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Abstract

Natively functioning Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-associated (Cas) system is a prokaryotic adaptive immune system that
confers resistance to foreign genetic elements including plasmids and phages. Very re-
cently, a two-component CRISPR-Cas technology from Streptococcus Pyogenes com-
prising of the RNA-guided DNA endonuclease Cas9 and the guide RNA (gRNA) has
been demonstrated to enable unprecedented genome editing efficiency across all do-
mains of life. Current applications however, employ CRISPR/Cas technology in a
stand-alone fashion, isolated from the rich biological machinery of the host environ-
ment in which it is applied.

In this thesis, I present a toolkit designed by integrating CRISPR/Cas technol-
ogy with a wide array of mammalian molecular components, thereby enabling alto-
gether novel applications while enhancing the efficiency of current applications. By
integrating a catalytically dead version of the CRISPR/Cas protein Cas9 (dCas9)
with mammalian transcriptional activator VP64 and mammalian transcriptional re-
pressor KRAB, we build and characterize tunable, multifunctional and orthogonal
CRISPR/Cas transcription factors (CRISPR-TFs) in human cells. By integrating
CRISPR-TFs and Cas6/Csy4 based RNA processing with multiple mammalian RNA
regulatory strategies including RNA Polymerase II (RNAP II) promoters, RNA-
triple-helix structures, introns, microRNAs and ribozymes, we demonstrate efficient
modulation of endogenous promoters and the implementation of tunable synthetic cir-
cuits such as multistage cascades and RNA-dependent networks that can be rewired
with Csy4. In summary, our integrated toolkit enables efficient and multiplexed
modulation of endogenous gene networks, construction of highly scalable and tunable
synthetic gene circuits. Our toolkit can be used for perturbing endogenous networks
towards developmental, therapeutic and synthetic biology applications.

Thesis Supervisor: Timothy K. Lu
Title: Associate Professor
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1-1

(A) gRNAT was flanked by two Csy4 recognition sites (“28”), placed

downstream of an mKate2 gene followed by an RNA triplex, and pro-

duced by CMVp. Csy4 generates gRNAs that can be incorporated into

a transcriptionally active dCas9-VP64 (taCas9) to activate a synthetic

promoter (P1) driving EYFP (P1-EYFP). (B) The presence of Csy4

enabled a 60-fold increase in EYFP levels, validating the generation of

tunctional gRNAs. Fluorescence values were normalized to the maxi-

mum respective fluorescence between the data in this figure and Figures

2B-2D to enable cross-comparisons between the “triplex/Csy4” and “in-

tron/Csy4” architectures. (C) Csy4 and taCas9 have opposite effects

on mKate2 Huorescence generated by CMVp-mK-Tr-28-g1-28. 'T'he

value observed (Csy4 only) across the four conditions tested here. (D)

The human RNAP [l promoters CXCL1, H2A1, and UbC and the

viral CMVp were used to drive expression of four different gRNAs

(eRNA3-gRNAG, Table [A.3) previously shown to activate the ILIRN

promoter [L07] from the “triplex/Csy4” construct. These results were

compared to the RNAP III promoter Ubp driving direct expression of

the same gRNAs. Four different plasmids, each containing one of the

indicated promoters and gRNAs 3-6, were co-transfected along with

a plasmid encoding taCas9 and with or without a plasmid express-

ing Csy4. Relative ILIRN mRNA expression, compared to a control

construct with nonspecific gRNA (NS, CMVp-mK-Tr-28-g1-28), was

monitored using qRT-PCR. (E) The input-output transfer curve for

the activation of the endogenous ILIRN loci by the “triplex/Csy4”

construct was determined by plotting the mKate2 levels (as a proxy

for the input) versus the relative ILIRN mRNA expression levels (as

the output). Tunable modulation of endogenous loci can be achieved

with RNAP Il promoters of ditferent strengths, with the presence of

Csy4 greatly increasing activation compared with the absence ot Csy4.

The IL1IRN data is the same as shown in (D). Data are represented as

Tean £ SEM. See also Figwres B-andB2] . . . . . . . o ..




-2 The “Intron/Csy4” Architecture (CMVp-mKgxi-[28-g1-28]inon-m K pxa) |

| Generates Functional gRNAs from Introns in RNAP-II-Expressed Tran- |

| scripts (A) gRNAT1 is flanked by Csy4 recognition sites and encoded |

| within an intron, leading to functional gRNAT generation with Csy4 |

| oot rad PLEYFP T ] l

| “triplex/Csy4” construct in Figure [4-1| the “intron/Csy4” architecture |

| results 1n decreased expression of the harboring gene with increased |

| Csy4 levels, which may be due to cleavage of pre-mRNA prior to splic- |

| ing. (B-D) Three introns — a consensus intron (B), snoRNA2 intron |

| (C), and an HSV1 intron (D) — combined with Csy4 resulted in func- |

| tional gRNAs as assessed by EYFP expression. Fluorescence values |

| Figure|d-11B. Data are represented as mean =5EM. See also FiguresB- |

I HB-SU . oo 80

4-3  Ribozyme Architectures Expressed from CMVp Can Produce Active |
| gRNAs (A) gRNA1 was flanked with hammerhead (HH) and HDV ri- |

| bozymes and encoded downstream of mKate2 with an RNA triplex |

| (CMVp-mK-Tr-HH-g1-HDV). (B) gRNA1 was flanked with HH and |

| HDV ribozymes and encoded downstream ot mKate2 with no RNA |
triplex (mK-HH-gI-HDV). (C) gRNA1 was flanked with HH and HDV

ribozymes (HH-g1-HDV). (D) The three architectures efficiently gen-

(CMVp-mK-Tr-28-g1-28), with and without Csy4, and the RNAP III

| |
| |
| erated gRNA1 to activate P1-EYFP. The “triplex/Csy4” construct |
| |
| |

promoter U6p driving gRNA1 (U6p-gl) are shown for comparison.

| Data are represented as mean £SEM. See also FiguraB-4l. . . . . . . 82

-4 The “Iriplex/Csy4” and “Intron/Csy4” Architectures Enable Multi- |

| plexed gRNA Expression from a Single Transcript and Compact kn- |

| coding of Synthetic Circuits with Multiple Outputs| . . . . . . . . .. 84
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-4

(A) In the first design (Input A, “intron-triplex”), we encoded gRNA1

within a HSV1 intron and gRNA2 atter an RNA triplex. Both gRNAs

were Hanked by Csy4 recognition sites. Functional gRNA expression

was assessed by activation of a gRNATI-specific P1-FYFP construct

and a gRNA2-specific P2-EFCFP construct. (B) In the second design

(Input B, “triplex-tandem”), we encoded both gRNA1 and gRNA2 in

tandem, with mtervening and flanking Csy4 recognition sites, down-

stream of mKate2 and an RNA triplex. Functional gRNA expression

was assessed by activation of a gRNA1-specific P1-FYFP construct and

a gRNA2-specific P2-ECFP construct. (C) Both multiplexed gRNA

expression constructs efliciently activated EYFP and ECFP expression

in the presence of Csy4, thus demonstrating the generation of multiple

active fRNAs from a single transcript. Data are represented as mean

+5EM. See also Figure|B-5}| . . . . .. ..o o000

85

Multiplexed gRNA Expression from a Single, Compact Transcript FEn-

ables Efficient Activation of Endogenous Loci. (A) Four different gR-

NAs (gRNA3—gRNAG) were multiplex-encoded in tandem, with in-

tervening and tlanking Csy4 recognition sites, downstream of mKate2

and an RNA triplex (CMVp-mK-Tr-(28-g-28)3_¢). (B) The multi-

plexed mK-Tr-(28-g-28)3_¢ construct exhibited high-level activation

of ILIRN expression in the presence ot Csy4 compared with the same

construct in the absence ot Csy4. Relative I[LIRN mRNA expression

was determined based on a control construct with nonspecific gRNA1

(NS, CMVp-mK-Tr-28-g1-28) expressed via the “triplex/Csy4” archi-

tecture. For comparison, a non-multiplexed set of plasmids containing

the same gRNAs (gRNA3-gRNAG), each produced from separate, indi-

vidual plasmids (CMVp-mK-Tr-28-gRNA-28) with the “triplex/Csy4”

architecture is shown. Data are represented as mean =SEM.| . . . . .

19
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4-6

Multistage Transcriptional Cascades Can Be Implemented with Our

CRISPR-TF Architectures (A) A three-stage transcriptional cascade

was implemented by using intronic gRNA1 (CMVp-mK gx1-|28-g1-28|ugy-

mK gx2) as the first stage. gRNAT specifically targeted the P1 pro-

moter to express gRNA2 (P1-FYFP-Tr-28-g2-28), which then acti-

vated expression of ECFP from the P2 promoter (P2-ECFP). (B) A

three-stage cascade was implemented by using a “triplex/Csy4” archi-

tecture to express gRNA1 (CMVp-mK-Tr-28-g1-28). gRNAT specifi-

cally targeted the P1 promoter to express gRNA2 (P1- FYFP-Tr-28-g2-

28), which then activated expression of ECFP from P2 (P2-ECFP).

(C and D) The complete three-stage cascade from (A) and (B), re-

spectively, exhibited expression of all three fluorescent proteins. The

removal of one of each of the three stages in the cascade resulted in

the expected loss of fluorescence of the specific stage and dependent

downstream stages. The control condition in column 4 in (C) and (D)

are duplicated, since the two circuits in (A) and (B) were tested in

the same experiment. Data are represented as mean +=SEM. See also

Figure [B-6l| . . . . . . .

4-7

CRISPR-Based Transcriptional Regulation Can Be Integrated with

Mammalian miRNAs and RNA Processing Mechanisms as well as with

Csy4-Dependent RNA Processing to Implement Feedback Loops and

Multioutput Circuits that Can Be Rewired at the RNA Levell. . . . .

20
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(A) We created a single transcript that encoded both miRNA and

CRISPR-TF regulators by expressing a miRNA from an intron within

mKate2 and gRNAT from a “triplex/Csy4” architecture (CMVp-mK gx1-

[miR|-mK gxo-Tr-28-g1-28). In the presence of taCas9, but in the

absence ot Csy4, this circuit did not activate a downstream gRNAI-

specific P1-EYFP construct and did repress a downstream ECFEP tran-

script with 8x miRNA binding sites flanked by Csy4 recognition sites

(CMVp-ECFP-Tr-28-miR8x BS). In the presence of both taCas9 and

Csy4, this circuit was rewired by activating gRNA1 production and

subsequent Y FP expression, as well as by separating the ECEFP tran-

script from the 8 X miRNA binding sites, thus ablating miRNA inhibi-

tion of ECFP expression. (B and C) Csy4 production changes the be-

havior of the circuit in (A) by rewiring circuit interconnections. (D) We

incorporated an autoregulatory feedback loop into the network topol-

ogy of the circuit described in (A) by encoding 4x miRNA binding sites

at the 3" end of the input transcript (CMVp-mK gxi-|{miR[-mK gxo-Tr-

28-¢1-28-miR4 x BS). This negative feedback suppressed mKate2 ex-

pression in the absence of Csy4. However, in the presence of Csy4, the

4x miRNA binding sites were separated from the mKate2 mRNA, thus

leading to mKate2 expression. E and F) Csy4 production changes the

behavior of the circuit in (D) by rewiring circuit interconnections. In

contrast to the circuit in (A), mKate2 was suppressed in the absence

of Csy4 but was highly expressed in the presence of Csy4 due to elimi-

nation of the miRNA-based autoregulatory negative feedback. Fach of

the mKate2, EYFP, and ECFP levels in (B) and (E) were normalized

to the respective maximal fluorescence among all tested scenarios. The

controls in column 3 and 4 in (B) and (E) are duplicated, since the two

circuits in (A) and (D) were tested in the same experiment with the

same controls. Data are represented as mean +=SEM. See also FigurdB-§|| 91
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Instructions for cloning in desired gRNAs with triplex - CM Vp-mKate2- |

Triplex-28-gRNA1-28-pA (Construct 3, Table[A.3)] . . . ... ..

A9

Instructions for cloning in desired gRNAs with ribozymes - CM Vp-

mKate2-Triplex-HHRibo-gRNA1-HDVRibo-pA (Construct 13,

TAbIO A . o o o

10

Instructions for cloning four multiplexed gRNAs on to a single tran-

script; CM Vp-mKate2-Triplex-28-gRNA3-28-gRNA4-28-gRNA5- |

28-gRNA6-28 (Construct 19, Table [A3)[ . . . . ... ... ... ..
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B-1

Flow cytometry data corresponding to: (A) the ‘triplex/Csy4’ strat-

egy (Figure 4-1) and (B) the ‘intron/Csy4’ (Figure 4-2) strategy for

generating functional gRNAs from RNAP Il transcripts. Abbrevi-

ations: Comp-PE-Tx-Red-YG-A (mKate2); Comp-FITC-A (EYFP).

Triplex: Construct #3 (CMVp-mK-Tr-28-g1-28, 1 ug). Consensus,

snoRNA2 and HSV1: Constructs #8-10, respectively (CMVp-mKgx;-

[28-g1-28]ntr0n type-MKgxe with the corresponding intron sequences

flanking the gRNA and Csy4 recognition sites (‘28’)). These plas-

mids were transfected at 1 pug. In addition, the amount of the Csy4-

expressing plasmid (Construct #2) transfected in each sample is in-

dicated. Other plasmids transfected include Construct #1 (taCas9,

1 pg) and #5 (P1-EYFP, L ug)| . . . . .. .. ... ... ...
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B2

Flow cytometry data corresponding to Figurel4-1+B to analyze how var-

1ous combinations of Csy4 and taCas9 aftect expression of the harbor-

ing mKate2 gene for the CM Vp-mK-Tr-28-g1-28 architecture. Abbre-

viations: Comp-PE-Tz-Red-YG-A (mKate2). All samples contained

Construct #3 (CMVp-mK-Tr-28-g1-28, 1 ug). Construct #1 (taCas9,

1 pg) and Construct #2 (Csy4, 100 ng) were applied as indicated.| . .
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B3

Flow cytometry data providing various controls to demonstrate min-

imal non-specific activation of the P1 promoter by gRNA3 (top two

panels) and minimal FYFP activation from the promoter P1 with in-

tronic gRNA1 without Csy4 binding sites (bottom panel). Abbrevi-

ations: Comp-PE-Tx-Red-YG-A (mKate2); Comp-FITC-A (EYFP).

The amount of Csy4 DNA transfected in each sample in the top two

panels is indicated in the figure. The lower panel (CMVp-mKgx;-

|g1|cons-mKgx2) was tested in the absence of Csy4. Other plasmids

transfected in this experiment include Construct #1 (taCas9, 1 ug)

and Construct #5 (P1I-EYFP, 1 ug)| . . ... ... ... ... ...

B4

Flow cytometry data corresponding to Figures|d-2tE. F' to analyze how

various configurations of Csy4 recognition sites flanking the gRNA

within an intron aftect CRISPR-TF activity. Abbreviations: Comp-

PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP). ‘28-gRNA-28’

is HSV1 intronic gRNA flanked by two Csy4 recognition sites (Con-

struct #4, CMVp-mKgx-|28-g1-28|psy1-mKgxs) 28-gRNA” is HSV1

intronic gRNA with a 5 Csy4 recognition site only (construct #10,

CMVp-mKgx;-[28-g1|gsvi-mKgx2) ‘gRNA-28" is HSV1 intronic gRNA

with a 3’ Csy4 recognition site only (construct #11, CMVp-mKgx;-

|g1-28|gsvi-mKEx2). In addition, the amount of the Csy4-expressing

plasmid transtected in each sample 1s indicated with each figure. Other

plasmids transfected in this experiment include Construct #1 (taCas9,

1 ug) and Construct #5 (PI-EYFP 1 pug)| . . . . .. ... .. ...
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B5

Flow cytometry data corresponding to Figure [4-3. Abbreviations:

Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP). ‘Triplex-

Csy4’ mechanism contains Construct #3 (CMVp-mK-Tr-28-g1-28). Other

plasmids transfected in this experiment include Construct #1 (taCas9,

1 pg); Construct #5 (P1-EYFP); Construct #2 (Csy4, concentrations

indicated). ‘Ribozyme design 1’ contains Construct #13 (CMVp-mK-

Tr-HH-g1-HDV). Other plasmids transfected in this experiment in-

clude Construct #1 (taCas9, 1 ug); Construct #5 (P1-EYFP, 1 ug).

‘Ribozyme design 2’ contains Construct #14 (CMVp-mK-HH-g1-HD).

Other plasmids transtected in this experiment include Construct #1

(taCas9, 1 ug); Construct #5 (P1-EYFP, 1 ug). ‘Ribozyme design 3’

contains Construct #15 (CMVp-HH-g1-HDV). Other plasmids trans-

fected in this experiment include Construct #1 (taCas9, 1 ug); Con-

struct #5 (P1-EYFP, ug). ‘U6p-gRNA1’ contains Construct#7 (U6p-

gl, 1 pg). Other plasmids transfected in this experiment include Con-

struct #1 (taCas9, 1 ug).|. . . . . . . ... o
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Flow cytometry data corresponding to Figure 4-4. Abbreviations:

Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP); Comp-

Pacific Blue-A (ECFP) ‘Mechanism 1’ refers to the ‘intron-triplex’ ar-

chitecture and contains Constructs #16 (CMVp-mKgx;-|28-g1-28|gsy1-

mKgxo-Tr-28-g2-28. 1 ug); #5 (P1-EYFP, 1 ug); #6 (P2-ECFP, 1 ug);

and #1 (taCas9, 1 pug). ‘Mechanism 2’ refers to the ‘tandem-triplex’

architecture and contains Constructs #17 (CMVp-mK-Tr-28-g1-28-g2-

28, 1 pg); #5 (PI-EYFP, 1 pg) and #6 (P2-ECFP, 1 ug); and #1

(taCas9, 1 pg). In addition, the amount of Csy4-expressing plasmid

DNA (Construct #2) transfected in each sample is indicated above

each plot.| . . . . . . . .




[B-7 Flow cytometry data corresponding to Figure [4-6 Abbreviations:

Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP); Comp-

Pacific Blue-A (ECFP) All samples were transfected with the con-

structs listed in each plot title (1 ug each, Table |A.3) and 200 ng of

the Csy4-expressing plasmid (Construct #2).f. . . . . . . . .. .. ..
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[B-8

Flow cytometry data corresponding to Figure 4-7.  Abbreviations:

Comp-PFE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP); Comp-

Pacific Blue-A (ECFP). ‘Mechanism 1’ contains the following Con-

structs: #20 (CMVp-mKg,;-[miR|-mKg,o-Tr-28-g1-28); #22 (CMVp-

ECFP-Tr-28-miR-8x BS-28); and #5 (P1-EYFP). These plasmids were

transtected at a concentration of 1 pg each. This mechanism corre-

sponds to the circuit diagram in Figure [4-7FA. ‘Mechanism 2’ con-

tains the following Constructs: #21 (CMVp-mKg,i-|{miR[-mKgyo-Tr-

28-g1-28-miR-4xBS); #22 (CMVp-ECFP-Tr-28-miR-8xBS-28); and

#5 (P1-EYFP). These plasmids were transfected at a concentration of

1 ng each. This mechanism corresponds to the circuit diagram in Fig-

ure [4-7+D. ‘Control’” samples contain Constructs #22 (CMVp-ECFP-

Tr-28-miR-8xBS-28) and #5 (P1-EYFP) only. These plasmids were

transtected at a concentration of 1 ug each. In addition, the amount

of Csy4-expressing plasmid (Construct #2) transfected in each sample

1s indicated above each plot.| . . . . . . . . . ... ... ... ... ..

25

142



26



List of Tables

[2.1 List of Zinc Fingers built and characterized using a bacterial two-hybrid |
(B2H) system by the Joung lab [92]. For each of the ZF listed, the B2H |
fold activation 1s listed along side, as well as the number of Saccha- |
romyces cerevisiae genomic instances (GI #) of each of the target sites |
1s listed in the far right column. . . . . . .. ... ... ... 37

[2.2  Tetracycline induced SSN6-ZF fusion results| . . . . . . ... ... .. 41

2.3  Tetracycline induced SIN3-ZF fusion based repression results . . . . . 42

[2.4  Tetracycline induced UMEG-ZF fusion based repression results| . . . . 43

4.1  Compensation setup for flow cytometry| . . . . . . . . . ... ... .. 103

[A.1 Sequences of DNA constructs used in building Synthetic ZF transcrip- |
tion circuitsl . . . . . ... 110

[A.2 Sequences of DNA constructs used in building Synthetic CRISPR-Cas |
transcription factors| . . . . . . ... ..o 116

[A.3 Construct names, designs, and abbreviations used in Chapter|4. . . . 120

[A.4 Sequences of DNA constructs used in building Integrated CRISPR/Cas |
crcultsl . ... L 122

27



28



Chapter 1

Introduction

Advances in the ability to synthesize and modify DNA have fueled the burgeoning
discipline of Synthetic Biology. Enzymes (including polymerases, ligases, and re-
striction endonucleases), oligonucleotides and polymerase chain reaction (PCR) have
provided ways to isolate genes and gene fragments, as well as to introduce small-scale
mutations into genes in-vitro, in cells, and in model organisms [134] 141], 121, [137].
Custom designed nucleases such as Zinc Finger Nucleases (ZFNs) and Transcription
Activator-Like (TAL) Effector Nucleases (TALENs) marked a newer generation of
tools in the genome engineering toolkit following oligonucleotides and restriction en-
zymes [11l 27]. TALENs were easier than ZFNs to build and characterize but the
requirement of individual protein synthesis for each separate DNA target sequence
remained a barrier for their widespread adoption. The RNA guided DNA endonu-
clease Cas9 from the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-associated (Cas) prokaryotic adaptive immune system is the newest tool
in the genome engineering toolkit. Unlike ZFNs or TALENs the same Cas9 nuclease
can be directed to target multiple different DNA sequences guided by sequence com-
plementarity specified by the complexing guide-RNA (gRNA). The ease of use and
high efficiency of this system has led to its widespread adoption and is currently the

state-of-the-art tool for genome engineering [35].
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1.1 Motivations for building an integrated toolkit

Although the CRISPR-Cas system has satisfactory performance for current genome
engineering applications, we believe it holds greater promise towards engineering hu-
man cells at large. Current applications employ CRISPR-Cas technology in a stand-
alone fashion, isolated from the rich biology of the human host cell. Biological com-
ponents found in nature, however, are often multifunctional and heavily employ the
concept of reuse and integration to achieve complex cellular behavior. To mention a
few examples - signaling modules such as sonic hedgehog and Wnt are reused at dif-
ferent time points during differentiation and development in the same organism [50],
disparate cell surface receptors [22] use the same downstream signaling cascades such
as MAPK, and Nuclear Receptor (NR) transcription factors effect drastically differ-
ent transcriptional programs by integrating with and recruiting many different types
of effectors complexes depending on the specific cellular context [45]. Along similar
lines, we were inspired by the idea that integrating CRISPR-Cas technology with
molecular components involving human RNA Polymerase II (RNAP II) promoters,
endogenous RNA processing elements and proteins with application-specific functions
can potentially enhance the breadth of applications that can be made possible with
this technology.
Our motivations for building an integrated CRISPR-Cas toolkit is threefold:

1.1.1 Repurposing Cas9’s DNA binding ability

In addition to genome engineering, the ability to bind a specific sequence of DNA
can be repurposed for enabling different applications such as gene regulation and
chromatin modification. Cas9’s ability to specifically recognize and cleave double
stranded DNA can be theoretically decoupled in to two separate biological functions
- 1) the binding of a specific sequence of DNA and 2) the catalytic introduction of a
double stranded break on to the bound DNA. If the active site residues with in the
nuclease domains of Cas9 were mutated to result in a catalytically dead version of

Cas9 (dCas9), then such a protein could function purely as a DNA binding protein
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with out any associated endonuclease activity. If in addition, dCas9 were to be fused
to specific human transcription factors, one could envision modulating gene expression

or affecting chromatin dynamics in a programmable fashion.

1.1.2 gRNA expression from RNAP II promoters

One of the hallmarks of multicellular life is tissue specific gene expression. This
feature is enabled in higher organisms by evolving highly sophisticated RNAP II
promoters that integrate multiple different cellular signals at the transcriptional level.
By encoding gRNA transcription from RNAP II promoters, CRISPR-~Cas activity
can be similarly integrated with a plethora of cellular signals. Moreover, a single,
wild-type human RNAP II transcript often encodes distinct RNA species including
microRNAs, non-coding RNAs and multiple different iso-forms of a given protein,
all transcribed in a concomitant fashion. Leveraging such an architecture for gRNA
production can provide us with multiplexing gains associated with expressing multiple
different gRNAs from a single transcript, targeting correspondingly different DNA

sequences.

1.1.3 Enabling novel applications

The native CRISPR-Cas system is an adaptive immune system originally fashioned
by nature to function in a prokaryotic host environment. Once a double stranded
break is introduced by Cas9 in the plasmid/phage DNA, the replication of targeted
DNA is stalled and ultimately the targeted DNA is degraded or diluted away due
to the absence of a Non-homologous DNA repair pathway. However, human cells
contain the Non-Homologous End Joining (NHEJ) DNA repair pathway that can
repair DNA double stranded breaks in the absence of a repair template. NHEJ is
a highly active, albeit, error-prone DNA repair pathway present in all eukaryotes.
If Cas9 were to repeatedly cleave a particular locus of DNA with in human cells,
such mechanism, aided by the error-prone NHEJ pathway, could theoretically result

in the programmable and continuous generation of exponentially increasing genomic
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diversity at a specific locus. The generated genomic diversity can serve as a molecular
record of the intensity or duration of Cas9 activity which in itself can be coupled
to cellular signals via RNAP II promoters as discussed above. When activated in
proliferating cells, the generated genomic diversity at the particular locus can serve as
a traceable marker for a phylogenetic reconstruction of lineage maps of each individual
cell. Finally, when operated under a directed evolution paradigm, the continuous

generation of genomic diversity can be exploited for protein engineering applications.

1.2 Challenges towards integration

Multiple challenges have to be kept in mind while designing an integrated toolkit,

some of which are discussed below:

1.2.1 Loading and retroactivity

A traditional challenge while expressing non-native molecular species such as Cas9 or
the gRNA within a host cell is the effect of “loading" [20], 112] 56], 86]. The loading
effect is triggered by the potential sequestration of limited shared resources such as
DNA and RNA polymerases, mRNA transporters, chaperone proteins, etc which are
needed for the maintenance and expression of the exogenous molecular species as
well as the molecular components endogenous to the host cell. The effect of loading
can range from slower growth phenotype and altered energy metabolism to cell-cycle
arrest, severe cytotoxicity and apoptosis of the host cell. Although such effects can
never be absolutely eliminated, approaches that allow only a transient introduction
of the non-native molecular species or those that pose minimal metabolic burden on
the host cell need to be employed. A related effect of sequestration of proteins across
different modules in a circuit termed retroactivity [31l, [66] (18] has been reported.
Although natural systems function despite the presence of retroactivity, sometimes
even exploiting it [I8, 1], synthetic biologists have developed fast acting buffering

devices that can alleviate the effects of retroactivity [101].
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1.2.2 Crosstalk

As discussed earlier as one of the efforts of integration, we seek to endow DNA bind-
ing proteins with multifunctional abilities by recruiting specific host transcription
factors. It is important to note that such recruitment of transcription factors can
result in undesirable modulation of gene expression elsewhere in the genome. This
is especially a cause of concern while recruiting transcription factors such as Histone
Deacetylases (HDACs) which can affect chromatin condensation over several kbps of
DNA [78, [79] resulting in unanticipated repression of gene expression several kbps
away from the targeted region. In addition, according the principle of reversibility,
just as the transcription factors are recruited by the DNA binding protein to the
targeted locus, the DNA binding protein is recruited to the native sites of function of
the host transcription factors as well. This can result in undesirable transcriptional
effects with in the host cell, especially if the DNA binding protein is huge in size such
as Cas9, resulting in a steric hindrance of access for other complexing proteins at the

native sites.

1.2.3 Matching the expression levels

While building an integrated toolkit with multiple components involved, it is im-
portant to match the expression levels of all individual components to function well
together as an effective complex. In addition to the stoichiometries of each of the
molecular candidates within functional complexes, different affinities of the compo-
nents to each other must be considered. The need to match expression levels is further
underscored if the components involved in the toolkit belong to different molecular
species such as RNA and protein as in our system. Typically, a single mRNA tran-
script can be translated to produce about 100 to 1000 copies of protein [128] however,
each Cas9 protein complexes with only one gRNA. If gRNAs were to be generated
from an RNAP II promoter then it follows that much stronger promoters be used
for expressing Cas9 compared to those used for expressing gRNAs, assuming similar

rates of RNA decay, etc.
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The rest of the thesis is organized as follows:

Chapter 2 introduces ZF technology and will describe ZF based transcription
factor design and their characterization in Saccharomyces cervisiae.

