based on these results, this heterodimer combination was

used for all further dCas9(N/C)-synVEGFR optimization and

implementation studies (Figure 2A).

Although the dCas9(N/C)-synVEGFR1/2 heterodimer dis-

played ligand-induced activity, the OFF/ON state transition

parameters were inferior to the minimal TMt-dCas9(N/C)VP64

design. This may be due to spontaneous dimerization of the

extracellular domains, a phenomenon that was previously

reported for the native VEGFR2 and other synthetic receptors

(Sarabipour et al., 2016; Schwarz et al., 2017). Such proximity-

mediated interactions could be particularly problematic for

transgenic dCas9-synRs, which are typically expressed under

strong promoters. We hypothesized that fine-tuning the kinetics

of TEV-mediated signal-release may offset this shortcoming and

maximize system performance. For dCas9(N/C)-synVEGFR1/2

this might be accomplished by calibrating the efficiency of the

two TCS modules, rendering them competent to license stoi-

chiometric reconstitution of active dCas9-VP64 only upon suc-

cessful, ligand-mediated receptor activation (i.e., heterodimer

stabilization). To test this, we engineered a series of dCas9(N)-

synVEGFR2 and dCas9(C)-synVEGFR1 variants with TCS

sequences containing point mutations previously reported to

decrease TEV binding affinity (ENLYFQ0G > ENLYFQ0Y >

ENLYFQ0L) (Barnea et al., 2008; Wang et al., 2017) (Figure 2B).

Analysis of all possible variant permutations revealed that

coupling NES-dCas9(N) to a low affinity TCS(QL) and NLS-

dCas9(C)VP64 to a high affinity TCS(QG) substantially improved

the specificity of agonist-mediated signal transduction (Figures
2C and S3C). This receptor configuration displayed no signifi-

cant ligand-independent activity relative to control conditions

(sgSCR; scramble sgRNA) and extremely potent output induc-

tion upon VEGFA121 expression (up to �1,000-fold increase in

EYFP activation score) (Figures 2D and S3D). Analysis of target

gene induction (EYFP activation score) relative to input agonist

levels uncovered a relatively broad VEGFA121 linear response

window, indicating that the dCas9-VP64 signal-transduction

module can be activated in a sensitive, dose-dependent manner

(Figure 2E). This suggests that dCas9-synRTKs could respond to

different biological states (i.e., normal versus disease state) by

tuning the strength of a custom cellular response relative to the

concentration of an extracellular ligand.

Finally, we sought to benchmark the performance of this

optimized design against the previously reported VEGF-MESA-

dCas9 receptors that contain a full-length dCas9-VP64 intracel-

lular domain (Schwarz et al., 2017). To this end, we transfected

each receptor system in HEK293T cells and measured their

OFF-state background activation in the absence of agonist.

Analysis of EYFP expression revealed that in contrast to

dCas9-synVEGFR, in our hands both the V1 and V2 MESA-

dCas9 receptors displayed very high background in the un-

induced state regardless of the presence or absence of the

protease chain (Figure S4). This is consistent with our observa-

tion that tethering full-length dCas9-VP64 to the membrane

does not provide an adequate framework for engineering an

effective signal transductionmodule, due to highOFF-state leak-

iness and low signal-to-noise ratio.

Programmed Endogenous Gene Activation and
Inducible Control with dCas9-synRTKs
A defining feature of the dCas9-synR platform is the ability to

easily customize the signal-transduction module by simply

reprogramming the dCas9-associated sgRNA, which enables

actuation of any user-defined endogenous gene expression.

Recently, a number of ‘‘second-generation’’ dCas9 activators

have been developed to facilitate precise and robust transcrip-

tional control of specific genomic targets with a single sgRNA

(Chavez et al., 2016). To investigate if dCas9(N/C)-synVEGFR1/

2 could be leveraged to enable induction of a custom endoge-

nous transcriptional response, we programmed it to activate

ASCL1 using previously reported synergistic activation mediator

sgRNAs (SAM sgASCL1) (Konermann et al., 2015). Expression

of dCas9(N/C)-synVEGFR1/2 heterodimers in the presence of

SAM system components and increasing concentrations of

VEGFA121 plasmid revealed potent dose-depend induction

of ASCL1 levels, up to 48.3-fold relative to the no-agonist condi-

tion (Figure 2F). Notably, this response appeared to be highly

specific, as reflected by negligible ligand-independent activation

relative to baseline controls (SAM sgSCR).

To incorporate an additional layer of control, we next fused the

hetero-dimerization FK506 binding protein 12 (FKBP) domain to

dCas9(N), while dissociating the VP64 effector from NLS-

dCas9(C) and coupling it to the FKBP rapamycin binding (FRB)

domain (Banaszynski et al., 2005; Gao et al., 2016). This resulted

in a new receptor variant termed dCas9(N/C)-synVEGFR1/2RI. In

this case, reconstitution of functional dCas9-VP64 effector

fusion is dependent on both an endogenously expressed ligand
Cell Reports 20, 2639–2653, September 12, 2017 2643



Figure 2. Construction and Optimization of a Prototype Chimeric dCas9-synRTK
(A) Design principles underlying the generation of a VEGF-responsive dCas9-synRTK.

(B and C) Optimization of chimeric dCas9(N/C)-synVEGFR1/2 performance by fine-tuning coordinated signal release efficiency. Three TCS variants (QG, QY, QL)

of decreasing strength were sequentially grafted on both the dCas9(N)-synVEGFR2 and dCas9(C)-synVEGFR1 (B), and the competency of all possible com-

binations to drive EYFP expression was tested in the presence or absence of VEGFA121 agonist (C) (see Figure S3C).

(legend continued on next page)
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(VEGFA121) and an extrinsically delivered inducer (rapamycin),

thus creating a Boolean ‘‘AND’’ gate logic operator for receptor

activation (Figure 2G). In the absence of either inducer, co-deliv-

ery of all system components to HEK293T cells showed no

detectable reporter expression indicating extremely tight

OFF-state control of receptor function (Figure 2H). Similarly, indi-

vidual delivery of either VEGFA121 or rapamycin failed to

generate a notable response. However, concurrent stimulation

with both molecules resulted in >90-fold target gene induction

demonstrating potent receptor activation and successful imple-

mentation of an AND gate function (Figure 2H).

Design and Implementation of a Ligand-Activated
Chimeric dCas9-synGPCR Scaffold
Toexpand the versatility of dCas9-synRs,wenext askedwhether

the core split-dCas9 architecture could be adapted to integrate

other classes of input-sensing modules. G protein-coupled re-

ceptors (GPCRs) represent the most extensive superfamily of

cell-surface signaling molecules in vertebrates, with functions

linked to nearly every physiological process (Dorsam and Gut-

kind, 2007; Kroeze et al., 2003; Pierce et al., 2002). GPCRs share

a conserved seven-transmembrane a-helix topology and can

respond to a broad range of extracellular signals including light,

small molecules, nucleotides, hormones, lipids, neurotransmit-

ters, and proteins (Pierce et al., 2002). It has been shown for

most GPCRs that, in addition to engaging heterotrimeric G pro-

tein-mediated canonical signaling, agonist-dependent confor-

mational changes in receptor topology enable phosphorylation

by GPCR kinases (GRKs) and subsequent recruitment of b-ar-

restin2 (Reiter and Lefkowitz, 2006). This basic principle has

been exploited to develop a technology termed ‘‘transcriptional

activation following arrestin translocation’’ (Tango), which was

subsequently adapted for a variety of GPCR-based studies and

applications indiversebiological contexts (Barneaet al., 2008; In-

agaki et al., 2012; Kroeze et al., 2015; Lee et al., 2017).

To evaluate the potential of engineering a dCas9-synGPCR,

we grafted the NES-dCas9(N):TCS(QL) and NLS-

dCas9(C)VP64:TCS(QG) modules to the bradykinin GPCR Tango

scaffold, to generate dCas9(N)-synBDKRB2 and dCas9(C)-

synBDKRB2, respectively (Figures 3A and 3B). A short C-termi-

nal fragment from the V2 vasopressin receptor tail was inserted

before each TCS as previously reported, to enhance b-arrestin2

recruitment (Barnea et al., 2008; Kroeze et al., 2015). Co-trans-
(D) Quantification of EYFP activation score for the top candidate from (C) complem

presence or absence of VEGFA121 agonist (n = 3 from one experiment, mean ± S

correction, not significant [n.s.] p > 0.05).

(E) Dose-response curve for the dCas9(N/C)-synVEGFR1/2 variant in (D) at incre

activation score from 3 biological replicates (mean ± SD, a.u. arbitrary units; cu

GraphPad Prism).

(F) Programmed activation of endogenous gene expression by dCas9(N/C)-syn

ASCL1-targeting SAM sgRNAs (SAM sgASCL1), and increasing concentrations

mean ± SD).

(G) Schematic representation of AND gate control for dCas9(N/C)-synVEGFR1/2

(H) Analysis of EYFP induction by dCas9(N/C)-synVEGFR1/2RI in the absence of an

alone, and combined delivery of both inducers. A control sgRNA (sgRNA SCR) a

baseline activation.

In all cases the EYFP activation score was calculated from three biological rep

scramble sgRNA control). See also Figure S3.
fection of dCas9(N)-synBDKRB2 and dCas9(C)-synBDKRB2

with sgEYFP in a HEK293 cell line constitutively expressing the

b-arrestin2-TEV fusion protein (HTLA cells) revealed very tight

OFF-state behavior with negligible background receptor activa-

tion relative to controls (Figures 3C and S5A). In contrast,

addition of bradykinin to the media rendered >900-fold increase

in EYFP output activation score, demonstrating potent and

specific agonist-mediated signal transduction (Figures 3C

and S5A). To establish the dynamic-rage of dCas9(N/C)-

synBDKRB2 ligand-mediated induction, we measured output

gene expression across increasing concentrations of bradykinin

(0.01 nM–10 mM). The ensuing response curve revealed typical

dose-dependent activation across a linear range with half-

maximal effective agonist concentration (EC50) of 603 nM (R2 =

0.99, Figure 3D). We also examined the temporal profile of

dCas9(N/C)-synBDKRB2 activation by monitoring reporter

gene induction at different time points after agonist stimulation.

EYFP expressionwas evident after 12 hr andmarkedly increased

over a period of 24–48 hr, indicating a relatively rapid transduc-

tion of the extracellular input signal (bradykinin) into an intracel-

lular output response (Figure S5B).

To determine if this generic architecture can be readily applied

to other classes of GPCRs, we appended the split dCas9-VP64

signal transduction module to the AVPR2 and CXCR4 scaffolds,

to generate dCas9-synGPCR variants responsive to vasopressin

and stromal-derived factor 1 (SDF-1; CXCL12), respectively. The

resulting dCas9(N/C)-synAVPR2 and dCas9(N/C)-synCXCR4

chimeric receptors displayed the expected OFF/ON state transi-

tion behavior and agonist dose-dependent activation, demon-

strating the versatility of this conceptual framework for engineer-

ing programmable dCas9-synGPCRs (Figures S5C and S5D).

Activation of Endogenous Genes and Inducible Control
with dCas9-synGPCRs
We next tested the capacity of this prototype dCas9(N/C)-

synBDKRB2 to control the expression of an user-defined endog-

enous gene output by reprogramming its dCas9-VP64

signal-transduction module to target the ASCL1 genomic locus

(SAM-sgASCL1). Analysis of ASCL1 expression as a function

of agonist concentration, revealed a robust dose-dependent

increase in transcript levels from 5.2-fold to 12.5-fold relative

to baseline conditions (Figure 3E). A notable advantage of

dCas9-based transcription factors is the ability to drive highly
ented either with control sgRNA (sgSCR) or targeting sgRNA (sgEYFP), in the

D; a.u., arbitrary units; GraphPad Prism unpaired two-sided t test with Welch’s

asing concentrations of VEGFA121 plasmid. Each data point represents EYFP

rve was fitted using a non-linear variable slope [four parameters] function in

VEGFR1/2 in the presence of control SAM sgRNA (SAM sgSCR) or a pool of

of VEGFA121 plasmid (n = 3 biological replicates [33 technical replicates],

RI activation.

y inducer (CONTROL), in the presence of VEGFA121 plasmid alone, rapamycin

nd reactions lacking the FRB-VP64 effector construct were used to establish

licates (n = 3 from one experiment, mean ± SD; a.u., arbitrary units; sgSCR,
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specific and complex gene expression programs by parallel

delivery of multiple sgRNAs. Applying this principle in the imple-

mentation of dCas9-synRs could enable them to activate

custom gene circuit outputs in response to a defined extracel-

lular input. To assess the feasibility of this conceptual framework

we have programmed dCas9(N/C)-synBDKRB2 to induce simul-

taneous activation of three target genes (ASCL1, IL1B, and

HBG1) using validated SAM sgRNAs (Konermann et al., 2015)

(Figure 3F). Delivery of increasing concentrations of bradykinin

revealed potent, dose-dependent induction of all three genes

relative to corresponding no-agonist conditions, demonstrating

the potential of dCas9-synGPCRs to elicit a complex cellular

response (Figure 3F).