Chapter 3 introduces the native CRISPR-Cas system and will describe the design
and characterization of CRISPR-Cas transcription factors in Human cells.

Chapter 4 covers the integration of CRISPR-Cas with multiple RNA regulatory
strategies including gRNA expression from RNAP II promoters, RNA-triple-helix
structures, introns, microRNAs and ribozymes.

We will conclude in Chapter 5
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Chapter 2

Synthetic Zinc Finger transcription

factors

Zinc Finger (ZF) proteins are amongst the most abundant proteins encoded by the
eukaryotic genome [85]. Originally discovered in Xenopus transcription factor IIIA
[83], ZF domains are now found to be present in many other eukaryotic transcrip-
tion factors and in lipid binding proteins, chaperone proteins and RNA packaging
proteins [85]. Unlike the DNA binding proteins known prior to the discovery of ZFs,
which bind DNA as symmetric dimers making use of the 2-fold symmetry of the
DNA helix backbone and/or palindromic sequences with in DNA | ZFs were found
to be modular, containing a similar, structural framework tandemly linked together
in a linear fashion. The variation in binding specificity is achieved by varying key
amino acid residues that make contact with specific sets of nucleotide bases with in
the DNA [64]. The classic CysoHisy is the most abundant zinc finger motif compris-
ing of ~ 30 amino acid residues arranged in a simple S8« fold which is stabilized by
hydrophobic interactions and a Zinc ion [85]. The interaction of the a-helix domain
with the major grove of DNA results in sequence-specific base contacts, with each

CysoHis, finger recognizing 3 bp of DNA [39] [106].
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2.1 Custom designed Zinc Finger proteins

Ever since the structural basis for ZF DNA recognition has been uncovered [39] [106],
efforts were underway to build custom designed ZF DNA binding proteins that can
specifically recognize and bind any desired sequence of DNA. Enhancing the speci-
ficity of DNA recognition was potentially possible by arraying multiple structurally
similar but distinct CysyHiss ZF domains that recognize different sets of 3 bp target
sequences in tandem [53], [122]. However, arraying individual Cys,His, ZF domains
that recognize specific sets of 3 bp DNA did not prove to be thoroughly modular as
predicted and alternative, screening based strategies were developed to build arrayed
ZF proteins that specifically bind 9, 12 and 18 bps of DNA [70, [62], 61]. In parallel,
chimeric fusions of transcriptional activation and repression domains with ZF DNA
binding domains were built for controlling gene expression at will [§]. Similarly, ZF
Nucleases were built by chimeric fusions of the nuclease domain of a type IIs restric-
tion enzyme Fokl with arrayed ZF proteins [12] 21, 92]. Because of the dimerization
requirement for Fokl nuclease activity, ZF nucleases were designed to function in a

dimeric fashion, recognizing a doublet of 9 bp target sites located in close proximity.

2.2 Synthetic Zinc Finger transcription factor cir-

cuits

Synthetic gene circuits built previously such as pulse generators [7], oscillators [38, 2]
and counters [44] have used natural DNA binding domains from bacteria and yeast
such as TetR, Lacl, LexA and Gal4. Limited availability of well characterized and
orthogonal transcription factors remained a barrier for engineering and modulating
complex transcriptional circuits. Custom designed Zinc Finger transcription factors
ushered in a new set of tools for building complex synthetic gene circuits. The Joung
lab has graciously shared with us some synthetic 9 bp targeting ZFs they have built
and characterized using a bacterial two-hybrid (B2H) selection system [92] which are

listed in Table 2.I] Using these ZFs, we set out to build and characterize ZF based
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synthetic gene circuits in Saccharomyces cerevisiae. Building a well characterized set

of synthetic transcriptional activators and repressors is a simple first step along this

endeavor.
ZF | B2H Amino acid residues Target Site GI
(Act) | Finger #1 ‘ Finger #2 ‘ Finger #3 +#
42-10 | 7.19 | TGQILDR | VAHSLKR | DPSNLRR | aGACGCTGCTc | 78
43-8 | 11.6 | RQDRLDR | QKEHLAG | RRDNLNR | aGAGTGAGGAc | 52
21-16 | 3.5 RNFILQR | QGGNLVR | QQTGLNV | aTTAGAAGTGa | 153
97-4 | 3.7 | RQSNLSR | RNEHLVL | QKTGLRV | aTTATGGGAGa | 83
150-4 | 7.39 | KGERLVR | RMDNLST | RKDALNR | gGTGTAGGGGt | 17
151-1 | 7.22 | IPNHLAR | QSAHLKR | QDVSLVR | tGCAGGAGGTg | 52
158-2 | 9.74 | DKTKLRV | VRHNLTR | QSTSLQR | tGTAGATGGAg | 86
159-3 | 9.43 | SAQALAR | QGGNLTR | QHPNLTR | tGAAGAAGCTg | 302
13-6 | 5.43 | TNQKLEV | VRHNLQR | QHPNLTR | aGAAGATGGTg | 292
14-3 | 5.57 | APSKLDR | LGENLRR | DGGNLGR | gGACGACGGCa | 32
62-1 3.8 | TGQRLRI | QNQNLAR | DKSVLAR | gGCCGAAGATa | 119
63-4 | 4.9 | KKDHLHR | QRPHLTN | VGASLKR | aGCTGGAGGGt | 37
54-8 | 14.5 | NKTDLGR | RRDMLRR | RMDHLAG | aTGGGTGGCA¢t | 52
55-1 | 8.15 | DESTLRR | MKHHLGR | RSDHLSL | cTGGGGTGCCc | 38
36-4 | 6.9 | GRQALDR | DKANLTR | QRNNLGR | cGAAGACGCTg | 124
37-12 | 9.7 | RNFILQR | DRANLRR | RHDQLTR | tGAGGACGTGt | 27
92-1 | 12.4 | DSPTLRR | QRSSLVR | ERGNLTR | aGATGTAGCCt | 61
93-10 | 5.6 | APSKLKR | HKSSLTR | QRNALSG | ¢cTTTGTTGGCa | 214
128-2 | 7.3 | TMAVLRR | RREVLEN | QTVNLDR | cGAAGTGGTCc | 83
129-3 | 4.2 | TAAVLTR | DRANLTR | RIDKLGD | cGGGGACGTCa | 21
172-5 | 7.2 | MKNTLTR | RQEHLVR | QKPHLSR | aGGAGGGGCTc | 27
173-3 6 SAQALAR | QQTNLAR | VGSNLTR | aGATGAAGCTg | 232

Table 2.1: List of Zinc Fingers built and characterized using a bacterial two-hybrid
(B2H) system by the Joung lab [92]. For each of the ZF listed, the B2H fold activa-
tion is listed along side, as well as the number of Saccharomyces cerevisiae genomic
instances (GI #) of each of the target sites is listed in the far right column.

2.2.1 Zinc Finger activators

We built a fusion of ZF43-8 (Table with a commonly used eukaryotic transcrip-
tional activator VP64 [122] as depicted in Figure R-1}A.

A reporter gene was built using the minimal Cycl promoter from S. cerevisiae
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Figure 2-1: Tetracycline inducible activation of a synthetic reporter gene using a
custom designed Zinc Finger transcription factor in S. cerevisiae. The mean of the
measured yEGFP levels is plotted as a function of aTc concentration.
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with a single (1x) ZF 43-8 binding site placed immediately upstream of the pro-
moter. The expression of ZF43-8 VP16 was designed to be regulated by a hybrid
Galactose/ Tetracycline inducible promoter (pGal/TetO3) [36], with TetR constitu-
tively expressed by the Alcohol dehydrogenase promoter (pAdh) from S. cerevisiae.
The plasmid constructs were linearized with unique cutting sites and were sequen-
tially integrated in to the S. cerevisiae YPH500 genome. YPH500 colonies containing
successful genomic integrations of the plasmid constructs are selected by auxotrophic
selections. Refer to Section [2.4] for more details on the methods.

In Figure[2-1} B, we plot yEGFP fluorescence measured as a function of the concen-
tration of the inducer, anhydrotetracycline (aTc). We observe a steep dose response
with > 10-fold activation of yEFGFP expression with aTc concentrations approaching

1 ug/mL.
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Figure 2-2: Tetracycline inducible activation of synthetic reporter genes containing
8x ZF binding sites. The mean of the measured yEGFP levels is plotted as a function
of aTc concentration.

In an attempt to tune the dose response curve observed in Figure 2-1}B, we mod-
ified the reporter architecture by increasing the number of ZF binding sites from 1x

to 8x. In addition, we also tried another ZF, ZF42-10 which has a different bind-
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ing affinity to its target sequence (Table . The resulting dose response curves
for ZF42-10 and ZF43-8 are plotted in Figure 2-2] Owing to positive co-operativity
resulting from multiple transcription factor binding sites, we observe a much steeper
dose-response response compared to the scenario with 1x ZF binding site. We ob-
serve no appreciable difference in the maximal levels of yEGFP expression for the two
different ZFs although they have potentially different binding affinities (Table .
This implies that ZF binding is not a rate limiting determinant for gene activation at
high inducer concentration, suggesting that ZF-VP16 activation follows a Michaelis-
Menten like kinetics. Given the steepness of the dose-response in Figure [2-2] it is
hard to directly infer the difference in binding affinities for ZF42-10 and ZF43-8. We
also note that different binding site sequences in the promoter regions of ZF42-10 and

ZF43-8 reporters results in different basal levels of yFGFP expression.

2.2.2 Zinc Finger repressors

Given that we had transcriptional activators working in a predictable fashion, we

turned our focus to building synthetic gene repressors in S. cerevisiae.

pGal/TetO, pAdh1 I ﬁa

Bsu36!

pCyci
[ 1 q

Stul

Figure 2-3: Tetracycline inducible repression of synthetic reporter genes containing
ZF binding sites.

SSN6 is a well characterized, general repressor of transcription in yeast [77, [130].
SSN6 works as a chromatin remodeling transcription factor that regulates transcrip-

tion of RNA polymerase II (RNAP II) promoters by binding and recruiting histone
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deacetylases (HDACs) [116, 77, [76]. SSN6 is functions as a transcriptional repressor
complex with Tuplp. In addition to SSN6, we have also tested UME6 |71l [118] [72]
and SIN3 [142, [125] which are both subunits of the Rpd3L HDAC complex and effect
transcriptional repression by chromatin remodeling.

The plasmid constructs for characterizing inducible repression are similar to those
designed for characterizing inducible transcriptional activation. However, instead of
a minimal Cycl promoter, we use the full-length Cycl promoter whose activity is
targeted for repression by placing a ZF binding sequence (ZFBS) upstream of the
promoter driving yFGFP expression (Ref. Figure . We fuse a repression domain
(RD) to the N terminus of the ZF, whose expression is regulated by the hybrid
Galactose/ Tetracycline inducible promoter (pGal/TetOs).

Table 2.2: Tetracycline induced SSN6-ZF fusion results

’ 5-SSN6-ZF-3’ repressors integrated into 1x ZFBS-UAS-TATA-pCycl-yEGFP clones ‘

Clone Description (ZF/ZFBS) w/ aTc | w/o aTc | Fold repression
SPY111 1 | SSN6-ZF42-10 + 1x 43-8 ZFBS | 56.74 201.69 3.55
SPY111 2 | SSN6-ZF43-8 + 1x 43-8 ZFBS | 113.42 | 355.45 3.13
SPY111 3 | SSN6-ZF43-8 + 1x 43-8 ZFBS 54.25 130.97 2.41
SPY111 4 | SSN6-ZF43-8 + 1x 43-8 ZFBS 74.99 191.1 2.54
SPY112 1 | SSN6-ZF42-10 + 1x 43-8 ZFBS 72.34 286.44 3.95
SPY112 2 | SSN6-ZF42-10 + 1x 43-8 ZFBS 71.05 254.83 3.58
SPY112 3 | SSN6-ZF42-10 + 1x 43-8 ZFBS | 66.71 220.67 3.30
SPY112 4 | SSN6-ZF42-10 + 1x 43-8 ZFBS | 100.9 252.55 2.50
SPY113 1 | SSN6-ZF43-8 + 1x 42-10 ZFBS | 532.8 247.37 1.02
SPY113 2 | SSN6-ZF43-8 + 1x 42-10 ZFBS | 283.87 | 243.62 0.85
SPY113 3 | SSN6-ZF43-8 + 1x 42-10 ZFBS | 216.74 | 210.97 0.97
SPY114 4 | SSN6-ZF43-8 + 1x 42-10 ZFBS | 289.03 | 278.81 0.96
SPY114 1 | SSN6-ZF42-10 + 1x 42-10 ZFBS | 187.69 | 777.37 4.14
SPY114 2 | SSN6-ZF42-10 + 1x 42-10 ZFBS | 165.48 | 567.42 3.42
SPY114 3 | SSN6-ZF42-10 + 1x 42-10 ZFBS | 152.61 532.8 3.49
SPY114 4 | SSN6-ZF42-10 + 1x 42-10 ZFBS | 138.24 | 557.31 4.03

We observed a very characteristic and pronounced slow-growth phenotype while

testing for repression using each of the candidate repressors. Moreover, the repres-

sion results were not reproducible when multiple clones were assayed for each of the
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Table 2.3: Tetracycline induced SIN3-ZF fusion based repression results

5-SIN3-ZF-3’ repressors integrated into 1x ZFBS-UAS-TATA-pCycl-yEGFP clones ‘

Clone Description w/ aTc | w/o aTc | Fold repression
SPY103_1 | SIN3-ZF43-8 + 1x 43-8 ZFBS | 209.08 | 189.38 0.90
SPY103_2 | SIN3-ZF43-8 + 1x 43-8 ZFBS 41.05 78.09 1.90
SPY104 1 | SIN3-ZF42-10 + 1x 43-8 ZFBS | 144.6 151.25 1.04
SPY104 2 | SIN3-ZF42-10 + 1x 43-8 ZFBS | 2247 | 113.42 5.04
SPY105_1 | SIN3-ZF43-8 + 1x 42-10 ZFBS | 649.38 | 604.3 0.93
SPY105_2 | SIN3-ZF43-8 + 1x 42-10 ZFBS | 577.72 | 626.43 1.08
SPY106_1 | SIN3-ZF42-10 + 1x 42-10 ZFBS | 96.03 | 469.76 4.89
SPY106_ 2 | SIN3-ZF42-10 + 1x 42-10 ZFBS | 286.44 | 399.54 1.39

construct combinations. In Tables and we summarize the results obtained
for inducible repression via SSN6, SIN3 and UMEG6 respectively.

We speculated one of the reasons for characteristic and pronounced slow-growth
phenotype and non-reproducibility of inducible repression might be due to off-target
effects, given multiple occurences of each of the ZF target site present in the S.
Cerevisiae genome. To address this issue, we tried an inducible synthetic repressor
construct using the bacterial LexA DNA binding domain which specifically binds
a 16 bp palindromic sequence 5-CTGTATATATATACAG-3’. Given that there are
no instances of the LexA target sequences present in the S. Cerevisiae genome, we
expected to see an ameliorated performance. However, we observed a similar slow-
growth phenotype and an erratic dose response with LexA-SSN6 repressor as shown in
Figure[2-4] This observation rules out the role of potential off-target effects mediated
by ZF-SSN6 fusion proteins and points to a possibly unanticipated effect of repression
via chromatin modification. We believe that when ZF-SSN6, ZF-SIN3 or ZF-UMEG6
are recruited to the synthetic target promoter to effect transcriptional repression, they
also effect transcriptional repression at endogenous genes located in the vicinity of

the synthetic target promoter, resulting in the associated slower-growth phenotype.
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Table 2.4: Tetracycline induced UMEG6-ZF fusion based repression results

5-UMEG6-ZF-3’ repressors integrated into 1x ZFBS-UAS-TATA-pCycl-yEGFP clones ‘

Clone Description (ZF/ZFBS) w/ aTc | w/o aTc | Fold repression
SPY107_1 | UMEG6-ZF43-8 + 1x 43-8 ZFBS | 102.27 | 106.02 1.03
SPY107 2 | UMEG-ZF43-8 + 1x 43-8 ZFBS 42.55 149.89 3.52
SPY107 3 | UMEG-ZF43-8 + 1x 43-8 ZFBS 19.99 140.75 7.04
SPY107 4 | UMEG-ZF43-8 + 1x 43-8 ZFBS 42.94 162.53 3.78
SPY107 5| UMEG-ZF43-8 + 1x 43-8 ZFBS 16.65 158.2 9.50
SPY107_6 | UMEG6-ZF43-8 + 1x 43-8 ZFBS 16.4 152.61 9.30
SPY108 1 | UME6-ZF42-10 + 1x 43-8 ZFBS | 60.98 189.38 3.10
SPY108 2 | UMEG-ZF42-10 + 1x 43-8 ZFBS | 56.74 153.99 2.71
SPY108 3 | UME6-ZF42-10 + 1x 43-8 ZFBS 092.8 198.1 3.75
SPY108 4 | UME6-ZF42-10 + 1x 43-8 ZFBS | 45.32 212.88 4.69
SPY108 5 | UME6-ZF42-10 + 1x 43-8 ZFBS | 54.74 259.46 4.73
SPY108 6 | UME6-ZF42-10 + 1x 43-8 ZFBS | 56.23 162.53 2.89
SPY109 1 | UME6-ZF43-8 + 1x 42-10 ZFBS | 60.98 504.81 8.27
SPY109 2 | UME6-ZF43-8 + 1x 42-10 ZFBS | 873.79 | 991.05 1.13
SPY109_ 3 | UMEG-ZF43-8 + 1x 42-10 ZFBS | 64.94 | 542.47 8.35
SPY109 4 | UME6-ZF43-8 + 1x 42-10 ZFBS | 60.98 465.55 7.63
SPY109 5 | UME6-ZF43-8 4 1x 42-10 ZFBS | 64.36 582.94 9.05
SPY109 6 | UME6-ZF43-8 4 1x 42-10 ZFBS | 62.08 598.89 9.64
SPY110 1 | UME6-ZF42-10 + 1x 42-10 ZFBS | 143.3 | 1055.45 7.36
SPY110 2 | UMEG6-ZF42-10 + 1x 42-10 ZFBS | 94.75 842.9 8.89
SPY110 3 | UMEG6-ZF42-10 + 1x 42-10 ZFBS | 77.74 D72.55 7.36
SPY110 4 | UME6-ZF42-10 + 1x 42-10 ZFBS | 107.46 | 691.58 6.43
SPY110 5 | UME6-ZF42-10 + 1x 42-10 ZFBS | 842.91 | 827.88 0.98
SPY110 6 | UMEG6-ZF42-10 + 1x 42-10 ZFBS | 126.35 | 577.72 4.57

2.3 A transcription factor ratiometer

As building inducible synthetic repressors in S. cerevisiae proved harder than initially

anticipated, we turned to using stand-alone synthetic ZFs as repressors that can effect

transcriptional repression via steric hinderance. Along these lines, we built synthetic

gene circuits that exploit the principle of competition across similar ZF transcription

factors for a given target sequence. The design is depicted in Figure 2-5FA.

Our intuition behind the design of the transcription factor ratio meter circuit in

Figure 2-5} A is as follows. For different intracellular levels of competing transcription

43




12000
-5 SPY2864 , "
—4— SPY2865
10000 -o- SPY2864 1
S 8000 - .
s
o
&
§ 6000 .
>
4000 | 1
2000 |- i
0 L TS| L L T R | L L L .l
10° 10 10°

[aTc] (ng/mL)

Figure 2-4: Dose response of synthetic LexA-SSN6 based repressor in S. cerevisiae.
The mean of the measured yEGFP levels is plotted as a function of aTc concentration.
Potential chromatin modification via LexA-SSN6 results in slow-growth phenotype
and unpredictable yEFGFP expression.

factor ZF, proportionately higher intracellular levels of activating transcription factor
ZF-VP16 would be needed to achieve a given level of BFP2 expression. Thus, the ex-
pression level of BFP2 would be a function of the ratio of intracellular concentration
of ZF-VP16 and ZF. In Figure 2-5}A, we modified the ZF activator design in Figure 2
by adding an additional module that expresses the same ZF under the control of a
hybrid Galactose/Isopropyl S-D-1-thiogalactopyranoside (IPTG) inducible promoter
(pGal/LacOy) [36], with Lacl being constitutively expressed by the Alcohol dehydro-
genase promoter (pAdh) from S. cerevisiae. In this design, the expression levels of
transcription factors ZF-VP16 and ZF can be tuned independently by varying the
levels of aTc and IPTG respectively.

In Figure 2-51 B, we plot the levels of yEGFP as a function of the concentration of
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Figure 2-5: ZF ratio meter in S. cerevisiae. A) The reporter gene yEGFP’s expression
level is designed to be a function of the ratio of the levels of transcription factors

ZF-VP16 and ZF. B) The mean of yEGFP levels are plotted as a function of the
concentration of aTc for different concentrations of IPTG.
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a'Tc for different concentrations of IPTG. We observe that for a given concentration of
a'lc, as the concentration of IPTG increases, the levels of the output protein yEGFP
decrease as was predicted. We also notice that the shape of the aTc dose response
curves remains the same for different levels of IPTG, once again demonstrating a

Michaelis-Menten like kinetics observed earlier with ZF activators in Section [2.2.1]
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Figure 2-6: ZF ratio meter characterization in S. cerevisiae. A) The levels of output
protein BFP2 is designed to be a function of the ratio of the levels of transcription
factors ZF-VP16-YFP and ZF-RFP. B) The mean BFP levels measured are plotted
against the ratio of the mean levels of YFP and RFP for different sets of inducer
concentrations. Each data point plotted is color coded to capture the relative levels
of YFP and RFP as indicated in the inset.

In order to accurately measure the intracellular levels of activating and competing
transcription factors, we modified the circuit design to incorporate fusions of fluo-

rescent proteins to the transcription factors as depicted in Figure 2-6FA. The output
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protein used is BFP2 while the ZF-VP16-YFP and ZF-RFP constitute the input tran-
scription factors, all of whose levels can be measured by multicolor flow cytometry.
In Figure 2-6B, we plot the levels of BFP2 as the ratio of YFP and RFP per cell,
measured by varying the concentration of aTc and IPTG. We observe an impressive
linear correlation of the output being a measure of the ratio of input transcription
factors. Moreover, we observe that for any given ratio, there is at least a 10-fold wide

dynamic range of inputs over which the output is a ratio of the inputs.

2.3.1 Modeling the transcription factor ratio meter

The dynamics of the transcription factor ratio meter can be described by the following

affinity equations:

k
D+TF = p.TF ™ p
kg

ki
D+1—D-I
ki

where T'F' is the activating transcription factor, I is the competing transcription
factor, D is the DNA binding site upstream of the reporter gene and P is the protein
expressed. kg, kq—, kiy, ki and k, are the associated rate constants as shown above.

According to the law of mass action, we have

%[D-TF] = kat[D|[TF] = kq-[D-TF] — k,|D-TF]
D-1) = kiy[D][1) ~ ki_[D-TF]

In addition, since the total amount of reporter genes per cell, Dr,; is constant,

(= 1) in our case, we have

[Drot] = [D-TF] + [D] + [D-I] (2.1)
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d d
At the steady state, we set —[D-TF] =0 and %[D—I ] = 0. This results in

dt
(D-TF| = (kd_kd—im[m 7F) ~ P ]ng | <Kd _ %) (2.2)
kiy [D][1] ki
(-1 = = D) = 2L GRS I

From equation [2.1], we have

[D-TF|  K4[I)[D-TF]

[Drot) = [D-TF] + Ky TF K; |[TF]

= [Dro] = [D-TF] (1 + [1{(;] + %%)
_ [Dro][TF]
= [D-TF] = ([TF] + K, + &m)
K;

The rate of expression of the reporter gene, v is given by k,[D-TF]

kp[Drot][T'F]

([TF] + Kq+ %[I])

(2

v =

Umaz|TF|

([TF] + K4+ %[I])

o Umaz P
B Ky Ky
(o & )

where Ve, = kp X Dro is the maximum possible rate of expression of the reporter

TF|
]
factor to the in-vivo concentration of the competing DNA binding protein.

gene and p = is the ratio of in-vivo concentration of the activating transcription

In Figure 2-7, we plot the input-output relationship for the transcription factor
ratio meter as predicted by the above model. Assuming K; ~ K; (the activating

transcription factor and the competing transcription factor are comprised of the same
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Figure 2-7: Transcription factor ratio meter model. The rate of production of the
output protein is plotted as a function of the input transcription factor ratio for
different concentrations of the competing transcription factor.

zine finger), we observe that the rate of production of the output protein v & p when
K, << [I] i.e, for transcription factors that have very high affinity to their target
DNA.

2.4 Methods

2.4.1 Strain and Plasmid construction

The Saccharomyces cerevisiae strain YPH500 (M AT o ura3-52 lys2-801 amber ade2-
101 _ochre trpl-A63 his3-A200 leu2-Al) was used for all of the above experiments.
The Zinc Finger transcription factors were cloned in to pRS404 and pRS405 back-
bones using pTPGI and pLOGI promoters described in [36]. The reporter plasmids
were cloned in the pRS406 backbone. The respective sequences for all the relevant
constructs can be found in Section [A T} The designed plasmids were linearized with

the restriction sites Stul, Bsu36Il and Clal and integrated via homologous recombina-

tion into the URA3, TRP1 and LEU2 loci of YPH500.
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2.4.2 Yeast transformation

Log phase YPH500 cells cultured in 250 mL Erlenmeyer flasks at 30C, 300 rpm
were harvested by spinning down at 3000g, 5 min after washing twice. A 360 uL
transformation mix comprising 240 ul. of 50% Poly Ethylene Glycol (PEG), 36 uL
of ImM Lithium Acetate, 50 ul of 2 mg/mL single stranded salmon sperm carrier
DNA and 1 ug of linearized DNA is added to the harvested cells, resuspended and
incubated at 42C for 45 min. Following incubation, yeast cells are spun down at
13000g for 30 seconds and the supernatant was removed. The cells were resuspended
in 100 uL sterile double de-ionized water and plated on to CSM-dropout plates for
prototrophic selection and incubated at 30C for two to three days. Colonies of yeast
containing successful integrants are picked and cultured in dropout media for further

analysis.

2.4.3 Fluorescence assays

To assess expression of the reporter constructs, yeast cells expressing different ZF
transcription factors were grown overnight (900 rpm, 30C) in 96-deep-well plates in
yeast minimal media supplemented with galactose with appropriate selection (mul-
tiple independent colonies for each sample). Ten microliters of these cultures were
then transferred into fresh media supplemented with galactose and specified concen-
trations of anhydrotetracycline (aTc) and/or IPTG and grown for 20 h (900 rpm,
30C) in deepwell plates before analysis by flow cytometry. An LSR Fortessa II flow
cytometer equipped with 405 nm, 488 nm, and 561 nm lasers was used for all the
experiments. yEGFP/YFP, BFP2, and RFP levels were detected using 488 /FITC,
405/ Pacific-Blue, and 561 /TX-red laser/filter sets respectively. All samples were uni-
formly gated by forward and side scatter.
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Chapter 3

Synthetic CRISPR-Cas transcription

factors

3.1 History and Biology of CRISPR-Cas systems

The first bona-fide CRISPRs (clustered regularly interspaced palindromic repeats)
were described by Japanese researchers in 1987 as a series of short direct repeats inter-
spersed with short sequences in the Escherichia Coli genome [63]. Such interspersed
repeats were later found in numerous other bacteria and archaea [102] although, their
specific function remained unclear. Soon after, in 2002, CRISPR sequences were
found to be represented in the non-coding RNA population of the archaeal tran-
scriptome [136]. In 2005, three different research groups made the observation that
the spacer sequences in CRISPRs derive from associated plasmid and phage DNA
sequences [110, 103, 16]. With the prediction that various cas (CRISPR-associated
genes) [65], (54], 110, [16] encode proteins with putative nuclease and helicase domains,
researchers in [94] proposed that CRISPR-Cas is an adaptive immune system in bac-
teria and archaea, analogous to the eukaryotic RNAi, that uses spacer sequences as
memory signatures of past infections. The first experimental evidence of CRISPR-
Cas mediated adaptive immunity came in 2007 when researchers in [5] conducted
infection experiments of the lactic acid bacterium Streptococcus Theromophilus with

lytic phages. In 2008, mature CRISPR RNAs (crRNAs) were shown to complex with
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Cas proteins and serve as guides to interfere with phage proliferation in Escherichia
Coli [19]. In the same year, the CRISPR-Cas system was reported to exhibit DNA
targeting activity in the pathogen Staphylococcus Epidermidis [98)].