To enable exogenous user control over dCas9(N/C)-synGPCR

activity, we leveraged a strategy employing small-molecule-

regulated protein destabilization domains. The structurally

unfolded domain from Escherichia coli dihydrofolate reductase

(DHFR) has been previously used to promote rapid proteasomal

degradation of various fusion proteins including dCas9-TFs (Iwa-

moto et al., 2010; Maji et al., 2017). In the presence of the small

molecule trimethoprim (TMP), DHFR is stabilized in a folded state

preventing degradation of the fusion protein (Iwamoto et al.,

2010; Maji et al., 2017). To this end, we either fused DHFR to

dCas9(N) to generate dCas9(N)-synBDKRB2DHFR (Figure 3G),

or used a soluble DHFR-PCP-VP64 effector fusion protein that

is recruited to dCas9 via a PP7-aptamer scaffold guide RNA

(scRNAPP7) (Maji et al., 2017; Zalatan et al., 2015) (Figure 3H).

We reasoned that both these systems could facilitate the imple-

mentation of ‘‘AND’’ gate logic operators for dCas9(N/C)-

synGPCR activation (Figures 3G and 3H). Indeed, analysis of

dCas9(N/C)-synBDKRB2DHFR in HTLA cells revealed virtually

no activity above baseline in the OFF-state or in the presence

of either bradykinin or TMP alone (Figures 3I and 3J). However,

concurrent agonist-mediated receptor stimulation and activation

with increasing doses of TMP resulted in robust, concentration-

dependent reporter gene induction (Figures 3I and 3J). In

addition, combining DHFR-PCP-VP64 with a dCas9(N/C)-syn-

BDKRB2(�)VP64 variant that lacks VP64 enabled exogenous con-
Figure 3. Programmed Control of Gene Expression with Chimeric dCa

(A) Schematic representation of dCas9-synGPCR design concept.

(B) Diagrams of the prototype dCas9(N/C)-synBDKRB2 receptor constructs.

(C) Quantification of EYFP activation score following bradykinin-mediated ind

b-arrestin2-TEV fusion protein (n = 3 biological replicates from one experiment, m

(D) Dose-response curve for dCas9(N/C)-synBDKRB2 complemented with sgEY

effective concentration; each data point represents EYFP activation score from 3

linear variable slope [four parameters] function in GraphPad Prism).

(E) Induced expression of endogenous ASCL1 gene by dCas9(N/C)-synBDKRB2

ASCL1 sgRNAs (SAM sgASCL1) relative to control sgRNA (SAM sgSCR) at incre

(F) dCas9(N/C)-synBDKRB2-mediated dose-dependent activation of three target

bradykinin), displayed as fold change relative to no-agonist conditions (0 mM bra

(33 technical replicates), mean ± SD.

(G and H) Schematic representation of two ‘‘AND’’ gate ON-switch strategies for

fused directly to either the dCas9(N) fragment (G) or the PCP-VP64 effector prot

(I and J) Heatmap (I) and quantification (J) of reporter activation in the absence o

strategy described in (G).

(K and L) Heatmap (K) and quantification (L) of reporter activation in the absence

strategy described in (H).

In all cases EYFP activation score was calculated from three biological replicates

sgRNA; scSCRPP7, scramble PP7-aptamer scaffold guide RNA; scEYFPPP7, EYF
trol of receptor activation over a range of agonist concentrations,

although in this case TMP alone could elicit a modest level of in-

duction (Figures 3K and 3L). Together, these experiments

demonstrate the integration of two possible ‘‘AND’’ gate

logic operators for dCas9(N/C)-synGPCR-mediated cellular

reprogramming.

Implementation of Therapeutically Relevant Cellular
Programs with Chimeric dCas9-synRs
Next, we sought to establish the potential of employing dCas9-

synRs to engineer cells that can activate custom therapeutically

relevant gene expression programs in response to various

disease biomarkers. First, we tested the feasibility of rewiring a

pro-angiogenic input signal into a user-defined anti-angiogenic

response (Figure 4A). To implement this function, we have

re-programmed the dCas9(N/C)-synVEGFR1/2 receptor to drive

expression of thrombospondin 1 (TSP-1), a potent inhibitor of

angiogenesis, upon VEGFA121-mediated activation (Lawler

and Lawler, 2012). Because TSP-1 appears to inhibit VEGFR2

activity without affecting VEGF binding (Kaur et al., 2010),

signaling through synthetic dCas9-synVEGFRs should be insen-

sitive to TSP-1, thus enabling implementation of more complex

output programs. To test this possibility, we have simultaneously

programed induction of a second target gene, the major inflam-

matory cytokine tumor necrosis factor alpha (TNF-a). Although

the impact of TNF-a expression in cancer remains controversial,

controlled expression of TNF-a in the tumor microenvironment

could be beneficial either by directly targeting the tumor vascu-

lature or by promoting angiostatin biosynthesis (Balkwill, 2009;

Burton and Libutti, 2009; Mauceri et al., 2002). Delivery of

dCas9(N/C)-synVEGFR1/2 together with previously reported

SAM sgRNAs for human TSP-1 and TNF-a revealed potent

VEGFA121-mediated induction of both genes compared to

endogenous levels (16.2-fold and 18-fold, respectively, relative

to no-agonist conditions) (Figures 4B and 4C). As expected,

the response of this chimeric receptor to VEGFA121 was highly

specific with minimal ligand-independent activation of either

gene relative to SAM sgSCR control conditions.
s9-synGPCRs

uction of dCas9(N/C)-synBDKRB2 in HTLA cells constitutively expressing

ean ± SD, a.u. arbitrary units; sgSCR, scramble sgRNA).

FP guide RNA at increasing concentrations of bradykinin (EC50 = half-maximal

biological replicates, mean ± SD, a.u. arbitrary units; curve fitted using a non-

in HTLA cells. Graph shows ASCL1 mRNA expression levels using a pool of

asing concentrations of bradykinin.

genes (ASCL1, IL1B,HBG1) at increasing agonist concentrations (0.4, 2, 10 mM

dykinin). Values in (E) and (F) were calculated from n = 3 biological replicates

dCas9(N/C)-synGPCR activation, whereby the DHFR destabilization domain is

ein (H).

r presence of bradykinin and increasing concentrations of TMP, following the

or presence of TMP and increasing concentrations of bradykinin, following the

(n = 3 from one experiment, mean ± SD; a.u., arbitrary units; sgSCR, scramble

P-targeting PP7-aptamer scaffold guide RNA). See also Figure S5.
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Figure 4. Implementation of Prospective Therapeutic Programs with dCas9-synRs

(A) Conversion of a pro-angiogenic signal into a custom anti-angiogenic response by direct reprogramming of the optimized dCas9(N/C)-synVEGFR1/2 receptor

with SAM sgRNAs for TSP-1 and TNF-a.

(B and C) Real-time qPCR analysis of TSP-1 (B) and TNF-a (C) in HEK293T cells expressing dCas9(N/C)-synVEGFR1/2 receptor and corresponding SAM

sgRNAs, in the presence of VEGFA121 plasmid relative to no-agonist controls.

(D) LPA-mediated activation of a multifactorial cytokine/chemokine coordinated response in HTLA cells.

(E) Analysis of LPA dose-dependent induction of EYFP expression by dCas9(N/C)-synLPAR1 complementedwith sgEYFP guide RNA (each data point represents

EYFP activation score from 3 biological replicates, mean ± SD, a.u. arbitrary units; curve was fitted using a non-linear variable slope [four parameters] function in

GraphPad Prism).

(F–H) Quantification of simultaneous dCas9(N/C)-synLPAR1-mediated activation of endogenous IL2 (F), MIP1a (G), and INFg (H) genes in the presence of

exogenously delivered LPA relative to no-agonist conditions.

(I) Coupling extracellular glucose levels with programmed insulin expression in HTLA cells.

(J) Quantification of insulin transcriptional activation by dCas9(N/C)-synT1R3 following delivery of increasing concentrations of glucose in HTLA cells. Real-time

qPCR analysis shows dCas9(N/C)-synT1R3-mediated upregulation of insulin mRNA levels relative to OFF state (no agonist) at physiological glucose concen-

trations.

For all endogenous gene expression analyses n = 3 biological replicates (33 technical replicates), mean ± SD; sgSCR, control SAM sgRNA; #, undetermined

values for the gene of interest were set to a maximum Ct = 40 cycles.
We then used the dCas9-synGPCRs platform to deploy a

custom multifactorial cytokine/chemokine coordinated output

program (IL2, MIP1a, and INFg) in response to a soluble extra-

cellular input (lysophosphatidic acid [LPA]) (Figure 4D). LPA is
2648 Cell Reports 20, 2639–2653, September 12, 2017
a single fatty acyl chain phospholipid, which has been directly

implicated in cancer initiation, progression, andmetastasis (Mills

and Moolenaar, 2003). LPA is secreted by cancer cells

and significantly enriched in the tumor microenvironment, in



particular in ovarian and prostate cancers (Mills and Moolenaar,

2003). To engineer an LPA-responsive dCas9-synGPCR, we

appended the split dCas9-VP64 signal transduction module to

the LPAR1 GPCR Tango scaffold (Kroeze et al., 2015). Demon-

strating the portability of the core dCas9-synGPCR architecture,

the chimeric dCas9(N/C)-synLPAR1 displayed stringent OFF/

ON state transition characteristics with minimal baseline activity

and LPA dose-dependent activation (EC50 = 1.82 mM, R2 = 0.99)

(Figure 4E). Programming dCas9(N/C)-synLPAR1 with a combi-

nation of IL2, MIP1a, and INFg SAM sgRNAs resulted in robust

LPA-dependent concurrent transcriptional activation of all target

genes relative to baseline control levels (Figures 4F–4H). In a

prospective therapeutic setting, this program could simulta-

neously recruit immune cells to the tumor site, promote T cell

survival and expansion, and increase the sensitivity of cancer

cells to cytotoxic T cells.

Finally, to expand the range of potential dCas9-synR applica-

tions, we sought to create a chimeric receptor that could monitor

extracellular sugar levels and respond by activating a synthetic

circuit resulting in insulin production (Figure 4I). The extracellular

Venus flytrap domain of the class C GPCR sweet taste receptor

T1R3 has been reported to bind with high affinity glucose and

other sugars at physiological concentrations (Nie et al., 2005).

To engineer a dCas9(N/C)-synT1R3 receptor, we grafted the

split dCas9-VP64 signal transduction module to the T1R3 recep-

tor scaffold via a V2 tail and corresponding TCS sites as

described above. We then programmed dCas9(N/C)-synT1R3

with SAM sgRNAs targeting the endogenous insulin gene and

measured output transcriptional activation at various concentra-

tions of D-glucose. This analysis revealed potent glucose-

dependent activation of insulin expression in HTLA cells of up

to 43-fold compared to baseline no-agonist levels (Figure 4J).

Notably, the dCas9(N/C)-synT1R3 receptor rendered a graded

dose response in insulin expression (5-fold and 8.9-fold

increase) at physiologically relevant D-glucose concentrations

(5 mM and 33 mM, respectively) (Nie et al., 2005; Xie et al.,

2016) (Figure 4J). Secretion of bioactive insulin, however, will

require the implementation of more complex circuits enabling

processing of proinsulin intomature insulin and elevation of cyto-

solic Ca2+ concentration (Nishi and Nanjo, 2011; Xie et al., 2016).