Functional CRISPR-Cas loci comprise a CRISPR array of identical repeats inter-
spersed with short spacers derived from plasmid or phage DNA that encode crRNAs
and an operon of cas genes that encode the Cas proteins. Adaptive immunity in
bacteria and archaea that contain the CRISPR/Cas system occurs in the following

three stages [6, 139):

1. Acquisition: Integration of a short target sequence of plasmid or phage DNA

as a spacer sequence in to the CRISPR array

2. crRNA biogenesis: Transcription of the CRISPR array and maturation of

the precursor-crRNAs to generate mature crRNAs

3. Targeting: crRNA guided cleavage of the target nucleic acid by Cas proteins

at sites complementary to the ctRNA spacer sequences

Three types of CRISPR-Cas systems exist (I, IT and III) that use distinct molecular
mechanisms to achieve nucleic acid recognition and cleavage with in the overall theme
above [93,05]. For type I and type II systems, the protospacer adjacent motif (PAM),
a short sequence motif adjacent to the crRNA-targeted sequence on the target DNA
plays an essential role in the stages of acquisition and targeting [123]. The type I
and type III systems use a large complex of Cas proteins for crRNA-guided targeting
[57, 117, 59, [55] while the type IT system uses a single protein Cas9 (also previously
known as COG3513, Csx12, Casb, or Csnl) for RNA-guided DNA recognition and
cleavage [68] [48].

Cas9 is a large, multifunctional protein with two putative nuclease domains,
HNH |16, 54, 94] and RuvC-like [94]. In 2012, the Doudna lab showed that Cas9
from Streptococcus Pyogenes is a dual-RNA-guided DNA endonuclease that uses the
tractRNA:crRNA duplex to effect DNA recognition and cleavage [68]. Mutating ei-
ther the HNH or the RuvC-like domain in Cas9 results in a protein (nickase) with
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single stranded DNA cleavage activity whereas mutating both domains (D10A and
H840A) results in an RNA-guided DNA binding protein (dCas9) that does not cleave
the target DNA. Target DNA recognition requires both, crRNA /target-DNA base
pairing and the presence of a PAM adjacent to the target DNA [68] [35]. The dual
tractrRNA:crRNA was then engineered as a single guide RNA (gRNA) that retains
the two critical features: 1) the 20-nucleotide sequence at the 5-end of the gRNA
that determines the DNA target sequence by Watson-crick base pairing and 3) the
stem loop and hairpin structures at the 3’-end that bind to Cas9 [68, [35].

3.2 CRISPR-Cas transcription factors (crisprTFs)

The observation that Cas9 when mutated to silence the endonuclease activity (Cas9:D10A,
H840A) can be repurposed to function as an RNA-guided DNA binding domain paved
way to building novel synthetic transcription factors based on Cas9. Recently Qi et.

al., [114] showed that dCas9 can be used for gene silencing in E. Coli. When targeted

to a gene of interest, they demonstrated that dCas9 can block the progression of RNA
polymerase by forming d-loops and hence, silence the expression of the targeted gene.
Along similar lines, researchers in [13] fused the omega subunit of RNA polymerase

to dCas9 to achieve transcriptional activation in E. Coli.

We have taken a similar approach and have built and characterized synthetic
transcription factors based on dCas9 in Human cells. In addition to modulating
gene expression in a programmable fashion, we also demonstrate the potential of
dCas9 in uncovering the regulatory maps of mammalian promoters. To this end,
we fused a human-optimized dCas9 to three copies of SV40 nuclear localization se-
quence (NLS) and four tandem copies of VP16 (VP64) on the C-terminus to build a
CRISPR transcription factor (crisprTF) as shown in Figure A. The expression of
the crispr'TF cassette was set to be driven by the cytomegalovirus immediate-early
promoter (pCMV). The gRNAs targeting different DNA sequences were constitutively
expressed from a separate plasmid by the RNA polymerase 111 (RNAP III)-dependent
U6 promoter (pU6) as previously described [84, [97]. We investigated the regulatory
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Figure 3-1: Regulation of yfp expression from a minimal MLP promoter (pMLPm)
by crisprTFs in HEK293T cells. (A) dCas9 VP64 is expressed in HEK293T cells
by the pCMV promoter and directed to target sequences in pMLPm. The mKATE
(red) and mBFP2 (blue) fluorophores act as flow-cytometry gating controls for suc-
cessful plasmid transfections. (B) Map of pMLPm illustrating the relative positions
of known regulatory elements. Blue lines indicate target sites for each gRNA. (C)
Regulation of yfp expression from pMLPm by crisprTFs based on the gRNAs shown
in (B). HEK293T cells were co-transfected with the plasmids shown in (A), with
specific gRNAs labeled as shown in the x-axis. Targeting crisprTFs to sequences up-
stream of the TATA box (by ml, m2, m6, and m7 gRNAs) resulted in higher yfp
expression compared with the no gRNA control. Error bars indicate the standard
error of the mean for three independent biological replicates. Asterisks on each bar
indicate statistically significant changes in yfp expression relative to the no gRNA
control (based on the two-sided Welch’s t test, p-value < 0.05)

architecture of the minimal adenovirus major late promoter (pMLPm) by targeting
crisprTFs to different positions across this promoter [I120] as show in Figure 3-1}B.

YFP as measured by flow cytometry was used as a readout for the pMLPm promoter
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activity. We observe that crisprTFs activated gene expression when targeted to se-
quences upstream of the pMLPm TATA box (using m1, m2, m6, or m7 gRNA) or
downstream of the transcription start site (m8 gRNA) (Figure B-1}B and C).
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Figure 3-2: CrisprTF-mediated repression of the constitutive pPGK1 promoter in
HEK293T cells. (A) Map of the pPGK1 promoter illustrating the relative posi-
tions of known regulatory elements. (B) CrisprTF-based targeted repression of the
constitutive pPGK1 promoter. Constructs expressing different dCas9-based proteins
(dCas9, dCas9-VP64, and dCas9-KRAB) were co-transfected with plasmids contain-
ing pPGK1 mKATE and constructs expressing no gRNAs or gRNAs targeting the
CCAAT box or the GC-box gRNA. Significant repression of the pPGK1 promoter
relative to the no gRNA control was observed with all of the three different dCas9
constructs (dCas9, dCas9-VP64, and dCas9-KRAB). Error bars indicate the standard
error of the mean for three independent biological replicates.

Since the basal expression level of the pMLPm promoter is low, it was challeng-
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ing to detect significant repression from this promoter. Thus, to demonstrate that
crisprTFs can function as transcriptional repressors in mammalian cells, we placed
mKATE under the control of a constitutive mammalian promoter, phosphoglycerate
kinase 1 (pPGK1) [1], and targeted crisprTFs to this promoter (Figure 3A). pPGK1
is a strong, constitutive, TATA-less promoter that contains a CCAAT box [34] and
five GC-boxes [14] These sites are the binding sites for the endogenous human tran-
scription factors CBP and SP1, respectively. Targeting dCas9 alone, dCas9 fused to
VP64 domain, or dCas9 fused to KRAB domain to the CCAAT box or the GC-boxes
resulted in significant repression of the reporter gene (Figure 3B), presumably by pre-
venting endogenous transcription factors from binding to specific DNA recognition
elements [34] 14] within the pPGK1 promoter. Our finding that one can activate or
repress the expression of a gene of interest by directing a single protein to different
positions of a promoter is advantageous for the efficient design of synthetic transcrip-
tional networks or rewiring natural ones. This property obviates the need for using

separate orthogonal Cas9 protein fusions as activators and repressors.

3.2.1 Tunability

We further sought to explore the tunability of crisprTFs in the context of synthetic
promoters. We observed synergistic activation in HEK293T cells when multiple gRNA
operator sites were placed upstream of pMLPm (ref Figure , with up to 56 x acti-
vation attained with 3x gRNA operator sites. The level of activation that is achieved
by crisprTFs in human cells is comparable to the levels of activation reported for ZF-
and TALE-activators [80l 88 [L08] where higher activation levels can be achieved by
increasing the number of operator sites or by targeting multiple synthetic transcrip-
tion factors to the same locus [I08], O1]. These results demonstrate that crisprTFs can
be used to build synthetic promoters with tunable strengths by the straightforward
engineering of gRNA-binding sites.

In addition, we noticed a strand bias associated with the orientation of the oper-
ator sites inserted upstream of pMLPm. We inserted 1x and 2x synthetic operator

sites upstream of pMLPm in both the forward and the reverse orientation, result-
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Figure 3-3: Synergistic and tunable activation of synthetic promoters with arrayed op-
erator sites upstream of pMLPm in HEK293T cells using crisprTFs. (A) A schematic
view of the pMLPm synthetic promoter with three al gRNA operator sites arrayed
upstream of pMLPm, thus named 3x(al_op)_ pMLPm. (B) Increasing the number
of arrayed al _gRNA operator sites upstream of pMLPm resulted in higher yfp expres-
sion in HEK293T cells when co-transfected with al gRNA and dCas9-VP64 versus
when co-transfected with al gRNA and dCas9. Error bars indicate the standard
error of the mean for three independent biological replicates.

ing in crisprTFs targeting either the template or the non-template strand of DNA.
In Figure [3-4] we observe that CrisprTFs exhibit greater activation potential while
targeting the non-template strand DNA as opposed to the template strand. The
observed strand bias gives us an additional degree of tunability in building synthetic
transcriptional networks and while activating endogenous genes for basic biology and

therapeutic applications.

3.2.2 Inducibility

In many applications, control of the activity of a transcription factor by an inducer

(e.g., a small molecule) is desired. With crisprTFs, one viable strategy is to constitu-
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Figure 3-4: Strand bias in activation by crispr'TFs. Different combinations of forward
and reverse oriented 1x and 2x al gRNA operator sites were introduced upstream
of pMLPm resulting in crisprTFs targeting the template or the non-template DNA
strand. When co-transfected with crispr’TFs, we observe a higher activation potential
for the non-template strand operators compared with the template ones. Errors bars
indicate the standard error of the mean for three independent biological replicates.

tively express the protein component of the system (i.e., dCas9) and then modulate
the amount of gRNA available for binding to dCas9 and thus, the activity achieved
at the target DNA. To test this strategy, we constructed the following two inducible
gRNA promoters as shown in Figure [3-5}A:

1. Doxycycline (Dox) inducible RNAP IIT H1 promoter built by placing 2x TetR
operator sites in the H1 promoter and constitutively expressing TetR in the

system as described previously [74].

2. Isopropyl -D-1-thiogalactopyranoside (IPTG) inducible U6 promoter built by
placing 3x Lacl operator sites in the U6 promoter and constitutively expressing

Lacl in the system as described previously [82].

We co-transfected HEK293T cells with the 3x(al op) pMLPm_yfp reporter
plasmid along with plasmids expressing crisprTF, TetR and al gRNA under the

inducible H1 promoter and plated the cells in the absence or presence of Dox. In
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Figure [3-5} B, we plotted the mean fluorescence values measured for YFP expression
in different conditions and we observe a > 20-fold Dox inducible activation of yfp ex-
pression. Similarly, when we co-transfect 3x(al op) pMLPm _ yfp reporter plasmid
along with plasmids expressing crispr'TF, Lacl and al gRNA under the inducible U6
promoter, we observe ~ 10-fold activation of yfp expression. We demonstrate that
sophisticated regulatory motifs, such as small-molecule responsive modules can be
built for crisprTFs, thus enabling external control of crisprTF-based transcriptional
circuits. Such synthetic modules can be interfaced with other regulatory elements to

achieve more complex regulation for synthetic biology.
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Figure 3-5: Inducible activation of target genes by crisprTFs in HEK293T cells.
A) Doxycycline and IPTG inducible modified H1 and U6 promoter architecture is
shown respectively. CrisprTF is constitutively expressed under CMVp. B) When
the 3x(al_op) pMLPm yfp plasmid is co-transfected with the plasmids express-
ing crispr'TF, al _gRNA and TetR or Lacl, we observe an inducible activation of yfp
expression. The bars represent the mean of the YFP levels of 100, 000 individual cells.
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3.2.3 Orthogonality

To further demonstrate the potential of crisprTFs toward constructing synthetic pro-
moters and gRNAs that are orthogonal with respect to each other, we tested three
randomly designed gRNAs (al, a2 and a3 gRNAs) for their ability to activate each
other’s target sequences. As shown in Figure [3-6] each of the gRNAs exhibited high

activity at their cognate target sequences but low activity at non-cognate sequences.

a1l gRNA 15000

15000

4x (a1_op) 4x (a2_op) 4x (a3 _op)

Figure 3-6: Constructing Orthogonal crisprTF responsive promoters. Heat map il-
lustrating the orthogonality of crisprTFs in human cells. Plasmids encoding three
orthogonal gRNAs (al, a2, and a3 gRNAs) were co-transfected into HEK293T cells
along with one of the three reporter plasmids (each encoding 4x operator sites for a
given gRNA) upstream of pMLPm promoter driving yfp expression. Only cognate in-
teractions between gRNAs and target binding sites resulted in significant activation.
The standard error of the mean of YFP fluorescence for three independent biological
replicates is indicated in each cell of the heat-map plot.

These results suggest that one can construct synthetic promoters and gRNAs that
are orthogonal with respect to each other and to the host genome. The ease of design
and expression of customized gRNAs in comparison to ZFs and TALEs make CRISPR-
based transcription factors appealing as synthetic TFs for modulating endogenous
gene expression as well as for synthetic biology. The ability to customize the target

site of dCas9 via the expression of short gRNAs obviates the need to engineer multiple
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orthogonal DBDs in order to construct complex transcriptional circuits. This could
potentially reduce the overall metabolic burden on cells and enable the integration of

more complex synthetic computation and logic within living cells.

3.3 CrisprTF based synthetic gene circuits

More complex regulatory and logic circuits, such as cascades and complex digital
logics gates can be built by layering crisprTFs we have built so far. The possibility of
integrating multiple inputs at a single promoter expands the regulatory potential and
provides us with increased flexibility that can be leveraged while designing synthetic
transcriptional networks or rewiring endogenous pathways. Furthermore, since both
activation and repression functions can be achieved with crisprTFs, the crisprTF
platform may be advantageous compared to RNAi-based gene regulatory platforms

where only repression can be achieved.

3.3.1 ‘A’ and ‘B’ boolean logic in single cells

To demonstrate the multiplexing ability of crispr'TFs, we designed a synthetic gene
circuit that employs multiple gRNAs in single cells. In Figure [3-7] we built and char-
acterized a circuit that uses two different gRNAs, a3 and gb, to independently activate
two different promoters and drive the expression of yfp and mKate respectively. The
reporter plasmids are comprised of following architectures: 4x(a3_op) pMLPm_yfp
and 4x(gh_op) pMLPm mKate, which are similar to the ones we used earlier.
However, instead of co-transfecting a plasmid encoding dCas9-VP64, we used a sta-
ble cell line derived from HEK293T cells that constitutively expresses dCas9-VP64
(HEK293T-taCas9). For each different scenario in Figure [3-7}B, we co-transfected
both the reporter plasmids and one of four two-wise combinations of a non-specific
gRNA, a3 gRNA and gh gRNA as indicated.

Although the circuits have a robust performance as indicated by flow cytometry
data in Figure [3-7}B, the microscopy data reveals that not all individual cells express
YFP and mKate simultaneously when transfected with both a3 and gb gRNAs. We
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Figure 3-7: Orthogonal crisprTF responsive promoters implementing two 2-input logic
gates ‘A’ and ‘B’ in single cells. Two-wise combinations of plasmids encoding orthog-
onal gRNAs (a3 and gb gRNAs) and a non-specific (NS) gRNA were co-transfected
into HEK293T-taCas9 cell line that constitutively expresses dCas9-VP64. Two re-
porter plasmids were also co-transfected - The first reporter plasmid encoded 4x
operator sites for a3 gRNA upstream of pMLPm promoter driving yfp expression
and the second reporter plasmid encoded 4x operator sites for gh gRNA upstream
of pMLPm promoter driving mKate expression. The circuit schematic implements
two 2-input logic gates ‘A’ and ‘B’ in single cells as demonstrated by fluorescent
microscopy and multicolor flow cytometry. Error bars indicate the standard error of
mean of YFP fluorescence and mKate fluorescence respectively for three independent
biological replicates.

believe this is because of sub-optimal transfection efficiencies while co-transfecting

four different plasmids, resulting in some cells not receiving all four plasmids.

3.3.2 ‘NOT A’ and ‘B’ boolean logic in single cells

For our next circuit, we decided to take advantage of the fact that crisprTFs can
affect both activation and repression of gene expression depending on the location of

the DNA target site with respect to the promoter. As depicted in Figure [3-8-A, we
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Figure 3-8: Orthogonal crispr'TF responsive promoters implementing two 2-input
logic gates ‘NOT A’ and ‘B’ in single cells. Two-wise combinations of plasmids en-
coding orthogonal gRNAs (a3 and gh gRNAs) and a non-specific (NS) gRNA were
co-transfected into HEK293T-taCas9 cell line that constitutively expresses dCas9-
VP64. Two reporter plasmids were also co-transfected - The first reporter plasmid
encoded an operator site for pl gRNA downstream CMV promoter driving yfp ex-
pression and the second reporter plasmid encoded 4x operator sites for gh gRNA
upstream of pMLPm promoter driving mKate expression. The circuit schematic im-
plements two 2-input logic gates ‘NOT A’ and ‘B’ in single cells as demonstrated
by fluorescent microscopy and multicolor flow cytometry. Error bars indicate the
standard error of mean of YFP fluorescence and mKate fluorescence respectively for
three independent biological replicates.

designed a pl gRNA that targets downstream of the native CMV promoter (CMVp)
that drives the expression of yfp. Although CMVp constitutively expresses YFP,
when co-transfected with pl gRNA in to HEK293-taCas9 cells, we found that CMVp
activity is thoroughly silenced (> 50-fold) by pl gRNA guided crisprTF. By co-
transfecting with a second reporter plasmid encoding 4x operator sites for gb gRNA
upstream of pMLPm promoter driving mKate expression and with plasmids encoding

respective gRNAs, we were able to demonstrate the simultaneous implementation of
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two different logic gates ‘NOT A’ and ‘B’ in single cells. The circuits also have a
robust performance with > 10-fold difference between the ON and the OFF states as

measured by multicolor flow cytometry ref., Figure 3-8 B.

3.3.3 ‘A XOR B’ boolean logic in single cells

Given its complexity, ‘A XOR B’ logic is considered to be one of the most challenging
logics to implement in single cells [127], [I7]. We leverage crisprTF’s ability to simul-
taneously active and repress gene expression and design a compact architecture that
encodes XOR logic. As depicted in Figure [3-9+A, we build two symmetric promoters
with each of the gRNAs a2 and a3 activating one of the promoters while repressing
the other. To realize such a design, we introduce 4x operator sites for a2 gRNA up-
stream and a 1x operator site for a3 gRNA downstream of pMLPm promoter driving
the expression of yfp. Similar but inverted design is used for the second promoter in
which we introduce 4x operator sites for a3 gRNA upstream and a 1x operator site
for a2 gRNA downstream of pMLPm promoter. Both of the promoters are designed
to drive yfp expression.

Our design results in a simple but efficient implementation of the XOR logic in
single cells. Although the circuit does have > 10-fold difference between the ON and
the OFF states, the ON state when a3 gRNA is expressed is lower than the one when
a2 gRNA is expressed. Further tuning of individual gRNAs to match their affinities
to the respective target DNA sequences and/or increasing the number of upstream
gRNA operator sites should result in better performance. Given the inefficiencies
associated with DNA delivery inherent to transient transfections, moving on to a
Lentivirus based, stable integration platform should also provide additional boosts in
logic circuit performance.

Unlike ZFs or TALENS, a single dCas9-VP64 protein shared across multiple dif-
ferent gRNAs, each targeting a different DNA sequence can be used as a versatile
transcription factor. Moreover, the complexity of the circuits measured in terms of
the unique number of parts employed can be much smaller when both the activating

and the repressing ability of crisprTFs is leveraged, as is evident with our XOR design
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Figure 3-9: Orthogonal crisprTF responsive promoters implementing ‘A XOR B’
logic in single cells. Two-wise combinations of plasmids encoding orthogonal gRNAs
(a2 and g3 gRNAs) and a non-specific (NS) gRNA were co-transfected into HEK293T-
taCas9 cell line that constitutively expresses dCas9-VP64. Two reporter plasmids
were also co-transfected. The first reporter plasmid encoded a 4x operator sites
for a2 gRNA upstream and 1x operator site for a3 gRNA downstream of pMLPm
promoter driving yfp expression. The second reporter plasmid encoded 4x operator
sites for a3 gRNA upstream and 1x operator site for a2 gRNA downstream of pMLPm
promoter driving mKate expression. The circuit schematic implements a 2-input logic
gate ‘A XOR B’ in single cells as demonstrated by multicolor flow cytometry. Error
bars indicate the standard error of mean of YFP fluorescence and mKate fluorescence
respectively for three independent biological replicates.

implemented above. The ease with which each of the above boolean logic gates could
be implemented demonstrates the potential crispr'TFs have towards enabling complex

synthetic transcriptional network design and for probing endogenous networks.
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3.4 Methods

3.4.1 Plasmid construction

To construct the mammalian dCas9-VP64 expressing plasmid, we first introduced
D10A and H841A mutations into hCas9 [97] (Addgene, Plasmid #41815). Then, three
repeats of SV40 Nuclear Localization Signal (3xNLS) were fused to the C-terminus of
the mutated hCas9 using a PCR-based assembly protocol. Using a multipart Gibson
assembly protocol, the immediate-early promoter of cytomegalovirus (pCMV), dCas9-
3xNLS, VP64, and SV40 polyA terminator were cloned into the Notl site of the pG5-
Luc plasmid (Promega). To monitor successfully transfected cells by flow cytometry,
we replaced the original luciferase gene in pG5-Luc with mKATE (Evrogen). The
resulting pPGK1-mKATE cassette served as a constitutive fluorescent protein control
that was used to gate for the presence of the crisprTF-expressing plasmid with flow
cytometry in Figure [3-1}

The gRNA expression plasmids were constructed by cloning the 138 bp human U6
promoter (an RNA-polymerase-ITI-dependent promoter [84]), along with the gRNA
handle and terminator into a plasmid containing pPGK1-eBFP2 flanked by the SV40
polyA terminator (a gift from Lior Nissim, Lu lab). A Sacl site was placed at the
3’-end of the U6 promoter to enable the cloning of different specificity determining
sequences for each gRNA. The reporters were assembled into the gRNA-expressing
plasmid through a one-step Gibson assembly reaction, where the upstream polyadeny-
lation (pA) signal and transcriptional pause site from pG5-Luc, along with a 41 bp,
minimal adenovirus type 2 major late promoter (pMLPm), mYFP, and HSV polyA
signal were cloned into the Aatll site of the gRNA-expressing plasmids.

For the synthetic promoter experiments, additional gRNA operator sites were
cloned in the Nhel site upstream of the pMLPm promoter (see Table . For the
repression experiments, dCas9-KRAB was constructed by cloning a 366 bp KRAB
domain to the C-terminus of dCas9. GCCACC was used as the Kozak sequence for
the expression of dCas9-VP64, mYFP, eBFP2, and mKATE. Unless directly targeted

by gRNAs for repression assays or used a reporter in building logic gate circuits,
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the mKATE fluorescent protein on the crisprTF-expression plasmid and the eBFP2
fluorescent protein on the reporter/gRNA plasmid served as our gating controls for
flow cytometry analysis.

More information on the plasmid DNA sequences can be found in Table in
the appendix.

3.4.2 Cell lines

To build the HEK293T-taCas9 cell line, a lentiviral (LV) plasmid encoding dCas9-
VP64-p2a-puroR was constructed by cloning in amplified dCas9-VP64 and p2a-puroR
in to the BamHI and EcoRI sites of the 3rd generation lentiviral plasmid - FUGw [89]
(Addgene #14883) via Gibson assembly. LV particles were produced by transfecting
200,000 HEK293T cells with 1 ug of lentivial plasmid encoding dCas9-VP64-p2a-
puroR and 0.5 ug of pCMV-VSV-G (Addgene #8454) and 0.5 ug of pCMV-dRS8.2
(Addgene #8455). The cell culture supernatant containing LV particles was collected
48 hrs post transfection, filtered with a 0.2 uM Cellulose acetate filter and was used to
infect HEK293T cells supplemented with 8 ug/mL polybrene. Successfully transduced

cells were obtained by selection with puromycin at 3 ug/mL for four days.

3.4.3 Cell culture

HEK293T kidney epithelial cells and the derived cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), 1% glutamine, and Non-essential amino acids. Cells were grown under 5%
CO2 at 37C. Continuous culture of HEK293T and derived cells was maintained by
passaging cells at 80-100% confluency. 0.05% Trypsin (diluted 1/5 in PBS from the
standard 0.25% Trypsin) was used for passaging HEK293T and derived cells. Cells
were transfected with Fugene-HD transfection reagent (Promega) using the protocol
below and assayed for gene expression with flow cytometry or fluorescent microscopy

at 48 h post transfection.
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3.4.4 Transfections

Promega’s Fugene-HD was used as our transfection reagent. Fresh growth medium
was added to cells already growing in logarithmic phase, four to six hours prior to
transfection. The cells (in a 10 cm dish) to be transfected were ensured to be ~ 80
to 100% confluent at the time of transfection. At the time of transfection, cells were
washed with warm PBS, trypsinized with 0.05% trypsin and pipetted up and down
using a 10 mL stripette to dissociate cells from cell-cell adhesions. The cells were then
collected in a 50 mL falcon tube, spun down at 2000 rpm for 5 min and resuspend in
~ 8 mL of warm, fresh medium to achieve a density of 1,000,000 cells/mL.

Once the DNA, opti-MEM and transfection reagent were allowed to arrive at
room temperature, the following mixture was prepared in a 1.5 mL tube for a six
well transfection: 80 ul opti-MEM + 20 uL total DNA (The DNA is normalized to
be at 100 ng/ul)). 10 ul. of Fugene-HD at room temperature was added to the above
mixture and the mixture was vortexed, briefly spun down and left undisturbed at
room temperature for 15 to 20 min to allow DNA /lipid complex formation. After
15 to 20 min of complex formation, 200 ul of cells (200,000 cells from a 1,000,000
cells/mL suspension) were added to the complexed mixture, pipetted up and down
and let sit for two minutes. All of the cell 4+ complex mixture was plated in a well (of
a six well plate) and incubated at 37C, 5% CO,. The transfection reagent + DNA
mixture was never left undisturbed for more than 20 minutes as this would result in

larger complexes and will lower the transfection efficiency.
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Chapter 4

Integrating CRISPR-Cas with
Mammalian RNA biology

In Chapter [3} we discussed how the Cas9 protein and the guide RNA (gRNA) from
type II CRISPR/Cas system can be adapted to achieve programmable DNA bind-
ing without requiring complex protein engineering. In this system, the sequence
specificity of the Cas9 DNA-binding protein is determined by guide RNAs (gR-
NAs) that have base-pairing complementarity to DNA target sites. This enables
simple and highly flexible programing of Cas9 binding. Cas9’s nuclease activity has
been adapted for precise and efficient genome editing in prokaryotic and eukaryotic
cells [29] [67, 68, 69, 97]. A mutant derivative of this protein (dCas9), which lacks
nuclease activity, was modified to enable programmable transcriptional regulation
of both ectopic and native promoters to create CRISPR-based transcription factors
(CRISPR-TFs) in mammalian cells [25], [42] 51} 90, 96, 107]. Type III CRISPR/Cas
systems (RNA-targeting Cas proteins) have also been adapted for synthetic biology
applications [I13]. For example, the type IIT CRISPR/Cas-associated Csy4 protein
from Pseudomonas aeruginosa has been used in bacteria to achieve predictable regu-
lation of multigene operons by cleaving precursor mRNAs. The functionality of Csy4
has also been demonstrated in bacteria, archaea, and eukaryotes [113].