Nonetheless, these results suggest that receptors such as

dCas9(N/C)-synT1R3 may provide a promising biological part

for engineering next generations of designer mimetic b-cells for

therapeutic applications.

DISCUSSION

The ability to design artificial signal transduction pathways that

can either redirect the information flow or initiate de novo biolog-

ical programs is profoundly redefining the scope of cellular engi-

neering and its promise in research and therapeutic applications

(Lim, 2010; Lim and June, 2017). At the core of this revolutionary

dimension of synthetic biology lies the rational assembly and

evolution of modular chimeric receptors, which can sense a

broad spectrum of natural or synthetic extracellular signals and

activate user-defined cellular responses (Lienert et al., 2014;

Lim and June, 2017). This basic framework has the potential to

enable a wide range of applications including engineering
designer therapeutic cells, studying receptor biology, dissecting

complex signaling networks, mapping cell-cell interactions, and

monitoring environmental perturbations.

Here, we have developed a synthetic receptor paradigm,

which enables engineered cells to convert a native signal into

direct activation of practically any custom response program.

Central to the structural design of dCas9-synRs is a highly cus-

tomizable and portable signal transduction module consisting of

a split dCas9-based transcription factor. To demonstrate the

versatility of this conceptual framework, we have created proto-

type dCas9-synRTKs and dCas9-synGPCRs and tested their

capacity to couple diverse soluble input signals (proteins,

peptides, lipids, and sugars) with the induction of various user-

defined output responses. Although all dCas9-synR variants

developed here reproducibly displayed robust agonist-depen-

dent behavior, more workwill be needed to expand the versatility

of these programmable receptors and realize their broad poten-

tial for biomedical research. For example, it should be noted that,

in the case of dCas9-synVEGFR, the ligand (VEGFA121) was co-

expressed in the same cells, and, consequently, the receptor

may have been activated within the secretory pathway while

being transported to the plasma membrane. Therefore, future

studies will be necessary to characterize and calibrate the

response of dCas9-synRTKs to exogenous stimuli or naturally

secreted agonists in the context of complex sender/receiver

cellular environments. In addition, maintaining a silent OFF-state

over sustained periods (e.g., therapeutic settings) and achieving

precise spatial-temporal control of ON-state agonist-induced

activation may require further optimization of the current

dCas9-synR designs with regard to receptor recycling and turn-

over. Finally, we anticipate that diversifying the dCas9-synR

ligand repertoire will occasionally necessitate alterations of the

core scaffold, such as including or excluding the V2 tail in the

case of GPCRs (Kroeze et al., 2015) or varying the length and

structure of membrane linkers for single transmembrane recep-

tors (e.g., RTKs).

The rationale for engineering dCas9-synRs containing native

sensing domains was based on several considerations. First,

the extracellular modules of native receptors have been opti-

mized and diversified throughout evolution to bind with high af-

finity and specificity their cognate ligands. Second, most classes

of native receptors possess extremely diverse repertoires of

sensing domains but share conserved ligand-induced signal

processing mechanisms, thus providing a transferable and flex-

ible modular platform for engineering chimeric receptors. For

example, RTKs are activated primarily by agonist-mediated re-

ceptor dimerization, whilemost GPCRs employ a conformational

change mechanism to couple ligand binding with recruitment of

effector proteins (Lemmon and Schlessinger, 2010; Pierce et al.,

2002). Together, these two families of receptors respond to a

vast number of soluble ligands, as well other categories of extra-

cellular cues, such as ions, light, and odors. Third, our results

suggest that the optimized split-dCas9-TF core module and

TEV-based signal release mechanism are applicable to diverse

native receptor scaffolds. Consequently, this basic experimental

framework could be adapted to enable a variety of additional

studies, including deciphering novel receptor functions and dis-

secting complex cellular interactions during development.
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Figure 5. Conceptual Framework for the Evolution of dCas9 Synthetic Receptor Designs

The basic split dCas9 signal transduction modular framework offers a highly portable platform for the development of various classes of synthetic receptors

containing either native (dCas9-synRTK, dCas9-synGPCR) or artificial (dCas9-synNotch) extracellular input-sensing domains. We show that this architecture is

readily adaptable to various signal release mechanisms, including ligand-induced receptor dimerization (RTKs) and conformational change/phosphorylation

(GPCRs). In principle, the same design should also be compatible with the force-mediated activation of synNotch receptors, and potentially other types of

receptors. The unique versatility of the dCas9 signal transduction module enables dCas9-synRs to couple native or artificial input signals with any custom output

response. By multiplexing the number of sgRNAs and using orthogonal effector domains, dCas9-synRs could be programmed to drive sequential or concurrent

activation/repression of virtually any endogenous gene. Finally, the recent advent of inducible dCas9 and sgRNA systems facilitates straightforward

implementation of various Boolean logic functions, endowing future dCas9-synR variants with a repertoire of tested safety-switch mechanisms.
Notably, however, the universal split dCas9-based signal

transduction module developed here is not constrained to native

sensing domains, but could be readily integrated in other

synthetic receptor designs. For example, the NES-dCas9(N)

and NLS-dCas9(C)VP64 split domains could be grafted onto the

synNotch receptor backbone to replace the Gal4-VP64 or

tetR-VP64 transactivators (Morsut et al., 2016) (Figure 5). In

this instance, the release of N- and C-terminal dCas9 fragments

and subsequent reconstitution of a functional dCas9-VP64 tran-

scriptional activator would be mediated by ligand-induced intra-

membrane proteolysis. This design could enhance both the input

specificity of synNotch receptors by fusing the split dCas9

fragments to heterologous extracellular domains to create dual

antigen AND-gates, as well as the versatility of output functions

by enabling direct reprogramming of complex combinatorial

responses.

An advantage of engineering dCas9-based chimeric receptors

is the unique flexibility and functional extensibility of the basic
2650 Cell Reports 20, 2639–2653, September 12, 2017
dCas9 scaffold. Owing to recent advances in the CRISPR space,

dCas9 has emerged as a master regulator that can be

programmed to execute extremely diverse and complex func-

tions by tethering various effector domains to either the dCas9

itself or its associated sgRNA (Jusiak et al., 2016) (Figure 5). In

addition, a number of strategies have been devised to spatially

and temporally control the regulatory outcome of dCas9-TRs,

as well as to enable the implementation of Boolean logic opera-

tors in synthetic transcriptional circuits. These include, but are

not limited to, post-translational modulation of dCas9 stability

and localization, conditional effector tethering and inducible

sgRNA systems (Ferry et al., 2017; Gao et al., 2016; Liu et al.,

2016; Maji et al., 2017; Nguyen et al., 2016). We show that

rendering the assembly of the effector protein (VP64) and

dCas9 dependent on a hetero-dimerization system, or using

inducible protein destabilization domains, can be employed to

integrate AND-gate functions in the core signal transduction

module of dCas9-synRs. This system could be further evolved



to create even more sophisticated ON/OFF switches by teth-

ering both a transcriptional activator (VPR) and repressor

(Kr€uppel-associated box [KRAB]) to the same dCas9 molecule

via previously reported orthogonal hetero-dimerization domains

(Gao et al., 2016) (Figure 5). In addition, the activity of dCas9-

synRs could also be controlled by recently developed inducible

sgRNA platforms, such as signal conductors or iSBH sgRNAs

(Ferry et al., 2017; Liu et al., 2016) (Figure 5).

The first generations of dCas9-synRs reported in this study

were specifically designed to enable programmed transcrip-

tional activation of target genes by either fusing dCas9 to a

VP64 effector domain or coupling it with the more potent SAM

system. Alternatively, however, divergent effector proteins

(VP64 and KRAB) could be tethered to orthogonal multi-domain

scaffold sgRNAs (scRNAs) instead of dCas9, to drive consecu-

tive transcriptional activation and repression of different target

genes (Zalatan et al., 2015) (Figure 5). This could enable the

implementation of complex logic circuits aimed to enhance

the fitness and efficiency of designer therapeutic T cells. For

example, T cells engineered to express dCas9-synRs could be

programmed with orthogonal scRNAs, to concomitantly drive

custom cytokine programs and suppress the transcription of

immune co-inhibitory receptors PD-1 and CTLA-4 (Fesnak

et al., 2016). Based on all these considerations, we propose

that the dCas9-synR platform developed here will provide a

valuable template for engineering next generations of program-

mable chimeric receptors for research and therapeutic

applications.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions

HEK293T cells were cultured in DMEM medium (GIBCO) supplemented with

15% (v/v) FBS (GIBCO), 100 U/mL penicillin, and 100 mg/mL streptomycin

(GIBCO) (HEK293T full media). HTLA cells were maintained in DMEM supple-

mented with 10% (v/v) FBS, 100 U/mL penicillin, 100 mg/mL streptomycin,

2 mg/mL puromycin (GIBCO), and 100 mg/mL hygromycin B (GIBCO) (HTLA

full media). Plasmids and constructs described in this study are available

from Addgene (http://www.addgene.org/Tudor_Fulga/).

HEK293T and HTLA Transfections

HEK293T or HTLA cells were seeded in 24-well plates (reporter activation

assay) or 12-well plates (endogenous gene activation assays and confocal

microscopy) and transfected next day at 80%–90% confluency (or �70%

for confocal imaging). All transfections were performed with Polyethylenimine

(PEI Sigma-Aldrich 1 mg/mL). Briefly, plasmids were mixed in either 50 or

100 mL Opti-MEM (GIBCO) for 24-well and 12-well plate transfections, respec-

tively, and PEI was added proportional to the total amount of DNA. A detailed

description of the DNA constructs and corresponding amounts used for each

transfection reaction is provided in Table S2.

Flow Cytometry Experiments

Flow cytometry measurements were carried out within 30–60min from harvest

on a BD LSR Fortessa Analyzer (BD Biosciences). The laser configurations and

filter sets weremaintained across experiments. Forward scatter and side scat-

ter were used to identify the cell population and subsequently live single cells.

100,000 total events were recorded for each condition. Data were analyzed

and compensated using the FlowJo package (FLOWJO LLC).

Real-Time qPCR Analysis

qPCR was carried out using the SsoAdvanced Universal SYBR Green Super-

mix kit (Cat. #1725272, Bio-Rad) on a CFX384 real-time system (Bio-Rad).
Each reaction was run in technical triplicates. In the absence of a relevant

PCR product (based on melt curve analysis), values were set to a maximum

threshold cycle (Ct) of 40 cycles. Data were analyzed using the DDCt method

as previously described (Ferry et al., 2017). A list of all forward and reverse

primers used for real-time qPCR analysis is provided in Table S3.

Confocal Microscopy

For all imaging experiments, cells were fixed in 4% paraformaldehyde (Elec-

tron Microscopy Sciences), incubated overnight in 100% EtOH at �20�C,
briefly washed, and incubated in blocking buffer (1.5% BSA in 13 TBS). Pri-

mary antibodies (polyclonal rabbit HA, Bethyl Laboratories; monoclonal

mouse c-myc; 9E 10-c, Developmental Studies Hybridoma Bank), secondary

antibodies (goat anti-rabbit A488; goat anti-mouse A568, Thermo Fisher

Scientific), and DAPI (Invitrogen) were added for 1 hr each at room tempera-

ture. Images were acquired on a Zeiss LSM 780 Inverted confocal microscope

with an oil immersion objective (Plan-Apochromat 633/1.4 Oil DICM27, Zeiss)

at non-saturating parameters and processed using the ImageJ package.
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Target gene Transcript ID sgRNA spacer sequence (5'-3') Reference 
GCAGCCGCTCGCTGCAGCAG

ATGGAGAGTTTGCAAGGAGC

GGCTGGGTGTCCCATTGAAA

TGTTTATTCAGCCGGGAGTC

GGCTAGGGATGAAGAATAAA

CTTGACCAATAGCCTTGACA

AAAATTAGCAGTATCCTCTT 

GTATCCTCTATGATGGGAGA

TTAGTATATGTGGGACAAAG

GAAAATCCAGTATTTTAATG 

CTCTGGTTCATGGAAGGGCA

AGTATTGGTGGAAGCTTCTT

ACATCCATTCAGTCAGTCTT

ACCCCCAAAGACTGACTGAA

GTGGGCTAATGTAACAAAGA

AACTAAGGTTTTGTGGCATT

AAGATGAGATGGTGACAGAT

TCTCATCGTCAAAGGACCCA

TAGCTCAAAGATGCTATTCT

TCAGGGTCCCTGGTGACCAC

TTGGATATCCTGAGCCCCTG

GAGAAACCCATGAGCTCATC

GGGCCCTGCACCTTCTGTCT

TTTCTTCTCCATCGCGGGGG

AAAGTGAAGGGGGCGGGGGT

GCGGGAGGTGGGGGCCAGTC

TAGCTGGAAAGTTGCGCGCC

GGGGCTGAGGCTGCAATTTC

CCAGCACCAGGGAAATGGTC

CTAATGACCCGCTGGTCCTG

AGGTCTGGCCACCGGGCCCC

TSP-1 (THBS1) NM_003246

Table S1. Sequence of sgRNA spacers used to drive endogenous gene 
expression in this study. All sgRNAs have been previously reported by Zetsche et 
al. (Zetsche, B., Volz, S.E. & Zhang, F. A split-Cas9 architecture for inducible 
genome editing and transcription modulation. Nat Biotechnol 33, 139-42 (2015)), 
Konermann et al. (Konermann, S. et al. Genome-scale transcriptional activation 
by an engineered CRISPR-Cas9 complex. Nature 517, 583-8 (2015)), and 
Giménez et al. (Gimenez, C.A. et al. CRISPR-on system for the activation 
of the endogenous human INS gene. Gene Ther 23, 543-7 (2016)). 

INS NM_001042376 Giménez et al., 2016

IFNγ NM_000619

Zetsche et al., 2015

NM_000559

NM_000576

NM_004316

Konermann et al., 2015

NM_000586

ASCL1

HBG1

IL1B

IL2

MIP-1α (CCL3) NM_002983

TNFα NM_000594

Table S1



qPCR primer Sequence (5'-3') Reference 
ASCL1 fwd CCCCAACTACTCCAACGACT

ASCL1 rev GGTGAAGTCGAGAAGCTCCT

GAPDH fwd AACAGCGACACCCACTCCTC

GAPDH rev CATACCAGGAAATGAGCTTGACAA

HBG1 fwd GTTGTCTACCCATGGACCCA

HBG1 rev TCTCCCAAGGAAGTCAGCAC

IL1B fwd CGAATCTCCGACCACCACTA

IL1B rev AGGGAAAGAAGGTGCTCAGG

dCas9(C) fwd AACCTATGCCCACCTGTTCG

dCas9(C) rev ATCCAGGATTGTCTTGCCGG

IL2 fwd ACCAGGATGCTCACATTTAAGTTTT

IL2 rev GAGGTTTGAGTTCTTCTTCTAGACACTG

IFNγ fwd CCAACGCAAAGCAATACATGA

IFNγ rev CCTTTTTCGCTTCCCTGTTTTA

MIP-1α (CCL3) fwd GGCTCTCTGCAACCAGTTCT

MIP-1α (CCL3) rev TGAAATTCTGTGGAATCTGCC

INS fwd ATCAGAAGAGGCCATCAAGCA

INS rev TAGAGAGCTTCCACCAGGTGTGA

TNFα fwd CCCAGGGACCTCTCTCTAATCA

TNFα rev AGCTGCCCCTCAGCTTGAG

TSP-1 (THBS1) fwd ACATGCCACGGCCAACAAA

TSP-1 (THBS1) rev AGTGGCCCAGGTAGTTGCACTT

Table S3. RT-qPCR primers used in the study.

Giménez et al., 2016

Chiu & Yang, 2007

Ottow et al., 2014

Ferry, Lyutova, & Fulga, 
2017

Mocellin et al., 2003

Body-Malapel et al., 2008

Lin et al., 2013

Table S3



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Reagents and kits 

Bradykinin acetate salt powder (Cat. #B3259) and Doxycycline hyclate (Cat. #D9891) were 

purchased from Sigma; 1-oleoyl lysophosphatidic acid (LPA, Cat. #10010093) from Cayman 

Chemical; D-glucose (Cat. #G/0500/53) from Fisher Scientific; Rapamycin (Cat. #SM83) and 

Trimethoprim (Cat. #CAY-16473) were purchased from Cambridge Bioscience; vasopressin 

([deamino-Cys1, D-Arg8]-Vasopressin acetate salt hydrate) (Cat. #V1005) was purchased from 

Sigma; recombinant human stromal derived factor 1 (SDF-1α; CXCL12) (Cat. #581202) was 

purchased from Biolegend. PEI (branched Polyethylenimine, Cat. #408727, Sigma) was diluted in 

MilliQ water to 1 mg/ml, pH adjusted to 7, sterile filtered and kept in aliquots at -20°C as previously 

described (Aricescu et al., 2006). All DNA oligonucleotides and PCR primers were obtained from 

Integrated DNA Technologies (IDT). T4 DNA Ligase (Cat. #M0202), Antarctic phosphatase (Cat. 

#M0289), T4 Polynucleotide Kinase (Cat. #M0201) and restriction enzymes were purchased from 

New England Biolabs (NEB) or ThermoFisher Scientific  and used according to the manufacturer 

protocols. PCR reactions were performed using Phusion High-Fidelity PCR Master Mix with GC 

Buffer (Cat. #M0532, NEB), in a C1000 Thermal Cycler (Bio-Rad). Standard molecular biology 

techniques and kits were used for all cloning experiments: QIAprep Spin Miniprep Kit (Cat. 

#27106); QIAfilter Plasmid Midi Kit (Cat. #12243); MinElute PCR Purification Kit (Cat. #28006); 

QIAquick PCR Purification Kit (Cat. #28106); QIAquick Gel Extraction Kit (Cat. #28706) (Qiagen). 

EYFP reporter assay constructs 

The following constructs were used for the EYFP reporter assay throughout this study:  

Control sgRNA (sgSCR): the sgRNA cassette (U6 promoter/sgRNA scaffold/U6 terminator) from 

pX330 vector (gift from Feng Zhang, Addgene plasmid #42230), f1 origin + SV40 promoter from 

pcDNA3.1 and mCherry gene (gift from Dr Fabien Pinaud, University of Southern California) were 

PCR amplified with primers containing MluI(fwd) / KpnI(rev), KpnI(fwd) / NheI(rev) and NheI(fwd) / 

EagI(rev) respectively, and cloned into the MluI and EagI sites in pcDNA3.1 to generate plasmid 

pU6-sgSCR_mCherry. 

EYFP-targeting sgRNA (sgEYFP): the EYFP targeting spacer (5’-GAGTCGCGTGTAGC 

GAAGCA-3’) was synthesised (IDT) and cloned between BbsI sites in the U6-sgSCR_mCherry 

vector as previously described (Ran et al., 2013) to generate pU6-sgEYFP_mCherry. 

EYFP reporter: the P1-EYFP-pA plasmid containing a synthetic enhancer (8 x target sequences 5’- 

AGTCGCGTGTAGCGAAGCA-3’) recognized by the sgEYFP spacer placed upstream of the EYFP 

reporter gene (gift from Timothy K. Lu, Addgene plasmid #54781), see Figure S1). 

NLS-dCas9VP64: The pX330 vector (gift from Feng Zhang, Addgene plasmid #42230) was modified 

as follows: the U6 promoter/sgRNA scaffold/U6 terminator cassette was removed; the FLAG-tag 

NLS-Cas9 cassette was replaced with dCas9m4-VP64 (gift from George Church, Addgene 

plasmid #47319) containing a new N-terminal SV40 NLS and HA epitope tag, to generate plasmid 



pNLS-HA-dCas9m4-VP64. This vector was only used to establish the EYFP reporter flow 

cytometry gating strategy (see Figure S1). 

dCas9VP64: Cas9m4-VP64 used in Figure S4 was a gift from George Church (Addgene plasmid 

#47319). 

TMt-dCas9, dCas9-synRTK, dCas9-synGPCR and associated constructs 

TMt-NLS-dCas9VP64: a transmembrane tether (TMt; modified from the pDisplay Vector (Invitrogen)) 

containing the Igκ signal sequence, (GGGS)2 linker, myc epitope tag, PDGF receptor 

transmembrane domain and the XTEN linker (Schellenberger et al., 2009), was synthesized as a 

gBlock (IDT). This transmembrane tether was then fused to the N-terminus of dCas9-VP64 via a 

TEV cleavage site (ENLYFQG) to generate plasmid pTMt_TCS(Q'G)_NLS-HA-dCas9m4-VP64. 

TMt-NLS-dCas9VP64[Dox]: the TMt-NLS-dCas9VP64 from pTMt-TCS(Q'G)-NLS-HA-dCas9m4-VP64 

was PCR amplified and cloned between XbaI and FseI in pCW-Cas9 (gift from Eric Lander and 

David Sabatini, Addgene plasmid #50661) to generate pTREtight-TMt_TCS(Q'G)_NLS-dCas9-

VP64_PGK1-Puro-T2A-rtTA plasmid. 

TMt-NES-dCas9VP64: the NES sequence from pX855 (gift from Feng Zhang, Addgene plasmid 

#62887) was cloned between the TMt and the TEV cleavage site in pTMt_TCS(Q'G)_NLS-HA-

dCas9m4-VP64. In addition, the N-terminal NLS of dCas9m4-VP64 was removed while the C-

terminal NLS was replaced by a (GGGS)2 linker, to generate plasmid pTMt_NES_TCS(Q'G)_HA-

dCas9m4-VP64. 

TMt-NESΔTCS-dCas9VP64: the ENLYFQG TEV cleavage site in pTMt_NES_TCS(Q'G)_HA-

dCas9m4-VP64 was replaced by one GGGS linker. 

TMt-NES-dCas9(N): the pX855 vector (gift from Feng Zhang, Addgene plasmid #62887) was 

modified as follows: the U6 promoter/sgRNA scaffold/U6 terminator cassette was removed; the 

dCas9(N) N-terminal NES and the C-terminal FRB+NES were also removed; the TMt-NES-

TCS(Q'G)-HA cassette from pTMt_NES_TCS(Q'G)_HA-dCas9m4-VP64 was fused to the N-

terminus of dCas9(N); the puromycin resistance gene and the WPRE stabilising element from 

pCW-Cas9 (gift from Eric Lander and David Sabatini, Addgene plasmid #50661) were inserted 

downstream of dCas9(N) via a P2A site to generate plasmid pTMt_NES_TCS(Q’G)_HA-

dCas9(N)_P2A-Puro-WPRE.  

TMt-NLS-dCas9(C)VP64: the pX856 vector (gift from Feng Zhang, Addgene plasmid #62888) was 

modified as follows: the U6 promoter/sgRNA scaffold/U6 terminator cassette was removed; the 

dCas9(C)VP64 N-terminal NLS+FKBP were also removed; the TMt-TCS(Q'G)-NLS-HA cassette 

from pTMt_TCS(Q'G)_NLS-HA-dCas9m4-VP64 was fused to the N-terminus of dCas9(C)VP64; the 

MCP-P65-HSF1 from plasmid MS2-P65-HSF1_GFP (gift from Feng Zhang, Addgene plasmid 

#61423) was fused to the C-terminus of dCas9(C)VP64 via a T2A site to generate plasmid 

pTMt_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1. Note: for confocal imaging 



experiments (Figure 1L) the HA tag was removed from this construct. 

dCas9(C)-synVEGFR-1: a sequence containing the VEGFR1 (FLT1) leader peptide, extracellular 

domain and transmembrane domain were PCR amplified from plasmid pDONR223-FLT1 (gift from 

William Hahn & David Root, Addgene plasmid #23912) and used to replace the TMt in 

pTMt_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1. In addition, the C-terminal TEV 

fragment was amplified from full length TEV protease as previously described (Wehr et al., 2006) 

and cloned between the VEGFR1 transmembrane domain and the TEV cleavage site to generate 

pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 plasmid.  

dCas9(N)-synVEGFR-2: a sequence containing the VEGFR2 (KDR) leader peptide, extracellular 

domain and transmembrane domain were PCR amplified from plasmid pDONR223-KDR (gift from 

William Hahn & David Root, Addgene plasmid #23925) and used to replace the TMt in 

pTMt_NES_TCS(Q’G)_HA-dCas9(N)_P2A-Puro-WPRE. The N-terminal TEV fragment was then 

amplified from full length TEV protease as previously described (Wehr et al., 2006) and fused to 

the C-terminus of the VEGFR2 transmembrane domain. In addition, a weak TEV cleavage site 

(ENLYFQL) was inserted instead of the TCS(Q’G) to generate plasmid 

pVEGFR2_TEV(N)_NES_TCS(Q'L)_HA-dCas9(N)_P2A_Puro-WPRE.  