CRISPR-TFs can enable the construction of large-scale synthetic gene circuits

and the rewiring of natural regulatory networks. This is due to the ease of defining
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new, orthogonal transcriptional regulators by designing artificial gRNAs. However,
up until now, gRNAs in human cells have only been expressed from RNA polymerase
IIT (RNAP IIT) promoters, presumably since RNAs expressed from most RNA poly-
merase [T (RNAP II) promoters are expected to be exported to the cytoplasm, while
gRNAs and Cas9 need to interact with DNA in the nucleus. Because RNAP III
promoters comprise only a small portion of cellular promoters and are mostly consti-
tutively active [105], this is an important limitation for programming CRISPR/Cas
activity for conditional gene regulation and genome engineering. For example, condi-
tional regulatory systems in which gRNA production is linked to tissue-specific [24],
temporally controllable [49] and/or inducible expression systems [75] cannot be read-
ily constructed with RNAP III promoters, whereas many such systems that utilize
RNAP II promoters exist. Another limitation of existing CRISPR/Cas regulatory
schemes is that multiple gRNAs are typically needed to efficiently activate endoge-
nous promoters [25, 90, @7, 107], but strategies for multiplexed gRNA production
from single transcripts have not yet been described. As a result, multiple gRNA ex-
pression constructs are currently needed to perturb natural transcriptional networks,

thus limiting scalability.

In addition to transcriptional regulation, natural circuits leverage RNA-based
posttranscriptional regulation to achieve complex behaviors [3], 23] 87, Q9] [144]. Short
hairpin RNAs (shRNAs) and microRNAs (miRNAs) have been expressed from both
RNAP IT and RNAP III promoters and can be embedded in 3 UTRs or as introns
[52, 124, 133]. Moreover, multiple miRNAs can be expressed concomitantly from
the same transcript [124], and synthetic circuits that use siRNA- and miRNA-based
regulation in mammalian systems have been built [52] 146]. Thus, gene regulatory
strategies based on combining RNA engineering with transcriptional and posttran-
scriptional regulation would be useful in studying and modeling natural systems or

implementing artificial behaviors.

In this Chapter, we integrate mammalian and bacterial RNA-based regulatory
mechanisms to create complex synthetic circuit topologies and to regulate endogenous

promoters. We combine multiple mammalian RNA processing strategies, including 3’
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RNA triple helixes (triplexes) [145], introns, and ribozymes with mammalian miRNA
regulation, bacteria-derived CRISPR-TFs, and the Csy4 RNA-modifying protein. We
use these tools to generate functional gRNAs from RNAP-II-regulated mRNAs in hu-
man cells for activating both synthetic and endogenous promoters, while rendering
the concomitant translation of the harboring mRNAs tunable. Furthermore, we de-
velop strategies for multiplexed gRNA production that enable compact encoding of
proteins and multiple gRNAs in single transcripts. To demonstrate the utility of
these tools, we implemented multistage transcriptional cascades and combined mam-
malian miRNA-based regulation with CRISPR-TFs to create multicomponent genetic
circuits whose feedback loops, interconnections, and behaviors could be rewired by
Csy4-based RNA processing. Thus, integration of CRISPR-TFs with mammalian
RNA regulatory architectures can be used to construct complex, synchronized, and
switchable networks using synthetic transcriptional regulation and RNA-processing

mechanisms.

4.1 Strategies to express gRNAs from RNAP II

promoters

An important first step to enabling complex CRISPR-~TF-based circuits is to generate
functional gRNAs from RNAP II promoters in human cells, which would allow for
the coupling of gRNA production to specific regulatory signals. For example, the
activation of gRNA-dependent circuits could be conditionally initiated in defined
cell types or states or tuned in response to external inputs with specific RNAP II
promoters. Furthermore, the ability to simultaneously express gRNAs along with
proteins from a single transcript would allow multiple outputs, including effector
proteins and regulatory links, to be produced from a concise genetic architecture.
Thus, we sought to simultaneously generate functional gRNAs and proteins from

RNAP II promoters.
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4.1.1 Functional gRNA Generation with an RNA Triple Helix
and Csy4

We first utilized the RNA-binding and RNA endonuclease capabilities of Csy4 |58, 132]
to release gRNAs from transcripts that also encode functional protein sequences,
generated by RNAP II promoters. Csy4 recognizes a 28 nt RNA sequence (hereafter
referred to as the “28” sequence), cleaves the RNA | and remains bound to the upstream
RNA fragment [58]. Specifically, we used the CMV promoter (CMVp) to express a
gRNA (gRNA1), flanked by two Csy4 binding sites, downstream of an mKate2 coding
region as shown in Figure [A-I}A. In this architecture, RNA cleavage by Csy4 releases
a functional gRNA but also removes the poly-(A) tail from the upstream mRNA,

which is known to result in impaired translation of most eukaryotic mRNAs [111].

To complement the Csy4-mediated loss of the poly(A) tail, we cloned a 110 bp
fragment derived from the 3’ end of the mouse MALAT1 locus [145] downstream of
mKate2 and immediately upstream of the gRNA sequence flanked by Csy4 recognition
sites. This sequence forms a highly conserved 3’ triple helical structure known to
stabilize transcripts lacking a poly-(A) tail and enables their translation [145]. Thus,
our final “triplex/Csy” architecture was a CMVp-driven mKate2 transcript with a
3’ triplex sequence followed by a 28-gRNA-28 sequence (CMVp-mK-Tr-28-gRNA-28)
4-1l

To characterize gRNA activity, we co-transfected HEK293T cells with the CMVp-
mK-Tr-28-gRNA1-28 expression plasmid, along with a plasmid encoding a synthetic
P1 promoter that is specifically activated by the gRNA1/taCas9 complex to express
EYFP (see taCas9 definition below) [42]. In this experiment and all the following
ones (unless otherwise indicated), we also co-transfected a plasmid expressing a tran-
scriptionally active dCas9-NLS-VP64 protein (taCas9), which consists of dCas9 fused
to a SV40 nuclear localization signal (NLS) [73] and the viral VP64 transcription ac-
tivation domain, which efficiently recruits RNA Pol II to initiate transcription [9]. We
also transfected HEK293T cells with 0-400 ng of a Csy4-producing plasmid (where
Csy4 was produced by the murine PGK1 promoter) along with 1 ug of the other
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Figure 4-1: (A) gRNA1 was flanked by two Csy4 recognition sites (“28”), placed
downstream of an mKate2 gene followed by an RNA triplex, and produced by
CMVp. Csy4 generates gRNAs that can be incorporated into a transcriptionally
active dCas9-VP64 (taCas9) to activate a synthetic promoter (P1) driving EYFP
(P1-EYFP).

(B) The presence of Csy4 enabled a 60-fold increase in EYFP levels, validat-
ing the generation of functional gRNAs. Fluorescence values were normalized to
the maximum respective fluorescence between the data in this figure and Figures
2B-2D to enable cross-comparisons between the “triplex/Csy4” and “intron/Csy4”
architectures.

(C) Csy4 and taCas9 have opposite effects on mKate2 fluorescence generated
by CMVp-mK-Tr-28-g1-28. The mKate2 fluorescence levels were normalized to the
maximum mKate2 value observed (Csy4 only) across the four conditions tested here.

(D) The human RNAP II promoters CXCL1, H2A1l, and UbC and the viral
CMVp were used to drive expression of four different gRNAs (gRNA3-gRNAG,
Table previously shown to activate the ILIRN promoter [107] from the
“triplex/Csy4” construct. These results were compared to the RNAP III promoter
Ub6p driving direct expression of the same gRNAs. Four different plasmids, each
containing one of the indicated promoters and gRNAs 3-6, were co-transfected along
with a plasmid encoding taCas9 and with or without a plasmid expressing Csy4.
Relative ILIRN mRNA expression, compared to a control construct with nonspecific
gRNA (NS, CMVp-mK-Tr-28-g1-28), was monitored using qRT-PCR.

(E) The input-output transfer curve for the activation of the endogenous IL1RN
loci by the “triplex/Csy4” construct was determined by plotting the mKate2 levels
(as a proxy for the input) versus the relative ILIRN mRNA expression levels (as
the output). Tunable modulation of endogenous loci can be achieved with RNAP
IT promoters of different strengths, with the presence of Csy4 greatly increasing
activation compared with the absence of Csy4. The IL1RN data is the same as
shown in (D). Data are represented as mean + SEM. See also Figures and

plasmids (Figures [4-1}B and [B-1}A, for raw data).

Increasing Csy4 plasmid concentrations increased mKate2 levels by up to 5-fold
(Figure[4-1} B). Furthermore, functional gRNAs generated from this construct induced
EYFP expression by up to 60-fold from the P1 promoter. While mKate2 expression
continued to increase with the concentration of the Csy4-producing plasmid, EYFP

activation plateaued after 50 ng of the Csy4-producing plasmid. FExamination of
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cell cultures with microscopy showed visual evidence of Csy4-mediated cytotoxicity
(roughly ~20% cell death) at 400 ng Csy4 plasmid concentrations while minimal
cytotoxicity was observed at 0-200 ng Csy4 plasmid concentrations. Thus, we used
100-200 ng of the Csy4 plasmid in subsequent experiments (except where otherwise
noted), although this reduced the number of Csy4-positive cells after transfection.
This issue could be addressed in future work by using weaker promoters to regulate

Csy4 expression or by generating stable Csy4-producing cell lines.

We characterized the relative effects of Csy4 and taCas9 in this architecture on the
levels of the gRNA-harboring protein by measuring mKate2 fluorescence in the pres-
ence of Csy4 and taCas9, Csy4 alone, taCas9 alone, or neither protein (Figures C
and [B-2+A). The lowest mKate2 fluorescence resulted from the taCas9-only condi-
tion. Since we used a taCas9 with a strong NLS, this effect could have been mediated
by taCas9 binding to the gRNA within the mRNA and localizing the transcript to
the nucleus, thus inhibiting translation of the harboring mKate2. This hypothesis
is supported by data demonstrating that endogenous promoters can be activated by
gRNAs produced from the “triplex/Csy4”-based architecture even in the absence of
Csy4 (see below and Figures D and E). The highest mKate2 levels were obtained
with Csy4 alone, suggesting that Csy4 processing could enhance mKate2 levels. The
levels of mKate2 in the absence of both Csy4 and taCas9, as well as in the presence
of both Csy4 and taCas9, were similar and were reduced by 3- to 4-fold compared
with Csy4 only. Thus, titrating Csy4 and taCas9 levels can tune the input-output
relationship of CRISPR/Cas-based circuits.

To validate the robustness of the “triplex/Csy4” architecture, we adapted it to
regulate the expression of a native genomic target in human cells. We targeted the
endogenous IL1RN locus for gene activation via the coexpression of four distinct previ-
ously described gRNAs: gRNA3, gRNA4, gRNA5, and gRNAG (Table|A.3)) [I07]. The
IL1RN gene cluster encodes the expression of IL-1Ra protein, which is a modulator of
the immune response and has been shown to be beneficial for treating inflammatory

diseases [33].

We designed each of the four gRNAs to be expressed concomitantly with mKate2,
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each from a separate plasmid. Each set of four gRNAs was regulated by one of
the following promoters: the CMVp, human Ubiquitin C (UbCp), human Histone
H2A1 (H2A1lp) [115], and human inflammatory chemokine CXCL1 (CXCL1p) pro-
moters [140]. H2A1p and CXCL1p have been shown to be deregulated in a malignant
transformation model [I00]. As a control, we also used the RNAP III promoter U6
(U6bp) to drive expression of the four gRNAs. For each promoter tested, four plasmids
encoding the four different gRNAs were cotransfected along with plasmids expressing
taCas9 and Csy4. As a negative control, we substituted the ILIRN-targeting gRNA
expression plasmids with plasmids that expressed gRNA1, which is nonspecific for

the ILIRN promoter (Figure [4-1}D, “NS”).

We used qRT-PCR to quantify the mRNA levels of the endogenous IL1RN gene,
with the results normalized to the nonspecific control. With the four gRNAs regu-
lated by U6p, ILIRN activation levels were increased by 8,410-fold in the absence
of Csy4 and 6,476-fold with 100 ng of the Csy4-producing plasmid (Figure [4-1}D,
“U6p”). ILIRN activation with gRNAs expressed from the CMVp was substantial
(Figure [-1}D, “CMVp”), with 61-fold enhancement in the absence of Csy4 and 1,539-
fold enhancement in the presence of Csy4. The human RNAP II promoters generated
~ 2- to 7-fold activation in the absence of Csy4 and ~ 85- to 328-fold activation in the
presence of Csy4 (Figure {-1}D; “CXCL1p,“H2A1p,” and “UbCp”). Strikingly, ILIRN
activation observed in the absence of Csy4 suggests that taCas9 can utilize gRNAs
encoded in long nonprocessed RNA transcripts, albeit with much lower efficiency than

Csy4-processed gRNAs.

To characterize the input-output transfer function for endogenous gene regula-
tion, we used mKate2 fluorescence generated by each promoter as a marker of input
promoter activity for the various RNAP II promoters (Figure E) These data in-
dicate that IL1RN activation was not saturated in the conditions tested and that
a large dynamic range of endogenous gene regulation can be achieved with human
RNAP II promoters. Thus, tunable modulation of native genes can be achieved using

CRISPR-TFs with gRNAs expressed from the “triplex/Csy4” architecture.
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4.1.2 Functional gRNA Generation from Introns with Csy4

Complementary to the “triplex/Csy4” architecture, we developed an alternative strat-
egy for generating functional gRNAs from RNAP II promoters by encoding gRNAs
within an intronic sequence of a gene. Such a strategy has been used previously to
generate synthetic siRNAs in mammalian cells [52]. Specifically, we encoded a gRNA
as an intron within the mKate2 coding sequence using previously described “consen-
sus” acceptor, donor, and branching sequences [129, [135]. We expected that, once
spliced, the gRNA would associate with taCas9 to activate a cognate synthetic pro-
moter regulating EYFP. However, this simple architecture resulted in undetectable
EYFP levels (FigurB, bottom panel). These data are consistent with previous
studies highlighting that the lifetime of most intronic RNAs is typically only a few
minutes [3, 28]. Thus, we concluded that without any stabilization, intronic gRNAs

would be expected to be rapidly degraded.

We tried two different approaches to stabilize intronic gRNAs. First, we used in-
tronic sequences that have been reported to produce long-lived introns. This included
constructs such as the HSV-1 latency-associated intron, which forms a stable circular
intron [I5], and the sno-IncRNA2 (snoRNA2) intron, which is processed on both ends
by the snoRNA machinery, which protects it from degradation [I48]. However, these
approaches also resulted in undetectable activation of the target promoter (data not

shown).

As an alternative strategy, we sought to stabilize intronic gRNAs by flanking
the gRNA cassette with two Csy4 recognition sites (Figure . In this model,
spliced gRNA-containing introns should be bound by Csy4, which should release
functional gRNAs. However, Csy4 can also potentially bind and digest the pre-
mRNA before splicing occurs. In this case, functional gRNA would be produced,
but the mKate2-containing pre-mRNA would be degraded in the process (Figure
A). Thus, increased Csy4 concentrations are expected to result in decreased mKate2
levels but higher levels of functional gRNA. The decrease in mKate2 levels and the

increase in functional gRNA levels with Csy4 concentrations could be expected to
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Figure 4-2: The “Intron/Csy4” Architecture (CMVp-mK gx1-|28-g1-28|intron-m K gx2)
Generates Functional gRNAs from Introns in RNAP-II-Expressed Transcripts

(A) gRNA1 is flanked by Csy4 recognition sites and encoded within an intron,
leading to functional gRNA1 generation with Csy4 and activation of a downstream
P1-EYFP construct. In contrast to the “triplex/Csy4” construct in Figure the
“Intron/Csy4” architecture results in decreased expression of the harboring gene with
increased Csy4 levels, which may be due to cleavage of pre-mRNA prior to splicing.

(B-D) Three introns — a consensus intron (B), snoRNA2 intron (C), and an
HSV1 intron (D) — combined with Csy4 resulted in functional gRNAs as assessed by
EYFP expression. Fluorescence values were normalized to the maximum fluorescence
between these data and Figure [d-1}B. Data are represented as mean =SEM. See also

FiguresB-1B-3]
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depend on several factors, which are illustrated in Figure (black arrows, Csy4-
independent processes; green arrows, Csy4-mediated processes). These competing
factors include the rate at which Csy4 binds to its target sites and cleaves the RNA,
the rate of splicing, and the rate of spliced gRNA degradation in the absence of Csy4.
To examine the behavior of the “intron/Csy4” architecture, we used CMVp to drive
expression of mKate2 harboring HSV1, snoRNA, and consensus introns containing
gRNAT1 flanked by two Csy4 binding sites (CMVp-mKgx1-|28-g1-28|intron-m K gx2)
along with a synthetic P1 promoter regulating the expression of EYFP (Figure
A).

4.1.3 Functional gRNA Generation with Cis-Acting Ribozymes

Very recently, the generation of gRNAs from RNAP II promoters for genome editing
was demonstrated in wheat [I38] and yeast [47] with cis-acting ribozymes. In addi-
tion to the “triplex/Csy4” and “intron/Csy4” based mechanisms described above, we
employed self-cleaving ribozymes to enable gene regulation in human cells via gRNAs
generated from RNAP II promoters. Specifically, our gRNAs were engineered to con-
tain a hammerhead (HH) ribozyme [I09] on their 5" end and a HDV ribozyme [43]
on their 3’ end (Figure [4-3)).

We tested ribozymes in three different architectures for their ability to generate
gRNAL1 to activate EYFP from P1-EYFP and maintain mKate2 expression: (1) an
mKate2 transcript followed by a triplex and a HH-gRNA1-HDV sequence (CMVp-
mK-Tr-HH-g1l-HDV, Figure[d-3tA); (2) an mKate2 transcript followed a HH-gRNA1-
HDV sequence (CMVp-mK-HH-g1-HDV, Figure [1-31B); and (3) the sequence HH-
gRNA1-HDV with no associated protein-coding gene (CMVp-HH-g1-HDV, Figure
BFC). We compared gRNAs generated from these architectures with gRNAs produced
by U6p and the “triplex/Cys4” architecture (with 200 ng of the Csy4 plasmid).

All constructs that contained mKate2 exhibited detectable mKate2 fluorescence (
Figures [1-3}D and [B-4)). Surprisingly, this included CMVp-mK-HH-g1-HDV, which
did not have a triplex sequence and was thus expected to have low mKate2 levels

due to removal of the poly-(A) tail. Our observations could result from inefficient
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Figure 4-3: Ribozyme Architectures Expressed from CMVp Can Produce Active
gRNAs

(A) gRNA1 was flanked with hammerhead (HH) and HDV ribozymes and encoded
downstream of mKate2 with an RNA triplex (CMVp-mK-Tr-HH-g1-HDV).

(B) gRNA1 was flanked with HH and HDV ribozymes and encoded downstream of
mKate2 with no RNA triplex (mK-HH-g1l-HDV).

(C) gRNA1 was flanked with HH and HDV ribozymes (HH-gl-HDV).

(D) The three architectures efficiently generated gRNA1 to activate P1-EYFP. The
“triplex/Csy4” construct (CMVp-mK-Tr-28-g1-28), with and without Csy4, and the
RNAP III promoter Ubp driving gRNA1 (Ubp-gl) are shown for comparison. Data
are represented as mean £SEM. See also FigurdB-4]
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ribozyme cleavage [26] that allows non-processed transcripts to be transported to
the cytoplasm and translated, protection of the mKate2 transcript by the residual 3’
ribozyme sequence, or other mechanisms yet to be determined. In terms of target
EYFP activation, the highest EYFP fluorescence level was generated from gRNAs
expressed by U6p, followed by the CMVp-HH-g1-HDV and CMVp-mK-HH-gl-HDV
constructs (Figure [I-3tD). The CMVp-mK-Tr-HH-gRNA1-HDV and “triplex/Csy4”
architectures resulted in similar EYFP levels. Thus, cis-acting ribozymes can mediate

functional gRNA expression from RNAP II promoters.

4.2 Multiplexed gRNA Expression from Single RNA

Transcripts

A major challenge in constructing CRISPR-TF-based circuits in human cells, espe-
cially ones that interface with endogenous promoters, is that multiple gRNAs are
necessary to achieve desired activation levels, since single gRNAs do not typically
achieve significant activation [25 00, 96, 107]. Current techniques rely on multiple
gRNA expression cassettes, each with their own promoter and terminator. Our toolkit

can generate multiple functional gRNAs from a single compact transcript.

We expressed two independent gRNAs from a single RNA transcript to activate
two independent downstream promoters. In the first architecture (“intron-triplex”),
we encoded gRNA1 within an HSV1 intron flanked by two Csy4 binding sites within
the coding sequence of mKate2. Furthermore, we encoded gRNA2 enclosed by two
Csy4 binding sites downstream of the mKate2-triplex sequence ( Figure 4A, “Input
A”). In the second architecture (“triplex-tandem”), we surrounded both gRNA1 and
gRNA2 with Csy4 binding sites and placed them in tandem, downstream of the
mKate2-triplex sequence (Figure B, “Input B”). In both architectures, gRNA1
and gRNA2 targeted the synthetic promoters P1-EYFP and P2-FECFP, respectively.

Both strategies for multiplexed gRNA expression enable functional taCas9 activity

at multiple downstream targets and can be tuned for desired applications (Figures

83



A Input A (CMVp-mK_, -[28-91-28], ,, -mK_, - Tr-28-g2-28)

E
CMVp 28bp gRNAT 28bp .
mKate2-EX1 mKate2-EX2 ¢ Triplex ¢ 28bp gRNA2 28bp Z2pA

1 l

P1-EYFP P2-ECFP

} |
@D >

B oMV Input B (CMVp-mK-Tr-28-g1-28-g2-28)
P mKate2 3 Triplex g 28bp FgRNATY 28bp gRNA2 28bp =pA

P1-EYFP P2-ECFP

| |
@D o

C E mKate2 m EYFP m ECFP

Relative fluorescence (a.u.)

Input A Input B Input A Input B
P1-EYFP P1-EYFP P1-EYFP P1-EYFP
P2-ECFP P2-ECFP P2-ECFP P2-ECFP

— Csy4 + Csy4

Figure 4-4: The “Triplex/Csy4” and “Intron/Csy4” Architectures Enable Multiplexed
gRNA Expression from a Single Transcript and Compact Encoding of Synthetic Cir-
cuits with Multiple Outputs

84



Figure 4-4: (A) In the first design (Input A, “intron-triplex”), we encoded gRNA1
within a HSV1 intron and gRNA2 after an RNA triplex. Both gRNAs were flanked
by Csy4 recognition sites. Functional gRNA expression was assessed by activation of
a gRNAl-specific P1-EYFP construct and a gRNA2-specific P2- ECFP construct.

(B) In the second design (Input B, “triplex-tandem”), we encoded both gRNA1 and
gRNA2 in tandem, with intervening and flanking Csy4 recognition sites, downstream
of mKate2 and an RNA triplex. Functional gRNA expression was assessed by
activation of a gRNA1-specific P1-EYFP construct and a gRNA2-specific P2-ECFP
construct.

(C) Both multiplexed gRNA expression constructs efficiently activated EYFP
and ECFP expression in the presence of Csy4, thus demonstrating the generation
of multiple active gRNAs from a single transcript. Data are represented as mean

+SEM. See also Figure [B-5]

C and . Specifically, the “intron-triplex” construct exhibited a 3-fold decrease
in mKate2, a 10-fold increase in EYFP, and a 100-fold increase in ECFP in the
presence of 200 ng of the Csy4 plasmid compared to no Csy4. In the “triplex-tandem”
architecture, mKate2, EYFP, and ECFP expression increased by 3-fold, 36-fold, and
66-fold, respectively, in the presence of 200 ng of the Csy4 plasmid when compared
to no Csy4. The “intron-triplex” architecture had higher EYFP and ECFP levels
compared with the “triplex-tandem” architecture. Thus, Csy4 enables the generation

of multiple gRNAs from a single mRNA transcript.

To demonstrate the utility of our multiplexing toolkit in targeting endogenous
loci, we encoded multiple gRNAs targeting the ILIRN promoter into a single tran-
script. Previously described gRNAs for ILIRN activation, separated by Csy4 binding
sites, were cloned in tandem, downstream of an mKate2-triplex sequence on a single
transcript (Figure . We measured IL1RN activation by the multiplexed single-
transcript construct as well as an architecture where the four different gRNAs were
expressed from four different plasmids (Figure B, “Multiplexed” versus “Non multi-
plexed”; respectively). In the presence of 100 ng of the Csy4 plasmid, the multiplexed
architecture resulted in a ~1,111-fold activation over nonspecific gRNA1 (“NS”) com-

pared with ~461-fold for the non-multiplexed set of single-gRN A-expressing plasmids.
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Figure 4-5: Multiplexed gRNA Expression from a Single, Compact Transcript En-
ables Efficient Activation of Endogenous Loci.

(A) Four different gRNAs (gRNA3-gRNAG6) were multiplex-encoded in tandem, with
intervening and flanking Csy4 recognition sites, downstream of mKate2 and an RNA
triplex (CMVp-mK-Tr-(28-g-28)3_¢).

(B) The multiplexed mK-Tr-(28-g-28)5_¢ construct exhibited high-level activation of
IL1RN expression in the presence of Csy4 compared with the same construct in the
absence of Csy4. Relative ILIRN mRNA expression was determined based on a con-
trol construct with nonspecific gRNA1 (NS, CMVp-mK-Tr-28-g1-28) expressed via
the “triplex/Csy4” architecture. For comparison, a non-multiplexed set of plasmids
containing the same gRNAs (gRNA3-gRNAG), each produced from separate, indi-
vidual plasmids (CMVp-mK-Tr-28-gRNA-28) with the “triplex/Csy4” architecture is
shown. Data are represented as mean £SEM.
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Moreover, ~155-fold IL1RN activation was detected with the multiplexed architec-
ture even in the absence of Csy4, further supporting our observation that taCas9 can
utilize gRNAs encoded in long transcripts, albeit with significantly lower efficiency.
Together with Figure [4-4] these results show that it is possible to generate multiple
functional gRNAs for multiplexed expression from a single, concise RNA transcript.
These architectures thus enable compact programming of Cas9 function for imple-
menting multi-output synthetic gene circuits, for modulating endogenous genes, and

potentially for achieving conditional multiplexed genome editing.

4.3 Synthetic Transcriptional Cascades with RNA-
Guided Regulation

To demonstrate the utility of our RNA-dependent regulatory toolkit, we used it to cre-
ate the first CRISPR-TF-based transcriptional cascades. Many complex gene circuits
require the ability to implement cascades, in which signals integrated at one stage are
transmitted to downstream stages for processing and actuation [36, [60]. Furthermore,
transcriptional cascades are important in natural regulatory systems, such as those
that control segmentation, sexual commitment, and development [32, [126]. However,
despite the potential utility of CRISPR-TFs for artificial gene circuits, CRISPR-TF-

based cascades have not been built to date.

We integrated the “triplex/Csy4” and “intron/Csy4” strategies to build two dif-
ferent, three-stage CRISPR-TF-mediated transcriptional cascades (Figure . In
the first design, CM Vp-driven expression of gRNA1 from an “intron/Csy4” construct
generated gRNA1 from an HSV1 intron, which activated a synthetic promoter P1
to produce gRNA2 from a “triplex/Csy4” architecture, which then activated a down-
stream synthetic promoter P2 regulating ECFP (Figure . In the second design,
the intronic gRNA expression cassette in the first stage of the cascade was replaced by
a “triplex/Csy4” architecture for expressing gRNA1 (Figure [4-6/B). We tested these
two designs in the presence of 200 ng of the Csy4 plasmid (Figures C, D and .
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Figure 4-6: Multistage Transcriptional Cascades Can Be Implemented with Our
CRISPR-TF Architectures

(A) A three-stage transcriptional cascade was implemented by using intronic gRNA1
(CMVp-mK gxi1-|28-g1-28|usv-mK gxz) as the first stage. gRNA1 specifically targeted
the P1 promoter to express gRNA2 (P1- EYFP-Tr-28-g2-28), which then activated ex-
pression of ECFP from the P2 promoter (P2-ECFP).

(B) A three-stage cascade was implemented by using a “triplex/Csy4” architecture to
express gRNA1 (CMVp-mK-Tr-28-g1-28). gRNAL1 specifically targeted the P1 pro-
moter to express gRNA2 (P1- EYFP-Tr-28-g2-28), which then activated expression of
ECFP from P2 (P2-ECFP).