For the optimization of dCas9-synVEGFR dimer combinations, the VEGFR1 and VEGFR2 PCR 

products obtained above were interchangeably swapped to generate plasmids 

pVEGFR2_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 and pVEGFR1_ 

TEV(N)_NES_TCS(Q'L)_HA-dCas9(N)_P2A_Puro-WPRE. For TEV cleavage optimization the 

TCS in dCas9(C)-synVEGFR-1 and dCas9(N)-synVEGFR-2 were iteratively replaced by 

ENLYFQG, ENLYFQY and ENLYFQL.  

dCas9(C)-synVEGFR1RI: the sequences encoding VP64 and T2A-MCP-P65-HSF1 were removed 

from pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 to generate 

pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C).  

dCas9(N)-synVEGFR2RI: the rapamycin inducible hetero-dimerization FK506 binding protein 12 

(FKBP) from pX856 vector (gift from Feng Zhang, Addgene plasmid #62888) was fused to the N-

terminus of HA-dCas9(N) in pVEGFR2_TEV(N)_NES_TCS(Q'L)_HA-dCas9(N)_P2A_Puro-WPRE 

to generate pVEGFR2_TEV(N)_NES_TCS(Q'L)_FKBP-HA-dCas9(N)_P2A_Puro-WPRE.  

FRB-VP64: the FKBP rapamycin binding (FRB) from pX855 vector (gift from Feng Zhang, 

Addgene plasmid #62887) and VP64 were PCR amplified and cloned in between the HindIII and 

XhoI sites in pcDNA3.1 to generate pcDNA3.1_FRB-VP64 plasmid.  

V1-MESA-dCas9 and V2-MESA-dCas9: V1-MESA-45F-M-dCas9, V1-MESA-45F-Tev, V2-MESA-

35F-M-dCas9, V2-MESA-35F-Tev were a gift from Joshua Leonard (Addgene plasmid #84504, 

#84501, #84506, #84503). 

dCas9(C)-synBDKRB2: a sequence containing the membrane localisation signal, FLAG tag, 



BDKRB2 coding sequence and the V2 tail were PCR amplified from plasmid BDKRB2-Tango (gift 

from Bryan Roth, Addgene plasmid #66230) and used to replace the TMt in pTMt_TCS(Q’G)_NLS-

HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 to generate pBDKRB2_TCS(Q’G)_NLS-HA-dCas9(C)-

VP64_T2A_MCP-P65-HSF1.  

dCas9(N)-synBDKRB2: the TMt, NES and TCS(Q’G) sequences from pTMt_NES_TCS(Q’G)_HA-

dCas9(N)_P2A-Puro-WPRE were removed and replaced with the membrane localisation 

signal/FLAG tag/BDKRB2 coding sequence/V2 tail from plasmid BDKRB2-Tango and the TEV 

cleavage site ENLYFQL, to generate pBDKRB2_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE.  

dCas9(N)-synBDKRB2DHFR: the P2A-Puro-WPRE fragment from pBDKRB2_TCS(Q’L)_HA-

dCas9(N)_P2A-Puro-WPRE was replaced with DHFR from plasmid DHFR-PP7-VP64_T2A_GFP 

(gift from Amit Choudhary, Addgene plasmid #86167) to generate pBDKRB2_TCS(Q’L)_HA-

dCas9(N)_DHFR. 

dCas9(C)-synBDKRB2(-)VP64: the VP64_T2A_MCP-P65-HSF1 cassette from 

pBDKRB2_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 was removed, and DHFR-

PCP-VP64 was placed downstream of dCas9(C) sequence separated by a T2A site. The DHFR-

PCP-VP64 sequence was obtained from plasmid DHFR-PP7-VP64_T2A_GFP (gift from Amit 

Choudhary, Addgene plasmid #86167) to generate pBDKRB2_TCS(Q’G)_NLS-HA-

dCas9(C)_T2A_DHFR-PP7-VP64. 

dCas9(C)-synAVPR2: same strategy as dCas9(C)-synBDKRB2 but instead of BDKRB2, the 

AVPR2 coding sequence was cloned from plasmid AVPR2-Tango (gift from Bryan Roth (Addgene 

plasmid #66227)) to generate pAVPR2_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-

HSF1.  

dCas9(N)-synAVPR2: same strategy as dCas9(N)-synBDKRB2 but instead of BDKRB2, the 

AVPR2 coding sequence was cloned from plasmid AVPR2-Tango (gift from Bryan Roth, Addgene 

plasmid #66227) to generate pAVPR2_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE. 

dCas9(C)-synCXCR4: same strategy as dCas9(C)-synBDKRB2 but instead of BDKRB2, the 

CXCR4 coding sequence was cloned from plasmid CXCR4-Tango (gift from Bryan Roth, Addgene 

plasmid #66262) to generate pCXCR4_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-

HSF1.  

dCas9(N)-synCXCR4: same strategy as dCas9(N)-synBDKRB2 but instead of BDKRB2, the 

CXCR4 coding sequence was cloned from plasmid CXCR4-Tango (gift from Bryan Roth, Addgene 

plasmid #66262) to generate pCXCR4_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE. 

dCas9(C)-synLPAR1: same strategy as dCas9(C)-synBDKRB2 but instead of BDKRB2, the 

LPAR1 coding sequence was cloned from plasmid LPAR1-Tango (gift from Bryan Roth, Addgene 

plasmid #66418) to generate pLPAR1_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-

HSF1.  



dCas9(N)-synLPAR1: same strategy as dCas9(N)-synBDKRB2 but instead of BDKRB2, the 

LPAR1 coding sequence was cloned from plasmid LPAR1-Tango (gift from Bryan Roth, Addgene 

plasmid #66418) to generate pLPAR1_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE. 

dCas9(C)-synT1R3: same strategy as dCas9(C)-synBDKRB2 but instead of BDKRB2, the hT1R3 

coding sequence was subcloned from cDNA (gift from Robert Margolskee, Monell Chemical 

Senses Center, under MTA agreement) to generate pT1R3_TCS(Q’G)_NLS-HA-dCas9(C)-

VP64_T2A_MCP-P65-HSF1.  

dCas9(N)-synT1R3: same strategy as dCas9(N)-synBDKRB2 but instead of BDKRB2, the hT1R3 

coding sequence was subcloned from cDNA (gift from Robert Margolskee, Monell Chemical 

Senses Center, under MTA agreement) to generate pT1R3_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-

WPRE.  

VEGFA121: the VEGFA121 coding sequence was PCR amplified from pQCXIP-VEGFA121 

plasmid (gift from Michael Grusch, Addgene plasmid #73017) and cloned between the HindIII and 

XhoI sites in pcDNA3.1 to generate pcDNA3.1_VEGFA121 plasmid. 

TEV protease: the TEV protease coding sequence was PCR amplified from plasmid DNA (gift from 

Dr. Jon Elkins, Nuffield Department of Medicine, University of Oxford) and cloned between BamHI 

and XhoI in pcDNA3.1 to generate pcDNA3.1_TEV plasmid.  

SAM sgRNAs: the spacer sequences for all sgRNA targeting endogenous genes were synthesized 

(IDT) and cloned between BbsI sites in the sgRNA(MS2) cloning backbone (gift from Feng Zhang, 

Addgene plasmid #61424) as previously described (Ran et al., 2013). All sgRNA spacer 

sequences used in this study are provided in Table S1. For activation of endogenous genes the 

corresponding SAM sgRNAs were pooled together and delivered to cells as indicated in Table S2.  

scSCRPP7: the scaffold RNA containing the PP7 aptamer (gift from Amit Choudhary, Addgene 

plasmid #86168) was used to replace the sgSCR in U6-sgSCR_mCherry vector to create pU6-

scSCRPP7_mCherry. 

EYFP-targeting scRNAPP7 (scEYFPPP7): the EYFP targeting spacer (5’-GAGTCGCGTGTAGC 

GAAGCA-3’) was synthesised (IDT) and cloned between BbsI sites in the pU6-scSCRPP7_mCherry 

vector as previously described (Ran et al., 2013) to generate pU6-scEYFPPP7_mCherry. 

Amino acid sequences for representative constructs described here are provided in Supplemental 

Sequences. DNA constructs were validated by diagnostic restriction digest and/or Sanger 

sequencing (Source BioScience and Eurofins genomics). 

Cell lines and culture conditions details. 

HEK-293T cells were purchased from ATCC (ATCC-CRL-11268) and cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Cat. #41966052, Gibco) supplemented with 15% (v/v) FBS 

(Cat. #10500064, Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin (Cat. #15140122, Gibco) 



(HEK-293T full media). HTLA cells (HEK-293 cell line stably expressing a tTA-dependent 

luciferase reporter and β-arrestin2-TEV fusion protein) were a gift from Bryan Roth. HTLA cells 

were maintained in DMEM supplemented with 10% (v/v) FBS, 100 U/ml penicillin, 100 µg/ml 

streptomycin, 2 µg/ml puromycin (Cat. #A1113803, Gibco) and 100 µg/ml hygromycin B (Cat. 

#10687010, Gibco) (HTLA full media). Both cell lines were cultured at 37°C and 5% CO2, and 

passaged every 2 days at 1:6 ratio for 2-3 months before being replaced with a new batch. Cells 

were infrequently tested for mycoplasma contamination using the Venor®GeM OneStep 

Mycoplasma Detection Kit (Cat. #11-8025, Minerva Biolabs).  

Detailed transfection protocols. 

HEK-293T or HTLA cells were seeded in 24-well plates (reporter activation assay) or 12-well 

plates (endogenous gene activation assays and confocal microscopy) and transfected next day at 

80-90% confluency (or approximately 70% for confocal imaging). All transfections were performed 

with Polyethylenimine (PEI Sigma-Aldrich 1 mg/ml) as previously described(Aricescu et al., 2006). 

Briefly, plasmids were mixed in either 50 or 100µl Opti-MEM (Cat. #31985047, Gibco) for 24-well 

and 12-well plate transfections, respectively, and PEI was added proportional to the total amount 

of DNA as follows: i) for experiments in 24-well plates, if the total plasmid concentration was ≤ 

600ng, ≤ 800ng, >800ng, the transfection mixtures were supplemented with 1.5µl PEI, 2µl PEI, and 

2.5µl PEI, respectively; ii) for experiments in 12-well plates, a total plasmid amount of 1µg was 

used and supplemented with 3µl PEI. Within each experiment, the same amount of DNA was 

maintained across all conditions by supplementing the transfection mix with pcDNA3.1 where 

necessary. A detailed description of the DNA constructs and corresponding amounts used for each 

transfection reaction is provided in Table S2.  

Transfection mixtures were vortexed for 10 seconds and incubated at room temperature for 20-30 

minutes. Full media was removed from cells and replaced with experiment-specific transfection 

media prior to adding the DNA:PEI transfection mix as follows. For dCas9(N/C)-synBDKRB2 

experiments, HTLA cells were transfected in DMEM + 2% (v/v) FBS supplemented with bradykinin 

at indicated concentrations. The bradykinin transfection media was replaced after 20 hours with 

HTLA full media also supplemented with bradykinin, and incubated for an additional 24 hours. For 

the dCas9(N/C)-synBDKRB2 time course experiment, the HTLA transfection media (without 

agonist) was replaced after 20 hours with HTLA full media containing no agonist (0 µM bradykinin) 

or supplemented with 2µM bradykinin. At 0, 2, 4, 8, 12, 24 and 48 hours post bradykinin treatment, 

HTLA cells were harvested and subjected to flow cytometry analysis (each time point and condition 

represents three independent transfection experiments). For dCas9(N/C)-synBDKRB2(-)VP64 and 

dCas9(N/C)-synBDKRB2DHFR ‘AND’ gate experiments, the bradykinin transfection media and 

bradykinin HTLA full media were also supplemented with trimethoprim (TMP) at indicated 

concentrations. For dCas9(N/C)-synAVPR2 and dCas9(N/C)-synCXCR4 experiments, the same 

transfection conditions were used, but the transfection media and HTLA full media were 



supplemented with vasopressin or recombinant SDF-1α respectively, at indicated concentrations. 

For dCas9(N/C)-synLPAR1 experiments, HTLA cells were transfected in DMEM supplemented 

with 1% (w/v) fatty acid free BSA (Cat. #A8806, Sigma) containing LPA at indicated 

concentrations. The LPA transfection media was replaced after 20 hours with DMEM 1% (w/v) fatty 

acid free BSA containing LPA, and incubated for an additional 24 hours. For dCas9(N/C)-synT1R3 

experiments, HTLA cells were transfected in DMEM (no glucose, no glutamine, no phenol red, Cat. 

#A1443001, Gibco) supplemented with 5 mM L-glutamine (Cat. #25030, GIBCO) and 2% (v/v) 

FBS containing D-glucose at indicated concentrations. The D-glucose transfection media was 

replaced after 20 hours with DMEM (no glucose, no glutamine, no phenol red), 5 mM L-glutamine 

and 10% (v/v) FBS containing D-glucose, and incubated for an additional 24 hours.  

For all TMt-dCas9 and dCas9-synVEGFR experiments (including the MESA comparison), HEK-

293T cells were transfected in DMEM + 2% (v/v) FBS and this media was replaced after 20 or 24 

hours with HEK-293T full media for an additional 24 hours. For dCas9(N/C)-synVEGFR1/2RI AND 

gate experiments, the HEK-293T full media added after transfections also contained rapamycin at 

indicated concentration. For TMt-NLS-dCas9VP64[Dox] experiments using the stable HEK-293T cell 

line, transfections were performed in DMEM + 2% (v/v) FBS. Transfection media was changed 

after 24 hours to HEK-293T full media supplemented with 2 µg/ml puromycin and doxycycline at 

indicated concentrations for 24 hours, and replaced again with the same media for another 24 

hours. For all confocal imaging experiments, HEK-293T cells were directly processed for antibody 

staining 24 hours after addition of transfection mixtures. 

Flow cytometry experiments and data analysis.  

For all EYFP reporter experiments, media was removed 44 or 48 hours post-transfection and cells 

were washed with PBS (1x phosphate buffer saline), trypsinized (0.05% trypsin-EDTA, Cat. 

#25300062, Gibco), and kept in 1x PBS on ice. Flow cytometry measurements were carried out 

within 30-60 min from harvest on a BD LSR Fortessa Analyzer (BD Biosciences). The laser 

configurations and filter sets were maintained across experiments. Forward scatter and side 

scatter were used to identify the cell population and subsequently live single cells. 100,000 total 

events were recorded for each condition. Data was analysed and compensated using the FlowJo 

package (FLOWJO LLC). To calculate an EYFP activation score which integrates both reporter 

fluorescence intensity and % of activated cells the following formula was used as previously 

described (Xie et al., 2011). 
	
  

(%𝐸𝑌𝐹𝑃!!"×  𝐸𝑌𝐹𝑃!"#$)/(%𝑚𝐶ℎ𝑒𝑟𝑟𝑦!!"×  𝑚𝐶ℎ𝑒𝑟𝑟𝑦!"#$)	
  
	
  

The numerator (%𝐸𝑌𝐹𝑃!!"×  𝐸𝑌𝐹𝑃!"#$) provides a weighted mean fluorescence accounting both 

for the strength of reporter activation ( 𝐸𝑌𝐹𝑃!"#$ ) as well as population level activation 

(%𝐸𝑌𝐹𝑃!!"), which penalizes OFF-state leakage. Since both values are calculated from the parent 

population (viable single cells) without gating on 𝑚𝐶ℎ𝑒𝑟𝑟𝑦!!" cells, the same formula is applied to 

mCherry for the denominator in order to control for variation in transfection efficiency 



(%𝑚𝐶ℎ𝑒𝑟𝑟𝑦!!" ) and sgRNA levels (𝑚𝐶ℎ𝑒𝑟𝑟𝑦!"#$ ) between conditions. The fluorescence 

compensation protocol and the gating strategy used for calculating the EYFP activation score are 

provided in Figure S1.  

It should be noted that due to intrinsic experimental variations (e.g. timing, total amount of 

plasmids transfected, cell density range, cell passage number) absolute values should only be 

compared within the same experiment. The variations in fold change activation scores observed 

for certain constructs is imputable to extremely low (near zero) %𝐸𝑌𝐹𝑃!!" cells in the OFF-state 

conditions. For the dose-response curves (bradykinin, SDF-1α, vasopressin and LPA), the lowest 

concentration plotted represents the no agonist condition. 

RT-qPCR analysis 

For quantification of endogenous genes expression, transiently transfected cells were harvested 

44 hours post-transfection, washed twice in 1x PBS and total RNA was extracted using either 

RNeasy Mini Kit (Cat. #74106, Qiagen) or EZNA Total RNA Kit I (Cat. #R6834, Omega) following 

manufacturer’s instructions. Complementary DNA (cDNA) was prepared from 1 µg of total RNA 

using the QuantiTect Reverse Transcription Kit (Cat. #205313, Qiagen). Quantitative PCR (qPCR) 

was carried out using the SsoAdvanced™ Universal SYBR® Green Supermix kit (Cat. #1725272, 

Bio-Rad) on a CFX384 real-time system (Bio-Rad). Each reaction was run in technical triplicates. 

In the absence of a relevant PCR product (based on melt curve analysis), values were set to a 

maximum Ct of 40 cycles.  

Data was analyzed using the ΔΔCt method as previously described (Ferry et al., 2017). ΔCt was 

calculated using the house keeping gene GAPDH to control for number of cells (GOI transcript 

levels = 2^(CtGAPDH-CtGOI)). Before calculating the ΔΔCt, the GOI transcript levels were normalized 

to dCas9(C) ΔCt for the same condition to account for variations in transfection efficiency (GOI 

normalized transcript levels = 2^(CtGAPDH-CtGOI) / 2^(CtGAPDH-CtdCas9(C))). ΔΔCt values for each 

condition were then calculated and normalized to ΔΔCt in the control conditions (untreated 

scramble sgRNA) using the formula below (𝑒  = experiment (GOI) and 𝑐  = control (untreated 

scramble sgRNA, except for Figure 3F where the untreated GOI sgRNAs were used instead)).  
 

𝐹𝑜𝑙𝑑  𝑐ℎ𝑎𝑛𝑔𝑒 =   2
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A list of all forward and reverse primers used for RT-qPCR analysis is provided in Table S3. 

Confocal microscopy 

HEK-293T cells were transiently transfected on round coverslips (Cat. #631-1577, VWR), washed 

twice in 1x PBS, fixed in 4% paraformaldehyde (Cat. #15710, Electron Microscopy Sciences) for 3 

min at room temperature and incubated overnight in 100% EtOH at -20°C. EtOH was then 

removed, cells were briefly washed in washing buffer (1x TBS, 0.2% Triton X-100, 0.04% SDS) 

and incubated for 1 hour at room temperature in blocking buffer (1.5 % BSA in 1x TBS). Polyclonal 



rabbit HA (Cat. #A190-108A, Bethyl Laboratories Inc.) and monoclonal mouse c-myc (9E 10-c, 

Developmental Studies Hybridoma Bank) primary antibodies were added to cells in blocking buffer 

and incubated for 1 hour at room temperature. Cells were washed three times in washing buffer 

and incubated for 1 hour in blocking buffer containing secondary antibodies goat anti-rabbit A488 

(Cat. #A-11008, Thermo Fisher Scientific), goat anti-mouse A568 (Cat. #A-11004, Thermo Fisher 

Scientific) and DAPI (Cat. #D1306, Invitrogen). Coverslips were washed three times in washing 

buffer and mounted with SlowFade Diamond Antifade Mountant (Cat. #S36972, Life 

Technologies). Images were acquired on a Zeiss LSM 780 Inverted confocal microscope with an 

oil immersion objective (Plan-Apochromat 63x/1.4 Oil DIC M27, Zeiss) at non-saturating 

parameters and processed using the ImageJ package. 

Viral production and TMt-NLS-dCas9VP64[Dox] HEK-293T cell line generation 

HEK-293T cells were transfected in DMEM + 15% FBS with pCMV-dR8.91 and pMD2.G (gift from 

Thomas Milne), and TMt-NLS-dCas9VP64[Dox] at a ratio of 1:1:1.5 using Lipofectamine 2000 (Cat. 

#11668027, Thermo Fisher Scientific). After 24 hours, media was replaced with HEK-293T full 

media. After another 24 hours, the supernatant containing lentiviral particles was collected, passed 

through a 0.22 µm filter (Cat. #10268401, Millipore) and added to low passage HEK-293T at low 

multiplicity of infection (MOI). After 2 days, HEK-293T full media supplemented with 5 µg/ml 

puromycin was added, transduced cells were passaged three times and then maintained in HEK-

293T full media supplemented with 2 µg/ml puromycin. Cells were treated with 1 µg/ml 

doxycycline, indirectly stained with c-myc primary antibody and goat anti-mouse A568 secondary 

antibody to identify TMt-NLS-dCas9VP64[Dox] expressing cells, and sorted as single cells into 

Terasaki plates (Cat. #653180, Greiner Bio-One). One clone displaying the most stringent 

doxycycline-dependent expression was chosen for subsequent experiments. 
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SUPPLEMENTAL SEQUENCES  
mCherry used in pU6-sgSCR_mCherry and pU6-sgEYFP_mCherry 

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKH
PADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDG
ALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK* 
 
TEV protease used in pcDNA3.1_TEV 

MHHHHHHHHHGESLFKGPRDYNPISSTICHLTNESDGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVFKVKNTT
TLQQHLIDGRDMIIIRMPKDFPPFPQKLKFREPQREERICLVTTNFQTKSMSSMVSDTSCTFPSSDGIFWKHWIQTKDGQ
CGSPLVSTRDGFIVGIHSASNFTNTNNYFTSVPKNFMELLTNQEAQQWVSGWRLNADSVLWGGHKVFMVKPEEPFQPVKE
ATQLMNRRRRP* 
 
NN His9x tag 
NN TEV protease sequence 
 
VEGFA121 used in pcDNA3.1_VEGFA121 

MNFLLSWVHWSLALLLYLHHAKWSQAAPMAEGGGQNHHEVVKFMDVYQRSYCHPIETLVDIFQEYPDEIEYIFKPSCVPL
MRCGGCCNDEGLECVPTEESNITMQIMRIKPHQGQHIGEMSFLQHNKCECRPKKDRARQEKCDKPRR* 
 
FRB-VP64 used in pcDNA3.1_FRB-VP64 

EMWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQTLKETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLY
YHVFRRISKQGGGSGGGSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLIN* 
 
NN FKBP rapamycin binding domain (FRB) 
NN (GGGS)2 linker 
NN VP64, transcriptional activator domain 
 
TMt-NLS-dCas9VP64 used in pTMt_TCS(Q'G)_NLS-HA-dCas9m4-VP64 

METDTLLLWVLLLWVPGSTGDHSGGGSGGGSGRQEQKLISEEDLNAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTII
SLIILIMLWQKKPRLQSGSETPGTSESATPESASHVDHAAAENLYFQGPKKKRKVGGGSTSYPYDVPDYAGGSTGMDKKY
SIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEI
FSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFR
GHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALS
LGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY
DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKG
ASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK
EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDD
KVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIA
NLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQ
LQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVAAIVPQSFLKDDSIDNKVLTRSDKARGKSDNVPSEEVVKKMKNYWRQ
LLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSD
FRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNF
FKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD
WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADA
NLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQL
GGDSRADPKKKRKVEASGSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLINSR* 
 