(C and D) The complete three-stage cascade from (A) and (B), respectively, exhib-
ited expression of all three fluorescent proteins. The removal of one of each of the
three stages in the cascade resulted in the expected loss of fluorescence of the specific
stage and dependent downstream stages. The control condition in column 4 in (C)
and (D) are duplicated, since the two circuits in (A) and (B) were tested in the same
experiment. Data are represented as mean £SEM. See also Figure .

88



In the first cascade design, a 76-fold increase in EYFP and a 13-fold increase
in ECFP were observed compared to a control in which the second stage of the
cascade (P1-EYFP-Tr-28-g2-28) was replaced by an empty plasmid (Figure [4-6}C).
In the second cascade design, a 31-fold increase in EYFP and a 21-fold increase in
ECFP were observed compared to a control in which the second stage of the cascade
(P1-EYFP-Tr-28-g2-28) was replaced by an empty plasmid (Figure [4-6tD). These
results demonstrate that there is minimal nonspecific activation of promoter P2 by
gRNAL1 (see also FigurC), which is essential for the scalability and reliability
of transcriptional cascades. Furthermore, the activation of each stage in the cascade
was dependent on the presence of all upstream nodes, which is expected in properly

functioning transcriptional cascades (Figures [4-6}C and D).

4.4 Rewiring RNA-Dependent Synthetic Regulatory

Circuits

We integrated CRISPR-TF regulation with mammalian RNAi to implement more
sophisticated circuit topologies and to show how network motifs could be rewired by
Csy4-based RNA processing. Specifically, we incorporated miRNA regulation with
CRISPR-TFs and used Csy4 to disrupt miRNA inhibition of target RNAs by removing
cognate miRNA binding sites. We first built a single RNA transcript that was capable
of multiplexed gene regulation by expressing both a functional miRNA [52] [146] and
a functional gRNA. This was achieved by encoding a mammalian miRNA inside
the consensus intron within the mKate2 gene, followed by a triplex sequence and
a gRNAT sequence flanked by Csy4 recognition sites (Figure A, CMVp-mK gxi-
[miR|-mK gxo-Tr-28-g1-28). The first output was a constitutively expressed ECFP
gene followed by a triplex sequence, a Csy4 recognition site, 8x miRNA binding
sites (8x miRNA-BS), and another Csy4 recognition site (Figure [4-7-A). The second
output was the P1 promoter regulating EYFP ( Figure [{-T-A).

In the absence of Csy4, ECFP and EYFP levels were low because the miRNA
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Figure 4-7: CRISPR-Based Transcriptional Regulation Can Be Integrated with Mam-
malian miRNAs and RNA Processing Mechanisms as well as with Csy4-Dependent
RNA Processing to Implement Feedback Loops and Multioutput Circuits that Can

Be Rewired at the RNA Level
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Figure 4-7: (A) We created a single transcript that encoded both miRNA and
CRISPR-TF regulators by expressing a miRNA from an intron within mKate2
and gRNA1 from a “triplex/Csy4” architecture (CMVp-mKgxi-|miR]-mK gxo-Tr-
28-g1-28). In the presence of taCas9, but in the absence of Csy4, this circuit did
not activate a downstream gRNAl-specific P1-EYFP construct and did repress
a downstream ECFP transcript with 8x miRNA binding sites flanked by Csy4
recognition sites (CMVp-ECFP-Tr-28-miR8xBS). In the presence of both taCas9
and Csy4, this circuit was rewired by activating gRNA1 production and subsequent
EYFP expression, as well as by separating the ECFP transcript from the 8x miRNA
binding sites, thus ablating miRNA inhibition of ECFP expression.

(B and C) Csy4 production changes the behavior of the circuit in (A) by
rewiring circuit interconnections.

(D) We incorporated an autoregulatory feedback loop into the network topol-
ogy of the circuit described in (A) by encoding 4x miRNA binding sites at the 3’ end
of the input transcript (CMVp-mKgxi-|miR|-mK gxo-Tr-28-g1-28-miR4xBS). This
negative feedback suppressed mKate2 expression in the absence of Csy4. However, in
the presence of Csy4, the 4x miRNA binding sites were separated from the mKate2
mRNA, thus leading to mKate2 expression.

E and F) Csy4 production changes the behavior of the circuit in (D) by rewiring
circuit interconnections. In contrast to the circuit in (A), mKate2 was suppressed
in the absence of Csy4 but was highly expressed in the presence of Csy4 due to
elimination of the miRNA-based autoregulatory negative feedback. Fach of the
mKate2, EYFP, and ECFP levels in (B) and (E) were normalized to the respective
maximal fluorescence among all tested scenarios. The controls in column 3 and 4 in
(B) and (E) are duplicated, since the two circuits in (A) and (D) were tested in the
same experiment with the same controls. Data are represented as mean £SEM. See

also FigurdB-§

suppressed ECFP expression and no functional gRNA1 was generated (Figures B
and , “Mechanism 1”). In the presence of Csy4, ECFP expression increased by
30-fold compared to the no Csy4 condition, which we attributed to Csy4-induced
separation of the 8x miRNA-BS from the FCFP transcript (Figure B). Also, the
presence of Csy4 generated functional gRNA1, leading to 17-fold increased EYFP ex-
pression compared to the no Csy4 condition (Figure[d-7-B). The mKate2 fluorescence
levels were high in both the Csy4-positive and Csy4-negative conditions. Thus, Csy4

catalyzed RNA-based rewiring of circuit connections between the input node and its
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two outputs by simultaneously inactivating a repressive output link and turning on
an activating output link (Figure [4-7-C).

To demonstrate facile circuit programming using RNA-dependent mechanisms, we
extended the design in Figure [d-7}A by incorporating an additional 4x miRNA-BS at
the 3’ end of the mKate2-containing transcript (Figure [d-7-D, CMVp-mK gx;-[miR]-
mK gxo-Tr-28-g1-28-miR4 xBS). In the absence of Csy4, this resulted in autoregula-
tory, negative-feedback suppression of mKate2 expression by the miRNA generated
within the mKate2 intron (Figures [{-7-E and “Mechanism 27). In addition, both
ECFP and EYFP levels remained low due to repression of ECFP by the miRNA and
the lack of functional gRNA1 generation. However, in the presence of Csy4, mKate2
levels increased by 21-fold due to Csy4-mediated separation of the 4x miRNA-BS
from the mKate2 transcript. Furthermore, FCFP inhibition by the miRNA was re-
lieved in a similar fashion, resulting in a 27-fold increase in ECFP levels. Finally,
functional gRNA1 was generated, leading to a 50-fold increase in EYFP levels (Fig-
ure [4-71E). Thus, Csy4 catalyzed RNA-based rewiring of circuit connections between
the input node and its two outputs by simultaneously inactivating a repressive out-

put link, turning on an activating output link, and inactivating an autoregulatory

feedback loop (Figure 4-7F).

4.5 Discussion

Synthetic biology provides tools for studying basic biology by disrupting, rewiring,
and mimicking natural network motifs [37]. In addition, synthetic circuits have been
used to link exogenous signals to endogenous gene regulation [46, [147], to address
biomedical applications [104], T43], and to perform cellular computation [10, 30]. Al-
though many synthetic gene circuits have been based on transcriptional regulation,
RNA-based regulation has also been used to construct a variety of artificial gene cir-
cuits [4], 10, [1T9] 146]. However, previous efforts have not yet integrated RNA-based
regulation with CRISPR-TFs, which are both promising strategies for implementing

scalable genetic circuits given their programmability and potential for multiplexing.
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In this work, we created a rich toolkit for engineering artificial gene circuits and
endogenous gene regulation in human cells. We developed multiple complementary
approaches to generate functional gRNAs from transcripts of translated genes regu-
lated by RNAP II promoters. These architectures, based either on Csy4 or ribozymes,
enable the encoded RNA and protein levels to be tuned. Choosing between these ar-
chitectures depends on the specific application. When gRNA expression does not
need to be specifically timed or synchronized in a complex fashion, a constitutively
active ribozyme-based system is beneficial, since it does not need the expression of an
additional protein (Csy4). Conditional gRNA production via ribozyme-based archi-
tectures can be achieved by using conditional RNAP II promoters or ligand-dependent
cleavage [I31] to trigger gRNA release using exogenous control. Applications that re-
quire more complicated regulation, synchronization or rewiring of multiple genes [4-7]
and /or tunable input-output relationships can benefit from the additional control af-
forded by Csy4. For example, functional gRNAs are produced with the expression
of the harboring RNA transcript and the presence of Csy4. The expression of both
of these components could be linked to regulated or conditional promoters for more

specific spatial or temporal control of CRISPR-TF circuits.

Complementary to synthetic circuits, we showed that this toolkit can be used to
activate endogenous promoters from multiple different endogenous human RNAP II
promoters, as well as viral CMVp. We also described useful strategies for multiplexed
gRNA expression from compact single transcripts to modulate both synthetic and
native promoters. This feature is beneficial because it can be used to regulate multiple
nodes from a single concise one, thus enabling sophisticated circuits with a large
number of parallel “fan-outs” (i.e., outgoing interconnections from a given node) and
networks with dense interconnections. Moreover, the ability to target endogenous
loci with several gRNAs in a condensed fashion is critical, since multiple gRNAs are
needed for substantial modulation of native promoters. Thus, our tools can be used

to build efficient artificial gene networks and to perturb native regulatory networks.

The native CRISPR RNA context can be used for multiplexed genome engineer-

ing when expressed from RNAP III promoters in mammalian cells [29]. However, it
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remains unclear whether CRISPR/Cas-based systems can be multiplexed when ex-
pressed from RNAP II promoters using this approach and what cellular factors me-
diate this process. In addition to transcriptional regulation, if a nuclease-proficient
Cas9 was used with our platform instead of taCas9, then in vivo multiplexed genome
editing activity could be conditionally linked to cellular signals via regulation of gRNA
expression. In addition to genetic studies, this capability could be potentially used

to create in vivo DNA-based “ticker tapes” that link cellular events to mutations.

This framework integrates mammalian RNA regulatory mechanisms with the
RNA-dependent protein, dCas9, and the RNA-processing protein, Csy4, from bac-
teria. These architectures lay a foundation for sophisticated and compact synthetic
gene circuits in human cells, such as multistage, multi-input/multi-output networks
and feedback circuits capable of logic, computing, and interfacing with endogenous
systems. Theoretically, since the specificity of regulatory interconnections with these
tools is determined only by RNA sequences, scalable circuits with almost any net-
work topology could be constructed. We demonstrated highly specific and effective
three-layer transcriptional cascades with two different architectures that incorporated
RNA triplexes, introns, Csy4, and CRISPR-TFs. The absence of undesired crosstalk
between different stages of the cascade underscores the orthogonality and scalability

of RNA-dependent regulatory schemes.

We also combined RNA regulatory parts, CRISPR-TFs, and RNAIi to create var-
ious circuit topologies that can be rewired via conditional RNA processing. Since
both positive and negative regulation are possible with the same taCas9 protein [42]
and miRNAs enact tunable negative regulation, many important multifunctional and
multicomponent network topologies can be implemented using this set of regulatory
parts. In addition, Csy4 can be used to catalyze changes in gene expression by mod-
ifying RNA transcripts and rewiring network topologies. For example, functional
gRNAs were liberated for transcriptional modulation, and miRNA binding sites were
removed from RNA transcripts to eliminate miRNA-based links. This mechanism
demonstrates the potential of adapting bacterial proteins to modulate mammalian

gene regulation at the RNA level. This feature could be used to minimize unwanted
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leakage in positive feedback loops and to dynamically switch circuits between differ-
ent states. By linking Csy4 expression to endogenous promoters, interconnections
between circuits and network behavior could also be conditionally linked to specific
tissues, events (e.g., cell cycle phase and mutations), or environmental conditions.
With genome mining or directed mutagenesis, orthogonal Cas9 and Csy4 variants
could be discovered and used for more complicated regulatory and RNA processing
schemes [41].

In summary, this work provides a diverse set of tools for constructing scalable
regulatory gene circuits, tuning them, modifying connections between circuit compo-
nents, and synchronizing the expression of multiple genes in a network. Furthermore,
these regulatory parts could be used to interface synthetic gene circuits with endoge-
nous systems as well as to rewire endogenous networks. Importantly, the promoters,
proteins, and miRNAs used in these architectures are not limited to synthetic ones.
For many applications, it will be useful to utilize endogenous cellular components,
such as tissue- or cell-phase-specific promoters and miRNAs, in order to interface
engineered systems with native networks. Similarly, the outputs for these architec-
tures are not limited to reporter genes, but can be effector genes, multiplexed gRNAs
that target endogenous promoters, or any other encodable gene. We envision that
integrating RNA-dependent regulatory mechanisms with RNA processing will enable
sophisticated transcriptional and post-transcriptional regulation, accelerate synthetic

biology, and facilitate the study of basic biology in human cells.

4.6 Methods

4.6.1 Plasmid Construction

The CMVp-dCas9-3xNLS-VP64 (taCas9, Construct 1, Table [A.3)) plasmid was
built as described previously [42]. The csy4 gene from P. aeruginosa strain UCBPP-
PA14 [113] was codon optimized for expression in human cells and cloned downstream

of the PGK1 promoter in a PGK1p-EBFP2 plasmid [42] to create PGK1p-Csy4-
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pA (Construct 2, Table |A.3). The various gRNA expression constructs were built
using conventional restriction enzyme cloning, Golden Gate assembly, and/or Gibson

assembly as described below and in Table [A.3]

The plasmid CMVp-mKate2-Triplex-28-gRNA1-28-pA (Construct 3, Ta-
ble was built using Gibson Assembly from three parts amplified with appropriate
homology overhangs: 1) the full length coding sequence of mKate2; 2) the first 110
bp of the mouse MALAT1 3’ triple helix [145]; and 3) gRNA1 containing a 20 bp
Specificity Determining Sequence (SDS) and a S. pyogenes gRNA scaffold along with
28nt Csy4 recognition sites. For cloning in a desired gRNA with a triplex, please refer

to Figure 4-8

The reporter plasmids P1-EYFP-pA (Construct 5, Table , P2-ECFP-pA
(Construct 6, Table and P2-EYFP-pA (Construct 27, Table were built
by cloning in repeated gRNA1 binding sites and repeated gRNA2 binding sites into
the Nhel site of pG5-Luc (Promega) via annealing complementary oligonucleotides.

Then, EYFP and ECFP were cloned into the Ncol/Fsel sites, respectively.

The plasmid CMVp-mKate2 EX1-[28-gRNA1-28]usyvi-mKate2 EX2-pA
(Construct 4, Table was built by Gibson Assembly of the following parts with
appropriate homology overhangs: 1) the mKate2 EXI1 (a.a. 1-90) of mKate2; 2)
mKate2 EX2 (a.a. 91-237) of mKate2; and 3) gRNA1 containing a 20 bp SDS
followed by the S. pyogenes gRNA scaffold flanked by Csy4 recognition sites and
the HSV1 acceptor, donor and branching sequences. Variations of the CMVp-
mKate2 EX1-[28-gRNA1-28|ysyi-mKate2 EX2-pA plasmid containing con-
sensus and snoRNA2 acceptor, donor, and branching sequences and with and without
the Csy4 recognition sequences (Constructs 8-11, Table were built in a similar

fashion.

The ribozyme-expressing plasmids CM Vp-mKate2-Triplex-HHRibo-gRNA1-
HDVRibo-pA and CMVp-mKate2-HHRibo-gRNA1-HDVRibo-pA plasmids
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\ P2 f
28bp Template: Variant of construct 3

Addgene #71093
P2 (Aaddg )

Step 1 l PCR

Wl gRNA2 28bp pte=ll

Xmal

28bp @ gRNA4 28bp [ gRNA5 28bp f§ gRNAG 28bp pA

Variant of construct 19 (Addgene #71093)

digestion with Nhel + Xmal
and ligation

dsRed?2 ; Triplex 28bp gRNA2 28bp gpA

CMVp-dsRed2-TplIx-28-g2-28-pA

Oligo Sequence
P2_f ATAGCTAGCGTAAGTCGGAGTACTGTCCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

P2_r ATACCCGGGTTTCTTAGCTGCCTATACGGCAGTGAACGAAAAAAAGCACCG

Figure 4-8: Instructions for cloning in desired gRNAs with triplex -
CMVp-mKate2-Triplex-28-gRNA1-28-pA (Construct 3, Table [A.3)

(Constructs 13 and 14, respectively, Table were built by Gibson Assembly of
Xmal-digested CMVp-mKate2, and PCR-extended amplicons of gRNA1 (with and
without the triplex and containing HHRibo [47] on the 5" end and HDVRibo [47] on
the 3’ end). For cloning in a desired gRNA with ribozymes, please refer to Figure

The plasmid CMVp-HHRibo-gRNA1-HDVRibo-pA (Construct 15, Table|A.3))
was built similarly by Gibson Assembly of Sacl-digested CMVp-mKate2 and a
PCR-extended amplicon of gRNA1 containing HHRibo on the 5’ end and HDVRibo

on the 3’ end.
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\P2r_f1
28bp Template: Variant of construct 3

Pm (Addgene #71093)
Step 1 PCR
\P2r_f2
HH-Ribo gRNA2 HDV-Ribo RéEl
Por r>
Step 2 PCR

Y%zl Triplex HH-Ribo gRNA2 28bp HDV-Ribo RGEl

+

Agel

| Triplex § HH-Ribo

Variant of construct 13 (Addgene #71093)

digestion with Agel + Xmal
and ligation

Variant of construct 13 (Addgene #71093)

Oligo Sequence

GGCCTTTCCCTAGCTTTAAAAAAAAAAAAGCAAAACGACTACTGATGAGTCCGTGAGGACGAAACG

Par_fi AGTAAGCTCGTCGTAAGTCGGAGTACTGTCCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

por 12 | ATAACCGGTGATTCGTCAGTAGGGTTGTAAAGGTTTTTCTTTTCCTGAGAAAACAACCTT
TTGTTTTCTCAGGTTTTGCTTTTTGGCCTTTCCCTAGCTTTAAAAAAAAAAAAGCAAAA

Por r ATACCCGGGGTCCCATTCGCCATGCCGAAGCATGTTGCCCAGCCGGCGCCAGC
GAGGAGGCTGGGACCATGCCGGCCAAAAGCACCGACTCGGTGCCACTTTTTC

Figure 4-9: Instructions for cloning in desired gRNAs with ribozymes -

CMVp-mKate2-Triplex-HHRibo-gRNA1-HDVRibo-pA (Construct 13, Ta-

ble
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The plasmid CMVp-mKate2 EX1-[28-gRNA1-28]usvi-mKate2 EX2-Triplex-
28-gRNA2-28-pA (Construct 16, Table [A.3)) was built by Gibson Assembly of the
following parts using appropriate homologies: 1) Xmal-digested CMVp-mKate2 EX1-
[28-gRNA1-28]ysyi-mKate2 EX2-pA (Construct 4, Table and 2) PCR
amplified Triplex-28-gRN A 2-28 from CMVp-mKate2-Triplex-28-gRNA1-28-
pA (Construct 3, Table[A.3).

The plasmid CMVp-mKate2-Triplex-28-gRNA1-28-gRNA2-28-pA (Con-
struct 17, Table was built by Gibson Assembly with the following parts using
appropriate homologies: 1) Xmal-digested CM Vp-mKate2-Triplex-28-gRNA1-
28-pA (Construct 3, Table and 2) PCR amplified 28-gRNA2-28.

The plasmid CM Vp-mKate2-Triplex-28-gRNA3-28-gRNA4-28-gRN A 5-28-
gRINAG6-28 (Construct 19, Table|A.3|) was constructed using a Golden Gate approach
using the Type IIs restriction enzyme, Bsal [40], as shown in Figure [4-10]

1. Step 1 Each individual gRNA of interest (e.g., gRNA3, gRNA4, etc.) contain-
ing a 20 bp SDS followed by the S. pyogenes gRNA scaffold and a Csy4 28’
sequence was PCR amplified to be flanked on both the 5" and 3’ ends by the
Bsal type IIs restriction enzyme site. Short, 5 base pair sequences (e.g., {3, f4,
etc.) were introduced on the 5" and 3’ ends immediately downstream and up-
stream of the Bsal sites, respectively. These 5 bp sequences were designed such

that each adjoining gRNA to be cloned would contain the same 5 bp sequence.

2. Step 2 The amplified products containing the Bsal sites were mixed in a single
reaction mixture containing the enzyme Bsal and T4 DNA ligase. The reaction
mixture was subjected to 25 repeats of 3 minute digestions followed by 4 minute

ligations at 37C and 16C, respectively.
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\P3_f \ P4_f N\ P5_f \ P6._f

28bp 28bp 28bp PLijele] Template: Variant of construct 3
Fa P N FEL (Addgene #71093)
Step 1 PCR
Nhel 28bp [=ZETRE=2NZ gRNA4’ 280p [H=EEIN-22 i gRNAS’ 28bp =22 -l o RNAG’ 28bp Reezl
N e N e N '

~ - ~ - ~ -

Bsal + T4 Ligase
Step2 | 3min@37C, 4 min@16C

25 cycles
Nhel 28bp [ gRNA4’ 28bp [ gRNA5’ 28bp [} gRNA6’ 28bp KGEl]
Nhel Xmal

dsRed2 § Triplex §28bp

28bp [ gRNA4 28bp [ gRNA5 28bp [§ gRNA6 28bp IMpA

Variant of construct 19 (Addgene #71093)

PCR followed by
Step 3 | digestion with Nhel + Xmal
and ligation

Xmal
28bp [ gRNA4’ 28bp [ gRNA5’ 28bp [ gRNA6’ 28bp oA

CMVp-dsRed?2-Tplx-28-3'-28-g4"-28-g5"-28-6’-28-pA

Oligo Sequence

P3’_f ATAGCTAGC GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

P3_r ATAGGTCTCAACCTTTTCTTAGCTGCCTATACGGCAGTGAACGAAAAAAAGCACCG

P4 f ATAGGTCTCAAGGTGACGCAGATAAGAACCAGTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG
P4’ r ATAGGTCTCACCTGTTTCTTAGCTGCCTATACGGCAGTGAACGAAAAAAAGCACCG

P5’_f ATAGGTCTCACAGGGCATCAAGTCAGCCATCAGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG
P5 r ATAGGTCTCAGACTTTTCTTAGCTGCCTATACGGCAGTGAACGAAAAAAAGCACCG

P6’ f ATAGGTCTCAAGTCGGAGTCACCCTCCTGGAAACGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG
P6”_r ATACCCGGGTTTCTTAGCTGCCTATACGGCAGTGAACGAAAAAAAGCACCG

Figure 4-10: Instructions for cloning four multiplexed gRNAs on to a sin-
gle transcript; CMVp-mKate2-Triplex-28-gRNA3-28-gRINA4-28-gRNA 5-
28-gRNA6-28 (Construct 19, Table |A.3)

3. Step 3 The assembled product containing all the gRNAs of interest from Step
2 was further PCR amplified to produce a larger amount of the assembled gRNA
construct. This product was then digested with Nhel-HF and Xmal and cloned
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into the CMVp-mKate2-Triplex-28-gRINA1-28 plasmid (a variant of Con-

struct 3, Table [A.3]).

The CMVp-mKate2 EXI1-miRNA]-mKate2 EX2-pA plasmid contain-
ing an intronic FF4 (a synthetic miRNA) was received as a gift from Lila Wrob-
lewska. The synthetic FF4 miRNA was cloned into an intron with consensus acceptor,
donor and branching sequences between a.a. 90 and 91 of mKate2 to create CM Vp-
mKate2 EX1-[miRNAJ-mKate2 EX2-Triplex-28-gRNA1-28-pA (Construct
20, Table and CMVp-mKate2 EXI1-[miRNAJ-mKate2 EX2-Triplex-
28-gRNA1-28-4xmiRNA-BS-pA (Construct 21, Table[A.3).

The plasmid CM Vp- ECFP-Triplex-28-8xmiRNA-BS-28-pA (Construct 22,
Table was cloned via Gibson Assembly with the following parts: 1) full length
coding sequence of ECFP and 2) 110 nt of the MALAT1 3’ triple helix sequence am-
plified via PCR extension with oligonucleotides containing eight FF4 miRNA binding

sites and Csy4 recognition sequences on both ends.

Further information on construct sequences can also be found at the MIT RLE

website - http://www.rle.mit.edu/sbg/resources/

4.6.2 Cell Culture and Transfections

Low-passage HEK293T cells were obtained from ATCC; freshly thawed cells were
used in this study and were replaced with a fresh batch every 2 months. They were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS, 1% penicillin-streptomycin, 1% GlutaMAX, and non-essential amino acids at
37C with 5% CO2. HEK293T cells were transfected with FuGENE-HD Transfection
Reagent (Promega) according to the manufacturer’s instructions. Each transfection
was made using 200,000 cells/well in a 6-well plate. As a control, with 2 ug of a single

plasmid in which a CMVp regulated mKate2, transfection efficiencies were routinely
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higher than 90% (determined by flow cytometry). Unless otherwise indicated, each
plasmid was transfected at 1 ug/sample. All samples were transfected with taCas9,
unless specifically indicated. Cells were processed for flow cytometry or qRT-PCR

analysis 72 hrs after transfection.

4.6.3 Quantitative RT-PCR

The RT-PCR procedure was developed in [108] and described here. Cells were har-
vested 72 hrs post-transfection. Total RNA was isolated by using the RNeasy Plus
RNA isolation kit (Qiagen). cDNA synthesis was performed by using gScript cDNA
SuperMix (Quanta Biosciences). Real-time PCR using PerfeCTa SYBR Green Fast-
Mix (Quanta Biosciences) was performed with the Mastercycler ep realplex real-time

PCR system (Eppendorf) with oligonucleotide primers, which are as follows:

IL1RN :forward GGAATCCATGGAGGGAAGAT
reverse TGTTCTCGCTCAGGTCAGTG

GAPDH :forward CAATGACCCCTTCATTGACC
reverse TTGATTTTGGAGGGATCTCG

The primers were designed using Primer3Plus software and purchased from IDT.
Melting curve analysis was used to confirm primer specificity. To ensure linearity
of the standard curve, reaction efficiencies over the appropriate dynamic range were
calculated. Using the ddCt method, we calculated fold-increases in the mRNA expres-
sion of the gene of interest normalized to GAPDH expression. We then normalized
the mRNA levels to the non-specific gRNA1 control condition. Reported values are
the means of three independent biological replicates with technical duplicates that

were averaged for each experiment. Error bars represent standard error of the mean

(SEM).
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Table 4.1: Compensation setup for flow cytometry

’ Fluorochrome \ -% Fluorochrome \ Spectral Overlap ‘

PE-Tx-Red-YG FITC 0%
Pacific Blue FITC 0.2%
FITC PE-Tx-Red-YG 21.1%

Pacific Blue PE-Tx-Red-YG 1%
FITC Pacific Blue 7.5%

4.6.4 Flow Cytometry

Cells were washed with DMEM and 1x PBS, resuspended in 1x PBS, and immedi-
ately assayed with a Becton Dickinson LSRII Fortessa flow cytometer. At least 50,000
cells were recorded per sample in each data set. The results of each experiment repre-
sent at least three biological replicates. Error bars are SEM on the weighted median

fluorescence values.

Compensation controls

Compensation controls were strict and designed to remove false-positive cells even at
the cost of removing true-positive cells. Compensation was done with BD FACSDiva

(version no. 6.1.3; BD Biosciences) as detailed in Table

Flow cytometry analysis

Compensated flow cytometry results were analyzed using FlowJo software (vX.0.7r2).

Calculations were performed as described below:
1. All samples were gated to exclude cell clumps and debris (population P1)

2. Histograms of P1 cells were analyzed according to the following gates, which
were determined according to the auto-fluorescence of non-transfected cells in
the same acquisition conditions such that the proportion of false-positive cells

would be lower than 0.1%
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(a) mKate2: ‘mKate2 positive’ cells were defined as cells above a fluorescence

threshold of 100 a.u.

(b) EYFP: ‘EYFP positive’ cells were defined as cells above a fluorescence
threshold of 300 a.u.

(c) ECFP: ‘ECFP positive’ cells were defined as cells above a fluorescence

threshold of 400 a.u.

3. The percent of positive cells (% positive) and the median fluorescence for each
‘positive cell’ population were calculated. The % positive cells was multiplied by
the median fluorescence, resulting in a weighted median fluorescence expression
level that correlated fluorescence intensity with cell numbers. This measurement

strategy is consistent with several previous studies [4], [146].

4. The weighted median fluorescence was determined for each sample. The mean of
the weighted median fluorescence of biological triplicates was calculated. These
are the data presented in the paper. The standard error of the mean (SEM)

was also computed and presented as error bars.