NN Igκ, murine Immunoglobin kappa-chain signal peptide 
NN (GGGS)2 linker 
NN Myc epitope tag 
NN TM (PDGFR), transmembrane domain from platelet derived growth factor receptor 
NN XTEN linker 
NN efficient TCS; tobacco etch virus (TEV) protease cleavage sequence 
NN NLS, SV40 nuclear localisation sequence 
NN HA, hemagglutinin A epitope 
NN dCas9m4, nuclease deficient Streptococcus pyogenes Cas9 
NN VP64, transcriptional activator domain 
 



TMt-NES-dCas9VP64 used in pTMt_NES_TCS(Q'G)_HA-dCas9m4-VP64 

METDTLLLWVLLLWVPGSTGDHSGGGSGGGSGRQEQKLISEEDLNAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTII
SLIILIMLWQKKPRLQSGSETPGTSESATPESASLDLASLILGKLGENLYFQGGGGSTSYPYDVPDYAGGSTGMDKKYSI
GLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFS
NEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGH
FLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLG
LTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDN
GSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGAS
AQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKED
YFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKV
MKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL
AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQ
NEKLYLYYLQNGRDMYVDQELDINRLSDYDVAAIVPQSFLKDDSIDNKVLTRSDKARGKSDNVPSEEVVKKMKNYWRQLL
NAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFR
KDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFK
TEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWD
PKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELE
NGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANL
DKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGG
DGGGSQLGGGSGSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLINSR* 
 
NN Igκ, murine Immunoglobin kappa-chain signal peptide 
NN (GGGS)2 linker 
NN Myc epitope tag 
NN TM (PDGFR), transmembrane domain from platelet derived growth factor receptor 
NN XTEN linker 
NN NES, nuclear export signal form human protein tyrosine kinase 2 
NN efficient TCS; tobacco etch virus (TEV) protease cleavage sequence 
NN HA, hemagglutinin A epitope 
NN dCas9m4, nuclease deficient Streptococcus pyogenes Cas9 
NN VP64, transcriptional activator domain 
 
TMt-NES-dCas9(N) used in pTMt_NES_TCS(Q’G)_HA-dCas9(N)_P2A-Puro-WPRE 

METDTLLLWVLLLWVPGSTGDHSGGGSGGGSGRQEQKLISEEDLNAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTII
SLIILIMLWQKKPRLQSGSETPGTSESATPESASLDLASLILGKLGENLYFQGGGGSTSYPYDVPDYAGGSGSDKKYSIG
LAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSN
EMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHF
LIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGL
TPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEH
HQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG
SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASA
QSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRGGGGSGTGSGATNFSLLKQAGDVEENPGPEFMT
EYKPTVRLATRDDVPRAVRTLAAAFADYPATRHTVDPDRHIERVTELQELFLTRVGLDIGKVWVADDGAAVAVWTTPESV
EAGAVFAEIGPRMAELSGSRLAAQQQMEGLLAPHRPKEPAWFLATVGVSPDHQGKGLGSAVVLPGVEAAERAGVPAFLET
SAPRNLPFYERLGFTVTADVEVPEGPRTWCMTRKG* 
 
NN Igκ, murine Immunoglobin kappa-chain signal peptide 
NN (GGGS)2 linker 
NN Myc epitope tag 
NN TM (PDGFR), transmembrane domain from platelet derived growth factor receptor 
NN XTEN linker 
NN NES, nuclear export signal form human protein tyrosine kinase 2 
NN efficient TCS; tobacco etch virus (TEV) protease cleavage sequence 
NN HA, hemagglutinin A epitope 
NN dCas9(N), N-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9  
NN P2A, 2A self-cleaving peptide from porcine teschovirus-1 
NN Puromycin resistance protein 
 
 

 



TMt-NLS-dCas9(C)VP64 used in pTMt_TCS(Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 

METDTLLLWVLLLWVPGSTGDHSGGGSGGGSGRQEQKLISEEDLNAVGQDTQEVIVVPHSLPFKVVVISAILALVVLTII
SLIILIMLWQKKPRLQSGSETPGTSESATPESASHVDHAAAENLYFQGPKKKRKVGGGSTSYPYDVPDYAGGSGSGGGSK
PAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDIL
EDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL
IHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKN
SRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKV
LTRSDKARGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILD
SRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVK
KTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEK
NPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQ
LFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRY
TSTKEVLDATLIHQSITGLYETRIDLSQLGGDSPKKKRKVEASGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDL
DMLGSDALDDFDLDMLINGTASGSGEGRGSLLTCGDVEENPGPVSKLMASNFTQFVLVDNGGTGDVTVAPSNFANGVAEW
ISSNSRSQAYKVTCSVRQSSAQKRKYTIKVEVPKVATQTVGGVELPVAAWRSYLNMELTIPIFATNSDCELIVKAMQGLL
KDGNPIPSAIAANSGIYSAGGGGSGGGGSGGGGSGPKKKRKVAAAGSPSGQISNQALALAPSSAPVLAQTMVPSSAMVPL
AQPPAPAPVLTPGPPQSLSAPVPKSTQAGEGTLSEALLHLQFDADEDLGALLGNSTDPGVFTDLASVDNSEFQQLLNQGV
SMSHSTAEPMLMEYPEAITRLVTGSQRPPDPAPTPLGTSGLPNGLSGDEDFSSIADMDFSALLSQISSSGQGGGGSGFSV
DTSALLDLFSPSVTVPDMSLPDLDSSLASIQELLSPQEPPRPPEAENSSPDSGKQLVHYTAQPLFLLDPGSVDTGSNDLP
VLFELGEGSYFSEGDGFAEDPTISLLTGSEPPKAKDPTVS* 
 
NN Igκ, murine Immunoglobin kappa-chain signal peptide 
NN (GGGS)2 linker 
NN Myc epitope tag 
NN TM (PDGFR), transmembrane domain from platelet derived growth factor receptor 
NN XTEN linker 
NN efficient TCS; tobacco etch virus (TEV) protease cleavage sequence 
NN NLS, SV40 nuclear localisation sequence 
NN HA, hemagglutinin A epitope 
NN dCas9(C), C-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9 
NN VP64, transcriptional activator domain 
NN T2A, 2A self-cleaving peptide from thosea asigna virus 
NN MCP (MS2 protein), MS2 bacteriophage coat protein 
NN P65, activation domain from human NF-kB trans-activating subunit p65 
NN HSF1, activation domains from human heat-shock factor 1 
 
dCas9(C)-synVEGFR-1 used in pVEGFR1_TEV(C)_TCS(Q'G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-
HSF1 

MVSYWDTGVLLCALLSCLLLTGSSSGSKLKDPELSLKGTQHIMQAGQTLHLQCRGEAAHKWSLPEMVSKESERLSITKSA
CGRNGKQFCSTLTLNTAQANHTGFYSCKYLAVPTSKKKETESAIYIFISDTGRPFVEMYSEIPEIIHMTEGRELVIPCRV
TSPNITVTLKKFPLDTLIPDGKRIIWDSRKGFIISNATYKEIGLLTCEATVNGHLYKTNYLTHRQTNTIIDVQISTPRPV
KLLRGHTLVLNCTATTPLNTRVQMTWSYPDEKNKRASVRRRIDQSNSHANIFYSVLTIDKMQNKDKGLYTCRVRSGPSFK
SVNTSVHIYDKAFITVKHRKQQVLETVAGKRSYRLSMKVKAFPSPEVVWLKDGLPATEKSARYLTRGYSLIIKDVTEEDA
GNYTILLSIKQSNVFKNLTATLIVNVKPQIYEKAVSSFPDPALYPLGSRQILTCTAYGIPQPTIKWFWHPCNHNHSEARC
DFCSNNEESFILDADSNMGNRIESITQRMAIIEGKNKMASTLVVADSRISGIYICIASNKVGTVGRNISFYITDVPNGFH
VNLEKMPTEGEDLKLSCTVNKFLYRDVTWILLRTVNNRTMHYSISKQKMAITKEHSITLNLTIMNVSLQDSGTYACRARN
VYTGEEILQKKEITIRDQEAPYLLRNLSDHTVAISSSTTLDCHANGVPEPQITWFKNNHKIQQEPGIILGPGSSTLFIER
VTEEDEGVYHCKATNQKGSVESSAYLTVQGTSDKPNLELITLTCTCVAATLFWLLLTLFIGGGSGGGSKSMSSMVSDTSC
TFPSSDGIFWKHWIQTKDGQCGSPLVSTRDGFIVGIHSASNFTNTNNYFTSVPKNFMELLTNQEAQQWVSGWRLNADSVL
WGGHKVFMVKPEEPFQPVKEATQLMNRRRRPGGGSENLYFQGPKKKRKVGGGSTSYPYDVPDYAGGSGSGGGSKPAFLSG
EQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLT
LTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSL
TFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMK
RIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
ARGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTK
YDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI
AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQT
GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL
EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQH
KHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEV
LDATLIHQSITGLYETRIDLSQLGGDSPKKKRKVEASGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSD



ALDDFDLDMLINGTASGSGEGRGSLLTCGDVEENPGPVSKLMASNFTQFVLVDNGGTGDVTVAPSNFANGVAEWISSNSR
SQAYKVTCSVRQSSAQKRKYTIKVEVPKVATQTVGGVELPVAAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPI
PSAIAANSGIYSAGGGGSGGGGSGGGGSGPKKKRKVAAAGSPSGQISNQALALAPSSAPVLAQTMVPSSAMVPLAQPPAP
APVLTPGPPQSLSAPVPKSTQAGEGTLSEALLHLQFDADEDLGALLGNSTDPGVFTDLASVDNSEFQQLLNQGVSMSHST
AEPMLMEYPEAITRLVTGSQRPPDPAPTPLGTSGLPNGLSGDEDFSSIADMDFSALLSQISSSGQGGGGSGFSVDTSALL
DLFSPSVTVPDMSLPDLDSSLASIQELLSPQEPPRPPEAENSSPDSGKQLVHYTAQPLFLLDPGSVDTGSNDLPVLFELG
EGSYFSEGDGFAEDPTISLLTGSEPPKAKDPTVS* 
 
NN VEGFR1 leader peptide, the extracellular domains and transmembrane domain  
NN C-TEV 
NN efficient TCS; tobacco etch virus (TEV) protease cleavage sequence 
NN NLS, SV40 nuclear localisation sequence 
NN HA, hemagglutinin A epitope 
NN dCas9(C), C-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9 
NN VP64, transcriptional activator domain 
NN T2A, 2A self-cleaving peptide from thosea asigna virus 
NN MCP (MS2 protein), MS2 bacteriophage coat protein 
NN P65, activation domain from human NF-kB trans-activating subunit p65 
NN HSF1, activation domains from human heat-shock factor 1 
 
dCas9(N)-synVEGFR-2 used in pVEGFR2_TEV(N)_NES_TCS(Q'L)_HA-dCas9(N)_P2A_Puro-WPRE 

MQSKVLLAVALWLCVETRAASVGLPSVSLDLPRLSIQKDILTIKANTTLQITCRGQRDLDWLWPNNQSGSEQRVEVTECS
DGLFCKTLTIPKVIGNDTGAYKCFYRETDLASVIYVYVQDYRSPFIASVSDQHGVVYITENKNKTVVIPCLGSISNLNVS
LCARYPEKRFVPDGNRISWDSKKGFTIPSYMISYAGMVFCEAKINDESYQSIMYIVVVVGYRIYDVVLSPSHGIELSVGE
KLVLNCTARTELNVGIDFNWEYPSSKHQHKKLVNRDLKTQSGSEMKKFLSTLTIDGITRSDQGLYTCAASSGLMTKKNST
FVRVHEKPFVAFGSGMESLVEATVGERVRIPAKYLGYPPPEIKWYKNGIPLESNHTIKAGHVLTIMEVSERDTGNYTVIL
TNPISKEKQSHVVSLVVYVPPQIGEKSLISPVDSYQYGTTQTLTCTVYAIPPPHHIHWYWQLEEECANEPSQAVSVTNPY
PCEEWRSVEDFQGGNKIEVNKNQFALIEGKNKTVSTLVIQAANVSALYKCEAVNKVGRGERVISFHVTRGPEITLQPDMQ
PTEQESVSLWCTADRSTFENLTWYKLGPQPLPIHVGELPTPVCKNLDTLWKLNATMFSNSTNDILIMELKNASLQDQGDY
VCLAQDRKTKKRHCVVRQLTVLERVAPTITGNLENQTTSIGESIEVSCTASGNPPPQIMWFKDNETLVEDSGIVLKDGNR
NLTIRRVRKEDEGLYTCQACSVLGCAKVEAFFIIEGAQEKTNLEIIILVGTAVIAMFFWLLLVIIGGGSGGGSGESLFKG
PRDYNPISSTICHLTNESDGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVFKVKNTTTLQQHLIDGRDMIIIRM
PKDFPPFPQKLKFREPQREERICLVTTNFQTGGGSLDLASLILGKLGENLYFQLGGGSTSYPYDVPDYAGGSGSDKKYSI
GLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFS
NEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGH
FLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLG
LTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDN
GSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGAS
AQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRGGGGSGTGSGATNFSLLKQAGDVEENPGPEFM
TEYKPTVRLATRDDVPRAVRTLAAAFADYPATRHTVDPDRHIERVTELQELFLTRVGLDIGKVWVADDGAAVAVWTTPES
VEAGAVFAEIGPRMAELSGSRLAAQQQMEGLLAPHRPKEPAWFLATVGVSPDHQGKGLGSAVVLPGVEAAERAGVPAFLE
TSAPRNLPFYERLGFTVTADVEVPEGPRTWCMTRKG* 
 
NN VEGFR2 leader peptide, the extracellular domains and transmembrane domain  
NN N-TEV 
NN NES, nuclear export signal form human protein tyrosine kinase 2 
NN inefficient TCS (Q’L); tobacco etch virus (TEV) protease cleavage sequence 
NN HA, hemagglutinin A epitope 
NN dCas9(N), N-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9  
NN P2A, 2A self-cleaving peptide from porcine teschovirus-1 
NN Puromycin resistance protein 
 
dCas9(N)-synVEGFR2RI 

MQSKVLLAVALWLCVETRAASVGLPSVSLDLPRLSIQKDILTIKANTTLQITCRGQRDLDWLWPNNQSGSEQRVEVTECS
DGLFCKTLTIPKVIGNDTGAYKCFYRETDLASVIYVYVQDYRSPFIASVSDQHGVVYITENKNKTVVIPCLGSISNLNVS
LCARYPEKRFVPDGNRISWDSKKGFTIPSYMISYAGMVFCEAKINDESYQSIMYIVVVVGYRIYDVVLSPSHGIELSVGE
KLVLNCTARTELNVGIDFNWEYPSSKHQHKKLVNRDLKTQSGSEMKKFLSTLTIDGITRSDQGLYTCAASSGLMTKKNST
FVRVHEKPFVAFGSGMESLVEATVGERVRIPAKYLGYPPPEIKWYKNGIPLESNHTIKAGHVLTIMEVSERDTGNYTVIL
TNPISKEKQSHVVSLVVYVPPQIGEKSLISPVDSYQYGTTQTLTCTVYAIPPPHHIHWYWQLEEECANEPSQAVSVTNPY
PCEEWRSVEDFQGGNKIEVNKNQFALIEGKNKTVSTLVIQAANVSALYKCEAVNKVGRGERVISFHVTRGPEITLQPDMQ
PTEQESVSLWCTADRSTFENLTWYKLGPQPLPIHVGELPTPVCKNLDTLWKLNATMFSNSTNDILIMELKNASLQDQGDY



VCLAQDRKTKKRHCVVRQLTVLERVAPTITGNLENQTTSIGESIEVSCTASGNPPPQIMWFKDNETLVEDSGIVLKDGNR
NLTIRRVRKEDEGLYTCQACSVLGCAKVEAFFIIEGAQEKTNLEIIILVGTAVIAMFFWLLLVIIGGGSGGGSGESLFKG
PRDYNPISSTICHLTNESDGHTTSLYGIGFGPFIITNKHLFRRNNGTLLVQSLHGVFKVKNTTTLQQHLIDGRDMIIIRM
PKDFPPFPQKLKFREPQREERICLVTTNFQTGGGSLDLASLILGKLGENLYFQLGGGSTSGVQVETISPGDGRTFPKRGQ
TCVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFD
VELLKLETSYPYDVPDYAGGSGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGET
AEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHL
RKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSK
SRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSD
AILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKP
ILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARG
NSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRGGG
GSGTGSGATNFSLLKQAGDVEENPGPEFMTEYKPTVRLATRDDVPRAVRTLAAAFADYPATRHTVDPDRHIERVTELQEL
FLTRVGLDIGKVWVADDGAAVAVWTTPESVEAGAVFAEIGPRMAELSGSRLAAQQQMEGLLAPHRPKEPAWFLATVGVSP
DHQGKGLGSAVVLPGVEAAERAGVPAFLETSAPRNLPFYERLGFTVTADVEVPEGPRTWCMTRKG* 
 
NN VEGFR2 leader peptide, the extracellular domains and transmembrane domain  
NN N-TEV 
NN NES, nuclear export signal form human protein tyrosine kinase 2 
NN inefficient TCS (Q’L); tobacco etch virus (TEV) protease cleavage sequence 
NN FKBP12, FK506 binding protein 12 
NN HA, hemagglutinin A epitope 
NN dCas9(N), N-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9  
NN P2A, 2A self-cleaving peptide from porcine teschovirus-1 
NN Puromycin resistance protein 
 
dCas9(C)-synBDKRB2 used in pBDKRB2_TCS (Q’G)_NLS-HA-dCas9(C)-VP64_T2A_MCP-P65-HSF1 

MKTIIALSYIFCLVFADYKDDDDASIDMFSPWKISMFLSVREDSVPTTASFSADMLNVTLQGPTLNGTFAQSKCPQVEWL
GWLNTIQPPFLWVLFVLATLENIFVLSVFCLHKSSCTVAEIYLGNLAAADLILACGLPFWAITISNNFDWLFGETLCRVV
NAIISMNLYSSICFLMLVSIDRYLALVKTMSMGRMRGVRWAKLYSLVIWGCTLLLSSPMLVFRTMKEYSDEGHNVTACVI
SYPSLIWEVFTNMLLNVVGFLLPLSVITFCTMQIMQVLRNNEMQKFKEIQTERRATVLVLVVLLLFIICWLPFQISTFLD
TLHRLGILSSCQDERIIDVITQIASFMAYSNSCLNPLVYVIVGKRFRKKSWEVYQGVCQKGGCRSEPIQMENSMGTLRTS
ISVERQIHKLQDWAGSRQIDTGGRTPPSLGPQDESCTTASSSLAKDTSSTGENLYFQGPKKKRKVGGGSTSYPYDVPDYA
GGSGSGGGSKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDF
LDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSD
GFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARE
NQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF
LKDDSIDNKVLTRSDKARGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQ
ITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLES
EFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKV
LSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKY
FDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSPKKKRKVEASGRADALDDFDLDMLGSDALDDFDLDML
GSDALDDFDLDMLGSDALDDFDLDMLINGTASGSGEGRGSLLTCGDVEENPGPVSKLMASNFTQFVLVDNGGTGDVTVAP
SNFANGVAEWISSNSRSQAYKVTCSVRQSSAQKRKYTIKVEVPKVATQTVGGVELPVAAWRSYLNMELTIPIFATNSDCE
LIVKAMQGLLKDGNPIPSAIAANSGIYSAGGGGSGGGGSGGGGSGPKKKRKVAAAGSPSGQISNQALALAPSSAPVLAQT
MVPSSAMVPLAQPPAPAPVLTPGPPQSLSAPVPKSTQAGEGTLSEALLHLQFDADEDLGALLGNSTDPGVFTDLASVDNS
EFQQLLNQGVSMSHSTAEPMLMEYPEAITRLVTGSQRPPDPAPTPLGTSGLPNGLSGDEDFSSIADMDFSALLSQISSSG
QGGGGSGFSVDTSALLDLFSPSVTVPDMSLPDLDSSLASIQELLSPQEPPRPPEAENSSPDSGKQLVHYTAQPLFLLDPG
SVDTGSNDLPVLFELGEGSYFSEGDGFAEDPTISLLTGSEPPKAKDPTVS* 

NN membrane localisation signal sequence and Flag epitope tag 
NN BDKRB2 coding sequence 
NN V2-tail 
NN efficient TCS; tobacco etch virus (TEV) protease cleavage sequence 
NN NLS, SV40 nuclear localisation sequence 
NN HA, hemagglutinin A epitope 
NN dCas9(C), C-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9 
NN VP64, transcriptional activator domain 
NN T2A, 2A self-cleaving peptide from thosea asigna virus 
NN MCP (MS2 protein), MS2 bacteriophage coat protein 
NN P65, activation domain from human NF-kB trans-activating subunit p65 
NN HSF1, activation domains from human heat-shock factor 1 



Note: The same modular scaffold was used to create dCas9(C)-synAVPR2, dCas9(C)-synCXCR4, dCas9(C)-synLPAR1 
and dCas9(C)-synT1R3 (see Supplemental Experimental Procedures).  
 
dCas9(N)-synBDKRB2 used in pBDKRB2_TCS(Q’L)_HA-dCas9(N)_P2A-Puro-WPRE 

MKTIIALSYIFCLVFADYKDDDDASIDMFSPWKISMFLSVREDSVPTTASFSADMLNVTLQGPTLNGTFAQSKCPQVEWL
GWLNTIQPPFLWVLFVLATLENIFVLSVFCLHKSSCTVAEIYLGNLAAADLILACGLPFWAITISNNFDWLFGETLCRVV
NAIISMNLYSSICFLMLVSIDRYLALVKTMSMGRMRGVRWAKLYSLVIWGCTLLLSSPMLVFRTMKEYSDEGHNVTACVI
SYPSLIWEVFTNMLLNVVGFLLPLSVITFCTMQIMQVLRNNEMQKFKEIQTERRATVLVLVVLLLFIICWLPFQISTFLD
TLHRLGILSSCQDERIIDVITQIASFMAYSNSCLNPLVYVIVGKRFRKKSWEVYQGVCQKGGCRSEPIQMENSMGTLRTS
ISVERQIHKLQDWAGSRQIDTGGRTPPSLGPQDESCTTASSSLAKDTSSTGENLYFQLTSYPYDVPDYAGGSGSDKKYSI
GLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFS
NEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGH
FLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLG
LTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDN
GSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGAS
AQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRGGGGSGTGSGATNFSLLKQAGDVEENPGPEFM
TEYKPTVRLATRDDVPRAVRTLAAAFADYPATRHTVDPDRHIERVTELQELFLTRVGLDIGKVWVADDGAAVAVWTTPES
VEAGAVFAEIGPRMAELSGSRLAAQQQMEGLLAPHRPKEPAWFLATVGVSPDHQGKGLGSAVVLPGVEAAERAGVPAFLE
TSAPRNLPFYERLGFTVTADVEVPEGPRTWCMTRKG* 
 
NN membrane localisation signal sequence and Flag epitope tag 
NN BDKRB2 coding sequence 
NN V2-tail 
NN inefficient TCS (Q’L); tobacco etch virus (TEV) protease cleavage sequence 
NN HA, hemagglutinin A epitope 
NN dCas9(N), N-terminal moiety of human codon–optimized Streptococcus pyogenes Cas9  
NN P2A, 2A self-cleaving peptide from porcine teschovirus-1 
NN Puromycin resistance protein 
 
Note: The same modular scaffold was used to create dCas9(N)-synAVPR2, dCas9(N)-synCXCR4, dCas9(N)-synLPAR1 
and dCas9(N)-synT1R3 (see Supplemental Experimental Procedures).  
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