5. To facilitate comparisons between various constructs and to account for varia-
tions in the brightness of different fluorescent proteins, the weighted median fluo-
rescence for each experimental condition was divided by the maximum weighted
median fluorescence for the same fluorophore among all conditions tested in the

same set of experiments.

Flow cytometry data plots shown in the Supplemental Information are represen-
tative compensated data from a single experiment. As noted above, cells were gated
to exclude cell clumps and debris (population P1), and the entire gated population
of viable cells are presented in each figure. The threshold for each sub-population
Q1-Q4 was set according to the thresholds described above. The percentage of cells
in each sub-population is indicated in the plots. Black crosses in the plots indicate

the median fluorescence for a specific sub-population.
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Chapter 5

Conclusion

In this thesis, I presented a toolkit designed by integrating the two component Cas9-
gRNA CRISPR technology with a wide array of mammalian molecular components
which have not been previously demonstrated to work in concert.

First, by integrating a catalytically dead version of the CRISPR/Cas protein
Cas9 (dCas9) with mammalian transcriptional activator VP64 and mammalian tran-
scriptional repressor KRAB, we built and characterized tunable, multifunctional and
orthogonal CRISPR/Cas transcription factors (CRISPR-TFs) in human cells. We
leveraged the observation that CRISPRTFs can simultaneously activate and repress
gene expression depending upon the location of the target sequence relative to the
promoter and built highly scalable synthetic logic circuits in human cells. We have
also characterized the efficacy of our toolkit in enhancing current applications in-
cluding transcriptional modulation of endogenous genes and have demonstrated un-
paralleled multiplexing gains. Furthermore, unlike the traditional knock-out/knock
down and over expression approaches to phenotype screening, our work demonstrates
that taCas9 can provide great advantages because of its ability to both activate and
repress gene expression simultaneously.

Second, we have integrated CRISPR-TFs and Cas6/Csy4 based RNA process-
ing with multiple mammalian RNA regulatory strategies including RNA Polymerase
IT (RNAP II) promoters, RNA-triple-helix structures, introns, microRNAs and ri-

bozymes. By simultaneously employing CRISPR-TFs, Csy4 and microRNAs in an
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integrated framework, we were able to build some of the most complex while pro-
grammable gene networks. Our work also ushers in a new set of novel tools which
can be indispensable for building RNA-only devices towards engineering mammalian
cells.

Finally, by integrating Cas9 nuclease activity with the Non Homologous End Join-
ing (NHEJ) DNA repair pathway, we enable altogether novel applications including
DNA based memory in single cells, and continuous generation of genomic diversity
that can be exploited for protein engineering applications.

Given the rapid pace at which CRISPR/Cas technology is employed in current
research and practice, especially in the mammalian context, our work is a much
welcomed development. We have also made all of our constructs and cell lines
quickly accessible to the wider research community via our lab’s website, Addgene
and Genebank. We believe our toolkit enhances the breadth and scope of technologies

that define mammalian synthetic biology research for the near future.
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Table A.1: Sequences of DNA constructs used in building Synthetic ZF transcription

circuits

’ Construct

Sequence

7ZF43-8-VP16

ATGGCTCCTAAGAAAAAGCGCAAAGTCCGGCCGGCATCTAGACCC
GGGGAGCGCCCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTCG
CGCCAGGACAGGCTTGACAGGCATACCCGTACTCATACCGGTGAA
AAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCCCAGAAG
GAGCACTTGGCGGGGCATCTACGTACGCACACCGGCGAGAAGCCA
TTCCAATGCCGAATATGCATGCGCAACTTCAGTCGCCGCGACAACC
TGAACCGGCACCTAAAAACCCACCTGAGAGGATCCGGAGACGTCG
CCGTCGACGCCCCACCAACCGATGTTTCTTTAGGTGATGAGTTACA
TTTGGACGGTGAGGACGTAGCTATGGCACATGCAGATGCCTTAGA
CGATTTTGACTTGGATATGTTAGGAGATGGAGATTCACCAGGACC
TGGTTTCACACCACACGATTCAGCTCCATACGGTGCTTTGGACATG
GCCGATTTCGAATTTGAACAGATGTTTACTGATGCCTTGGGTATA
GACGAATACGGTGGTGGAGCTAGCGCCAGATCTGCTCCATGGTAA

1x ZFBS43-8 in
pCyclmin

CCCGGGAGAGTGAGGACGGATCCCAGATCCGCCAGGCGTGTATAT
ATAGCGTGGATGGCCAGGCAACTTTAGTGCTGACACATACAGGCA
TATATATATGTGTGCGACGACACATGATCATATGGCATGCATGTG
CTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATAT
TCTTTCCTTATACATTAGGACCTTTGCAGCATAAATTACTATACTT
CTATAGACACACAAACACAAATACACACACTAATCTAGATATTAAA
ATG

8x ZFBS43-8 in
pCyclmin

GTCGACAGAGTGAGGACTCGAAAATATTAATAGAGTGAGGACTCG
AAAATATTAATAGAGTGAGGACTCGAAAATATTAATAGAGTGAGG
ACTCGAAAATATTAATATCGATAGAGTGAGGACTCGAAAATATTA
ATAGAGTGAGGACTCGAAAATATTAATGAATTCAGAGTGAGGACT
CGAAAATATTAATAGAGTGAGGACTCGAAAATATTAATGGATCCC
AGATCCGCCAGGCGTGTATATATAGCGTGGATGGCCAGGCAACTT
TAGTGCTGACACATACAGGCATATATATATGTGTGCGACGACACA
TGATCATATGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGT
TTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAGGACCTTT
GCAGCATAAATTACTATACTTCTATAGACACACAAACACAAATACA
CACACTAATCTAGATATTAAAATG

SSN6-ZF43-8

ATGGCTCCTAAGAAAAAGCGCAAAGTCGGTATCCATGGCGTTCCC
GTCGACAATCCGGGCGGTGAACAAACAATAATGGAACAACCCGCT
CAACAGCAACAACAACAGCAACAACAACAGCAGCAACAGCAACAG
CAGGCAGCAGTTCCTCAGCAGCCACTCGACCCATTAACACAATCAA
CTGCGGAAACTTGGCTCTCCATTGCTTCTTTGGCAGAAACCCTTGG
TGATGGCGACAGGGCCGCAATGGCATATGACGCCACTTTACAGTT
CAATCCCTCATCTGCAAAGGCTTTAACATCTTTGGCTCACTTGTAC
CGTTCCAGAGACATGTTCCAAAGAGCTGCAGAATTATATGAAAGA
GCACTTTTGGTAAATCCCGAACTATCAGATGTGTGGGCTACTTTA
GGTCATTGTTATCTGATGCTGGATGATCTGCAAAGAGCTTACAAT
GCCTATCAACAGGCTCTCTACCACCTCAGTAATCCCAACGTACCGA
AATTATGGCATGGAATCGGCATTCTTTATGACAGATATGGTTCGC
TCGACTATGCCGAAGAAGCTTTTGCCAAAGTTTTGGAATTGGACC
CTCATTTTGAAAAGGCAAACGAAATTTACTTCAGACTAGGTATTAT
TTATAAACATCAGGGTAAATGGTCTCAAGCTTTGGAATGCTTCAG
ATACATTCTCCCTCAACCTCCTGCTCCCTTGCAGGAGTGGGACATA
TGGTTTCAGTTGGGTAGTGTTTTGGAGAGTATGGGAGAGTGGCAA
GGTGCGAAGGAAGCCTACGAGCATGTCTTGGCTCAAAATCAACAT
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SSN6-ZF43-8
(contd ...)

CATGCCAAAGTATTACAACAATTAGGTTGTCTTTACGGTATGAGT
AACGTACAATTTTATGACCCTCAAAAGGCATTGGATTATCTTCTAA
AGTCGTTAGAAGCAGATCCCTCCGATGCCACTACATGGTATCATCT
CGGTAGAGTGCATATGATTAGAACAGATTATACTGCCGCATATGA
TGCTTTCCAACAAGCTGTTAATAGAGATTCAAGAAACCCTATCTTT
TGGTGCTCAATCGGTGTTTTATATTACCAAATTTCTCAATACAGAG
ACGCCTTAGACGCGTACACAAGAGCCATAAGATTAAATCCTTATAT
TAGTGAAGTTTGGTACGATCTAGGTACTCTTTACGAAACTTGTAA
CAACCAATTATCTGACGCCCTTGATGCGTATAAGCAAGCTGCAAG
ACTGGACGTAAATAATGTTCACATAAGAGAAAGATTAGAAGCTTT
AACAAAGCAGTTAGAAAACCCAGGCAATATAAACAAATCGAACGG
TGCGCCAACGAATGCCTCTCCTGCCCCACCTCCTGTGATTTTACAA
CCTACCTTACAACCTAATGATCAAGGAAATCCTTTGAACACTAGAA
TTTCAGCCCAATCTGCCAATGCTACTGCTTCAATGGTACAACAACA
GCATCCTGCTCAACAAACGCCTATTAACTCTTCTGCAACAATGTAC
AGTAATGGAGCTTCCCCTCAATTACAAGCTCAAGCTCAAGCTCAAG
CTCAAGCACAAGCTCAAGCACAAGCACAAGCTCAAGCACAAGCAC
AAGCACAAGCGCAAGCACAAGCACAAGCACAGGCGCAAGCACAGG
CACAAGCACAAGCACAAGCACATGCACAAGCGCAAGCACAAGCAC
AAGCACAGGCACAAGCACAAGCACAGGCGCAGGCACAACAACAAC
AACAACAACAGCAACAACAACAACAACAACAACAACAACAACAACA
ACAACAACAACAACAACAACAACAACAGCAGCAGCAATTACAGCCC
CTACCAAGACAACAGCTGCAGCAAAAGGGAGTTTCTGTGCAAATG
TTAAATCCTCAACAAGGGCAACCATATATCACACAGCCAACAGTCA
TACAAGCTCACCAACTGCAACCATTTTCTACACAAGCTATGGAACA
TCCGCAAAGCTCTCAACTGCCACCTCAACAGCAACAACTACAATCT
GTTCAACATCCACAACAACTTCAAGGCCAGCCTCAAGCCCAAGCTC
CCCAACCTTTAATCCAGCATAACGTGGAACAGAACGTTTTACCTCA
AAAGAGATACATGGAAGGTGCAATCCACACTTTAGTAGATGCCGC
CGTATCCAGTAGCACCCACACAGAGAATAACACAAAGTCTCCTCGT
CAACCAACCCATGCCATTCCAACGCAAGCTCCCGCAACAGGAATAA
CGAACGCTGAACCACAGGTAAAGAAGCAAAAGTTGAACTCTCCAA
ATTCAAACATCAACAAATTAGTAAATACTGCTACTTCCATTGAAGA
AAATGCAAAATCTGAGGTGAGCAACCAATCGCCAGCAGTAGTGGA
GTCTAATACCAATAATACTTCACAAGAAGAAAAACCTGTAAAAGC
AAACTCAATACCTTCAGTAATTGGCGCACAGGAACCTCCACAGGA
AGCTAGTCCTGCTGAAGAAGCTACCAAAGCAGCTTCTGTTTCTCCT
TCTACAAAACCGCTTAATACGGAACCAGAGTCATCTAGTGTCCAAC
CAACTGTATCATCAGAAAGTTCAACAACAAAAGCAAATGACCAAA
GCACTGCTGAGACCATAGAACTTTCTACTGCTACTGTTCCTGCAGA
AGCAAGCCCTGTAGAAGACGAAGTAAGACAGCATTCTAAAGAGGA
AAACGGCACAACTGAAGCATCTGCACCTTCTACTGAAGAGGCGGA
GCCAGCAGCTTCCAGAGATGCTGAAAAACAACAAGATGAAACCGC
TGCTACAACGATAACTGTAATCAAACCTACTTTGGAAACAATGGA
AACAGTGAAAGAGGAGGCCAAAATGCGTGAGGAAGAGCAAACATC
TCAAGAAAAATCCCCACAGGAGAACACACTTCCAAGAGAAAATGT
AGTAAGGCAAGTGGAAGAAGATGAAAACTACGACGACGCTAGACC
CGGGGAGCGCCCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTC
GCGCCAGGACAGGCTTGACAGGCATACCCGTACTCATACCGGTGA
AAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCCCAGAA
GGAGCACTTGGCGGGGCATCTACGTACGCACACCGGCGAGAAGCC
ATTCCAATGCCGAATATGCATGCGCAACTTCAGTCGCCGCGACAAC
CTGAACCGGCACCTAAAAACCCACCTGAGATAA
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SIN3-ZF43-8

ATGGCTCCTAAGAAAAAGCGCAAAGTCGGTATCCATGGCGTTCCC
GTCGACTCACAGGTTTGGCATAATTCGAATTCGCAATCAAACGAT
GTGGCTACTTCAAATGACGCTACGGGTTCCAACGAAAGAAACGAA
AAAGAACCGTCCCTCCAGGGAAATAAGCCCGGTTTTGTTCAACAG
CAGCAACGGATTACTTTACCCTCGCTATCTGCCTTGAGTACTAAGG
AGGAAGATAGAAGAGATTCCAATGGCCAACAGGCTCTAACTTCTC
ATGCTGCTCACATATTAGGTTATCCTCCCCCACATTCAAATGCTAT
GCCCTCAATTGCAACTGATTCAGCATTGAAACAGCCCCACGAGTAT
CACCCTCGCCCTAAATCTTCGTCCTCTTCTCCCTCTATAAACGCTT
CGCTTATGAATGCTGGTCCAGCTCCCCTCCCCACAGTGGGAGCCG
CCAGTTTTTCTTTGTCGAGATTTGACAATCCATTACCGATAAAAGC
TCCTGTTCATACAGAGGAACCAAAAAGTTATAATGGTCTTCAGGA
AGAAGAAAAGGCGACGCAACGGCCTCAAGATTGCAAGGAAGTTCC
CGCTGGTGTGCAGCCTGCTGATGCCCCTGACCCTAGCAGCAACCA
TGCAGATGCTAACGATGACAATAATAACAACGAAAATTCTCACGA
TGAAGATGCTGACTACAGACCTCTAAACGTGAAGGATGCCCTATC
TTACCTCGAACAGGTCAAATTTCAATTTAGTTCGCGTCCGGATATC
TATAATTTATTTTTAGATATTATGAAGGACTTTAAATCTCAGGCAA
TAGACACACCGGGCGTTATTGAAAGAGTATCCACTTTGTTCAGAG
GTTATCCAATTTTGATTCAAGGGTTCAATACTTTTCTACCCCAAGG
CTATAGAATCGAATGCTCCTCTAATCCGGACGACCCCATTAGAGTT
ACTACACCAATGGGTACTACGACAGTAAACAATAACATCAGTCCA
TCTGGTAGAGGTACAACGGATGCACAGGAACTTGGTTCTTTTCCA
GAAAGCGATGGAAATGGTGTTCAACAGCCCTCCAATGTGCCAATG
GTGCCTTCGAGTGTGTATCAATCGGAACAAAACCAAGACCAACAA
CAATCTTTGCCTCTTTTAGCTACTTCTTCTGGTTTACCTTCAATTC
AACAACCTGAAATGCCTGCACATCGCCAAATCCCACAAAGTCAATC
TTTAGTGCCTCAAGAAGATGCTAAGAAAAACGTTGATGTCGAATT
TAGTCAAGCCATAAGCTACGTTAATAAAATTAAAACTAGATTTGCC
GACCAACCTGATATTTACAAGCATTTTCTGGAAATACTACAAACTT
ATCAGCGAGAGCAAAAGCCAATAAACGAAGTCTACGCACAAGTGA
CGCATCTTTTCCAAAATGCTCCTGATTTACTAGAAGATTTCAAGAA
ATTCTTGCCGGACTCTTCAGCTTCTGCCAATCAGCAGGTGCAACAT
GCTCAGCAACATGCTCAACAACAACATGAGGCCCAAATGCATGCA
CAGGCACAAGCTCAGGCTCAGGCACAGGCACAGGTGGAACAACAG
AAGCAGCAACAGCAATTCTTGTATCCAGCTTCGGGCTATTACGGC
CATCCTTCTAACCGAGGTATTCCACAGCAAAACTTGCCTCCTATAG
GAAGCTTCTCGCCTCCAACAAACGGTTCGACCGTACATGAAGCCTA
TCAGGATCAACAGCACATGCAACCACCCCACTTCATGCCCTTACCA
TCGATCGTTCAACACGGGCCAAATATGGTACATCAAGGGATAGCG
AATGAAAATCCACCTCTATCAGATCTAAGAACGTCTCTCACTGAAC
AGTACGCTCCTTCTAGTATACAACATCAGCAGCAGCACCCGCAAAG
TATTAGTCCTATAGCAAATACGCAGTATGGTGATATCCCTGTTAG
ACCGGAAATTGATTTAGATCCTAGCATTGTGCCTGTGGTCCCTGA
ACCCACTGAGCCCATCGAAAACAATATATCGCTTAATGAGGAAGT
CACTTTCTTCGAAAAGGCCAAGAGGTATATCGGCAATAAACATTT
ATACACTGAGTTTTTGAAAATTTTAAATTTGTACTCTCAAGATATA
CTTGATCTTGACGATTTAGTGGAAAAGGTAGATTTCTACTTGGGT
TCCAATAAAGAACTATTTACGTGGTTCAAAAACTTTGTTGGCTACC
AAGAAAAAACCAAATGTATCGAGAATATTGTTCATGAAAAACATA
GATTGGATTTAGATTTATGTGAGGCATTTGGCCCAAGTTACAAGA
GGCTACCAAAAAGTGACACTTTCATGCCATGCTCAGGTAGGGATG
ATATGTGTTGGGAAGTCTTGAACGATGAATGGGTTGGACATCCTG
TATGGGCTTCCGAAGATTCGGGATTTATTGCTCATCGTAAAAACC
AGTATGAGGAAACACTATTCAAGATCGAAGAGGAAAGACATGAGT
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SIN3-ZF43-8
(contd. . .)

ATGATTTTTACATTGAATCAAATTTAAGAACTATTCAATGTTTGGA
AACAATTGTAAATAAGATCGAGAACATGACTGAGAATGAAAAAGC
CAATTTTAAACTGCCTCCAGGTCTTGGCCATACTTCAATGACTATT
TATAAAAAAGTGATAAGGAAAGTTTATGATAAGGAAAGGGGGTTC
GAGATTATTGATGCTTTGCATGAGCACCCTGCAGTGACAGCCCCA
GTCGTTCTGAAAAGGTTAAAGCAAAAAGACGAAGAATGGAGAAGA
GCTCAACGTGAATGGAATAAAGTTTGGAGGGAGTTAGAACAGAAG
GTTTTTTTCAAGTCATTAGATCATTTAGGCTTAACATTTAAACAGG
CTGACAAGAAATTATTAACTACAAAGCAGTTGATATCAGAGATTA
GCAGCATCAAAGTTGATCAAACAAACAAAAAAATTCACTGGTTAA
CTCCTAAACCAAAGAGCCAGTTAGATTTTGATTTCCCTGATAAAAA
CATTTTCTATGATATCTTGTGTTTGGCTGACACTTTTATAACCCAT
ACCACAGCCTATTCTAATCCCGATAAAGAAAGATTGAAAGATTTAC
TAAAATACTTCATCTCTTTGTTTTTTTCTATTTCTTTCGAAAAAAT
CGAAGAATCGTTGTACTCCCATAAGCAAAACGTGTCAGAATCTAG
CGGATCTGACGATGGCAGTTCTATTGCATCAAGGAAGAGGCCCTA
TCAACAAGAAATGAGTTTACTTGATATTTTACACAGGAGCAGATA
TCAAAAGCTAAAGCGTTCTAATGATGAAGATGGCAAAGTTCCCCA
GCTCTCTGAACCACCCGAAGAAGAACCTAATACCATTGAGGAGGA
AGAGCTCATCGATGAAGAAGCTAAAAATCCGTGGCTAACTGGGAA
TTTAGTGGAGGAAGCAAACTCTCAGGGTATTATCCAAAATCGCAG
TATTTTTAATCTATTCGCTAATACGAATATTTACATATTTTTCCGT
CATTGGACAACGATTTATGAGCGGCTTTTGGAAATTAAGCAAATG
AATGAAAGGGTCACAAAGGAAATCAACACAAGGTCGACAGTTACT
TTTGCCAAAGATCTAGATTTATTATCGAGTCAACTTTCCGAAATGG
GACTAGATTTTGTTGGTGAAGACGCGTACAAACAGGTTTTAAGAC
TGAGTAGAAGGTTGATTAATGGGGATCTTGAACATCAGTGGTTTG
AAGAGAGTTTGCGGCAAGCTTACAATAACAAAGCGTTTAAACTCT
ATACAATTGATAAAGTCACCCAATCGTTGGTAAAGCATGCTCATA
CCTTGATGACTGACGCTAAAACTGCGGAAATAATGGCTTTGTTCG
TTAAAGATAGAAATGCCTCCACCACGAGTGCGAAGGACCAAATTA
TCTATCGCTTGCAGGTGCGCTCACATATGTCCAACACAGAAAATAT
GTTTAGAATAGAGTTTGATAAAAGAACTCTGCATGTTTCCATTCA
ATATATTGCACTTGATGATTTGACACTAAAGGAACCAAAGGCAGA
CGAAGATAAATGGAAATATTATGTAACATCGTATGCTCTGCCACA
TCCAACAGAAGGCATTCCGCACGAGAAACTGAAGATACCATTTTT
GGAAAGGCTCATCGAATTTGGACAAGATATTGATGGAACAGAGGT
AGATGAGGAGTTTTCCCCCGAAGGCATCTCTGTATCGACATTGAA
AATTAAGATCCAGCCTATAACCTACCAACTGCATATTGAAAACGG
GTCTTACGATGTTTTTACCCGTAAGGCTACTAACAAATATCCTACT
ATTGCTAATGATAATACTCAAAAAGGAATGGTTTCTCAGAAGAAG
GAGTTGATATCAAAATTTCTAGACTGTGCAGTTGGTTTGAGAAAT
AATTTAGATGAGGCTCAAAAATTAAGTATGCAAAAAAAATGGGAG
AACCTAAAAGACAGCATAGCAAAGACGAGTGCTGGAAACCAGGGA
ATAGAGAGTGAAACCGAAAAAGGTAAAATTACGAAACAGGAGCAG
TCGGATAATTTGGACAGCTCTACTGCAAGTGTACTGCCTGCATCC
ATTACTACTGTACCACAAGATGATAATATAGAAACGACTGGGAAT
ACTGAATCTTCAGACAAGGGGGCTAAGATTCAACCCGGGGAGCGC
CCCTTCCAGTGTCGCATTTGCATGCGGAACTTTTCGCGCCAGGACA
GGCTTGACAGGCATACCCGTACTCATACCGGTGAAAAACCGTTTC
AGTGTCGGATCTGTATGCGAAATTTCTCCCAGAAGGAGCACTTGG
CGGGGCATCTACGTACGCACACCGGCGAGAAGCCATTCCAATGCC
GAATATGCATGCGCAACTTCAGTCGCCGCGACAACCTGAACCGGC
ACCTAAAAACCCACCTGAGATAA
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UMEG-ZF43-8

ATGGCTCCTAAGAAAAAGCGCAAAGTCGGTATCCATGGCGTTCCC
GTCGACCTAGACAAGGCGCGCTCTCAAAGCAAACACATGGACGAA
TCTAATGCGGCTGCCTCTCTGCTTTCGATGGAAACAACCGCCAACA
ATCATCACTATTTGCACAATAAAACATCTCGTGCCACGCTGATGAA
TAGCAGCCAAGACGGCAAAAAACATGCAGAAGATGAAGTTAGTGA
TGGAGCTAACTCCCGCCATCCTACAATTTCCAGTGCTAGCATCGAA
TCTCTCAAGACAACCTACGATGAAAACCCTTTGCTTTCTATTATGA
AATCGACATGTGCGCCCAACAACACTCCCGTGCATACTCCGTCTGG
TTCGCCGAGTTTGAAAGTCCAAAGTGGCGGAGATATCAAAGACGA
TCCTAAGGAAAACGATACTACTACTACGACCAATACTACACTTCAA
GATCGCCGTGACAGCGATAACGCTGTGCATGCTGCCGCCAGCCCA
CTCGCGCCTTCCAATACACCTTCGGATCCTAAGTCATTGTGCAATG
GCCATGTCGCACAGGCTACAGACCCACAAATTTCCGGTGCTATTCA
GCCGCAGTATACTGCAACCAACGAGGATGTTTTCCCTTACTCCTCC
ACCTCCACTAATAGTAACACTGCCACTACTACTATCGTCGCCGGCG
CCAAAAAAAAAATACATTTGCCGCCACCACAAGCTCCAGCGGTTTC
TTCCCCCGGTACCACCGCAGCAGGCTCGGGCGCGGGCACGGGCTC
GGGCATCCGTTCCCGCACAGGATCGGATTTGCCGCTCATCATTACC
AGCGCCAACAAGAACAACGGTAAGACTACCAATTCGCCTATGTCG
ATACTGAGCAGAAACAACAGTACCAACAACAACGACAATAATTCG
ATACAAAGCTCAGATTCGAGAGAATCCTCTAATAACAATGAGATT
GGCGGGTATTTGCGCGGCGGAACTAAGCGCGGCGGCAGTCCATCT
AACGACTCTCAGGTCCAGCATAATGTGCATGATGACCAATGTGCC
GTGGGCGTGGCGCCCAGGAACTTCTATTTCAACAAGGATAGAGAG
ATAACAGACCCAAATGTAAAACTGGACGAGAACGAATCAAAAATC
AACATATCGTTCTGGCTAAATTCGAAATACAGAGATGAGGCTTAT
TCTTTGAATGAATCATCCTCCAACAATGCTAGTTCAAACACGGATA
CGCCTACAAACTCTCGACATGCGAACACCAGCTCTTCCATTACCAG
CAGAAACAATTTCCAGCATTTTAGGTTCAACCAAATACCTTCTCAA
CCTCCAACTTCCGCATCTTCGTTTACAAGCACAAACAACAACAACC
CTCAACGGAACAATATCAATCGCGGTGAAGACCCGTTTGCCACTTC
GTCAAGACCTTCTACTGGGTTTTTTTACGGCGATTTGCCGAATCGT
AACAATAGAAATAGTCCCTTCCATACAAATGAACAATACATCCCAC
CACCTCCACCGAAATACATCAATTCTAAATTGGATGGATTGAGATC
AAGATTATTGCTCGGTCCGAATTCTGCATCTTCATCTACCAAACTA
GACGACGACTTGGGTACAGCAGCAGCAGTGCTATCAAACATGAGA
TCATCCCCATATAGAACTCATGATAAACCCATTTCCAATGTCAATG
ACATGAATAACACAAATGCGCTCGGTGTGCCGGCTAGTAGGCCTC
ATTCGTCATCTTTTCCATCAAAGGGTGTCTTAAGACCAATTCTGTT
ACGTATCCATAATTCCGAACAACAACCCATTTTCGAAAGCAACAAT
TCTACAGCTGTTTTTGATGAAGACCAGGACCAAAATCAAGACTTG
TCTCCTTACCATTTAAATCTAAACTCTAAAAAGGTTTTAGATCCCA
CTTTTGAGTCAAGGACAAGGCAAGTTACTTGGAATAAGAATGGTA
AGCGAATAGACAGACGCCTTTCTGCTCCAGAACAACAACAGCAAC
TGGAAGTTCCACCATTGAAAAAATCGAGAAGGTCAGTTGGAAACG
CAAGAGTAGCAAGCCAAACCAATAGCGATTATAATTCTCTTGGCG
AATCCTCAACTTCGTCAGCTCCATCGTCTCCATCTTTGAAGGCTTC
TTCTGGCTTGGCATATACCGCTGATTATCCTAACGCTACTTCGCCG
GATTTCGCTAAATCTAAAGGAAAAAATGTCAAGCCTAAGGCAAAA
TCAAAGGCGAAACAGTCATCAAAGAAAAGACCAAATAATACTACT
TCGAAATCAAAAGCAAACAATTCTCAAGAATCGAATAATGCTACTT
CCTCAACGTCTCAAGGTACAAGGTCCCGTACTGGTTGCTGGATTT
GTAGATTAAGGAAAAAGAAGTGTACCGAGGAAAGACCGCACTGTT
TCAACTGTGAAAGGTTGAAATTGGACTGTCACTATGACGCGTTCA
AACCAGATTTTGTATCTGATCCAAAGAAAAAACAGATGAAACTGG
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UMEG6-ZF43-8
(contd...)

AGGAAATCAAGAAAAAAACAAAAGAGGCCAAAAGAAGAGCAATGA
AAAAAAAACCCGGGGAGCGCCCCTTCCAGTGTCGCATTTGCATGC
GGAACTTTTCGCGCCAGGACAGGCTTGACAGGCATACCCGTACTC
ATACCGGTGAAAAACCGTTTCAGTGTCGGATCTGTATGCGAAATT
TCTCCCAGAAGGAGCACTTGGCGGGGCATCTACGTACGCACACCG
GCGAGAAGCCATTCCAATGCCGAATATGCATGCGCAACTTCAGTC
GCCGCGACAACCTGAACCGGCACCTAAAAACCCACCTGAGATAA

LexA-VP16

ATGGCTCCTAAGAAAAAGCGCAAAGTCCGGCCGGCATCTAGAAAG
GCTTTGACTGCTAGACAACAAGAAGTTTTCGACTTGATCAGAGAC
CACATCTCTCAAACTGGTATGCCACCAACTAGAGCTGAAATCGCTC
AACGTCTCGGCTTCAGATCGCCAAATGCTGCTGAAGAACACTTGA
AGGCTTTGGCTAGAAAGGGTGTTATCGAAATCGTTTCTGGTGCTT
CTCGTGGTATCAGATTGTTGCAAGAAGAAGAAGAAGGTTTGCCAT
TGGTTGGTAGAGTTGCTGCTGGTGAACCAGGTGGTGGTTCTGTCG
ACGCCCCACCAACCGATGTTTCTTTAGGTGATGAGTTACATTTGG
ACGGTGAGGACGTAGCTATGGCACATGCAGATGCCTTAGACGATT
TTGACTTGGATATGTTAGGAGATGGAGATTCACCAGGACCTGGTT
TCACACCACACGATTCAGCTCCATACGGTGCTTTGGACATGGCCG
ATTTCGAATTTGAACAGATGTTTACTGATGCCTTGGGTATAGACG
AATACGGTGGTGGAGCTAGCTAA
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Table A.2: Sequences of DNA constructs used in building Synthetic CRISPR-Cas
transcription factors

’ Construct

Sequence

dCas9-3xNLS-
VP64

GCCACCATGGACAAGAAGTACTCCATTGGGCTCGCCATCGGCACA
AACAGCGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGTGCCG
AGCAAAAAATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATA
AAGAAGAACCTCATTGGCGCCCTCCTGTTCGACTCCGGGGAGACG
GCCGAAGCCACGCGGCTCAAAAGAACAGCACGGCGCAGATATACC
CGCAGAAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAGTAAT
GAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAG
TCCTTTTTGGTGGAGGAGGATAAAAAGCACGAGCGCCACCCAATC
TTTGGCAATATCGTGGACGAGGTGGCGTACCATGAAAAGTACCCA
ACCATATATCATCTGAGGAAGAAGCTTGTAGACAGTACTGATAAG
GCTGACTTGCGGTTGATCTATCTCGCGCTGGCGCATATGATCAAA
TTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACAAC
AGCGATGTCGACAAACTCTTTATCCAACTGGTTCAGACTTACAATC
AGCTTTTCGAAGAGAACCCGATCAACGCATCCGGAGTTGACGCCA
AAGCAATCCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAAA
ACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAACGGCCTGTTTG
GTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATC
TAACTTCGACCTGGCCGAAGATGCCAAGCTTCAACTGAGCAAAGA
CACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGA
CCAGTACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGC
CATTCTGCTGAGTGATATTCTGCGAGTGAACACGGAGATCACCAA
AGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCA
CCAAGACTTGACTTTGCTGAAGGCCCTTGTCAGACAGCAACTGCC
TGAGAAGTACAAGGAAATTTTCTTCGATCAGTCTAAAAATGGCTA
CGCCGGATACATTGACGGCGGAGCAAGCCAGGAGGAATTTTACAA
ATTTATTAAGCCCATCTTGGAAAAAATGGACGGCACCGAGGAGCT
GCTGGTAAAGCTTAACAGAGAAGATCTGTTGCGCAAACAGCGCAC
TTTCGACAATGGAAGCATCCCCCACCAGATTCACCTGGGCGAACT
GCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGAA
AGATAACAGGGAAAAGATTGAGAAAATCCTCACATTTCGGATACC
CTACTATGTAGGCCCCCTCGCCCGGGGAAATTCCAGATTCGCGTG
GATGACTCGCAAATCAGAAGAGACCATCACTCCCTGGAACTTCGA
GGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGAAAG
GATGACTAACTTTGATAAAAATCTGCCTAACGAAAAGGTGCTTCC
TAAACACTCTCTGCTGTACGAGTACTTCACAGTTTATAACGAGCTC
ACCAAGGTCAAATACGTCACAGAAGGGATGAGAAAGCCAGCATTC
CTGTCTGGAGAGCAGAAGAAAGCTATCGTGGACCTCCTCTTCAAG
ACGAACCGGAAAGTTACCGTGAAACAGCTCAAAGAAGACTATTTC
AAAAAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAG
GATCGCTTCAACGCATCCCTGGGAACGTATCACGATCTCCTGAAAA
TCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACA
TTCTTGAGGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGG
AGATGATTGAAGAACGCTTGAAAACTTACGCTCATCTCTTCGACG
ACAAAGTCATGAAACAGCTCAAGAGGCGCCGATATACAGGATGGG
GGCGGCTGTCAAGAAAACTGATCAATGGGATCCGAGACAAGCAGA
GTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCA
ACCGGAACTTCATGCAGTTGATCCATGATGACTCTCTCACCTTTAA
GGAGGACATCCAGAAAGCACAAGTTTCTGGCCAGGGGGACAGTCT
TCACGAGCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAA
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dCas9-3xNLS-
VP64 (contd...)

GGGAATACTGCAGACCGTTAAGGTCGTGGATGAACTCGTCAAAGT
AATGGGAAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCG
AGAGAACCAAACTACCCAGAAGGGACAGAAGAACAGTAGGGAAAG
GATGAAGAGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCAAAT
CCTTAAGGAACACCCAGTTGAAAACACCCAGCTTCAGAATGAGAA
GCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGTGGA
TCAGGAACTGGACATCAATCGGCTCTCCGACTACGACGTGGATGC
CATCGTGCCCCAGTCTTTTCTCAAAGATGATTCTATTGATAATAAA
GTGTTGACAAGATCCGATAAAAATAGAGGGAAGAGTGATAACGTC
CCCTCAGAAGAAGTTGTCAAGAAAATGAAAAATTATTGGCGGCAG
CTGCTGAACGCCAAACTGATCACACAACGGAAGTTCGATAATCTG
ACTAAGGCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCGGC
TTCATCAAAAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCAC
GTGGCCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGAA
AATGACAAACTGATTCGAGAGGTGAAAGTTATTACTCTGAAGTCT
AAGCTGGTCTCAGATTTCAGAAAGGACTTTCAGTTTTATAAGGTG
AGAGAGATCAACAATTACCACCATGCGCATGATGCCTACCTGAAT
GCAGTGGTAGGCACTGCACTTATCAAAAAATATCCCAAGCTTGAA
TCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGTTAGGAAA
ATGATCGCAAAGTCTGAGCAGGAAATAGGCAAGGCCACCGCTAAG
TACTTCTTTTACAGCAATATTATGAATTTTTTCAAGACCGAGATTA
CACTGGCCAATGGAGAGATTCGGAAGCGACCACTTATCGAAACAA
ACGGAGAAACAGGAGAAATCGTGTGGGACAAGGGTAGGGATTTCG
CGACAGTCCGGAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTA
AAAAGACCGAAGTACAGACCGGAGGCTTCTCCAAGGAAAGTATCC
TCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCAAAAAAGATT
GGGACCCCAAGAAATACGGCGGATTCGATTCTCCTACAGTCGCTT
ACAGTGTACTGGTTGTGGCCAAAGTGGAGAAAGGGAAGTCTAAAA
AACTCAAAAGCGTCAAGGAACTGCTGGGCATCACAATCATGGAGC
GATCAAGCTTCGAAAAAAACCCCATCGACTTTCTCGAGGCGAAAG
GATATAAAGAGGTCAAAAAAGACCTCATCATTAAGCTTCCCAAGT
ACTCTCTCTTTGAGCTTGAAAACGGCCGGAAACGAATGCTCGCTA
GTGCGGGCGAGCTGCAGAAAGGTAACGAGCTGGCACTGCCCTCTA
AATACGTTAATTTCTTGTATCTGGCCAGCCACTATGAAAAGCTCAA
AGGGTCTCCCGAAGATAATGAGCAGAAGCAGCTGTTCGTGGAACA
ACACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCGAATT
CTCCAAAAGAGTGATCCTCGCCGACGCTAACCTCGATAAGGTGCT
TTCTGCTTACAATAAGCACAGGGATAAGCCCATCAGGGAGCAGGC
AGAAAACATTATCCACTTGTTTACTCTGACCAACTTGGGCGCGCCT
GCAGCCTTCAAGTACTTCGACACCACCATAGACAGAAAGCGGTAC
ACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCA
ATTACGGGGCTCTATGAAACAAGAATCGACCTCTCTCAGCTCGGT
GGAGACAGCAGGGCTGACGGGCCCTCACTGGGTTCAGGGTCACCC
AAGAAGAAACGCAAAGTCGAGGATCCAAAGAAGAAAAGGAAGGTT
GAAGACCCCAAGAAAAAGAGGAAGGTGGATGGGATCGGCTCAGGC
AGCAACGGCGGTGGAGGTTCAGACGCTTTGGACGATTTCGATCTC
GATATGCTCGGTTCTGACGCCCTGGATGATTTCGATCTGGATATG
CTCGGCAGCGACGCTCTCGACGATTTCGACCTCGACATGCTCGGG
TCAGATGCCTTGGATGATTTTGACCTGGATATGCTCTCATGATGA

KRAB

GATGCTAAGTCACTAACTGCCTGGTCCCGGACACTGGTGACCTTC
AAGGATGTATTTGTGGACTTCACCAGGGAGGAGTGGAAGCTGCTG
GACACTGCTCAGCAGATCGTGTACAGAAATGTGATGCTGGAGAAC
TATAAGAACCTGGTTTCCTTGGGTTATCAGCTTACTAAGCCAGAT
GTGATCCTCCGGTTGGAGAAGGGAGAAGAGCCCTGGCTGGTGGAG
AGAGAAATTCACCAAGAGACCCATCCTGATTCAGAGACTGCATTT
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KRAB
(contd. . .)

GAAATCAAATCATCAGTTTCCAGCAGGAGCATTTTTAAAGATAAG
CAATCCTGTGACATTAAAATGGAAGGAATGGCAAGGAATGATCTC
TGG

PGK1

AATTCTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAG
CATGCGCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTG
GCCTCTGGCCTCGCACAAATTCTACCGGGTAGGGGAGGCGCTTTT
CCCAAGGCAGTCTGGAGCATGCGCTTTAGCAGCCCCGCTGGGCAC
TTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCC
ACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCG
CCACCTTCTACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGC
AGCTCGCGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCA
CTAGTCTCGTGCAGATGGACAGCACCGCTGAGCAATGGAAGCGGG
TAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTT
TCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTC
AGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGA
GGCCCGGCATTCTGCACGCTTCAAAAGCGCACGTCTGCCGCGCTG
TTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTGCATCCCAAGCT
TGCCACCATG

pMLPm

GGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTCCTCACTCTAGAT
CTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTGGTAAAGCC
ACCATGGCGCCACCATG

Oxal pMLPm

ATCGATAGCTAGCGGGGGGCTATAAAAGGGGGTGGGGGCGTTCGT
CCTCACTCTAGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACT
GTTGGTAAAGCCACCATGGCGCCACCATG

1xal pMLPm

ATCGATAGCTAGCCTGAAAATATTAATTACTGTATGTACATACAGT
AGGCTAGCGGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTCCTCA
CTCTAGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTG
GTAAAGCCACCATGGCGCCACCATG

2xal pMLPm

ATCGATAGCTAGCCTGAAAATATTAATTACTGTATGTACATACAGT
AGGCTAGCCTGAAAATATTAATTACTGTATGTACATACAGTAGGC
TAGCGGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTCCTCACTCT
AGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTGGTAA
AGCCACCATGGCGCCACCATG

3xal pMLPm

ATCGATAGCTAGCCTGAAAATATTAATTACTGTATGTACATACAGT
AGGCTAGCCTGAAAATATTAATTACTGTATGTACATACAGTAGGC
TAGCCTGAAAATATTAATTACTGTATGTACATACAGTAGGCTAGC
GGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTCCTCACTCTAGAT
CTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTGGTAAAGCC
ACCATGGCGCCACCATG

pU6_gRNA

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGA
TCCGGTACCAAGGTCGGGCAGGAAGAGGGCCTATTTCCCATGATT
CCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATT
AGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACG
TGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAA
TTATGTTTTAAAATGGACTATCATTGCTTACCGTAACTTGAAAGTA
TTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC
GNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAAGTT
AAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGT
CGGTGCTTTTTTT

where NNNNNNNNNNNNNNNNNNNN above is one of the following

ml gRNA

CTGTCCCCAGTGCAAGTGC

m2 gRNA

TTCTCTATCGATAGCTAGC

m3 gRNA

TCTGCGATCTAAGTAAGCT
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m4 gRNA ACTGTTGGTAAAGCCACCA

mb gRNA ATGGCGCCACCATGAGCAG
m6 gRNA GGCACCTGCACTTGCACTG
m7 gRNA TATCGATAGAGAAATGTTC
m8 gRNA AGATCGCAGATCTAGAGTG
m9 gRNA GTGGCTTTACCAACAGTAC
ml0 gRNA GCTCATGGTGGCGCCATGG

CCAAT gRNA GAAGGAGCAAAGCTGCTAT

GC-box gRNA GGCGGGCTCAGGGGCGGGG

al gRNA TACTGTATGTACATACAGT
a2 gRNA AGTCGCGTGTAGCGAAGCAT
a3 gRNA CAACGCGACGCTAGATAGCA
o5 gRNA TAAGTCGGAGTACTGTCCT
pl gRNA CTGAGTCCGGTAGCGCTAG
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Table A.3: Construct names, designs, and abbreviations used in Chapter

’ Construct \ Sequence
Construct 1 CMVp-dCas9-3xNLS-VP64-3’LTR
Abbreviation taCas9
Construct 2 PGK1p-Csy4-pA
Abbreviation Csy4
Construct 3 CMVp-mKate2-Triplex-28-gRNA1-28-pA
Abbreviation CMVp-mK-Tr-28-g1-28

Construct 4

CMVp-mKate2 EX1-[28-gRNA1-28|ygyi-
mKate2 EX2-pA

Abbreviation CMVp-mKEX1-|28-g1-28| HSV1-mKEX2
Construct 5 P1-EYFP-pA

Abbreviation P1-EYFP

Construct 6 P2-ECFP-pA

Abbreviation P2-ECFP

Construct 7 U6p-gRNA1-TTTTT

Abbreviation Ubp-gl

Construct 8

CMVp-mKate2 EX1-[28-gRNA1-28]consensus-
mKate2 EX2-pA

Abbreviation

CMVp-mKEX1-|28-g1-28]|cons-mK EX2

Construct 9

CMVp-mKate2 EX1-[28-gRNA1-28|,,rna2-
mKate2 EX2-pA

Abbreviation

CMVp-mK EX1-[28-g1-28]sno-mK EX2

Construct 10

CMVp-mKate2 EX1-[28-gRNA1|ysyi-mKate2 EX2-
pPA

Abbreviation

CMVp-mK EX1-[28-g1|HSVI-mK EX2

Construct 11

CMVp-mKate2 EX1-[gRNA1-28|ysyi-mKate2 EX2-
PA

Abbreviation

CMVp-mKEX1-[gl-28] HSVI-mK EX2

Construct 12

CMVp-mKate2 EX1-[gRNA2]|.sensus-mKate2 EX2-
PA

Abbreviation CMVp-mKEX1-|g2|cons-mKEX2

Construct 13 CMVp-mKate2-Triplex-HHRibo-gRNA1-HDVRibo-pA
Abbreviation CMVp-mK-Tr-HH-g1-HDV

Construct 14 | CMVp-mKate2-HHRibo-gRNA1-HDVRibo-pA
Abbreviation CMVp-mK-HH-gl-HDV

Construct 15 CMVp-HHRibo-gRNA1-HDVRibo-pA

Abbreviation CMVp-HH-g1-HDV
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’ Construct

\ Sequence

Construct 16

CMVp-mKate2 EX1-[28-gRNA1-28|ggyi-
mKate2 EX2-Triplex-28-gRNA2-28-pA

Abbreviation CMVp-mKEX1-|28-g1-28| HSV1-m K EX2-Tr-28-g2-28
Construct 17 | CMVp-mKate2-Triplex-28-gRNA1-28-gRNA2-28-pA
Abbreviation CMVp-mK-Tr-28-g1-28-g2-28

Construct 18 | P1-EYFP-Triplex-28-gRNA2-28-pA

Abbreviation P1-EYFP-Tr-28-g2-28

Construct 19

CMVp-mKate2-Triplex-28-gRNA3-28-gRN A4-28-
gRINA5-28-gRNAG6-28

Abbreviation

CMVp-mK -Tr-(28-g-28)3-6

Construct 20

CMVp-mKate2 EX1-[miRNA]-mKate2 EX2-Triplex-
28-gRNA1-28-pA

Abbreviation

CMVp-mKEX1-|miR|-mKEX2-Tr-28-g1-28

Construct 21

CMVp-mKate2 EX1-[miRNA]-mKate2 EX2-Triplex-
28-gRINA1-28-4xmiRNA-BS-pA

Abbreviation CMVp-mKEX1-|miR|-mK EX2-Tr-28-g1-28-miR4xBS
Construct 22 CMVp-ECFP-Triplex-28-8xmiRNA-BS-28-pA
Abbreviation CMVp-ECFP-Tr-28-miR8xBS-28

Construct 23 CMVp-mKate2-Triplex-28-gRINA3-28
Abbreviation CMVp-mKate2-Tr-28-g3-28

Construct 24 | CMVp-mKate2-Triplex-28-gRNA4-28
Abbreviation CMVp-mKate2-Tr-28-g4-28

Construct 25 CMVp-mKate2-Triplex-28-gRNA5-28
Abbreviation CMVp-mKate2-Tr-28-g5-28

Construct 26 | CMVp-mKate2-Triplex-28-gRNA6-28
Abbreviation CMVp-mKate2-Tr-28-g6-28

Construct 27 | P2-EYFP-pA

Abbreviation P2-EYFP
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Table A.4: Sequences of DNA constructs used in building Integrated CRISPR/Cas

circuits

’ Construct

Sequence (gene sequences start with Kozak following the start codon)

dCas9-3xNLS-
VP64-3’'LTR
(Construct 1)

GCCACCATGGACAAGAAGTACTCCATTGGGCTCGCCATCGGCACA
AACAGCGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGTGCCG
AGCAAAAAATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATA
AAGAAGAACCTCATTGGCGCCCTCCTGTTCGACTCCGGGGAGACG
GCCGAAGCCACGCGGCTCAAAAGAACAGCACGGCGCAGATATACC
CGCAGAAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAGTAAT
GAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAG
TCCTTTTTGGTGGAGGAGGATAAAAAGCACGAGCGCCACCCAATC
TTTGGCAATATCGTGGACGAGGTGGCGTACCATGAAAAGTACCCA
ACCATATATCATCTGAGGAAGAAGCTTGTAGACAGTACTGATAAG
GCTGACTTGCGGTTGATCTATCTCGCGCTGGCGCATATGATCAAA
TTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACAAC
AGCGATGTCGACAAACTCTTTATCCAACTGGTTCAGACTTACAATC
AGCTTTTCGAAGAGAACCCGATCAACGCATCCGGAGTTGACGCCA
AAGCAATCCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAAA
ACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAACGGCCTGTTTG
GTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATC
TAACTTCGACCTGGCCGAAGATGCCAAGCTTCAACTGAGCAAAGA
CACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGA
CCAGTACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGC
CATTCTGCTGAGTGATATTCTGCGAGTGAACACGGAGATCACCAA
AGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCA
CCAAGACTTGACTTTGCTGAAGGCCCTTGTCAGACAGCAACTGCC
TGAGAAGTACAAGGAAATTTTCTTCGATCAGTCTAAAAATGGCTA
CGCCGGATACATTGACGGCGGAGCAAGCCAGGAGGAATTTTACAA
ATTTATTAAGCCCATCTTGGAAAAAATGGACGGCACCGAGGAGCT
GCTGGTAAAGCTTAACAGAGAAGATCTGTTGCGCAAACAGCGCAC
TTTCGACAATGGAAGCATCCCCCACCAGATTCACCTGGGCGAACT
GCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGAA
AGATAACAGGGAAAAGATTGAGAAAATCCTCACATTTCGGATACC
CTACTATGTAGGCCCCCTCGCCCGGGGAAATTCCAGATTCGCGTG
GATGACTCGCAAATCAGAAGAGACCATCACTCCCTGGAACTTCGA
GGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGAAAG
GATGACTAACTTTGATAAAAATCTGCCTAACGAAAAGGTGCTTCC
TAAACACTCTCTGCTGTACGAGTACTTCACAGTTTATAACGAGCTC
ACCAAGGTCAAATACGTCACAGAAGGGATGAGAAAGCCAGCATTC
CTGTCTGGAGAGCAGAAGAAAGCTATCGTGGACCTCCTCTTCAAG
ACGAACCGGAAAGTTACCGTGAAACAGCTCAAAGAAGACTATTTC
AAAAAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAG
GATCGCTTCAACGCATCCCTGGGAACGTATCACGATCTCCTGAAAA
TCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACA
TTCTTGAGGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGG
AGATGATTGAAGAACGCTTGAAAACTTACGCTCATCTCTTCGACG
ACAAAGTCATGAAACAGCTCAAGAGGCGCCGATATACAGGATGGG
GGCGGCTGTCAAGAAAACTGATCAATGGGATCCGAGACAAGCAGA
GTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCA
ACCGGAACTTCATGCAGTTGATCCATGATGACTCTCTCACCTTTAA
GGAGGACATCCAGAAAGCACAAGTTTCTGGCCAGGGGGACAGTCT
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dCas9-3xNLS-
VP64-3’LTR
(Construct 1)
(contd. ..)

TCACGAGCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAA
GGGAATACTGCAGACCGTTAAGGTCGTGGATGAACTCGTCAAAGT
AATGGGAAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCG
AGAGAACCAAACTACCCAGAAGGGACAGAAGAACAGTAGGGAAAG
GATGAAGAGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCAAAT
CCTTAAGGAACACCCAGTTGAAAACACCCAGCTTCAGAATGAGAA
GCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGCCAC
CATGGACAAGAAGTACTCCATTGGGCTCGCCATCGGCACAAACAG
CGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGTGCCGAGCAA
AAAATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATAAAGAA
GAACCTCATTGGCGCCCTCCTGTTCGACTCCGGGGAGACGGCCGA
AGCCACGCGGCTCAAAAGAACAGCACGGCGCAGATATACCCGCAG
AAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAGTAATGAGAT
GGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTT
TTTGGTGGAGGAGGATAAAAAGCACGAGCGCCACCCAATCTTTGG
CAATATCGTGGACGAGGTGGCGTACCATGAAAAGTACCCAACCAT
ATATCATCTGAGGAAGAAGCTTGTAGACAGTACTGATAAGGCTGA
CTTGCGGTTGATCTATCTCGCGCTGGCGCATATGATCAAATTTCG
GGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACAACAGCGA
TGTCGACAAACTCTTTATCCAACTGGTTCAGACTTACAATCAGCTT
TTCGAAGAGAACCCGATCAACGCATCCGGAGTTGACGCCAAAGCA
ATCCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAAAACCTC
ATCGCACAGCTCCCTGGGGAGAAGAAGAACGGCCTGTTTGGTAAT
CTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATCTAACT
TCGACCTGGCCGAAGATGCCAAGCTTCAACTGAGCAAAGACACCT
ACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGT
ACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGCCATTC
TGCTGAGTGATATTCTGCGAGTGAACACGGAGATCACCAAAGCTC
CGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAG
ACTTGACTTTGCTGAAGGCCCTTGTCAGACAGCAACTGCCTGAGA
AGTACAAGGAAATTTTCTTCGATCAGTCTAAAAATGGCTACGCCG
GATACATTGACGGCGGAGCAAGCCAGGAGGAATTTTACAAATTTA
TTAAGCCCATCTTGGAAAAAATGGACGGCACCGAGGAGCTGCTGG
TAAAGCTTAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTTCG
ACAATGGAAGCATCCCCCACCAGATTCACCTGGGCGAACTGCACG
CTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGAAAGATAA
CAGGGAAAAGATTGAGAAAATCCTCACATTTCGGATACCCTACTA
TGTAGGCCCCCTCGCCCGGGGAAATTCCAGATTCGCGTGGATGAC
TCGCAAATCAGAAGAGACCATCACTCCCTGGAACTTCGAGGAAGT
CGTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGAAAGGATGAC
TAACTTTGATAAAAATCTGCCTAACGAAAAGGTGCTTCCTAAACAC
TCTCTGCTGTACGAGTACTTCACAGTTTATAACGAGCTCACCAAGG
TCAAATACGTCACAGAAGGGATGAGAAAGCCAGCATTCCTGTCTG
GAGAGCAGAAGAAAGCTATCGTGGACCTCCTCTTCAAGACGAACC
GGAAAGTTACCGTGAAACAGCTCAAAGAAGACTATTTCAAAAAGA
TTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCT
TCAACGCATCCCTGGGAACGTATCACGATCTCCTGAAAATCATTAA
AGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACATTCTTGA
GGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGGAGATGAT
TGAAGAACGCTTGAAAACTTACGCTCATCTCTTCGACGACAAAGTC
ATGAAACAGCTCAAGAGGCGCCGATATACAGGATGGGGGCGGCTG
TCAAGAAAACTGATCAATGGGATCCGAGACAAGCAGAGTGGAAAG
ACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACT
TCATGCAGTTGATCCATGATGACTCTCTCACCTTTAAGGAGGACAT
CCAGAAAGCACAAGTTTCTGGCCAGGGGGACAGTCTTCACGAG
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dCas9-3xNLS-
VP64-3’'LTR
(Construct 1)
(contd. ..)

CACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAAGGGAATA
CTGCAGACCGTTAAGGTCGTGGATGAACTCGTCAAAGTAATGGGA
AGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCGAGAGAAC
CAAACTACCCAGAAGGGACAGAAGAACAGTAGGGAAAGGATGAAG
AGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCAAATCCTTAAG
GAACACCCAGTTGAAAACACCCAGCTTCAGAATGAGAAGCTCTAC
CTGTACTACCTGCAGAACGGCAGGGACATGTACGTGGATCAGGAA
CTGGACATCAATCGGCTCTCCGACTACGACGTGGATGCCATCGTG
CCCCAGTCTTTTCTCAAAGATGATTCTATTGATAATAAAGTGTTGA
CAAGATCCGATAAAAATAGAGGGAAGAGTGATAACGTCCCCTCAG
AAGAAGTTGTCAAGAAAATGAAAAATTATTGGCGGCAGCTGCTGA
ACGCCAAACTGATCACACAACGGAAGTTCGATAATCTGACTAAGG
CTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCGGCTTCATCA
AAAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCACGTGGCCC
AAATTCTCGATTCACGCATGAACACCAAGTACGATGAAAATGACA
AACTGATTCGAGAGGTGAAAGTTATTACTCTGAAGTCTAAGCTGG
TCTCAGATTTCAGAAAGGACTTTCAGTTTTATAAGGTGAGAGAGA
TCAACAATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGG
TAGGCACTGCACTTATCAAAAAATATCCCAAGCTTGAATCTGAATT
TGTTTACGGAGACTATAAAGTGTACGATGTTAGGAAAATGATCGC
AAAGTCTGAGCAGGAAATAGGCAAGGCCACCGCTAAGTACTTCTT
TTACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCC
AATGGAGAGATTCGGAAGCGACCACTTATCGAAACAAACGGAGAA
ACAGGAGAAATCGTGTGGGACAAGGGTAGGGATTTCGCGACAGTC
CGGAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTAAAAAGACC
GAAGTACAGACCGGAGGCTTCTCCAAGGAAAGTATCCTCCCGAAA
AGGAACAGCGACAAGCTGATCGCACGCAAAAAAGATTGGGACCCC
AAGAAATACGGCGGATTCGATTCTCCTACAGTCGCTTACAGTGTA
CTGGTTGTGGCCAAAGTGGAGAAAGGGAAGTCTAAAAAACTCAAA
AGCGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCAAGC
TTCGAAAAAAACCCCATCGACTTTCTCGAGGCGAAAGGATATAAA
GAGGTCAAAAAAGACCTCATCATTAAGCTTCCCAAGTACTCTCTCT
TTGAGCTTGAAAACGGCCGGAAACGAATGCTCGCTAGTGCGGGCG
AGCTGCAGAAAGGTAACGAGCTGGCACTGCCCTCTAAATACGTTA
ATTTCTTGTATCTGGCCAGCCACTATGAAAAGCTCAAAGGGTCTCC
CGAAGATAATGAGCAGAAGCAGCTGTTCGTGGAACAACACAAACA
CTACCTTGATGAGATCATCGAGCAAATAAGCGAATTCTCCAAAAG
AGTGATCCTCGCCGACGCTAACCTCGATAAGGTGCTTTCTGCTTAC
AATAAGCACAGGGATAAGCCCATCAGGGAGCAGGCAGAAAACATT
ATCCACTTGTTTACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCA
AGTACTTCGACACCACCATAGACAGAAAGCGGTACACCTCTACAA
AGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGC
TCTATGAAACAAGAATCGACCTCTCTCAGCTCGGTGGAGACAGCA
GGGCTGACGGGCCCTCACTGGGTTCAGGGTCACCCAAGAAGAAAC
GCAAAGTCGAGGATCCAAAGAAGAAAAGGAAGGTTGAAGACCCCA
AGAAAAAGAGGAAGGTGGATGGGATCGGCTCAGGCAGCAACGGCG
GTGGAGGTTCAGACGCTTTGGACGATTTCGATCTCGATATGCTCG
GTTCTGACGCCCTGGATGATTTCGATCTGGATATGCTCGGCAGCG
ACGCTCTCGACGATTTCGACCTCGACATGCTCGGGTCAGATGCCTT
GGATGATTTTGACCTGGATATGCTCTCATGATGA
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PGK1p-Csy4-
pA (Construct 2)

GCCACCATGAAATCTTCTCACCATCACCATCACCATGAAAACCTGT
ACTTCCAATCCAATGCAGCTAGCGACCACTATCTGGACATCAGACT
GAGGCCCGATCCTGAGTTCCCTCCCGCCCAGCTGATGAGCGTGCT
GTTTGGCAAGCTGCATCAGGCTCTGGTCGCCCAAGGCGGAGACAG
AATCGGCGTGTCCTTCCCCGACCTGGACGAGTCCCGGAGTCGCCT
GGGCGAGCGGCTGAGAATCCACGCCAGCGCAGACGATCTGCGCGC
CCTGCTGGCCCGGCCTTGGCTGGAGGGCCTGCGGGATCATCTGCA
GTTTGGCGAGCCCGCCGTGGTGCCACACCCAACACCCTACCGCCA
GGTGAGCCGCGTGCAGGCCAAGTCAAATCCCGAGAGACTGCGGCG
GAGGCTGATGAGGCGACATGATCTGAGCGAGGAGGAGGCCAGAAA
GAGAATCCCCGACACAGTGGCCAGAGCCCTGGATCTGCCATTTGT
GACCCTGCGGAGCCAGAGCACTGGCCAGCATTTCAGACTGTTCAT
CAGACACGGGCCCCTGCAGGTGACAGCCGAGGAGGGCGGATTTAC
ATGCTATGGCCTGTCTAAAGGCGGCTTCGTGCCCTGGTTCTGA

mKate2-Triplex-
28-gRNA1-28-
pA (Construct 3)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGG
CGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCT
CATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGG
CCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTCCACCGA
GATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCGACAT
GGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTGAA
GACCACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCC
CGGCGTCTACTATGTGGACAGAAGACTGGAAAGAATCAAGGAGGC
CGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAG
ATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTGATA
AACCGGTGATTCGTCAGTAGGGTTGTAAAGGTTTTTCTTTTCCTG
AGAAAACAACCTTTTGTTTTCTCAGGTTTTGCTTTTTGGCCTTTCC
CTAGCTTTAAAAAAAAAAAAGCAAAACTCACCGAGGCAGTTCCAT
AGGATGGCAAGATCCTGGTATTGGTCTGCGAGTTCACTGCCGTAT
AGGCAGCTAAGAAATAGTCGCGTGTAGCGAAGCAGTTTTAGAGCT
AGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAA
AAGTGGCACCGAGTCGGTGCTTTTTTTCGTTCACTGCCGTATAGG
CAGCTAAGAAACAAACAGGAATCGAATGCAACCGGCGCAGGAACA
CTGCCAGCGCATCAACCCCGGG

mKate2 EXI-
[28-gRNA1-
28|usvi-

mKate2 EX2-
pA (Construct 4)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGTAAGTGTTCACTGCCGTATAGGCAGCTAAGAAATAGTCGC
GTGTAGCGAAGCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT
TTTTTTCGTTCACTGCCGTATAGGCAGCTAAGAAAGAGGGAGTCG
AGTCTTCTTTTTTTTTTTCACAGGGCTTCACATGGGAGAGAGTCAC
CACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAG
CCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGT
GAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGG
CTGGGAGGCCTCCACCGAGATGCTGTACCCCGCTGACGGCGGCCT
GGAAGGCAGAAGCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCA
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(Construct
(contd. . .)

4)

CCTGATCTGCAACTTGAAGACCACATACAGATCCAAGAAACCCGCT
AAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACAGAAGACTG
GAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCAC
GAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGG
CACAAACTTAATTGA

P1-EYFP-pA
(Construct 5)

GCTAGCCATGCTTCGCTACACGCGACTATTAATATTTTCAGGCTAG
CCATGCTTCGCTACACGCGACTATTAATATTTTCAGGCTAGCCATG
CTTCGCTACACGCGACTATTAATATTTTCAGGCTAGCCATGCTTCG
CTACACGCGACTATTAATATTTTCAGGCTAGCCATGCTTCGCTACA
CGCGACTATTAATATTTTCAGGCTAGCCATGCTTCGCTACACGCGA
CTATTAATATTTTCAGGCTAGCCATGCTTCGCTACACGCGACTATT
AATATTTTCAGGCTAGCCATGCTTCGCTACACGCGACTATTAATAT
TTTCAGGCTAGCCATGCTTCGCTACACGCGACTATTAATATTTTCA
GGCTAGCGGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTCCTGCT
ATCTAGCGTCGCGTTGACCATGGCGCCACCATGAGCAGCGGCGCC
CTGCTGTTCCACGGCAAGATCCCCTACGTGGTGGAGATGGAGGGC
GATGTGGATGGCCACACCTTCAGCATCCGCGGTAAGGGCTACGGC
GATGCCAGCGTGGGCAAGGTGGATGCCCAGTTCATCTGCACCACC
GGCGATGTGCCCGTGCCCTGGAGCACCCTGGTGACCACCCTGACC
TACGGCGCCCAGTGCTTCGCCAAGTACGGCCCCGAGCTGAAGGAT
TTCTACAAGAGCTGCATGCCCGATGGCTACGTGCAGGAGCGCACC
ATCACCTTCGAGGGCGATGGCAATTTCAAGACCCGCGCCGAGGTG
ACCTTCGAGAATGGCAGCGTGTACAATCGCGTGAAGCTGAATGGC
CAGGGCTTCAAGAAGGATGGCCACGTGCTGGGCAAGAATCTGGAG
TTCAATTTCACCCCCCACTGCCTGTACATCTGGGGCGATCAGGCCA
ATCACGGCCTGAAGAGCGCCTTCAAGATCTGCCACGAGATCGCCG
GCAGCAAGGGCGATTTCATCGTGGCCGATCACACCCAGATGAATA
CCCCCATCGGCGGCGGCCCCGTGCACGTGCCCGAGTACCACCACA
TGAGCTACCACGTGAAGCTGAGCAAGGATGTGACCGATCACCGCG
ATAATATGAGCCTGACGGAGACCGTGCGCGCCGTGGATTGCCGCA
AGACCTACCTGTAA

P2-ECFP-pA
(Construct 6)

GCTAGCCCAGGACAGTACTCCGACTTACTTAATATTTTCAGGCTAG
CCCAGGACAGTACTCCGACTTACTTAATATTTTCAGGCTAGCCCAG
GACAGTACTCCGACTTACTTAATATTTTCAGGCTAGCCCAGGACAG
TACTCCGACTTACTTAATATTTTCAGGCTAGCCCAGGACAGTACTC
CGACTTACTTAATATTTTCAGGCTAGCCCAGGACAGTACTCCGACT
TACTTAATATTTTCAGGCTAGCCCAGGACAGTACTCCGACTTACTT
AATATTTTCAGGCTAGCCCAGGACAGTACTCCGACTTACTTAATAT
TTTCAGGCTAGCGGGGGGCTATAAAAGGGGGTGGGGGCGTTCGTC
CTGCTATCTAGCGTCGCGTTGACCATGGTGAGCAAGGGCGAGGAG
CTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGAC
GTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGAT
GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGC
AAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGG
GCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACG
ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCA
CCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGG
TGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGG
GCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGG
AGTACAACGCCATCAGCGACAACGTCTATATCACCGCCGACAAGC
AGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCG
AGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCC
CCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGA
GCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATC
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(Construct  6)
(contd...)

ACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCG
GCATGGACGAGCTGTACAAGTAA

mKate2 EXI-
[28-gRNA1-
28]c0nsensus‘
mKate2 EX2-
pA (Construct 8)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGTAAGTGTTCACTGCCGTATAGGCAGCTAAGAAATAGTCGC
GTGTAGCGAAGCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT
TTTTTTCGTTCACTGCCGTATAGGCAGCTAAGAAATACTAACTTCG
AGTCTTCTTTTTTTTTTTCACAGGGCTTCACATGGGAGAGAGTCAC
CACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAG
CCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGT
GAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGG
CTGGGAGGCCTCCACCGAGATGCTGTACCCCGCTGACGGCGGCCT
GGAAGGCAGAAGCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCA
CCTGATCTGCAACTTGAAGACCACATACAGATCCAAGAAACCCGCT
AAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACAGAAGACTG
GAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCAC
GAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGG
CACAAACTTAATTGACCCGGG

mKate2 EXI-
[28-gRNA1-
28]5110RNA2'
mKate2 EX2-
pA (Construct 9)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGTAAGTGTTCATTTCTCAAAAGACCCTAATGTTCTTCCTTTA
CAGGAATGAATACTGTGCATGGACCAATGATGACTTCCATACATG
CATTCCTTGGAAAGCTGAACAAAATGAGTGGGAACTCTGTACTAT
CATCTTAGTTGAACTGAGGTCCGGATCCGTTCACTGCCGTATAGG
CAGCTAAGAAATAGTCGCGTGTAGCGAAGCAGTTTTAGAGCTAGA
AATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAG
TGGCACCGAGTCGGTGCTTTTTTTCAGATCTGTTCACTGCCGTATA
GGCAGCTAAGAAATCTAGATGGATCGATGATGACTTCCATATATA
CATTCCTTGGAAAGCTGAACAAAATGAGTGAAAACTCTATACCGT
CATTCTCGTCGAACTGAGGTCCAACCGGTGCACATTACTCCAACAG
GGGCTAGACAGAGAGGGCCAACATTGATTCGTTGACATGGGTGGC
TGCAGTACTAACTTCGAGTCTTCTTTTTTTTTTTCACAGGGCTTCA
CATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCG
CTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGT
CAAGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCA
GAAGAAAACACTCGGCTGGGAGGCCTCCACCGAGATGCTGTACCC
CGCTGACGGCGGCCTGGAAGGCAGAAGCGACATGGCCCTGAAGCT
CGTGGGCGGGGGCCACCTGATCTGCAACTTGAAGACCACATACAG
ATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTAT
GTGGACAGAAGACTGGAAAGAATCAAGGAGGCCGACAAAGAGACC
TACGTCGAGCAGCACGAGGTGGCTGTGGCCAGATACTGCGACCTC
CCTAGCAAACTGGGGCACAAACTTAATTGA
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mKate2-Triplex-
HHRibo-
gRNA1-
HDVRibo-pA
(Construct 13)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGG
CGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCT
CATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGG
CCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTCCACCGA
GATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCGACAT
GGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTGAA
GACCACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCC
CGGCGTCTACTATGTGGACAGAAGACTGGAAAGAATCAAGGAGGC
CGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAG
ATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTGATA
AACCGGTGATTCGTCAGTAGGGTTGTAAAGGTTTTTCTTTTCCTG
AGAAAACAACCTTTTGTTTTCTCAGGTTTTGCTTTTTGGCCTTTCC
CTAGCTTTAAAAAAAAAAAAGCAAAACGACTACTGATGAGTCCGT
GAGGACGAAACGAGTAAGCTCGTCTAGTCGCGTGTAGCGAAGCAG
TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTGGCCGGCATGG
TCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCAT
GGCGAATGGGACCCCGGG

mKate2-
HHRibo-
gRNAI-
HDVRibo-pA
(Construct 14)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGG
CGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCT
CATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGG
CCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTCCACCGA
GATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCGACAT
GGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTGAA
GACCACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCC
CGGCGTCTACTATGTGGACAGAAGACTGGAAAGAATCAAGGAGGC
CGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAG
ATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTGATA
AACCGGTCGACTACTGATGAGTCCGTGAGGACGAAACGAGTAAGC
TCGTCTAGTCGCGTGTAGCGAAGCAGTTTTAGAGCTAGAAATAGC
AAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC
CGAGTCGGTGCTTTTGGCCGGCATGGTCCCAGCCTCCTCGCTGGC
GCCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGACCCCGGG

HHRibo-
gRNAI-
HDVRibo-pA
(Construct 15)

CGACTACTGATGAGTCCGTGAGGACGAAACGAGTAAGCTCGTCTA
GTCGCGTGTAGCGAAGCAGTTTTAGAGCTAGAAATAGCAAGTTAA
AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG
GTGCTTTTGGCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCT
GGGCAACATGCTTCGGCATGGCGAATGGGACCCCGGG
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mKate2-Triplex-
28-gRNA3-
28-gRNA4-
28-gRNA5-28-
gRNA6-28-pA
(Construct 19)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGG
CGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCT
CATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGG
CCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTCCACCGA
GATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCGACAT
GGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTGAA
GACCACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCC
CGGCGTCTACTATGTGGACAGAAGACTGGAAAGAATCAAGGAGGC
CGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAG
ATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTGATA
AACCGGTGATTCGTCAGTAGGGTTGTAAAGGTTTTTCTTTTCCTG
AGAAAACAACCTTTTGTTTTCTCAGGTTTTGCTTTTTGGCCTTTCC
CTAGCTTTAAAAAAAAAAAAGCAAAACTCACCGAGGCAGTTCCAT
AGGATGGCAAGATCCTGGTATCGGTCTGCGAGTTCACTGCCGTAT
AGGCAGCTAAGAAAGCTAGCGTGTACTCTCTGAGGTGCTCGTTTT
AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC
TTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCGTTCACTGCCG
TATAGGCAGCTAAGAAAAGGTGACGCAGATAAGAACCAGTTGTTT
TAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCGTTCACTGCC
GTATAGGCAGCTAAGAAACAGGGCATCAAGTCAGCCATCAGCGTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCGTTCACTGC
CGTATAGGCAGCTAAGAAAAGTCGGGAGTCACCCTCCTGGAAACG
TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCGTTCACT
GCCGTATAGGCAGCTAAGAAACCCGGG

CMVp—mKEXl—
[miR]—mKExg—
Tr-28-g1-28
(Construct 20)

GCCACCATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATG
CACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTC
AAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAG
ACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCC
TTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCA
TCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCC
TGAGGTAAGTGTGCTCGCTTCGGCAGCACATATACTATGTTGAAT
GAGGCTTCAGTACTTTACAGAATCGTTGCCTGCACATCTTGGAAA
CACTTGCTGGGATTACTTCTTCAGGTTAACCCAACAGAAGGCTCG
AGTGCTGTTGACAGTGAGCGCCGCTTGAAGTCTTTAATTAAATAG
TGAAGCCACAGATGTATTTAATTAAAGACTTCAAGCGGTGCCTAC
TGCCTCGGAGAATTCAAGGGGCTACTTTAGGAGCAATTATCTTGT
TTACTAAAACTGAATACCTTGCTATCTCTTTGATACATTTTTACAA
AGCTGAATTAAAATGGTATAAATTAAATCACTTTTTTCAATTGTAC
TAACTTCGAGTCTTCTTTTTTTTTTTCACAGGGCTTCACATGGGAG
AGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAG
GACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCA
GAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAA
CACTCGGCTGGGAGGCCTCCACCGAGATGCTGTACCCCGCTGACG
GCGGCCTGGAAGGCAGAAGCGACATGGCCCTGAAGCTCGTGGGCG
GGGGCCACCTGATCTGCAACTTGAAGACCACATACAGATCCAAGA
AACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACA
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(Construct  20)
(contd. ..)

GAAGACTGGAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCG
AGCAGCACGAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCA
AACTGGGGCACAAACTTAATTGATAAACCGGTGATTCGTCAGTAG
GGTTGTAAAGGTTTTTCTTTTCCTGAGAAAACAACCTTTTGTTTTC
TCAGGTTTTGCTTTTTGGCCTTTCCCTAGCTTTAAAAAAAAAAAAG
CAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTAT
CGGTCTGCGAGTTCACTGCCGTATAGGCAGCTAAGAAATAGTCGC
GTGTAGCGAAGCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT
TTTTTTCCCGCTTGAAGTCTTTAATTAAACCGCTTGAAGTCTTTAA
TTAAACCGCTTGAAGTCTTTAATTAAACCGCTTGAAGTCTTTAATT
AAAGTTCACTGCCGTATAGGCAGCTAAGAAACCCGGG

ECFP-Triplex-
28-8xmiRNA-
BS-28-pA  (Con-
struct 22)

GCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTG
CCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTC
AGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGG
CCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCGCCC
GCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCAT
GCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACAC
CCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGA
CGGCAACATCCTGGGGCACAAGCTGGAGTACAACGCCATCAGCGA
CAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGC
CAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCT
CGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT
GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAG
CAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTT
CGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAA
GTAAACCGGTGATTCGTCAGTAGGGTTGTAAAGGTTTTTCTTTTC
CTGAGAAAACAACCTTTTGTTTTCTCAGGTTTTGCTTTTTGGCCTT
TCCCTAGCTTTAAAAAAAAAAAAGCAAAACTCACCGAGGCAGTTC
CATAGGATGGCAAGATCCTGGTATCGGTCTGCGAGTTCACTGCCG
TATAGGCAGCTAAGAAACCGCTTGAAGTCTTTAATTAAACCGCTT
GAAGTCTTTAATTAAACCGCTTGAAGTCTTTAATTAAACCGCTTGA
AGTCTTTAATTAAACCTCTGGCCACATCGGTTCCTGCTCCGCTTGA
AGTCTTTAATTAAACCGCTTGAAGTCTTTAATTAAACCGCTTGAAG
TCTTTAATTAAACCGCTTGAAGTCTTTAATTAAAGTTCACTGCCGT
ATAGGCAGCTAAGAAACCCGGG

gRNAs

where NNNNNNNNNNNNNNNNNNNN is one of the following:

gRNA1

GAGTCGCGTGTAGCGAAGCA

gRNA2

GTAAGTCGGAGTACTGTCCT

gRNA3

GTGTACTCTCTGAGGTGCTC

gRNA4

GACGCAGATAAGAACCAGTT

gRNA5

GCATCAAGTCAGCCATCAGC

gRNAG

GGAGTCACCCTCCTGGAAAC
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A. Triplex/gRNA expression mechanism

Ong Csy4 50ng Csy4 200ng Csy4 400ng Csy4

B. Intron/Csy4 expression mechanism
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Figure B-1: Flow cytometry data corresponding to: (A) the ‘triplex/Csy4’ strategy
(Figure -1 and (B) the ‘intron/Csy4’ (Figure [4-2) strategy for generating functional
gRNAs from RNAP II transcripts.

Abbreviations: Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP).
Triplex: Construct #3 (CMVp-mK-Tr-28-g1-28, 1 ug).

Consensus, snoRNA2, and HSV1: Constructs #8-10, respectively (CMVp-mKgx;-[28-
81-28]sintron type-MKpx2 with the corresponding intron sequences flanking the gRNA
and Csy4 recognition sites (‘28’)). These plasmids were transfected at 1 ug.

In addition, the amount of the Csy4-expressing plasmid (Construct #2) transfected in
each sample is indicated. Other plasmids transfected include Construct #1 (taCas9,

1 pg) and #5 (P1-EYFP, 1 ug). 139
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Figure B-2: Flow cytometry data corresponding to Figure B to analyze how
various combinations of Csy4 and taCas9 affect expression of the harboring mKate2
gene for the CMVp-mK-Tr-28-g1-28 architecture.

Abbreviations: Comp-PE-Tz-Red-YG-A (mKate2).

All samples contained Construct #3 (CMVp-mK-Tr-28-g1-28, 1 ug). Construct #1
(taCas9, 1 pg) and Construct #2 (Csy4, 100 ng) were applied as indicated.
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Figure B-3: Flow cytometry data providing various controls to demonstrate minimal
non-specific activation of the P1 promoter by gRNA3 (top two panels) and minimal

EYFP activation from the promoter P1 with intronic gRNA1 without Csy4 binding
sites (bottom panel).

Abbreviations: Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP).
The amount of Csy4 DNA transfected in each sample in the top two panels is
indicated in the figure. The lower panel (CMVp-mKgxi-[gl]conssmKgx2) was tested

in the absence of Csy4. Other plasmids transfected in this experiment include
Construct #1 (taCas9, 1 ug) and Construct #5 (P1-EYFP, 1 ug).
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Exploring the effects of Csy4 recognition site
configurations flanking a gRNA
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Figure B-4: Flow cytometry data corresponding to Figures E, F to analyze how
various configurations of Csy4 recognition sites flanking the gRNA within an intron
affect CRISPR-TF activity.

Abbreviations: Comp-PE-Tx-Red-YG-A (mKate2); Comp-FITC-A (EYFP). ‘28-
gRNA-28 is HSV1 intronic gRNA flanked by two Csy4 recognition sites (Construct
#4, CMVp-mKgx;-[28-g1-28]|usv1-mKgx2)

‘28-gRNA’ is HSV1 intronic gRNA with a 5 Csy4 recognition site only (construct
#10, CMVp-mKgxi-[28-g1|usvi-mKgxs)

‘eRNA-28" is HSV1 intronic gRNA with a 3’ Csy4 recognition site only (construct
#11, CMVp—mKEXl—[g1—28]st—mKEX2).

In addition, the amount of the Csy4-expressing plasmid transfected in each sample
is indicated with each figure. Other plasmids transfected in this experiment include
Construct #1 (taCas9, 1 ug) and Construct #5 (P1-EYFP 1 pug).

135



Engineering ribozymes to release functional gRNAs from
RNAP Il transcripts
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Figure B-5: Flow cytometry data corresponding to Figure .
Abbreviations: Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP).

‘Triplex-Csy4’ mechanism contains Construct #3 (CMVp-mK-Tr-28-g1-28). Other
plasmids transfected in this experiment include Construct #1 (taCas9, 1 pug);
Construct #5 (P1-EYFP); Construct #2 (Csy4, concentrations indicated).

‘Ribozyme design 1’ contains Construct #13 (CMVp-mK-Tr-HH-gl-HDV). Other
plasmids transfected in this experiment include Construct #1 (taCas9, 1 ug);
Construct #5 (P1-EYFP, 1 pug).

‘Ribozyme design 2’ contains Construct #14 (CMVp-mK-HH-g1-HD). Other plas-
mids transfected in this experiment include Construct #1 (taCas9, 1 ug); Construct
#5 (P1I-EYFP, 1 pug).

‘Ribozyme design 3’ contains Construct #15 (CMVp-HH-gl-HDV). Other plasmids
transfected in this experiment include Construct #1 (taCas9, 1 ug); Construct #5
(P1-EYFP, ug).

‘Ubp-gRNAT1’ contains Construct#7 (Ubp-gl, 1 pg). Other plasmids transfected in
this experiment include Construct #1 (taCas9, 1 ug).
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Multiplexed expression of 2x gRNAs from a single transcript

Mechanism 1 Mechanism 2 Mechanism 1 Mechanism 1
Ong Csy4 Ong Csy4 200ng Csy4 ~ 200ng Csy4

o

3 3 4 L] 3 3 4 5 3 3 4 5
-Ncﬂ Ag 1EYM‘° -w:o Ag 1Em|0 -1ﬂ=0 AE |Em‘?ﬂ

Mechanism 2 Mechanism 1 Mechanism 1

Ong Csy4 200ng Csy4 200ng Csy4

137



Mechanism 1 Mechanism 2 Mechanism 1 Mechanism 1
Ong Csy4 200ng Csy4 200ng Csy4

079

P ——rr—— Ly
3 3 4 3 3 4 5
=107 0 _ 10 1 10 =107 0 _ 10 1 10
Camp-FlI'C-s Canpﬂft‘_i

P

-0 o

e .

3 4 3 3 4 8 3 3 4 8 3 3 4 5
c«‘.?,mrc‘.& 10 e ca‘gp.ﬂrc‘.i 10 e r:a-‘uep.ﬂrn‘.s 10 1070 comprrch '

3 4 5 3 3 4 5 3 3 4
[} 10 1 10 =107 0 _ 10 1 107 0 _ 10 1 10
Camu-FlTC-& Camp-FlI'C-s CumpF]Tt‘_i

Figure B-6: Flow cytometry data corresponding to Figure .

Abbreviations:  Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP);
Comp-Pacific Blue-A (ECFP)

‘Mechanism 1’ refers to the ‘intron-triplex’ architecture and contains Constructs #16
(CMVp-mKgxi-[28-g1-28|gsvi-mKgxo-Tr-28-g2-28, 1 ug); #5 (P1-EYFP, 1 ug); #6
(P2-ECFP, 1 ug); and #1 (taCas9, 1 ug).

‘Mechanism 2’ refers to the ‘tandem-triplex’ architecture and contains Con-
structs #17 (CMVp-mK-Tr-28-g1-28-¢2-28, 1 ug); #5 (P1-EYFP, 1 pug) and #6
(P2-ECFP, 1 ug); and #1 (taCas9, 1 ug).

In addition, the amount of Csy4-expressing plasmid DNA (Construct #2) transfected
in each sample is indicated above each plot.
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Synthetic transcriptional cascades
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Figure B-7: Flow cytometry data corresponding to Figure .

Abbreviations:  Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP);
Comp-Pacific Blue-A (ECFP)

All samples were transfected with the constructs listed in each plot title (1 ug
each, Table [A.3) and 200 ng of the Csy4-expressing plasmid (Construct #2).
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Rewiring synthetic circuit interconnections with Csy4
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Figure B-8: Flow cytometry data corresponding to Figure .

Abbreviations:  Comp-PE-Tz-Red-YG-A (mKate2); Comp-FITC-A (EYFP);
Comp-Pacific Blue-A (ECFP).

‘Mechanism 1’ contains the following Constructs: #20 (CMVp-mKg,;-[miR]-
mKpyo-Tr-28-g1-28); #22 (CMVp-ECFP-Tr-28-miR-8xBS-28); and #5 (P1-EYFP).
These plasmids were transfected at a concentration of 1 ug each. This mechanism
corresponds to the circuit diagram in Figure [{-7-A.

‘Mechanism 2’ contains the following Constructs: #21 (CMVp-mKgy;-[miR]-
mKpo-Tr-28-g1-28-miR-4xBS); #22 (CMVp-ECFP-Tr-28-miR-8xBS-28); and #b5
(P1-EYFP). These plasmids were transfected at a concentration of 1 ug each. This
mechanism corresponds to the circuit diagram in Figure [4-7-D.

‘Control’ samples contain Constructs #22 (CMVp-ECFP-Tr-28-miR-8xBS-28)
and #5 (P1-EYFP) only. These plasmids were transfected at a concentration of 1 ug
each.

In addition, the amount of Csy4-expressing plasmid (Construct #2) transfected in
each sample is indicated above each plot.
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